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Chapter 1

Introduction

Abstract

In this first chapter, a general introduction on plasma-wall assisted conversion of
molecules and a description of the main research themes covered in this thesis are
presented. Also the outline of this thesis and the relation between the different
chapters is discussed.



2 Introduction

1.1 Molecule conversion

In this thesis, the conversion of molecules in plasmas into new types of molecules is
studied. This has a strong relation with for example plasma-assisted exhaust gas
cleaning, where toxic or harmful gases are converted into non-toxic or unharmful
gases, and etching and deposition, where molecules are formed as by-products.
In plasmas, the first step is the dissociation of feedstock gases into radicals in the
gas phase. Subsequently new molecules are formed both in the gas phase and at
surfaces. Therefore plasmas can be applied even at low pressure, where volume
reaction are not efficient and heterogeneous reactions become more important.
In this study, the role of surfaces in plasma assisted conversion processes at low
pressure is investigated.

Recently, the industrial conversion of gases has found renewed interest, for
example in view of the need to clean exhaust gases and the production of ammonia.
In the production of gases like ammonia from N2 and H2 or syngas (a mixture of
CO and H2) from O2 and CH4 the efficiency and rate of conversion are governed by
the rules of thermodynamics. The composition of a mixture of gases will change
spontaneously towards the composition exhibiting the minimum Gibbs energy, as
was established in the 1870s by J. Willard Gibbs. By controlling the temperature
and pressure of the environment, the efficiency and rate of the conversion process
can be influenced. The activation energies of the sub-processes can be significant
though, which implies an intrinsic rate limiting factor (kinetics). As an example
the conversion of mixtures of N2 and H2 into NH3 is sketched in figure 1.1a.
This figure shows that the conversion of mixtures of N2 and H2 into NH3 is an
exothermic process (standard enthalpy change for the reaction N2 + 3H2 → 2NH3:
-92.4 kJ/mol), but an activation energy has to be overcome. By increasing the
temperature of the environment, the rate of conversion is increased. Two other
options for increasing the rate of conversion are the introduction of a catalyst or
a plasma.

By introducing an appropriate catalyst, the activation barriers can be de-
creased, which is shown in figure 1.1b. When the conversion proceeds at the same
temperature, the rate of progress is increased, while the equilibrium composition
is not changed. Unraveling the interactions occurring at the surface of the cata-
lyst material has been an important research topic in the previous century. The
winner of the Nobel prize in chemistry of 2007, Gerhard Ertl [1–4], has greatly
contributed to unraveling the surface processes occurring at the catalyst leading
to the formation of NH3 from a mixture of N2 and H2. In that case, the most
important task of the catalyst material is breaking the triple bond between the
nitrogen atoms in N2. Simultaneously, association into new types of molecules
must occur also at the surface of the catalyst. Essential thus is to have only a
fractional occupation at the surface so that active sites remain present to promote
the chemistry. Poisoning of the catalyst material might occur, which means that
active sites on the catalyst material are blocked, which decreases its efficiency
signficantly.

Another option to deal with the energy barriers, is changing the starting condi-
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Figure 1.1: Sketch of the activation energies in conversion processes, a) pure gas phase
interactions, b) gas phase interactions + catalyst and c) the combination of plasma

association and surface association. Eact and E
′
act represent the activation energies

without and with catalyst respectively, and Edis represents the dissociation energy.

tions. By means of a plasma, the feedstock gases can be dissociated into radicals,
basically eliminating the first surface dissociation step. The activation energy
associated with the formation of NH3 from N and H atoms at surfaces reflects
the bond strength of the radicals to the surface, and is presumably low.1 This is
sketched in figure 1.1c. At high pressure, the plasma mainly heats up the gas and
species can be excited, increasing their internal energy. In some cases, this leads
to a reduction of the effect of the activation barriers and an increase of the con-
version rate. At low pressure, heterogeneous processes become more important.
Because dissociation of feedstock gases is realized by the plasma, the properties
of the surface can be different from the special properties needed in conventional
catalysis. Also the effect of poisoning, i.e. eliminating active sites for dissociation
as observed at a catalyst material, might be circumvented in this way.

In this thesis I describe the research performed to investigate the role of surface
association of plasma produced radicals in situations where the equivalent of tens
of monolayers of radicals impinge per second onto surfaces. As will be addressed
below, a thorough understanding is crucial for the development and optimization
of gas conversion processes in a low pressure plasma environment. Not only the
role of surface association will be addressed in this thesis, but also the types
of surface-adsorbed precursors and their properties are investigated under real
discharge conditions.

1The creation of special substances was already of interest in the early days, when alchemists
tried to find methods to convert common metals into gold or silver. Alchemy was known as
the spagyric art, after Greek words meaning to separate and to join together. This early type
of research remained surrounded by mysticism for centuries. A plasma serves mainly for the
dissociation of feedstock gases, and a catalyst material for the association of plasma-produced
radicals into stable molecules. In some way, this is again a type of spagyric art.
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1.2 Plasma assisted conversion of molecules

The main function of plasma in gas conversion is dissociation of the feedstock
gases. The radicals produced in the dissociation process associate in the volume,
via so-called homogeneous reactions, and at surfaces, via so-called heterogeneous
reactions. The application of a combination of a plasma and surfaces has already
been pioneered in different types of processes. Some of them are described below.

A first example is the removal of volatile organic compounds (VOC) from
exhaust gases [5–7]. The plasma can be used to partially oxidize NOx and to
produce ozone [8], which can greatly enhance the VOC decomposition efficiency
at the catalyst. Furthermore, the temperature in the different components can be
optimized separately. This is advantageous, because the optimum temperature of
the catalyst is usually higher than the optimum temperature for the plasma step.
Another example, where synergy between a photocatalytic material (TiO2) ex-
posed to external UV radiation and a pulsed dc discharge is observed by Rousseau
et al. [9] for the decomposition of C2H2. The role of the material of the reactor
wall on plasma sterilization properties is presented by Kutasi et al. [10].

Second, it is acknowledged more and more, that different types of molecules
in space are formed at dust or ice particles from radicals and charged particles
[11–14]. The association of radicals into stable molecules results in a heat load
to the material, when a fraction of the association energy is transferred to the
surface material at which the association takes place. In future tokamaks the
interaction of hot plasma with the wall will be a major concern. One of the issues
concerns the re-cycling of the hydrogen plasma by the formation of molecules at
the surface [15].

A third example is the possibility to enhance the selectivity of oxidation of
C2H2 into CO2 over CO [16]. The introduction of a porous alumina catalyst in a
pulsed discharge increases both the oxidation efficiency and the relative amount
of CO2 formed, rather than CO. The authors explain the improvement by the
adsorption of C2H2 and oxidative species like O atoms and OH radicals on the
catalyst.

Also during various types of plasma assisted surface modification processes,
like etching and deposition [17–20] new molecules are formed as a by-product.
The analysis of these products provides insight in the surface processes. A clear
example is the ”blue flash” in plasma-assisted atomic layer deposition of Al2O3

layers as reported by Heil et al. [21]. During the time that one monolayer of CH3

surface groups are exchanged for OH surface groups by an oxygen plasma, an
intense broadband emission can clearly be observed by the naked eye as a ”blue
flash”. It is mainly attributed to plasma excitation of surface produced CO. When
the CH3 groups are depleted, the light emissions stops.

A fifth striking example is surface association of plasma-produced radicals
into excited species in the orange glow, as reported by van Helden et al. [22].
A cascaded arc is used to expose a copper substrate to high fluxes of N and O
radicals. In steady-state, close to the copper substrate a clear orange glow can
be observed. It indicates the formation of excited molecules at the substrate,
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presumably NO2. This effect resembles the shuttle-glow phenomenon, observed
around the hull of space-shuttles during re-entry into the earth atmosphere.

In all the examples mentioned before, it is the interaction between plasma
produced radicals and a surface that leads to the observed effect. In most cases
however, it is far from easy to determine which processes take place at the sur-
faces and their rates of progress. By studying the formation of relatively simple
molecules from homonuclear feedstock gases, more detailed insight into the role
of the plasma and the surface processes can be obtained in laboratory.

Below, a short summary of studies performed on the formation of NO, N2O,
NO2 from mixtures of N2 and O2 and on the formation of NH3 from mixtures of
N2 and H2 is presented. In both types of studies, many researchers have addressed
the importance of the surfaces of the reactor walls on the conversion.

1.2.1 NO, NO2 and N2O formation

A first example of the formation of simple complexes from homonuclear feedstock
gases is the conversion of mixtures of N2 and O2 into NO, NO2 and N2O. The
molecules NO and NO2 are toxic, but N2O (also called ’laughing gas’) was gener-
ally used for its anaesthetic effects in surgery and dentistry. Plasmas created from
N2 and O2 can be applied for cleaning of metal surfaces, polymer activation by O
atoms and for sterilization processes. In the latter, a synergistic effect of O atoms
and UV emission from excited NO [23] molecules is assumed to be responsible for
the sterilization process.

Various studies have been undertaken to describe the kinetics in plasma cre-
ated from mixtures of N2 and O2. A simulation comprising approximately 450
different gas phase interactions has been developed by Kossyi et al. [24], to cal-
culate the conversion of mixtures of N2 and O2 into different types of molecules.
Even though heterogeneous reactions were not included, non-equilibrium plasma
effects were investigated. Also the kinetics in the time afterglow of a pulsed dis-
charge is explained by volume processes by Cartry et al. [25]. In the work of
Nahorny et al. also a model is presented, in which surface recombination of O
atoms is taken into account on a global level. The results of their calculations
were compared with measurements in [26] and show a reasonable agreement. Sur-
face effects were also included in the description of the kinetics of a modulated
flow discharge in [27] and in a pulsed discharge [28]. An extended review and
simulations of a flowing glow discharge are presented by Gordiets et al. in [29]
and with the emphasis on the surface kinetics in [30]. A simulation, together with
a discussion on the limitations of the knowledge on surface processes, in a low-
pressure positive column is presented by Guerra et al. [31]. The effects of ions,
and heterogeneous reactions in a direct current plasma are studied by Castillo et
al. [32]. A recent example is described by Gatilova et al. [33] and Rousseau et
al. [34], where the formation of NO in a low pressure discharge is investigated.
The authors focus mainly on the gas phase formation of NO, but recognize the
importance of the surfaces of the plasma reactor.
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1.2.2 NH3 formation

A second example of a simple type of molecule formed from homonuclear feedstock
gases is NH3. Production of NH3 on a very large scale is performed via the Haber-
Bosch process, which does not comprise a plasma step. At a temperature of 450–
500 ◦C and a pressure of p = 250 bar, a mixture of nitrogen and hydrogen gas
is directed at an iron catalyst, where these molecules dissociate and where NH3

is formed [35] with a yield of 10–20 %. Because ammonia is very important for
making artificial fertilizer, the invention of the Haber-Bosch process is sometimes
called the most important invention of the 20th century [36].

Some investigations have been performed at low pressure and using a plasma
and a catalyst. For example, already in 1971, the formation of NH3 at different
types of surfaces in a plasma created from mixtures of N2 and H2 was studied
by Eremin et al. [37]. They compared the catalytic conversion into NH3 in a
barrier discharge in the presence of metallic palladium, platinum, iron, copper
and nickel with clean glass. Differences of a factor of four of production for the
various materials was observed.

Since then, different types of plasmas have been used to convert mixtures
of N2 and H2 into NH3, for example in glow discharges [38–42], microwave dis-
charges [43–45], an electron cyclotron resonance discharge [46], in a microgap
dielectric barrier discharge at atmospheric pressure [47] and in an inductively
coupled plasma with iron wires [48]. Vankan et al. were the first to investigate
the conversion efficiency in an expanding thermal plasma [49]. This study was
extended by van Helden [50]. It was found, that the formation of NH3 occurs
mainly at the walls of the reactors, i.e. in heterogeneous reactions. Direct sur-
face measurements on surface coverage and bond strengths were performed on
systems under ultra-high vacuum conditions and without using a plasma [1–4].
The details of the radical-surface interactions in plasma conditions are in general
not well-known. Though, a detailed description has been developed for a low
pressure, flowing DC discharge in a quartz envelope by Gordiets et al. [41, 42].
An extended review on plasmas created from mixtures of N2, O2 and H2 can be
found in [51, 52].

In conclusion: for both types of experiments discussed above (the formation of
NO, NO2 and N2O in N2/O2 plasmas and the conversion of N2 and H2 into NH3),
the importance of surface processes is evident. In the conversion of mixtures of
N2 and H2, surface association is by far the most important process leading to the
formation of ammonia at low pressure. In plasmas containing mixtures of N2 and
O2 also gas phase interactions are important. In this thesis, the role of surface
association of plasma produced radicals is studied.

1.3 Reported surface loss coefficients

In plasmas created from mixtures of N2 and O2 or N2 and H2, the loss rates of
N and O atoms have been determined by several authors. The reported values of
the wall loss probabilities of O and N atoms vary strongly with: 1) type of radical,
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Table 1.1: Overview of reported surface loss coefficients α of nitrogen atoms. (SS =
stainless steel, glow = glow discharge, p-disch. = post-discharge, flow. afterglow =
flowing afterglow, Tg = gas temperature, Ts= surface temperature)

surface mixture plasma remark α ref
Ag glow < 0.01 [55]

Al glow < 0.01 [55]
N2 pulsed RF Tg = 300 K 2.8× 10−3 [56]
N2 p-disch. Ts = 300 K 2.3× 10−3 [57]
N2 p-disch., Ts = 300 K 8.7× 10−3 [57]

Cu glow 0.07±0.04 [55]

SS N2 ICP 0.07 [58]
N2 pulsed RF Tg = 300 K 7.5× 10−3 [56]

Pyrex N2 dc Ts = 300 K 2.5× 10−5 [30]
N2 dc flow. afterglow 2× 10−5 [59]
N2 DC p-disch., Ts = 300 K 8× 10−5 [60]

N2/O2 ICP 2× 10−4 [30]

2) surface material and 3) wall temperature. But also 4) plasma composition and
5) radical fluxes towards the surfaces. This implies that the formation of new
molecules from these plasma produced radicals also varies strongly with these
effects. The surface material determines the typical bond strengths of the radicals
to the surface. The wall temperature directly influences the rate of desorption
and mobility of the species adsorbed at the surfaces. The plasma composition is
also important, which is studied for example in [30, 53]. From these experimental
data it becomes clear that even for one material significant scatter in the wall
loss probabilities is observed. The last effect that should be mentioned is the
dosing dependence. Matsushita et al. [54] have investigated an electron cyclotron
resonance plasma and showed the sticking coefficient of O atoms to decrease from
1 at a clean surface to 0.1 after injecting the equivalent of a few monolayers of O
into the system.

An overview of reported surface loss coefficients (α) of N and O atoms under
different experimental conditions is given in table 1.1 and 1.2 and 1.3. α is de-
fined as the fraction of the atom flux directed towards the walls of the reactor
that is adsorbed or in any other way consumed. The large scatter in the values
of the surface loss coefficient shows its critical dependence on the experimental
conditions. In the next section, this will be discussed in more detail.
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Table 1.2: Overview of reported surface loss coefficients α of oxygen atoms. (SS =
stainless steel, Pyr = Pyrex, glow = glow discharge, p-disch. = post-discharge, flow.
afterglow = flowing afterglow, mentioned temperatures are surface temperatures, SiO2
= SiO2 coated, O-pass. = passivated with O atoms.)

surface mixture plasma remark α ref
Ag CCP 0.116 [61]

glow 0.15±0.02 [55]
ICP 0.24 [62]

0.004 [51]

Al CCP 0.007 [61]
glow < 0.01 [55]

0.0044 [51]
O2 flow. afterglow 300 K 2× 10−2 [63]
O2 RF 400-600 K 1.5× 10−2 [28]
O2 300-320 K 3× 10−1 [30]
O2 flow. afterglow 1.7× 10−3 [28]

Au CCP 0.005 [61]
ICP 0.005 [62]

Cu CCP 0.03 [61]
glow 0.15±0.05 [55]
ICP 0.17 [62]

0.026 [51]
0.17 [51]

Fe CCP 0.017 [61]
ICP 0.036 [62]

glass 0.007 [51]

Mg 0.0025 [51]

Ni CCP 0.0085 [61]
glow 0.04±0.02 [55]
ICP 0.028 [62]

Pt 0.0027 [51]

SiO2 CO2 helicon SiO2 0.024±0.004 [64]
H2O helicon ag SiO2 0.005±0.001 [64]

helicon SiO2 0.014±0.002 [64]
O2 helicon SiO2 0.09±0.03 [64]

O2/HMDSO helicon ag SiO2 0.002±0.001 [64]
helicon SiO2 0.034±0.007 [64]
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Table 1.3: Overview of reported surface loss coefficients α of oxygen atoms. (SS =
stainless steel, Pyr = Pyrex, glow = glow discharge, p-disch. = post-discharge, flow.
afterglow = flowing afterglow, mentioned temperatures are surface temperatures, SiO2
= SiO2 coated, O-pass. = passivated with O atoms.)

surface mixture plasma remark α ref
SS O2 ICP 0.17±0.02 [58]

microwave 0.5 [65]
O2+F microwave 0.1 [65]

helicon clean 1 [54]
O-pass. 0.1 [54]

0.0099 [51]
helicon 0.1 - 1 [66]

O2 flow. afterglow 300 K 7× 10−2 [67]
O2 RF 400-600 K 2× 10−2 [68]

Pyr O2 dc 300 K 2× 10−3 [30]
Pyr O2 dc afterglow 300 K (2.0± 0.5)× 10−3 [63]
Pyr O2 pulsed RF 2× 10−3 [28]
Pyr O2-N2 dc 4× 10−4 [30]
Pyr O2-N2 pulsed RF 1× 10−3 [28]

1.4 Surface processes

When a particle adsorbs at a surface, several processes can occur. Here we assume
the most simple case, in which a single layer of active surface sites is available,
and only one atom can stick to an active site. Then the interactions between
radicals and a surface, can be divided into six mechanisms: 1) sticking, 2) as-
sociative sticking, 3) pick-up reactions (Eley-Rideal), 4) diffusion, 5) Langmuir-
Hinshelwood interactions and 6) desorption. To demonstrate the six mechanisms,
an example of the surface processes that can occur in an environment containing
N and O atoms is sketched in figure 1.2.

The direct loss of gas phase radicals as a result of heterogeneous interactions
is expressed by the loss coefficient, as discussed in the previous section. The gas
phase radical loss rate increases when either one or a combination of sticking,
associative sticking and Eley-Rideal processes occurs more efficient. The same
effect is achieved, when the surface to volume ratio of the total system is increased,
for example by increasing the roughness of the reactor wall material or changing
the design of the reactor.

A zeroth-order description in terms of sticking coefficients and activation en-
ergies provides some insight in the effect of the activation energies for diffusion
and desorption, the sticking probabilities and the radical flux onto a surface. The
latter effect is important, because the difference between the flux of radicals onto
a catalyst in conventional catalysis and the flux of radicals onto a reactor wall
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Figure 1.2: The different surface processes. The processes sketch in a, b and c con-
tribute directly to the surface loss coefficients of radicals.

in a low pressure plasma system, can be significant, which possibly results in
differences in conversion efficiencies.

For simplicity we consider here only nitrogen atoms (in chapter 6, a more
detailed simulation will be presented). The surface coverage of nitrogen atoms
θN is increased by sticking of N atoms that collide with a free site on the surface,
and is decreased by pick-up reactions, Langmuir-Hinshelwood reactions and direct
desorption. This is expressed by equation 1.1. Here γ is the sticking coefficient,
which represents the fraction of the flux of N atoms that is directed towards the
surface is adsorbed on the surface. γpu is the chance for a pick-up process to occur
upon a collision between a gas phase species with a surface-adsorbed species, ΓN

the flux of nitrogen atoms towards the walls of the reactor, θtot the total site
density, ED and Ed activation energies for diffusion and desorption respectively
and νD and νd the frequency factors for diffusion and desorption respectively.

∂θN

∂t
= γΓN

(
1− θN

θtot

)
sticking

−νD exp
(−ED

kT

)
θ2

N Langmuir−Hinshelwood

−γpuΓN

(
θN

θtot

)
Eley − Rideal

−νd exp
(−Ed

kT

)
θN desorption (1.1)

When the steady-state surface coverage is low, the Langmuir-Hinshelwood con-
tribution is only of minor importance. When also spontaneous desorption is ne-
glected for the moment, the steady-state surface coverage (∂θN

∂t = 0) is determined
by the ratio between γ and γpu. This suggests that no direct flux-dependence is
expected based on this simplified consideration.

However, if the atoms are very mobile (kdiff very high), the flux dependence
does not necessarily cancel out in steady-state. Furthermore, the simple picture of
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active sites might be an oversimplification. When species can adsorb to the surface
with a range of binding energies, also complex surface layers might arise. Active
sites might be partly shielded, giving rise to a change of mobility of species at the
surface. And diffusion of species into the bulk of the wall material is in principle
possible. Finally, the factor γpu might also depend on the surface coverage when
the surface-adsorbed species influence each other. These details are extremely
hard to study, but at the same time they might provide new possibilities that can
be exploited in gas conversion processes.

In the work presented in this thesis, a first attempt is made to obtain insight
in the different possibilities in systems in which high fluxes of radicals are directed
at surfaces.

1.5 Research questions

In this thesis investigations are described that have been undertaken to obtain
answers to the following research questions:

1. What is the contribution of surface association processes of plasma-produced
radicals to plasma assisted conversion of gases at low pressure?

2. Which types of surface-adsorbed radicals are most important for the forma-
tion of new molecules?

3. What is the surface coverage, bond strength and mobility of available surface-
adsorbed species during radical exposure?

1.6 Research approach

The composition of a low pressure plasma reflects partly the surface association
rates of plasma produced radicals. The densities of stable molecules produced in
a plasma created from mixtures of molecules can therefore provide information
on the surface processes.

The plasma produced radicals are expected to associate into stable (bigger)
molecules before they are pumped away from the reactor. In other words: the
lifetime of the radicals is assumed to be shorter than the residence time in the
reactor. Because of the low pressure, three-particle recombination of plasma pro-
duced radicals into stable molecules is a slow process. Therefore, the radicals can
be converted into different types of radicals during the residence time in the reac-
tor, but association into bigger and stable molecules is assumed to occur mainly
at the walls of the reactor. The measurement of the density of radicals is therefore
inherently difficult to relate to the surface association rate.

In this thesis, the contribution of surface related processes to the conversion
of molecules in plasmas is studied, by comparing the measured conversion of feed-
stock gases into new types of molecules with the results of numerical simulations.
A relatively simple simulation scheme has been implemented, but still, the net
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rates of surface production can be unraveled. In this work, facts are sought on
dependencies of molecular densities in various conditions. The model comparisons
can then give first indications on activation energies, radical densities and surface
coverage. Experimentally, the densities of surface-adsorbed species can be probed
only at dedicated, non-metallic surfaces (e.g. ATR-FTIR [69]) or in ultra-high
vacuum conditions (e.g. TPD and EELS [70]) and are therefore not applicable in
the current research, where we study surface-adsorbed species on metal surfaces.

In order to concentrate on the association of plasma produced radicals, dif-
ferent plasma systems that are able to produce high fluxes of radicals are in-
vestigated. An expanding thermal plasma is studied in detail, in two different
configurations: a relatively long and open system (plexis), and a more compact
system (solaris). Both are remote source fed recombining plasmas with power
input in the kW range. One of the main advantages of studying radical-surface
interactions in these reactors, is the relatively low abundance of electronically
excited species like N2(A), which in gas discharges play a prominent role. Fur-
thermore, a microwave discharge fed with the same types of gases is studied. Both
systems operate in the pressure range of 0.2 - 1.5 mbar. The volume of the dif-
ferent reactors is in the same range, but the material from which the systems are
constructed is different: the microwave discharge is constructed from aluminum,
and the expanding thermal plasma systems are constructed from stainless steel.
Mixtures of argon (working gas) and small admixtures of N2/H2/O2 are studied.
This is to limit the number and complexity of gas phase interactions.

1.7 Outline of thesis

This thesis consists of three parts: the first part comprises a description of the
used plasma systems and the development and implementation of diagnostic tools.
In the second part, the conversion of feedstock gases into new types of molecules
is studied in detail. In the third part, the conclusions of the research presented
in this thesis are summarized.

In the first part, an extremely bright light source is introduced in chapter two,
which is optimized for using it in broadband high resolution optical absorption
spectroscopy measurements. The application of this light source is illustrated
on weak transitions of atmospheric oxygen, and the possibility of using cavity
enhanced absorption techniques is explored. Chapter three describes the different
plasma reactors and the diagnostics installed, which are used in the investigations
described in part two of this thesis.

The second part starts with chapter four, which covers an extensive experi-
mental investigation of the conversion of mixtures of Ar, CH4, N2 and O2. The
analysis is extended in chapter five, where the conversion of mixtures of Ar, N2, O2

and H2 into NO, NH3 and H2O is studied in more detail. An even more detailed
analysis of the conversion of mixtures of N2 and O2 into new types of molecules
in an expanding thermal plasma is presented in chapter six. In that chapter,
also a simulation is developed, describing volume and heterogeneous interactions.
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From the comparison between measurements and simulations, the importance of
surface association processes is unraveled. Furthermore, estimations on activation
energies, desorption energies and sticking coefficients of several types of radicals
are obtained. Chapter seven covers a study of mixtures of N2, H2 and O2 admixed
to an argon expansion. The role of the reactor walls is addressed, but also dosing
experiments that give direct information on the types of surface-adsorbed radicals
are presented.

The third part of this thesis starts with chapter eight, which comprises the
main conclusions of the work presented in this thesis and some extra, detailed
comparisons between different reactors. The thesis ends with a summary of the
work, a word of thanks to all the people who contributed to this thesis, and a list
of related publications.
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Chapter 2

A new design of a bright
cascaded arc light source

Abstract

Broadband optical absorption spectroscopy is an extremely useful method to an-
alyze the composition of gases or plasmas. In this chapter, a cascaded arc light
source is optimized for using it in combination with a Fourier transform spec-
trometer.

Profiling the arc channel of the cascaded arc into an hourglass-like shape re-
sults in an extremely high light output intensity (3.5 × 1012 Wm−2m−1sr−1 in
the near-infrared) at an input power of 2.2 kW, a good stability (better than
5×10−4) and a small solid angle of the emitted light beam (Ω = 0.015 sr). These
optical properties are advantageous for spectroscopic applications that require a
high light intensity over a broad wavelength range in a small solid angle. The ab-
solute light output is measured and is compared with a fast and flexible modeling
scheme (f.a.s.t.). These simulations are used to verify the arc performance and
to guide arc design. The calculated emitted radiance at moderate arc input power
agrees with the experiments within 30 % for moderate input power. The combi-
nation of the cascaded arc light source and a Fourier transform spectrometer is
demonstrated on a weak O2 absorption band around 765 nm.
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2.1 Introduction

The need for a broadband, stable and high intensity light source in spectroscopic
applications like absorption spectroscopy and spectroscopic ellipsometry is obvi-
ous, because it potentially leads to more accurate measurements. In this chapter
we present a new design of the cascaded arc, already introduced by Maecker in
1956 [1], to use it as an extremely bright and stable broadband light source. The
arc channel is profiled in an hourglass-like shape, which leads to a higher light
output intensity and better beam quality as compared to a conventional cascaded
arc with a straight arc channel.

The cascaded arc is a wall-stabilized arc discharge and when it is operated on
argon or xenon, it produces a light beam exhibiting a very high light intensity
within a small solid angle (Ω = 0.015 sr). Because the typical size of a cross-
section of the cascaded arc is 2 mm, the etendue of the produced light beam is
favorable for imaging in many spectroscopic applications [2]. The light output
from the cascaded arc from the vacuum ultraviolet [3] to the infrared [4] is ex-
tremely high compared to other, more conventional light sources. Due to its high
intensity broadband VUV light emission, the cascaded arc is used as a radiation
standard, as presented in [5–8]. The cascaded arc was introduced as a light source
in spectroscopic ellipsometry in [9, 10] and in Fourier Transform Infrared Absorp-
tion Spectroscopy in [11]. Especially the high intensity light output has been used
in a Fourier Transform Phase Shift Cavity Ring Down absorption experiment, as
reported in [12]. Completely different applications of the cascaded arc, filled with
different working gases, can be found in the scientific community and in many
places in industry, especially in high-speed etching and deposition processes [13].
Burm et al. proposed a varying arc channel diameter to increase the ionization
efficiency of a flowing cascaded arc [14–16] and Broks et al. [17] performed a sim-
ulation with plasimo [18] on a specific geometry of a non-flowing cascaded arc.
Surprisingly, the application as a light source is not very widespread. Neverthe-
less, we believe that this type of light source provides a valuable tool for many
spectroscopic applications

The radiation emitted by the plasma in the cascaded arc contains mainly three
contributions: 1) line radiation, caused by spontaneous decay of excited atoms,
2) free-bound radiation, caused by recombination of electrons and positive ions
and 3) free-free radiation (or Bremsstrahlung). At high electron densities, as
achieved in the cascaded arc (in the order of 1023 m−3), the continuum radiation
(contribution two and three) is dominant and very intense [19]. The intensity
of the continuum radiation depends quadratically on the electron density and
only weakly on the electron temperature. Therefore, to increase the light output
intensity, the current density in the plasma should be increased. This results in a
higher heat-load to the walls of the arc channel, which sets an upper limit for the
current through the arc channel. Increasing the pressure also leads to a higher
light output intensity, because a larger fraction of the input power is used for
ionization of the atoms in the discharge. However, there is a limit to which the
pressure can be increased. At higher pressures the discharge is more compressed,
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and when the discharge is compressed that far, that it does not reach the walls
of the arc channel anymore, the discharge becomes unstable. The etendue of
the emitted light beam is ultimately limited by the fact that the plasma in the
arc channel forms an extended light source and by the finite diameter of the arc
channel.

In this chapter, the effect of profiling the arc channel is investigated. The
diameter in the center of the arc channel is reduced to 1.0 mm. Therefore, the
current density in the narrow part of the arc channel will rise significantly at the
same input power, resulting in a point-like behavior of the light source. This
improves the quality of the produced light beam. We also expect an increase in
the produced light intensity at the same input power, because the continuum light
emission depends strongly on the electron density.

Besides an experimental characterization of the produced light beam from
a conventional and profiled cascaded arc operated on argon, we present in this
chapter an extremely fast, flexible and accurate modeling scheme to investigate
the optimum geometry of the arc channel. This method has been introduced
in [20, 21] and is implemented here as: Flexible Approximate Simulation of a
Thermal plasma (f.a.s.t.).

We start in section 2.2 with a thorough description of the cascaded arc, fol-
lowed by a description of the processes in the arc channel leading to the produc-
tion of light in section 2.3. The fourth section contains a characterization of the
produced light beam in different configurations of the arc channel. In the fifth
section, a comparison between f.a.s.t. and full modeling with plasimo is given,
to show the accuracy of the approximate simulation scheme of f.a.s.t. Finally,
simulations with f.a.s.t. on the chosen arc channel profiles are presented. In
the last section, an application of the cascaded light source in combination with
a Fourier transform spectrometer in an optical absorption experiment is shown.

2.2 Setup

The cascaded arc [22] is sketched in figure 2.1. It is constructed from a stack of
seven copper plates with a central bore, electrically insulated from each other by
PVC spacers. Three configurations of the arc channel are presented: a straight
arc channel, with a constant diameter of 2.0 mm, a nearly symmetric arc profile
and an asymmetric arc profile, as sketched in figure 2.2. The arc channel has a
length of 42 mm, the anode starts at +21 mm and the cathode is situated 3 mm in
front of the first plate, at -24 mm. Seven cascade plates are implemented and each
plate has a width of 5 mm and a PVC spacer of 1 mm. The profiled geometries
allow the emission of a light beam with a solid angle of Ω = 3.3 × 10−3 sr as
seen from the center of the arc channel. Around the arc channel and between the
cascade plates, boron nitride plates are installed to protect the O-rings, also placed
between the cascade plates, from UV radiation. The copper plates are electrically
floating, which stabilizes the discharge. A small continuous flow of the working
gas is imposed (typically 0.5 sccm) to remove possible contaminations in the arc
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Figure 2.1: The cascaded arc with the power supply and an off-axis parabolic mirror to
create a parallel beam. When the emission profiles are measured, the parabolic mirror
is removed, and the photodiode PD is scanned through the light beam.

channel, originating from erosion of the cathode tips or small contaminations in
the filling gas. The current through the arc channel is provided by a special
stabilized power supply (PS), and can be kept constant between 10 and 30 A.
Two different types of feedback systems can be used: stabilizing on the current,
or on the emitted light intensity. In the present work, current stabilization is
used.

To ignite the plasma, the pressure is reduced to 35 mbar to approach the
minimum of the Paschen curve. Immediately after igniting the plasma, the arc
channel is filled with argon to a pressure of 3.3 bar. Because a (slowly) flowing
working gas is used, an extended channel is favorable to stabilize and build up
the pressure in the arc channel.

2.3 Light production in the cascaded arc

The arc discharge in the cascaded arc is controlled over a length of 45 mm at
a current of typically 20 A and a pressure of 3.3 bar for both the straight and
symmetrically profiled geometry. The plasma created in the arc channel with a
diameter of 2 mm mainly emits broadband continuum radiation. We concentrate
mainly on the light output in the near-infrared part of the spectrum (850 - 1100
nm) where the line radiation contributes only for approximately 10−3 to the total
light emission (see section 2.6). Furthermore, to be able to use the cascaded arc
over a wide wavelength range, the broadband, continuum light emission is of main
interest. Therefore, we concentrate on the emitted continuum radiation.

The most important contributions to the continuum radiation (ε) in the used
arc conditions (see also [2] for a more detailed description) are the free-free ra-
diation caused by electron-ion interaction (εei

ff ) and free-bound radiation (εfb),
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Figure 2.2: The radius (mm) of the arc channel in each cascade plate for the different
geometries. The zero-point of the position is defined as the center of the arc channel.
The anode starts at 21 mm and the cathode is situated at -24 mm.

following Cabannes and Chapelle [23]:

ε = εei
ff + εfb, (2.1)

where

εei
ff =

C1n
2
e

λ2
√

Te

exp
(
− hc

λkBTe

)
ξff (λ, Te), (2.2)

and

εfb =
C1n

2
e

λ2
√

Te

[
1− exp

(
− hc

λkBTe

)]
g1,1

U1
ξfb(λ, Te). (2.3)

In these equations, λ (m) is the wavelength of the radiation, C1 is a constant
(1.63× 10−43 Wm4K1/2sr−1), ne (m−3) the electron density, Te (K) the electron
temperature, ξff the Biberman factor for free-free radiation, ξfb the Biberman
factor for free-bound radiation, g1,1/U1 is the ratio between the statistical weight
of the ion ground level and the partition function of the ion [24]. The constants
c, kB and h have their usual meanings.

The infrared continuum radiation consists mainly of free-free radiation (equa-
tion 2.2) and the blue and ultraviolet radiation consists mainly of free-bound
radiation (equation 2.3). As is clear from equations 2.2 and 2.3, the electron den-
sity mainly determines the light output. Because the dependence is quadratic,
an increase in the ionization degree results in a significant increase of the light
output.
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2.4 Characterization of the light beam.

The light emission is characterized by 1) the divergence half-angle α of the imaged
light when the center of the arc channel is placed in the focal point of a lens, 2)
the etendue T (m2sr) and 3) the emitted radiance Lλ (Wm−2m−1sr−1).

The etendue T is defined as:

T = n2AΩ, (2.4)

where Ω represents solid angle of the emitted light beam and n the refractive
index and A the emitting area, which is assumed to be the central cross section of
the arc channel. The maximum etendue useful for a particular optical experiment
is determined by the element with the smallest product of acceptance angle and
collecting area. When a light beam is applied exhibiting a larger etendue, a frac-
tion of the beam can not be used for the measurements. Therefore, by adjusting
the light source geometry in such a way that the produced light beam exhibits an
etendue that is just small enough, the optical experiment can be optimized.

The main part of the light in the profiled arc channel geometries is produced
in the central part of the channel, where the ionization degree is highest. By
assuming that all the light is produced in the center of the arc channel, the
etendue of the emitted light beam from the profiled arc channels is estimated to
be Tc = 3× 10−9 m2sr. Because the arc channel is an extended light source, the
measured etendue in fact is higher: Tm = 5 × 10−8 m2sr1. This is measured by
focusing the produced light beam with a positive lens and measuring the area of
the cross section of the focus and the corresponding solid angle. The half-angle
of divergence of the parallel light beam is only α = 0.08◦ when the diameter of
the parallel beam is 2.5 cm. This is a factor of two better than the light beam
produced by the straight arc channel.

2.4.1 Stability

When a DC current of 20 A is directed through the arc channel, a small sinusoidal
noise signal of 80 kHz and an amplitude of 0.25 A on the current is observed.
This is a residual effect of the feedback system in the power supply for stabilizing
the current output. The noise on the current on the same time scale is smaller
than 10−3 of the DC-current. The variation in the current directly results in a
variation on the emitted light intensity. The amplitude of the residual signal on
the light intensity at a frequency of 80 kHz is 6.5×10−3 of the light intensity. The
broadband noise is determined to be 5× 10−4 of the DC signal. So even without
time integration, the stability is in the order of 10−3.

1With this light beam, a resolution as low as 0.15 cm−1 can be achieved in Fourier transform
spectrometry measurements without limiting the etendue with a pinhole. More information is
presented in section 2.7
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2.4.2 Emission profiles

The absolute radiance Lλ of the light output has been determined by using a
photodiode (Siemens BPW34) with a known spectral response and a set of optical
filters. The emission profiles in terms of absolute radiance are given in figure 2.3
and 2.4, averaged over the wavelength range: 850 - 1100 nm (we used this spectral
range for sensitive absorption measurements). The horizontal axis represents the
angle with the optical axis θ, under which the light is emitted, as is sketched in
figure 2.1.

Figure 2.3 shows a comparison of the emitted absolute radiance from the
straight arc channel (diameter is 2.0 mm) and the symmetrically profiled arc
channel (sketched in figure 2.2) for the same total input power of 2.2 kW. This
means that the current through the straight arc channel is 23 A and through the
symmetrically profiled arc channel 20 A. The lines through the data points are
drawn as a guide to the eye. The measurement accuracy is approximately 5 %,
possible systematic errors are estimated to be at maximum 15 %.

The divergence of the produced light beam is in all cases limited by the window
of the cascaded arc to 4 ◦, which corresponds to an effective solid angle of Ω =
1.5 × 10−2 sr. The emission profile from the straight arc channel shows, besides
a central peak in the radiance, wings at approximately 3 - 4 ◦. This is mainly
the light produced near the anode in the arc channel, which can be emitted over
a larger solid angle than the light produced near the cathode or in the central
part of the arc channel. The radiance of the symmetrically profiled arc channel
takes into account that the effective area of the light source is smaller than in
the straight arc channel. The total differential power density of the straight arc
channel is Pλ = 1.7× 10−5 W/nm and of the symmetrically profiled arc channel:
Pλ = 2.5× 10−5 W/nm.

Figure 2.4 shows the radiance as produced by a symmetrically profiled arc
channel, when it is filled with either argon or xenon at a pressure of 3.3 bar and
a current of 20 A. The shape of the radiance profile is the same for both types
of filling gases, but the absolute radiance in the central part of the light beam is
approximately seven times higher for xenon than for argon. The total differential
power density of the symmetrically profiled arc channel operated on xenon is:
Pλ = 1.7× 10−4 W/nm.

2.4.3 Current and pressure

The ionization degree in the arc channel can be increased, by increasing the total
current through the arc channel. Also increasing the pressure in the arc channel
limits diffusion losses and increases the ionization degree.

By installing an optical filter, that transmits light in the wavelength range 500
± 50 nm between the cascaded arc and the photodiode, the effect of changing the
current or pressure on the continuous emission is investigated. In this wavelength
range, no line emission is present.

In figure 2.5(a), the effect on the voltage drop between cathode and anode is
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Figure 2.3: The emission profiles for different arc channel geometries for the same
input power of 2.2 kW and filling gas (argon). The lines are drawn as guides to the eye.
The radiance is averaged over the wavelength range: 850 - 1100 nm.
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Figure 2.4: The emission profiles the symmetrically profiled arc channel filled with
argon or xenon at a current of 20 A. The lines are drawn as guides to the eye. The
radiance is averaged over the wavelength range: 850 - 1100 nm.
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given for different currents at a filling of 3.3 bar argon. Although the current is
varied over a factor of three, the voltage decreases only about 20 %. Nevertheless,
the light output does change more than linearly with current, as is shown by figure
2.5(b). Also the effect of varying the pressure is shown in figure 2.5(c). Indeed,
the light emission increases when the pressure is increased.

The voltage over the different cascade plates with respect to the anode plate
(VA) of the asymmetric arc channel geometry, is measured for two different cur-
rents at a filling of 3.3 bar argon and displayed in figure 2.6(a). One can clearly see
where the highest power is directed into the plasma: in the section of the channel
with the smallest diameter. The corresponding electric field in the central part of
the arc channel is given in figure 2.6(b).

2.4.4 Spectral emission

An avantes spectrometer (AvaSpec-2048-4-DT) is used to measure the spectral
emission of the cascaded arc on the optical axis. The relative spectral response is
calibrated with a tungsten-ribbon lamp (National Physical Laboratory, England,
identification: P193C) and the signal is scaled to obtain the absolute radiance by
comparing with the measurements presented in figure 2.3. The (asymmetric) arc
is filled with 3.3 bar argon and a current of 20 A is sustained between cathode and
anode. The measured spectrum is given in figure 2.7. The resolution (FWHM)
of the recorded spectrum for 600 ≤ λ ≤ 800 nm is 0.3 nm and for the rest of the
spectrum 1.3 nm.

The Planck emission curves corresponding to the average electron tempera-
ture (0.8 eV) and the maximum electron temperature (1.6 eV) in the arc channel
are plotted for λ > 600 nm. The strong lines around 760 nm definitely approach
the Planck limit for a temperature of approximately 1.3 eV. The measured spec-
trum is extended to the ultraviolet part by calculating the sum of the free-free
and free-bound emission for an electron density of 1.0 × 1023 m−3 and an elec-
tron temperature of 0.8 eV. The Bibermann factors for free-free and free-bound
emission are obtained from Timmermans et al. [2]. Between 350 and 600 nm, the
calculated emission agrees very well with the measured spectrum.

2.4.5 Different geometries

In this chapter, three different designs of the arc channel are investigated: one
straight arc channel with a diameter of 2 mm and two profiled geometries, with a
minimum diameter of 1 mm in the center of the arc. Other designs are in principle
possible, for example 1) a straight arc channel with a small constant diameter (for
example 1 mm), 2) a different length of the arc channel or 3) more asymmetrically
profiled. The first option results in a high power dissipation and high heat load on
all the cascade plates. Therefore the cooling system and power supply limit the
design towards a small, straight arc channel. The length of the arc channel can be
reduced until the stability of the light output degrades, to limit the total power
consumption. A longer arc channel results in a higher total light output intensity,
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Figure 2.5: Various measured characteristics.
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Figure 2.6: The voltage and electric field in the arc channel.
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Figure 2.7: The recorded spectral emission between 350 and 950 nm of the asymmet-
rically profiled arc, operating on argon. The solid black and dashed red lines represent
Planck emission curves for T = 0.8 eV and T = 1.6 eV respectively. The dotted orange
line is the calculated sum of the free-free and free-bound radiation for ne = 1.0×1023m−3

and Te = 0.8 eV. See the text for more experimental details.
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but it increases the etendue of the produced light beam. The third option is a
variation on the presently studied cases. In this chapter these alternative designs
are not investigated explicitly.

2.5 Simulation of light output

In section 2.3 we have shown that mainly the electron density in the plasma deter-
mines the continuum radiation emitted by the plasma, as described by equations
2.2 and 2.3. Three different geometries of the arc channel, filled with argon, are
investigated: a straight arc channel with a length of 45 mm and a diameter of 2
mm and two different, profiled arc channels, as described in section 2.2, with a
minimum diameter of the arc channel of 1.0 mm. Beulens et al. already reported
a model that can be used to calculate the electron density profiles in a flowing
arc [25]. The tool that we used to make a quick estimation of the electron density
profiles in the plasma is f.a.s.t.

2.5.1 f.a.s.t.

Flexible Approximate Simulation of a Thermal plasma (f.a.s.t.) is a thermal
plasma simulation tool that uses the electron density and total pressure of the
plasma as its main parameters and is based on the approximate modeling scheme
as introduced by Schram [20]. A thermal plasma can be best characterized by the
electron density which can vary orders of magnitude between different parts of
the plasma, while at the same time, the electron temperature varies only slightly,
typically less than a factor of two.

Besides the pressure, the electron density is used as the main parameter in
f.a.s.t. and the temperatures of the plasma are calculated by assuming that the
excited levels are in equilibrium with the ions (Saha equilibrium). The plasma in
the arc channel is high electron density plasma (ne ≥ 1023m−3) and the plasma
is close to LTE. However we will consider the small deviation from Saha of the
ground state. The excited states are in equilibrium (pLSE).

Non-equilibrium effects can be taken into account by two non-equilibrium
parameters: the ratio of the heavy particle temperature Th to the electron tem-
perature Te, Θ = Th/Te and the ratio between the density of neutrals in the
ground state na to the density of the neutrals in the ground state, when they are
in Saha-equilibrium ns, b1 = na/ns. In a thermal plasma at super-atmospheric
pressure as in the cascaded arc, a good assumption generally is Θ = 1, which is
implemented in the current simulation. The overpopulation of the argon atoms
in the ground level is expressed as b1 = 1.3 + 1022/ne, where we follow [20].

We assume that the axial heat conduction is small, the total flow is negligible
and that diffusion in axial direction can be neglected. Therefore, a cross section
of the arc channel is assumed to be isolated from the rest of the arc channel,
which simplifies the calculations significantly. As a result of concentrating only
on a cross section of the arc channel, the cathode fall (Vc) and anode fall (Va) are



2.5 Simulation of light output 33

not implemented in the calculations. The value for Vc + Va is approximately 15
V, as presented in [26].

The details of the implementation of f.a.s.t., together with comparisons of
the most important parameters with literature are shown below.

2.5.2 Plasma parameters

A thorough description of the implementation of the different rate constants and
plasma parameters can be found in [21], but here, the implementation in f.a.s.t.
is described shortly.

The rate coefficients k for collisions between the various particles in the plasma
are used, which are related to the collision frequencies ν. For example: kei =
neνei for collisions between electrons and ions. The rate constant for collisions
between electrons and ions (kei) and ions and ions (kii) are implemented following
Braginskii [27]. The rate constant for collisions between electrons and neutrals
(kea) is based on a fit through the data of Milloy [28]. The collisions between
ions and neutrals (kia) are implemented following Devoto, as reported by Jonkers
et al. [29] and finally, the rate constant for collisions between atoms is based on
the Lennard-Jones potential. The Coulomb logarithm λc, is implemented for a
weakly non-ideal plasma [30].

λc = ln(0.6Λ) = ln

(
92

T̂
3/2
e

n̂
1/2
e

)
(2.5)

kei = 2.9× 10−12 λc

T̂
3/2
e

(2.6)

kii =
λc

1.2× 1014

(
ΘT̂e

)−3/2

(2.7)

kia = 1.66× 10−15
(
ΘT̂e

)0.36

(2.8)

kaa = 2.5× 10−16T̂ 0.33
e (2.9)

The ambipolar diffusion coefficient is implemented as:

Damb =
e
(
T̂e + T̂h

)

minakia
, (2.10)

where the temperatures are expressed in eV, the densities n̂ in 1022 m−3 and
mi is the mass of the Ar+ ions in the plasma. The expressions for the electrical
conductivity σ and translational heat conductivity κ are obtained from Braginskii
[27] and are adapted to take into account collisions between electrons and ions
with neutral particles. The electrical conductivity is implemented as:

1
σ

=
1

σei
+

1
σea

, (2.11)
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Figure 2.8: The electrical conductivity σ in an argon plasma at a pressure of p = 1
bar, as implemented in f.a.s.t., the LTE values and as presented in [31].

σei =
nee

2

1
1.96meνei

, (2.12)

σea =
nee

2

meνea
, (2.13)

where σei represents the Spitzer conductivity. The translational thermal conduc-
tivity is implemented as:

κ = κe + κh, (2.14)

κe =
(

ekB

me

)
neT̂e

1
3.16 (νei + 3.16νea)

, (2.15)

κh =
(

ekB

mi

)
niT̂i

0.256
(
νii + 1

0.256νia

) + (2.16)

(
ekB

mi

)
naT̂i

(νaa + νai)
. (2.17)

The electrical conductivity and thermal conductivities for an argon plasma at a
pressure of 1 bar are compared with data from Boulos [31] in figures 2.8 and 2.9.
Both the implemented expressions (with b1 = 1.3+1/n̂e and Θ = 1) and the LTE
values (with b1 = 1 and Θ = 1) are displayed.

The agreement between the relatively simple expressions for σ and κ agree
well with the literature. The reactional contribution to the thermal conductivity
is not included, but it is explicitly implemented in f.a.s.t.

Furthermore, rate constants for stepwise ionization (Kion), radiative recom-
bination to the ground state (k+1) and radiative energy losses (Qrad) are imple-
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Figure 2.9: The thermal conductivity κ in an argon plasma at a pressure of p = 1 bar,
as implemented in f.a.s.t., the LTE values and as presented in [31].

mented as:

Kion = 2.65× 10−13

√
T̂e exp

(
− Ê12

T̂e

)

Ê2
12

k+1Λ+1 = 2.4× 10−20n̂0.4
e

Qrad = Qff
ea + Qff

ei + Qline

= 9.168n̂en̂a + 1.9× 106n̂2
e +

p̂

3.3

[
2.94× 105 exp

(
T̂e

0.116

)
− 1.03× 108

]
(2.18)

where the energies and temperatures are expressed in eV, the densities n̂ in 1022

m−3, Ê12 is the energy difference between the first excited level and the ground
state, Λ+1 represents radiation trapping, Qea energy losses due to electron-neutral
interactions, Qei Bremsstrahlung and Qline energy losses from line radiation to ex-
cited levels. The energy losses as a result of line emission has been investigated in
this work at a pressure of 3.3 bar and with the excited levels in Saha-equilibrium.
We assume that the energy losses are inversely proportional to the pressure.
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2.5.3 Mass and energy balances

The mass and energy balances are simplified, in order to make a prediction of
the electron density profile in a cross-section of the arc channel. The steady state
electron mass balance is implemented as:

−→∇ · ne
−→u = Kionδb1n

s
ane − k+1Λ+1n

2
e +

−→∇ ·Damb
−→∇ne = Se, (2.19)

where −→u represents the velocity of the electrons. The first term on the right
represents the increase of the electron density as a result of (stepwise) ionization
of argon atoms. The excited states of the argon atoms are assumed to be always in
Saha equilibrium. This means that when an atom in the ground state is excited
to one of the excited states (or directly ionized), an immediate increase in the
electron density is observed. Only the ground level may deviate from the Saha
equilibrium density and this is described by the factor b1. The second term on
the right of equation 2.19 represents radiative recombination to the ground state
and radiation trapping, denoted by Λ+1. The last term on the right represents
ambipolar diffusion losses.

The steady state electron energy balance, neglecting electron viscosity effects,
is implemented as:

−→∇ ·
(

3
2
nekTe

−→u
)

+ nekTe
−→∇ · −→u +−→∇ · −→q e = Qe, (2.20)

where the last term on the left of equation 2.20 represents heat conduction losses.
The electron energy source term is implemented as:

Qe = σE2 −Kionδb1n
s
aneE

+
1 − n2

ek+1Λ+1

(
3
2
kTe

)
−

Qrad − 3
2
nek (Te − Th) (nekei + nakea)

2me

mh
, (2.21)

where the first term on the right represents Ohmic heating, the second term the
loss of the ionization energy E+

1 when an argon atom in the ground state is ionized
by collisions with electrons (corrected for the inverse process contribution), the
third term the average loss of energy associated with radiative recombination of an
electron and ion to the neutral ground state, the fourth term radiation losses and
the last term energy transfer from electrons to the heavy particles. Combining
the equations above gives:

5
2
kTeS

e +
3
2
−→u · −→∇pe +−→∇ · −→q e = Qe, (2.22)

with the electron pressure pe = nekTe. The heavy-particle energy balance is
implemented as:

3
2
nek (Te − Th) (nekei + nakea)

2me

mh
=

−−→∇ · κh
−→∇Th. (2.23)



2.5 Simulation of light output 37

The term Kionδb1n
s
ane in equation 2.20 can be approximated with help of equa-

tion 2.19, assuming −→u = 0. Furthermore, the heat conduction terms are taken
together, which implies Te = Th:

−→∇ · κe
−→∇Te +−→∇ · κh

−→∇Th ' −→∇ · κtot
−→∇Te, (2.24)

with
κtot = κe + κh. (2.25)

This finally gives the differential equation to be solved, which delivers the electron
density profile in the arc channel:

σE2 =
[
k+1Λ+1n

2
e − O ·DambOne

] (
E+

1 +
5
2
kbTe

)
−

n2
ek+1Λ+1kbTe + Qrad − O · κtotalOTe. (2.26)

All the expressions for the parameters P (like Damb, σ, κ, etc.) used in this
equation, are forced into simple formulations of the form: P = AnB

e , where A
and B are fitting constants. Similarly, the electron temperature is formulated as
a function of the electron density, based on the Saha and Dalton equations. The
boundary conditions are:

∂ne(0)
∂r

= 0 (2.27)

ne(0) = ne,0. (2.28)

The parameters that can be set are the electric field strength E, the total pressure
and the electron density at the center of the arc ne,0. The total current through
an arc channel cross section is calculated as in:

I = Ez

R∫

0

2πrσ(r)dr, (2.29)

where R is the arc channel radius. The equations mentioned above are imple-
mented in Maple [32] to obtain the numerical solution of the electron density
profile.

2.5.4 Implementation

To show the quality of the calculated electron density, a comparison is made with
the electron density profile in a straight arc channel, as measured by Timmermans
et al. [33]. The arc channel diameter is 5.0 mm, the current I = 40 A and the
arc channel is filled with 1.0 bar argon. This result is shown in figure 2.10, which
shows an excellent agreement.

When f.a.s.t. is used to study a profiled arc channel, the electron density
profile is determined separately for the different radii of the arc channel at a
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Figure 2.10: Comparison of the f.a.s.t. results (solid line) with a measurement of the
ne profile as presented in [33] (data points). The conditions of the arc are: current I =
40 A, arc channel radius R = 2.5 mm, electric field strength Ê = 0.703 kV/m, electron
density on the axis ne0 = 4.32× 1022 m−3.

constant current through the channel. It turns out that the obtained electron
density profile can easily be scaled from the result of an arc channel radius of 1 mm,
which results in a fairly simple description of the electron density as a function of
the position in the arc channel. Because the electron temperature is prescribed
as a function of ne, all the parameters necessary to predict the emissivity in the
plasma are available (see equation 2.2 and 2.3). By integrating the light intensity
on the position of the detector for every plasma element, and taking into account
the beam limiters in the arc channel, the radiance is calculated. This can be
compared directly to the measurements.

2.5.5 f.a.s.t. compared to plasimo

The reliability of f.a.s.t. is also investigated by comparing its results with full
modeling with plasimo, as presented by Broks et al. [17]. An earlier version The
conditions studied are: a pressure of 3.3 bar argon and a current of 30 A through
the arc channel. The electron density profiles obtained for different arc channel
diameters are presented in figure 2.11 and 2.12. Two differences are obvious: the
electron density profiles as calculated by f.a.s.t. are a little bit more constricted
to the center of the arc channel and the peak values of the electron density profiles
in the f.a.s.t. results are somewhat lower.

The electron density profiles are used to calculate the emission profiles for the
asymmetric arc channel geometry. The result is shown by figure 2.13. Further-
more, the measured absolute radiance averaged over the wavelength range of 850
- 1100 nm is given in figure 2.13.
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Figure 2.11: The calculated electron density profiles obtained from plasimo at a
current of I = 30 A and a pressure of p = 3.3 bar argon and for different arc channel
radii (a).
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Figure 2.12: The calculated electron density profiles obtained from f.a.s.t. at a
current of I = 30 A and a pressure of p = 3.3 bar argon and for different arc channel
radii (a).
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Figure 2.13: Emission profiles for I = 30 A and the arc channel filled with 3.3 bar
argon.

The measured central radiance is significantly higher than in the emission
profiles as presented in figure 2.3. This is mainly due to the nonlinear behavior
of the emitted light intensity as a function of the current (see also figure 2.5(b))
and the differences in geometry of the arc channel.

The measured total emitted light power around λ = 850 nm, within the total
opening angle of 5 ◦ is 2.5× 10−4 W/nm. According to the results obtained with
FAST, the total emitted light power is 1.3× 10−4 W/nm, which is only a factor
of two lower than the measured intensity and in close agreement with the results
from plasimo.

So in conclusion: the results obtained with f.a.s.t. agree very well with
the results obtained with plasimo. The agreement between the calculated light
emission and the measured light emission is reasonable, even for this high current
setting of 30 A.

2.6 Straight versus profiled arc channel

f.a.s.t. has been used to calculate the electron density profile in a straight arc
channel for a pressure of 3.3 bar argon and a current of 23 A. The calculated
corresponding light emission is shown in figure 2.15. The calculated voltage drop
between anode and cathode is 83 V. The anode and cathode fall are not included
in f.a.s.t., therefore the calculated value is somewhat lower than the measured
voltage drop of 95 V. At a wavelength of 850 nm, the total emitted spectral power
density is calculated to be Ptot = 3× 10−5 W/nm.

Furthermore, f.a.s.t. has been used to calculate the electron density profiles
in the symmetrically profiled arc channel, for different radii of the arc channel,
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Figure 2.14: Electron density profiles at various cross sections in the symmetrically
profiled arc channel, calculated using f.a.s.t. The argon pressure is set to 3.3 bar.

and at a constant current of 20 A. The results are shown in figure 2.14. The
pressure in the arc channel is set to 3.3 bar of argon. The voltage drop between
anode and cathode is calculated to be 101 V. The measured voltage drop is 110
V. From the obtained electron density profiles, the emitted radiance is calculated
at λ = 850 nm and is shown in figure 2.15. The same data as shown by figure
2.3 for the symmetrically profiled arc channel is used and averaged for positive
and negative angles. At a wavelength of 850 nm, the total emitted spectral power
density is calculated to be roughly the same: Ptot = 3× 10−5 W/nm.

The contribution of line radiation is neglected so far in the calculations with
f.a.s.t. By using the highest obtained values for the electron density and elec-
tron temperature, the total emitted power, purely caused by line radiation can
be calculated. Therefore the density of the argon atoms in the excited states are
assumed to be in Saha-equilibrium with the ions and the line strengths are ob-
tained from PLASUS [34], a commercial atomic line emission program. It turns
out that at maximum a fraction of 3× 10−3 of the emitted radiation intensity in
the wavelength range of 850 - 1100 nm is formed by line radiation.

The calculated radiance is compared with the measured radiance in figure
2.15 and shows a remarkable agreement! The wings in the radiance profile of the
straight arc channel are reproduced, together with the smooth and broad radiance
profile of the symmetrically profiled arc geometry.
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Figure 2.15: Comparison of the calculated emission profiles obtained from f.a.s.t.
with measured emission profiles. The current through the straight arc is I = 23 A and
through the symmetrically profiled arc I = 20 A. The arc channel is filled with argon at
a pressure of 3.3 bar. The measurements are averaged over the wavelength range of 850
- 1100 nm and the calculations with f.a.s.t. are performed at 850 nm.

2.7 Absorption measurements on O2

The power of using the cascaded arc light source with a Fourier transform spec-
trometer is illustrated with measurements on the weak absorption band:

O2 b1Σ+
g (ν′ = 0) ←− X3Σ−g (ν′′ = 0). (2.30)

A sketch of the setup, which consists of the cascaded arc light source and a
Fourier transform spectrometer, is shown in figure 2.16. The light beam produced
by a cascaded arc is imaged into a parallel beam by means of an off-axis parabolic
mirror and is directed onto the beam-splitter of the Michelson interferometer in
the Fourier transform spectrometer. The light beam exiting the interferometric
compartment is converted into a parallel light beam with a diameter of approxi-
mately 1 cm, and is directed through the sample volume.

The absorption by the (spin-forbidden) transitions of the absorption band of
oxygen in the spectral range of 13000 – 13175 cm−1 (b1Σ+

g (ν′ = 0) ←−X3Σ−g (ν′′ =
0)) absorption band of molecular oxygen is measured, to show the performance
of the combination of the cascaded arc with the Fourier transform spectrometer.
The light beam produced by the cascaded arc, is directed through the sample
volume, which is filled with 250 mbar O2. The path length of the light beam
through the sample volume is 1.56 m, the resolution of the Fourier transform
spectrometer is set to 0.15 cm−1 and the integration time of the measurement
is 1 hour. To spectrally resolve this weak absorption band with a resolution of
0.15 cm−1, a light beam with a small etendue is necessary.
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Figure 2.16: Sketch of the absorption setup. On the left, a cascaded arc light source is
sketched, the Fourier transform spectrometer in the center, and the sample volume on
the top right. NIR = near-infrared light source, A = optional mirror, BS = beamsplitter
and ∆L the movement of the moveable mirror of the Michelson interferometer.

In a conventional Fourier transform spectrometer the beam quality of the
produced light beam is normally achieved by placing a pinhole in the focus of
the light beam. The smaller the pinhole, the better the beam quality, which
results in a better resolution that can be obtained. The drawback is the reduced
light intensity that is available for the experiments. In the experiments with the
cascaded arc light source, no pinhole is installed, which demonstrates the good
obtained beam properties.

The expected absorption is calculated from data on the transition probabilities
(hitran database [35]) and the experimental conditions mentioned above. The
measured and calculated absorption are displayed in figure 2.17.

The measured O2 absorption spectrum is in good agreement with the cal-
culated absorption spectrum. The resolution of 0.15 cm−1 was achieved with-
out limiting the light beam produced by the cascaded arc with a pinhole, which
demonstrates the high beam quality.

The sensitivity of the combination of the cascaded arc light source and the
Fourier transform spectrometer is very good (the absorption cross-sections of the
strongest lines are in the order of: 6 × 10−24 m2), but the measurement time is
relatively long: 1 hour in the measurement leading to figure 2.17.

A proof-of-principle measurement of a cavity enhanced absorption measure-
ment is shown in the inset. It shows that by introducing an optical cavity, the
sensitivity of the Fourier transform spectrometer can be improved with an order
of magnitude when optimum mirrors of the optical cavity are implemented.
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Figure 2.17: Simulated (a) and measured (b,c) absorption spectrum of 250 mbar of
oxygen at room temperature recorded on the b1Σ+

g (ν′ = 0) ←− X3Σ−g (ν′′ = 0) band.
The absorption path length was 1.56 m. Figure (c) zooms in on the grey area of Figure
(b).



2.8 Conclusions 45

2.8 Conclusions

We have shown that the cascaded arc can indeed be used as a very bright light
source, showing a very good stability and emitted beam quality. The total emitted
light can be increased by filling the arc channel with xenon instead of argon (in the
visible and near-infrared part of the spectrum) or increasing the current through
the arc channel. The option that has been investigated is profiling the arc channel
at the same total input power and filling pressure.

The etendue of the produced light beam decreased with 18 % by slightly
profiling the arc channel. At the same time the total light output increases with
50 % for the same total electrical input power and the smallest half-angle of
divergence of an imaged parallel beam is decreased with a factor 2.

The introduced Fast, Approximate Simulation of a Thermal plasma (f.a.s.t.)
has shown its use by predicting the arc performance in emission characteristics to a
remarkable degree. Both compared to measurements on the resulting continuous,
broadband light emission and to results obtained with full modeling (plasimo).
It can easily be applied to adapt the arc channel geometry to the desired emitted
beam properties. The constriction in the arc channel can for example also be
placed closer to the cathodes, instead of in the center of the arc channel, for an
even higher light output intensity.

The combination of a bright, cascaded arc light source with a Fourier trans-
form spectrometer is shown to be an easy-to-implement broadband and sensitive
absorption technique. Without artificially limiting the etendue of the produced
light beam with a pinhole, a resolution of 0.15 cm−1 is shown to be feasible by
measurements on weak oxygen transitions.
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Cavity enhanced absorption on CH4 An illustration of the use of an
extremely high light intensity is shown in a cavity enhanced absorption
experiment. Installing an optical cavity in an absorption experiment
results in an increase of the path length of the light beam through the
sample, compared to a single pass experiment. Unfortunately, only a
small fraction of the light directed onto the optical cavity is coupled
into the cavity and thus the light intensity is reduced significantly at the
detector. The improvement factor ξ [36], which expresses the increase
in sensitivity compared to a single-pass absorption measurement due
to these two effects is estimated and displayed in the figure below.
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tivity R, for different values of the single-pass absorption.

The improvement of the quality of the absorption measurement by in-
stalling an optical cavity is investigated by measuring the absorption by
CH4 in a cell with a length of 36 cm. The mirrors that are used to
construct the optical cavity have a moderate reflectivity (higher than
98 %) in the wavelength range in which the measurements have been
performed. Methane is chosen, because it exhibits a few broadband
absorption features in the near-infrared region of the spectrum with dif-
ferent absorption strengths [37].
In the single pass experiment, the sample cell is filled with CH4 to a
pressure of 1 bar. The resolution at which the spectrum is measured is
8 cm−1. The absorption spectrum, as shown in the figure below on the
left, is obtained by taking two times 500 scans (approximately two times
4 minutes): 500 scans for the background measurement without CH4 in
the cell, and 500 scans for the sample measurement, with CH4 in the
cell. The same experiment is performed, where the windows in the cell
are exchanged for the mirrors and the result is given below, in the figure
on the right, at a resolution of 8 cm−1 and 4 cm−1.
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Clearly the features around 11300 and 11600 cm−1 can be recognized.
The absorption coefficient κ in the FTCEA experiment is significantly
higher than in the single pass experiment. An improvement factor of
ξ = 5 is estimated, and a detailed analysis of the figures below shows an
improvement of a factor 3.6, which is a reasonable agreement.
By optimizing the reflectivity of the mirrors to the experiment, the sen-
sitivity of the Fourier transform absorption spectroscopy measurements
can be increased with an order of magnitude.



48 A new design of a bright cascaded arc light source



BIBLIOGRAPHY 49

Bibliography

[1] Maecker H 1956 Z. Naturforsch. 11a 457

[2] Wilbers A T M, Kroesen G M W, Timmermans C J and Schram D C 1990
Meas. Sci. Technol. 1 1326–1332

[3] Wilbers A T M and Schram D C 1991 Journal of Quantitative Spectroscopy
and Radiative Transfer 46 299–308

[4] Raghavan R and Morrison P W 2001 Journal of Quantitative Spectroscopy
and Radiative Transfer 69 605–634

[5] Kaase H and Stephan H K 1979 Appl. Opt. 18 2275–2279

[6] Key P J and Preston R C 1977 Appl. Opt. 16 2477–2485

[7] Frost R M and Awakowicz P 1997 Appl. Opt. 36 1994–2000

[8] Bridges J M and Ott W R 1977 Appl. Opt. 16 367–376

[9] Wilbers A T M 1991 A wall stabilized arc as a light source for spectroscopic
techniques Ph.D. thesis Technische Universiteit Eindhoven

[10] Straaijer A, Verbruggen M H W, Denijs J M M and Brongersma H H 1993
Rev. Sci. Instrum. 64 1468–1473

[11] Haverlag M 1991 Plasma chemistry of fluorocarbon RF discharges used for
dry etching Ph.D. thesis Technische Universiteit Eindhoven

[12] Hamers E, Schram D C and Engeln R 2002 Chem. Phys. Lett. 365 237–243

[13] Kroesen G M W, Schram D C and de Haas J C M 1990 Plasma Chemistry
and Plasma Processing (Historical Archive) 10 531–551

[14] Burm K T A L, Goedheer W J, van der Mullen J A M, Janssen G M and
Schram D C 1998 Plasma Sources Sci. Technol. 7 395–409

[15] Burm K T A L, Goedheer W J and Schram D C 1999 Physics of Plasmas 6
2628–2635



50 BIBLIOGRAPHY

[16] Burm K T A L, Goedheer W J and Schram D C 2001 J. Phys. D: Appl.
Phys. 34 2000–2015

[17] Broks B H P, Keizer J G, Zijlmans R A B and van der Mullen J J A M 2006
Plasma Sources Sci. Technol.

[18] Janssen G M, van Dijk J, Benoy D A, Tas M A, Burm K T A L, Goedheer
W J, van der Mullen J J A M and Schram D C 1999 Plasma Sources Sci.
Technol. 8 1–14

[19] Wilbers A T M, Kroesen G M W, Timmermans C J and Schram D C 1991
Journal of Quantitative Spectroscopy and Radiative Transfer 45 1–10

[20] Schram D C, de Haas J C M, van der Mullen J A M and van de Sanden
M C M 1996 Plasma Chem. Plasma Process. 16 19S – 42S

[21] Burm K T A L, Goedheer W J and Schram D C 2002 Plasma Chem. Plasma
Process. 22 413–434

[22] Zijlmans R A B, van Helden J H, Schram D C and Engeln R 2004 Light
Sources 2004 Institute of physics conference series 182 355–356

[23] Cabannes F and Chapelle J C 1971 Reactions under plasma conditions (New
York: Wiley Interscience)

[24] Drawin H W and Felenbok P 1965 (Paris: Gauthier-Villars)

[25] Beulens J J, Milojevic D, Schram D C and Vallinga P M 1991 Phys. Fluids
B 3 2548–2557

[26] Dickson D J and von Engel A 1967 Proceedings of the royal society of london.
Series A, Mathematical and physical sciences 300 316–325

[27] Braginskii S 1965 Reviews of Plasma Physics (Plenum, New York)

[28] Milloy H, Crompton R, Rees J and Robertson A 1977 Austr. J. Phys. 30
61–72

[29] Jonkers J, Selen L J M, van der Mullen J A M, Timmermans E A H and
Schram D C 1997 Plasma Sources Sci. Technol. 6 533–539

[30] A O C and I M M 1994 Phys. Plasmas 8 2515–2518

[31] Boulos M I, Fauchais P and Pfender E 1994 Thermal plasmas: fundamentals
and applications (Plenum Press, New York)

[32] 2003 Maple 9.03 Software package

[33] Timmermans C J, Rosado R J and Schram D C 1985 Z. Naturforsch. 40a
810–825



BIBLIOGRAPHY 51

[34] Ingenieurburo P 2004 PLASUS SpecLine 2.13 Software package

[35] Rothman L S, Jacquemart D, Barbe A, Benner D C, Birk M, Brown L R,
Carleer M R, Chackerian C, Chance K, Coudert L H, Dana V, Devi V M,
Flaud J M, Gamache R R, Goldman A, Hartmann J M, Jucks K W, Maki
A G, Mandin J Y, Massie S T, Orphal J, Perrin A, Rinsland C P, Smith
M A H, Tennyson J, Tolchenov R N, Toth R A, Auwera J V, Varanasi P and
Wagner G 2005 Journal of Quantitative Spectroscopy & Radiative Transfer
96 139–204

[36] Fiedler S E, Hese A and Heitmann U 2007 Rev. Sci. Instrum. 78 073104

[37] O’Brien J J and Cao H 2002 Journal of Quantitative Spectroscopy and Ra-
diative Transfer 75 323–350



52 BIBLIOGRAPHY



53

Chapter 3

Diagnostics and plasma
reactors

Abstract

The experiments described in this thesis are performed on three different plasma
reactors. The experimental details of these setups, together with the diagnostics
installed on these systems, are described in this chapter.
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Table 3.1: The frequencies of the used absorption lines for the detection of various
molecules.

Molecule Frequency (cm−1) Molecule Frequency (cm−1)
H2O 1884.57 NH3 965.0, 965.5, 967.3
CH4 1327.07 NO 1884.3, 1887.5
CO 2254.75 C2H2 1307.16
CO2 664.24 C2H4 965
HCN 1327.02 NO2 1600.9
N2O 2203.7

3.1 Introduction

The experiments described in this thesis, have been performed on two different ex-
panding thermal plasma systems: plexis (PLasma EXpansion in Interaction with
Surfaces) and solaris (Synthesis of mOlecules from pLAsma produced Radicals
Interacting with Surfaces). Both systems are low pressure, recombining plasma
systems and are equipped with a cascaded arc plasma source. This plasma source
is able to produce large fluxes of radicals and can be fed with mixtures of argon,
nitrogen and hydrogen. The third system that has been studied, is a microwave
reactor, which is also capable of producing large fluxes of radicals. In contrast
to the expanding thermal plasma systems, it is not a pure recombining plasma,
but contains also an active region, where the power is coupled into the plasma
volume.

Below, the experimental details of these systems and the diagnostics installed,
are discussed in detail, starting with the diagnostics.

3.2 Tunable diode laser absorption spectroscopy

A compact and transportable InfraRed Multicomponent Acquisition system
(irma), which is based on mid-infrared absorption spectroscopy has been installed
on all the plasma systems [1]. It contains four helium cooled independently tun-
able lead-salt diode lasers which can be temporally multiplexed. Rapid scan soft-
ware with real-time line shape analysis provides simultaneous measurements of
the absolute concentrations of several molecular species. In table 3.1 the types of
molecules that are detected with this diagnostic are summarized, with the wave-
length range at which the analysis is performed. The laser line width of a lead-salt
laser is approximately 0.001 cm−1, and by scanning the temperature and current
through the laser, a scanning range of approximately 100 cm−1 can be achieved.
The laser light output power is in the order of 0.1 mW.

The hitran database [2] provides the information on the line strengths, and
by means of an advanced forward fitting implementation, the concentration is
calculated real-time. The raw data of a typical absorption spectrum is shown
in figure 3.1. The horizontal axis is proportional to the frequency of the laser
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Figure 3.1: Absorption spectrum of NO and H2O.

light, which is scanned by ramping the current through the laser diode at a fixed
setting of its temperature. In one current ramp, a spectral region of approximately
1 cm−1 is covered.

In figure 3.1, in the range of one current ramp, absorption lines of both NO
(1884.3 cm−1) and H2O (1884.6 cm−1) can be recognized. The H2O absorption
in a plasma reactor at low pressure is superimposed on a very broad absorption
feature, caused by atmospheric H2O. The spectral feature attributed to NO con-
sists of more than 20 different transitions, and the ratio between the absorption
lines changes with temperature. By a careful analysis of the ratio between the
absorption lines, the gas temperature can be estimated. The minimum observed
values correspond to the signal detected when the laser is switched off.

The integrated absorption of the spectral features is directly related to the
concentration of the type of molecules under investigation, which is expressed
by the spectral line intensity, as tabulated in the HITRAN database. The line
intensities are dependent on the temperature, which is clarified in the inset.

One current ramp is performed in approximately 1 ms. The time resolution
that is achieved in the measurements presented in this thesis, including the fitting
procedure and averaging is 10 ms. The accuracy of the absorption measurements
is mainly limited by uncertainties in the temperature profile over the path length
of the laser light through the plasma reactors, and is typically 10 %.

Because of the superior wavelength resolution and time resolution of this sys-
tem it is implemented on the plasma reactors systems, rather than the Fourier
transform spectrometer in combination with the cascaded arc light source which
was discussed in the previous chapter.
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Temperature dependence The molecular transition strengths depend on the
concentration, but also on the temperature. This is described in detail below.
The integrated absorption in an absorption experiment is related to the total
number density of the molecule as in:

κ =
∫

κ(ν)dν = N

∫
Sηη′(T )f(ν, νηη′ , T, p)dν, (3.1)

where f represents the line profile and S the spectral line intensity, which is
tabulated in the hitran database for a temperature of T = 296 K. nη and nη′

are the populations of the lower and upper states, gη and gη′ are the statistical
weights of the lower and upper states, N is the molecular number density and
ν is expressed in cm−1. The line intensity is defined as:

Sηη′ =
hνηη′

c

nη

N

(
1− gη

gη′

nη′

nη

)
Bηη′ , (3.2)

in units of cm−1

molecule cm−2
. Here Bηη′ [ cm3

ergs s2 ] is the Einstein coefficient for
induced absorption, In local thermodynamic equilibrium we can write:

gηnη′

gη′nη
= exp

(
−hcνηη′

kT

)
(3.3)

and

nη

N
=

gη exp
(
−hcEη

kT

)

Q(T )
, (3.4)

with E expressed in cm−1 and Q(T ) the total internal partition function:

Q(T ) =
∑

η

gη exp
(
−hνEη

kT

)
. (3.5)

In the hitran database, the line intensities are tabulated for a temperature
of Tref = 296 K. At a different temperature, the line intensity can be obtained
with the following equation:

Sηη′(T ) = Sηη′(Tref)
Q(Tref)
Q(T )

exp
(
−hcEη

kT

)

exp
(
−hcEη

kTref

)
[
1− exp

(
−hcνηη′

kT

)]
[
1− exp

(
−hcνηη′

kTref

)] , (3.6)

which includes the temperature dependence of the partition function, the ratio
of Boltzmann populations and the effect of stimulated emission.
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3.3 Quadrupole mass spectrometry

The homonuclear diatomic molecules N2, O2 and H2 and argon atoms are not
optically active in the infrared, and can not be detected by means of the irma
system. To determine the densities of these species, on each of the different
plasma reactors a quadrupole mass spectrometer (QMS) is installed at the start
of the pump line [3, 4]. Three different types are used: a QMS200 from Pfeiffer
Vacuum at solaris, a QMA430 from Balzers at plexis and a Prisma QMS200
from Balzers at the microwave reactor.

The mass spectrometer installed on the plexis setup is sketched in figure
3.2. A sample of the gas in the plasma reactor is directed via a tube and a
needle valve into the ionizer of the QMS. There, by means of electron-impact
dissociation, a fraction of the sample gas from the reactor is ionized. Another
fraction is dissociated and the produced fragments are also partly ionized. The
ions are directed through a quadrupole mass filter, and detected with a Faraday
cup or Secondary Electron Multiplier (SEM). Depending on the settings of the
quadrupole mass filter, ions with a specific mass-to-charge ratio are transmitted,
which results in a cracking pattern for each type of molecule present in the sample
gas. An example of a measurement of the measured current as a function of the
mass-to-charge ratio selected by the mass filter is presented in figure 3.3. In
that case, a sample from an argon plasma produced in the plexis setup, to
which a mixture of N2 and O2 is admixed is analyzed. The other quadrupole
mass spectrometers are connected to the plasma systems in a similar way, with
the difference that no small tube between reactor and QMS is present. On the
solaris setup, the QMS is connected via a pinhole with a diameter of 40 µm and
on the microwave reactor a needle valve is implemented.

All three types of mass spectrometers are used quantitatively by calibrating
with pure gases and known compositions of gas mixtures. The accuracy of the
QMS measurements is typically 20 %. If the setting of the mass filter is fixed, the
maximum time resolution at which the ion current can be measured is 20 ms.

3.4 Expanding thermal plasma systems

Both expanding thermal plasma systems are located in the group Plasma and
Materials Processing at the Technische Universiteit Eindhoven. The plasma is
created in a cascaded arc, which consists of a stack of four copper plates with a
central bore (∅ = 4 mm), through which the working gas (typically argon at a
flow of 3000 standard cubic centimeters per minute, sccm) is directed. A discharge
is maintained between cathode tip and anode plate, at a current setting between
I = 45 A and I = 75 A, which results in ionization of a significant fraction of
the working gas: in case argon is used around 10 – 15 % of the gas is ionized [5].
The copper plates are electrically insulated from each other, which stabilizes the
discharge. During operation of the plasma source, the pressure in the arc channel
is sub-atmospheric and in the relatively small volume of the arc channel (0.3 cm3),
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Figure 3.2: Sketch of a quadrupole mass spectrometer.
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Figure 3.3: The measured ion current is given as a function of the mass-to-charge ratio,
which is selected by the mass filter. A sample is obtained from an argon plasma, to which
a mixture of N2 and O2 are admixed at the plexis setup. The plasma conditions are:
Iarc=60 A, p=13.9 Pa, 3000 sccm Ar through the Arc, 880 sccm N2 + 1100 sccm O2

into the vessel. The measured peaks originate from the injected gases: Ar, N2, O2, and
the plasma produced gases: NO, N2O and NO2. A background signal originating from
H2O is also observed.
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the power input can reach values up to 10 kW. The mixture of atoms, ions and
electrons flows through a nozzle and expands supersonically into the vessel.

Due to the fast expansion into the reactor, the gas temperature and the elec-
tron temperature drop rapidly. The gas temperature drops from approximately
5000 K at the start of the expansion, down to 450 K in the background of the
reactor. The electron temperature drops from 1 eV at the start of the expansion,
and drops after the stationary shock down to 0.2 – 0.3 eV. The position of the
shock zM scales as:

zM = 1.8× 10−2

√
Φ̂
pb

4
√

AT̂s, (3.7)

where the flow Φ̂ is expressed in standard cubic centimeter per second (sccs),
the source temperature T̂s in eV, the background pressure in the reactor pb in
Pa and A the atomic mass number of the expanding species. The feedstock
gases (mixtures of N2, H2 and O2) are injected directly into the reactor and
they mix efficiently with the expansion [6]. Due to the low electron temperature,
direct electron-impact ionization or dissociation reactions are not efficient. In
the expansion, the feedstock gases are dissociated mainly by charge transfer and
subsequent dissociative recombination. The radicals, produced in the expansion,
travel through the reactor, and before they are pumped away, they recombine
into stable molecules mainly at the walls of the reactor [7].

3.4.1 SOLARIS

In figure 3.4, the solaris setup [8] is shown, with the cascaded arc plasma source
sketched on the left of the reactor. The reactor is cylindrically-shaped, with
a diameter of 44 cm and a length of 50 cm. The pressure in the reactor is
monitored by three pressure sensors (a Baratron and two wide-range sensors)
installed close to the pumping line, and is kept typically at p = 60 Pa with a
three-stage pumping system. Only at the shock position, a local pressure increase
occurs, further downstream the pressure does not vary significantly.

The light beam of the diode lasers is passed through the plasma vessel twice,
which results in an absorption path length of 0.88 m, and is directed to a mercury
cadmium telluride detector (MCT).

3.4.2 PLEXIS

in figure 3.5, the plexis setup [8] is sketched. The vessel, which has a diameter of
0.32 m and is 1.0 m long, is maintained typically at a pressure of p = 20 Pa by a
3-stage pumping system. The pressure is monitored by three pressure sensors (a
Baratron and two wide-range sensors), which are installed on top of the reactor.
The IRMA system is also installed on this reactor. The light beam of the diode
lasers is directed through the plasma vessel twice via tubes that are directly con-
nected to the vessel as sketched in the figure. This ensures that the composition
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Figure 3.4: A sketch of the expanding thermal plasma setup with on the left the
cascaded arc. Mass spectrometry and tunable diode laser absorption spectroscopy are
installed. i = ions, e = electrons, rad = radicals, QMS = quadrupole mass spectrometer,
MCT = infrared MCT detector, mol = molecules injected, dotted lines = flow pattern.

of the background gas is determined, and the absorption path length is 1.62 m.
The laser light is directed to a mercury cadmium telluride detector (MCT).

Also a quadrupole mass spectrometer (QMA 430, Balzers) was installed at the
beginning of the pump line and is thus probing the stable species present in the
vessel [3, 4].

3.4.3 Kinetics

The feedstock gases in both types of expanding thermal plasma systems are
injected directly into the vessel, and mix efficiently with the expanding argon
plasma, originating from the cascaded arc. Via charge exchange reactions between
Ar+ ions with the feedstock gases and subsequent dissociative recombination with
electrons, the gases are dissociated efficiently. For example, the dissociation of N2

molecules occurs via:
Ar+ + N2 → Ar + N+

2 , (3.8)

N+
2 + e → N + N∗, (3.9)

where N∗ represents one of the two excited ground states (2P, 2D) of the N atom
(see also [7]). An extra pathway of dissociating molecules in the reactor is via
reactions with oxygen and nitrogen atomic radicals, e.g. N + NO → N2 + O and
N+O2 →NO+O.

By means of a Monte Carlo simulation (DSMC), the flow pattern and temper-
ature distribution are calculated for the plexis setup. For a hot argon gas with
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Figure 3.5: A sketch of the expanding thermal plasma setup with on the left the
cascaded arc. Mass spectrometry and tunable diode laser absorption spectroscopy are
installed.

an initial temperature of 5000 K, expanding from the cascaded arc, the result-
ing temperature distribution in the reactor is shown in figure 3.6. Furthermore,
the calculated flow pattern shows a strong recirculation cell in the reactor, that
extends from the plasma source until halfway the reactor. The velocity profile
is also sketched in the inset in figure 3.6. Similar results have been obtained for
the temperature and velocity profile in the solaris setup. In that case, the re-
circulation cell extends over the whole length of the setup. Also Selezneva et al.
obtained similar results with a fluid model and a DSMC model [9]. The plasma
produced radicals adsorb on the walls of the reactor and can interact via pick-up
reactions with species from the gas phase (Eley-Rideal process) [10–12] or with
each other, followed by desorption (Langmuir-Hinshelwood process).

In the results of the Monte Carlo simulation, five different parts can be dis-
criminated, based on the calculated temperature distribution in the reactor. The
rate of production of the various gas phase interactions that are possible between
the species present in the reactor, depends strongly on the temperature. Therefore
these parts of the reactor are considered separately in the analysis in later chapters
in this thesis: I) the supersonic expansion, including the stationary shock, where
the feedstock gases mix efficiently with the expansion [6], II) the subsonic expan-
sion, III) the hot part of the background, where the feedstock gases are injected
into the reactor, IV) the cold part of the background, including the walls of the
reactor where plasma-surface interactions take place, and V) the part where the
measurements are performed. In parts III and IV (part of the) recirculation cell
is present. A fraction of the hot and cold background gases is directed towards
part V. The division of the system into these five parts is sketched in figure 3.6.
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Figure 3.6: The calculated temperature distribution in the reactor and the division
of the reactor into five different regions: I) the supersonic expansion, II) the subsonic
expansion, III) the hot part of the background, IV) the cold background, including
the walls of the reactor and V) the background downstream in the reactor, where the
measurements are performed. The calculated velocity profile of the first half of the
reactor is also sketched. Note that the IR measurements are performed at an axial
position of 0.8 m.
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3.4.4 Electronically excited species

Excited species could play a role in the formation of different types of molecules.
N2(A) is very important in for example inductively coupled plasmas containing
N2, because it is the first electronically excited level, and reported reactions of
N2(A) with for example NO are fast. This species is treated in more detail in for
example [13] and [14]. In our case, the density of N2(A) is estimated to be low,
because in the reactor the electron temperature is low (Te = 0.3 eV) compared to
the excitation energy of N2(A) (more than 6 eV), and therefore the production
of N2(A) via collisions with electrons is negligible. Furthermore this excited level
is depopulated efficiently in the expansion. Only N and N∗ are created through
dissociative recombination between N+

2 and electrons and possibly at the walls of
the reactor nitrogen atoms may recombine into N2(A) [15]. This will be explored
briefly in chapter 6.

Besides N2(A), also electronically excited O2(a) could be important. In mix-
tures of N2 and O2, only one reaction results in a change of the chemical composi-
tion of the colliding particles: N+O2(a)→NO+O. Also the effect of this reaction
will be considered in chapter 6 and it will be shown that this reaction can be
neglected.

The rate of progress of: N + O2 → NO + O is known to be significantly faster
with excited N atoms than with N atoms in the ground state [16]. This effect will
be included in the analysis in chapters 6 and 7.

In conclusion: in most of the experiments discussed in this thesis, the role of
excited particles in an expanding thermal plasma is neglected, with an exception
for excited N atoms.

3.5 Microwave reactor

The used planar microwave reactor is sketched in figure 3.7, located at the Leibniz-
Institut für Plasmaforschung und Technologie in Greifswald. A short description
is given here, though more detailed information on the reactor can be found
in [17–21].

The microwave radiation, produced by a Sairem GMP60KE/DC (f = 2.45 GHz,
maximum power = 6 kW) is directed via interface waveguides in the microwave
appliance module and quartz windows into the reactor. The plasma reactor is con-
structed from aluminum, has a square-shaped cross section of 21 x 15 cm and a
length of 120 cm. A rotary pump (Leybold TriVac D40 BCS, capacity = 40 m3/h)
is installed to keep the pressure at typically 1.5 mbar during the experiment and
a turbo pump (Pfeiffer TMH 64, capacity = 53 l/s) is used for the standby mode
of the reactor.

The infrared laser radiation, produced by the tunable diode laser (TDL) and
selected for single-mode operation with a monochromator, is directed 40 times
through the plasma volume via mirror boxes (White cell, mirror spacing 150 cm),
increasing the sensitivity of the (line integrated) absorption experiment. Be-
fore the laser radiation is directed onto the MCT detector, it passes a second
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Figure 3.7: A sketch of the microwave discharge with tunable diode laser absorption
spectroscopy and mass spectrometry installed.

monochromator, to ensure that no interfering background signal from the plasma
source is disturbing the measurement.

3.5.1 Kinetics

The microwave power is coupled via electrons and subsequent excitation, dis-
sociation and ionization reactions to the injected gases. Two mechanisms are
responsible for the dissociation of the injected gases.

The first mechanism is direct dissociation by electron impact, which typically
takes place in the most active part of the discharge, the topmost 3 cm of the
reactor. The reaction rates depend on the electron energy distribution function.
A summary of rate constants determined for similar conditions as studied in this
thesis is given in [21]. Typical rates are 10−16 m3/s.

The second mechanism is charge transfer between an Ar+ ion and a neutral
molecule. A molecular ion is formed and subsequent dissociative recombination of
this ion with an electron results in the production of radicals. Because in all the
experiments described in this thesis a relatively large amount of argon is present
in the experiments, Ar+ ions are expected to be dominant. The rate constant
for charge-transfer is typically kct ' 10−15 m3/s and as there are as many ions
as electrons, charge transfer may dominate even in the ionizing region. The rate
coefficient for dissociative recombination is kdr ' 10−13 m3/s, which at electron
densities of 1017 m−3 may be just fast enough to cope with ambipolar diffusion1.
As compared to the residence time (τres ' 0.4 s) of the injected gases in the active
volume (7.6× 10−3 m3) both processes can be assumed to occur instantaneously.

An estimation of the electron density can be obtained as follows. For one
ionization, a minimum ionization energy of typically Êi = 18 eV is necessary

1The upper limit of the velocity of molecular ions flowing out of the active region is the
acoustic speed cs =

√
kTe/Mi. At this velocity, it takes approximately 10−5 s to travel out of

the active region (3 cm). Within this time, a significant fraction of the molecular ions can be
dissociated by dissociative recombination with electrons.
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(to ionize argon atoms [15.8 eV] and to maintain the electron temperature of
approximately 1.8 eV). The rate of production of ions (Ni ≡ total number of
ions) can be expressed by:

dNi

dt
=

P

ÊieξP

, (3.10)

where P is the input power and ξP a correction factor, taking into account energy
losses not directly related to the production of ions (heat conduction, convection,
inelastic processes as electron impact dissociation, radiation). Also:

dNi

dt
=

∫

V1

kionnen0dV =
neV1

τne

, (3.11)

in which V1 represents the active volume of the plasma. By choosing ξP = 30 [7]
(1/30th of the applied power is used for ionization), Êi = 18 eV, V1 = 7.6 ×10−3

m3, which represents the brightest part of the plasma and an electron loss time
of τne = 10−5 s (ambipolar diffusion out of the active part of the plasma), a
typical electron density of 1017 m−3 results. This value is in good agreement
with the value obtained with a Langmuir probe by Rousseau et al. on the same
microwave system at similar conditions [22] 2. Via charge transfer and subsequent
dissociative recombination, for each ion, two (or three) radicals are produced (ξrad

= 2-3). This results in a production of 3 − 4 × 1019 radicals/s (or 70-105 sccm),
or in other words: 35 sccm of the injected gases can be used to produce radicals
and thus other (types of) molecules.

3.5.2 Electronically excited species

Also in the microwave system, metastable species could play a role in the forma-
tion of different types of molecules. In order to estimate the effect of metastable
species, we consider the contribution of N2(A) in detail. In [24], the reaction of
N2(A) with an O atom is mentioned, which could possibly lead to the formation
of NO, namely:

N2(A) + O → NO + N(2D), k = 7.0× 10−18 m3/s (3.12)

The density of N2(A) is not measured for conditions similar to the experiments
described in this thesis. In [24] calculations of the N2(A) density in a microwave
discharge fed with mixtures of N2 and O2 are presented and in that case, the mole
fraction is in the order of 10−5. If we assume that the mole fraction of N2(A) is
10−5, then the mole fraction of NO increases to a maximum value of 3 × 10−4

within the residence time according to reaction 3.12. In the experiments described
in this thesis, in which the admixed gases as nitrogen are strongly diluted with
argon, the N2(A) density should be lower, as are the densities of atomic species

2For example, when applied to an RF plasma containing CH4, H2 and Ar at a pressure of
100 Pa and an input power of 100 W, equations 3.10 and 3.11 predict an electron density which
is in good agreement with measurements reported in [23]. So, the choices for ξP and τne seem
to be reasonable.
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N(2P) and N(2D). Therefore the effect electronically excited species is not treated
in detail in this thesis.

3.6 Summary

A dedicated tunable diode laser absorption spectroscopy setup and quadrupole
mass spectrometers will be used to investigate the conversion of molecules in
detail on different plasma systems: two expanding thermal plasma systems and
a microwave discharge. The details of the diagnostics and plasma reactors have
been described in this chapter.

The expanding thermal plasma is a pure recombining plasma. The power
is coupled into the plasma in the cascaded arc, but during the expansion of the
plasma into the reactor volume, no power is coupled into the plasma anymore. The
microwave reactor is a hybrid system in this sense, it consists of an active region
where the microwave radiation is coupled to the electrons in the plasma, and a
big recombining part. Both the expanding thermal plasma and the microwave
discharge are kept at a pressure in the order of 1 mbar during operation and
are able to produce large fluxes of radicals. The material of the reactor walls is
different: the expanding thermal plasma systems are constructed from stainless
steel, whereas the microwave reactor is constructed from aluminum and quartz
windows.
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Chapter 4

Molecule synthesis in an
Ar-CH4-O2-N2 microwave
plasma

Abstract

The formation of new molecules in a microwave plasma, created from a mixture
of Ar, CH4, N2 and O2, is investigated by means of an in-depth study of the
molecular abundances in the plasma. The molecules are detected by means of
tunable diode laser absorption spectroscopy and by absolute mass spectrometry.
Three groups of molecules can be discerned in terms of molecular abundances:
CO is predominantly formed, together with H2O, N2 and H2. The molecules CH4

and O2 are significantly depleted, but still abundant in a finite quantity. The
third group is formed by several other species like NH3, NO, HCN etc. This
tendency is expected to occur in every low temperature plasma containing C, O,
H and N atoms. Furthermore, the combination of both techniques also allows to
make a clear distinction between the etching mode and deposition mode of the
microwave reactor. Mainly etching occurs when the ratio of admixed gas flows
Φ(O2)/Φ(CH4) > 0.5.
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4.1 Introduction

The dissociating and ionizing properties of plasmas can be used to produce large
fluxes of radicals. The plasma produced radicals exhibit a high chemical reactivity
at low ambient temperature and pressure. The interaction of the radicals with
surfaces results in surface modification [1], etching, deposition [2] or the synthesis
of new types of molecules. In fact, the latter effect is observed in all kinds of
low-temperature plasmas. Examples can be found in plasma assisted conversion
of volatile organic compounds into harmless constituents [3, 4], in plasma assisted
catalysis [5] and in the formation of molecules in the interstellar space [6]. Also
during deposition of carbon from CH4 or C2H2, a significant amount of H2 is
produced [7]. A thorough understanding of the processes leading to the formation
of new molecules in plasmas, both in terms of detailed kinetic knowledge and the
general behavior, will open the way towards new technological applications of
plasma assisted conversion of gases.

Extensive studies on the occurrence and abundances of molecules in low-
pressure, low-temperature plasmas were performed by many authors. Measure-
ments and calculations on the formation of NH3 and NO in plasmas created from
relatively basic gas mixtures, containing combinations of N2 / H2 or N2 / O2 were
reported in [8–10] and [11, 12] respectively. It is interesting to note that in these
cases, the role of the walls of the vessel on the observed molecular abundances
has been recognized. When a depositing precursor like CH4 is admixed to the
plasma, the general behavior of the plasma becomes more complex. For example,
Tachibana et al. reported on the dissociation of CH4 in an RF discharge used for
chemical vapor deposition of amorphous carbon films and described the interac-
tions of the produced radicals with each other, with stable molecules and the walls
of the reactor [13]. In general, at low pressure and in conditions with a high flux
of radicals, new types of molecules are most likely to be formed in interactions at
a surface. Other examples of measurements of molecular abundances in various
types of plasmas containing CH4 are reported in [14–17].

All the experimental studies mentioned above concentrate on measurements
of stable molecules in the plasma. The abundances of radicals is also important
information in identifying the most important processes taking place, but in gen-
eral, they are much harder to measure and quantify. An absolute calibration of
the densities of radicals is often difficult or even impossible, as a result of the
limited knowledge of absorption cross sections. Nevertheless, several measure-
ments on radicals in plasmas have been reported, e.g.: measurements on CN in
a CH4 / N2 / H2 plasma are reported in [18] and on CH3 in an Ar / H2 / CH4

plasma in [19]. Other measurements on radicals in plasmas are reported in for ex-
ample [20–23]. However, the measured concentrations of radicals are only partly
used in modeling the studied discharges.

Measurements and simulations on stable molecules in the same microwave
reactor as used in this paper, but with different injected mixtures of gases, have
been reported in: [18, 19, 24, 25]. Hempel et al. have studied the formation of
molecules in a microwave discharge created from a complex gas mixture containing
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Ar, H2 and N2, with either CH4 or CH3OH admixed [25]. The admixed CH4 or
CH3OH is, next to hydrocarbons like CH4, C2H2 and C2H6, mainly converted into
HCN and NH3. Very remarkable in this study are the similarities in measured
concentrations of the molecules in the plasma, regardless of which of the two types
of monomers is admixed.

In this paper we continue the investigation of the general behavior of this
microwave discharge in terms of molecular abundances when O2 is admixed to a
mixture of Ar / CH4 / N2. In this case, besides the types of molecules mentioned
in [25], also molecules like H2O, CO and CO2 can be expected to form. Even
organic molecules can in principle be formed in this system, because C, H and O
are available after dissociation of the injected gases by the plasma [14]. The types
of molecules which are preferentially formed are identified by means of a structured
set of infrared absorption and absolute mass spectrometry measurements.

After introducing the experimental setup and a discussion on the dissociating
power of this plasma system, several measurement series are presented. The
subsequent analysis gives insight in the preferred molecules that are formed, but
also in the etching and depositing modes of the plasma. Finally, the role of the
walls of the plasma reactor on the observed molecular abundances is addressed.

4.2 Setup

The experimental details of the microwave reactor and the installed diagnostics
have been described in detail in section 3.5. In the experiments described in
this chapter, the microwave reactor is fed with mixtures of Ar / CH4 / N2 / O2

with default flows of 420 / 10 / 10 / 10 standard cubic centimeter per minute
respectively. The default values of the pressure and microwave power are 1.5 mbar
and 1.5 kW respectively.

Both a quadrupole mass spectrometer (QMS) and a tuneable diode laser ab-
sorption spectroscopy setup (IRMA) are installed. The line strengths of the
molecules mentioned in table 4.1 as obtained from the HITRAN database [26]
are used to determine the densities of the detected molecules. The error bars in
the TDLAS measurements are not displayed in the results in this chapter, but
they are typically 10 %, mainly as a result of the unknown temperature profile in
the reactor. The species Ar, N2, O2 and H2 are determined by mass spectrometry,
unless indicated otherwise in the text. The absolute accuracy of the mass spec-
trometry measurements is limited to typically 25 %, as determined by comparing
different measurements on comparable gas mixtures.

4.3 Atomic fraction

After the injected gases are dissociated mainly into radicals, as discussed in sec-
tion 3.5.1, the radicals recombine into the original molecules or into new types
of molecules, either in the gas phase or at the walls of the reactor. To obtain
detailed information about the redistribution of the atoms over the various types
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Table 4.1: The frequencies of the used absorption lines for the detection of various
molecules.

Molecule Frequency (cm−1) Molecule Frequency (cm−1)
H2O 1884.57 NH3 965.5
CH4 1327.07 NO 1884.3
CO 2254.75 C2H2 1307.16
CO2 664.24 C2H4 965
HCN 1327.02

of molecules, the atomic fraction (M) is introduced. Mx
mol represents the fraction

of the admixed atoms (x) that is found in the molecule (mol) under considera-
tion. For example, MH

NH3
is obtained from the measured mole fraction of NH3

by multiplying with the number of H atoms per molecule (3) and scaling on the
admixed flows. This is expressed as:

MH
NH3

= 3[NH3]× Φtotal

4ΦCH4

, (4.1)

in which [NH3] represents the measured mole fraction of NH3 and the flows Φ are
the admixed flows. In the present case CH4 is the only injected gas that contains
H atoms. The summation of the atomic fraction over all the molecules present
in the plasma, should give one. If this summation is larger than one, an extra
source of that type of atom is present; in the present case it is due to etching of
e.g. a-C:H from the walls of the reactor. On the other hand, if the summation is
smaller than one, this is a sign of deposition at the walls of the reactor.

The atomic fraction, as introduced above, describes the re-distribution of par-
ticular atoms over the new molecules and the original injected gases. A measure
for the re-distribution of atoms, independent of the dissociation degree of the ad-
mixed gases, is obtained by dividing the atomic fraction by the depleted fraction
of the admixed type of molecule. We call this the atomic fraction on the depleted
injected gases. For example, the H-atomic fraction on the depleted CH4 is de-
noted with MH

depl,CH4
. Note that the depleted fraction of CH4 is determined by

[1 - CH4, measured / CH4, filled], where the filled mole fraction is based on the flow
settings of the mass flow controllers and the measured mole fraction of CH4 is
determined by TDLAS.

4.4 Etching versus deposition

During the measurement series with no or a little oxygen, deposition of an a-C:H
layer was observed. No significant amount of oxygen is contained in an a-C:H
layer and the ratio of H/C atoms in the deposited a-C:H layer varies between 0.5
and 1.0, as reported in [27]. When a significant amount of atomic oxygen and
atomic hydrogen is present in the system, the following net reactions can occur:
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O + (a− C : H) → CO, (4.2)
→ H2O, (4.3)

H + (a− C : H) → H2, (4.4)

in which (a-C:H) represents species in the hydrogenated amorphous carbon layer.
If these net reactions are the only reactions occurring, the maximum total MH is
2, due to reaction 4.4, and an extra factor, depending on the amount of atomic
oxygen in the system following reaction 4.3. The maximum MC is purely depend-
ing on the amount of O atoms in the system.

4.5 Results

In this section, we present various measurement series, in which we vary the flows
of the injected gases, the pressure in the plasma reactor and the input power.
From the observed molecular abundances, the redistribution of the atoms from
the admixed gases into new types of molecules is investigated.

4.5.1 Power variation

The first step in the molecule synthesis is the dissociation of injected molecules.
By increasing the power, the dissociation degree of the injected gases is expected
to increase. The admixed gas mixture consists of Ar / CH4 / N2 / O2 at flow
settings of 420 / 10 / 10 / 10 sccm respectively. The pressure is kept at 1.5 mbar
and the total input power is varied. The absolute densities of the most important
types of molecules are displayed in figure 4.1(a). The mole fractions and atomic
fractions are given in figure 4.1(b) and 4.1(c) respectively. The data points at
an input power of 0 kW represent the mole fractions and atomic fractions of the
injected gases CH4, N2 and O2. These data points are connected to the first
measured condition (at P = 0.6 kW) by a dotted line, only as an indication. The
depletions of the injected gases CH4 and O2 are displayed in figure 4.2(a), in which
a depletion of 1.0 means that the admixed CH4 is completely converted into other
types of molecules. MH, based on the depleted amount of CH4, is given in figure
4.2(b). It represents the fraction of H atoms originating from the depleted CH4

ending up in the displayed types of molecules.
The graph in figure 4.2(a) shows, as expected, an increasing depletion of CH4

when the total input power is increased. The depleted CH4 is mainly converted
into H2 and CO. O2, CO2 and NO are orders of magnitude smaller. MO

O2
, MO

CO2

and MO
NO are almost identical and therefore hard to discriminate in figure 4.1(c).

Based on the discussion in section 3.5.1, a full dissociation of N2 is expected.
Nevertheless, MN

N2
is almost equal to one, indicating that the N atoms from the

dissociated N2 molecules are almost completely reformed again into N2 molecules.
Because three-particle recombination at this pressure is not effective, this occurs
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Figure 4.1: Densities, mole fractions and atomic fractions as a function of the power
of the microwave discharge. The flow settings are: 420 / 10 / 10 / 10 sccm for Ar /
CH4 / N2 / O2 respectively. The dotted lines are displayed as a guide to the eye, the
data points at 0 kW represent the injected gas composition. The squares representing
the total atomic fractions are connected with a dashed line. Legend: " total, C Ar,
y CH4, M O2, - H2, X N2, b CO, p CO2, 8 H2O, C HCN, L NO, W NH3, !
C2H2, 7 C2H4.
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Figure 4.2: The depletion and the re-distribution of H-atoms from the depleted CH4.

most likely at the surfaces of the reactor, followed by recirculation of the newly
formed N2 molecules into the plasma volume (see also [28]). The total atomic
fraction on O and N are equal to one, which suggests that no important molecules
are missing in the presented measurement series.

The redistribution of H atoms over the molecules present in the plasma, other
than CH4, is displayed in figure 4.2(b) by the H - atomic fraction on the depleted
CH4. This quantity is discussed in more detail in section 4.3. It shows that the
redistribution of the H atoms is hardly depending on the power and is mainly
found back in H2. The maximum value of MH

H2
on the depleted CH4 is higher

than one, which indicates again that etching takes place. The exact maximum
value is not of interest, because it is mainly determined by the depletion of CH4.
In the next section we will investigate this redistribution further.

In conclusion: the re-distribution of the dissociated injected gases is not
strongly depending on the power. The depleted CH4 is mainly converted into
H2 and CO and the admixed N atoms are almost completely found back in N2.

4.5.2 Argon flow variation

When the total flow of injected gases is changed, while the total pressure in
the system is kept constant, the residence time of the particles in the reactor
is changed accordingly. In the measurement series presented in figure 4.3, the
admixed gas flows are 10 / 10 / 10 sccm for CH4 / N2 / O2 respectively, while
the Ar flow is varied. The pressure is kept at 1.5 mbar and the input power at
1.5 kW. The mole fractions and atomic fractions at a varying amount of admixed
Ar are given in figure 4.3.

The TDLAS measurements on CO are not displayed, because the absorption
was saturated. Instead, the residual mole fraction is estimated by assuming that
no O atoms are present in the a-C:H layer on the walls of the reactor. From
the estimated values, indicated with a dashed line in figure 4.3, also MC

CO and
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the mole fraction of CO are determined and indicated with a dashed line. The
depletions of the injected gases CH4 and O2 are displayed in figure 4.4(a). As
an illustration, the MH

depl,CH4
, based on the depleted amount of CH4, is given in

figure 4.4(b).
At relatively low Ar flows, the dissociation of CH4 is most effective, however,

the depletion towards higher Ar flows drops only slightly from 80 % to 60 %. Both
MH

total and MC
total are higher than one, which suggests that etching of carbon and

hydrogen from the walls of the reactor takes place, as is described in equations
4.2, 4.3 and 4.4. The admixed H atoms are found back, again, mainly in H2,
CH4, H2O and a small fraction in NH3, which is clearly demonstrated in the
top graph of figure 4.3(b). Both in figure 4.2 and 4.4, the same fraction of H
atoms, originating from the depleted CH4, is found back in the other H-containing
molecules present in the plasma: H2, H2O and NH3. This result is apparently not
strongly dependent on the exact conditions in the microwave reactor. This shows
a general behavior of the formation of new types of molecules from the depleted
gases.

4.5.3 Pressure variation

By increasing the pressure, the residence time of the injected gases in the plasma
reactor is increased, but at the same time, also the dissociating power is divided
over an increasing number of particles. If we assume that charge exchange and
subsequent dissociative recombination forms the main dissociation mechanism for
injected gases, the rate of destruction of CH4 molecules can be written as:

∂nCH4

∂t
= −kdissnAr+nCH4 , (4.5)

in which n(CH4) represents the density of CH4, n(Ar+) the Ar+ density and
kdiss an effective rate constant for dissociation. During the residence time in the
reactor, the density as a result of equation 4.5 changes as:

∆nCH4 ' −kdissnAr+nCH4τres, (4.6)

with τres representing the residence time in the plasma reactor. This implies that
the depletion D is proportional to the pressure p as in:

D ∼ kdissnAr+p. (4.7)

The residence time τres is proportional to the pressure p. When the pressure
is increased, the ionization degree is also expected to increase, leading to an
increase in n(Ar+) because diffusion related energy losses are reduced. Therefore,
according to equation 4.7, the depletion of CH4 is expected to increase with
pressure. This is investigated at flow settings of: Ar / CH4 / N2 / O2 = 420 /
10 / 10 / 10 sccm, an input power of 1.5 kW and a varying pressure. The mole
fractions and atomic fractions are given in figure 4.5. This figure shows indeed
that the depletion of CH4 indeed increases stronger than linearly with pressure,
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which confirms that the ionization efficiency increases at higher pressures. The
main types of molecules in which the C and H atoms from CH4 are found back
are, again, CO, H2 and H2O.

4.5.4 CH4 flow variation

In this section, we investigate the dissociating power of the plasma for a large
variation in the admixed CH4 flow. Figure 4.6 shows the mole fractions and
atomic fractions for two measurement series. The flow settings in the first series
(see figure 4.6(a) and 4.6(b)) are: Ar / N2 / O2 = 420 / 10 / 0 sccm, the pressure
is set to p = 1.5 mbar and the input power to P = 1.5 kW. For the second series
(see figure 4.6(c) and 4.6(d)), the settings are the same, except for the O2 flow,
which is 10 sccm. The mole fraction of N2 is determined from the residue of MN,
assuming that no etching or deposition of N atoms occurs. The result is shown
with a dashed line.

When no O2 is admixed, the behavior of CH4 and H2 seems to be peculiar
at low CH4 admixture. This can be due to e.g. instabilities in the coupling of
the power into the plasma, to a delicate balance between dissociation of CH4

into smaller fragments and the deposition of these fragments on the walls of the
reactor, or to cluster formation []. The molecules C2H2 and C2H4 turn out to
be present in significant amounts, as long as no O2 is admixed. The higher the
admixed CH4 flow, the more abundant these two types of molecules are, which
suppresses the formation of an a-C:H layer.

When O2 is admixed to the system, the behavior seems to be more in accor-
dance with the other measurement series. Besides CO, a considerable fraction of
the admixed O atoms is found back in H2O. Practically all the H atoms originat-
ing from CH4 show up in H2 and the main part of the remaining H atoms in H2O,
if enough O atoms are available. At low admixture of CH4, we observe in MC

total,
that etching takes place, because MC

total À 1 for Φ(O2)/Φ(CH4) > 0.5. This is
comparable to the situation in which a relatively large amount of O2 is admixed.
This will be shown in figure 4.7(a).

4.5.5 O2 flow variation

We already showed, that when O2 is admixed to the plasma, etching of C and
H is observed. Both etching and deposition takes place simultaneously, but by
varying the amount of admixed O2, we expect to see a transition from mainly
deposition at low O2 flows to mainly etching at high O2 flows.

By choosing the same basic settings: the input power is 1.5 kW, the pressure
1.5 mbar and a gas mixture of Ar / CH4 / N2 with flow settings of 420 / 10
/ 10 sccm respectively and adding a varying amount of O2, we will investigate
this transition. When etching takes place, we assume that mainly CO and H2O
are produced (see also equation 4.2 and 4.3). For deposition of a-C:H layers,
radicals created from CH4 are used. Purely on stoichiometric grounds, we expect
a transition at Φ(O2) = 3/2 Φ(CH4) = 15 sccm O2 (balancing the main etching
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as determined by equation 4.1 for the
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Figure 4.7: The mole fractions and atomic fractions as a function of the admixed O2

flow. The flow settings of the other gases are Ar / CH4 / N2 = 420 / 10 / 10 sccm
and p = 1.5 mbar; P = 1.5 kW. The squares representing the total atomic fractions are
connected with a dashed line. Legend: " total, C Ar, y CH4, M O2, - H2, X N2,
b CO, p CO2, 8 H2O, C HCN, L NO, W NH3, ! C2H2, 7 C2H4.

products CO and H2O with CH4 and O2). The mole fractions and atomic fractions
of the stable molecules are given in figure 4.7.

As can be seen from figure 4.7(b), by far the largest fraction of the admixed
O is found back, again, in CO and a smaller fraction in H2O. The largest fraction
of admixed H is found back in H2 and CH4, and a smaller fraction in H2O, as
far as enough O2 is dissociated. This is very similar to figure 4.6(d), especially
at a relatively small amount of admixed CH4. The total atomic fraction on C
and H indicates deposition of carbon on the walls of the reactor at low admixed
O2 flows. At higher admixed O2 flows (ΦO2

> 5 sccm), more carbon is observed
than could be expected from the admixed flows, indicating that etching of carbon
is occurring. This is in a reasonable agreement with the simplified consideration
mentioned above.

4.5.6 Role of reactor walls

To obtain more insight in the processes leading to the formation of the observed
types of molecules in the microwave reactor, we ran a simulation of this type
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of plasma. For this purpose, we used Chemkin 4.0.2. [29]. The chemical kinetic
data is obtained from the Grimech3.0 database [30], which has been developed for
simulations of flames, e.g. burning of CH4. This database comprises many types
of molecules, radicals and atoms, all in the ground state. In principle, metastable
species could play a role in the formation of different types of molecules. In order
to estimate the effect of metastable species, we consider the contribution of N2(A)
in detail. In [31], the reaction of N2(A) with an O atom is mentioned, which could
possibly lead to the formation of NO, namely:

N2(A) + O → NO + N(2D), k = 7.0× 10−18 m3/s (4.8)

The density of N2(A) is not measured in our system, but if we assume that
the mole fraction of N2(A) is 10−5, then the mole fraction of NO increase to a
maximum value of 2.5× 10−4 within the residence time according to reaction 4.8.
In [31] calculations of the N2(A) density in a microwave discharge are presented
and in that case, the mole fraction is indeed 10−5, but the admixed gas mixture
comprises only N2 and O2. So therefore we think it is very reasonable that in our
case, in which the admixed gas mixtures contain mainly argon, the N2(A) density
is significantly lower. This implies that reaction 4.8 is not effective and can not
explain the observed abundance of NO. Similarly, the role of atomic species like
N(2P) and N(2D) is only very minor.

The chemical kinetic database is complemented with electron dissociation re-
actions as reported by Hempel et al. [25]. Since the Chemkin model takes only
gas phase processes into account and the results of the model indicate hardly any
formation of NH3, NO and HCN, surface processes are very likely to be dominant
in the formation of these molecules.

4.6 Conclusions

The synthesis of new types of molecules in a microwave reactor has been inves-
tigated. Several general observations on the redistribution of the admixed atoms
are made, and the role of walls of the reactor is addressed.

The molecules present in the system (plasma created from CH4, N2 and O2)
can be divided into three groups, in terms of abundance:

1. CO, H2O, N2, H2

2. CH4, O2

3. NH3, NO, HCN, etc.

When no O2 is admixed to the plasma, also molecules like HCN, C2H2 and C2H4

show up in significant amounts.
Especially the molecules in the first group exhibit a relatively high total bond

energy. This suggests an equilibrium behavior of the formation of these types
of molecules from the plasma produced radicals. A similar behavior has been
observed in different plasma reactors in different groups (e.g. [32]).
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The depletion of the injected gases, especially CH4, follows the expected be-
havior as a function of total input power. A higher total input power results in
a higher dissociation degree of CH4 and the molecules in which the C-atoms and
H-atoms are mainly found back are CO and H2.

By increasing the argon flow or decreasing the pressure, the recycling of the
stable reaction products, formed out of plasma produced radicals, decreases. The
measurements show that a decrease in the argon flow does not have a profound
influence on the depletion of CH4, whereas increasing the pressure results in a
significantly higher depletion. Again, the molecules in which the C-atoms and
H-atoms are mainly found back are CO and H2.

By concentrating on MC
CO, MO

CO and MH
total, indications on etching and de-

positing on the reactor walls of C-containing species are obtained. The frac-
tion of oxygen present in the reactor turns out to determine which process is
dominant: deposition or etching of an a-C:H. Mainly etching takes place at
Φ(O2)/Φ(CH4) > 0.5.
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Chapter 5

Plasma assisted conversion
of mixtures of N2, H2 and
O2 in a low pressure
microwave discharge

Abstract

Using tunable diode laser spectroscopy we measured the conversion of mixtures
of N2, H2 and O2 into NO, NH3 and H2O. By comparing these measurements
with calculations it is shown that surface association is the dominant process for
the conversion into the new types of molecules. Furthermore, it is concluded that
the profound reduction in conversion of N2 and H2 mixtures into NH3 through
the addition of small amounts of oxygen can be ascribed to the change in surface
adsorbed precursors. Without O2 admixed to the system, it is mainly surface
adsorbed NH and NH2 that lead to the formation of NH3. While, as soon as O2

is admixed OH becomes the dominant surface adsorbed precursor, leading to the
formation of mainly H2O (besides H2 and O2), and thus drastically suppressing
the formation of NH3.
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5.1 Introduction

The formation of molecules in plasmas created from complex gas mixtures can
in some cases well be described purely by volume interactions [1]. But especially
at low pressure, recombination of plasma produced radicals into new types of
stable molecules occurs mainly at the walls of the plasma reactor. By optimizing
the plasma for producing reactive species from feedstock gases and tailoring the
surface to optimally use these plasma produced radicals, new degrees of control
in gas conversion processes become available.

An example of the use of plasma for the conversion of N2 and H2 mixtures
to NH3 has been studied bij Vankan [2] and van Helden [3]. They observed a
high conversion efficiency (12 %) in a low-pressure expanding thermal plasma.
The high efficiency was explained by assuming the production to take place at
the surfaces of the stainless steel walls of the reactor. But also in a DC flowing
discharge containing N2 and H2, the formation of NH3 occurs on its pyrex surfaces,
which is studied by Gordiets et al. [4, 5].

At low pressure the composition of a plasma is to a large extend determined
by radical-surface interactions. By studying the gas composition of low-pressure
plasmas, produced from gas mixtures of simple molecules for different gas flow
conditions, information on surface processes can thus be obtained.

In this chapter, the conversion of mixtures of N2, H2 and O2 in a microwave
argon discharge is studied in detail. Measurements are performed to determine
the importance of surface association of plasma produced radicals in this sys-
tem, and to determine the types of surface-adsorbed species on the aluminum
walls of the reactor. The plasma composition is determined with tunable diode
laser absorption spectroscopy, and it is compared to the results of a chemkin
simulation.

5.2 Setup

The experimental details of the microwave reactor and the installed tunable diode
laser absorption spectroscopy setup (irma) have been described in detail in section
3.5. Here only a brief summary is presented.

A flow of around 450 standard cubic centimeter per minute (sccm) is injected
into the reactor, which is kept at a pressure of 150 Pa. The feedstock gases are
injected into the reactor at the opposite side of the pump connection. In the top
part of the reactor, an active, bright zone is observed, which is the part of the
reactor into which the microwave radiation penetrates (input power P = 1.5 kW).
Here ionization takes place and the active particles are created by means of direct
electron impact and via charge transfer with Ar+ ions and subsequent dissociative
recombination with electrons. Hence, the argon gas serves as a primary source of
energy, which is used to dissociate the injected gases.

The irma system is used to measure the produced molecules (NH3, NO and
H2O) from mixtures of N2, H2 and O2 admixed to the microwave reactor. The
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Table 5.1: Investigated transitions.

molecule frequency (cm−1)
NO 1884.3
NH3 965.0
H2O 1884.6

wavelengths of the studied transitions for each type of molecule are summarized
in table 5.1. The accuracy of the TDLAS measurements is typically 10 %, mainly
due to uncertainties in the temperature profile in the reactor. The temperature
is deduced from the ratio between absorption lines with a different temperature
dependence of their line strength, and is found to be 750 ± 50 K.

5.3 Experiments

The conversion of mixtures of N2, H2 and O2 is studied in detail. Therefore, the
conditions of the plasma are chosen to ensure that a significant depletion of the
injected gases is achieved. In the previous chapter, where the same plasma reactor
was studied, it was already concluded, that a flow of 20 to 40 sccm of feedstock
gases can be dissociated when 420 sccm argon is injected at an input power of 1.5
kW and a pressure of 1.5 mbar.

The results of two types of experiments are presented: a) the addition of O2

to mixtures of Ar/N2/H2 and b) the admixture of H2 to mixtures of Ar/N2/O2.
In the first type of experiments, 420 sccm Ar, 20 sccm of mixtures of N2 and O2

and several different flows of H2 are injected. The ratio between injected N2 and
O2 flow is varied from pure N2 to pure O2. In the second type of experiment, the
total injected flow of N2+H2 is kept constant at 20 sccm, but the ratio between
injected N2 and H2 is varied.

The results are presented in terms of effective fractions. This means that the
mole fraction, based on only the injected gases N2, H2 and O2, and thus exclud-
ing argon, is given. It reflects the conversion efficiency into NO, NH3 or H2O,
and situations with different total flows can be compared directly. In figure 5.1,
the effective fraction of NO is shown for the two types of experiments. Simi-
larly, in figures 5.2 and 5.3 the effective fractions of NH3 and H2O are presented
respectively.

From figures 5.1, 5.2 and 5.3 it can be concluded that only a fraction of
the dissociated feedstock gases are converted into new types of molecules. The
plasma produced radicals associate mainly back into N2, H2 and O2. On a smaller
scale NO, NH3 and H2O are formed. Remarkable is the absence of conversion
into NO at very low O2 flows and in the absence of H2. In that range, the
conversion into NO is negligible: a kind of threshold behavior is observed. This
has also been reported for other types of plasma systems by Ionikh et al. [6]
and in the next chapter in this thesis. With the admixture of H2, this threshold
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Figure 5.1: The fraction of NO, with respect to the injected flows of N2, H2 and O2,
and thus excluding the amount of argon, as a function of the ratio of admixed O2 and N2

(a) or H2 and N2 (b). Different additional flows of H2 (a) or O2 (b) are investigated. In
all measurements, mixtures of 420 sccm Ar and 20 sccm N2+O2 (a) or 20 sccm N2+H2

(b) are injected.

behavior disappears. The effective fraction of NO for N2 flows smaller than 5 sccm
decreases, because of the limited amount of N radicals available for the formation
of NO. Under these experimental conditions the effect of admixtures of H2 is
remarkably small.

When no O2 is admixed, an effective fraction of 2× 10−2 NH3 is observed in
figure 5.2a. This corresponds to 6 % of the maximum amount of NH3 that can
be formed when all H2 would be converted into NH3. At the lowest studied H2

admixture, this efficiency increases even up to 33 % (2 sccm H2 can at maximum
be converted into 1.3 sccm NH3, and together with 19 sccm N2 and 420 sccm Ar,
the effective fraction of NH3 at full conversion would be 5.4 × 10−2, where we
observe an effective fraction of 1.8× 10−2). Admixing small amounts of O2 has a
profound impact on the observed NH3 abundance. Already at a flow of 2.5 sccm
O2, the abundance of NH3 is negligible. The produced N and H atoms, used to
form NH3 when no O2 is admixed, are now converted back to N2 and H2 and into
NO (figure 5.1a) and H2O (figure 5.3a).

The conversion into H2O is very efficient for all studied conditions (for example
at 5 sccm H2 and 20 sccm O2, 37 % of the maximum amount of H2O that can
be formed when all H2 would be converted into NH3 is observed), as shown by
figure 5.3. An effective fraction even up to 0.13 is observed.
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Figure 5.2: The fraction of NH3, with respect to the injected flows of N2, H2 and O2,
and thus excluding the amount of argon, as a function of the ratio of admixed O2 and N2

(a) or H2 and N2 (b). Different additional flows of H2 (a) or O2 (b) are investigated. In
all measurements, mixtures of 420 sccm Ar and 20 sccm N2+O2 (a) or 20 sccm N2+H2

(b) are injected.
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Figure 5.3: The fraction of H2O, with respect to the injected flows of N2, H2 and O2,
and thus excluding the amount of argon, as a function of the ratio of admixed O2 and N2

(a) or H2 and N2 (b). Different additional flows of H2 (a) or O2 (b) are investigated. In
all measurements, mixtures of 420 sccm Ar and 20 sccm N2+O2 (a) or 20 sccm N2+H2

(b) are injected.
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5.4 Discussion

We have seen that in mixtures of N2 and O2, NO is formed. When additional H2

is injected, the production of NO does not change significantly. In mixtures of
N2 and H2, NH3 is formed. When additional O2 is injected, the observed density
of NH3 decreases drastically. By comparing the observed conversion of molecules
with the results of calculations, the role of surfaces is estimated below.

The chemical kinetic volume processes are implemented in the commercially
available chemkin package. The relevant rate constants have been collected by
Capitelli et al. [7]. These reactions are supplemented with charge transfer and
subsequent dissociative recombination reactions and electron impact reactions [8].
In the appendix, the implemented reactions with the corresponding rate constants
are summarized. The simulation is not self-consistent: a flow of Ar+ and electrons
is admixed that results in a steady-state electron mole fraction of 10−5. An
upper limit for the production of N2(A) is implemented in such a way that its
mole fraction in steady state is in the order of 10−5 [9]. The hot, ionizing and
dissociating part of the reactor is treated separately from the cool, recombining
part of the reactor.

The calculated densities of the species in the plasma created from 420 sccm
Ar, 10 sccm H2 and 20 sscm N2+O2 are presented in figure 5.4. The calculated
density of NO is in the same order as the measured density, mainly as a result of
the reaction N2(A)+O→NO+O.

From the simulation it can be determined that the threshold behavior of the
NO production at low O2 flow is due to the efficient NO gas phase destruction
reaction N+NO→N2+O (at high N density). The destruction of NO at these
conditions is efficient, because of the fact that at small admixtures of O2 a rel-
atively high abundance of N atoms can be expected in the reactor (similar to
the situation in an expanding thermal plasma, which will be discussed in detail
in the next chapter). When an additional flow of H2 is injected, the measured
mole fraction of NO increases, and the threshold behavior disappears. A small
effect (in the order of 10−3 of the production rate of NO) is the production via
NH+O→NO+H in the hot part of the reactor.

With respect to the formation of NH3 from N2 and H2, the calculations show
no formation of NH3 at all. Therefore, we conclude that the production of NH3

occurs purely at the walls of the reactor. Furthermore, the mole fraction of NH3

is shown to decrease drastically when O2 is admixed to the reactor in figure 5.2b.
To investigate whether volume destruction forms part of the cause, simulations
were performed with an additional flow of NH3 injected into the hot part of the
reactor. Calculations with only gas phase chemistry and no surface interactions
show that the mole fraction of NH3 slightly decreases when O2 is injected, but it
can by no means explain the observed strong decrease in the measured production.
It must thus be caused by a decrease in surface production upon admixing O2.
And since the surface production of NH3 is ruled by surface adsorbed NH and
NH2 radicals, the decrease in NH3 formation and at the same time an increase
in H2O production at admixing O2, suggests that under these conditions NH and



5.5 Conclusions 95

0 4 8 12 16 20
1.5x10-4

1.5x10-3

1.5x10-2

1.5x10-1

20 16 12 8 4 0
(N2) (sccm)

N
2
(A)

H
2

 

 

Ef
fe

ct
iv

e 
fra

ct
io

n

(O2) (sccm)

H
2
O

NO

N
2

O
2

Figure 5.4: The calculated densities in the plasma created from 420 sccm Ar, 10 sccm
H2 and 20 sscm N2+O2 at a pressure of p = 1.5 mbar. The ratio of admixed O2/N2

flow is varied. In the calculations only volume processes are taken into account.

NH2 at the surface are replaced by OH.

5.5 Conclusions

The set of measurements of the plasma composition for a variety of conditions
presented in this chapter provides indirect information on the role of surface
association and indications on the types of surface-adsorbed species.

NO is formed mainly at the walls of the reactor, when mixtures of N2 and
O2 are injected. Admixture of additional H2 reduces the threshold effect, which
is observed for small O2 flows, but does not influence the conversion of N2 and
O2 into NO significantly for high admixed O2 flows. The formation of NH3 in
mixtures of N2 and H2 occurs at the walls of the reactor, where the plasma
produced radicals presumably recombine successively into surface-adsorbed NH
and NH2. Additional admixture of O2 to the plasma hampers the formation
of NH2, and instead mainly surface-adsorbed OH is formed. This reduces the
formation of NH3 significantly, and instead NO and H2O are formed. In all studied
cases the conversion into H2O is very efficient: up to 37 % of full conversion is
observed.
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Appendix

The gas phase interactions that are implemented in the chemkin model are sum-
marized in table 5.2. The rate constants for the interactions between radicals and
molecules (reactions 14-62) are taken from [7]. The reaction set is supplemented
with charge transfer and dissociative recombination reactions. The rate constants
are implemented as:

k = ATn exp
(
−eEact

kT

)
, (5.1)

where Eact is expressed in eV.

Table 5.2: The gas phase interactions implemented in the chemkin model.

Reaction A (m3/s) n Eact (eV)
1 Ar++N2→N2

++Ar 8.00E-17 0.0 0.00
2 Ar++O2→O2

++Ar 2.00E-17 0.0 0.00
3 Ar++H2→ArH++H 1.20E-15 0.0 0.00
4 Ar++NH3→NH3

++Ar 1.60E-15 0.0 0.00
5 Ar++NO→NO++Ar 3.00E-16 0.0 0.00
6 N2

++E→2N 7.00E-14 0.0 0.00
7 O2

++E→2O 4.00E-14 0.0 0.00
8 ArH++E→Ar+H 1.00E-13 0.0 0.00
9 NH3

++E→NH2+H 1.00E-13 0.0 0.00
10 NH3

++E→NH+H2 1.00E-13 0.0 0.00
11 NO++E→N+O 2.00E-13 0.0 0.00
12 E+N2→2N+E 6.00E-18 0.0 0.00
13 E+O2→2O+E 1.00E-16 0.0 0.00
14 E+H2→2H+E 4.30E-18 0.0 0.00
15 E+NH3→NH2+H+E 7.00E-18 0.0 0.00
16 E+NH3→NH+2H+E 7.00E-18 0.0 0.00
17 N+NO→O+N2 1.00E-18 0.5 0.00
18 N+O2→O+NO 1.10E-20 1.0 0.27
19 N+NO2→2O+N2 9.10E-19 0.0 0.00
20 N+NO2→O+N2O 3.00E-18 0.0 0.00
21 N+NO2→N2+O2 7.00E-19 0.0 0.00
22 N+NO2→2NO 2.30E-18 0.0 0.00
23 O+NO→NO2 4.20E-24 0.0 0.00
24 O+N2O→N2+O2 8.30E-18 0.0 1.21
25 O+N2O→NO+NO 1.50E-16 0.0 1.22
26 O+NO2→NO+O2 3.30E-18 0.2 0.00
27 O+NO3→O2+NO2 1.00E-17 0.0 0.00
28 NO+O2→O+NO2 2.80E-18 0.0 2.02
29 NO+N2O→N2+NO2 4.60E-16 0.0 2.17
30 O2+H↔OH+O 3.70E-16 0.0 0.73

Continued on the next page. . .
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Reaction A (m3/s) n Eact (eV)
31 H2+O↔OH+H 3.00E-20 1.0 0.39
32 H2O+H↔OH+H2 1.40E-16 0.0 0.87
33 H2O+O↔2OH 9.60E-17 0.0 0.78
34 NO+OH↔H+NO2 3.30E-19 0.5 1.34
35 NO2+OH↔NO+HO2 1.70E-19 0.5 0.52
36 OH+HNO2↔H2O+NO2 2.50E-18 0.0 0.00
37 HNO+OH↔NO+H2O 2.10E-18 0.5 0.09
38 N2O+OH↔N2+HO2 1.00E-18 0.0 0.43
39 N2O+H↔N2+OH 1.30E-16 0.0 0.66
40 NO3+H↔NO2+OH 5.80E-16 0.0 0.06
41 NH3+M↔NH2+H+M 4.20E-14 0.0 4.07
42 NH3+H↔NH2+H2 2.10E-16 0.0 0.93
43 N+H2→NH+H 2.70E-17 0.5 6.55
44 NNH+NH↔N2+NH2 3.30E-19 0.5 0.09
45 NH+NH↔NH2+N 3.30E-19 0.5 0.09
46 NH+NH↔NNH+H 1.30E-18 0.5 0.04
47 N2H2+NH2↔NNH+NH3 1.70E-17 0.0 0.17
48 NNH+NH2↔N2+NH3 1.70E-17 0.0 0.00
49 NH2+NH2↔NH+NH3 1.00E-17 0.0 0.43
50 N2H4+O↔N2H2+H2O 1.00E-16 0.0 0.05
51 N2H3+O↔NNH+H2O 5.30E-19 0.5 0.00
52 NNH+O↔N2O+H 1.70E-17 0.0 0.13
53 NH3+O↔NH2+OH 3.30E-17 0.0 0.39
54 NH+O↔NO+H 1.00E-18 0.5 0.00
55 N2H4+OH↔N2H3+H2O 6.60E-17 0.0 0.00
56 N2H3+OH↔N2H2+H2O 6.60E-17 0.0 0.09
57 NH3+OH↔NH2+H2O 9.50E-17 0.0 0.35
58 NH2+OH↔NH+H2O 8.10E-19 0.5 0.09
59 NH+OH↔N+H2O 8.10E-19 0.5 0.09
60 NO+NH↔N2O+H 1.70E-18 0.0 0.02
61 NH2+NO↔N2O+H2 8.30E-17 0.0 1.07
62 N2O+NH↔N2+HNO 3.30E-18 0.0 0.26
63 N2(A)+O→NO+N 7.00E-18 0.0 0.00
64 N2(A)+O2→N2O+O 8.68E-22 0.6 0.00
65 N2(A)+N2O→N2+N+NO 1.00E-17 0.0 0.00
66 N2(A)+NO2→N2+O+NO 1.00E-18 0.0 0.00
67 N2(A)+H2O→N2+H+OH 5.00E-20 0.0 0.00
68 N2(A)+OH→N2+O+H 1.00E-17 0.0 0.00
69 N2(A)+NH3→N2+H+NH2 8.50E-17 0.0 0.00
70 E+N2→N2(A)+E 1.00E-16 0.0 0.00
71 N+N+M→N2(A)+M 5.00E-39 0.0 0.00
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Chapter 6

Unraveling the importance
of surface association to the
formation of molecules in a
recombining N2-O2 plasma

Abstract

To unravel the contribution of surface related processes to the total kinetics in
a low pressure recombining plasma, we measured the abundances of the stable
molecules in the plasma by means of a combination of infrared tunable diode
laser absorption spectroscopy and mass spectrometry. A simulation, developed in
chemkin, is used to investigate the effect of radical-surface interactions on the
conversion of feedstock gases. The contribution of surface processes is unraveled
and indications on the details of surface processes are obtained.

Especially for the formation of NO2 and N2O the presence of surfaces is essen-
tial to explain the observed abundances in the plasma. The surface association
rate of N and O atoms into NO molecules was calculated to be the highest for al-
most all studied conditions and was found to be in the same order as the primary
dissociation rate of injected gases.

The best agreement between calculations and measurements was found for
moderate to low activation and desorption energies of the surface processes and
low calculated surface coverage. This indicates that mobile surface adsorbed
species contribute to the surface association processes.
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6.1 Introduction

The interaction of reactive species, like atomic or molecular radicals, with a surface
is a very general phenomenon. In plasma processing it is this interaction that leads
to the modification of surfaces, i.e. deposition or etching [1–4]. But also in the
plasma assisted conversion of gases the surface plays an important role [5–7]. In
interstellar space it has been recognized that ice or dust particles act as third
body in association processes in which not only hydrogen molecules are formed,
but also larger molecules [8]. How to control the very fast erosion of the carbon
tiles due to the plasma-surface interaction in the divertor region of Tokamaks, is
one of the most important research questions still to be answered in thermonuclear
fusion research [9]. In this chapter we unravel the contribution of surface related
processes to the formation of new molecules in a low pressure, recombining plasma.

Next to the studies on technological plasmas, also more fundamental studies
have been performed to obtain detailed insight in the interaction processes of
radicals with surfaces. In these studies different surface materials are exposed
to well-defined atomic and molecular radicals. For example, already in 1971,
the formation of NH3 at different types of surfaces in a plasma created from
mixtures of N2 and H2 was studied by Eremin et al. [10]. They compared the
catalytic conversion into NH3 in a barrier discharge in the presence of metallic
palladium, platinum, iron, copper or nickel with clean glass. Differences of a
factor of four of production for the various materials is observed. More recent
are studies on photo-catalytic processes, as reported for example by Thevenet et
al. [11]. Another example is described by Gatilova et al. [12], where the formation
of NO in a low pressure discharge is investigated. The authors focus mainly on
the gas phase formation of NO, but recognize the importance of the surfaces
of the plasma reactor. Also in [13] and [14], the authors conclude that mainly
heterogeneous processes are responsible for the formation of NO.

In this chapter we report on the study of plasmas created from mixtures of N2

and O2 admixed to an argon plasma expanding from a thermal plasma source (see
also [15, 16]). The electrons and Ar+ ions in the plasma dissociate the injected
gases efficiently into radicals and the resulting gas phase chemistry is well known.
In this plasma only a small number of different types of new stable molecules can
be created, which enables us to describe the surface processes with a relatively
small set of surface reactions.

The reported values of the wall loss probabilities of O and N atoms tend to
vary strongly with: 1) type of radical, 2) surface material, 3) wall temperature,
4) plasma composition and 5) radical fluxes towards the surfaces. This implies
that the formation of new molecules from these plasma produced radicals also
varies strongly with these effects. The surface material determines the typical
bond strengths of the radicals to the surface. For example, the bond strengths
on stainless steel [17], pyrex [18] and fused silica [19] differ considerably. The
wall loss probabilities of N and O atoms at a low pressure on stainless steel in
an inductively coupled plasma have been investigated by Singh et al. [17]. The
reported recombination coefficient of O radicals at 330 K is 0.17 ± 0.02 and for
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N radicals 0.07 ± 0.02. Detailed studies on mainly low-power DC discharges
containing N2/O2 can be found in [19–21]. 1 The wall temperature directly
influences the rate of desorption and mobility of the species adsorbed at the
surfaces. The plasma composition is also important, which is studied for example
in [23, 24]. From these experimental data it becomes clear that even for one
material significant scatter in the wall loss probabilities is observed. The last
effect we would like to mention is a dosing dependence. Matsushita et al. [25] have
investigated a repetitively pulsed ECR plasma and showed the sticking coefficient
of O atoms to decrease from 1 at a clean surface to 0.1 when the equivalent of a
few monolayers of radicals was injected into the system.

In this chapter we study the contribution of plasma-surface interactions in a re-
mote, recombining, low pressure plasma (p = 6 – 100 Pa), produced by a cascaded
arc. This type of plasma exhibits a high dissociation efficiency. Furthermore, be-
cause there is only convective power input into the plasma from the moment it
expands from the cascaded arc into the reactor volume, the contribution of ex-
cited particles to the total kinetics is low. Together with the low pressure, this
implies that radical surface interactions can relatively easily be addressed.

The plasma expands in the vacuum chamber and reaches downstream a tem-
perature of typically Te = 0.2 eV. The electron temperature is thus low and no
direct electron impact excitation, dissociation or ionization occurs. The molecules
that are admixed to the argon expansion are efficiently dissociated by means of
charge exchange and subsequent dissociative recombination [26, 27]. Association
of radicals into new molecules presumably occurs mainly at the walls of the reac-
tor. Mixtures of N2 and O2 are admixed to the argon expansion, and the resulting
steady state mole fractions of the stable molecules in the system (Ar, N2, O2, NO,
N2O and NO2) are measured by means of a combination of mass spectrometry
and tunable diode laser absorption spectroscopy. Similar measurement series have
been performed on different plasma systems, and peculiar results were reported.
An example is the production of NO from N2 and O2 at relatively low admixed
fractions of O2. A kind of threshold behavior is observed in for example the work
of Nahorny et al. [28] and Dilecce et al. [29]. This effect will be explored in more
detail in this chapter.

A simulation of our plasma system has been developed in chemkin [30], a
commercially available chemical-kinetics simulation program. With this type of
simulation it is possible to concentrate on the kinetics in the plasma and the
kinetics of plasma-surface interactions. Furthermore, the calculations can be per-
formed very fast. Other types of simulations can give insight in the flow dynamics
in the reactor, i.e. direct simulation Monte Carlo (DSMC [31]) and Continuum
Fluid Dynamics (CFD [32]). An analytical model of heterogeneous atomic re-
combination on silicalike surfaces has been presented by Guerra [33] and Kim et
al. [34]. In that case a similar treatment of the surface processes is presented, but
no coupling with the details of the gas flow through the system are implemented.

1On the other hand, van Helden et al. have studied the influence of a SiNx coating on
stainless steel and found no significant differences in the efficiency of the formation of ammonia
from mixtures of N2 and H2 with uncoated stainless steel surfaces [22].
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Although the chemkin simulation consists of zero-dimensional components, flow
effects in the system are estimated and implemented. By comparing the results
of these simulations with the measurements, the contribution of surface related
processes is unraveled. Furthermore, indications on the sticking coefficients and
activation energies are obtained.

After a short introduction of the setup in section 6.2, we present in section 6.3
the measurements of the densities of the species in the plasma for a variety of
conditions. Subsequently the implementation of the simulation is described in
detail in section 6.4 and in section 6.5 the measurements are compared with the
results of the simulation. And in the last section, the conclusions are summarized.

6.2 Setup

The experiments discussed in this chapter have been performed on the plexis
setup, which is described in detail in section 3.4. Both the tunable diode laser
absorption spectroscopy setup (TDLS system: IRMA) and quadrupole mass spec-
trometer (QMS) are installed. In the case both TDLS and QMS measurements
are available, the TDLS results are presented, mainly because the signal to noise
ratio and detection limits of the TDLS system are superior to the QMS, but also
the specificity for a single type of species is better in the TDLS system. A chan-
neltron detector is used in the QMS, and its results are accurate to typically 20 %.
The TDLS results are accurate to typically 10 %. In the latter case, the accuracy
is limited mainly because of uncertainties in the temperature profile in the reactor
and uncertainties in the laser line width.

In all the experiments discussed in this chapter, the cascaded arc is operated
on argon. The feedstock gases are injected directly into the reactor, and they
mix efficiently with the argon expansion. In the expansion, the dissociation of the
feedstock gases occurs mainly via charge exchange with Ar+ ions and subsequent
dissociative recombination with electrons. The walls of the reactor are constructed
from stainless steel.

6.3 Measurements

To obtain insight in the kinetics in a recombining N2/O2 plasma and in the ex-
act role of heterogeneous interactions, the conversion of mixtures of N2 and O2

is investigated in detail for a wide variety of conditions. The role of heteroge-
neous interactions is expected to vary significantly with pressure, therefore the
conversion at different background pressures is investigated.

First the conversion of mixtures of N2 and O2 into NO, NO2 and N2O is
investigated at a pressure of p = 20 Pa and p = 100 Pa. Second, the behavior of
the formation of NO at low admixed O2 fractions is investigated in detail. It will
be shown that the contribution of surface processes is most pronounced at the
lowest studied pressure. Therefore, an attempt is made to achieve an extremely
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low effective pressure in this plasma system by diluting the injected gas mixture
with helium. Also in these conditions, the conversion of N2 and O2 is determined.

6.3.1 N2/O2 admixed to an Ar expansion

A plasma expansion is created from a flow of 3000 sccm argon in the cascaded
arc. A total power of 5 kW (Iarc = 75 A) is used to create an Ar plasma in
the arc channel. This plasma expands from the exit of the arc channel into the
reactor, which is kept at a pressure of p = 20 Pa or p = 100 Pa. A total flow
of 1800 sccm of mixtures of N2 and O2 is injected directly into the reactor. The
molecular abundances of the species formed in the plasma vessel are investigated
as function of the ratio of admixed O2 flow over the total flow of O2 and N2.
The measurements are presented for two different pressures, to investigate the
influence of diffusion related effects on the observed molecular abundances and,
later on, to validate the chemkin simulation.

In figure 6.1, the measured mole fractions of Ar, N2, O2, NO, N2O and NO2

are plotted on a semi-logarithmic scale. All the species are measured with the
quadrupole mass spectrometer, while NO and N2O are also measured by infrared
absorption spectroscopy. The results for the latter two molecules from mass spec-
troscopy and tunable diode laser absorption spectroscopy measurements showed
good agreement (within 10 %), therefore in all the graphs only one series is pre-
sented.

In figure 6.1, for both a pressure of p = 20 Pa and p = 100 Pa, the molecules N2

and O2 are dominantly present. The abundances of the other types of molecules
(NO, NO2 and N2O) are at least one to three orders of magnitude lower. Remark-
able is the maximum abundance of NO: for both p = 20 Pa and p = 100 Pa it is
close to a mole fraction of 10−2. Furthermore, the abundance of N2O and NO2

decreases significantly with an increase of pressure. Finally, the abundance of
NO increases with increasing O2 admixture only for admixed O2 fractions higher
than 10 %. At a pressure of p = 100 Pa, this effect is more pronounced than at a
pressure of p = 20 Pa. This will be investigated in more detail in the next section.

6.3.2 Threshold behavior of NO production

In figure 6.1(b), we observe a threshold behavior in the formation of NO for rela-
tively low admixed O2 fractions [35]: the NO mole fraction increases significantly
only for an admixed O2 fraction higher than 10 %. This effect is also observed in
for example the work of Nahorny et al. [28] and Dilecce et al. [29]. To investigate
this threshold behavior in our system in more detail, the effective fraction of NO
is presented as a function of the admixed fraction of O2. The effective fraction
represents the mole fraction, based on all the types of species in the reactor, ex-
cept argon. It is calculated by multiplying the measured mole fraction of NO by
the ratio of the total admixed flow of Ar, N2 and O2 and the admixed flow of N2

and O2.
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Figure 6.1: The measured mole fraction of the molecules in the plasma as a function
of the flow ratio of O2 over the total flow of the injected gas mixture of N2 and O2.
A flow of 3000 sccm argon is injected through the cascaded arc into the reactor, and a
flow of 1800 sccm of the injected gas mixture of N2 and O2 is injected directly into the
reactor. The results are given for a) p = 20 Pa and b) p = 100 Pa. The lines through
the measured points serve only as a guide to the eye.
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Figure 6.2: Threshold behavior of NO for low admixed O2 flows. For three pressures,
the NO effective fraction is plotted as a function of the admixed O2. The effective
fraction is the mole fraction, not taking into account argon (see text for details). For
p = 20 Pa and p = 100 Pa, a flow of 3000 sccm Ar and 1800 sccm of mixtures of N2

and O2 are admixed. For p = 9 Pa, the total flow was decreased with a factor of two.

In figure 6.2, the effective mole fractions are displayed for three different pres-
sures: p = 9, 20 and 100 Pa. To achieve the lowest pressure, i.e. p = 9 Pa, the
total flow was decreased with a factor of two.

The threshold behavior is most pronounced for the highest studied pressure.
At a relatively high pressure, the gas phase interactions can become more domi-
nant than the heterogeneous interactions. Furthermore, at low admixed O2 frac-
tions, the abundance of N atoms is likely higher than the abundance of O atoms.
In the next sections, the interplay between volume and surface interactions will
be addressed in more detail by means of the chemkin simulation.

6.3.3 Molecule formation at low effective pressure

To emphasize the processes at the walls of the reactor to the total kinetics in
the reactor, we also performed measurements on mixtures of N2 and O2 at a low
effective pressure. In this case, the follow-up reactions in the volume of the reactor
between surface produced species and radicals in the gas phase are less significant
with respect to the total kinetics in the plasma.

Mixtures of N2 and O2 were admixed to an argon/helium expansion at a pres-
sure of p = 6 Pa. Because a relatively large amount of He was admixed, the
diffusion of particles in the plasma towards the walls of the reactor proceeded
faster because of the relatively low mass of He atoms. Furthermore, the partial
pressure of the molecules of interest was significantly lower than in the experi-
ments described in the previous section. This implies that the follow-up reactions
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Figure 6.3: The measured molecular abundances in the plasma created from Ar/He:
300/1500 sccm, to which mixtures of N2 + O2 are admixed, where the total flow of
N2 and O2 is 200 sccm. The pressure is set to p = 6 Pa and the current through the
cascaded arc channel I = 75 A.

between surface produced molecules and radicals is less important.
A combination of 300 sccm Ar and 1500 sccm He is directed through the arc.

A total flow of 200 sccm N2 + O2 is injected into the background of the reactor
and mixes with the Ar/He expansion. The ratio between admixed N2 and O2

flows is varied from purely N2 to purely O2. The pressure in the reactor is kept
at p = 6 Pa and if the admixed gases mix perfectly with the expansion, the total
flow of N2 and O2 can be dissociated into N and O atoms by charge exchange and
subsequent dissociative recombination in the expansion.

The mole fraction of the measured types of molecules is given in figure 6.3.
On the horizontal axis, the fraction of admixed O2 flow to the total N2 + O2 flow
is given.

Also in this experiment, mainly N2 and O2 are observed. The abundances
of the other types of molecules (NO, N2O and NO2) are two to three orders of
magnitude lower. The ratios between the abundances of NO2 to NO and N2O to
NO are higher than in figure 6.1. The behavior of the abundance of NO2 is very
similar to the behavior of N2O and the threshold behavior in NO is absent at this
low effective pressure.

6.4 chemkin simulation

By means of the chemkin software package [30], a simulation of our plasma
reactor has been developed. In this simulation, the system is implemented as
a series of zero-dimensional, perfectly mixed modules. The division of the total
system into modules is based on the calculated temperature distribution and
residence times in the different parts of the system.
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Figure 6.4: Sketch of the different parts of the reactor, together with the flows from
each part into one of the other parts, normalized to the input flow through the cascaded
arc.

By implementing a smaller number of modules than discussed in chapter four,
and thus reducing the complexity of the simulation, the measured trends in the
molecular abundances can not be reproduced. Especially the calculated abun-
dance of NO depends strongly on the implementation of the different parts. This
is due to the fact that two gas phase reactions are dominating the kinetics with
respect to NO, especially if a significant amount of O2 is present in the reactor.
These reactions are:

N + O2 ↔ NO + O, (6.1)
N + NO ↔ N2 + O, (6.2)

of which especially the first reaction is depending strongly on the temperature
(see appendix A).

Recycling of the species in the reactor between the different parts of the reactor
influences the residence time in each part. In figure 6.4, the different parts in
the reactor are depicted, and the numbers denote the flow between these parts,
normalized to the inlet flow of argon through the cascaded arc (3000 sccm). The
residence time, temperature T of the gas and the volume V and surface area S
of each part, are given in table 6.1 for flow settings used in the experiments that
will be described in detail in section 6.4.1. The shock position, and thus the
length of the supersonic expansion, varies between 3 cm at 3000 sccm Ar and a
background pressure of p = 100 Pa and 10 cm at 3000 sccm Ar and a background
pressure of p = 20 Pa. Because the temperature in this region is high, and the
flow of admixed gases in all studied cases is high, the residence time in part I
is relatively low and the kinetics in this part are expected to play only a minor
role compared to the total kinetics in the system. Variations in the size of the
subsonic expansion are also believed to play only a minor role to the total kinetics
in the system. Therefore the volumes of the different parts are kept equal for all
studied pressures.

The set of chemical reactions involving molecules containing N and O atoms,
is selected from Capitelli et al. [21] and is supplemented with charge exchange and
dissociative recombination reactions [35]. In the simulation program, we identified
21 reactions contributing at least for a fraction of 10−3 to the production or
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Table 6.1: The different regions in the reactor and the residence time in each region
for the flow settings: 3000 sccm Ar injected into part I and 1800 sccm N2 + O2 injected
into part III, at a pressure of p = 20 Pa.

Region Description T (K) V (m3) τres(ms) S (m2)
I supersonic expansion 3000 0.001 0.26 -
II subsonic expansion 2000 0.005 1.5 -
III hot background 1200 0.02 3.3 -
IV cold background 500 0.01 12 0.5
V measurement region 500 0.04 51 0.5

destruction of the stable molecules present in the plasma. The reactions with
their rate constants are summarized in appendix A.

In the simulations we do not explicitly take into account excited N atoms,
although they are known to be produced by dissociative recombination via reac-
tion 3.9. These excited atoms are de-excited mainly by collisions with NO or O2

molecules, and as a result their lifetime is in the order of 10−4 s at a pressure
of p = 100 Pa. Though, the rate of progress of N+O2 →NO+O is known to
be significantly faster with excited N atoms than with N atoms in the ground
state [36]. Therefore we implement a rate constant for this reaction which is a
factor of five larger than reported by Capitelli et al. [21].

In general metastable species could play a role in the formation of different
types of molecules. In order to estimate the effect of metastable species, we
consider the contribution of electronically excited nitrogen molecules, N2(A), in
detail. This species is very important in positive column or other active plasmas
containing N2. In those types of plasma the production of N2(A), N∗ and N2(x,v)
by means of electron excitation is efficient and the density of N2(A) is known
to be high. Furthermore, reported reactions of N2(A) with for example NO are
fast. This species is treated in more detail in for example [12] and [37]. In the
present case of a purely recombining plasma, the density of N2(A) is probably low,
because in the reactor the electron temperature is low (Te = 0.3 eV) compared to
the excitation energy of N2(A) (more than 6 eV), and therefore the production
of N2(A) via collisions with electrons is negligible. Furthermore this excited level
is depopulated efficiently in the expansion. Only N and N∗ are created through
dissociative recombination between N+

2 and electrons. Finally possibly at the
walls of the reactor the nitrogen atoms may recombine into N2(A). But also these
are effectively de-excited in collisions with molecules.

The effect of electronically excited O2(a) is neglected. The only reaction pos-
sible, where the chemical composition of the colliding particles changes during the
reaction, is the reaction with N atoms: N + O2(a) → NO + O. If we assume a
production at the surfaces ten times slower than the surface production of O2(X),
then the effect at high O2 flow admixture is negligible, because of the small abun-
dance of N atoms. At small O2 flow admixture the abundance of O2(a) is low.
Therefore the effect of metastable oxygen molecules in the plasma is neglected.
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6.4.1 Volume interactions

In figure 6.5, the measured mole fractions of Ar, N2, O2, NO, N2O and NO2

are plotted for the same conditions as presented in figure 6.1(a) and 6.1(b). Also
plotted in figure 6.5 are the results of the chemkin simulation, in which no surface
interactions are taken into account. The abundances of Ar and N2 are reproduced
by the model. The calculated mole fraction of O2 is at all flow ratios lower
than the measured mole fraction. This is mainly due to the fact that under the
assumption that no surface reactions take place, there is no effective loss channel
for oxygen atoms. This leads to an unrealistically high oxygen atom abundance
in the reactor, up until a mole fraction of 6× 10−2. The model also predicts that
a small amount of NO is formed in the gas phase, especially at high fractions
of admixed O2. However, the trend of the calculated density as function of the
flow ratio does not agree with the measured trend. And for low oxygen flows the
calculated mole fractions are orders of magnitude lower than the measured mole
fractions. The mole fractions of the molecules N2O and NO2 are calculated to be
smaller than 10−8, which is several orders of magnitude lower than measured.

Hence for both series of measurements presented in figure 6.5, significant dis-
crepancies between calculated and measured mole fractions are observed. We
conclude that plasma surface interactions should be taken into account in the
simulation.

6.4.2 Surface reaction rate coefficients

The heterogeneous processes that are included in the chemkin simulation are the
following:

1. sticking of N and O atoms to the surface or onto surface adsorbed species

2. direct pick-up reactions between N and O atoms from the gas phase and N,
O and NO at the surface

3. surface reactions between N, O and NO at the surface

4. spontaneous desorption of NO, N and O.

The injected types of molecules N2 and O2 are considered as very stable gas phase
species, that do not adsorb at the walls of the reactor. For example N+Ns→N2,s

is not taken into account. Below, the implementation of the different surface pro-
cesses is described in detail. For each part of the reactor, as sketched in figure
6.4, the calculations are performed independently. And in each part, the proper-
ties like temperature, volume and surface area are implemented as summarized
in table 6.1.

To illustrate the implementation of the various surface processes, we follow the
gas phase density of nitrogen atoms. The rate of change of the gas phase density
of N atoms (nN) due to interactions with the walls can be described by:

[
∂nN

∂t

]

walls

=
A

V
[θNνdes − ΓNαN ] , (6.3)
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Figure 6.5: The mole fraction of the measured molecules in the plasma (symbols) as
function of the flow ratio of O2 over the total flow of the injected gas mixture of N2 and
O2. A flow of 3000 sccm argon is injected through the cascaded arc into the reactor,
and a flow of 1800 sccm of the injected gas mixture of N2 and O2 is injected directly
into the reactor. The lines indicate the calculated mole fractions of Ar, N2, O2 and NO
without taking into account surface interactions. The results are given for a) p = 20 Pa
and b) p = 100 Pa.
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where the first term on the right hand side represents the desorption of N atoms,
with νdes the desorption frequency and θN the surface density of adsorbed N
atoms (m−2). The second term on the right hand side represents losses of N
atoms due to collisions with the wall of the reactor. Here A/V represents the
surface to volume ratio, ΓN the flux of N atoms (m−2s−1) towards the wall and
αN the surface-loss coefficient. The latter parameter takes into account sticking
(γN

stick), associative sticking (γN−Y
AS with Y a surface adsorbed particle) and pick

up reactions (γN−Y
PU ) as in:

αN = γN
stick

θfree

θsite
+ γN−O

AS

θO

θsite
+

∑

S = N,O,NO

γN−S
PU

θS

θsite
, (6.4)

where θfree / θsite represents the ratio between the free surface site density (m−2)
and the total surface site density. θO represents the surface density of adsorbed
O atoms, and similarly θS the surface density of species S. 2

The first term on the right hand side of equation 6.4 expresses the effect of
N atoms sticking at the walls of the reactor. The decay time τ of the atomic
density as a result of fast transport and convection, subsequent diffusion from the
convection cell and sticking to the reactor walls can be expressed as:

τ =
Λ2

D
+

V

A

4(1− 1
2γstick)

v̄γstick
+ τtransp, (6.5)

where we follow Chantry [38]. Λ represents the diffusion length, D the diffusion
coefficient, and v̄ the thermal velocity of the atoms. The particles originating
from the expansion, follow the flowing pattern as sketched in figure 3.6. The
velocity component perpendicular to the surfaces over a distance of 0.01 m is neg-
ligible. This implies, that over this distance the particles can only reach the walls
of the reactor by diffusion (diffusion limited region) and therefore we implement:
Λ = 0.01 m. When the pressure is significantly higher than p = 20 Pa, as con-
sidered in the DSMC simulation leading to figure 3.6, the supply of particles to
the diffusion limited region is suppressed. Similarly, if the recirculation cell is not
present (at lower pressure than p = 20 Pa, which is investigated with the DSMC
simulation, but not shown here), the supply of particles to the diffusion limited re-
gion is also suppressed. To take these effects into account, a transport time τtransp

is introduced. It implies, that when a non-zero value for τtransp is implemented,
the surface contributions to the total kinetics in the simulation are suppressed.
We estimated that the diffusion limited region in part V is three times larger than
the diffusion limited region in part IV, due to the presence of the recirculation
cell in part IV, which results in: τtransp = 1.6 ms and τtransp = 8.0 ms for
p = 20 Pa and p = 100 Pa respectively. In the low effective pressure conditions, in
which a relatively high amount of He is injected, τtransp = 0.2 ms for both part
IV and part V, corresponding to Λ = 0.05m, because of the supposed absence of
the recirculation cell.

2Note that in this nomenclature: θsite = θfree +
∑

S θS .
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The effect of N atoms in the gas phase, nN, on the atomic nitrogen surface
density, θN, is expressed by:

A

[
∂θN

∂t

]

stick

= V
nNθfree

τθsite
. (6.6)

The rate of progress of this reaction is implemented in the chemkin simulation
with the rate constant kstick as in:

[
∂θN

∂t

]

stick

=
(
kN
stick

)
nNθfree, (6.7)

Associative sticking is implemented in the same way as sticking, with the only
difference that θfree is replaced by θS, with S the surface-adsorbed species.

Direct pick up reactions, the last term of the right hand side of equation 6.4,
are described with a similar formalism that has led to equation 6.6. For example,
an N atom picks up a surface adsorbed O atom and forms NO:

[
∂nNO

∂t

]N−O

PU

=
nNθO

τθsite
, (6.8)

where in the expression for τ , γPU is implemented, instead of γstick. The rate
constant kN−O

PU is implemented in the model as:

[
∂nNO

∂t

]N−O

PU

=
(
kN−O
PU

)
nNθO. (6.9)

Besides interactions between gas phase particles and free surface sites or sur-
face adsorbed particles, also different types of adsorbed species can diffuse over
the surface, and in a collision form new types of molecules. For example, the for-
mation of N2 from two surface adsorbed N atoms via this Langmuir-Hinshelwood
type of interaction:

V

[
∂nN2

∂t

]

LH

= A
νD

4θsite
exp

(
− ED

kBTw

)
θ2
N, (6.10)

with Tw the wall temperature (typically 450 K), νD the attempt frequency for
diffusion: νD = 1013 s−1 [39, 40] and ED the activation energy for this process.
The rate constant for this reaction is implemented in the chemkin simulation as:

[
∂nN2

∂t

]

LH

=
A

V

(
kN−N
LH

)
θ2
N. (6.11)

Finally, spontaneous desorption of particles from the walls of the reactor, the first
term on the right hand side of equation 6.3, is described by the Polanyi-Wigner
equation:

V

[
∂nN

∂t

]N

des

= A

[
νd exp

(
− Ed

kBTw

)]
θN, (6.12)
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Figure 6.6: Observed dynamic change of γo, reproduced from Matsushita et al. [25].
The symbols indicate the measured decay times after different discharge durations (∆t).
The theoretical decay time constants for three different sticking coefficients on the cham-
ber wall are indicated by the solid, dashed and dotted curves. These curves were also
obtained with the chemkin simulation presented in this section, which validates our
model.

where νd = 1013 s−1 is the attempt frequency for desorption [39, 40] and Ed the
desorption energy. In the model, this is implemented with the rate constant kdes:

[
∂nN

∂t

]N

des

=
A

V
(kN

des)θN. (6.13)

6.4.3 Test of the chemkin model

To validate the way surface processes are implemented in our model, we tested
the model on a system studied by Matsushita et al. [25]. They present accurate
time-dependent atomic oxygen density measurements in the afterglow of a pulsed
oxygen plasma, using two-photon laser-induced fluorescence spectroscopy. Their
results show a large variation in the time dependence of the oxygen atom density
for different pressures and after different plasma exposure times before the mea-
surement is started. They explain the differences between the transients with a
sticking coefficient of O atoms that changes with surface coverage: 1 at a clean
surface and decreasing to 0.1 for a fully covered surface.

The pressure dependence of the decay time constant of the O density after
switching off the plasma for an rf power of 1 kW is shown. The decay constant
was examined for various discharge durations.

The estimations for the transients at a fixed sticking coefficient and as a func-
tion of pressure were perfectly reproduced with the simulation as described in the
previous section. As illustration, the estimations for the decay time constant of
the oxygen atoms in the reactor are presented in figure 6.6 for three different loss
coefficients.
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6.4.4 Implementation for N2/O2 system

The parameters that are used as starting/input values for the simulations, are
summarized below. The sensitivity on the choice of the parameter values has
been carefully checked and is discussed in detail. From that the most appropriate
set of parameters has been taken to analyze different aspects of the plasma surface
interaction in detail.

The sticking coefficients for N, O and NO are implemented as an equal value:
γN = γO = γNO = 0.1. Furthermore, all the pick-up reactions and associative
sticking reactions are implemented with a chance of unity that these processes
occur upon a hit. In part V, no recirculation cell is present, and we implement
τtransp = 1.6 ms and τtransp = 8.0 ms for p = 20 Pa and p = 100 Pa respectively.

The chemkin simulation describes the measurements satisfactorily, if for the
desorption energy for NO is assumed 0.8 eV/particle and for N and O atoms
0.9 eV/particle. Furthermore, the activation energies for the Langmuir - Hinshel-
wood processes are set to 0.15 eV, except for the reaction Os + NOs → N2O + O,
for which we implement 0.10 eV/molecule.

An equal value for the different sticking coefficients (γN
stick, γO

stick and γNO
stick) is

implemented. For sticking coefficients smaller than 0.1, the measured trends could
not be reproduced with any set of activation energies. As mentioned above, a
strong relation exists between the sticking coefficients and the activation energies:
especially with the desorption energy of NO. For sticking coefficients higher than
0.1, the measured trends could be reproduced with a lower desorption energy for
NO: for γstick = 0.3 we find ENO

des = 0.75 eV/molecule instead of ENO
des = 0.79

eV/molecule at γstick = 0.1. We implemented the sticking coefficients γstick = 0.1
in the simulation, which is in the same order as found by Singh et al. [17] and
Matsushita et al. [25].

Together with the activation energy, the frequency factor ν as in equations
6.10 and 6.12 determines the rate of progress of a specific surface reaction. We
implemented for all situations ν = 1013 s−1, which is widely used in literature
[39, 40]. Nevertheless, the proper value for the frequency factor is under debate,
and dependent on many parameters. For different substrate materials, different
types of radicals and various conditions, the frequency factor varies typically
between 1012 and 1013 s−1, when the entropy of the system does not change. This
introduces an inaccuracy of approximately 0.1 eV in the absolute values of the
obtained activation energies from our simulation. A more specific treatment is out
of the scope of this chapter (see for example [41]). Furthermore, the reported ratio
between the desorption and diffusion barrier for various particles and substrate
materials is in the range of 2 to 6 [34, 42, 43]. Similar values are obtained from
the comparison between measured data and the simulation results.

For a single atom colliding with a surface-adsorbed particle, the sum of the
chances for a pick-up reaction and associative sticking (γPU and γAS) to occur is
implemented as unity. This forms an upper limit of what happens in reality. But
mainly because the calculated surface coverage is only in the order of 10−3, as we
will show later, implementing a lower value for γPU and γAS does not result in a
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noticeable difference in the results of the simulation. This implies, that mainly
the Langmuir-Hinshelwood interactions govern the surface processes. The low
relatively low implemented activation and desorption energies, together with the
low calculated surface coverage, can be interpreted as a mobile surface layer.

To investigate this, we follow Brussaard [44]: the production of N2(A) oc-
curs purely at the surfaces of the reactor, with an efficiency 10 times lower than
producing N2 in the ground state. We note that the calculated results remain
unaffected if N2(A) is absent. Only the calculated N2O mole fraction increases
slightly at low O2 flow admixture when no N2(A) is allowed to be formed. The
choice of an efficiency of the production of N2(A) ten times smaller than the pro-
duction of N2 in the electronic ground state is somewhat arbitrary, but even if the
rate of production is taken as fast for N2(A) as for N2 in the electronic ground
state, we observe no significant differences in the simulation results.

More illustrations on the sensitivity of the simulation results on the imple-
mented surface parameters (the desorption energies and activation energies for
Langmuir-Hinshelwood interactions) are shown in appendix C.

6.5 Comparing measurements with simulation re-
sults

By means of the chemkin simulation, a detailed analysis of the effects of the
walls of the reactor is performed. The experiments described in section 6.3 are
implemented in the chemkin simulation, which gives more insight in the gas
phase kinetics and heterogeneous processes in the system.

The results of calculations in which also surface reactions are taken into ac-
count are presented in figures 6.7, 6.8 and 6.9. The surface reactions that are
implemented are summarized in appendix B.

Besides the mole fractions of the stable molecules in the reactor, the chemkin
simulation calculates also the densities of atomic oxygen, nitrogen and also elec-
tronically excited N2(A). These are shown in figure 6.8 for part V in the reactor
and for both studied pressures (p = 20 Pa and p = 100 Pa).

The calculated radical density is in the order of a fraction of 10−2 of the den-
sity of the injected gases and consists mainly of oxygen atoms. Already when a
small fraction of O2 is admixed, the calculated abundance of N decreases signifi-
cantly, and this effect is more pronounced for a pressure of p = 100 Pa than for
p = 20 Pa. This is mainly due to the gas-phase interactions: N + O2 → NO + O
and N + NO → N2 + O. The decrease of N density due to these reactions ham-
pers also the production of N2(A), because the formation of N2(A) occurs in the
simulation purely at the surface, from adsorbed N atoms.

Finally, in figure 6.9, the calculated surface densities of the different species
are given. The total surface coverage is in the order of 10−3 and consists mainly
of nitrogen and oxygen atoms, together with NO molecules. The trends in the
surface coverage of N and O atoms follow the trends in the gas phase densities of
N and O atoms. Especially at admixed O2 fractions smaller than 0.2, differences
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Figure 6.7: See figure 6.5 for the explanation of the symbols and the experimental
conditions. The solid lines (Ar, N2, O2 and NO), the dashed lines (N2O) and the dotted
lines (NO2) represent the results of the simulation in which, in contrast to figure 6.5,
surface interactions are taken into account. The symbols represent the measured mole
fractions of the different types of molecules and the same symbols as in figure 6.5 are
used. A flow of 3000 sccm Ar and 1800 sccm of mixtures of N2 and O2 is injected at
two different pressures: a) p = 20 Pa and b) p = 100 Pa.
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between the two pressures can be observed. For these low O2 admixtures, the
main mechanism that leads to the formation of surface-adsorbed NO molecules is
the association of surface-adsorbed O and N atoms. Because the surface density
of N atoms decreases with increasing O2 admixture, a decrease of the NO sur-
face density results. For higher admixed O2 fractions, sticking of NO molecules
from the gas phase results in an increase of the density of surface-adsorbed NO
molecules again.

6.5.1 Surface production

To illustrate the importance of the interactions between plasma produced radicals
and the walls of the reactor, we now discuss the rate of surface production of
the different types of species in the plasma. In figure 6.10, the total rates of
production at the walls of the reactor are plotted, that are obtained from the
chemkin simulation for the same conditions as discussed in the previous sections.
They represent the total number of molecules leaving the walls of the reactor per
unit of time, expressed as an effective flow (in sccm).

The Ar+ ions and electrons are used for the primary dissociation step of the
feedstock gases, through charge exchange and subsequent dissociative recombina-
tion. At an input power of 5 kW, a flow of 450 sccm Ar+ enters the reactor from
the cascaded arc [45]. The maximum flow of feedstock gases that can directly be
dissociated is therefore also 450 sccm.

The rate of surface production of NO2 is significantly higher than that of
N2O, even though the observed abundances of these types of molecules is in the
same order of magnitude for p = 20 Pa. This illustrates that follow up reactions
between NO2 and gas phase radicals is very important in the production of N2O.
It is therefore expected that the same experiment performed at a lower pressure
will reflect more clearly the ratio of surface produced flows of NO2 and N2O. This
will be investigated in more detail in section 6.5.3.

The production of the different types of molecules is significant in all the
conditions studied here. At the same time we showed here that follow-up reactions
in the volume must be important, especially for the conversion of surface produced
NO2 into N2O. Furthermore, at relatively high admixture of O2, figure 6.5 shows
that the formation of NO has also a gas phase component. Nevertheless, the rate
of surface production of NO is significant, as shown in figure 6.10.

The surface produced flow of NO and thus also the total surface produced
flow is relatively high: up to a few times the injected Ar+ flow (450 sccm). This
is caused by an additional dissociation mechanism in the system: dissociation of
molecules by collisions with N and O atoms. Together with the strong recycling
in the system this implies that the produced flow of radicals towards the surfaces
of the reactor is higher by a factor 2 to 4, than can be expected from only the
primary dissociation with Ar+ ions, and so is the rate of surface production.
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Figure 6.10: Calculated equivalent flows of surface produced species for two different
pressures: a) p = 20 Pa and b) p = 100 Pa. With the dashed lines, the injected flow
of Ar+ ions, as produced in the cascaded arc, is plotted. The symbols indicate the
calculated data points and the lines serve as a guide to the eye.
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Figure 6.11: Threshold behavior of NO for low admixed O2 flows. For three pressures,
the NO calculated effective fraction is plotted as a function of the admixed O2. The
effective fraction is the mole fraction, not taking into account argon, see the text for
details. For p = 20 Pa and p = 100 Pa, a flow of 3000 sccm Ar and 1800 sccm of
mixtures of N2 and O2 are admixed. For p = 9 Pa, the total flow was decreased with a
factor of two.

6.5.2 Threshold behavior of NO production

The threshold behavior is most pronounced for the highest studied pressure. In
figure 6.11, we plot the results of the simulation. Although the absolute numbers
are only reproduced within a factor of 1.5, the threshold behavior for higher
pressures is clearly observed.

Also in the calculations presented in figure 6.5, in which no surface interactions
are taken into account, a similar effect as the threshold behavior of NO can be
recognized. For p = 20 Pa, the NO mole fraction is smaller than 10−5 for admixed
O2 fractions up until 0.10, and for p = 100 Pa for admixed O2 fractions up until
0.20. In both the calculations presented in figure 6.5 and 6.11, the N atom density
for the conditions at low admixed O2 fractions, is high compared to the O2 density.
In that case NO is produced through N + O2 → NO + O, but the high abundance
of N atoms results in the immediate destruction of NO via N + NO → N2 + O.

When the surface interactions are taken into account in the chemkin simula-
tion, N atoms are consumed via other processes, like the formation of N2 at the
walls of the reactor. Therefore the calculated N atom density for the conditions
presented in figure 6.11 is lower and the threshold behavior is less pronounced for
all studied pressures.

The threshold behavior for NO is most pronounced at the highest studied
pressure (p = 100 Pa) because the residence time of the gas in the volume of the
reactor is longer, which emphasizes the gas phase reactions mentioned above.

Finally, also the surface formation of NO contributes to the observed threshold
behavior. In figure 6.10 a drop in the surface production of NO can be observed
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at p = 100 Pa when the admixed O2 fraction is increased from 0 to 0.15.

6.5.3 Molecule formation at low effective pressure

At a low pressure and small admixtures of feedstock gases, the radical densities are
smaller. Volume reactions are thus less important and the effects of surfaces are
more pronounced. The mole fraction of the measured types of molecules is given
in figure 6.12(a). On the horizontal axis, the fraction of admixed O2 flow to the
total N2 + O2 flow is given. In the same figure, the results of the calculations with
the same simulation as described in the previous section, are presented. Because
the recirculation cell will be less pronounced, a non-negligible transport time is
implemented: τtransp = 0.2 ms for both part IV and part V. The results are
displayed in figure 6.12(a) with the solid lines. In figure 6.12(b), the total rates
of production at the walls of the reactor, expressed in sccm, are presented.

The ratio between observed abundances of N2O and NO2 reflects better the
ratio between surface produced flows of N2O and NO2, compared to the condi-
tions at higher pressures, as described in earlier sections. This illustrates that
the follow-up reactions, mainly leading to the conversion of NO2 into N2O are
indeed significantly less important. Furthermore, the simulation gives also for
this significantly different situation satisfactory results.

6.6 Conclusions

To unravel the contribution of surface related processes to the total kinetics in
a low pressure recombining plasma, we measured the abundance of the stable
molecules in the plasma for a variety of conditions by means of mass spectrometry
and tunable diode laser absorption spectroscopy. A simulation has been developed
in chemkin, that takes into account the gas phase chemistry and plasma-surface
interactions. Although the simulation is based on a small set of parameters to
describe the surface reactions, it gives a fairly good agreement between measured
and calculated mole fractions of the stable molecules in the plasma. The kinetics
can be summarized in four steps: 1) charge exchange and subsequent dissociative
recombination initiated by Ar+ ions, 2) dissociation of feedstock gases and surface
produced species with N and O atoms, 3) sticking of N, O and NO to the walls of
the reactor and 4) formation and desorption of species at the walls of the reactor.

It can be deduced from the simulation, that the surface related processes
contribute greatly to the total kinetics in the plasma. Without surface interactions
taken into account, the calculated mole fractions of NO2 and N2O are three to
four orders of magnitude lower than the measured ones.

When the surface interactions are taken into account, the contribution to the
total kinetics can be determined. The rate of surface production is up to a factor
of two bigger than the primary rate of production of radicals by charge exchange
with Ar+ ions, followed by dissociative recombination. The follow-up reactions
between surface produced species and gas phase radicals are still important to
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Figure 6.12: The molecular abundances (a) and surface produced flows (b), in the
plasma created from Ar/He: 300/1500 sccm, to which mixtures of N2 + O2 are admixed,
where the total flow of N2 and O2 is 200 sccm. The pressure is set to p = 6 Pa and the
current through the cascaded arc channel I = 75 A.
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explain the measured mole fractions.
A situation where the observed molecular abundances reflect better the ra-

tio between the rates of surface production of the various particles, is at a low
effective pressure. Measurements and simulation results are presented on helium-
diluted conditions, i.e. low partial pressures of the feedstock gases, in the order
of ppartial = 1 Pa. Especially for NO2 and N2O it is confirmed that the ratio
between observed molecular abundances reflects better the ratio of the rates of
surface production.

The best agreement between calculations and measurements was found for
low activation energies and desorption energies of the surface processes and low
calculated surface coverage. These results indicate that the surface reactions take
place on a very mobile surface layer.
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Appendix A: gas phase reactions

Below, a summary of the implemented gas phase interactions is given. The reac-
tion rate constants are obtained from Capitelli et al. [21]. The rate constants are
presented by means of their Arrhenius parameters, as in:

k = ATn exp

(
−eÊact

kT

)
, (6.14)

where A is the prefactor, n the temperature exponent and Êact the activation
energy, expressed in eV.

reaction A (m3/s) n Êact (eV)

1 Ar++N2→N+
2 +Ar 2.00E-16 0 0

2 Ar++O2→O+
2 +Ar 1.00E-16 0 0

3 Ar++NO→NO++Ar 3.00E-16 0 0
4 N+

2 +e→2N 2.00E-13 0 0
5 O+

2 +e→2O 2.00E-13 0 0
6 NO++e→N+O 2.00E-13 0 0
7 N+NO→O+N2 1.00E-18 0.5 0
8 N+O2→O+NO 5.50E-20 1 0.27
9 N+NO2→2O+N2 9.10E-19 0 0

10 N+NO2→O+N2O 3.00E-18 0 0
11 N+NO2→N2+O2 7.00E-19 0 0
12 N+NO2→2NO 2.30E-18 0 0
13 O+N2O→N2+O2 8.30E-18 0 1.21
14 O+N2O→NO+NO 1.50E-16 0 1.22
15 O+NO2→NO+O2 3.30E-18 0.2 0
16 O+NO3→O2+NO2 1.00E-17 0 0
17 NO+O2→O+NO2 2.80E-18 0 2.02
18 NO+N2O→N2+NO2 4.60E-16 0 2.17
19 N2(A)+O2→N2O+O 8.70E-22 0.6 0
20 N2(A)+N2O→N2+N+NO 1.00E-17 0 0
21 N2(A)+NO2→N2+O+NO 1.00E-18 0 0
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Appendix B: surface interactions

Below, a summary of the implemented surface interactions is given. The choices
for the parameters can be found in the text. F represents a free site on the surface.

reaction parameters
1 N + F → N(S) γstick = 0.1
2 O + F → O(S) γstick = 0.1
3 NO + F → NO(S) γstick = 0.1
4 O + N(S) → NO(S) γAS = 1.0, branching 0.5
5 N + O(S) → NO(S) γAS = 1.0, branching 0.5
6 N + NO(S) → N2O + F γPU = 1.0
7 O + NO(S) → NO2 + F γPU = 1.0
8 N + O(S) → NO + F γPU = 1.0, branching 0.5
9 O + N(S) → NO + F γPU = 1.0, branching 0.5

10 N + N(S) → N2 + F γPU = 1.0
11 N + N(S) → N2(A) + F γPU = 0.1
12 O + O(S) → O2 + F γPU = 1.0
13 NO + O(S) → NO2 + F γPU = 1.0
14 N(S) + O(S) → NO(S) + F ED = 0.15 eV
15 N(S) + N(S) → N2 + 2F ED = 0.15 eV
16 N(S) + N(S) → N2(A) + 2F ED = 0.15 eV
17 N(S) + O(S) → NO + 2F ED = 0.15 eV
18 O(S) + O(S) → O2 + 2F ED = 0.15 eV
19 NO(S) + O(S) → NO2 + 2F ED = 0.10 eV
20 NO(S) + N(S) → N2O + 2F ED = 0.15 eV
21 NO(S) → NO + F Ed = 0.79 eV
22 N(S) → N + F Ed = 0.90 eV
23 O(S) → O + F Ed = 0.90 eV
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Appendix C: sensitivity chemkin simulation

As an illustration, the calculated plasma composition is investigated for situations
in which one or more of the parameters in the simulation are changed. The
calculated abundances of NO, NO2 and N2O are shown in the figures below. In
all cases, the conditions are the same as in figure 6.7 for a pressure of p = 20 Pa.

In figure 6.13a the same results presented before in figure 6.7 are repeated.
In figure 6.13, the desorption energies of N, O and NO is set to 2 eV, which
approaches a chemisorbed type of binding of these species to the surface. In figures
6.13c and 6.13d, the desorption energies are set to 1 and 0.4 eV respectively.

For relatively high admixed flows of O2, the variation of the calculated abun-
dance of NO does not change noticeably. This behavior is in agreement with the
results presented in this chapter: in this region it are mainly the gas phase inter-
actions that determine the abundance of NO. For relatively low admixed flows of
O2 (smaller than 20 %), significant differences in the behavior of the abundances
of NO, NO2 and N2O can be recognized when the desorption energy is changed.

In the figures presented below, the results of changing the surface diffusion
activation energies (implemented in the Langmuir-Hinshelwood processes) are in-
vestigated. First, the activation energy of NOs+Os →NO2+O is set equal to the
other implemented activation energies (0.15 eV). A smaller abundance of NO2

for low admixed O2 flows results. In the second case, the activation energies are
increased to 0.5 eV and again significant differences can be recognized.

From an analysis of the calculated abundances of the species in the plasma
with different implemented surface parameters, the sensitivity of the presented
simulation approach is illustrated.
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6.7 for a pressure of p = 20 Pa.
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1 eV.
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Figure 6.13: Illustration of the sensitivity of the desorption energies on the simulation
results of NO, N2O and NO2: desorption energies of N, O and NO changed to 2, 1, and
0.4 eV.
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Figure 6.14: Illustration of the activation energies on the simulation results: all the
activation energies for Langmuir-Hinshelwood interactions changed to 0.15 eV and 0.5
eV.
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Chapter 7

Surface adsorbed precursors
in a recombining N2-H2-O2
expanding thermal plasma

Abstract

Based on detailed measurements of the formation of new molecules by surface
association of plasma produced radicals, an analysis is made of the types and
abundances of surface-adsorbed precursors during the conversion of mixtures of
N2, H2 and O2 in an expanding thermal argon plasma

The formation of ammonia occurs at the surfaces of the reactor with a high ef-
ficiency, presumably via surface-adsorbed NH and NH2. The measured abundance
of formed NH3 can only be explained by surface association reactions. Admixture
of O2 to the plasma results in a strong decrease of surface formation of NH3. The
mechanism is revealed by comparing the measured conversion with the results of a
simulation: the most important surface-adsorbed precursor changes from mainly
NH2 into OH when O2 is admixed.

To obtain more information on the surface coverage during plasma exposure,
dosing experiments on pre-treated reactor walls have been performed. It is con-
cluded that weakly bound adsorbent species (N, O, NO, H and NH2 in mixtures
of N2/O2 or N2/H2) with a low surface coverage lead to the formation of new
molecules.
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7.1 Introduction

The application of a plasma introduces new chemistry in etching and deposition [1]
processes, but also in gas conversion processes. Especially at low pressure, the
combination of a plasma with a catalyst might open the way to new degrees of
process control [2]. The plasma can be optimized for the dissociation of feedstock
gases, and the catalytic surface for the association of plasma-produced radicals
into new types of molecules. The resulting efficiency increase has been reported by
several authors [3–6]. However, a detailed description of the interaction of plasma
produced radicals with surfaces is still lacking. In order to obtain information on
the details of surface association processes during plasma exposure, the conversion
of relatively basic gas mixtures (N2, H2 and O2) is investigated in a recombining
plasma. In this chapter we first concentrate on the conversion of mixtures of N2

and H2 into ammonia, and subsequently the formation of H2O and NO when also
O2 is added to the feedstock mixtures.

Conventionally, the production of ammonia on a very large scale is performed
via the Haber-Bosch process. At a temperature of T = 450 – 500 ◦C and a
pressure of p = 250 bar, a mixture of nitrogen and hydrogen gas is directed at
an iron catalyst, where NH3 is formed [7] with a yield of 10 – 20 %. Because
ammonia can be used to form nitric acid (HNO3), which is used to make artificial
fertilizer (for example NH4NO3), the invention of the Haber-Bosch process is
sometimes called the most important invention of the 20th century [8]. Usually,
iron is used as catalyst material, but also other types of materials can be used,
like rhodium [9]. The oxidation of NH3 was already reported in 1969 [10]. As
catalyst for this process, different types of materials can be used, like Pt, Rh and
Pd [11], but also oxides are being investigated as candidates for this process [12].

When a plasma is introduced in the production process of ammonia from
mixtures of N2 and H2, additional possibilities to control the process become
available. Already in 1971, Eremin et al. [3] studied the formation of NH3 in a low
pressure barrier discharge in the presence of metallic palladium, platinum, iron,
copper or nickel. They observed that the efficiency of the conversion into NH3 was
increased with a factor of 4, compared to the situation where only clean glass was
present. Besides plasma-surface interactions, the introduction of a plasma also
leads to the presence of active species, like N atoms, electronically excited N2(A)
or vibrationally excited N2(X,v) that can also increase the conversion efficiency.
Different types of plasmas have been used to convert mixtures of N2 and H2

into NH3. Examples are glow discharges [13–16], microwave discharges [17, 18],
ECR discharge [19] and a microgap dielectric barrier discharge at atmospheric
pressure [20]. Vankan et al. were the first to investigate the conversion efficiency of
mixtures of N2 and H2 into NH3 (about 2 %) in an expanding thermal plasma [21].
This study was extended by van Helden et al. [22] who obtained 12 % conversion
into NH3 on a more closed machine with a larger surface to volume ratio. They
proposed a possible production mechanism of NH3 in a mobile surface layer, on
top of a layer of chemisorbed particles.

Because the plasma composition reflects the products of surface association
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processes, its analysis provides first insights in the surface mechanisms that are
otherwise hard to obtain. In the work of van Helden [23], and in the previous
chapter of this thesis, the conversion of mixtures of N2 and O2 in an expanding
thermal plasma is investigated in detail. It turned out that at low pressures the
surface association processes dominate the kinetics and that a fraction of around
10−3 of the surface coverage plays an active role in the formation process. In this
chapter, we study the conversion efficiency of mixtures of N2 and H2 into NH3

and the stable products when additional O2 is injected.
The conversion of mixtures of N2 and H2 into NH3 is studied by means of

a combination of mass spectrometry and tunable diode laser absorption spec-
troscopy. Furthermore, the admixture of O2, leading to significant changes in the
kinetics of the plasma, i.e. the oxidation of NH3, is investigated. The measured
composition of the plasma, fed with mixtures of N2, H2 and O2, is compared
with the results of a simulation for various conditions. The simulation is devel-
oped in chemkin [24], and it takes into account a set of volume reactions and
heterogeneous reactions at the stainless steel walls of the reactor. The results of
the simulation are used to illustrate surface effects by comparing the results with
measurements and exploring the surface parameters. Simultaneously, estimates
on radical densities and surface coverage are obtained.

The surface coverage, obtained from the comparison between simulations and
measurements is validated with a set of dosing experiments on a similar type of
plasma system. We investigate which types of species are adsorbed at the stainless
steel walls of the reactor by first conditioning the walls and then exposing them
to a well-defined finite amount of plasma produced radicals. The production of
molecules during the exposure provides direct information on the surface coverage.

After introducing the setup in section 7.2, the measurements on the conversion
of injected gases into new types of molecules are described in section 7.3. This
is followed by a description of the implementation of the chemkin simulation in
section 7.4, and in section 7.5 a comparison between the measurements and the
results of the simulations are presented. In the last part, the time evolution of
the abundances of molecules is studied in dosing experiments.

7.2 Setup

The experiments have been performed on two different expanding thermal plasma
systems. First, the conversion of mixtures of N2, H2 and O2 is studied in detail on
the plexis setup. To obtain more detailed information on the surface coverage,
a similar expanding thermal plasma system has been studied: the solaris setup.
Both systems consist of a cascaded arc plasma source and a stainless steel vacuum
vessel which is kept at a pressure p < 1 mbar. plexis is an open system with a
large volume whereas solaris is a smaller, more closed system.

The plasma composition is diagnosed by a combination of a tunable diode
laser absorption spectroscopy setup (irma) and a quadrupole mass spectrometer.
Both systems and the installed diagnostics are described in detail in chapter 3.
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On the solaris setup a dosing volume was installed. The volume of the dosing
volume is 0.1 l, and is filled with 10 mbar of N2, O2 or H2. The total integrated
dose is thus 1 scc (2.5× 1019 molecules). A valve is installed between the reactor
and the dosing volume, to control the timing of the dosing experiments. The
pressure in the reactor has been kept typically at p = 60 Pa and pure argon is
injected through the cascaded arc (3000 sccm).

The types of molecules detected by the tunable diode laser setup on plexis
are: NH3, H2O, NO and N2O. By means of the same tunable diode laser setup
installed on solaris, not only the steady-state composition of the plasma could
be investigated, but also time-dependent measurements of the densities of NH3

(967.3 cm−1), NO (1887.5 cm−1), NO2 (1600.9 cm−1) and N2O (2203.7 cm−1)
were performed. The time resolution was typically 10 ms. The accuracy of the
absorption measurements was typically 10 %, mainly because of uncertainties
in temperature profiles and effective path length through the vessel. The other
species (N2, H2, O2 and Ar) were detected by means of the quadrupole mass
spectrometer with an absolute accuracy of 20 %.

7.3 Measurements

The efficiency of the formation of NH3 from mixtures of N2 and H2 is studied and
estimates for the contribution of surface processes are presented. Furthermore,
the change in conversion into different types of molecules when O2 is admixed, is
shown by a detailed set of tunable diode laser absorption and mass spectrometry
measurements.

On the plexis setup, the cascaded arc is fed with a flow of 3000 – 5000
standard cubic centimeters per second (sccm) argon. A DC current of I = 55 –
75 A is sustained through the arc channel, resulting in an ionization degree of
the argon gas of 10 to 15 %. The plasma expands into the vacuum vessel, which
is kept at a pressure of p = 20 Pa. A flow of 300 – 500 sccm of mixtures of
N2 and H2 is injected directly into the reactor, which can fully be dissociated
by the Ar+ ions and electrons via charge exchange and subsequent dissociative
recombination. Futhermore a flow up to 1800 sccm O2 is admixed.

7.3.1 Conversion of N2 and H2 into NH3

In order to see a significant surface production, a high flux of radicals is produced
from mixtures of N2 and H2 and the pressure is kept relatively low. For two differ-
ent situations, the conversion of mixtures of N2 and H2 into NH3 is determined.
In the first case, a current of I = 55 A is sustained in the arc channel, which is
fed with 3000 sccm argon. This leads to an ionization degree of 10 % [25] and
thus 1.3 × 1020 Ar+ ions per second. Mixtures of N2 and H2 are injected into
the reactor at a total flow of 300 sccm, which is equal to the flow of Ar+ ions
produced by the cascaded arc. In the second case, the current is increased to
I = 75 A and the flow of argon is increased to 5000 sccm. The feedstock gas flow
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is scaled accordingly to 500 sccm. In both cases, the pressure in the reactor is
kept at p = 20 Pa. The ratio between injected N2 and H2 is changed during the
experiment, but the total flow of the mixture of N2 and H2 is kept constant. In
both cases, just enough ions enter the reactor to dissociate the feedstock gases
completely by charge exchange and subsequent dissociative recombination reac-
tions. The mole fraction of NH3 is determined by means of tunable diode laser
absorption spectroscopy and the results are displayed in figure 7.1a. The dashed
lines are the mole fractions of NH3 that could be expected, when either N2 or
H2 would be fully converted into NH3. The observed efficiency is also plotted in
figure 7.1b.

Increasing the current through the arc channel from I = 55 A to I = 75 A
results in a significantly higher fraction of NH3, up to a mole fraction of 9×10−3.
The conversion of N2 and H2 into NH3 is very efficient, as shown in figure 7.3.
At low admixed H2 fractions, the efficiency of conversion of dissociated H2 in
ammonia becomes very high and approaches 100 %. For higher admixed H2

fractions, the efficiency decreases monotonically to 15 % at an admixed H2 fraction
of 0.7. For even higher admixed H2 fractions the efficiency remains constant at
15 %. The NH3 density is maximum near the stoichiometric ratio (N2/H2 = 1/3).

For very low values of H2 flux it appears that most of the H atoms are used
to form NH3 rather than H2. Likewise (though somewhat less strong) for low N2

fluxes most of the N atoms are incorporated in NH3.
An upper limit of the rate of production of NH3 via volume processes can

be obtained by concentrating on the volume reactions at a relatively high tem-
perature. The maximum reaction rate constants of the reactions leading to the
formation of NH3 are in the order of 10−19 m3/s (see appendix). Within the
residence time, no measurable quantity of NH3 by these volume reactions can be
formed. Therefore we conclude that surface processes must be dominating the
production of NH3. This will be investigated in more detail in the next sections.

7.3.2 Effect of O2 on the kinetics

In mixtures of N2 and H2, as presented in the previous section, only NH3 can be
expected to be formed in significant amounts, besides reformation of N2 and H2.
When O2 is admixed, a large number of other types of stable products can be
formed. In this section, the plasma composition is investigated as function of the
injected O2 flow.

The plasma composition is displayed in terms of mole fractions of Ar, N2, H2,
O2, NO and NH3 in figure 7.2. The arc is operated at a current of Iarc = 55 A
and is fed with a flow of 3000 sccm argon. A mixture of 75 sccm N2 and 225
sccm H2 is injected into the reactor, together with a varying amount of O2. The
pressure is kept constant at p = 20 Pa. In figure 7.2 the mole fractions of N2,
H2 and O2 in the injected gas mixture are denoted with the dashed lines. The
vertical dashed line represents the flow at which the injected O2 flow equals the
estimated injected Ar+ ion flow (300 sccm).

When every Ar+ ion dissociates a single molecule of the injected gases, at
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Figure 7.1: a) The mole fraction and density n of NH3 for different ratios of admixed
flows of H2 and N2. The flows of argon and N2 + H2 are respectively 5000 sccm and
500 sccm for I = 75 A, and respectively 3000 sccm and 300 sccm for I = 55 A. The
dashed lines represent the mole fraction of NH3 that can be expected, when either H2

or N2 is fully converted into NH3. b) The conversion efficiency for the highest current
setting I = 75 A.
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Figure 7.2: The measured molecular abundances as a function of admixed O2. A flow
of 3000 sccm argon is injected through the arc, which is operated at I = 55 A. A mixture
of 75 sccm N2, 225 sccm H2 and a varying flow of O2 is injected into the reactor, which
is kept at a pressure of p = 20 Pa. The dashed lines represent the mole fractions based
on the injected flows and assuming no dissociation. The vertical dashed line represents
the flow at which the admixed O2 flow is equal to the injected Ar+ flow emanating from
the cascaded arc.
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maximum 300 sccm of the injected gases can be dissociated completely. Especially
the charge transfer reaction between Ar+ ions and H2 molecules is fast compared
to the charge transfer reaction between Ar+ and N2 or O2. Also already 300 sccm
N2 + H2 is admixed. This implies that not all the O2 can be dissociated.

The depletion of H2 is in all cases significant. For low admixed O2 flows a
large fraction of the created H atoms is converted back into H2, and only a small
fraction is converted into NH3. When some O2 is available, the depleted H2 is
converted mainly into H2O. For admixed O2 flows higher than 300 sccm, the mole
fractions of H2O, H2, N2 and NO do not change significantly. Simultaneously, for
increasing O2 admixture, the NH3 mole fraction decreases drastically and instead,
mainly H2O, H2, N2 and NO are formed.

The measured composition of the plasma as presented in figure 7.2 will be used
in the next sections to analyze in detail the role of the surfaces, and to obtain
indications on the dominant surface-adsorbed precursors.

7.4 Simulation

By means of a simulation, developed in chemkin [24], the measured plasma com-
positions are analyzed in detail and the effect of the surface process parameters
is investigated. The implementation of the kinetics in the plexis setup was de-
scribed extensively in the previous chapter 6, where the simulation was used to
analyze plasmas created from mixtures of N2 and O2. Below, the most important
elements of the simulation are summarized, together with the extensions of the
simulation, to include also the effects of admixing H2.

The gas phase reactions implemented are summarized in table 7.2 in the ap-
pendix of this chapter. The reactions leading to production or destruction rates
of at least a fraction of 10−3 of the total production or destruction rate for each
type of molecule, are selected from [26].

The simulation consists of five separate, zero-dimensional modules. The divi-
sion in modules is based on the temperature distribution in the reactor and the
coupling between the different modules is based on the calculated residence times
in the different parts of the reactor. A detailed description of the implementation
can be found in chapter 6. The presented simulation results correspond to the
abundances in the background region of the plasma, where also the measurements
have been performed.

The following heterogeneous interactions are taken into account in the chemkin
simulation:

• sticking of: N, O, H, NH, NH2, OH and NO,

• associative sticking of H and O on surface-adsorbed nitrogen atoms, N, NH
and O on surface-adsorbed hydrogen atoms, N and H on surface-adsorbed
oxygen atoms and H on surface-adsorbed NH,

• pick up reactions of surface adsorbed N, O, H, NO, NH, NH2 and OH [27–29],
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Table 7.1: Input parameters for surface processes.

process Eact (eV)
Langmuir-Hinshelwoord 0.15
Hs + OHs → H2O 0.05
Os + NOs → NO2 0.1
desorption NO 0.8
desorption N, O, H 0.9
desorption NH 0.7
desorption OH 1.0

• Langmuir-Hinshelwood interactions between all the different surface-adsorbed
species,

• desorption of N, O, H, NH, OH and NO.

Although some experimental investigations on details of radical-surface inter-
actions in plasma systems fed with mixtures of N2 and H2 have been reported
(see for example [30]), the input parameters for the implementation of the surface
processes in the experiments described in this chapter are not a priori known.
Therefore, we follow the same approach as in chapter 6: the sticking coefficients
for all species are set to 0.1 and the chance for pick up processes to be successful
is set to 1.0. Finally, the same implementation as discussed in chapter 6 for the
recycling of the gases in the system is used. The sensitivity of the simulation to
changes in the surface parameters is discussed in chapter 6.

The plasma produced radicals can adsorb to the surfaces of the reactor with
binding energies ranging from 0.1 – 0.2 eV per molecule (physisorbed or hot
atom [31]) to 2 – 6 eV per particle (chemisorbed). Gordiets et al. [16] have
studied the surface processes in a low pressure flowing DC discharge with quartz
surfaces and fed with mixtures of N2 and H2. They find activation energies of
approximately 0.3 eV.

From the previous chapter (chapter 6), a set of surface parameters is obtained
which describes the conversion in mixtures of N2 and O2 satisfactory. The same
values for the surface parameters will be used for the surface interactions of N
and O containing species in mixtures of N2, H2 and O2. The first experiments
described in this chapter deal with mixtures of N2 and H2. In the same way, the
surface parameters for species containing N and H are obtained. Subsequently,
combinations of N2, H2 and O2 are investigated, where only the plasma-surface
interactions between O and H containing species is to be determined. The values
of the input parameters are summarized in table 7.1. The desorption of surface
produced NH2 is assumed to be negligible, as will be discussed in section 7.5. In
table 7.2, an overview of the implemented gas phase interactions is given.

The volume processes are well known, and if the trends between observed and
calculated conversion agree for many different conditions, the rate of surface pro-
duction is calculated reasonably accurately. The obtained combination of surface
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Figure 7.3: The mole fraction of NH3 for different ratios of admixed flows of H2 and
N2. The flows of argon and N2 + H2 respectively are 5000 sccm and 500 sccm for I =
75 A, and respectively 3000 sccm and 300 sccm for I = 55 A. The solid lines represent
the results of the chemkin simulations and the dashed lines the mole fraction of NH3

when either H2 or N2 are fully converted into NH3.

coverage and activation energies will be considered as indications.

7.5 Comparison between measurements and sim-
ulation

The input parameters related to the surface processes of N and H containing
species for the chemkin simulation are determined from a comparison between
simulation results and measurements. Subsequently, the comparison is used to
obtain insight in the mechanisms leading to the production of NH3 and to obtain
information on the contribution of volume and surface processes.

7.5.1 Conversion of N2 and H2 into NH3

In figure 7.3, the solid lines represent the calculated mole fractions of NH3 as
obtained from the chemkin simulation, using the input parameters as summa-
rized in table 7.1. In various simulations the activation energies have been varied,
the best agreement between measurements and simulations was obtained for an
activation energy of 0.15 eV for the Langmuir-Hinshelwood processes and a des-
orption energy of 0.9 eV for surface-adsorbed NH. Furthermore, we assumed NH2

to be the main surface-adsorbed precursor, which does not desorb spontaneously
from the surface.

The calculated mole fractions of the radicals in the reactor for the highest
current setting (I = 75 A) and a pressure of p = 20 Pa, are displayed in figure
7.4(a). The corresponding surface coverage is shown in figure 7.4(b).
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Figure 7.4: The situation with the highest current and flow settings mentioned in
figure 7.3 is simulated: I = 75 A, a flow of 5000 sccm argon and 500 sccm N2+H2 is
used in the simulation.

In a similar reactor, but with the cascaded arc fed with mixtures of N2 and H2

instead of argon, the NH and NH2 densities have been measured by van Helden
[23]. They conclude that NH is mainly produced in the active expanding plasma
just outside the source by a reaction between N atoms and H2. The calculated
mole fraction of NH, shown in figure 7.4(a) is higher than the mole fraction of
NH measured by van Helden. This is mainly caused by a different formation
mechanism of NH: in the present case it is mainly formed at the surfaces. The
calculated NH2 mole fraction is comparable to what was measured by van Helden.1

Finally, the rates of production of N2, H2 and NH3 at the walls of the reactor,
expressed in sccm, are displayed in figure 7.4(c) and is of the same order of the

1Studies in an argon expanding thermal plasma fed with NH3 instead of mixtures of N2 and
H2 have been reported by van van den Oever et al. [32–34]
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injected flows of N2 and H2. This confirms the idea that a significant fraction
of the injected gases is dissociated by the Ar/Ar+/e expansion and that the sur-
face processes dominate the kinetics, and thus to a large extend determine the
background composition.

The calculated surface produced flows of N2 and H2 are for several conditions
higher than the injected flows. This illustrates, that surface produced species are
also dissociated and recycle several times from the expansion to the walls within
the residence time in the reactor.

7.5.2 Effect of O2 on the kinetics

In the case mixtures of N2 and H2 are admixed to the argon expanding thermal
plasma, we observe mainly the regeneration of the injected gases and a fraction
NH3. But with even a small amount of O2, a decrease in the abundance of
NH3 and an increase in the abundances of H2O and NO. We note that in earlier
experiments by van den Oever et al, when NH3 was injected, also the main new
molecules were N2 and H2 [32–34].

With the input parameters as summarized in table 7.1, the measured plasma
composition is reproduced for most of the measured species. The results of the
calculations are shown in figure 7.5(b). The activation and desorption energies for
H and OH are obtained by fitting the results of the calculations to the measured
abundances. The implemented surface parameters for species containing N and
O are the same as in the previous section.

For increasing O2 admixture, the NH3 mole fraction decreases drastically and
instead, mainly H2O, H2, N2 and NO are formed. This is also shown by the
simulation results. The calculated formation of H2O reproduces the measurements
to within a factor two but underestimates the conversion of H2 and O2 into H2O
for relatively high admixed O2 flows. Furthermore, the calculated mole fraction
of NO is higher than the measured mole fraction, but the trend as a function of
admixed O2 flow is reproduced.

In figure 7.5(c), the surface produced flows of all the different types of molecules
are presented. From this figure we conclude that, when the O2 admixture is in-
creased, the NH3 surface production decreases significantly. From the comparison
of the chemkin results and the measured stable species in the gas phase, it is in-
ferred that the reduced rate production of NH3 is the explanation for the decrease
in the observed mole fraction of NH3 when O2 is admixed to the N2/H2 plasma,
and not the destruction in the gas phase via O-containing particles like O or OH.

7.5.3 Conclusions

The analysis of the conversion of injected molecules in the expanding argon plasma
and the comparison with the results of the simulation provides indications on
the details of the surface processes. First of all, we concluded that the plasma-
surface interactions are dominating the kinetics related to the formation of NH3 in
plasmas fed with mixtures of nitrogen and hydrogen. Second, when O2 is admixed,
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Figure 7.5: A flow of 3000 sccm argon is injected through the arc, which is operated
at I = 55 A. A mixture of 75 sccm N2, 225 sccm H2 and a varying flow of O2 is injected
into the reactor, which is kept at a pressure of p = 20 Pa.
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the main surface-adsorbed precursor changes from NH2 to OH and as a result, the
surface production of NH3 is hampered. And third, the best agreement between
simulation results and measurements is obtained for relatively low implemented
activation energies for the Langmuir-Hinshelwood reactions. This indicates the
presence of mobile species on the surfaces, which supports an earlier proposed
surface mechanism involving additional adsorption on a passivated layer [22, 35–
38].

To obtain more information on the surface coverage of the reactor walls during
plasma exposure, a set of dosing experiments on pre-treated reactor walls in a
similar plasma system is presented in the next section.

7.6 Dosing experiments

The time-evolution of the densities of surface produced species is studied on the
solaris setup, which is described in detail in chapter 3. The pressure in the
reactor is kept at p = 60 Pa. The walls of the reactor are pre-treated by exposing
them to plasma-produced radicals. After an exposure of 10 minutes [23], the
injection of feedstock gases (mixtures of N2 and O2 or N2 and H2) is stopped,
but the argon plasma is kept on. The mass spectrometry signals are monitored
to determine the moment at which all the feedstock gases are pumped out of the
reactor. At that moment the valve between the dosing volume and the reactor is
opened. The dosing volume is filled in advance with 1 standard cubic centimeter
(scc) N2, H2 or O2 (a volume of 0.1 l filled to 10 mbar). If all the molecules
injected from the dosing volume would be dissociated, the amount of radicals is
equal to approximately 6 monolayers on all the reactor walls (surface area A =
0.7 m2). The gas from the dosing volume is released in less than one second and
the resulting time dependence of the production of simple molecular complexes is
monitored.

In the first experiment that will be described, the reactor walls are pre-treated
with an argon expansion fed with a mixture of N2 and O2. In the second experi-
ment the reactor walls are pre-treated with a mixture of N2 and H2.

7.6.1 Pre-treatment with mixture of N2 and O2

The time dependence of the densities of the feedstock gases and plasma produced
NO is investigated to determine the role of direct desorption of NO. A flow of
2700 sccm argon is injected through the arc, which is operated at I = 75 A. The
initial flows of N2 and O2 are 900 sccm and are injected into the reactor. In figure
7.6a, the time dependence of the density of O2, after stopping the O2 flow at time
t = 0 s, and of the density of N2, after stopping the N2 flow at time t = 0 s, are
presented. The densities of N2 and O2 are determined with the QMS. In figure
7.6b, the observed time dependence of the density of NO is shown, after stopping
either the O2 or N2 flow, and after stopping the plasma. The NO densities are
determined by means of the tunable diode laser system.
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Figure 7.6: Time dependence of the N2 and O2 densities after stopping the N2 or
O2 flow, as measured with QMS (a) and the time dependence of the NO density after
stopping the O2 or N2 flow, or stopping the plasma, measured with TDLS (b).

After a short delay of approximately 1 second, which is related to emptying
the injection lines, the N2 and O2 signals start to decrease. The 1/e decay time
constants related to pumping of either N2 or O2 from the vessel are determined
from figure 7.6a as 0.89 s and 0.72 s respectively. (In a similar experiment, where
the reactor is filled with a gas mixture of N2 and O2 without burning a plasma,
the 1/e decay time constants are 1.5 s and 1.1 s respectively for N2 and O2.) The
difference in decay time of N2 and O2 is very small, compared to the differences
that can be observed in the temporal behavior of the density of NO (see figure
7.6b). The NO density drops below the detection limit immediately when the ad-
mixture of O2 is stopped. When the O2 injection is stopped, the loss of N atoms
and the production of NO as a result of the reaction N+O2 →NO+O reduce sig-
nificantly. The second effect is the efficient destruction of NO via N+NO→N2+O.
The combination of these two effects results in a fast decrease of the NO density
after stopping the admixture of O2. When the plasma is stopped, the NO density
decreases with a time constant of τ1/e = 0.22 s. No radicals are present in the
reactor anymore to pick up surface adsorbed species, resulting in an immediate
stop of the production of NO. After stopping the N2 flow, still a significant density
of NO is observed for a relatively long time (τ1/e = 1.5 s). This implies that an
extra source of N radicals is present after switching off the N2 injection, which is
most likely in the form of surface adsorbed N atoms (see also [23].) Apparently
when no O radicals are created in the reactor, no measurable quantity of NO is
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produced or desorbs spontaneously from the surfaces of the reactor.
For N2/O2 mixtures we have concluded that the production of NO, NO2 and

N2O takes place at the surfaces, but also some volume reactions play a role in
formation and destruction. Therefore, the waiting time between stopping the
injection of N2 and O2 and opening the valve between the dosing volume and the
reactor is chosen to be more than 10 s, to be sure that no significant amount of
feedstock gases and NO, N2O or NO2 is present in the reactor volume.

The effect of dosing with O2 or N2 after pre-treatment with mixtures of N2

(15 sccs) and O2 (15 sccs) on the densities of NO2 and N2O is displayed in figure
7.7a and 7.7b respectively. At time t = 0 s, the flows of both O2 and N2 are
stopped. A fast decrease of the abundance of NO2 is observed and the abundance
of N2O shows a temporal increase. For low admixed O2 fractions and steady-state
conditions, also a relatively high abundance of N2O is observed in the previous
chapter and in [23].

At time t = 14 s (figure 7.7a) and at time t = 19 s (figure 7.7b), the valve
between the reactor and dosing volume, is opened. In figure 7.7a, a temporal
increase in NO2 density is observed after dosing with O2. From this result, the
total number of NO2 molecules is determined to be 2 × 10−3 scc. Similarly, the
amount of N2O formed after dosing with N2 can be calculated from figure 7.7b)
and is 7× 10−4 scc. This is only a small amount, compared to the content of the
dosing volume, which is 1 scc. Because the species from the dosing volume are
fully dissociated and volume processes can be neglected during the dosing, this
indicates a small surface coverage of available NO.

When pre-treatment with only N2 or only O2 is performed, no NO2 or N2O
is observed. So a pre-treatment with both N2 and O2 is required to temporally
form NO2 or N2O.

7.6.2 Pre-treatment with mixture of N2 and H2

In another dosing experiment the reactor is pre-treated with a mixture of 15 sccs
N2 and 15 sccs H2, which mixes with the expansion created from 50 sccs argon
(I =45 A). The abundance of NH3 is monitored with the TDLS setup and the
abundances of N2 and H2 are monitored with the mass spectrometer. The results
are displayed in figure 7.8. At time = 26 s, the valve between dosing volume (filled
with H2) and reactor is opened. A temporal increase in the mass spectrometry
signal for H2 is observed, together with a temporal increase in the NH3 absorption
measurement. The peak in the H2 signal in figure 7.8a) corresponds to 0.8 scc H2,
which is in reasonable agreement with what can be expected based on the filling
of the dosing volume (1 scc). The amount of NH3 in the dosing peak corresponds
to 4 × 10−3 scc. Similar results were obtained after the same pre-treatment and
dosing with N2 instead of H2. No increase in the measured density of NH3 was
observed, when the reactor was pre-treated with either N2 or H2 and dosing with
either H2 or N2 respectively. This indicates that surface-adsorbed H and surface-
adsorbed NHx are important for the formation of NH3.
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7.7 Discussion on dosing experiments

It is clear from figure 7.6, that an extra source of N exists, because NO is being
formed for a relatively long time, after stopping the N2 flow. This figure also
indicates that no significant amount of NO is desorbing from the surfaces, when
no O2 is admixed to the system. O atoms, produced in the plasma from the
admixed O2 molecules, can apparently form NO by an Eley-Rideal reaction. So
there is hardly any spontaneous desorption of NO, which implies that surface
adsorbed NO is available for the dosing experiments for a relatively long time.

Pre-treatment with a combination of N2 and O2 is necessary to form temporar-
ily a measurable amount of NO2 or N2O after dosing with O2 or N2 respectively.
If we assume that the interaction between gas phase N2 and surface adsorbed
species is not efficient, and the same is true for gas phase O2, then this is a direct
indication for a significant coverage of the surface by NO. Coverage of the surface
with either N or O atoms does not lead to surface production of NO2 or N2O.

The pre-treatment with a combination of N2 and H2 is necessary to form
a measurable quantity of NH3 after dosing with N2 or H2. This implies that a
significant amount of surface adsorbed NHx is present. The results for dosing with
H2 and N2 were indistinguishable. The mechanism of the formation of NH3 with
N2 dosing occurs most likely via surface adsorption of N atoms and subsequent
formation into NH, NH2 and finally NH3 which desorbs from the surface. This
implies H atoms at the surface to be very mobile.

7.8 Conclusions

The formation of NH3 from mixtures of N2 and H2, admixed to an argon expansion
created in a cascaded arc is investigated. The maximum observed mole fraction
of NH3 corresponds to a conversion of 25 % of the maximum conversion possible,
and is only limited by the ratio of rates of surface association of plasma produced
radicals into N2, H2 and NH3.

The admixture of O2 to the plasma results in a significant decrease of the
observed mole fraction of NH3. By comparing the mole fractions of the newly
produced types of molecules in the plasma at various conditions, we conclude
that the surface production of NH3 is hampered by the admixture of O-containing
particles, instead of NH3 being destroyed. The main surface-adsorbed precursor
changes from NH2 to OH when the admixture of O2 is increased.

From the results of the dosing experiments, we conclude that the surface-
adsorbed species that contribute to the formation of NO are N atoms. No sign
of the contribution of surface-adsorbed O atoms is observed. Hardly any spon-
taneous desorption of NO is observed, which implies that the binding energy of
NO is relatively high. The surface-adsorbed species contributing to the formation
of NO2 or N2O is mainly NO. The surface-adsorbed species contributing to the
formation of NH3 are mainly NHx and H.

The experiments show that surface production of molecules is the dominant
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process in low pressure plasmas. Also it appears that surface adsorbed species
form a significant reservoir for the formation of new molecules even long after the
discharge was ended.
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Appendix

The gas phase interactions that are implemented in the chemkin model are sum-
marized in table 7.2. The rate constants for the interactions between radicals and
molecules (reactions 14-62) are taken from [26]. The reaction set is supplemented
with charge transfer and dissociative recombination reactions. The rate constants
are implemented as:

k = ATn exp
(
−eEact

kT

)
, (7.1)

where Eact is expressed in eV.

Table 7.2: The gas phase interactions implemented in the chemkin model.

Reaction A (m3/s) n Eact (eV)
1 Ar++N2→N2

++Ar 2.0E-16 0.0 0.0
2 Ar++O2→O2

++Ar 1.0E-16 0.0 0.0
3 Ar++H2→ArH++H 1.2E-15 0.0 0.0
4 Ar++NH3→NH3

++Ar 1.6E-15 0.0 0.0
5 Ar++NO→NO++Ar 3.0E-16 0.0 0.0
6 Ar++H2O→H2O++Ar 3.0E-16 0.0 0.0
7 N2

++e→2N 2.0E-13 0.0 0.0
8 O2

++e→2O 2.0E-13 0.0 0.0
9 ArH++e→Ar+H 1.0E-13 0.0 0.0

10 NH3
++e→NH2+H 1.0E-13 0.0 0.0

11 NH3
++e→NH+H2 1.0E-13 0.0 0.0

12 NO++e→N+O 2.0E-13 0.0 0.0
13 H2O++e→OH+H 2.0E-13 0.0 0.0
14 N+NO→O+N2 1.0E-18 0.5 0.0
15 N+O2→O+NO 5.5E-20 1.0 0.3
16 N+NO2→2O+N2 9.1E-19 0.0 0.0
17 N+NO2→O+N2O 3.0E-18 0.0 0.0
18 N+NO2→N2+O2 7.0E-19 0.0 0.0
19 N+NO2→2NO 2.3E-18 0.0 0.0
20 O+NO→NO2 4.2E-24 0.0 0.0
21 O+N2O→N2+O2 8.3E-18 0.0 1.2
22 O+N2O→NO+NO 1.5E-16 0.0 1.2
23 O+NO2→NO+O2 3.3E-18 0.2 0.0
24 O+NO3→O2+NO2 1.0E-17 0.0 0.0
25 NO+O2→O+NO2 2.8E-18 0.0 2.0
26 NO+N2O→N2+NO2 4.6E-16 0.0 2.2
27 O2+H↔OH+O 3.7E-16 0.0 0.7
28 H2+O↔OH+H 3.0E-20 1.0 0.4
29 H2O+H↔OH+H2 1.4E-16 0.0 0.9
30 H2O+O↔2OH 9.6E-17 0.0 0.8

Continued on Next Page. . .
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Reaction A (m3/s) n Eact (eV)
31 NO+OH↔H+NO2 3.3E-19 0.5 1.3
32 NO2+OH↔NO+HO2 1.7E-19 0.5 0.5
33 OH+HNO2↔H2O+NO2 2.5E-18 0.0 0.0
34 HNO+OH↔NO+H2O 2.1E-18 0.5 0.1
35 N2O+OH↔N2+HO2 1.0E-18 0.0 0.4
36 N2O+H↔N2+OH 1.3E-16 0.0 0.7
37 NO3+H↔NO2+OH 5.8E-16 0.0 0.1
38 NH3+M↔NH2+H+M 4.2E-14 0.0 4.1
39 NH3+H↔NH2+H2 2.1E-16 0.0 0.9
40 NH+H↔N+H2 8.3E-17 0.0 0.1
41 NNH+NH↔N2+NH2 3.3E-19 0.5 0.1
42 NH+NH↔NH2+N 3.3E-19 0.5 0.1
43 NH+NH↔NNH+H 1.3E-18 0.5 0.0
44 N2H2+NH2↔NNH+NH3 1.7E-17 0.0 0.2
45 NNH+NH2↔N2+NH3 1.7E-17 0.0 0.0
46 NH2+NH2↔NH+NH3 1.0E-17 0.0 0.4
47 N2H4+O↔N2H2+H2O 1.0E-16 0.0 0.1
48 N2H3+O↔NNH+H2O 5.3E-19 0.5 0.0
49 NNH+O↔N2O+H 1.7E-17 0.0 0.1
50 NH3+O↔NH2+OH 3.3E-17 0.0 0.4
51 NH+O↔NO+H 1.0E-18 0.5 0.0
52 N2H4+OH↔N2H3+H2O 6.6E-17 0.0 0.0
53 N2H3+OH↔N2H2+H2O 6.6E-17 0.0 0.1
54 NH3+OH↔NH2+H2O 9.5E-17 0.0 0.3
55 NH2+OH↔NH+H2O 8.1E-19 0.5 0.1
56 NH+OH↔N+H2O 8.1E-19 0.5 0.1
57 NO+NH↔N2O+H 1.7E-18 0.0 0.0
58 NH2+NO↔N2O+H2 8.3E-17 0.0 1.1
59 N2O+NH↔N2+HNO 3.3E-18 0.0 0.3
60 N2(A)+O2→N2O+O 8.7E-22 0.6 0.0
61 N2(A)+N2O→N2+N+NO 1.0E-17 0.0 0.0
62 N2(A)+NO2→N2+O+NO 1.0E-18 0.0 0.0
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In conclusion
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Chapter 8

Concluding remarks

The central theme in this thesis is the plasma assisted conversion of molecules.
In chapter four, it was shown that general trends in the conversion of complex
gas mixtures in a low pressure microwave discharge can be recognized. From
mixtures of CH4, N2 and O2, mainly CO is formed, together with N2, H2 and H2O.
Especially the formation of mainly CO is remarkable, because during oxidation
processes, usually CO2 and H2O are the end products. In a parallel plate reactor
at similar pressure, also significantly more CO than CO2 is formed, as presented
by Fan et al.1, and displayed in figure 8.1. It shows that the introduction of a
plasma enables new degrees of process control, for example for syngas production
(mixtures of CO and H2)2. At a significantly lower level other types of gases
like NH3 and NO are formed. Furthermore, the amount of O2 injected into the
system determines the ratio between deposition and etching of an amorphous
hydrogenated carbon layer.
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Figure 8.1: CO and CO2 in a microwave discharge fed with mixtures of CH4, O2 and
H2 at a total pressure of p = 1.3 mbar and a current of I = 100 mA. This figure is
reproduced from W. Y. Fan et al. 1999, J. Phys. Chem. A, 103, p4118.

1W. Y. Fan et al. 1999, J. Phys. Chem. A, 103, p4118.
2J. M. Cormier and I. Rusu 2001, J. Phys. D: Appl. Phys. 34, p2798
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Direct comparison ETP versus MW The conversion of mixtures of N2,
H2 and O2 into original and new types of molecules is determined in both an
expanding thermal argon plasma and a microwave discharge containing mainly
argon.
In the expanding thermal plasma system, a flow of 3000 sccm is directed
through the cascaded arc. Furthermore, a combination of N2, H2 and O2

is injected into the background of the reactor. The flows of N2 and H2 are set
to 75 and 225 sccm respectively which is in total equal to the flow that could
fully be dissociated by the flow of Ar+. The ratio of admixed N2 / H2 is set to 1
/ 3. Furthermore, a varying flow of O2 is injected into the background. In this
case in the flow range of 0 - 300 sccm. The pressure is kept at 20 Pa and the
current through the arc is 55 A. The results are given in figure a), where the
mole fractions are converted into effective mole fractions, i.e. the mole fraction
excluding argon.
The flow settings in the microwave system are matched to the conditions set in
the expanding thermal plasma system. 420 sccm Ar is directed into the reactor
and the pressure in the system is kept at 150 Pa. The N2 and H2 flows are
set to 5 and 15 sccm respectively, which is approximately the total flow that
can be dissociated. Furthermore, a varying amount of O2 is directed into the
background of the reactor: 0 - 20 sccm. The total input power into the plasma
is 1.5 kW. The results are given in figure b), again expressed as effective mole
fractions.

0 100 200 300
10-3

10-2

10-1

100

 

 

E
ffe

ct
iv

e 
m

ol
e 

fra
ct

io
n

(O2) (sccm)

O
2

H
2

N
2

H
2
O

NH
3

NO

N
2
O

(a)

0 5 10 15 20
10-3

10-2

10-1

100

 

 

E
ffe

ct
iv

e 
m

ol
e 

fra
ct

io
n

(O2) (sccm)

 H2    NH3

 N2    NO
 O2    N2O
 H2O

O
2

H
2

N
2

H
2
O

NH
3

NO

N
2
O

(b)

a: Expanding thermal plasma, b: microwave discharge

Regeneration of the injected molecules is the same in both systems, and also
the behavior of H2O is very similar. The species that are less abundant (NH3,
NO, N2O) show some differences: more NO and a stronger decrease of NH3

in the microwave discharge. These differences can partly be due to details of
surface association, but also to different excitation / dissociation efficiencies.
This is addressed in more detail in the microwave system in chapter five.



8.1 Diagnostics 165

Also when mixtures of N2, H2 and O2 are admixed to different types of argon
plasmas, similarities in the conversion of the injected gases can be recognized.
In the insert, a detailed comparison between the conversion in an expanding
thermal plasma and in a microwave reactor is presented. The similarities in
the conversion between the different plasma reactors possibly indicate similarities
in surface production of species from plasma produced radicals, because at the
studied pressures (1.5 mbar and lower) three particle recombination of radicals
into bigger types of molecules is a slow process and the dissociation degree is
significant. It shows that not only on a global level, but also on a detailed level,
similarities between the different studied systems exist. For example, in both
systems, an efficient conversion of mixtures of N2 and H2 into NH3 is observed.
The admixture of O2 results in both types of systems in a strong decrease of
the measured abundance of NH3. In chapters five and seven we concluded that
mainly the surface production of NH3 is stopped when O2 is admixed.

8.1 Diagnostics

The plasma compositions mentioned in the previous section were determined by
means of a combination of mass spectrometry and tunable diode laser absorption
spectroscopy. The applicability of an alternative optical absorption technique has
also been explored: the combination of a cascaded arc, used as a very bright,
broadband light source with a Fourier transform spectrometer. The advantages
of using this type of light source are 1) the broad wavelength range, over which
it can be applied (from the ultraviolet to the mid-infrared part of the spectrum),
2) the high produced beam quality (small etendue) and 3) the high light output
intensity. The produced beam quality was optimized by shaping the arc chan-
nel geometry into an hourglass-like structure, resulting in a radiance as high as
L = 3.5 × 1012 Wm−2m−1sr−1 in the near-infrared part of the spectrum. The
quality of the beam is such that the maximum resolution of 0.15 cm−1 can be
reached with the full etendue, i.e. without limiting it by a pinhole.

It is shown in chapters four to seven, that the combination of a quadrupole
mass spectrometer and mid-infrared tunable diode laser absorption spectroscopy
is very powerful to analyze the conversion of gases injected in a recombining
plasma. Tunable diode lasers are used for the optical absorption experiments, be-
cause they exhibit a better spectral resolution and time response. The sensitivity
of the tunable diode laser absorption measurements was also significantly higher
than the quadrupole mass spectrometry measurements for the species studied,
making it the preferred diagnostic. However mono-atomic gases and homonu-
clear, diatomic molecules are in general not active in the infrared, but can be
detected with the quadrupole mass spectrometer. The accuracy in the presented
tunable diode laser absorption measurements was typically 10 % whereas that of
the quadrupole mass spectrometry measurements was estimated as 20 %.
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8.2 Research topics

The general observations in this chapter lead to three main research topics related
to plasma assisted conversion of gases that are covered in this thesis.

The first one is the contribution of surface association processes of plasma-
produced radicals to plasma assisted conversion of gases at low pressure.

The importance of surface association has been pointed out at different places
in this thesis. In the studied plasma systems, the kinetics can be summarized as 1)
dissociation of injected gases by the plasma and 2) association of plasma-produced
radicals into stable molecules at the walls of the reactor. Next to these effects,
also follow-up reactions between surface-produced species and plasma-produced
radicals occur, which partly mask the surface production processes. In all stud-
ied conditions, surface association of plasma-produced radicals is dominating the
kinetics. For example in an argon expanding thermal plasma, typically a flow of
300 sccm of feedstock gases is dissociated. The calculated rate of surface associa-
tion of N and O atoms was found to be in the same order, and in some cases even
higher than the rate of dissociation of feedstock gases.

The second research topic is the determination of the most important types of
surface-adsorbed radicals for the formation of new molecules.

In this thesis, mixtures of N2, H2 and O2 were injected into the plasma system.
From the plasma produced radicals, again mainly N2, H2 and O2 are created at the
surfaces, which can be concluded from a comparison between estimations of the
dissociation rates of the injected gases and the observed molecular abundances in
the plasma. This conclusion follows also from earlier measurements for conditions
in which composite gases, like NO and NH3 were injected. Also here mainly N2,
H2 and O2 were generated if the injected gases were dissociated3. This can only
be concluded, because volume association processes of plasma produced radicals
into stable molecules are not efficient at low pressure. The fact that mainly N2,
H2 and O2 are formed at surfaces indicates that mainly N, O and H atoms are
available at the surfaces of the reactor walls to form new molecules.

Besides the formation of N2, H2 an O2, also H2O is formed in significant
amounts. Therefore surface-adsorbed OH is most likely also a dominant precursor
for surface-association. A smaller fraction of the plasma produced radicals is
converted into NO, NH3, NO2 and N2O. This suggests that also surface-adsorbed
NO, NH and NH2 are present at the surfaces of the reactor walls.

By means of the comparison of measured plasma compositions and chemkin
simulations, indications on the surface coverage of species contributing to the
formation of new types of species are obtained. In the case mixtures of N2 and
O2 are admixed, it is calculated that mainly N and O atoms are adsorbed at
the surface. Already for relatively small admixed flows of O2 (in the studied
cases already at Φ(O2)/(N2 + O2) ≥ 0.1), mainly O atoms are adsorbed. For
relatively high admixed O2 flows, the calculated coverage of NO is in the order
of 10−4 − 10−3. In the case mixtures of N2 and H2 are admixed, the surface

3van Helden, 2006, PhD thesis, Technische Universiteit Eindhoven.
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is calculated to be covered mainly with N and H atoms. The surface-adsorbed
species cover only a fraction of 10−3 of the available surface sites. When mixtures
of N2, H2 and O2 are admixed, the surface is covered mainly with N, H and O
atoms and OH molecules.

The third research topic is the surface coverage, bond strength and mobility of
available surface-adsorbed species during radical exposure

When only mixtures of N2 and H2 are injected, mainly N2 and H2 are formed
from the plasma produced N and H atoms, but also a significant amount of NH3

is created. In chapters five and seven it is observed that in plasmas of N2 and H2

to which a small amount of O2 is admixed the oxygen is mainly found back in
H2O. When oxygen is admixed, the surface formation of NH3 is stopped, which is
supported by chemkin simulations. This suggests that OH radicals replace the
surface adsorbed NH and NH2 radicals that are present when mixtures of only N2

and H2 are injected. The bond strength of OH to the surfaces is therefore higher
than of NO and NH. This is observed on both stainless steel and aluminium
reactor wall materials.

A surface coverage with species contributing to the formation of new types of
molecules in the order of 10−4 – 10−3 is concluded from dosing experiments and
comparisons between measured plasma compositions and chemkin simulation
results.

This study was primarily directed to the investigation of molecule formation
at the surface. However, information is also obtained about the type of binding
of surface adsorbed species, which take part in the chemistry. Indications are ob-
tained by a comparison between the chemkin simulation and measured molecular
abundances for a large number of measurement series. The best agreement be-
tween calculated molecular abundances and the measured molecular abundances
is observed when low activation energies are implemented in the simulation pro-
gram, in the order of 0.15 eV for diffusion and 1 eV for desorption. Note that for
both diffusion and desorption a frequency factor of ν = 1013 s−1 is implemented
(see chapter six for more details on this subject).

The combination of low activation energies for diffusion and low surface cov-
erage of species contributing to the formation of new molecules indicates the
presence of a mobile surface layer. A possible interpretation is the following:
plasma-produced radicals cover the bare surfaces of the reactor walls completely
and radicals impinging on these covered surfaces adsorb loosely and are very
mobile. Only these mobile species contribute to the formation of new types of
molecules. If this is generally true, the choice of surface material becomes of less
importance for the conversion processes. This somehow resembles the division into
chemisorbed and physisorbed species. With the difference, that the value of the
implemented desorption energy is on the high side for physisorbed species. The
implemented value of the sticking coefficients are in agreement with the reported
sticking coefficients for covered surfaces, as shown for example by Matsushita et
al.4. In their case, the sticking coefficient for O atoms on a clean stainless steel

4J. Matsushita et al. 1997, Jpn. J. Appl. Phys., 36, p4747.
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surface changes from unity on a clean surface to 0.1 after exposure of the surfaces
with the equivalent of a few monolayers of O atoms.

8.3 Future

In this thesis the role of the surfaces of the reactor walls in a low pressure, recom-
bining plasma is explored and for relatively simple situations, the most important
surface-adsorbed precursors are identified. Still, more information is needed on
surface coverage and interactions between surface-adsorbed species in real dis-
charge conditions, to obtain a better control of gas conversion processes.

The measurement of transient species like N, O and H atoms and OH radicals
by for example two-photon absorption laser induced fluorescence (talif) can be
used to verify the results of the chemkin simulations. Direct observation of the
chemically active surface layer may be difficult. An indirect view would be given
by absolute measurements of also these transient species.

The application of reflection-absorption-infrared-spectroscopy might provide
information on a possible passivating layer of chemisorbed species. If this layer is
not present, and only a mobile surface layer as described in the chemkin simula-
tions is active, the detection of surface-adsorbed species will be extremely difficult,
because of the low surface coverage. Most other surface science techniques are by
their nature not suited because of the harsh plasma environment and the metal
surface layers.

Finally, situations can be investigated, in which the introduction of a plasma
in gas conversion processes has a significant added value. On the short term,
this can probably be applied in exhaust gas cleaning or small-scale production of
specific species like ammonia. On the long term, one could envisage cheap and
easy alternatives for expensive catalytic materials to be developed, based on the
combination of a plasma and control of the heterogeneous processes between the
plasma produced species and surfaces. The extra energy costs associated with the
production of the plasma needs to be reduced or to be treated in a smart way,
before it will be applied on a large scale.
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Molecule conversion in recombining plasmas
- the role of radical-surface interactions -

The conversion of molecules proceeds commonly by activated chemical pro-
cesses which require a high temperature, high pressure and often specific catalytic
surfaces. The use of a plasma introduces new degrees of control of the conversion
processes. The feedstock gases are dissociated in the plasma, thereby eliminating
one reason for activation. In particular at low pressure the association of plasma
produced radicals occurs mainly at the walls of the reactor. In this thesis, the
role of radical-surface interactions in a plasma reactor is investigated and details
of these heterogeneous processes during exposure of the surfaces to an intense,
recombining plasma are studied.

To investigate the role of radical-surface interactions, the conversion of molecules
in a plasma is studied in detail by means of mass spectrometry and a dedicated op-
tical absorption spectroscopy system in two different types of plasma reactors: an
expanding thermal plasma (Eindhoven) and a microwave discharge (Greifswald).
Although the reactors are fundamentally different, the conversion of molecules
on a global scale shows a remarkable resemblance. First of all radicals produced
from feedstock gases containing N, H and O are mainly converted to N2, H2 and
O2 (but also H2O). If the feedstock gases contain also C (e.g. CH4 or CO2) then
CO is a major product. These results are independent of the nature of the feed-
stock gases. Smaller fractions of other gases, like NO and NH3, have also been
observed. Admixing O2 to plasmas created from a mixture of N2 and H2 results
in both types of reactors in a significant decrease of the observed abundance of
NH3. Instead, mainly H2O and NO are formed.

We have studied the role of surface association in the formation of molecules
by a detailed comparison of the measured composition of the studied plasmas with
the results of a simulation that considers both homogeneous and heterogeneous
interactions. In short, the conversion of molecules in low pressure, recombining
plasma systems proceeds as follows. The injected gases are dissociated by the
plasma and the plasma-produced radicals flow through the volume towards the
surfaces of the reactor where they adsorb to the surface, pick up a surface-adsorbed
species or reflect at the surface. Surface-adsorbed species also interact with each
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other, thereby producing new molecules that desorb from the surface. In the
volume of the reactor, also gas phase interactions play a role and influence the
composition of the plasma.

The best agreement between calculations and measurements was found for low
activation energies and desorption energies of the surface processes implemented
in the simulation. A low surface coverage follows from the calculations. This can
be interpreted as a layer of mobile species that contribute to surface association,
on top of a passivating chemisorbed layer of radicals. By means of time-dependent
dosing studies, the types of surface-adsorbed species during exposure of plasma
produced radicals on stainless steel reactor walls are identified as: N, O, NO, H
and NH2 in mixtures of nitrogen and oxygen or nitrogen and hydrogen.

By comparing the results from the simulations with the measured composition
of the plasma, it is shown in low pressure plasmas created from mixtures of N2 and
O2 that the total rate of surface production is even in the same order as the rate
of dissociation of the feedstock gases in the plasma. This indicates that surface
association of plasma-produced radicals is a dominant process in the conversion
of molecules in low pressure recombining plasma systems.
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Molecuulconversie in recombinerende plasmas
- de rol van radicaal-oppervlak interacties -

De conversie van moleculen verloopt in het algemeen via geactiveerde chemis-
che processen, die een hoge temperatuur, hoge druk en vaak specifieke kataly-
tische materialen vereisen. Het gebruik van een plasma introduceert nieuwe mo-
gelijkheden om de conversieprocessen te sturen. De om te zetten gassen worden
gedissocieerd door het plasma, waardoor één van de voornaamste redenen voor
activatie wordt geëlimineerd. Vooral bij lage druk verloopt de associatie van
plasma-geproduceerde radicalen aan de wanden van de reactor. In dit proef-
schrift wordt de rol van oppervlaktes in een plasma reactor bestudeerd, samen
met details van de heterogene processen tijdens blootstelling van de oppervlaktes
aan een recombinerend plasma.

De conversie van moleculen is onderzocht met behulp van massaspectrometrie
en een geavanceerd optisch absorptiespectroscopy systeem in twee verschillende
types plasmareactoren: een expanderend thermisch plasma (Eindhoven) en een
microgolfplasma (Greifswald). Hoewel deze reactoren fundamenteel van elkaar
verschillen, vertoont de conversie van moleculen op globale schaal opmerkelijke
overeenkomsten. Radicalen die met behulp van het plasma zijn geproduceerd
van gëınjecteerde gassen die N, H en O atomen bevatten worden voornamelijk
omgezet in N2, H2 en O2 (maar ook H2O). Als de gëınjecteerde gassen ook C be-
vatten (bijvoorbeeld CH4 of CO2) dan wordt ook CO in significante hoeveelheden
gevormd. Deze resultaten zijn onafhankelijk van de exacte samenstelling van de
gëınjecteerde gassen. Kleinere fracties van andere gassen, zoals NO en NH3, zijn
ook waargenomen. Het toevoegen van O2 aan plasmas gecreëerd van mengsels
van N2 and H2 resulteert in beide types reactoren in een sterke afname van de
waargenomen dichtheid van NH3. In plaats daarvan wordt voornamelijk H2O en
NO gevormd.

We hebben de rol van oppervlakte associatie in het vormen van moleculen
onderzocht door middel van een gedetailleerde vergelijking van gemeten plas-
masamenstellingen met de resultaten van een simulatie die zowel homogene als
heterogene interacties in de reactoren beschrijft. In het kort verloopt de conversie
van moleculen in lage druk recombinerende plasmas als volgt. De gëınjecteerde
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gassen worden gedissocieerd door het plasma en de plasma-geproduceerde radi-
calen stromen door de reactor in de richting van de wanden van de reactor. Daar
adsorberen de radicalen aan het oppervlak, pikken ze een geadsorbeerd deeltje
op of reflecteren ze aan het oppervlak. Deeltjes die zijn geadsorbeerd aan het
oppervlak reageren ook met elkaar en vormen nieuwe moleculen die desorberen
van het oppervlak. In het volume van de reactor treden ook gasfase interacties
op, die de samenstelling van het plasma bëınvloeden.

De beste overeenkomst tussen berekende en gemeten plasmasamenstellingen
wordt verkregen wanneer lage activatie-energieën en desorptie-energieën worden
gëımplementeerd voor de oppervlakteprocessen in de simulatie. Een lage opper-
vlaktebezetting volgt uit de berekeningen. Dit kan worden gëınterpreteerd als
een laag met mobiele deeltjes die bijdragen aan oppervlakte-associatie processen,
bovenop een passiverende laag van chemisch gebonden radicalen. Door middel
van tijdsafhankelijke studies van de dichtheden van de verschillende moleculen
zijn de types van geadsorbeerde deeltjes op de roestvrij stalen wanden van de
reactor gëıdentificeerd als voornamelijk: N, O, NO, H en NH2 in mengsels van
stikstof en zuurstof of stikstof en waterstof.

Door middel van een vergelijking tussen de resultaten van de simulaties en
de gemeten dichtheden van de deeltjes in het plasma hebben we laten zien dat
de totale productie van moleculen aan oppervlaktes in lage druk plasmas zelfs
ongeveer net zo snel verloopt als de dissociatie van gëınjecteerde gassen. Dit wijst
erop dat oppervlakte associatie van plasma-geproduceerde radicalen een dominant
proces is in de conversie van moleculen in recombinerende plasmas bij lage druk.
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