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Abstract 

In this dissertation, we studied heterogeneous surface recombination of neutral oxygen 
atoms. We described plasma as a reliable source of neutral oxygen atoms and the behavior 
of neutral atoms in low-pressure plasma sustained by high-frequency discharges. Neutral 
atom density in the flowing afterglow and the recombination coefficient on several surfaces 
were measured. The recombination is explained via two mechanisms: Eley-Rideal and 
Langmuir-Hinshelwood. We pointed out the factors influencing the recombination 
coefficient, such as the temperature of the surface facilitating the recombination process, 
the morphology of said surface, and pressure in the experimental system. We deemed 
calorimetry a suitable measurement method for measuring both the neutral atom density 
and the recombination coefficient, with a detailed explanation of the workings of a standard 
catalytic probe, while a laser fiber-optics catalytic probe and its drawbacks are mentioned. 
Examples of practical applications utilizing neutral atoms were provided for context. 
Recombination coefficients of oxygen atoms on different materials, as revealed from the 
literature, were compared, and conclusions were drawn from correlating factors, such as 
the increase of the recombination coefficient with the increasing surface temperature. A 
few hypotheses were established: the viability of the Šorli-Ročak method to determine the 
absolute number density of neutral oxygen atoms, the variable nature of the recombination 
coefficient, and the increase of the recombination coefficient with increasing temperature 
and surface roughness, as well as decreasing pressure. The Šorli-Ročak method was 
explained in detail and used in a low-pressure microwave discharge to successfully 
determine the absolute neutral oxygen atom density with three different materials: nickel, 
cobalt, and iron, confirming the first hypothesis. In the same system, the recombination 
coefficient of oxidized nickel was determined. We discovered that the recombination 
coefficient is not constant but increases with increasing surface temperature and decreasing 
pressure, confirming three hypotheses. An empirical formula was devised to describe the 
temperature and pressure dependence of the recombination coefficient. We carried out 
similar experiments with a catalytic probe with an oxidized cobalt tip, with similar results 
as for nickel, re-confirming the hypotheses. We found oxidized cobalt to have a stable 
recombination coefficient at elevated temperatures. The validity of the Šorli-Ročak method 
was again confirmed with the study of the penetration depth of oxygen atoms inside 
metallic tubes, with nickel, cobalt, and copper proven to be efficient recombinators. Carbon 
nanomaterials were examined as possible candidates for efficient recombination due to their 
high surface-to-mass ratio. We explained the synthesis of various carbon nanomaterials, 
and the importance of a carbon atom source was shown. The materials were examined 
using various measurement techniques. Lastly, the much higher recombination coefficient 
of carbon nanomaterial-covered oxidized cobalt samples was determined, confirming the 
last hypothesis. 
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Povzetek 

Glavna tema te disertacije je heterogena površinska rekombinacija nevtralnih kisikovih 
atomov. Plazmo smo opisali kot zanesljiv vir nevtralnih kisikovih atomov in opisali tudi 
obnašanje le-teh v nizkotlačnih plazemskih razelektritvah. Definirali smo dve ključni 
količini: gostoto nevtralnih atomov in rekombinacijski koeficient. Rekombinacijo smo 
pojasnili preko Eley-Rideal in Langmuir-Hinshelwood mehanizma. Na rekombinacijski 
koeficient vplivajo različni faktorji, med njimi temperatura in morfologija površine ter tlak 
v okolici. Za metodo merjenja gostote nevtralnih atomov in rekombinacijskega koeficienta 
smo izbrali kalorimetrijo, kjer smo podrobneje opisali delovanje katalitične sonde. Omenili 
smo tudi lasersko katalitično sondo in njene pomanjkljivosti. Opisanih je nekaj praktičnih 
primerov uporabe nevtralnih atomov. Med seboj smo primerjali rekombinacijske koeficiente 
kisikovih atomov na različnih materialih iz literature, na podlagi česar smo ugotovili, da se 
rekombinacijski koeficient v večini primerov viša z višanjem temperature površine. Podali 
smo naslednje hipoteze: Šorli-Ročak metoda je ustrezna za določanje absolutne gostote 
nevtralnih atomov. Rekombinacijski koeficient se spreminja, in sicer se viša z višanjem 
temperature in površinsko hrapavostjo ter niža s tlakom v okolici. Opisali smo Šorli-Ročak 
metodo in jo uporabili za določanje absolutne gostote nevtralnih kisikovih atomov v 
nizkotlačni mikrovalovni plazmi s pomočjo treh različnih materialov: nikelj, kobalt in 
železo. Ustreznost rezultatov je potrdila prvo hipotezo. V istem sistemu smo določili 
rekombinacijski koeficient oksidiranega niklja, ki ni konstanten, kar potrdi še eno hipotezo. 
Ugotovili smo, da se rekombinacijski koeficient viša z višanjem temperature in niža z 
višanjem tlaka, kar potrdi še dve hipotezi. Z empirično formulo smo opisali odvisnost 
rekombinacijskega koeficienta od temperature in tlaka. Enak eksperiment smo ponovili še 
za oksidiran kobalt, ki se obnaša podobno kot oksidiran nikelj, kar je še enkrat potrdilo 
naše hipoteze. Izjema je bila stabilnost rekombinacijskega koeficienta oksidiranega kobalta 
pri višjih temperaturah. Ustreznost Šorli-Ročak metode smo še enkrat potrdili z 
eksperimentom, kjer smo gledali vdorno globino nevtralnih kisikovih atomov znotraj 
kovinskih cevk. Uporabili smo cevke iz niklja, kobalta in bakra; njihova majhna vdorna 
globina je še enkrat potrdila ustreznost Šorli-Ročak metode. Opisali smo še ogljikove 
nanomateriale, ki so potencialno odlični rekombinatorji zaradi njihovega visokega razmerja 
med površino in maso, kar se odraža tudi v visoki hrapavosti površine. Sintetizirali smo 
nekaj različnih ogljikovih nanomaterialov, kar nam je pokazalo pomembnost izbire 
materiala za vir ogljikovih atomov, ki so gradniki ogljikovih nanomaterialov. Ogljikove 
nanomateriale smo preučili s pomočjo različnih merilnih tehnik. Nazadnje smo določili še 
rekombinacijski koeficient ogljikovih nanomaterialov, nanešenih na oksidiranem kobaltu. 
Zelo visoka vrednost rekombinacijskega koeficienta je potrdila še zadnjo hipotezo. 
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Chapter 1 

1 Introduction 

Any kind of outside interaction with the material, be it of electromagnetic, mechanical, or 
chemical nature, often starts at the surface of that material, regardless of the penetration 
depth of the interaction. In light of that, the surface of a given material and its properties 
have always been a highly important topic of research throughout history. From the 
hardest metals to the softest linen fabrics, their surface has always been of great interest 
to the prying eyes of a researcher. 

While surfaces can be studied with non-invasive methods, such as photon or electron-
based microscopy and spectroscopy, a large insight into the properties of the surface of a 
material can also be gleaned with more invasive methods, which can completely change 
the surface properties of a material. Such methods usually involve high-energy photons, 
ions, and sometimes even neutral particles, such as molecules, radicals, and atoms [1]. 

One such method is plasma treatment where we submerge a material into plasma which 
interacts with the material's surface. But first of all, what is plasma? Plasma is the so-
called fourth state of matter. It is in a gas phase, has a larger number of meta-stable 
particles (radicals, ions, free electrons, neutral atoms), and is not in thermal equilibrium, 
which means different particles have different thermal energies. Therefore, defining the 
temperature of the plasma is a little bit more complicated. Usually, plasma temperatures 
are given for specific particles, for example, electron temperature, ion temperature, neutral 
gas kinetic temperature, etc. [1], [2]. 

A plasma sustained by a gaseous discharge is a reliable source of charged and neutral 
reactive particles, chief among them being neutral atoms. For our work, we will be focusing 
on them and limiting ourselves to low-pressure plasma systems filled exclusively with 
oxygen (and traces of impurities). We will look closely at the effects neutral atoms have 
when the surface of a given material is exposed to them, and what their different uses are 
in surface treatment of materials. One example is controlled surface oxidation, widely used 
in different applications [3], [4], [5], [6], [7], [8], [9]. 

The recombination of oxygen atoms into an oxygen molecule requires the oxygen atoms 
to be much closer to each other than is the typical interatomic distance in a solid material 
[10], [11]. This means that at least one oxygen atom must be mobile on the surface of a 
solid to initiate recombination, which will be explained by two known mechanisms of 
heterogeneous surface recombination. 

In the first chapter, we will examine plasma as a steady source of neutral oxygen atoms. 
We will define the neutral atom density and the recombination coefficient and examine the 
mechanisms behind heterogeneous surface recombination. We will examine what factors 
influence the recombination coefficient and describe calorimetry as a viable measurement 
method. We will detail different discharges and other measurement methods that could 
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help us determine the recombination coefficient. Afterwards, we will outline a few 
hypotheses. 

In the second chapter, we will describe the Šorli-Ročak method and use it to determine 
the absolute neutral oxygen atom density. This will be used to determine the recombination 
coefficients of oxidized nickel and cobalt. Lastly, we will confirm the validity of the Šorli-
Ročak method by studying the penetration depth of oxygen atoms inside metallic tubes. 

In the third chapter, we will focus on carbon nanomaterials. We will examine a method 
of synthesis of such nanomaterials on metallic substrates using plasma-enhanced chemical 
vapor deposition (PECVD). After examining the surface properties of carbon 
nanomaterials, we will deposit them on the tip of a catalytic probe to determine the 
recombination coefficient of carbon nanomaterials. 

In the final chapter, we will summarize the conclusions of the dissertation and explain 
the experimental results. 

1.1 Plasma 
Plasma particles, such as partially ionized, dissociated, and excited radicals, which range 
from atoms and diatomic molecules to larger fragments of original molecules, can be used 
to modify the surface properties of materials [2], [12]. Depending on the type of a plasma 
particle and the surface properties of a material, there can be a difference in reactivity 
between the particle and the surface. This difference is partially a result of certain surface 
properties and partially a result of the reactivity of the particles interacting with the 
surface, which in turn is dependent on the potential energy of the particles. Let us assume 
that a molecule in its ground state has a potential energy 𝑊௣ = 0. If such a molecule were 
to dissociate into atoms, its potential energy, defined as dissociation energy, would be the 
same as the binding energy of the parent molecule [1], [2]. In our case, the dissociation 
energy 𝑊஽ for a two-atom oxygen molecule is 𝑊஽ = 5.16 eV [13]. 

Atoms formed inside gaseous plasma move freely and collide with one another. A direct 
two-body collision between two atoms cannot result in recombination (the formation of the 
parent molecule) since both atoms adhere to the law of conservation of both energy and 
momentum [2], [14]. The potential energy before the collision thus cannot transform into 
the kinetic energy of the formed molecule. Generally, recombination requires a three-body 
collision [14]. In special cases, there is also radiative association where simultaneously with 
the association occurs the formation of a photon [15]. 

We shall focus on three-body collisions. In gaseous plasma, the possibility of three-body 
collisions rises with density, which in turn rises with pressure. In general, the pressure (𝑝) 
of gas can be calculated as: 

 𝑝 = 𝑛 𝑘 𝑇  (1.1)

where 𝑛 is the number density of gaseous particles, 𝑘 = 1.38 ∙ 10ିଶ ୩୥ ୫మ

୏ ୱమ  is the Boltzmann 
constant, and 𝑇 is the kinetic temperature of the gas [1], [2], [14]. The frequency (𝜈), at 
which three-body collisions can occur in a rigid sphere model, is determined as: 

 𝜈 = 𝜎ହ/ଶ𝑛ଶ〈𝑣〉 (1.2)

where 𝜎 is the collisional cross-section and 〈𝑣〉 = ට
଼ ௞ ்

గ ௠
 is the average value of the speed of 

particles with a certain mass (𝑚). As evident from equations (1.1) and (1.2), the frequency 
of three-body collisions inside gaseous plasma is pressure-dependent, making the lifetime 
of a neutral atom range from a few hours at low pressures to microseconds at atmospheric 
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pressure [14]. Therefore, we shall assume that, at low pressures, three-body collisions in 
gaseous plasma are negligible. Of course, a neutral atom does not necessarily recombine in 
every three-body collision, and the limits of a practical plasma system mean the neutral 
atom will eventually hit a boundary of the system and recombine there. 

Let us look at a simple vacuum chamber shown in Figure 1 where gas is introduced on 
one side and pumped out on the other. Gas drifts from the inlet to the pump with the drift 
velocity (𝑣த), defined as: 

 𝑣ௗ = 𝑆/𝐴′  (1.3)

where 𝑆 is the effective pumping speed at which the gas is being pumped out of the 
system, and 𝐴′ is the cross-section of the vacuum chamber [14], [16]. Typical effective 
pumping speeds are expressed in dmੋ/s [14]. The pressure gradient inside the wide tube, 
as seen in Figure 1, is minimal, allowing for an approximation of uniform pressure inside 
the wide tube. If such a system were host to a plasma, the radicals would be pumped out 
of the system at a considerably faster rate than they would recombine in three-body 
collisions. 

  

Figure 1: Schematic of a simple vacuum system above and the approximation of the 
pressure gradient along the vacuum system below. 

Let us focus on the surface of the plasma system where the flux of particles, in our case 
atoms (𝑗஡ழய஭ள), onto a surface is defined as: 

 𝑗𝑎𝑡𝑜𝑚𝑠 =
1

4
𝑛〈𝑣〉 . (1.4)

While stable molecules in their ground state may not be very reactive, the same cannot 
be said about radicals, among them neutral atoms, which are more chemically reactive. 
Such particles feel an attractive force on the surface and stay on it for certain time periods 
which depend on the surface properties of the material. In general, surfaces become 
saturated with a single layer of atoms, with the surface saturation time depending on the 
flux of atoms onto the surface and, consequently, the density of atoms [14]. Adsorbed 
particles may migrate, dissociate, recombine, or, in some cases, desorb from the surface. If 
the residence time of an atom on the surface of a material is long enough, the atom may 
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interact with another atom, satisfying the conditions of a three-body collision. However, 
not every three-body collision results in recombination. The probability (and at the same 
time the fraction of recombined molecules) is described with the recombination coefficient 
(𝛾), which is defined as: 

 𝛾 =
𝑗௔௧௢௠௦

2𝑗௠௢௟௘௖௨௟௘௦
  (1.5)

where 𝑗஭ய஬஥ணவ஬஥ள is the flux of molecules from the surface [14], [17]. There are a couple of 
necessary conditions for recombination to take place: the density of atoms adsorbed on the 
surface must be high enough, and the adsorbed atoms must be trapped in a potential well 
of the surface [18]. Once that atom recombines with an incident atom, the resulting 
molecule has a much lower energy barrier to overcome to escape the surface, as shown 
schematically in Figure 2. The difference in potential energy is transferred to the internal 
energy of the solid, which means that a recombination process warms up the surface of the 
material. 

 

Figure 2: A simplified graph of potential energy (𝑊ர) versus the distance (𝑑) from the 
surface of a material for a neutral atom and a two-atom molecule. The difference between 
the atom and molecule potential energies (Δ𝑊ர) far away from the surface of the material 
is equal to half the dissociation energy of the molecule [14].  

A substantial fraction of the potential energy of the atoms is transferred to the internal 
energy of the solid material, thus heating it. The power (𝑃ந) of such heating is: 

 𝑃௛ =
1

2
𝑗௔௧௢௠௦𝑊஽𝐴𝛾  (1.6)
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where 𝑊ஊ is the dissociation energy of the molecule and 𝐴 is the geometrical surface 
area of the material that is exposed to the flux of atoms [14], [17]. If we insert equation 
(1.4) into equation (1.6), we get the following relation: 

 𝑃௛ =
1

8
𝑊஽𝑛〈𝑣〉𝐴𝛾 . (1.7)

 
The same solid also releases energy via gray body radiation according to Stefan – 

Boltzmann law. Let us assume our solid material has a spherical shape and is suspended 
on a thin wire inside a vacuum system, approximating a levitating sphere with negligible 
absorption of gray body radiation from its surroundings (when the system temperature is 
much lower than the temperature of the material). The power of gray body radiation (𝑃′) 
of that material is: 

 𝑃ᇱ = (1 − 𝑎)𝐴𝜎ௌ𝑇ௌ
ସ  (1.8)

where 𝑎 is the albedo of the material, 𝜎ங = 5.67 ∙ 10−ৡ 𝑊/𝑚ੑ𝐾৶ is the Stefan-Boltzmann 
constant, and 𝑇ங is the temperature of the solid material. After exposing a solid material 
to such a system for a while, it reaches its equilibrium temperature (𝑇஥) once the heating 
power (equation (1.7)) and the cooling power (equation (1.8)) are equal: 

 𝑇௘ = ඨ
𝑊஽𝑛〈𝑣〉𝛾

8(1 − 𝑎)𝜎ௌ

ర

 . (1.9)

For an atom density of 𝑛 ≥ 10ੑਢm−ੋ, which is fairly common for low-pressure plasma 
sustained by electrodeless discharges [19], [20], a material with a sufficiently high 
recombination coefficient (𝛾 ≥ 0.1) may reach temperatures well over 1000 K [14], [21]. 
Materials with such a high recombination coefficient are considered catalytic for surface 
recombination. There are two underpinning mechanisms explaining surface recombination, 
and the first we will examine is the Eley-Rideal mechanism [21], [22]. 

One of the proposed models for neutral atom recombination on a surface, the Eley-
Rideal mechanism describes the interaction between two neutral atoms: one already 
adsorbed to the surface and another arriving at the same position on the surface from the 
gas phase (Figure 3). A strong interaction between these two atoms leads to their 
association with the parent molecule, which leaves the surface very quickly [21], [22], [23]. 

The recombined molecules on the surface are not necessarily in thermal equilibrium 
with the surface. Thus, they can retain a substantial fraction of the potential energy as 
internal energy after desorption. This fraction can be as high as roughly half the 
dissociation energy of the molecule [22]. The resulting molecule leaving the surface is 
therefore often in an excited rotational or vibrational state. However, there is another 
mechanism for the recombination of neutral atoms atop the surface of a material. 
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Figure 3: A simple schematic of the Eley-Rideal mechanism: a) atoms from the gaseous 
state approach a surface; b) they are adsorbed to the surface because another atom 
approaches the same position on the surface; c) the approaching atom recombines with the 
already adsorbed atom; d) the resulting molecule leaves the surface. 

Another prominent model for surface recombination is the Langmuir-Hinshelwood 
mechanism, which describes the interaction of two atoms that are already adsorbed to the 
surface of the material [21]. Those two atoms diffuse on the surface and recombine once 
they are in each other's vicinity (Figure 4). Both atoms lose most of their potential energy 
upon adsorption. Therefore, the resulting recombined molecule does not have substantial 
potential energy [14], [17].  

 

Figure 4: A simple schematic of the Langmuir-Hinshelwood mechanism: a) atoms from the 
gaseous state approach a surface; b) they are adsorbed to the surface, and migrate along 
with it; c) two migrating atoms reach one another and recombine; d) the resulting molecule 
leaves the surface. 

The predominant mechanism is tied to the conditions of the system, such as the binding 
energy of atoms to the surface, the surface mobility of atoms, and the temperature of the 
solid material. The recombination coefficient also changes with the changing of the 
mechanism. However, many different factors influence the recombination coefficient of a 
material. While recombination coefficients for different types of plasma particles have been 
measured (for example, surface ion neutralization is almost 100%), our sole focus will be 
the recombination of neutral atoms [24], [25], [26], [27]. 

While the exact nature of the recombination coefficient has not been entirely 
determined or described in theory, we can rely on experimental results to study its 
behavior. First, let us examine what the recombination coefficient of a certain material 
tells us. Each type of material has a different recombination coefficient for a different gas. 
If the recombination coefficient is low (below 0.01), which is the case for borosilicate glass 
and oxygen atoms, then most of the oxygen atoms will not recombine on the glass surface 
[28], [29], [30]. Such materials are considered inert because the density of available binding 
sites for adsorption of gaseous atoms is low [14]. For example, the lack of interaction 
between borosilicate glass and oxygen makes the glass an almost perfect material for 
building a plasma system. On the other hand, a material with a high recombination 
coefficient (𝛾≥0.1) can be used inside a plasma system for different purposes. For example, 
nickel and nickel oxide are both used as materials for a catalytic probe that can measure 
the density of atoms in plasma [14], [15], [31], [22]. Because the material heats up from 
frequent recombinations on its surface, the temperature of the material can be directly 
correlated to the density of neutral atoms inside the plasma.  

Materials with a high recombination coefficient are called catalytic materials since they 
act as catalyzers for heterogeneous surface recombinations. Catalytic materials have 
numerous binding sites for atoms. However, only sites for weakly bonded gaseous atoms 
increase the recombination rate since strongly bonded gaseous atoms have great difficulty 
interacting with other particles [14]. Only a few materials, most of them of high purity or 
perfect nature, such as monocrystals, have well-documented availabilities of binding sites 
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and potential good shapes for gaseous atoms, resulting in well-defined recombination 
coefficients [32], [33]. In most other cases, the recombination coefficient is determined 
experimentally. 

The difference between the recombination coefficient of a catalytic and an inert material 
can be in several orders of magnitude, which even further emphasizes the difference between 
such materials. Submerged in the same reactor under the same conditions, a catalytic 
material reaches a considerably higher temperature than an inert material. However, the 
recombination coefficient of material can change, depending on many factors. The first 
factor we will examine is the temperature. 

Here, we must consider both the temperature of the gaseous particles and the surface 
temperature of the material. In a typical plasma system, the gaseous particles and the 
surface are not in thermal equilibrium. On one hand, the temperature of the gaseous 
particles directly correlates with their mobility, making the collision with another particle 
more likely [1]. In our case, an adsorbed gaseous atom on the surface of the material with 
greater mobility is more likely to encounter another gaseous atom and have enough energy 
to result in recombination [14]. On the other hand, a particle with greater mobility (and 
more energy) is more likely to leave the surface of a material on its own, circumventing 
the recombination process altogether.  

Similar two-fold effects can be observed for the surface temperature of a material [34]. 
In general, at higher temperatures of the surface, the recombination coefficient increases, 
only dropping off at extremely high temperatures. This varies for inert and catalytic 
materials. The more interesting behavior happens at lower temperatures (it differs 
depending on the material and usually ranges in a couple of hundred Kelvins) [34], [35]. 

Temperature plays a significant role in the value of the recombination coefficient but 
it is not the only factor. The type of gas and surface, as well as their properties, greatly 
influence the recombination coefficient. One such factor is the surface morphology of a 
material. 

Let us take a look at the material with an almost perfectly smooth surface (Figure 5a). 
If a gaseous atom were to collide with such a surface, there would be two possible outcomes 
since not every collision of an atom with a surface results in adsorption [1], [14]. The atom 
would either stick to the surface or bounce off it. Now let us look at material with a much 
rougher surface (Figure 5b). If a gaseous atom approaches such a surface and reflects off 
it, it can collide with it again, and another opportunity for adsorption arises. In essence, 
the same type of material (the same chemical composition and the same temperature) can 
have very different recombination coefficients depending on its surface roughness. 

 

Figure 5: Possible elastic collisions of gaseous atoms with a: a) smooth and b) rough surface. 

Another way to look at the surface roughness is that it increases the effective surface 
area of the material, facilitating more possible collision sites for gaseous atoms [36]. A good 
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example of surface roughness impacting the recombination coefficient is the comparison 
between smooth carbon and some of the nanomaterials made out of it [14], [31], [36]. The 
finer the nanostructure of carbon, the rougher the surface, which means a larger effective 
surface area. 

Another important factor affecting the recombination coefficient of a surface with a 
gaseous atom is surface chemistry. The most obvious is the chemical composition of the 
material since different combinations of elements make completely different materials. 
However, chemical modifications to the surface of the material also play a large role in 
changing the recombination coefficient. One such modification is the oxidation of the 
surface layer of metals.  

Most metallic materials quickly adsorb organic impurities and form a native layer of 
oxide (thickness of about 1 nm), both of them being rather strongly bonded to the surface. 
The oxidation occurs by itself in atmospheric conditions but it can also be induced in 
plasma. Some metallic materials exhibit a significant increase in their recombination 
coefficient if they are first treated in oxygen plasma [37]. Not only does this form a thin 
oxide layer on the surface of the metal but it also removes most organic surface impurities. 
This process is called plasma activation. 

While plasma systems are built from inert materials with low recombination 
coefficients, materials with high recombination coefficients are sought after for entirely 
different applications. Plasma particles interact heavily with a catalytic material, which 
can not only heat up the surface of the material but also modify it. There are many plasma 
applications for surface modifications, such as functionalization, etching, ashing, cleaning, 
and material deposition [14]. Among the main reactants for most of these processes are 
neutral atoms. Because of their importance in these processes, we need a measurement 
method for their detection. This brings us to catalytic probes. 

A catalytic probe uses the heating from neutral atom recombination on the surface of 
a catalytic material to measure the number density of neutral atoms around it. An ideal 
probe would be an infinitely small piece of catalytic material that levitates inside the 
gaseous plasma. A close approximation of that ideal is a small and thin piece of catalytic 
material that acts as the tip of the probe connected to a thermocouple made of very thin 
wires (Figure 6). The thermocouple converts the temperature of the probe tip into voltage, 
which we can easily measure [14], [38]. A probe using this setup is a standard catalytic 
probe. 

 

Figure 6: A simple schematic of a standard catalytic probe connected to a voltmeter with 
thermocouple wires encased in a glass housing. 

While measuring temperature is straightforward, measuring the number density of 
neutral atoms in plasma is a bit more complicated. When the probe tip is immersed in the 
gaseous plasma, it heats up due to the recombination of neutral atoms on the surface of 
the tip (equation (1.7)).  

At the same time, the probe tip is cooled by the thermal conductance of the nearby 
gas, the thermal conductance of the wires, and via radiation described by the Stefan – 
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Boltzmann law. While cooling via thermal conductance increases linearly with temperature 
(𝑇) difference, the same cannot be said about gray body radiation which is proportional to 
𝑇 ৶. To avoid any complications, we summarize the cooling of the probe tip as: 

 𝑃஼ = 𝑚 𝑐௣

𝑑𝑇

𝑑𝑡
  (1.10)

where 𝑚 is the mass of the probe tip, 𝑐ர is the specific heat capacity of the probe tip 
material, and 𝑑𝑇/𝑑𝑡 is the absolute value of the first derivative of probe tip temperature 
over time upon turning off the discharge [38]. As the probe tip gradually heats up while 
exposed to the plasma, the cooling mechanisms increase in power with the rising 
temperature until a thermal equilibrium is reached. At that temperature, the heating power 
of plasma is equal to the cooling power of all the mechanisms. If we turn off the plasma 
while the probe tip is in thermal equilibrium, the probe tip stops heating up, leaving only 
the cooling mechanisms to bring it back to ambient temperature. At the moment of 
switching off the plasma, the cooling power is the same as the heating power of the plasma 
during the plasma discharge. Therefore, we can combine equations (1.7) and (1.10) to 
calculate the number density of neutral atoms with respect to the cooling rate (𝑑𝑇/𝑑𝑡) at 
the moment we switch off the discharge: 

 𝑛 =
8 𝑚 𝑐௣

𝑣 𝑊஽  𝛾 𝐴

𝑑𝑇

𝑑𝑡
 . (1.11)

Since we can directly measure the temperature of the probe tip in real-time, we can 
determine the number density of neutral atoms inside plasma from the measurement 
(Figure 7). We do this by calculating the absolute value of the time derivative at the point 
of switching off plasma from the measurements while everything else in equation (1.11) is 
a known parameter (apart from the recombination coefficient, which can be found in 
literature or determined with a separate measurement). The results of such measurements 
can correlate known parameters (input power of the generator, pressure, position, etc.), 
also known as discharge parameters, with plasma parameters, such as neutral atom density. 
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Figure 7: Measurements of probe tip temperature (𝑇) versus time with a standard catalytic 
probe. The moment the plasma is switched off the temperature starts falling rapidly. The 
probe tip was made of cobalt and submerged in oxygen gas with a radiofrequency discharge. 
Listed above are the powers of the generator and the pressures inside the plasma system. 
Under specific conditions (green line), a plasma can spontaneously switch from a low-power 
mode (red line) to a high-power mode (blue line). 

Over time, the surface of the probe tip deteriorates. Because of high thermal straining, 
the surface composition and structure of the probe tip change. Therefore, the lifetime of a 
probe tip is limited. Luckily enough, it is cheap and easy to replace. While measurements 
with a standard catalytic probe are reliable, they are time-consuming and do not give us 
real-time information on neutral atom density in a plasma. We can only determine that 
after obtaining the full measurement. A more sophisticated alternative to a standard 
catalytic probe is the laser fiber-optics catalytic probe which can give us real-time 
information on the neutral atom density inside a plasma discharge [39]. 

A laser fiber-optics catalytic probe works on the same principles as the standard 
catalytic probe with a few modifications. The probe tip is again a small and thin catalytic 
material that is now instead of wiring connected to an optic fiber [39], [40]. Laser radiation 
is guided along with that fiber to the probe tip and the same fiber is used to receive the 
radiation from the probe tip. The tip heats up to the equilibrium temperature that is 
adjustable with the power of the laser. The higher the laser power, the higher the 
equilibrium temperature. Once the probe is exposed to the plasma, it is heated up by 
heterogeneous surface recombination (equation (1.7)) but the probe is set up in a way that 
the probe tip temperature does not change. Once we receive data that the probe is heating 
up above the prior equilibrium temperature, the laser power (𝑃஬஡ள஥ல) automatically 
decreases to bring the probe tip temperature back down to the same temperature. This 
allows for continuous measurements during which we can change certain discharge 
parameters, such as the input power of the radiofrequency generator [39], [40]. 
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During a typical measurement, the temperature of the probe remains roughly the same. 
Thus, the absolute value of the temperature derivative (equation (1.10)) is equal to zero. 
Before we turn on the plasma at the temperature equilibrium, the sums of powers of cooling 
mechanisms are equal to the power of the laser: 

 𝑃௟௔௦௘௥ = 𝑃௖௢௡ௗ௨௖௧௔௡௖௘ + 𝑃௥௔ௗ௜௔௧௜௢௡  (1.12)

where 𝑃௖௢௡ௗ௨௖௧௔௡௖௘ is the power of cooling via conductance and 𝑃௥௔ௗ௜௔௧௜௢௡ the power of 
cooling via radiation. After turning on the plasma, the same equilibrium is maintained, 
and the power of the laser is lowered (Δ𝑃 ) by the same amount of power as the power of 
plasma heating (equation (1.7)) up the probe: 

 𝑃௛ + 𝑃௟௔௦௘௥ − Δ𝑃 = 𝑃௖௢௡ௗ௨௖௧௔௡௖௘ + 𝑃௥௔ௗ௜௔௧௜௢௡ . (1.13)

Combining equations (1.7), (1.12), and (2.5) gives us the relation between the number 
density of neutral atoms and the drop in laser power: 

 𝑛 =
8 Δ𝑃

𝑣 𝑊஽  𝐴
 . (1.14)

Since we constantly monitor laser power, we in turn also determine the number density of 
neutral atoms in real-time, as long as the temperature of the surrounding gas stays roughly 
the same (Figure 8). 

 

Figure 8: Measurement performed with a laser fiber-optics catalytic probe with the probe 
tip made of cobalt and submerged in oxygen plasma sustained by an RF discharge at the 
given pressure. The graph shows the neutral oxygen atom density (𝑛க) over time (𝑡). We 
changed the input power of the radiofrequency generator in the steps shown on the graph. 
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A laser fiber-optics catalytic probe is especially well suited for continuously measuring 
neutral atom density at different probe positions inside a vacuum system [39]. Not only is 
the laser fiber-optics catalytic probe a much quicker method for measuring neutral atom 
density in a plasma discharge but it is also more reliable. Since the temperature of the 
probe tip remains the same during the entire measurement, the recombination coefficient 
for neutral atoms on the surface of the probe tip stays the same throughout the measuring 
process. However, the complexity of the system along with the use of a laser and an optic 
fiber makes this method more expensive and harder to replace if it breaks down. The optic 
fiber also presents a weakness for the system because of its fragility. Thus, the use cases 
for a laser fiber-optics catalytic probe are limited when compared to a regular catalytic 
probe. 

1.2 Atom Species Generation by Plasma 
As we have already established, gaseous plasma contains not only gaseous molecules but 
also ions, free electrons, and molecular fragments, such as radicals and neutral atoms. The 
higher reactivity of neutral atoms when compared to molecules was already demonstrated 
in Figure 2. Since neutral atoms can interact with a sample exposed to plasma in several 
ways, many different surface treatment applications using neutral atoms have been devised: 
deposition [41], etching [42], [43], implantation [44], surface modification [45], [46], [47], 
surface functionalization [48], activation [49], sterilization [50], cleaning [51], [52], ashing 
[53], degreasing [54], and so on. 

In the proceeding book chapter [14], the various mechanisms behind the dissociation 
and recombination of neutral atoms are described. Due to the conservation of momentum 
and energy, two-body collisions between neutral atoms cannot result in them recombining 
into a molecule. At least a three-body collision is, therefore, necessary to achieve 
recombination. Therefore, an important parameter to consider is the frequency of three-
body collisions between neutral atoms and with it the lifetime of neutral atoms. However, 
not every three-body collision results in a successful recombination.  

A general description of vacuum systems is provided, with special attention given to 
gas drift velocity along the vacuum system which can inform the design of the vacuum 
chamber. Gas drift velocity describes the drift of gas from a point with higher pressure (the 
gas inlet) to a point with lower pressure (the pump). Gas drift velocity in vacuum systems 
can reach 100 m/sੋ or more [55]. The maximal theoretical limit is the speed of sound 
(about 340 m/s).  

Emphasis is placed on the heterogeneous recombination of neutral atoms on solid 
surfaces. Both recombination mechanisms (Eley-Rideal and Langmuir-Hinshelwood) are 
described in detail, and the importance of the recombination coefficient is demonstrated 
with the example of the temperature of a small particle levitating in plasma. A distinction 
is made between catalytic (𝛾 ≥ 0.1), semi-catalytic (0.1 ≥ 𝛾 ≥ 0.01), and inert (0.01 ≥ 𝛾) 
materials for three different gases: oxygen, nitrogen, and hydrogen. All of the listed gases 
are commonly used both in research and in industry. 

Factors affecting the recombination coefficient are studied. The effect of surface 
roughness on the recombination coefficient is demonstrated with the example of graphite 
samples: a smooth sample turns out to be a much worse recombinator than a rough sample. 
The highest recombination coefficients were measured on materials with nanostructured 
surfaces, such as carbon nanowalls. Along with surface roughness, the surface temperature 
of a solid is an important factor for heterogeneous surface recombination. Generally, 
surfaces with higher temperatures are better at recombining neutral atoms. Lastly, surface 
activation is mentioned as another factor influencing the recombination coefficient. For 
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example, when immersed in hydrogen plasma, the surface of a sample will eventually be 
reduced by any oxides, which will change the recombination coefficient of the sample. 

A couple of high-frequency plasma sources are described, starting with a capacitively 
coupled radio-frequency discharge, followed by variations of an inductively coupled radio-
frequency discharge, with the focus placed on the latter. The results shown in the book 
chapter were produced when working with a low-pressure inductive coupled radiofrequency 
discharge. Oxygen, nitrogen, and hydrogen plasmas were characterized using optical 
emission spectroscopy and a standard catalytic probe, with a distinction made between the 
lower-power E-mode and higher-power H-mode of plasma. The former has a larger volume 
but a lower density of neutral atoms while the latter has a much smaller volume with 
significantly higher neutral atom density. 

The book chapter signifies the importance of plasma characterization while hinting at 
the complex mechanisms behind heterogeneous surface recombination and the varying 
factors that influence it, such as surface topography, chemistry, temperature, etc. 
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1.3 A review of Recombination Coefficients of Neutral 
Oxygen Atoms for Various Materials 

With the proceeding article [56], we limit our scope to oxygen plasma, commonly used in 
several different applications. For these applications to be successful, we need to 
understand plasma processes. Understanding the recombination coefficient – especially how 
it behaves under different experimental conditions – is paramount to any plasma 
application. However, firstly we need ways to ignite a gaseous discharge. While discharges 
can occur at different pressure ranges, we limit ourselves to low-pressure discharges where 
the lifetime of oxygen atoms is longer, as explained in subsection 1.2. 

In the proceeding article, brief descriptions are given of various low-pressure discharges, 
starting with the simplest: direct current (DC) discharges where plasma is ignited by 
applying sufficient voltage to two electrodes. Such discharges are simpler when compared 
to other discharges. DC discharges do achieve lower atom densities and are less efficient at 
ionization than other discharges. This is followed by radio frequency (RF) discharges where 
the electric field alternates with a high frequency (13.56 MHz is commonly used). There 
are two types of RF discharges: capacitively coupled plasma (CCP) and inductively coupled 
plasma (ICP). CCP discharges reliably sustain plasma and are scalable which is why they 
are commonly used in industrial applications. They achieve lower atom densities than ICP 
discharges which are very efficient at ionizing gas but the induction can interfere with 
certain measuring methods. Pulsed RF discharges are mentioned separately for their ability 
to hinder the plasma heating of the experimental system but the short pulse duration 
requires sufficiently quick measuring methods to characterize it successfully. Another form 
of high-frequency discharges is microwave (MW) discharges which can achieve very high 
atom densities but limit the design of the plasma system, since the dimensions need to 
adhere to the MW wavelength (around 1 cm). Afterward, two discharges that are more 
exotic are described: atomic beams and shock tubes. The atomic beam is produced by 
heating a sample (usually tungsten) to a very high temperature (above 3000 K) and 
exposing it to molecular oxygen which dissociates into atoms upon impact with the sample. 
The experimental setup is somewhat simpler when compared to other types of discharges 
but produces lower atom densities. Lastly, shock tubes are used to reproduce blast waves 
by generating a shockwave in a special tube with a diaphragm. This allows the study of 
high-energy and high-pressure discharges but has a limited range of experimental 
conditions. 

Afterward, measurement methods for the determination of the recombination coefficient 
are described, starting with calorimetry which relies on the heat exchange between a plasma 
and a detector. Calorimetry is a relatively simple technique, cheap, and reliable. It is, 
however, a slower method and slightly invasive. On the other hand, optical emission 
spectroscopy (such as actinometry) is a quicker and non-intrusive method. It is more 
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expensive and limited to the glow region of the plasma, and the interpretation of the data 
is not always straightforward. Similarly, laser-induced fluorescence (LIF) is another quick 
and non-intrusive method with even better spatial and temporal resolution held back by 
the complicated interpretation of data and being quite expensive. In contrast to the more 
complicated methods is NO titration where gaseous NO is added to the experimental 
system, and the chemiluminescence of its products with oxygen atoms is observed. NO 
titration is quick but introduces a foreign gas into the experimental system, which alters 
the plasma conditions and can poison the experimental system. Another simpler method is 
the Wrede-Harteck gauge since it only requires a separate chamber and a couple of pressure 
gauges. Regrettably, the Wrede-Harteck gauge can only operate in the afterglow region of 
plasma and usually requires a complementary method to corroborate the results. Lastly, 
two less common methods are described: mass spectrometry and paramagnetic resonance, 
both being non-intrusive methods for the determination of the recombination coefficient. 
Both methods are rather complicated and require complementary methods to interpret the 
results. 

Later in the article, the recombination coefficient of different materials is compared, 
and a few conclusions can be drawn from the cited literature. Most authors agree on which 
materials are more catalytic for oxygen (have a higher recombination coefficient) and which 
are more inert (have a lower recombination coefficient). However, studies on the same 
materials using different measurement methods report different values of the recombination 
coefficient. While the choice of measurement method has no systematic impact on the 
recombination coefficient, it seems that most authors agree that higher values of the 
recombination coefficient were measured in the glow region of plasma as opposed to the 
afterglow region. This is explained by ion bombardment in the glow region of plasma since 
ions impacting the surface of a material create new bonding sites for the neutral atoms. In 
general, the presence of other species in the gas phase seems to affect the recombination 
coefficient as does the purity of the materials themselves – adsorbed gaseous species, such 
as metallic oxides alter the recombination coefficient of a material. 

Most authors also agree that materials with a higher surface roughness exhibit larger 
catalytic properties for oxygen atoms, resulting in a higher recombination coefficient. It is 
evident that the temperature of the material also affects the recombination coefficient, with 
materials at higher temperatures exhibiting better catalytic properties for oxygen atoms. 
Not all authors reported this behavior of the recombination coefficient but most agree that 
the dependence of the recombination coefficient on the surface temperature takes the form 
of the Arrhenius plot. Another factor affecting the recombination coefficient is the pressure 
inside the experimental system. Not much agreement was found between different authors. 
However, some results do point to an inverse proportionality between the pressure inside 
the experimental system and the recombination coefficient, opening an avenue for further 
study. Such reviews of the published literature, although not as common [57], are important 
in understanding heterogeneous surface recombination. 
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1.4 Hypothesis 
Going forward based on the gathered data, a few hypotheses are given: 

1. The use of the Šorli-Ročak method, a calorimetric method similar to the use of 
catalytic probes, will enable us to measure the absolute density of neutral oxygen 
atoms independent of the recombination coefficient of the material, from which our 
probe is made. To confirm this, several tubes made from different materials will be 
used, and the results of the measurements with different materials should be the 
same. 

2. The recombination coefficient of a given material is not a constant value and should 
change if we alter certain surface properties, such as the temperature of the surface 
of the material, the surface chemistry, and the surface morphology of the material. 

3. The recombination coefficient of a given material should increase with increasing 
temperature of the material since an elevated temperature increases the mobility of 
adsorbed atoms on the surface of the material. 

4. At elevated pressures inside a plasma system, there is an increased number of 
molecules, which can screen the available bonding sites for atoms on the surface of 
a given material, effectively shielding the surface of a material from neutral atom 
adsorption. Since those sites are no longer available for the adsorption of neutral 
atoms, less neutral atoms are adsorbed to the surface of a material, thus lowering 
the recombination coefficient. 

5. The surface roughness of a given material has profound effects on the recombination 
coefficient. A material with a higher surface roughness can trap neutral atoms 
created in the plasma discharge into a geometrical trap (as shown schematically in 
Figure 5) where the neutral atoms undergo several collisions with the surface of the 
material, each collision having a certain probability to result in the adsorption of 
the neutral atom to the surface of the material. The adsorbed neutral atom can 
then recombine with other neutral atoms, which increases the recombination 
coefficient. 

The given hypotheses will be scientifically tested using experimental methods described 
in the proceeding chapters. 
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Chapter 2 

2 Recombination of Oxygen Atoms on 
Oxidized Surfaces 

Before we can determine the recombination coefficient of a given material using 
calorimetry, we first need a method to determine the absolute number density of neutral 
atoms. One such method is the Šorli-Ročak method [58], which uses a metallic tube as an 
element that recombines all atoms passing it. The major requirement for this method is 
that the large majority of neutral atoms recombine on the metallic tube successfully. 
Metallic materials are used because they are generally more efficient at recombining neutral 
oxygen atoms than dielectrics. 

Let us start with a metallic tube with a certain mass (𝑚ழவ஢஥) and specific heat (𝑐ர(ழவ஢஥)). 
If we place this metallic tube near an orifice with similar dimensions (Figure 9), ignite a 
plasma discharge at the other side of the orifice, and pump the gas through the orifice and 
the metallic tube, all the neutral atoms pass through the metallic tube. The number of 
neutral atoms reaching the metallic tube in a unit of time is equal to the product of the 
number density of neutral atoms (𝑛) and the effective pumping speed (𝜙). If a vast majority 
of neutral atoms recombine on the surface of the metallic tube, the tube heats up, and the 
heating power (𝑃எ) is: 

 𝑃ு = 𝜙 𝑛
𝑊஽

2
 . (2.1)

Factor 2 in equation (2.5) takes into account that it takes two oxygen atoms to recombine 
into an oxygen molecule (Oੑ). The metallic tube also dissipates heat at the rate of the 
dissipating power (𝑃ஊ): 

 𝑃஽ = 𝑚 𝑐௣

𝑑𝑇

𝑑𝑡
(𝑡𝑢𝑏𝑒)  (2.2)

where 𝑑𝑇/𝑑𝑡(𝑡𝑢𝑏𝑒) is the absolute value of the first derivative of the temperature of the 
metallic tube over time. Similarly, as with the standard catalytic probe (equations (1.7), 
(1.10), and (1.11)), we can equate the heating and cooling power once the metallic tube 
reaches an equilibrium temperature and get the following relation: 

 𝑛 =
2𝑚௧௨௕௘𝑐௣(௧௨௕௘)

𝑊஽𝜙

𝑑𝑇

𝑑𝑡
(𝑡𝑢𝑏𝑒) . (2.3)

The relation in equation (2.3) differs from the one in equation (1.11) in one key aspect: 
there is no need to know the recombination coefficient of the material. This is the key 
advantage of the Šorli-Ročak method. The idea is to measure the absolute number density 
of neutral atoms using this method and later replace the metallic tube with a catalytic 
probe with a tip made of a chosen material. Of course, another requirement for this to 
work is that the metallic tube does not significantly alter the volumetric flow of the gas 
inside the system. 
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Figure 9: Schematic of a metallic tube positioned at a similarly sized orifice downstream of 
a plasma discharge so that all the neutral atoms have to pass through the metallic tube. 

2.1 Recombination of Oxygen Atoms on the Surface of 
Oxidized Polycrystalline Nickel – Temperature and 
Pressure Dependences 

In the proceeding article [20], we utilize the Šorli-Ročak method to measure the absolute 
neutral atom density inside a low-pressure microwave plasma system (Figure 10). Gas 
enters the system on one side through the mass flow controller (MFC), and is pumped by 
a two-stage rotary pump on the other side. Plasma is sustained inside the glow chamber 
by a microwave generator (MW) operating in the surfatron mode [59], [60], [61]. Both the 
metallic tubes and the catalytic probe, which are in the afterglow chamber, are connected 
to a voltmeter so that we can measure the temperature of the catalytic probe tip and the 
metallic tube. A pressure gauge is also installed to monitor the pressure inside the afterglow 
chamber. 

 

Figure 10: Schematic of the experimental setup using the low-pressure microwave plasma 
system. 

The glow chamber is made of quartz glass which does not represent a significant sink 
of oxygen atoms due to a very low recombination coefficient of quartz glass [62], [63], [64], 
[65]. The recombination of oxidized polycrystalline nickel is determined by first employing 
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the Šorli-Ročak method to measure the neutral atom density in the afterglow chamber and 
later replaced by a catalytic probe with a nickel tip. Metallic tubes of three different 
materials were used: nickel, iron, and cobalt. The results of the measurements with all 
three tubes are the same, confirming one of our hypotheses. 

The recombination coefficient of nickel samples has already been studied by other 
authors [28], [66], [67], [68], [69], [70] but there is little-to-no agreement between the results. 
The article aims to clear this up and systematically measure the recombination coefficient 
of oxidized polycrystalline nickel while also providing an empirical formula for the 
dependence of the recombination coefficient on the temperature of the nickel sample as 
well as the pressure inside the experimental system. 

Along with that, atomic force microscopy (AFM) measurements are performed on nickel 
samples oxidized at different temperatures. While not explicitly stated in the article, the 
surface roughness increases with increasing sample temperature during oxidation with 
oxygen plasma (Figure 11). The surface roughness increases almost linearly with increasing 
temperature. Additionally, a time-of-flight secondary ion mass spectrometry (ToF-SIMS) 
measurement [71] is performed on the oxidized nickel sample used as the tip of the catalytic 
probe. The results show that a 50 μm thick nickel sample has a 10 μm thick layer of oxide 
on each side, which is far thicker than an oxide layer formed on a metallic surface naturally 
at room temperature [72]. 

 

Figure 11: The root-mean-square surface roughness (𝑆ற) of nickel samples oxidized at 
different temperatures (𝑇 ) in oxygen plasma. 

More importantly, the proceeding article demonstrates that the recombination 
coefficient of an oxidized polycrystalline nickel sample varies with the temperature of the 
sample, and with the pressure inside the system, confirming our hypothesis. The 
recombination coefficient increased with increasing temperature similar to an Arrhenius 
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plot [66] but decreased with increasing pressure, resulting in the following empirical 
formula: 

 𝛾(𝑝, 𝑇) =
𝐴

ඥ𝑝
𝑒ି஻/்  (2.4)

 
where 𝐴 = 17 Paਢ/ੑ and 𝐵 = 1400 K are fitting parameters. This empirical function aligns 
well with our experimental results which were done in the temperature range between 370 
to 750 K and the pressure range between 40 and 220 Pa, the latter commonly used in 
industrial applications [73]. The results are in agreement with the results of some previous 
authors [66], [70], [74]. Additionally, several authors have already reported a similar 
temperature dependence of the recombination coefficient for different materials [75], [76], 
[77], [78], [79], [80], [81], [82], [83], [84], [85]. A few authors also reported a similar pressure 
dependence of the recombination coefficient for different materials [86], [87], [88]. 
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2.2 Loss of Oxygen Atoms on Well-Oxidized Cobalt by 
Heterogeneous Surface Recombination 

Similarly to the previous chapter, the recombination coefficient of an oxidized metallic 
sample was determined, this time using well-oxidized cobalt as the tip of the catalytic 
probe. Again, the Šorli-Ročak method was used to determine the neutral atom densities 
across a wide range of conditions to enable systematic measurements. 

The results of measurements by previous authors indicate a complex behavior of the 
recombination coefficient for oxygen atoms on a cobalt surface [89], [66], [67], [78], [70]. 
The effects of pressure inside the experimental systems and the temperature of the cobalt 
samples were observed but there were some discrepancies between the results of the authors 
which the proceeding article aims to clear up. 

The same experimental system (Figure 10) is used in the measurements, with the 
addition of another pressure gauge measuring pressure in the glow chamber. The difference 
in pressures between the glow and afterglow chamber are measured, supporting the notion 
of a linear increase in gas drift velocity as the gas drifts through the experimental system. 

The pressure and temperature dependence of the recombination coefficient of oxidized 
cobalt is seemingly the same as measured for nickel, with a few caveats. While the 
recombination coefficient does increase with increasing temperature, the Arrhenius plot is 
interrupted at higher temperatures (650 K and above) where the recombination coefficient 
seems to stabilize and remain at a constant value with increasing temperature. The 
recombination coefficient of oxidized cobalt also decreases with increasing pressure similarly
to the recombination coefficient of oxidized nickel. 

An AFM image of the oxidized cobalt sample used as the tip of the catalytic probe is 
shown, with some interesting differences when compared to the oxidized nickel sample. The 
surface morphology is much richer, with the estimated RMS surface roughness around ten 
times greater than for the oxidized nickel surface. Even more interesting is the ToF-SIMS 
depth profile, which indicates that the oxide layer present in the cobalt sample extends 
throughout the entire volume of the cobalt sample – in essence, the entire 50 μm thick 
sample is oxidized. 

The richer surface morphology factors into the larger measured recombination 
coefficient of oxidized cobalt when compared to oxidized nickel. Additionally, the absence 
of any layers in the depth profile of the cobalt samples emphasizes the oxidation potential 
of cobalt. 

Lastly, the results of the proceeding article are compared to the results of previous 
authors and seem to be mostly in agreement. For ease of comparison, a 3D plot of the 
results is provided along with dots representing the results of previous authors in a graph 
with surface temperature, pressure in the experimental system, and the recombination 
coefficient as the x, y, and z-axis, respectively. 

The increase of the recombination coefficient with the increasing temperature of the 
oxidized cobalt sample is explained by the increasing mobility of adsorbed oxygen atoms 
on the sample surface, which increases the probability of surface recombination via the 
Langmuir-Hinshelwood mechanism. The decrease of the recombination coefficient with 
increasing pressure is explained as the effect of the abundance of oxygen molecules 
screening the sample surface from oxygen atoms. 
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2.3 The Penetration Depth of Atomic Radicals in Tubes 
with Catalytic Surface Properties 

Now that we have a well-defined description of the recombination coefficient of nickel and 
cobalt for oxygen atoms, we can use catalytic probes with nickel and cobalt probe tips to 
reliably measure the neutral oxygen atom density. In the proceeding article, a catalytic 
probe with a cobalt tip is used to measure the penetration depth of oxygen atoms inside 
metallic tubes with catalytic surface properties. While noble metals are best suited for 
catalysis, they are quite expensive, hence the popularity of cheaper alternatives, among 
them nickel [90], cobalt [91], and copper [92]. Another important aspect of catalysis is the 
geometry of the catalytic material. Nanostructured catalysts are effective [93] but the 
fabrication is more complex. On the other hand, due to their simpler fabrication, tubular 
catalysts are an attractive alternative [94]. 

In the proceeding article, three 10 cm long tubes with a diameter of 8 mm are used, 
made of nickel, cobalt, and copper. All three materials are considered catalytic for the 
recombination of neutral oxygen atoms [56]. A catalytic probe is placed inside a metallic 
tube and the neutral oxygen atom density profile is measured along the length of the tube. 
This process is repeated for each of the metallic tubes at different gas flow rates and 
pressures inside the experimental system. Along with neutral atom density, another 
property is measured: the dissociation fraction of oxygen molecules (𝜂) which is defined as 
the ratio of the densities of neutral oxygen atoms (𝑛) and oxygen molecules (𝑛஭): 
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 𝜂 =
𝑛

2𝑛௠
, (2.5)

with the factor 2 in equation (2.5) used for diatomic molecules, reflecting the fact that it 
takes two oxygen atoms to form a single oxygen molecule. In the proceeding article, the 
profile of the dissociation fraction of oxygen atoms is studied along the length of the 
metallic tubes, with the experimental results hinting at an exponential decrease of the 
dissociation fraction of oxygen molecules along the length of the metallic tubes. The results 
are fitted with an exponential function. Evidently, both cobalt and copper are better 
catalysts for the recombination of neutral oxygen atoms into oxygen molecules than nickel, 
which performs slightly worse. 

The penetration depth of oxygen atoms for each metallic tube is calculated and found 
to increase with increasing gas flow rate. Evidently, most of the neutral atoms successfully 
recombine along the first few centimeters of the metallic tubes, which further supports the 
use of shorter catalytic tubes in the previous chapters when determining the absolute 
neutral atom density with the Šorli-Ročak method [20], [95]. 
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Chapter 3 

3 Recombination of Atoms on 
Nanostructured Materials 

One of our hypotheses pertains to the surface morphology of materials impacting the 
recombination coefficient. To confirm the hypothesis, materials with complex surface 
morphologies are studied. One such group of materials is nanomaterials. One of the most 
commonly used and widely applicable is carbon nanomaterials which can come in many 
different forms, such as nanowires, nanotubes, graphene, fullerenes, etc. Carbon 
nanomaterials have been a popular scientific venue for many years due to their interesting 
properties, such as their mechanical properties, chemical inertness, good electrical 
conductivity, and especially their large surface-to-mass ratio. 

Carbon nanomaterials are often used in different applications. Starting with their 
electrochemical applications, carbon nanomaterials have been successfully used in 
supercapacitors [96], batteries [97], fuel cells [98], gas sensors [99], memory devices [100], 
emission devices [101], photo-catalyzers [102], and photovoltaic devices [103]. The 
mechanical properties of carbon nanomaterials lend themselves well to the use of carbon 
nanomaterials in compressive strain sensors [104], various biomedical applications [105], 
[106], [107], and so on. 

One of the more promising carbon nanomaterials is carbon nanowalls (CNW), with the 
first successful synthesis happening by accident [108]. CNW can be described as thin sheets 
of carbon, such as flakes of graphene, which grow in a dense array perpendicular to the 
surface of a substrate (Figure 12). This morphology leads to an extremely high specific 
surface area when compared with smooth and amorphous materials. Carbon is the main 
building block of CNW but other elements, such as hydrogen, oxygen, nitrogen, halogen 
elements, and metals can also be present. The average thickness of CNW can be anywhere 
between a few nanometers up to 100 nm, and the average height of CNW can be anything 
between 100 nm and 100 μm [109]. Usually, the synthesis of CNW produces other carbon 
nanoparticles, and CNW can be a by-product when growing other carbon nanomaterials. 
Interestingly, the highest measured recombination coefficient in the literature is attributed 
to CNW [110]. 

 



168 Chapter 3. Recombination of Atoms on Nanostructured Materials  

Figure 12: A simple schematic of carbon nanowalls (blue) on a substrate (yellow) from the 
(a) top-down view and (b) from the side-view. 

3.1 Comparison of Plasma Decomposition of Carbon 
Nanomaterials Using Various Polymer Materials as a 
Carbon Atom Source 

Synthesis of carbon nanowalls, as well as other carbon nanoparticles, is the main topic of 
the proceeding article. There are many different methods with which we can grow carbon 
nanomaterials but they mostly involve some form of chemical vapor deposition (CVD). 
Our focus is on plasma-enhanced chemical vapor deposition (PE-CVD). This method 
utilizes plasma to create gaseous carbon atoms which are then deposited on the surface of 
a chosen substrate. The creation of gaseous carbon atoms requires some form of carbon 
precursor material, be it in solid or gaseous form. 

In our experiments [111], we use two types of carbon precursors: gaseous and solid. For 
gaseous precursors, we used propane gas (CੋHৡ, excluded in the proceeding article) and 
carbon dioxide (COੑ) whereas for solid carbon precursors, we used different polymers which 
include polystyrene (PS), polyethylene (both the low-density polyethylene – LDPE and 
high-density polyethylene – HDPE), polypropylene (PP), polyamide (PA6), polyethylene 
terephthalate (PET), and acrylonitrile butadiene styrene (ABS). The amounts of polymer 
used in the synthesis processes varied but did not influence the growth of carbon 
nanomaterials, as long as there were enough carbon precursors in the plasma system. 

For carbon nanoparticle synthesis, we use an inductively coupled low-pressure 
radiofrequency plasma, as shown in the proceeding article. Along with polymers, gaseous 
nitrogen, oxygen, hydrogen, and carbon dioxide are introduced into the experimental 
system, acting as carrier gases for carbon atoms. 

The substrates we use are thin square ribbons of titanium foil. This synthesis also 
proved to be successful on nickel and cobalt, as well as different types of stainless steel 
samples. To characterize the samples, different techniques are used. During carbon 
nanomaterial synthesis, optical emission spectroscopy (OES) is used to monitor the optical 
emission of the plasma in the visual spectrum. After synthesis, samples are examined with 
two techniques. Secondary electron microscopy (SEM) is used to map the surface 
morphology of samples, and X-ray photoelectron spectroscopy (XPS) is used to study the 
chemical composition of samples. 

CNW is successfully grown on titanium samples, with the thickness of the CNW layer 
varying from 0.5 to 8 μm, depending on the deposition time. Interestingly, the thickness of 
the CNW layer stops increasing with longer times at around 40 seconds when using 
polymers as carbon precursors. In all cases, the carbon nanomaterial compositions consist 
of over 90% carbon, with varying amounts of nitrogen and oxygen (a few %), and trace 
amounts of other elements. More importantly, it is discovered that aromatic polymers 
(presence of aromatic benzene rings), such as PS, PET, and ABS, are not as effective for 
CNW growth when compared to aliphatic polymers (chain-like structure), which can 
decompose to lightweight Cਫ਼H੠ species. Another important finding is that all gases 
behaved similarly during CNW synthesis, downplaying the importance of choosing a proper 
carrier gas. 
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3.2 Recombination Coefficient of Carbon Nanomaterials 
Deposited on a Cobalt Sample 

 
As mentioned before, many different authors have tackled the synthesis of carbon 
nanomaterials, with chemical vapor deposition proving to be the most common method, 
further improved in the form of plasma-enhanced chemical vapor deposition. Guidelines 
based on the results of previous authors in the field of carbon nanomaterial synthesis can 
be summarized as follows: a continuous supply of carbon is required, be it a carbon-based 
gas, or a solid material containing large amounts of carbon, as long as carbon-based gas 
can be evaporated from the solid. Hydrogen gas must be present, and the ratio between 
carbon and hydrogen affects the growth of carbon nanomaterials. Other gases may be 
added to the carbon and hydrogen mixture and can also affect the growth process. 
Crucially, the temperature of the substrate affects the synthesis, with materials, such as 
CNW only growing at elevated temperatures (800 K and above) [109]. 

Taking the above guidelines into consideration, a method similar to the one previously 
mentioned in this chapter is used. The most notable difference is the use of propane gas as 



184 Chapter 3. Recombination of Atoms on Nanostructured Materials  

a source of carbon atoms, without any polymers added to the system. This results in the 
synthesis of CNW, as well as other carbon nanomaterials, on different substrates. Our focus 
is cobalt substrates, which proved to be the most interesting and easiest to handle. One 
problem with synthesized nanoparticles is their brittle nature, which makes handling the 
samples tricky. This is especially true for nickel substrates, and to a lesser extent stainless 
steel, titanium, and cobalt. Therefore, cobalt substrates were used. The synthesis process 
was adjusted to let us grow carbon nanomaterials on the tip (made of cobalt) of a catalytic 
probe (Figure 13). Propane was introduced into the system from a high-pressure container. 
This experimental setup allowed us to monitor the temperature of the substrate, use the 
probe in oxygen plasma, and finally calculate the recombination coefficient of the different 
carbon nanomaterials in reference to oxidized cobalt [95]. 

 

Figure 13: A simple schematic of the experimental setup used for the synthesis of carbon 
nanomaterials on the cobalt tip of a catalytic probe. 

Before the synthesis of carbon nanomaterials, the catalytic probe with an oxidized 
cobalt tip was used to measure the neutral oxygen atom density in the RF plasma system. 
Afterward, the probe tip was placed inside the glow region of plasma (inside the coil, as in 
Figure 13), and exposed to propane plasma. The temperature of the probe was monitored 
during the deposition process (Figure 14). Compared to a discharge in oxygen (Figure 7), 
we observe an interesting behavior of the probe tip. At first, the probe heats up to a certain 
equilibrium temperature (region 1 in Figure 14) but shortly after, it heats up again to a 
second equilibrium temperature (region 2 in Figure 14). After reaching this second, higher 
equilibrium temperature, the probe tip cools to a slightly lower temperature more in line 
with the first equilibrium temperature (region 3 in Figure 14). Once the discharge is turned 
off, the probe tip cools to room temperature. This would suggest that at first, the probe 
tip is heated by processes, such as recombination and ion bombardment, followed by a 
brief period where another process heats the probe tip. It is safe to assume that this process 
is related to the creation of the first layer of carbon nanomaterials at the cobalt oxide and 
carbon deposit interface. 
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Figure 14: The temperature (𝑇 ) of the cobalt tip of the catalytic probe versus time (𝑡) 
during a typical 30-second deposition (blue section) of carbon nanomaterials using propane 
gas as a carbon atom source. 

The different deposition times (30, 60, 120, and 300 s) resulted in different thicknesses 
of the carbon nanomaterial layer (Table 1) and different surface morphologies (Figure 15). 
After the successful synthesis of carbon nanomaterials at varying deposition times, the 
probe was used again to measure the neutral atom densities for the same conditions (5 
different flows and 5 different powers of the generator, resulting in 25 different conditions). 
Table 1 clearly demonstrates the correlation between the average deposition time and the 
thickness of the carbon nanomaterial layer, with thicker layers being the result of longer 
deposition times. 

Table 1: The average thickness of carbon nanomaterial layers (𝑑)̅ for four different times 
of deposition (𝑡த), with a statistical error of ±10%. 

𝑡த [𝑠] 30 60 120 300 
𝑑 ̅[μm] 1.7 2.5 7.2 14.6 
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Figure 15: SEM images of the surface of the cobalt sample where carbon nanomaterials 
were grown. The first row shows a larger part of the surface, the second row is a close-up 
of finer details, and the third row shows the thickness of the carbon nanomaterial layer. 
Pictures were taken for deposition times of 30 s (first column: a, e, and i), 60 s (second 
column: b, f, and j), 120 s (third column: c, g, and k), and 300 s (last column: d, h, and l). 

Comparing the results with those done with the catalytic probe with a “clean” oxidized 
cobalt tip allowed us to calculate the recombination coefficient of the deposited carbon 
nanomaterials at five different pressures: 42 (Figure 16), 79 (Figure 17), 117 (Figure 18), 
156 (Figure 19), and 214 Pa (Figure 20). As with our previous findings in Chapter 2, the 
recombination coefficient increases with the temperature of the sample. It can also be 
observed that at higher pressures, the recombination coefficient is generally smaller, again 
in line with our previous findings in Chapter 2. It is evident that increasing the thickness 
of the carbon nanomaterial layer increases the recombination coefficient – the thickest layer 
of the carbon nanomaterial layer has the highest recombination coefficient. Since the layer 
of carbon nanomaterials has a large surface-to-mass ratio (as seen in Figure 15), thicker 
layers lead to an increased surface roughness, which leads to a larger effective surface area, 
which increases the recombination coefficient. This confirms one of our hypotheses. 
Additionally, the value of the recombination coefficient of the thickest layer of carbon 
nanomaterials is more than twice the value of the recombination coefficient of “clean” 
oxidized cobalt, hinting at the great potential of using carbon nanomaterials in calorimetry. 
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Figure 16: Recombination coefficient (𝛾) of oxidized cobalt with different thicknesses of 
the deposited carbon nanomaterial layer versus temperature (𝑇 ) of the oxidized cobalt 
sample at 42 Pa. 

 

Figure 17: Recombination coefficient (𝛾) of oxidized cobalt with different thicknesses of 
the deposited carbon nanomaterial layer versus temperature (𝑇 ) of the oxidized cobalt 
sample at 79 Pa. 
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Figure 18: Recombination coefficient (𝛾) of oxidized cobalt with different thicknesses of 
the deposited carbon nanomaterial layer versus temperature (𝑇 ) of the oxidized cobalt 
sample at 117 Pa. 

 

Figure 19: Recombination coefficient (𝛾) of oxidized cobalt with different thicknesses of 
the deposited carbon nanomaterial layer versus temperature (𝑇 ) of the oxidized cobalt 
sample at 156 Pa. 
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Figure 20: Recombination coefficient (𝛾) of oxidized cobalt with different thicknesses of 
the deposited carbon nanomaterial layer versus temperature (𝑇 ) of the oxidized cobalt 
sample at 214 Pa. 
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Chapter 4 

4 Conclusions 

Heterogeneous surface recombination of neutral oxygen atoms was examined during the 
course of this dissertation. We started with a description of plasma, which can be utilized 
as a reliable source of neutral oxygen atoms. We pointed out two possible mechanisms for 
the heterogeneous surface recombination of neutral atoms: the Eley-Rideal and Langmuir-
Hinshelwood mechanisms [14]. We pointed out the possible parameters that could affect 
the recombination coefficient: temperature of the surface, morphology of the surface, and 
pressure in the vicinity. 

For the determination of neutral atom density, we chose calorimetry. Specifically, we 
described working with a catalytic probe and how one can also use it to determine the 
recombination coefficient of a given material. We examined RF discharges and the 
transition between E and H modes. We also studied the decrease of neutral atoms when 
moving away from the atom source (the discharge or glow area of plasma). 

We also reviewed the literature about the recombination coefficients of different 
materials for oxygen atoms [56]. We wanted to find correlations between the recombination 
coefficient and different parameters, with an emphasis on surface temperature and pressure 
in the experimental system. We found that most authors agree that the recombination 
coefficient of a material increases with increasing material temperature but much less 
agreement was found when concerning pressure in the experimental system where only a 
few authors pointed to possibly some sort of inverse proportionality between the 
recombination coefficient and pressure. We also examined whether the type of discharge 
affected the recombination coefficient, with no discernable correlations. We did discover 
some discrepancies in the recombination coefficient when using different measurement 
methods. For example, actinometry gave slightly higher recombination coefficients, which 
was explained by the fact that opposed to other methods: actinometry can only be done in 
the glow region of the plasma where ions create new binding sites for neutral atoms,+ and 
thus the seemingly increased recombination coefficient was measured. 

We established five hypotheses: the validity of the Šorli-Ročak method, the variable 
nature of the recombination coefficient, the increase in the recombination coefficient with 
increasing temperature, the decrease of the recombination coefficient with increasing 
pressure, and the increase of the recombination coefficient with surface roughness. All the 
hypotheses were tested. 

We proceeded with a description of the Šorli-Ročak method, which we used to determine 
the absolute neutral oxygen atom density in a low-pressure microwave plasma system [20]. 
Three different materials were used as recombinators: nickel, cobalt, and iron, and they all 
yielded the same result, thereby confirming the first hypothesis. Replacing the 
recombinators with a catalytic probe with an oxidized nickel tip allowed us to determine 
the recombination coefficient of oxidized nickel, which was not constant, confirming the 
second hypothesis. We found that the recombination coefficient increased with increasing 
temperature of the probe tip and decreased with increasing pressure in the experimental 
system. This confirmed the third and fourth hypotheses. The relation between the 
recombination coefficient of oxidized nickel and the temperature and pressure was described 
with an empirical formula, which was partly based on the Arrhenius plot, commonly used 
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by other authors when describing the temperature dependence of the recombination 
coefficient.  

In an expansion of this study, we also determined the recombination coefficient of 
oxidized cobalt [95]. We obtained very similar results, with one caveat: the recombination 
coefficient of oxidized cobalt seemed to stop increasing and instead stabilize at elevated 
temperatures. This was in excellent agreement with studies done by previous authors and 
another confirmation of the second, third, and fourth hypotheses. 

Later on, we performed systematic measurements of neutral oxygen atom densities 
inside metallic tubes made of nickel, cobalt, and copper. These measurements allowed us 
to calculate the dissociation fraction along the length of the metallic tubes, which in turn 
provided us with the penetration depth of oxygen atoms for each material. We confirmed 
that all three materials were effective recombinators, reaffirming the first hypothesis. 

In the third chapter, an emphasis was placed on carbon nanomaterials which are 
interesting due to their high surface-to-mass ratio. We used plasma-enhanced chemical 
vapor deposition to synthesize different carbon nanomaterials, including carbon nanowalls 
[111]. The source of carbon atoms varied, with the use of different polymers yielding 
different carbon nanomaterials. Different techniques were used to examine the carbon 
nanomaterials, with secondary electron microscopy proving very useful when studying the 
surface morphology of carbon nanomaterials. 

The method for the synthesis of carbon nanomaterials was later altered to allow us to 
grow carbon nanomaterials on the tip of a catalytic probe while monitoring the temperature 
of the probe tip. Four different deposition times were used to get carbon nanowall-like 
deposits on an oxidized cobalt surface, with the thickness of the carbon nanomaterial layer 
increasing with increasing deposition time. After the deposition of the carbon nanomaterials 
on the probe tip, the catalytic probe was used to determine the recombination coefficient 
of oxygen atoms on the carbon nanomaterials of varying thickness. We discovered that the 
thicker nanomaterials exhibited a higher recombination coefficient due to their higher 
surface-to-mass ratio, confirming the last hypothesis. 

We successfully confirmed each of the five hypotheses and demonstrated the variability 
of the recombination coefficient for nickel, cobalt, and carbon nanomaterials. This outlines 
the importance of choosing the right material for contact with the plasma, especially when 
concerning different temperatures of the material, the pressure in the vicinity of the 
material, and the surface morphology of said material. This dissertation will hopefully guide 
authors to perform similar studies for different materials, and a more systematic 
determination of the recombination coefficient, especially concerning the aforementioned 
parameters. 
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