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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 Sorli-Ro¢ak 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 Sorli-Ro¢ak 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 Sorli-Ro¢ak 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 povrSinska rekombinacija nevtralnih kisikovih
atomov. Plazmo smo opisali kot zanesljiv vir nevtralnih kisikovih atomov in opisali tudi
obnasanje le-teh v nizkotlacnih plazemskih razelektritvah. Definirali smo dve kljuc¢ni
koli¢ini: gostoto nevtralnih atomov in rekombinacijski koeficient. Rekombinacijo smo
pojasnili preko Eley-Rideal in Langmuir-Hinshelwood mehanizma. Na rekombinacijski
koeficient vplivajo razli¢ni faktorji, med njimi temperatura in morfologija povrsine ter tlak
v okolici. Za metodo merjenja gostote nevtralnih atomov in rekombinacijskega koeficienta
smo izbrali kalorimetrijo, kjer smo podrobneje opisali delovanje kataliticne sonde. Omenili
smo tudi lasersko kataliti¢no sondo in njene pomanjkljivosti. Opisanih je nekaj prakti¢nih
primerov uporabe nevtralnih atomov. Med seboj smo primerjali rekombinacijske koeficiente
kisikovih atomov na razlicnih materialih iz literature, na podlagi ¢esar smo ugotovili, da se
rekombinacijski koeficient v vecini primerov visa z viSanjem temperature povrsine. Podali
smo naslednje hipoteze: Sorli-Ro¢ak metoda je ustrezna za dolo¢anje absolutne gostote
nevtralnih atomov. Rekombinacijski koeficient se spreminja, in sicer se visa z viSanjem
temperature in povrsinsko hrapavostjo ter niza s tlakom v okolici. Opisali smo Sorli-Rocak
metodo in jo uporabili za doloc¢anje absolutne gostote nevtralnih kisikovih atomov v
nizkotla¢ni mikrovalovni plazmi s pomocjo treh razlicnih materialov: nikelj, kobalt in
zelezo. Ustreznost rezultatov je potrdila prvo hipotezo. V istem sistemu smo dolocili
rekombinacijski koeficient oksidiranega niklja, ki ni konstanten, kar potrdi Se eno hipotezo.
Ugotovili smo, da se rekombinacijski koeficient visa z viSanjem temperature in niza z
visanjem tlaka, kar potrdi Se dve hipotezi. Z empiri¢no formulo smo opisali odvisnost
rekombinacijskega koeficienta od temperature in tlaka. Enak eksperiment smo ponovili Se
za oksidiran kobalt, ki se obnasa podobno kot oksidiran nikelj, kar je se enkrat potrdilo
nase hipoteze. Izjema je bila stabilnost rekombinacijskega koeficienta oksidiranega kobalta
pri vigjih temperaturah. Ustreznost Sorli-Ro¢ak metode smo e 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 e enkrat potrdila ustreznost Sorli-Ro¢ak metode. Opisali smo e ogljikove
nanomateriale, ki so potencialno odli¢ni rekombinatorji zaradi njihovega visokega razmerja
med povrsino in maso, kar se odraza tudi v visoki hrapavosti povrsine. Sintetizirali smo
nekaj razlicnih ogljikovih nanomaterialov, kar nam je pokazalo pomembnost izbire
materiala za vir ogljikovih atomov, ki so gradniki ogljikovih nanomaterialov. Ogljikove
nanomateriale smo preucili s pomocjo razli¢nih merilnih tehnik. Nazadnje smo dolocili se
rekombinacijski koeficient ogljikovih nanomaterialov, naneSenih na oksidiranem kobaltu.
Zelo visoka vrednost rekombinacijskega koeficienta je potrdila se zadnjo hipotezo.
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Chapter 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 Sorli-Ro¢ak 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 Sorli-
Rocak 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 Wy for a two-atom oxygen molecule is Wp = 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=nkT (1.1)

2 kgm?

- is the Boltzmann

where n is the number density of gaseous particles, k = 1.38- 10~

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

v = 05/?n?(v) (1.2)

where o is the collisional cross-section and (v) = /% 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 (v,), defined as:

vy =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 dm?/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.

wide tube narrow .
inlet
tube
1 valve
to ) gas drift
 —— <
pump ;
1
}
1
pu :
1 atm.H

>
>

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 (Jsoms), ONto a surface is defined as:

1

jatoms = Zn(v> . (14)

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
(), which is defined as:

jatoms (15)

2] molecules

where J,,orecutes 1S 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.

Wp

d

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII>

atom

Surface

ANNNNNNNNNNN

molecule

>
"cg
D ——

Figure 2: A simplified graph of potential energy (W) 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 (AW,) 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 (P},) of such heating is:

1,
Py = E]atomsWDAy (1'6)
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where W, 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:

1
P, = gWDn(v)Ay . (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:

P'=(1—-a)AogTs (1.8)

where a is the albedo of the material, o4 = 5.67 ¢ 107® W /m? K* is the Stefan-Boltzmann
constant, and Tg is the temperature of the solid material. After exposing a solid material
to such a system for a while, it reaches its equilibrium temperature (7)) once the heating
power (equation (1.7)) and the cooling power (equation (1.8)) are equal:

Wpn{v)y
8(1 —a)og’

For an atom density of n > 10>'m~3, which is fairly common for low-pressure plasma
sustained by electrodeless discharges [19], [20], a material with a sufficiently high
recombination coefficient (y > 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].

N ?/- <

a)

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; ¢) 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 (y=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.

a) b)

.
"a

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.

voltmeter glass casing thermocouple tip
W \ WiFES\
N\
N \
V = ~ O

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

flange

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*. To avoid any complications, we summarize the cooling of the probe tip as:

dr
Pc =mey - (1.10)

where m is the mass of the probe tip, ¢, is the specific heat capacity of the probe tip
material, and d7T'/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:

8mc, dT L1
n_vWDyAdt' (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,,,.,) 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:

Plaser = FLconductance + Pradiation (1'12)

where P.onductance 1S the power of cooling via conductance and Prggiqtion the power of
cooling via radiation. After turning on the plasma, the same equilibrium is maintained,
and the power of the laser is lowered (AP) by the same amount of power as the power of
plasma heating (equation (1.7)) up the probe:

Ph + Plaser — AP = Pconductance + Pradiation . (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:

_ 8AP
n_vWDA'

(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).
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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 (n) over time (¢). 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/s® 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 (y > 0.1), semi-catalytic (0.1 >~ > 0.01), and inert (0.01 > )
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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Chapter 1. Introduction

Atomic species generation by plasmas
1.1.Introduction

Plasmas of molecular gases like oxygen, nitrogen, hydrogen, ammonia, sulphur dioxide, hydrogen
sulphide, water vapour, hydro-carbons, fluorinated, nitrated and oxidized hydrocarbons, carbon
dioxide etc. are widely used for tailoring surface properties of solid materials. The molecules are
partially ionised, dissociated and/or excited upon plasma conditions. Plasma created in a molecular
gas is therefore rich in molecular fragments which interact between each-other and with solid
materials facing plasma. The molecular fragments are often called “radicals” and may be atoms, di-
atomic molecules or larger fragments of original molecules. The major difference between the original
molecules and their fragments is in chemical reactivity. The original molecules are rather stable and
they will usually not interact with solid materials at low temperature. The fragments are chemically
unstable and tend to interact with any object placed into gaseous plasma including themselves. An
illustrative example is methane (CH4). The original molecule CHs is regarded inert at room
temperature. Upon colliding with a solid material the molecule will just bounce off from the surface.
Under plasma conditions, however, the CHs molecule is dissociated to fragments including CHs, CH,,
CH, C and H. The radicals will interact with any object placed into gaseous plasma. The interaction of
carbon atoms with a solid material causes condensation of carbon on the surface of a solid material. A
carbon atom arriving to a solid material will stick to the surface with a very high probability, almost
100%. The sticking coefficient depends on the temperature of the solid material but is regarded very
high even for the highest temperatures available for solid materials before they melt or sublimate. The
sticking coefficient for CH, radicals decreases with increasing content of hydrogen: it is still very high
for CH and marginal for CH, [1].

The interaction of radicals between each-other often leads to formation of molecules in gaseous
plasma. Such an effect is shown schematically and in a rather simplified manner in Figure 1.1. The
molecules formed at the interaction of gaseous radicals may or may not be stable. Oxygen, for
example, forms a stable two- or three-atoms molecule: O; and O; (ozone). Carbon, on the other side,
forms clusters of almost arbitrary number of atoms. The association of the atoms in the gas phase as
shown schematically in Figure 1.1 is governed by the natural rules, in particular, conservation of an
energy and momentum. By definition, a molecule in the ground state will have the potential energy 0.
When the molecule dissociates to atoms, the potential energy of atoms is equal to the binding energy
of the parent molecule. Dissociation energies of simple molecules are shown in Table 1.1. The
dissociation energy is of the order of few eV. This energy should be preserved upon association of the
atoms to a molecule. The excessive energy before association could be transferred either into the
internal energy of the formed molecule or to its kinetic energy. If all potential energy of atoms before
the collision is transferred to the internal energy of the formed molecule, the molecule would
dissociate immediately because the internal energy of the formed molecule would be equal to the

% b¢83 @88 iﬁ

Figure 1.1. Schematic of a cluster formation in gaseous plasma.
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Table 1.1. Dissociation energies of selected molecules [2].

Molecule Dissociation energy

0; 5.16 eV
N2 9.8 eV
H» 4.52 eV

The conservation of momentum, on the other hand, forbids the transformation of the potential energy
before the collision to the kinetic energy of the formed molecule. The simple reactions shown in Figure
1.2 are therefore forbidden because of the requirement of the conservation of energy and momentum.
The consequence of this simple explanation is perfect stability of radicals such as neutral atoms under
vacuum conditions. A possible way for conserving energy and momentum in simple association
reactions illustrated in Figure 1.2 is the radiative association. In this case, the association occurs
simultaneous with the formation of a light quantum (a photon) which holds the available energy and
momentum. Such collisions are unlikely to occur in examples shown in Figure 1.2, but may be
predominant in plasma created in gas mixtures. A good example is association of an O and N atom,
which results in a highly excited NO molecule that de-excites readily by a radiation in the UV range of
the spectrum [3].

0+0->0,

this reactions
by are forbiden
H+H—H,

Figure 1.2. Some forbidden association reactions between atoms in the gas phase.

0+0+0,—->0,+0,
N+N+N, >N, +N,
H+H+H, ->H,+H,

Figure 1.3. Some allowed reactions in the gas phase.

If the density of gaseous particles is high enough there is a certain possibility that three particles will
appear in a small volume where the distance between the particles is small enough that they are
capable of interacting. Such a condition will lead to a three-body collision. Some simple thee-body
collisions are shown in Figure 1.3.

The probability for a three-body collision obviously depends on the density of gaseous particles, which
in turn depends on the pressure:

p=nkT, (1)

where p is the gas pressure, n is the density of particles, k is Boltzmann constant (k = 1.38064852 x
102 m? kg s2 K™?) and T is the gas temperature expressed in Kelvin (K). The probability for three-body
collisions is often expressed in the terms of the collision frequency (), which was found to be roughly
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v=0c"n (v>, (2)

where g is the collisional cross-section, n is the density of particles and <V> is the average speed of the

random (thermal) motion of the particles, i.e.:

7
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Here, k is Botlzmann constant, T is the gas temperature, and m is the mass of a particle. The relation
shown in Eq. (2) is a rough estimation obtained by rounding some constants and taking into account a
rigid-sphere model. In plasma created in a simple molecular gas, the collision frequency for three-body
collisions is roughly 107 s~* (ten million collisions per second only) at an atmospheric pressure and room
temperature. The relation in Eq. (2) exhibits that the three-body collision depends on the square of the
pressure as long as the temperature is almost constant. The rough estimates for the three-body
collision frequency at various pressures and room temperature are indicated in Table 1.2.

Table 1.2. The rough estimates of the three-body collision frequency at different pressures.

Pressure / Pa Pressure / mbar Pressure /torr Pressure/bar 3-body collision Atom life
frequency /s time

0.1 107 7.5x 10™ 1078 10°° 30 hours
0.3 3x1073 2.3x10°3 3x10° 10 3 hours
1 1072 7.5x% 1073 10°° 1073 20 min
3 3x107 2.3x 1072 3x10° 1072 2 min
10 107! 7.5x 1072 107 107! 10s

30 3x 107 2.3x10" 3x10™ 1 1s

100 1 7.5x 107 107 10! 0.1s
300 3 2.3 3x10° 102 10 ms
1000 10 7.5 1072 10° 1ms
3000 30 2.3x 10 3x1072 10* 0.1 ms
10.000 102 7.5 x 10t 10! 10° 10 ps
30.000 3x10? 2.3x 102 3x107? 10° 1ps
100.000 10° 7.5 x 102 1 107 0.1 us

A three-body collision, however, does not assure for the association of two atoms to the parent
molecule. If all atoms that have suffered a three-body collision actually associate to parent molecules
as shown in Figure 1.3, the life-time of the atoms would be inversely proportional to the collision
frequency. The life time in this rough (not fully justified) approximation is added to Table 1.2. just for
a rough guidance.

The neutral atoms may or may not associate to parent molecules according to the three-body collisions
presented in Figure 1.3. If the probability for such homogeneous reactions at the three-body collisions
would be close to 1 then the life-time of an atom would be as shown in Table 1.2. The observed life-
times are somewhat larger; therefore, the values presented in Table 1.2 are just to get an impression
regarding the order of magnitude. The life times at pressures below few Pa are really large and have
never been reported for laboratory experiments because other effects leading to the loss of radicals
prevail.
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If the pressure is low, the loss of atoms by the three-body collision is marginal. Vacuum systems
suitable for sustenance of non-equilibrium gas of high atom density are usually pumped continuously.
The reaction chambers are often cylindrical. They are pumped on one side, whereas on another side,
molecular gas is introduced via a needle valve or a flow-controller. Schematic of the simplest
experimental chamber is shown in Figure 1.4. The gas flows from the right to the left because of the
pressure gradient. The pressure at the valve inlet is often atmospheric. The pressure drops along the
narrow tube between the valve and the vacuum chamber. If the diameter of the narrow tube is much
smaller than the vacuum chamber and the pumping speed of the vacuum pump is much larger than
the conductance of the narrow tube, the major pressure drop is between the valve and the exhaust of
the narrow tube to the vacuum chamber as shown in Figure 1.4. The gas drift velocity along the narrow
tube and at the exhaust is close to the maximal possible value, which is equal to the sound velocity in
gas. The sound velocity in air at room temperature is approximately 343 m/s. The gas expanding into
the vacuum chamber forms a jet as shown in Figure 1.4. Far away from the narrow tube, the gas drift
assumes the normal radial velocity distribution —the drift velocity is the largest at the axis of the tube
and the lowest at the edges because of the finite viscosity of the gas. The average drift velocity of the
gas in the tube depends on the effective pumping speed as

Vd = LSY/A, (4)

where vy is the gas drift velocity as indicated in Figure 1.4, S is the effective pumping speed and A is
the cross section of the vacuum chamber. In many practical cases, the conductivity of the vacuum
chamber for gas flow is much larger than the pumping speed of the vacuum pump, therefore one can
take into account the pump’s pumping speed as S in Equation (4) and calculates the drift velocity along
the vacuum tube. This approximation is often justified at an elevated pressure, because the
conductivity of vacuum elements increases with increasing pressure. If the condition is fulfilled, the
pressure gradient along the vacuum tube will be marginal.

Figure 1.5 represents typical values for the gas drifting through a vacuum chamber. The chamber is
assumed cylindrical, thus the cross section A (Equation 4) is nd?/4, where d is the tube diameter. The
gas in the vacuum tube spends some time, which is often referred as the residence time. In a good
approximation, the residence time of gas in a simple vacuum chamber as in Figure 1.4 is L/vq4, where L
is the length of the vacuum tube. Typical residence times for a vacuum tube of alength L = 1 m are
plotted in Figure 1.6 versus the tube diameter for selected pumping speeds of the vacuum pump.
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Figure 1.4. Schematic of a simple experimental configuration.
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Figure 1.5. The rough estimation of the gas drift velocity versus the vacuum tube diameter for pumping
speeds of 1, 3 and 10 dm?/s.
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Figure 1.6, Typical residence times for a vacuum tube of a length L = 1 m versus the tube diameter for
selected pumping speeds of the vacuum pump.

The values in Figure 1.6 give a rough estimation of the gas residence time, i.e. the time gas spends
inside the vacuum chamber shown schematically in Figure 1.4 before it is pumped away. Although they
were obtained using rough assumptions, they represent valuable estimates. For typical systems, the
residence time is between 1 ms and 1 s. The gaseous radicals that are formed in such a vacuum
chamber upon plasma conditions are therefore pumped away much faster than lost by a three-body
collision in the gas phase (see rightmost column in Table 1.2) Any discussion about the loss of atoms
in the gas phase at the pressures below, say, 10 Pa is therefore unnecessary.

The atoms may recombine to parent molecules also on surfaces. The flux of atoms onto a surface is

Jatoms = Yan{v}. (5)
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In the rigid sphere approximation, the atoms are just reflected from the solid surface thus the kinetic
energy is conserved and only the normal component of the velocity inverses. The atoms, however, are
chemically reactive, thus they tend to interact with the solid material and the rigid sphere
approximation is usually not justified. Because the atoms feel an attractive force, they will stay on the
surface for a certain time which depends on the surface properties. The residence time is often large
enough that another atom from the gas phase arrives to the binding side. The atom arriving from the
gas phase interacts strongly with an atom already adsorbed on the surface and association to the
parent molecule occurs. The molecule formed on the surface by association of two atoms |leaves the
surface almost immediately. The association depends on the surface density of atoms and strength of
the binding sites on the surface. The probability of surface association is usually expressed in the terms
of the recombination coefficient y, which is defined as a ratio between the flux of atoms to the surface
and flux of maolecules (which have been formed by surface association of atoms) from the surface. For
two-atom molecules the recombination coefficient is:

y=Jums g

2] molecules

The mechanism explained above is usually called “Eley — Rideal” model [4]. The necessary condition
for association of atoms into parent molecules is a good density of atoms adsorbed on the solid
surface. Adsorbed atoms are trapped in the potential well on the surface of a solid material. The
potential energy of an atom trapped in the potential well is much lower than the potential energy of
an atom in the gas phase as shown in a simplified manner in Figure 1.7. In reality, the potential is three-
dimensional and of a complex structure. Some authors reported binding sites of different binding
energies (different depths of the surface potential wells), thus the illustration in Figure 1.7 should be
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Figure 1.7. Schematic simplified one-dimensional potential curve for atoms and molecules next to the
surface of a solid material.

The difference in the potential energies between atoms and the newly formed molecule is transferred
to the internal energy of the solid material. The solid material therefore warms up upon exposure to
neutral atoms from the gas phase. The molecule formed on the surface according to Eley — Rideal
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model may or may not be in thermal equilibrium with the solid material. The potential energy of the
atoms in the gas phase is equal to the dissociation energy of the molecule. After desorption, the
molecule may keep a substantial part (roughly up to about half of the dissociation energy) of the
potential energy in the form of its internal energy [5]. The molecule may therefore desorb from the
surface in a highly excited vibrational state. Although some research has been performed on the
distribution of such molecules over excited states, the phenomenon is still far from being well-
understood. Schematic of the Eley — Rideal model is presented in Figure 1.8.

Another possibility is that two adsorbed atoms interact on the surface of the solid material and leave
the surface in the form of a molecule. This mechanism is called Langmuir-Hinshelwood and is
schematically presented in Figure 1.9 [4]. In this case, the atoms have already lost their potential
energies upon adsorption, therefore the molecule cannot leave the surface with a substantial internal
energy.

Wﬁ%%m

Figure 1.8. Schematic of the Eley — Rideal recombination. 1 — atoms move randomly in the gas phase,
2 — atoms adsorb on the surface, 3 — an atom from the gas phase interacts with an adsorbed atom, 4
—a molecule desorbs from the surface.
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Figure 1.9. Schematic of the Langmuir-Hinshelwood recombination. 1 — atoms move randomly in the
gas phase, 2 — atoms adsorb on the surface, 3 — two adsorbed atoms interact on the surface, 4 — a
molecule desorbs from the surface.

The predominant mechanism depends on various factors from the binding energy to the surface
mobility of atoms and temperature of the solid material. Experimentally it is difficult to distinguish
between these two mechanisms. In any case, a substantial fraction (usually much more than half) of
atoms’ potential energy is transferred to the internal energy of a solid material.

The surface recombination causes heating of the solid material exposed to radicals. The heating rate
obviously depends on the flux of radicals onto the surface, the dissociation energy of the molecule
formed on the surface by association of radicals, and probability for association which is expressed in
the terms of the recombination coefficient as in Equation (6). For the case of association of atoms to
two-atom molecules, the heating power is

P:‘jafnms %Wd A’}/ (7)
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Here, A’ is the surface of the solid material exposed to a flux of atoms jatoms. In the case a three-atom
molecule is formed, the factor % should be replaced with %. Combining the Equations (5) and (7) gives
the heating power

P=1/3Wd-n-<v>-/i’-y. (8)

Suppose there is a small particle of a simple shape levitating in an atmosphere rich in atoms. The
particle is heated at the rate as in Equation (8) and radiates according to Stefan-Boltzmann law:

P =(1-a)- 404 -T*, (9)

where g is albedo, o is the Stefan-Boltzmann constant and Tis a temperature of the levitating particle.
The temperature of the small particle assumes a much higher value than the gas temperature. Taking

into account the relations (8) and (9) and neglecting some effects, the temperature of the levitating
particle is

(10)

The temperature of a levitating particle versus the atom density in its surrounding is shown in Figure
1.10 for the dissociation energy of 5 eV, albedo 0 and different recombination coefficients y. In Figure
1.11 the temperature is shown for the same parameters except that the albedo was taken 0.9. Here,
it should be stressed that several approximations were assumed to simplify the calculations. In real
cases, the particle is not only cooled by radiation but also by other effects including heat transfer
because of the thermal conductivity of gas and convection. The approximation is justified only for high
differences between gas and particle temperatures. That’s why in Figures 1.10 and 1.11 the curves at
lower temperatures are presented with dashed lines.
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Figure 1.10. The temperature of a small particle levitating in gas rich in atoms versus the atom density
fora=0.
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Figure 1.11. The temperature of a small particle levitating in gas rich in atoms versus the atom density
fora=0.9.

Simple approximations are useful for a rough estimation of the temperature of a small particle. If a
particle is large, gradients in the atom density next to the surface occur because of the loss of atoms
on the surface. From this point of view, the results summarized in Figures 1.10 and 1.11 should be used
only as the upper values. The approximation is valid for particles up to the dimension of, say, a
millimetre. For larger particles, the temperature is lower but still substantially higher than the ambient
temperature. The approximation is valid also for a small object immersed into the gas rich in atoms
and connected to a thin wire of a low thermal conductivity.

Sometimes, it is also useful to estimate the temperature of small particles sitting on the surface of a
larger object providing the thermal connection between such particles and the object is poor, for
example, metallic dust on the surface of poor thermal conductors such as glass or polymer. In the case
the small particles sit on the surface, the flux of radicals in Equations (7-10) should be divided with a
factor of two because the particles are exposed to atoms from one side only.

The heating of a solid material therefore depends on the recombination coefficient y which has been
defined in Equation (6). The recombination coefficient depends on the composition and structure of
the surface of the solid material [6, 7]. From this perspective, different groups of materials have been
identified.

One group contains materials whose surface has a very limited density of available binding sites for
adsorption of gaseous atoms. These materials are often called inert. Contrary, there are materials of
numerous binding sites that are quickly occupied by relatively weakly bonded atoms. Such materials
are often called “catalytic” because they serve as catalysers for heterogeneous surface recombination.
Within these two extremes, there are materials of numerous binding sites where atoms bond strongly,
and materials of moderate density of binding sites capable for binding atoms relatively weakly. The
exact picture of available binding sites and shape of the potential wells is available only for few
materials of a perfect structure, such as mono crystals and is still a subject of scientific investigation.
In practice, however, the materials do not have perfect properties; therefore, the recombination
coefficients have been determined experimentally. For a rough guidance, the materials falling into
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each category according to available scientific literature and practical experiences of the authors of
this text are summarized in Table 1.3.

Table 1.3. Smooth clean materials of different recombination coefficients at room temperature for
oxygen, nitrogen and hydrogen atomes.

Recombination coefficient oxygen nitrogen hydrogen
Over 0.1 iron iron [8] iron
nickel [9] nickel nickel
cobalt [10] cobalt stainless steel
copper [10] tungsten copper
silver aluminium
gold
manganese
platinum
titanium
Between 0.01 and 0.1 graphite [11]  aluminium graphite
stainless steel copper Al; 03
niobium [10]  stainless steel tungsten
tungsten cobalt
titanium
tungsten
Below 0.01 Pyrex Pyrex Pyrex
quartz quartz quartz
Teflon [12] Teflon Teflon [12]
Al; O3 molybdenum  PET [12]
PET [12] PS [12]
PS [12]

It should be stressed that the values given in Table 1.3 are just recommended values for materials of a
high purity with the native layer of oxide (if applicable) and almost free from other surface impurities.
The values are for smooth materials and valid for the range of temperatures not deviating much from
room temperature.

While the surfaces of many polymers cleaned by routine techniques are almost free from adsorbed
impurities, most metals are quickly covered with a very thin film of impurities in a short time after the
cleaning. Many metals form a native layer of oxide whose thickness is often around a nanometre.
Furthermore, they tend to adsorb organic impurities which are always presented in air at minute
quantities. Both films are rather strongly bonded to the surface of a metallic object and cannot be
removed at room temperature even upon prolonged exposure to an ultrahigh vacuum. It is common
to detect carbon on metallic samples by surface sensitive methods under ultrahigh vacuum conditions
such as Auger electron spectroscopy, X-ray photoelectron spectroscopy and secondary ion or neutral
mass spectrometry. The surface impurities often have a strong influence on the recombination
coefficient; therefore, a small object placed inside an atom-rich atmosphere does not heat up to
elevated temperatures according to Figures 1.10 and 1.11. The thin film of organic impurities is quickly
removed upon exposure to oxygen or nitrogen atoms, but may remain on the surface even after
prolonged exposure to hydrogen atoms.
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The native oxide film does not influence the coefficient for surface recombination of oxygen atoms
because the oxide is formed anyway as a result of chemical interaction of O atoms with metallic
surfaces, but it influences the coefficient for hydrogen recombination. H-atoms often do not bind much
on the surface of an oxidized metal, definitely much weaker than on pure metals. The values in Table
1.3 are for pure metals. Once a metal with a layer of surface impurities is exposed to H atoms, chemical
interaction occurs and the H atoms may eventually etch the layer of organic impurities and reduce the
native oxide film. Figure 1.12 illustrates this effect. It shows dependence of the temperature of small
nickel and gold discs versus the fluence of H atoms. For low fluences, the temperatures of both samples
remain close to room temperature which indicates very small recombination coefficient for these
materials covered with surface impurities. After receiving a certain fluence, the temperature starts
rising and eventually assumes a steady value typical for catalytic materials. The density of H atoms in
the vicinity of the samples was 2x10%* m™ at experiments shown in Figure 1.12. The behaviour as
shown in Figure 1.12 is often called “catalyst activation” and it is explained by the removal of surface
impurities. Gold does not form a significant oxide film; therefore, it is activated much faster than nickel.
Many metals can be activated by this way, providing the binding energy of oxygen in the film is not too
high and the thickness of the oxide film is up to few nm only. Thick oxide films cannot be removed at
low temperature in a reasonable time and strongly bonded oxides cannot be removed at all by
exposure to atomic hydrogen, except at very high temperatures [13-15]. A classic example is
aluminium — even the native oxide film will not be reduced upon treatment with H atoms unless the
temperature is very high. Titanium, on the other hand, serves as a good catalyser for heterogeneous
surface recombination of hydrogen atoms, providing it is not covered with a compact and thick oxide
film [16].
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Figure 1.12. The temperature of nickel and gold discs upon exposure to atomic hydrogen versus the
fluence.

The recombination coefficient also depends on the surface morphology [7]. If the surface is almost
perfectly smooth, a substantial fraction of atoms is simply reflected upon a collision with the solid
material. In contrast, rough materials exhibit higher recombination coefficients than their smooth
counterparts. The effect is illustrated in Figure 1.13. In this illustration, an atom is regarded a rigid
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sphere. As mentioned earlier, the atoms in this (often not justified) approximation do not feel any
attractive force on the surface, therefore their kinetic energy is preserved and only the normal
component of their velocity inverses. Two cases are considered: in the left-side illustration of Figure
1.13 an atom enters a gap on the surface of a solid material at a large angle. Once it suffers an elastic
collision, it is reflected to another side of the gap and experiences several collisions before escaping
from the gap. The right illustration in Figure 1.13 shows a rare case where an atom is directed almost
perpendicular to the surface. If this happens, the atom suffers only one surface collision. The number
of collisions in the rigid sphere approximation obviously depends on the aspect ratio of the gap: if the

depth of the gap is much larger than its lateral dimension, the collisions are numerous. The simple
drawings are valid for the case when the mean free path is much longer than the gap lateral dimension.
Otherwise, an atom also experiences gas phase collisions with other gaseous particles. The collision-
less gaps are common in practical cases of rough materials because the mean free path is roughly 1 cm
at the pressure of 1 Pa.

Figure 1.13. Schematic of atom collisions within gaps on the rough surface in the rigid sphere
approximation.

The rigid sphere approximation has limited validity. In practice, there is a certain probability that an
atom will stick to the surface at each collision. The probability is actually the recombination coefficient
for a smooth material as defined in Equation (6). The real recombination coefficient for a rough
material is obviously the value for a smooth material multiplied with the number of collisions in the
gap. If there are numerous collisions, the recombination coefficient will be large even for materials
whose smooth surfaces exhibit a moderate recombination coefficient. In fact, in the approximation of
gaps with infinite aspect ratio separated by infinitely narrow walls, the recombination coefficient for
all materials will approach 1. Such materials do not exist, of course, but close approximations are
available.

The influence of the surface roughness on the recombination probability for oxygen atoms for the case
of a graphite is shown in Table 1.4 [11]. As received graphite wash polished with the abrasive paper
with a different grit. One sample of graphite was made smooth and the other one rough. The surface
roughness as measured by profilometer is shown in Table 1.4 (Figure 1.14). A smooth graphite exhibits
a moderate recombination coefficient and the measured value for oxygen atoms is 0.04. This means
that 96% collisions obey the rigid sphere approximation and only 4% results in adsorption of an atom
onto the smooth surface. If the surface is made rough, the atoms suffering an elastic collision are not
reflected perpendicularly but most of them experience several collisions before leaving the surface.
Because the probability of adsorption at each collision is 0.04 (i.e. the value measured for a smooth
surface), the recombination coefficient as determined for a rough sample is much larger, i.e. y = 0.09
for the roughest surface in Table 1.4 [11].
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Table 1.4. Dependence of the recombination probability for oxygen atoms on surface roughness of
graphite samples

Sample Roughness (nm) Recombination probability
Smooth polished graphite 4.5x10° 0.04
Rough polished graphite 1.8 x 10° 0.06
As-received graphite 3.2x10° 0.09

Figure 1.14. Profiles of the surface (1.1 x 1.1 mm) of graphite samples with different surface
morphology and roughness as measured by a profilometer: (a) smooth, (b) rough and (c) as-received.

Carbon material of deep and dense gaps separated with thin walls is called carbon nanowalls. The
nanowalls are often deposited by PECVD process. Organic precursor is dissociated upon plasma
conditions and the radicals condensate on the surface. In the limited range of plasma parameters,
dense nanowalls of vertically oriented multilayer graphene sheets are formed as shown in Figure 1.15.
Most atoms from the gas phase will be trapped in the gaps between nanowalls and will suffer
numerous collisions before escaping. The effect is illustrated in Figure 1.15. The measure value of the
recombination coefficient for this material is approximately y = 0.6 [17].

Even larger recombination coefficients are measured for materials with a very high porosity. Figure
1.16 shows a SEM image of a nickel foam. The recombination coefficient for oxygen atoms on a smooth
nickel foil is 0.27 [9]. In the case of the foam, the atoms are trapped in the open volume within the
foam as shown schematically in the illustration of Figure 1.16. VVery few atoms are reflected on the
walls on the surface of the foam because of a high porosity. Most atoms enter the foam and suffer
numerous collisions and very few leave the material. Practically all atoms adsorb on the walls inside
the foam and only molecules are capable of escaping. That is a reason why the recombination
coefficient for the nickel foam is practically 1.
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Figure 1.15. SEM image of vertically oriented carbon nanowalls (left) and illustration of an atom
collisions (right).
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Figure 1.16. SEM image of a nickel foam (left) and schematic of collisions in the rigid sphere
approximation (right).

The recombination coefficients summarized in Table 1.3 were measured at room temperature. Very
few experiments have been performed at lower temperatures because of the lack of a practical
interest. The materials facing plasma, however, are often heated to high temperatures either
deliberately or just because of the exothermic surface reactions such as charged-particles
neutralization, bombardment with positively charged ions and, of course, heterogeneous surface
recombination of radicals to stable molecules. In some plasmas, the heating of surfaces by absorption
of light quanta is not negligible, too. Any investigation of the loss of atoms on surfaces of plasma-facing
materials should therefore include thermal effects. Not much work has been done on temperature
dependence of the recombination coefficient for catalytic materials, except for some high temperature
ceramics[18-24]. Figure 1.7 demonstrates that atoms trapped in the potential well cannot leave the
surface without associating to a molecule; therefore, the recombination coefficient cannot decrease
with increasing temperature. In fact, the recombination coefficient was found increasing with
increasing temperature [18-24]. In some cases, the recombination coefficient increases monotonously
with increasing temperature. Figure 1.17 demonstrates this effect. Such a monotonous increase could
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be explained by a higher mobility of atoms adsorbed on the surface. The higher mobility should favour
more intensive recombination following the Langmuir — Hinshelwood model. In some other cases,
however, the recombination coefficient was reported almost constant over a broad range of
temperatures indicating the predominant Eley — Rideal model. Interesting results have been found for
some alloys. Figure 1.18 shows the temperature of a small Inconel disc immersed into H-rich
atmosphere. The disc was previously activated well to avoid the effect shown in Figure 1.12. One
observes three knees in the curve. The first one at the time of approximately 10 s after turning on the
H-atom source indicates that the material has assumed the constant temperature because the heating
and cooling rates have equalized. The temperature, however does not stabilize completely but keeps
increasing slowly for the next 100 s. Such an increase is easily attributed to increasing gas kinetic
temperature, but could be also attributed to a slow increase of the recombination coefficient in the
range of temperatures between approximately 450 and 550 K. The second knee is observed at
approximately 175 s. Thereafter, the Inconel temperature increases quickly until the third knee is
observed at the temperature of approximately 1000 K. Such an effect can only be explained by an
almost instant increase of the recombination coefficient at the temperature of approximately 550 K.
After the third knee the temperature stabilizes to an almost perfectly constant value of approximately
1000 K, which is explained by equalization of the heating and cooling rates according to equation (10).
The curve presented in Figure 1.18 is perfectly reversible. This material therefore exhibits two distinct
recombination coefficient: a moderately low one at temperatures below approximately 450 K and a
high one above approximately 550 K. No scientific explanation for such an unexpected result is
available. The effect illustrated in Figure 1.18 anly demonstrates that heterogeneous surface
recombination of atoms to stable molecules is still far from being well understood, therefore a user of
non-equilibrium gases rich in atoms has to take the values presented in Table 1.3 with some caution.
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Figure 1.17. The temperature dependence of the recombination coefficient for oxygen atoms on some
materials: SiC [18, 20], quartz [18], Al;O; [24] and Cu [23].
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Figure 1.18. The temperature of a small Inconel disc immersed into H-rich atmosphere of constant
density of H-atoms of 2x10* m~3,

1.2.Plasma sources of neutral atoms

The considerations explained in the previous chapter are useful and should be taken into account at
any attempt to construct an efficient source of radicals, in particular neutral atoms. Although there are
several mechanisms that enable dissociation of molecules into parent atoms, only a couple have been
used widely: (i) dissociation on a hot surface, and (ii) dissociation upon plasma conditions. This
textbook refers to the second one. Dissociation occurs in the gas phase at very high gas temperatures,
but such a hot source of atoms is not suitable for treatment of solid materials except materials that
remain stable at high temperatures. Technologically more important is dissociation at a low gas
temperature in non-equilibrium states of gases such as gaseous plasma sustained at a low power
density. Here, it should be stressed that the term “gas temperature” is not defined in highly non-
equilibrium gases. Many authors adopted the expression “neutral gas kinetic temperature” or just “gas
kinetic temperature” which indicates the temperature arising from random motion of gaseous
particles. The expressions “electron temperature” and “ion temperature” indicate the temperature
arising from the random motion of electrons and ions, respectively. Few authors adopted the
expressions “dissociation temperature” or “ionization temperature” which actually indicate the
dissociation and ionization fractions, respectively. Most authors rather indicate the densities of neutral
radicals and charged particles.

Following the considerations explained in chapter 1.1, enables construction of efficient radical sources.
The most straight-forward method for dissociation of molecules is by electron impacts. Gaseous
plasma is rich in electrons and their temperature is much higher than the neutral gas kinetic
temperature. If an electron is energetic enough (i.e. that its energy is higher than the dissociation
threshold), an inelastic collision with a molecule may cause dissociation. The probability for such an
event is really small at the threshold and increases with increasing electron energy, peaking at roughly
approximately 100 eV. Such high-energy electrons are really scarce in common plasmas, therefore the
probability for direct dissociation of a molecule from the ground state is low. The dissociation energies
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of many molecules are rather large at the values between approximately 5 and 10 eV, but many
molecules have metastable states that help increase the dissociation efficiency. For example, oxygen
molecules have two metastable states at the excitation energies of roughly 1 and 2 eV. The dissociation
energy for oxygen molecule is 5.16 eV, thus the intermediate excitation to those metastable states
effectively lowers the required electron energy, what is useful, especially because the electron energy
distribution function is usually almost exponential in the high-energy tail.

The dissociation fraction of molecules in gaseous plasma definitely increases with increasing discharge
power but so does the energy consumption; therefore, increasing the power is not the best way for
assuring a high dissociation fraction. More important is minimizing the loss rate which is either in the
gas phase by three-body collisions following equation (2) or on surfaces by heterogeneous
recombination. The efficiency for the surface loss of atoms depends on the recombination coefficient
— see Table 1.3. There should be a maximum density of atoms in gaseous plasma at an optimal
pressure. At pressures below the optimum, the atom density should decrease because of surface
effects, whereas at pressures above it should decrease because of the loss of atoms in the gas phase.
Figure 1.19 illustrates the effects. The pressure at which the optimum occurs, depends on the
discharge power density: at larger powers the optimum is shifted to larger pressures.

Figure 1.19 clearly demonstrates that high pressure discharges are inefficient sources of atoms. In fact,
the specific power needed to sustain a large density of atoms at atmospheric pressure is just huge as
compared to low-pressure counterparts. For example, a simple atmospheric-pressure discharge
operates in a volume of the order of 1 cm? at the power of the order of 10 W giving the power density
of 10 W cm™ = 10’ W m™ and gives the atom density of the order of 10?* m=3. The same atom density
in low pressure chambers is obtained at power densities of 10° — 10* W m™. The power used for
sustaining gaseous plasma is used for different reactions, but practically all power is finally transferred
to heat because a thermodynamically non-equilibrium system approaches equilibrium conditions
spontaneously soon after the discharge power has been turned off. The atmaospheric-pressure atom
sources are thus energetically inefficient.
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Figure 1.19. Schematic of the O-atom density versus pressure.

Low-pressure sources of radicals employ different gaseous discharges. High-power discharges are
often avoided because they cause increased neutral gas kinetic temperature and are therefore useful
only for treatment of materials that can stand high thermal loads. Low-power discharges are divided



1.2. Atom Species Generation by Plasma 31

into DC or low-frequency AC, and high-frequency discharges such as radio-frequency (RF) and
microwave (MW) discharges. DC and low-frequency discharges are rarely used as radical sources
because they employ two electrodes inserted into the plasma chamber. An electrode is made from an
electrically conductive material such as metals or graphite. These materials exhibit rather high catalytic
activity for surface recombination of atoms (see Table 1.3), therefore they are often avoided when
constructing radical sources.

High-frequency sources are common. Gaseous plasma is either sustained by low-frequency RF
discharges (frequency of the order of 10 kHz), high-frequency RF (roughly from 1 to 100 MHz) or MW
discharges (of the order of GHz). Particularly popular are industrial frequencies of 13.56 MHz for RF
discharge and 2.45 GHz for MW discharge and their harmonics.

Low-frequency RF discharges usually employ an electrode immersed into the grounded housing and
powered with a generator. Schematic of such a setup is shown in Figure 1.20. The metallic chamber as
well as the electrode definitely represent a sink for radicals because of heterogeneous surface
recombination. One solution of this problem is a dielectric coating of the metallic components facing
plasma. The coating is preferably made from a material of a low recombination coefficient, for example
a thin layer of the quartz glass. The layer should be thin enough to assure for a reasonable impedance.,
The impedances involved in the configuration presented in Figure 1.20 are shown schematically and in
a simplified manner in Figure 1.21. The total impedance is the sum of capacitive and resistive
components. The capacitance occurs across both the glass film and the sheath between the glass
surface and plasma. The capacitive component of impedance is inversely proportional to the frequency
and capacity of the plane-parallel capacitor:

e 1
‘o= w-C a).(g.go.Aﬁjr';x).

(11)

Here, w is the frequency of the power supply, € is a relative permittivity, £o is the vacuum permittivity,
A’ is the area of a capacitor and x is the thickness of either thin dielectric film or the sheath. The
capacitive component of the impedance is thus inversely proportional to the electrode area. To
minimize it, one should apply the electrode as large as possible. Obviously, if one wants almost all
discharge power to be dissipated on the powered electrode, the electrode should be small. In the case
of radical sources, small electrodes should be avoided to minimize the power lost for heating of the
electrode. The capacitive component of the impedance is proportional to the thickness of the dielectric
layer; therefore, the glass film should be made as thin as possible.
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Figure 1.20. Schematic of the capacitive coupled RF discharge with an electrode immersed into the
plasma reactor.
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Figure 1.21. Simplified electric circuit for the configuration presented in Figure 1.20.

There is a substantial impedance across the plasma sheath next to the electrode. The sheath thickness
depends on the Debye length which in turn depends on the electron density and temperature as

AD — 073 e s (12}
e,n,

where & is vacuum permittivity (&, =8.85 x 1072 F/m), ep is the elementary charge, T. is the electron

temperature and n. is the electron density.

The fact that the capacitive component of the sheath cannot be neglected is because of a poor
electrical conductivity of the sheath as compared to plasma. In gaseous plasma, the current is carried
by electrons which have an excellent mobility because of their low mass. In the sheath, the density of
electrons is much lower than in plasma because of a self-biasing effect (the electrode is highly negative
against plasma), therefore the current carriers in the sheath are positively charged ions of a limited
mobility.

Same effects as for the powered electrode occur also on the grounded housing, but the surface (A”) is
usually larger, therefore the impedance of capacitors in the bottom of Figure 1.21 is smaller than in
the top capacitors. The capacitive component of the impedance is easily supressed by increasing the
frequency of the RF generator as demonstrated from equation (11). Still, low-frequency RF discharges
are popular as sources of specific radicals because of the low cost of low-frequency RF generators and
because of a highly effective transfer of generator’s power to gaseous plasma — no complex matching
network is needed.

Low-frequency RF discharges are particularly useful as sources of radicals containing several atoms.
They are widely used as sources of radicalized monomers. A monomer is introduced through a gas inlet
as shown schematically in Figure 1.20. It radicalizes upon plasma conditions and the radicals stick to
the surface of any material immersed into plasma reactor. Low specific power (often around 1 kW m™)
is applied to enable only partial radicalization of the monomer what in turn enables preservation of
the monomer original composition and structure. The process is often called “plasma polymerization”
and is used nowadays on the industrial level.
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Such low-power discharges are useful for partial radicalization of molecules containing numerous
atoms, but are impractical for the efficient dissociation of molecules to the smallest fragments - atoms.
The high dissociation fraction is obtained at somehow larger power densities and larger frequencies.
Particularly popular sources of neutral atoms are electrodeless high-frequency RF discharges.
Schematic of a simple setup widely used on experimental level is presented in Figure 1.22. A dielectric
tube is made from a material of a low recombination coefficient. Considering Table 1.3, the choice of
materials includes some glasses, ceramics, and polymers. Because the polymers often interact
chemically with plasma radicals, they are usually avoided. The most frequently used materials for the
discharge tube are borosilicate and quartz glasses. Some types of borosilicate glass can be sealed with
some metals (kovar alloy is particularly useful) to make perfectly hermetically tight joins free from
gaskets. An alternative to sealing of the flanges to the glass tube is the application of gaskets made
from elastomers. Borosilicate glass is practical because it is easily blown to an arbitrary shape and
exhibits a low recombination coefficient for many atoms including oxygen and nitrogen. For hydrogen,
however, it should be avoided because the recombination coefficient is moderate and increases with
increasing glass temperature. One advantage of borosilicate glass is effective absorption of UV
radiation, especially hard UV radiation. If radiation penetrates the glass, it represents a health risk. Not
only it is harmful for eyes, but hard UV radiation also causes formation of ozone in the laboratory.
From this point of view, borosilicate glass exhibits a definite advantage over some other types of glass
such as quartz.

Quartz glass is also popular for discharge chambers in the configuration presented in Figure 1.22. It is
a particularly useful material for construction of sources of hydrogen atoms because the
recombination coefficient is rather low. A user of quartz, however, should beware of its transparency
for UV radiation. Namely, hydrogen plasma is a source of continuum radiation in the range of UV
wavelengths arising from transition of the triplet H, molecules from highly excited states to the
dissociative state. The photon energy is high enough to dissociate oxygen molecules which results in
appearance of ozone in the laboratory.
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Figure 1.22. Schematic of the electrodeless RF discharge powered with an inductor.
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The coupling of RF power to plasma in Figure 1.22 is through a coil. The coil is connected to an RF
generator operating at high frequencies, often 13.56 or 27.12 MHz, via a matching network. The
network may consist of variable capacitors and/or coils, but typically a couple of capacitors is used as
shown in Figure 1.22. One capacitor is connected in series and the other in parallel. The matching
network is essential because the plasma impedance depends on the plasma density; therefore, the
electrical circuit should be matched for each discharge condition. If not, the generator would be
mismatched and the majority of the available power would be just reflected.

At a low discharge power used in configuration presented schematically in Figure 1.22, the basic
concept of the electrical circuit applies, but with an important modification to include the influence of
both flanges. Such a modified circuit is presented in Figure 1.23, still in a simplified manner.

The circuit presented schematically in a simplified manner in Figure 1.23 shows an important
difference in the capacitances next to the coil and flanges. Next to the coil, two capacitances occur in
series: one is attributed to the capacitance of the sheath between the bulk plasma and the inner
surface of the glass tube, and the other capacitance is attributed to the capacitance of the glass wall.
The capacitive component of the impedance is inversely proportional to the capacitance of a capacitor
as in equation (11). The thickness of the glass tube is usually larger than the sheath thickness because
of practical reasons — the glass tube should withstand the force as a result of the pressure difference,
which is approximately 1 bar. Next to the flanges, there is only the capacitance owing to the sheath,
because plasma is in a direct contact with the metallic flange. The absence of the impedances because
of the absence of the glass wall next to the flanges has an important consequence: The impedance of
the circuit from the powered part of the coil and the grounded flanges is lower than the impedance of
the circuit from the powered part of the coil to the grounded part of the coil despite the rather large
distance between the coil and the flange. As a result, a uniform plasma expands throughout the glass
tube. It should be stressed again that the considerations presented in this paragraph are valid only for
the case of a low power where the density of charged particles in gaseous plasma is low. In scientific
literature, such a configuration is often called “inductively coupled plasma in E-mode”, “E” indicates
that the electrons gain energy in the electric field next to the sheath rather than in an induced electric
field which appears because of an oscillating magnetic field inside the coil.

- _» upper flange ground

[ > upper flange sheath
S plasma body (resistance)
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Figure 1.23. Schematic of the simplified electrical circuit for the experimental setup presented in Figure
1.22 when a discharge power is low (plasma in the E-mode, capacitive coupling).
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In the case of a high available power, the circuit presented in Figure 1.23 is not valid. At a high power,
the electron density is high enough that plasma can be presented as a highly conductive medium. In
such a case, the circuit shown in Figure 1.23 should be replaced with a completely different one to
include the inductance of gaseous plasma, which becomes important and eventually predominant
when the electron density is large. A suitable circuit for such a case is presented in Figure 1.24 in a very
simplified manner. The coil connected to the RF generator via the matching network (see Figure 1.22)
represents the primary coil of a transformer. The secondary coil is plasma, which is coupled with the
primary coil by the mutual inductance which occurs when the current in one inductor induces a voltage
in another nearby inductor. Gaseous plasma is, of course, inside the primary coil. Such a picture is
justified for a high density of charged particles. Plasma has also its resistivity (Ohmic impedance) which
is represented by a resistor connected in parallel with plasma’s inductance. Highly conductive plasma
following the scheme in Figure 1.24 is often called “inductively coupled plasma in H-mode”. “H”
indicates that the electrons gain energy in the induced electric field inside the coil which is a result of
an oscillating magnetic field.

The simplified picture presented in Figure 1.24 neglects the capacitive components of the circuit
impedance because of the presence of the glass tube which is usually not justified, therefore it should
be regarded only as a rough approximation. Still, it is useful to understand the huge difference in the
mechanisms of the inductive RF plasma powering in E and H modes. It is also worth mentioning than
the impedance, which is a result of the capacitance of the sheath between plasma and a surface, is
neglected because the electron density is large, therefore the Debye length (equation (12)) is small
and so is the impedance.

plasma inductance

coil inductance

v

plasma
resistance

N

RF +
matching
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Figure 1.24. Schematic of the simplified electrical circuit for the experimental setup presented in Figure
1.22 when discharge power is high (plasma in the H-mode, inductive coupling).

Plasma can be sustained in the H-mode only when the power density is large enough to assure for a
high electron density. The high power is attributed to high voltages on the coil. Such high voltages
cause intensive radiation (the coil acts as an antenna) what represents a health hazard. Furthermore,
the high voltages may damage the capacitor in the matching network and also cause increased
capacitive coupling to nearby grounded metallic components. For large plasma reactors, the voltages
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may be too high, therefore alternative couplings are recommended. One possibility is an application
of several coils connected in parallel to decrease the voltage and enable expansion of the coil length.
This solution is schematically presented in Figure 1.25. In this case, the distance between coils should
be large enough to prevent predominant electric current between neighbouring coils. Otherwise, the
configuration in Figure 1.25 can be represented as a large cylinder placed onto the glass tube. In
practice, the coils should be few cm apart each other.

RF +
matching
network

N\

Figure 1.25. Schematic of two coils connected in parallel suitable for an industrial-size inductively-
coupled RF plasma in the H-mode.

Yet another coupling suitable for sustaining plasma in long cylindrical discharge tubes is presented in
Figure 1.26. This configuration benefits from the quadrupole coupling. There are four rods placed
symmetrically along the glass tube. Two opposite rods are powered and the other two are grounded.
The coupling can be either in the E-mode (predominant capacitive coupling as schematically shown in
Figure 1.21) or in the H-mode (predominant inductive coupling as schematically shown in Figure 1.24).
Obviously, the capacitive coupling will be established at a low power of the RF generator and inductive
at a large power. An important parameter is also a diameter of the discharge tube. The coupling
presented in Figure 1.26 is effective in the H-mode at a rather low diameter, say up to approximately
10 or 20 cm. In the configuration presented in Figure 1.26 the rods connected to the RF generator
represent almost perfect antennas, therefore the EM radiation is never negligible. If such a
configuration is adopted, the plasma reactor should be encaged into a metallic shield. Obviously, the
distance between the rods and the shield should be large (over 10 cm) to minimize the capacitive
ground of the powered rods to the metallic shield.
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Figure 1.26. Schematic of the coupling using a quadrupole coupling.

The configurations presented in Figures 1.25 and 1.26 are useful for powering long and rather narrow
plasma reactors. In many practical examples, however, reactors of a large diameter are preferred. In
such cases, a different coupling between the RF generator and gaseous plasma should be applied.
Three possible configurations are shown in Figures 1.27, 1.28 and 1.29,

Figure 1.27 shows a coupling suitable for sustenance of gaseous plasmain a low-pressure reactor using
a spiral. The spiral is placed onto a dielectric plate and connected to the RF generator via a matching
network at the centre of the system as shown in Figure 1.27. The other side of the spiral may or may
not be grounded with an electrical conductor. If it is not grounded deliberately, the electrical circuit is
closed via the capacitive coupling with the metallic chamber or through gaseous plasma, or the spiral
just represents an antenna. Such a configuration is useful for powering plasma in reactors of a large
diameter, but one should consider the limitations arising from the simple fact that a long conductor
also represents a high inductive impedance. Too long spirals will represent such a high impedance that
the voltage across the spiral would be detrimental for the capacitor inside the matching network.
Furthermore, the dielectrics are often fragile so if the diameter of the dielectric plate is too large, the
pressure difference would cause an extremely large force and the dielectric would break. Here, it is
worth mentioning that the pressure difference of 1 bar is 10 N/cm?. If the area of the dielectric plate
is 1 m?, the force because of the pressure difference would be equivalent to the weight of a 10-ton
mass. The configuration presented in Figure 1.27 is therefore suitable for powering plasma in medium
size reactors only. In cases, where the dielectric plate dimension exceeds approximately a square
meter, it should be straightened mechanically and the spiral should be replaced with several parallel
coupled spirals using the same philosophy as presented schematically in Figure 1.25.
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Figure 1.27. Schematic of the coupling using a spiral.

Another solution to reasonably uniform plasma in chambers of a wide diameter and a rather short
length is presented in Figure 1.28. In this case, the upper plate is metallic so one benefits from the
toughness of metals. The plate can be further reinforced by ribs (not shown in Figure 1.28). Plasma is
sustained in several inductively coupled discharges which are connected in parallel and powered with
one powerful RF generator. Each discharge operates in a glass tube. For the sake of clarity only two
such discharges are shown in Figure 1.28, but in practice several individual discharges may be used.
The impedances of particular discharges vary; therefore, it is not trivial to distribute available power
evenly to all discharge tubes. An important characteristic of gaseous plasma is that its electrical
conductance increases with increasing plasma density; therefore, if a particular discharge creates
plasma of a higher electron density than others, its impedance will decrease causing more current
flowing through the denser plasma what further decreases its impedance, and so on. Eventually, the
current will flow through one discharge only. Fortunately, the impedance does not decrease with
increasing plasma density infinitely because other effects suppress it. The most important one is the
skin effect: if plasma density becomes very large, the electromagnetic field does not penetrate deep
into the conductive medium, therefore the impedance increases with further increasing of the plasma
density. As a result, the configuration shown in Figure 1.28 remains suitable for powering plasma in
the entire reactor. At a low power of the RF generator, plasma is ignited in one discharge tube. As the
power is increased, plasma appears also in another discharge tube, and eventually, at the large RF
power, plasma is sustained in all discharge tubes. Such an effect is actually achievable, providing the
impedances of the connecting lines are adjusted properly. In practice, it is difficult to match all
impedances involved in the electric circuit containing numerous discharges; therefore, the uniform
density of gaseous plasma in a reactor presented in Figure 1.28 remains a technological challenge.

A method to supress the abovementioned effect is presented schematically in Figure 1.29. Here, the
individual inductively coupled discharges are connected with dense plasma which, according to the
previous text, has a rather low impedance at a high electron density. Although the technological
problem of equilibration of the total impedances of separate discharges still persist, it is less severe
than in the configuration presented in Figure 1.28. The configuration of Figure 1.29 usually contains
numerous separate inductively coupled discharges thus making reasonably uniform plasma in the
entire reactor. A drawback of the configuration in Figure 1.29 is appearance of dense gaseous plasma
in the entire glass tube outside the main chamber, therefore the energy efficiency of such a
configuration is rather inadequate.



1.2. Atom Species Generation by Plasma

matching
+ RF

glass tube

metallic
flange

glass tube
.

+« metallic
L flange

matching
+RF

:--‘-‘;L PO, S

. nousing

Figure 1.29. Schematic of the coupling using multiple inductively coupled discharges suitable for narrow
reactors.

All configurations of the inductive RF coupling as described above employ an antenna or inductor
placed outside the vacuum chamber. The reason is trivial: if a coil is placed inside the reactor, the
electrical circuit would be closed through the element of least impedance, i.e. dense gaseous plasma.
As a result, the powered side of the coil would be subjected to an intensive heat load and an arcing
would occur. This effect, however, can be supressed rather effectively using very low-impedance
antennas immersed into the plasma reactor. Figure 1.30 represents schematic of the plasma reactor
employing numerous low-impedance antennas. Each antenna is actually a U-shaped conductor, which
is fully covered with a thin glass or ceramic film for dielectric isolation from the plasma. A typical
impedance of a single antenna is of the order of 10 Q only. The antennas are connected in parallel to
the RF generator as shown schematically in Figure 1.30. Such a configuration allows for an efficient
high-density plasma production and a low-potentials between the powered sides of antennas and the
grounded housing. The problems of adjusting impedances of connecting elements still persists, but
careful matching allows for a rather uniform plasma in the entire volume. The configuration of Figure
1.30is scalable to very large plasma reactors providing the generator is capable of delivering very large
electrical currents.

39
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Figure 1.30. Schematics of a plasma reactor with numerous low-impedances antennas immersed inside
the vacuum chamber.

Inductively coupled plasma powered with high-frequency RF generators is probably to most common
source of neutral atoms. Another option is application of microwave discharges which are particularly
suitable for sustenance of gaseous plasma in a small volume. When the frequency of the
electromagneticfield isin the range of GHz, the skin effect cannot be neglected. The penetration depth
of electromagnetic field in a conductive medium decreases as the square root of the electrical
conductivity, therefore heating of plasma electrons is limited to a thin plasma layer next to the surface.
Most popular atom sources are plasmas created in glass tubes of a diameter of approximately 1 cm.
The dissociation efficiency is large but plasma is never really cold in such discharges.

1.3.Production of O, H and N atoms in inductively coupled RF discharge

This chapter describes a practical example about production of neutral atoms in gaseous plasma
sustained by an inductively coupled radiofrequency discharge. As explained in the previous chapters
the electrodeless configuration of the high-frequency RF discharge is particularly suitable for efficient
dissociation of oxygen, nitrogen of hydrogen molecules into parent atoms. The reason for high efficacy
is twofold: 1 —the RF power is efficiently absorbed by electrons in gaseous plasma, and 2 — the loss of
atoms by heterogeneous surface recombination is minimal.

In the example elaborated here, the RF power is transferred to gaseous plasma either by the
predominant capacitive coupling (schematic of the equivalent electrical circuit is shown in Figure 1.23.)
or by almost pure inductive coupling (as shown schematically in Figure 1.24). The RF generator
operates at the most frequently used industrial frequency of 13.56 MHz up to the nominal power of
1000 W. There are two power meters on the RF generator: one measuring the forward power and the
other indicating the reflected power. If the reflected power is larger than 200 W, the generator shuts
down automatically to prevent any damage. The predominant capacitive coupling will be called “E-
mode”, whereas the expression “H-mode” will be assigned for predominant inductive coupling. The
matching network in the example shown in this chapter was optimized for the coupling in the H-mode
thus enabling also high discharge powers and thus high density of electrons.
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The experimental system will be described to details thus enabling a reader to replicate the results.
Schematic of the experimental system is shown in Figure 1.31. The discharge chamber is a tube of a
length of 80 cm and outer and inner diameters of 40 and 36 mm, respectively. The tube is made from
borosilicate glass of a recombination coefficient approximately 107 for either O or N atoms, whereas
the recombination coefficient for H atoms is closer to 107 at room temperature. The coefficient for H
atoms increases with increasing glass temperature [25]. The glass tube is connected to standard KF
flanges using elastomer gaskets. The RF coil is mounted asymmetrically onto the discharge tube. This
was done intentionally to facilitate different couplings to the flanges. The coil of 6 turns is made from
a copper tube of outer and inner diameters of 3 and 1.5 mm, respectively, and is connected to an RF
generator Cesar supplied by Advanced Energy. The coil is cooled with water, whereas the segment of
the discharge tube with intensive plasma is forced-air cooled. Such cooling prevents heating of the
outer walls of the discharge tube over approximately 50 °C even for large discharge powers. Gases are
introduced into the discharge tube through a Aera FC-7700 mass flow controller (MFC). An absolute
vacuum gauge MKS baratron 722A absolute pressure transducer is used for measuring the pressure
inside the discharge tube, which is pumped by Edwards Two-stage rotary pump of a nominal pumping
speed of 80 m*/h. A valve IEVT KV-R-32 supplied by Vacutech enables separation of the pump from the
discharge tube without turning it off. There is also a flow restrictor above the vacuum pump which
enables adjustment of the effective pumping speed. Between the pump and the discharge chamber
there is a recombinator supplied by Vacutech to catalyse atoms to parent molecules to prevent any
chemical interaction of atoms with the oil in the vacuum pump. The atom densities are measured with
movable catalytic probes supplied by Plasmadis (Ljubljana, Slovenia). The probe tip is moved along the
discharge tube from the coil towards the flange next to the pump as shown in Figure 1.31. The probe
tip is never inside the coil where intensive plasma appeared in the H-mode. The probe would melt
immediately, if placed in powerful plasma inside the coil according to the considerations presented in
Figures 1.10 or 1.11. The recombination coefficients for the catalytic tips are 0.12, 0.066 and 0.50 for
0O, H and N atoms, respectively. An optical spectrometer is connected to a movable optical fibre for
measuring characteristic spectra in the range between approximately 200 and 1100 nm. The vacuum
system is often vented to an ambient atmosphere and never baked, therefore water is adsorbed on
the inner surfaces.
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Figure 1.31. Schematic of the experimental system.

1.3.1 Oxygen atoms
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Oxygen of commercial purity 99.9% was introduced into the experimental system presented
schematically in Figure 1.32. A photo of the discharge tube at the discharge power of 100 W and the
pressure of 20 Pa is shown in Figure 1.33. The photo reveals three distinguished regimes: 1 — plasma
of a rather intensive radiation which is limited to the coil volume, 2 — less luminous plasma between
the coil and the grounded right-hand flange, and 3 — very weak plasma in the volume between the coil
and the left-hand flange. The RF power is effectively transferred into gaseous plasma in regime 1. This
is due to the capacitive coupling between the coil and the gaseous plasma inside the coil. The electrons
are accelerated in the sheath next to the coil between the glass tube and the plasma inside the coil.
Once the fast electrons enter plasma, they are quickly thermalized at elastic collisions with plasma
electrons. Such a constant supply of energetic electrons (the voltage across the sheath is hundreds of
Volts) from the sheath to the plasma inside the coil makes the electron temperature rather high in
regime 1. The glowing plasma, however, does not terminate at the end of the coil but expands 10 cm
away towards the right-hand side grounded flange. The reason for such expansion is the capacitive
coupling between the coil and the flange. The reason for appearance of a rather uniform plasma in the
regime 2 is simple: the capacitive component of an impedance across the glass wall next to the
grounded part of the coil is larger than the resistance of plasma of a length of approximately 10 cm. As
explained in the chapter 1.2., the electrons have large mobility, therefore the impedance of plasma
itself (without sheaths) is easily approximated by a pure resistive impedance, which is usually much
lower than other impedances involved in the electrical circuit. In fact, plasma of the regime 2 does not
terminate at the grounded flange but rather expands into the entire metallic tube (not shown in Figure
1.33). This is called “hollow electrode effect”. The reason for such an expansion is the fact that the
resistance of plasma is smaller than the capacitive component of the sheath impedance; it is
favourable to have a large “capacitor” (i.e. the surface of the sheath next to the grounded flange) and
somehow larger resistance in series than vice a versa.

The same considerations apply for the left-hand flange, except that the length between the coil and
this flange is larger. Because a larger length results in a larger resistance of the capacitive coupling of
the asymmetric configuration as adopted in this work, plasma is much more intensive to the right-hand
side of the discharge tube than to the left-hand side. If the configuration was symmetric, the regime 2
would have been observed also in the left-hand side of the discharge tube providing the pressure is
low enough to allow for a rather high mobility of electrons. At higher pressures, a capacitive discharge
is established on one side only. From these considerations, one can deduce that plasma would be
limited to the regime 1 only if the capacitive impedance across the glass wall next to the coil is lower
than the resistance of the plasma in regimes 1 and 2, i.e. if the distance between the coil and any
grounded flange and/or the pressure is large.

Figure 1.34 shows an image of oxygen plasma at a high power of 500 W and the pressure of 20 Pa
when it is in the H-mode. The plasma luminosity in the volume inside the coil is much larger than in
the case of the E-mode which is presented in Figure 1.33. The very luminous plasma indicates large
electron density, therefore the coupling as shown in Figure 1.24 prevails. The coupling is thus almost
entirely inductive in Figure 1.34. The voltage is somehow smaller in the H-mode and the current larger,
however they do not differ dramatically between the E- and H-mode [26]. The main difference is in the
phase shift between the voltage and current. The dissipated RF power is a product of voltage, current
and phase shift, i.e.

Poiasma = U I cos(e). 4]

In the E-mode, the cos(¢) is small, whereas in the H-mode it is large. Plasma between the coil and
flanges is not observed in Figure 1.34 due to the large luminosity inside the coil, but it may occur
because of the capacitive coupling between the coil and the flanges. The impedance of the capacitive
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coupling is large compared to the inductive impedance, therefore any effects due to the capacitive
coupling are marginal when plasma is in the H-mode.
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Figure 1.32. Details about the configuration of the discharge tube for measuring the density of O atoms.
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Figure 1.33. A photo of the discharge tube when oxygen plasma is in the E-mode.

Figure 1.34. A photo of the discharge tube when oxygen plasma is in the H-mode.

The optical spectra from plasma sustained in the E- and H-mode are shown in Figure 1.35. The spectra
in both modes are similar — the most intensive radiation arises from transitions in the red part of
spectra at 777 nm and near infrared at 845 nm. The predominant line at 777 nm gives oxygen plasma
its typical red colour. The intensity of radiation in the H-mode is roughly three orders of magnitude
larger than in the E-mode. The differences in intensities are explained by differences in the electron
density and thus predominant coupling. Another spectral features observed in the lower spectrum of
Figure 1.35 are attributed to radiative transition of ionized oxygen molecules [27]. Although the height
of the atomic line at 777 nm is much higher than the spectral features arising from molecular
transitions in the broad range around 600 nm, the oxygen plasma in the E-mode inside the coil does
not assume red colour but rather white. The reason for this impression is the fact that the molecular
transitions are much broader than atomic, therefore the integral radiations around 600 nm and at 777
nm are comparable. The spectrum acquired from plasma in the H-mode is free from the molecular
transitions. Such a spectrum indicates very high dissociation fraction of oxygen in the H-mode.
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Figure 1.35. The spectra of oxygen plasma in the E-mode (lower curve) and the H-mode (upper curve).

The density of oxygen atoms in the discharge tube shown in Figure 1.32 obviously depends on the
following parameters: the position inside the tube, the flow of gas through the tube, the pressure and
the power. The number of measurements for complete characterization is therefore too large,
therefore only representative results are presented in the following text. The power indicated in all
figures is the forward power as indicated by the power meter attached to the RF generator unless
stated otherwise. It should be stressed again that the forward power is never equal to the power
absorbed by gaseous plasma. The forward power is always larger and the real power absorbed by
plasma can be only a fraction of the forward power, depending on the coupling efficiency.

The probe was fixed at the position indicated in Figure 1.32 and the O-atom density was measured at
various pressures and discharge powers. Figure 1.36 represents the O-atom density at the position 7
cm away from the left-hand flange of Figure 1.32. The measurements were performed as follows: The
values of the oxygen pressure and forward RF power were pre-selected. The smallest pressure was set
and the forward power, supplied by the RF generator, was varied while the density of O-atoms was
measured. Then, the pressure was changed and the measurements were repeated at the same forward
RF powers. The procedure was repeated until the entire range of pressures was characterized.

Figure 1.36 reveals increase of the O-atom density with increasing power. The effect is explained by
more power absorbed in plasma at increasing forward power. The density, however, does not increase
monotonously with increasing power, but there is an instant increase which occurs at a certain forward
power. The instant increase of the O-atom density is explained by transformation of the discharge
coupling from the E- to H-mode. As long as the discharge is in the E-mode, the density is up to
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approximately 1x10% m™3. The density in the E-mode depends on the forward power only for pressures
up to approximately 30 Pa and remains fairly constant (rather independent from pressure) thereafter.
Obviously, the density of O-atoms in the E-mode cannot be very large because of poor transfer of
available power for heating plasma in the E-made. When the discharge is in the H-mode, the O-atom
density increases monotonously with increasing power. This effect is explained by the fact that a
variable fraction of the forward RF power is actually absorbed by plasma. In the E-mode, the fraction
of a power absorbed by plasma using the setup as in Figure 1.32 is rather small, therefore any increase
of the forward power does not reflect in the increase of the absorbed power and thus on the density
of atoms. This effect is often overlooked in scientific literature.
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Figure 1.36. The O-atom density versus the forward power of the FR generator at different pressures
inside the discharge chamber at the probe position of 45 cm left from the coil. The setup as in Figure
1.32.

The experimental system is equipped with a meter of reflected power. Because the accuracy of
measuring the reflected power is not the best, it may be more appropriate to present the 0-atom
density versus the difference between the forward and reflected powers. Such a graph is shown in
Figure 1.37. In this figure, the curves are monotonous, therefore such a presentation of measurements
is more appropriate. It appears rarely in scientific literature, though.

The difference between the forward and reflected powers is a better parameter than the forward
power itself, however, it still cannot be equalized with the power absorbed by plasma. Such
measurements have rarely been reported because they are not trivial. An interesting feature is
observed in Figure 1.37: The measured points are not equidistant, but there is a gap between the E-
and H-mode. For example, the O-atom density at the pressure of 100 Pa was determined for powers
up to approximately 100 W and above 400 W. In between, it was impossible to sustain gaseous plasma
using configuration in Figure 1.31. The powers up to 100 W are attributed to a discharge in the E-mode,
and above 200 W to the H-mode. Between the modes, there is a power gap which is sometimes called
“forbidden zone”. This effect occurs due to different discharge couplings. As the forward power is
increasing in the E-mode, the reflected power increases too, therefore, the increase of the powers
difference is not linear with increasing forward power. The physical explanation of the forbidden zone
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is as follows: As the power on the coil increases in the E-mode, the voltage increases, too. Once a
certain power is reached, the voltage in the E-mode is equal to the maximal voltage of the power
supply. Although an attempt is made to increase the power to reach the power that was set, the
forward power cannot be increased any more in the E-mode because the maximal available generator
voltage has been reached.
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Figure 1.37. The O-atom density versus the difference between the forward and reflected powers at
different pressures inside the discharge chamber at the probe position of 45 cm left from the coil. The
setup as in Figure 1.32.

The situation is completely different in the H-mode. The coupling is predominantly inductive as shown
schematically in Figure 1.24. For inductive coupling, somehow lower voltage is necessary to sustain
gaseous plasma, therefore the maximal available voltage of the power supply is not reached. The
necessary condition for plasma in the H-mode is a large conductivity, i.e. large density of electrons. A
high density of electrons cannot be obtained at a low discharge power. In the case, when the pressure
is 100 Pa, the plasma in the H-mode is only sustained at powers over approximately 400 W. This is a
simple but useful explanation of the forbidden zone of powers as revealed from Figure 1.37.

Another lawfulness is evident from Figure 1.37: the power gap (the difference between the minimal
power achievable in the H-mode and the maximal power achievable in the E-mode) increases with
increasing pressure. At 10 Pa it is roughly 40 W (Figure 1.38), at 20 Pa it is already approximately 60 W,
whereas at 100 Pa it is as much as 250 W. The width of the power gap (forbidden zone) increases
monotonously with increasing pressure. Figure 1.38 represents this effect. Here, it should be stressed
that the curve in Figure 1.38 is valid for the system shown to details in this chapter only. If the
configuration is different, the width of the power gap is different.

Figure 1.38 also reveals an important rule: plasma can be sustained in the H-mode at elevated
pressures only if the RF generator is powerful enough and if the matching network allows for the
efficient transfer of the available generator power into gaseous plasma. As the pressure decreases, the
power gap decreases as well. In fact, the transition between the E- and H-mode is not abrupt at
pressures below approximately 1 Pa for configuration presented in this chapter. The effect is explained
by decreasing the frequency of electron collisions and thus increasing the mean free path of electrons
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with decreasing pressure. As a consequence, the electrons have higher mobility at low pressures and
thus ability to sustain dense plasma at a relatively low power at low pressures.
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Figure 1.38. The width of the power gap between the E- and H-mode (forbidden zone) versus the oxygen
pressure in the discharge tube of the configuration shown in Figure 1.32.

Usually, it is useful to present the density of O atoms versus the pressure with the power as a
parameter as in Figure 1.39. One can observe an interesting effect: all curves (except the lowest) in
Figure 1.39 follow the general curve and deviate at a certain pressure which depends on the pre-set
generator power. This observation is useful when one designs the discharge configuration. Obviously,
a large generator power is unnecessary at a low pressure. The effect has been already explained but it
is useful to recall it: as long as plasma is in the H-mode, the electron density is very high in plasma
within the coil. As a consequence, the molecules are highly dissociated already at a moderate power,
therefore, any increase of the discharge power does not result in dissociation but rather in the other
effects such as increased electron density and more energy dissipated for other phenomena than
dissociation. The deviation of the atom density from the general curve presented in Figure 1.39
obviously occurs when the discharge mode is transformed from the H- to E-mode. Here, it is useful to
mention that if the power is increased while the plasma is already ignited, the transition from the E-
to H-mode does not appear at the same forward power as from the H- to E-mode if the power is
decreased, therefore a hysteresis is observed. The hysteresis is due to the fact that a power needed
for ignition of the H-mode is larger than a power needed for sustaining the H-mode at a given pressure.
As the pressure increases, the ignition power increases too, therefore at an elevated pressure the
available generator power is not sufficient to ignite the H-mode but enough to sustain it. A practical
consequence of this effect is that one can first ignite the H-mode at a rather low pressure at a given
generator power and then increase the pressure to sustain the H-mode at an elevated pressure. This
praxis was adopted in some measurements shown in Figure 1.39.
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Figure 1.39. The O-atom density at the probe position of 45 cm away from the RF coil towards the left-
hand flange of Figure 1.32. The parameter is the forward power.

A useful parameter is also the dissociation fraction which is defined as the ratio between the atom
density and twice the density of molecules in the discharge chamber before igniting the discharge. The
dissociation fraction for experimental conditions adopted for measuring the O-atom densities as in
Figure 1.39 is shown in Figure 1.40. The dissociation fraction depends largely on the discharge mode:
in the E-mode itis several times lower than in the H-mode. The difference is explained by maore efficient
dissociation of molecules when the discharge is in the H-mode. As already stated, the electron density
in the H-mode is much larger than in the E-mode. Similar behaviour of the oxygen dissociation fraction
is observed as for the case of O-atom density: there is a general curve in the H-mode. As long as plasma
is in the H-mode, the dissociation fraction does not depend much on the discharge power because the
dissociation is efficient enough already at moderate powers as long as the pressure is not too high.
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Figure 1.40. The dissociation fraction of oxygen molecules at the position 45 cm away from the RF coil
towards the left-hand flange of Figure 1.32. The parameter is the forward power.

The density of oxygen atoms at a given position in the discharge tube does not depend only on the
pressure and power, but also on the time the gas spends on the way from the intensive plasma within
the coil to the position of the probe. Figure 1.41 reveals this effect. The curves reveal monotonous
increase of the O-atom density with an increasing flow rate. This observation indicates that the
residence time of the gas flowing through the intensive plasma inside the coil does not affect the
density of atoms downstream. If the residence time was too short to ensure for appropriate
dissociation of oxygen molecules, the curves would have decreased with increasing flow at large flows.
Theoretically, there should be a maximum in the curves presented in Figure 1.41: when the flow is
zero, the O atom density should be very low due to poor migration (by diffusion) of atoms from plasma
inside the coil (where they are formed by an electron-impact dissociation of parent molecules) to the
position of the probe. When the flow is infinitely large, the residence time should approach zero, also
resulting in a poor atom density at the probe position because the electrons would miss numerous
molecules. In practice, however, the flow is limited due to limited gas drift (the theoretically maximum
drift velocity is equal to the sound velocity as explained in chapter 1) and due to a finite pumping
speed. The latter limitation prevails at experimental conditions adopted in this study. The fact that no
extreme is observed in curves of Figure 1.41 therefore clearly indicates that the residence time of the
gas in plasma inside the coil does not influence the O atom density in the experimental system adopted
in this work.

The monotonous increase of the O atom density with increasing gas flow in Figure 1.41 also indicates
that the dissociation of oxygen molecules by plasma electrons in region 3 of Figure 1.33 is not efficient
enough to replace the loss of atoms on the way from the coil to the probe position. If it was sufficient,
the curves in Figure 1.41 would have been constants. The region 3 in Figure 1.33 indicates a rather
poor capacitive coupling between the coil and the left-hand grounded flange — see figures 1.33 and
1.34. Obviously, the production of atoms in such a weak discharge is insufficient for a reasonable atom
density. The loss of atoms at this pressure (50 Pa) is almost exclusively by heterogeneous surface
recombination. To minimize this loss, the gas flow should be rather large. Although the recombination
coefficient for oxygen atoms on the surface of boraosilicate glass is low at about 1073, the loss of atoms
is not negligible.
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Figure 1.41. The density of O atoms at the position 45 cm away from the RF coil towards the left-hand
flange of Figure 1.32 versus the flow of the gas through the discharge tube at the pressure of 50 Pa
when plasma is in the E- (lower curve) and H-mode (upper curve).

The effect of decreasing atom density due to surface recombination to parent molecules can be
monitored using a movable probe. Figure 1.42 reveals the dissociation fraction versus the probe
position and fixed other parameters, i.e. the gas pressure either 20 or 50 Pa and the forward power
either 100 or 500 W. The dissociation fraction slowly decreases with increasing distance from the coil
which is explained by a weak surface recombination because of the small recombination coefficient.
The curves are linear except close to the coil when plasma is in the H-mode (at 500 W). The deviation
close to the coil is explained by the fact that the intensive plasma causes a very high dissociation
fraction in plasma, therefore the O-atom density in plasma within the coil is much larger than at any
probe position adopted in this experiment. The dissociation fraction as shown in Figure 1.42 is
moderate — only 20% at the closest position to the coil what suggest a discrepancy with the claim that
the oxygen molecules are almost fully dissociated in a dense plasma inside the coil. The virtual
discrepancy is explained by thermal effects: although the discharge tube is forced-air cooled, the inner
surface of the glass tube warms up when the plasma is in the H-mode. As a consequence, the O-atoms
are lost more efficiently close to the coil because the recombination coefficient increases with
temperature. At the distance of 15 cm from the coil, the discharge tube is cold (at room temperature)
irrespective from the discharge power, therefore the atom density slowly decreases with increasing
distance from the coil in this part of the tube.
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Figure 1.42. The oxygen dissociation fraction versus the distance from the coil at a fixed flow and two
different pressures and forward powers.

1.3.2 Hydrogen atoms

The dissociation energy of hydrogen molecules is somehow lower than oxygen, therefore one would
expect somehow larger dissociation fractions at the same discharge condition. Such a simple
consideration, however, is not justified for experimental setup adopted in this research. As mentioned
earlier, the recombination coefficient for hydrogen atoms on the surface of borosilicate glass is larger
than for oxygen and the coefficient increases significantly with increasing temperature. These effects
influence the density of H-atoms in the experimental system shown in Figure 1.31. The configuration
of Figure 1.32 which proved very useful for oxygen, failed for the case of hydrogen. A reason for this is
the fact that at the probe position of 45 cm away from the coil, the atom density was close to the
detection limit of the probe when the discharge was in the E-mode. The system was thus slightly
modified to enable comprehensive characterization of the RF source of H-atoms. The details of the
discharge tube adopted for experiments with hydrogen are shown in Figure 1.43.

A

33 cm

Figure 1.43. Details about the configuration of the discharge tube for measuring the density of H atoms.

A photo of hydrogen plasma in the E-mode is shown in Figure 1.44. Luminous plasma expands
throughout the discharge tube and is somehow more luminous inside the coil. Almost equal plasma
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luminosity in the tube both left and right from the coil indicates a rather equal capacitive coupling
between the coil and the grounded flanges. The difference between hydrogen and oxygen plasma is
explained by different positions of the coil. In the case of oxygen (Figure 1.33), the coil was placed
highly asymmetric, whereas in the case of hydrogen (Figure 1.43), an almost symmetric geometry was
chosen. The somehow mare luminous plasma inside the coil is explained by somehow larger electron
temperature due to the constant supply of high-energetic electrons from the sheath between plasma
and the glass tube backed by the powered coil as explained to details for the case of oxygen plasma.

Figure 1.45 shows a photo of hydrogen plasma in the H-mode. Luminous plasma is now concentrated
in the volume inside the coil and only very weak plasma expands over the rest of the discharge tube.
The reasons are the same as explained for oxygen plasma. The interface between the luminous plasma
within the coil and dim plasma elsewhere is rather sharp. In the volume of luminous plasma, the
coupling is the same as shown schematically in Figure 1.24. The dense plasma expands few cm outside

the coil where the density of electrons is still high enough to assure for the effective inductive coupling.

Figure 1.44. A photo of the discharge tube when hydrogen plasma is in the E-mode, i.e. at 20 Pa and
150 W forward power.

Figure 1.45. A photo of the discharge tube when hydrogen plasma is in the H-mode, i.e. at 20 Pa and
500 W forward power.

The spectra of hydrogen plasma in the E-mode (photo in Figure 1.44) and H-mode (Figure 1.45) are
shown in Figure 1.46. In both modes the atomic transitions indicated by sharp lines prevail. The atomic
lines indicate transitions from a higher to the first excited state. The transitions to the ground state
(although more intensive than to the first excited states) are not observed because they appear in the
far UV range of spectra not detectable by the optical spectrometer. Instead, one can observe other
features when plasma is in the E-mode (lower curve in Figure 1.46): there are bands peaking at
approximately 600 nm which correspond to neutral molecule transitions (Fulcher band). There is also
a broad continuum in the near UV range of the spectrum. The continuum arises from relaxation of
triplet molecules from the excitation level at about 12 eV to a lower state that dissociates immediately.
Because the lower state is not bonded (molecules in this state dissociate immediately), the radiation
from this triplet state causes a continuum. The continuum observed in the lower curve of Figure 1.46
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terminates at the wavelength of approximately 300 nm because of the tact that the borosilicate glass
is not transparent for the radiation of shorter wavelengths. The spectrum of hydrogen plasma in the
H-mode (upper curve in Figure 1.46) reveals only atomic transitions. This observation indicates that
the dissociation fraction of hydrogen molecules when plasma is in the H-mode is very high, same as
for oxygen plasma.
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Figure 1.46. The spectra of hydrogen plasma in the E-mode (lower curve) and the H-mode (upper curve).

The density of H-atoms in the configuration presented in Figure 1.43 was measured with the catalytic
probe whose tip was placed 5 cm from the coil in the direction of the gas flow (see Figure 1.43). The
measurements were performed using the same procedure as for oxygen. The H-atom density versus
the forward power of the RF generatar is plotted in Figure 1.47. As in the case of oxygen, there is an
abrupt increase of the H-atom density at a certain power which depends on the pressure. At the
pressure of 15 Pa the abrupt increase of the H-atom density appears at the forward power of
approximately 250 W, whereas at 50 Pa it appears at approximately 400 W. As already stressed, the
forward power is not an indicator of the power absorbed in plasma. To this end, it is better to present
the H-atom density versus the difference between the forward and reflected powers as shown in
Figure 1.48. The curves are now rather monotonous: the H-atom density increases fairly linearly with
increasing power up to the highest available powers. This effect is somehow different than for the case
of oxygen where some sort of saturation was observed at elevated powers (see Figure 1.37). The
discrepancy is explained by different distances between the luminous plasma inside the coil and the
probe position — the probe was closer in the case of hydrogen plasma. As shown in Figure 1.42 the H-
atom density increases rapidly with decreasing distance close to the coil.
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Figure 1.47. The H-atom density versus the forward power of the FR generator at different pressures
inside the discharge chamber at the probe position 5 cm left from the coil. The setup as in Figure 1.43.

As for oxygen (Figures 1.37 and 1.38) a forbidden zone of powers in observed also for hydrogen as
shown in Figure 1.48. The range of forbidden powers increases with increasing pressure. The reason
was already explained for the case of oxygen: insufficient voltage of the power supply when the
discharge is in the predominant capacitive mode. The width of the power gap (the forbidden zone),
i.e. the difference between the minimal power for sustaining plasma in the H-mode and the maximum
power achievable for sustaining plasma in the E-mode, is similar to the width observed in oxygen

plasma (Figure 1.38). The width for the case of hydrogen plasma at experimental conditions adopted
in this work is shown in Figure 1.49.
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Figure 1.48. The H-atom density versus the difference between forward and reflected powers at

different pressures inside the discharge chamber at the probe position 5 cm left from the coil. The setup
as in Figure 1.43.
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Figure 1.49. The width of the power gap between the E- and H-mode (forbidden zone) versus the
hydrogen pressure in the discharge tube of the configuration shown in Figure 1.43.

The density of hydrogen atoms at the position 5 cm from the coil (see Figure 1.43) versus the pressure
is shown in Figure 1.50. The forward power is the parameter. The H-atom density was measured at the
pre-set forward powers of 100, 500 and 700 W. When the forward power was 100 W the discharge
was in the E-mode for the entire range of pressures, whereas for 500 and 700 W it was in the H-mode.
Hydrogen plasma in the H-mode does not ignite at our experimental conditions in the H-mode at
pressures above 35 Pa, therefore it was ignited at a lower pressure and sustained at an elevated
pressure. As mentioned earlier, this procedure was adopted to benefit from the fact that the power
needed to sustain plasma in the H-mode is lower than the power needed to ignite plasma in the H-

mode.
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Figure 1.50. The H-atom density at the position of 5 cm away from the coil of Figure 1.43. The parameter
is the forward power.
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Figure 1.50 reveals that the H-atom density is similar to the O-atom density (Figure 1.39) as long as
hydrogen plasma is in the H-mode. In the E-mode, however, it is much lower. The lowest curve in
Figure 1.50 indicates the H-atom density of around 10°° m~ what is much lower than for oxygen. The
dissociation energies are comparable (5.16 eV for oxygen and 4.52 eV for hydrogen molecule [2]),
therefore one would expect also comparable atom densities. The reason for poor dissociation of
hydrogen molecules 5 cm away from the coil is explained by more efficient surface recombination of
H atoms. The borosilicate glass exhibits a moderate value of the recombination coefficient for H atoms
(see table 1.3 earlier in this chapter) which reflects in a poor dissociation fraction of hydrogen
molecules (below 1%) when plasma is in the E-mode. Such a weak discharge is therefore a useful
source of O-atoms, but for H-atoms one should use H-mode plasma to create large densities of H-
atoms in a borosilicate discharge tube powered with an RF generator.

There is no “general curve” for hydrogen plasma in the H-mode in Figure 1.50 as observed for oxygen
plasma (Figure 1.39) but the H-atom density is much higher at 700 W than at 500 W. Obviously, a
rather large power even in the H-mode is necessary to achieve good dissociation of hydrogen
molecules 5 cm away from the discharge tube. This effect can be attributed to the fact that luminous
hydrogen plasma in the H-mode (Figure 1.45) stretches outside the coil and the expansion increases
with increasing discharge power.

The results presented in Figures 1.47 — 1.50 were obtained at fully open flow restrictor. As the flow is
decreased at a constant pressure in the discharge tube, the H-atom density at the probe position 5 cm
away from the coil decreases rapidly due to more extensive surface recombination and eventually
reaches the detection limit of the probe; therefore, it is pointless to present results for hydrogen as
are shown for oxygen in Figure 1.41. More interesting are results obtained with a movable probe
shown in Figure 1.51. The probe was moved from the distance 2.5 cm away from the coil to 35 cm
where the atom density reached the detection limit of the probe. A huge difference between the E-
and H-mode are observed in Figure 1.51 at close distances, but already 15 cm away the dissociation
fractions are comparable. The dissociation fraction 2.5 cm away from the coil is more than 20%
indicating that inside the coil it should approach 100% which is sound with the upper curve of Figure
1.46. When plasma is in the H-mode, the hydrogen molecules are dissociated efficiently, but the
dissociation fraction quickly decreases downstream from the luminous plasma. The reason for this
undesired effect is extensive surface recombination of H atoms on the borosilicate glass. Unlike for the
case of oxygen (Figure 1.42) where fairly linear decrease of atoms was ohserved along the discharge
tube towards the pump, the decrease is extensive for the case of hydrogen. The lower curve in Figure
1.51 might give an impression of a linear dependence, but it is not. To make it clear, the behaviour of
hydrogen dissociation fraction versus the distance from the coil is plotted separately in Figure 1.52. In
this figure, one can observe qualitatively the same behaviour as the upper curve in Figure 1.51 which
is easily explained by the same recombination efficacy except that the initial H-atom density in the H-
and E-modes are different. An important observation concerning hydrogen plasma is therefore quick
decay of the H-atom density away from the plasma because of the extensive recombination of H atoms
on the surface of the borosilicate glass.
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Figure 1.51. The hydrogen dissociation fraction versus the distance from the coil at the pressure of 30
Pa and forward powers 100 (plasma in the E-mode) and 500 W (H-mode).
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Figure 1.52. The hydrogen dissociation fraction versus the distance from the coil at the forward power
of 100 W and the pressure of 30 Pa when plasma is in the E-mode.

1.3.3 Nitrogen atoms

Like O, and H3, nitrogen molecule consists of two atoms, but there are huge differences between these
simple molecules. The dissociation energy of N> molecules is large at about 9.8 eV, therefore one will
immediately conclude that sustaining plasma of a high dissociation fraction is a difficult task. However,
nitrogen molecules are easily excited to high-energy vibrational levels which are not quenched at
superelastic collisions with other species like H-atoms, therefore the rotational temperature of N;
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molecules is usually measured in thousands of K, There are several metastable states ot N; molecules
that accumulate the potential energy obtained upon plasma conditions.

The density of nitrogen atoms was measured in the experimental system presented in Figure 1.31. The
RF coil was placed almost symmetrically into the discharge tube as shown in Figure 1.53. A photo of
the discharge tube when plasma is in the E-mode is shown in Figure 1.54. Rather luminous plasma
expands from the coil towards the grounded flanges indicating a good capacitive coupling as shown
schematically in Figure 1.23. The plasma luminosity decays gradually from the coil towards the flanges
what is explained by a gradual decrease of the energy stored in plasma particles (not only electrons)
in the region inside the coil.
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Figure 1.53. Details about the configuration of the discharge tube for measuring the density of N atoms.
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Figure 1.24. Much weaker plasma expands also to the grounded flanges because of the weak capacitive
coupling. The effect was already explained before for oxygen and hydrogen plasma.

Figure 1.54. A photo of the discharge tube when nitrogen plasma is in the E-mode, i.e. at 40 Pa and 200
W forward power.

Figure 1.55. A photo of the discharge tube when nitrogen plasma is in the H-mode, i.e. at 40 Pa and
500 W forward power.
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The optical spectra for both the E- and H-mode nitrogen plasma are shown in Figure 1.56. The lower
spectrum was acquired in the E-mode, whereas the upper one in the H-mode. The spectra are
completely different from those acquired for oxygen and hydrogen plasma: the radiation arising from
atoms in nitrogen plasma is negligible to that arising from neutral nitrogen molecules. The spectra
shown in Figure 1.56 therefore qualitatively indicate a rather low dissociation fraction of nitrogen
molecules, even when the discharge is in the H-mode where the absorbed power is large. The main
reason for such a rather poor dissociation is a large dissociation energy and not the extensive surface
recombination what will become apparent from measurements presented below.

The nitrogen spectra are rich in molecular transitions of neutral molecules. There are numerous
vibrational bands which are broadened by rotational bands indicating that the rotational temperature
is elevated, too, not only the vibrational one. In fact, nitrogen plasma at elevated discharge powers is
never really cold but it is still highly non-equilibrium.
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Figure 1.56. The spectra of nitrogen plasma in the E-mode (lower curve) and the H-mode (upper curve).

The density of N atoms was measured with a catalytic probe whose tip was placed 5 cm away from the
RF coil in the direction of the gas flow as shown in Figure 1.53. The pressure of nitrogen was set to a
desired value and the measurements were performed using the same routine as explained for oxygen
or hydrogen. The results are plotted in Figure 1.57. As for other gases, the same results are plotted
versus the difference between the forward and reflected powers in Figure 1.58. An important
difference as compared to oxygen and hydrogen is the order of magnitude in diagrams of Figures 1.57
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and 1.58. For oxygen and hydrogen, it was 10** m~3, whereas for nitrogen it is 102° m™3. The difference
is explained by the very high dissociation energy of nitrogen molecule as compared to oxygen or
hydrogen. Despite the high vibrational population as well as the presence of molecules excited to
metastable states of a high excitation energy (over 6 eV), the dissociation fraction remains low — up to
approximately 1% at the position 5 cm from the coil. The forbidden zone (Figure 1.59) is rather similar
to that of oxygen (Figure 1.38) and hydrogen (Figure 1.49). Obviously, the forbidden zone is not
affected much by the presence of atoms — it is rather correlated with impedances that are in turn
correlated with charged particles in gaseous plasma. The N-atom density versus the pressure in the
discharge chamber with forward power as the parameter is shown in Figure 1.60.
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Figure 1.57. The N-atom density versus the forward power of the RF generator at different pressures
inside the discharge chamber at the probe position 5 cm left from the coil. The setup as in Figure 1.53.
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Figure 1.58. The N-atom density versus the difference between the forward and reflected powers at
different pressures inside the discharge chamber at the probe position of 5 cm left from the coil. The
setup as in Figure 1.53.
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The N-atom density was also determined with a movable probe and the results are presented in Figure
1.61. The N-atom density is decreasing slowly with increasing distance from the coil indicating
qualitatively similar behaviour as was observed for oxygen (Figure 1.42). Such a slow decrease reveals
a reasonably low loss of N-atoms on the way from the powerful plasma inside the coil towards the
flange in the direction of the gas flow. As for oxygen, the loss of nitrogen atoms is attributed
predominantly to heterogeneous recombination on the surface of the borosilicate glass. The
recombination coefficient for N atoms is thus similar to that of O atoms and definitely much smaller
than for H atoms, for which a rapid decay of the H-atoms was observed (Figures 1.51 and 1.52).
Somehow larger values of the nitrogen dissociation fraction very close to the coil when plasma is in
the H-mode is explained with the same arguments as for oxygen plasma: deviations because of thermal
effects. Such deviations are not observed as long as nitrogen plasma is in the E-mode when the glass
tube remains close to the room temperature.
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Figure 1.59. The width of the power gap between the E- and H-mode (forbidden zone) versus the
nitrogen pressure in the discharge tube of the configuration shown in Figure 1.53.
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Figure 1.60. The N-atom density at the position of 5 cm left from the coil as shown in Figure 1.53. The
parameter is the forward power.
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Figure 1.61. The nitrogen dissociation fraction versus the distance from the coil at the pressures of 30
and 50 Pa and forward powers 100 (plasma in the E-mode) and 500 W (H-mode).

1.4 Conclusions

Two-atom molecules such as oxygen, hydrogen and nitrogen are effectively dissociated to parent
atoms in gaseous plasma sustained by electrodeless radiofrequency discharges in a dielectric tube.
Although a coil connected to the RF generator via a matching network is applied, the predominant
coupling of plasma with the RF field is not always inductive. At low power absorbed by gaseous plasma,
the predominant coupling is rather capacitive. As the power increases, the transformation from
capacitive to inductive coupling occurs instantly and so thus the increase of the atom density. The atom
density in a discharge tube in the predominantly inductively coupled power is always larger than in the
capacitively coupled power because of a higher electron density in such plasma. The density of atoms
away from the inductive discharge decreases with increasing distance, despite the fact, that at least a
weak capacitive coupling persists. The decrease is attributed to heterogeneous recombination of
atoms to parent molecules on the surface of the borosilicate glass. The recombination efficiency is
rather low for O and N atoms and extensive for H atoms. The dissociation fraction inside the intensive
plasma in the H-mode is close to 100% for oxygen and hydrogen in the range of pressures up to several
10 Pa, whereas for nitrogen it is below 10%. Gas flow along the borosilicate glass tube affects the
density of atoms away from the main discharge. As a general rule, a higher flow will result in better
transfer of atoms from the source (i.e. powerful plasma) towards the remote parts of the discharge
tube. The effect is particularly severe for hydrogen where the decay length could be of the order of
cm. The atom density of the order of 10" m™ is achievable already in the E-mode (predominant
capacitive coupling) for oxygen, whereas for nitrogen and hydrogen high atom densities are achievable
only in the H-mode (inductive coupling).
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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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Abstract: Relevant data on heterogeneous surface recombination of neutral oxygen atoms avail-
able in the scientific literature are reviewed and discussed for various materials. The coefficients
are determined by placing the samples either in non-equilibrium oxygen plasma or its afterglow.
The experimental methods used to determine the coefficients are examined and categorized into
calorimetry, actinometry, NO titration, laser-induced fluorescence, and various other methods and
their combinations. Some numerical models for recombination coefficient determination are also
examined. Correlations are drawn between the experimental parameters and the reported coefficients.
Different materials are examined and categorized according to reported recombination coefficients
into catalytic, semi-catalytic, and inert materials. Measurements from the literature of the recombi-
nation coefficients for some materials are compiled and compared, along with the possible system
pressure and material surface temperature dependence of the materials’ recombination coefficient.
A large scattering of results reported by different authors is discussed, and possible explanations
are provided.

Keywords: heterogeneous surface recombination; recombination coefficient; surface catalicity;
catalytic efficiency; atom loss coefficient; oxygen; neutral atoms; plasma

1. Introduction

For several decades, oxygen plasma has seen widespread use in various industrial
applications, ranging from advances in the food industry [1-3] to uses in the bustling semi-
conductor industry [4-6], novel approaches in medicine [7-9], and various other applica-
tions [10]. The use of plasma is even more prevalent in many fields of research, from nuclear
fusion [11,12], studies on cell growth [13], and various advances in surface science [14], such
as surface modification [15,16], surface functionalization [17], sterilization [18], etc.

Such widespread use of plasma demands research into the characterization of the
plasma itself. Many researchers have characterized different properties of different plasmas
sustained by various discharges, from neutral atom density [19], ion density [20], electron
density [21], and energies of plasma particles [22], to the plasma emission spectra in the
optical [23], infrared [24], and ultraviolet ranges [25]. Such studies are very important in
understanding plasma discharges, but the interactions of plasma with different materials
must not be overlooked to devise any applications from such studies.

Interactions of plasma with the surface of a material are a complex topic, with many
different plasma particles interacting with the surface in different ways. On the one hand,
plasma discharges emit radiation in a broad range from infrared (IR) to vacuum ultraviolet
(VUV), which can strongly interact with certain surfaces and has been studied in ref. [26].
The plasma particles, such as positive and negative ions, free electrons, excited neutral
molecules, and radicals, can also interact with the surface. High-energy ions can have the
most drastic effects on a surface, from etching [27] to ion implantation [28,29], while free

Materials 2023, 16, 1774. https://doi.org/10.3390/ma16051774

https: / /www.mdpi.com/journal /materials



1.3. A review of Recombination Coefficients of Neutral Oxygen Atoms for Various Materials 67

Materials 2023, 16, 1774

20f 50

electrons have hardly any effects on a surface and are more commonly utilized in different
measurement methods [30]. Setting aside charged particles, we will focus on the neutral
particles. Among those are rotationally or vibrationally excited molecules [31] and, more
important for this paper, molecular radicals. Since oxygen plasmas are most often used, our
attention will be focused on the interactions of oxygen plasmas with surfaces, in particular,
on the interaction of neutral oxygen atoms. To be specific, the major reactants in many
oxygen plasmas suitable for tailoring the surface properties of solid materials are, in many
cases, neutral oxygen atoms in the ground state [32].

Neutral oxygen atoms are mainly created in the plasma discharge, where parent
oxygen molecules are dissociated at a collision with an energetic electron. In some cases,
neutral atoms can also be created from molecules dissociating on the material surface
via heterogeneous surface atomization [33]. Qur interest is in the reverse process, the
heterogeneous surface recombination of neutral oxygen atoms.

There are two widely accepted mechanisms describing neutral atom recombination.
The first is the Langmuir—Hinshelwood mechanism [33], which describes the recombination
of two neutral oxygen adatoms (O(s)) after they adsorb to the surface. Once they diffuse
on the surface (S):

S+0(s) +0(s) =+ 02+ S. (1)

We obtain the resulting oxygen molecule (O,), which can leave the surface through
desorption [33]. Such molecules are in thermal equilibrium with the surface, and their
energy depends on the temperature of the surface. The second mechanism is the Eley—
Rideal mechanism [33], which describes an adatom at the surface recombining with an
incident atom from the gas (O(g)):

5+0(s) +0(g) = Oz + 5. @)

The resulting molecule is not necessarily in thermal equilibrium with the surface due
to the molecule receiving energy from the incident atom [33].

Regardless of the mechanism of neutral atom recombination, we can define the recom-
bination coefficient () of a certain surface as the ratio between the flux of incident neutral
atoms (jatoms) and the number of recombined molecules leaving the surface in a unit of time
(jrrmfemh’s): .

= 2 Tmolecules , (3)

jn toms

with factor 2 to counterbalance the fact that two atoms create a single molecule. Since not
every atom which reaches the surface recombines with another atom into a molecule, and
on the opposite side, there is always an (even infinitesimally) small fraction of atoms that
do recombine at the surface, the recombination coefficient has values between 0 and 1.
Often, the term «recombination coefficient» is used interchangeably with the terms
catalytic efficiency, surface catalicity, and sometimes with the term atom loss coefficient.
The latter also takes into account any other losses of neutral atoms at the surface, including
physisorption, chemisorption, implantation, etc. [33]. While it is perfectly valid to consider
such processes, we will be forgoing that. The first reason is that surface recombination is
usually the prevalent process in plasma—surface interactions [33,34]. The second reason
is that we are dealing with oxygen plasma, where most samples have had their surface
already exposed to oxygen prior to any measurements. Thus, an oxide layer already
appeared prior to exposure to oxygen plasma, minimizing any atom losses due to oxidation-
related processes. Therefore, all further mentioning of recombination coefficients will not
distinguish between actual surface recombination and combined surface atom losses.
This paper will examine scientific articles by different authors and their methods
for determining the recombination coefficients of oxygen atoms on surfaces of various
solid materials. Firstly, we will briefly go through various plasma systems and gaseous
discharges, as well as the choice of parameters for said discharges, focusing mainly on
the total pressure of gas in the experimental system and the surface temperature of the



68

Materials 2023, 16, 1774

Chapter 1. Introduction

3of 50

examined materials. We will also compare the resulting recombination coefficients achieved
in similar experimental setups and explain any discrepancies. Along with direct current
(DC), radiofrequency (RF), and microwave (MW) discharges, some theoretical models for
determining the recombination coefficient will be examined.

Secondly, we will describe different measurement techniques for determining the
recombination coefficient, such as the widely used actinometry, two-photon absorption
laser-induced fluorescence (TALIF), calorimetry, etc. We will categorize the techniques for
easier comparison of determined recombination coefficients.

Lastly, we will compare the recombination coefficients of different materials and divide
the materials into three groups: catalytic, semi-catalytic, and inert materials, depending on
the materials’ recombination coefficient.

The motivation for such a review article is to provide readers easier access to somewhat
comprehensive literature on recombination coefficients of neutral oxygen atoms on the
surfaces of different materials, which is important information that needs to be known either
when designing experiments or when interpreting and discussing results. Additionally,
since recombination coefficients may depend on system pressure and surface temperature,
we pay special attention to reported pressures and temperatures and their effects on
the recombination coefficient. Less comprehensive lists have been compiled in other
review articles, namely for neutral nitrogen atoms [35], modeling nitrogen—oxygen hybrid
systems [36], general atom recombinations on surfaces [37], recombination coefficients
determined via the spinning wall method [38], a study of atom recombinations on high-
temperature materials [39], and a study of the pressure dependency of the recombination
coefficient in a shock tube system [40].

2. Low-Pressure Discharges as Sources of Oxygen Atoms

The type of gaseous discharge used for ignition and sustaining gaseous plasma can
alter the interaction of plasma with a surface due to varying densities and energies of
plasma particles. Therefore, different low-pressure discharges will be presented in this
section, starting with the more common and ending with more exotic and less frequently
used discharges, as well as theoretical models. Non-equilibrium gaseous plasma can
also be sustained at atmospheric pressure, but the loss of atoms at elevated pressures is
predominantly in the gas phase at three-body collisions, so atmospheric pressure plasmas
are not feasible for studying the surface recombination phenomenon.

2.1. DC Discharges

The simplest discharge is a DC discharge, schematically shown in Figure 1. A DC
plasma discharge can be created by applying a sufficient voltage of several hundred volts
to a volume of a gas at low pressure (e.g., below 7000 Pa). As a primary electron is released
from the cathode and accelerated by the applied electric field, it can ionize atoms in the
volume of gas, which also produces electrons, which, in turn, become accelerated [41].
Thus, a sustainable plasma discharge is created.

DC
_lsupply

Figure 1. Schematic of a typical DC plasma system.

In the proceeding articles, different types of DC discharges have been used, from
regular DC glow discharges used by Lopaev et al. [42,43] to the pulsed DC discharges
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used by Cartry et al. [44,45] and to variations of an arc discharge used in NASA’s arc jet
facilities [46]. The DC glow discharges operate in the normal glow mode with lower applied
voltages. In such a mode, the surface area of the cathode, covered in luminous plasma,
is proportional to the current [41]. In a pulsed DC discharge, the same glow discharge
is continuously switched on and off. With the correct timing of these pulses, the neutral
atoms remain in the system in between the pulses, while other species (ions, free electrons)
are mostly eliminated [47]. This provides plasma with a higher concentration of neutral
atoms with respect to the time-averaged concentrations of charged particles compared to
regular DC glow discharges. As for arc jet discharges, they are a more exotic approach toa
DC discharge, where the high discharge current creates an unstable discharge with arcs
forming between electrodes [41].

2.2. RF Discharges

RF discharges are the most prevalent both in academic studies and in industry. During
the process of collecting data for this article, around two-thirds of all data found was
produced in an RF discharge system. Unlike DC discharges, the current (and the electric
field) alternates in an RF discharge. The frequencies of such discharges are usually set
at 13.56 MHz. The RF voltage generates an electric field that oscillates, thus accelerating
electrons. Like in the DC discharge, this results in electrons with sufficient energy trig-
gering ionizations. Among some of the advantages of using an RF discharge over a DC
discharge is a more efficient ionization, resulting in a plasma with a denser plasma particle
population [48].

Three different RF discharges can be distinguished: capacitively coupled plasma
(CCP), inductively coupled plasma (ICP), and pulsed RF discharge [34]. In CCP discharge,
the plasma is capacitively coupled to an RF generator. A sheath is formed between the
electrodes and bulk plasma, and it oscillates with the same frequency, albeit not in phase
with the electrodes [41]. Unlike its widespread use in various industries, the use of CCP
discharges was rare in the reviewed literature concerning recombination coefficient deter-
mination. Some combined use with ICP discharges was reported by Mozetié et al. [49]
and Gomez et al. [50], but the exclusive use of CCP discharges seems to be limited to
Tsutsumi et al. [51], Tserepi et al. [52], Shibata et al. [53], and Rakhimova et al. [54].

The amount of experimental results using CCP discharges is overshadowed by the use
of ICP discharges, which represent around half of all results presented in this paper. The
ICP discharge is created by inductive coupling between an RF transmitter and the ionized
gas in the system. The transmitter can be a simple antenna or a coil around the plasma
reactor, as shown in the example in Figure 2. The electrons receive their energy via the
oscillating electromagnetic field. The advantage of an ICP discharge over a CCP discharge is
the ability to achieve higher plasma densities [41]. ICP discharges were used in experiments
determining catalytic coefficients in seminal works by Melin and Madix [55], Graves and
Linnett [56], Dickens and Sutcliffe [57], and Linnet and Marsden [58]. ICP discharges remain
popular to this day, seeing use in works by Mozeti¢ et al. [59], Wickramanayaka et al. [60],
Stafford et al. [61], and many others.

[ g
vacuum

0.

@l systam plasma I.z

Figure 2. Schematic of a typical inductively coupled radiofrequency plasma discharge.

RF discharges may also operate in the pulsed mode. Here, RF power is applied
in pulses that may vary in length and frequency. One of the compelling reasons to
choose a pulsed RF discharge over a static one is to avoid heating the plasma system
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with bulk plasma, which can negatively impact the measurements. Authors such as
Matsushita et al. [62], Myerson [63,64], and Guyon et al. [65,66] have successfully used a
pulsed RF discharge to determine the recombination coefficient of various materials.

2.3. MW Discharges

Similarly to RF discharges, MW discharges are ignited and sustained by high-frequency
oscillating electromagnetic fields. A standard MW frequency most commonly used in MW
discharges is 2.45 GHz, which provides wavelengths comparable to experimental-size
plasma reactor dimensions [67]. Because of such high frequencies, practically all the energy
is transferred to electrons, triggering ionizations [68]. The same is true for other high-
frequency discharges (namely RF). Generally, MW discharges produce high densities of
radicals, such as neutral oxygen atoms, compared to other types of discharges. There are
different types of MW discharges based on the source of microwaves, such as cyclotron or
magnetron (Figure 3).

MW generator.

waveguide
—————— - = =]
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Figure 3. Schematic of a magnetron MW plasma system.

Most authors experimenting with MW discharge systems did not specify the type of
discharge used. A few exceptions include Booth and Sadeghi [69], who used a cyclotron
to determine the recombination coefficient of stainless steel. A magnetron was used by
Greaves and Linnett [70] in their study of oxygen atom recombination on quartz, as well as
by Kaufman when studying quartz [71] and Pyrex [72].

Along with the source of microwaves, discharge requires something connecting the
source with the reactor. Waveguides and MW cavities are most commonly used. The
MW cavity, which acts as a special resonance chamber to strengthen the electromagnetic
field, was used by Hacker et al. [73] in their studies of platinum and quartz as well as by
Brake et al. [74,75] in their study of recombination on quartz glass. Zaplotnik et al. [76]
reported using a type of MW cavity called a surfatron when studying the recombination
coefficients of different polymers. Cartry et al. [77] also reported using a surfatron in their
studies of quartz glass. A plasmatron, which is another type of MW cavity, was used by
Kolesnikov [78] when studying quartz glass. The use of a waveguide was reported by Balat-
Pichelin et al. [79-84] in providing a great set of data for a variety of materials. While the rest
of the authors did not provide the full details of their method, their studies of recombination
coefficients for various materials are nevertheless of great importance. We will examine
two additional sources of atoms useful for studying heterogeneous surface recombination.

2.4. Other Discharges

In addition to the most common discharges presented above, other setups were
also used to investigate recombination coefficients, such as the atomic beam used by
Sjolander [85]. In this work, a heated tungsten ribbon (at approximately 3000 K) is exposed
to molecular oxygen, which dissociates into atoms. Due to high surface temperature,
desorption of atomic oxygen is possible, which is then drifted towards a metal sample
(Figure 4).
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Figure 4. Schematic of the atomic beam plasma system, which was exclusively used in conjunction
with mass spectrometry in the referenced works.

hot tungsten tube
' | mass spectrometer

Another type of discharge is the shock tube, used by Yang et al. [40], Park [86], and
Goulard [87]. This type of discharge is used to replicate blast waves, which occur during
violent explosions. In essence, a shockwave is generated on one side of the tube by the
driver gas at a higher pressure, which, upon coming into contact with and rupturing a
membrane, pushes the lower-pressure driven gas to the other side of the said membrane
(Figure 5). Due to the high energy of the shockwave, plasma may be formed.

diaphragm thin film heat-
transfer gauge

driven gas ‘J

(S Spep— |

pressure
sensors

Figure 5. Schematic of a typical shock tube plasma system.

2.5. Models

Some researchers used simulations instead of experiments to determine the recom-
bination coefficient (7y) of different materials. While their models vary in both approach
and scope, some common denominators may be taken from their research. What is most
interesting is that for a given material, the proposed surface temperature dependence of
the recombination coefficient seems to take the form of:

7 (Ts) = Ae B/ Ts, 4)

where A and B are parameters which are usually determined experimentally [36,37,55,57,88,89].
Of course, this is a simplification, as the measured plots of 7y are usually more complex and
can not be solved analytically. Nevertheless, Equation (4) provides us an interesting and
testable formula. Pressure dependence of 7 is less clear, with some researchers proposing a
formula similar to Equation (4):

(#) =@, 5)

where C and D are again experimentally determined parameters [88,90]. The models used
by various researchers will be explained in the last section of the next chapter.

To summarize, a reader must be aware that the use of different discharges presented
in this chapter and different methods for the determination of recombination coefficients,
which will be presented in the next chapter, may have a strong influence on the reported
values. In Figure 6, we show a comparison of average values of -y for oxygen recombination
on various materials determined in different plasma systems [37-40,42-47,50-66,69-130].
We can observe that, in general, larger values were reported in RF plasmas (especially
ICP), which are incidentally also the most commonly used plasma systems. In Table 1,
we provide a brief overview of the advantages and disadvantages of various types of
plasma discharges.
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Figure 6. Comparison of average values of 7 determined using different experimental and
theoretical approaches.

Table 1. Advantages and disadvantages of various types of gaseous discharges.

Plasma Source Advantages Disadvantages
DC Simpler setup, lower applied Lower atom densities, less efficient
voltages required ionization

Reliable in sustaining plasma,

G scalable (widely used in industry) Lavieratany densitics
Efficient ionization, high Induction can interfere with certain
ICP RF . )
atom density measuring methods
Pulsed RF Less heating of plasma system Requires quick measuring methods
MW Efficient ionization, high Design of plasma reactor must
atom density adhere to MW wavelength
Kt bsa Sl st Source requires high tcmpcra.tlfrus,
comparably lower atom densities
Shock tube E.nables study o.f high-energy, Limit_e.d range of experimental
high-pressure discharges conditions

3. Methods for y Determination

Different methods for the determination of recombination coefficients were used by
various researchers and will be presented below. These methods can be divided into
several categories: calorimetry, emission spectroscopy, actinometry, NO titration, induced
fluorescence, Wrede-Harteck gauges, and other experimental methods and modeling,.
Some of these methods were also used in conjunction with other methods.

The samples used for measuring the surface recombination coefficients were either
placed into the oxygen (or oxygen-containing) plasma or in the afterglow. In the case a
sample is facing plasma, its surface will charge negatively against the plasma because the
mobility of plasma electrons is much larger than the mobility of ions. The negative surface
potential will form a sheath between the negatively biased sample and the plasma. The
sheath voltage will assure for equal flows of negatively and positively charged particles
and, thus, stable conditions. Obviously, the voltage depends on the electron temperature in
gaseous plasma. The positively charged ions entering the sheath are accelerated toward the
sample and bombard the surface. The ions thus supply kinetic energy, which is shared with
the surface atoms upon impinging. The kinetic energy in most plasmas reviewed above will
be roughly 10 eV in the case of collision-less sheaths and below this value in cases where
the sheath thickness is not much smaller than the mean free path. The energy supplied to
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surface atoms by surface bombardment with positively charged ions may influence the
recombination coefficient.

3.1. Calorimetry

One of the most often used methods is calorimetry which is based on measurements of
heat exchange. These measurements can be performed by catalytic probes (thermocouple,
fiber optic), other methods utilizing thermal resistivity (thin film resistance thermometers,
thin film heat-transfer gauges), pyrometry, and other calorimetric detectors. In all cases,
an O-atom-sensitive material is introduced into the plasma reactor, and the change in
temperature due to the surface recombination of O-atoms is measured. In Figure 7, we
show an example of using a catalytic probe for the determination of the recombination
coefficient because of heat dissipation on the surface of the probe during the recombination
of O atoms.

F=—=——=====

I
OT——30 plasma |

Figure 7. Schematic of a typical calorimetric probe for measuring the O-atom density via the heat dis-
sipated on the surface of the probe, which enables the determination of the recombination coefficient.

In a study by Mozeti¢ and Zalar [59], a thermocouple probe was used to measure neu-
tral atom density and later replaced by a thermocouple probe attached to the investigated
material, which was stainless steel. Comparison of measured data between the two probes
helped determine the recombination coefficient of stainless steel as 0.07 in the regime of
10-100 Pa and 400-700 K. In a similar study by Mozeti¢ and Cvelbar [92], recombination
coefficients of several metals were determined using a thermocouple probe. In addition,
discharge was monitored with a Langmuir probe for electron energy and density detection
and an optical spectrometer. The latter was used in NO titration to confirm the readings of
the catalytic probes. Another study with a similar experimental procedure was performed
for a niobium surface by Mozeti¢ et al. [91], with the result y = 0.09, constant for pressures
between 100 and 400 Pa and temperatures between 420 and 620 K. Yet, another study by
Mozeti¢ et al. [49] brought results for carbon nanowalls, a carbon-based nanomaterial best
described as shredded ribbons of graphene growing perpendicular to a surface. This exotic
material exhibited an especially high recombination coefficient with v = 0.59 at 50 Pa
and 300 K.

In a paper by Zaplotnik et al. [76], recombination coefficients for polyethylene tereph-
thalate (PET), polystyrene (PS), and polytetrafluoroethylene (PTFE) were determined with
the help of two catalytic probes. One probe had a catalytic tip, while the other had a tip
made of the studied polymer, and the responses of both probes were compared in order
to determine the recombination coefficient. A similar twin catalytic probe approach was
used by Cvelbar et al. [93] to determine the recombination coefficient of various metals,
with a minor difference in the catalytic probes, because the heat dissipated on a surface
due to recombination of O-atoms was monitored through an optical fiber instead of a
thermocouple. The measured densities of neutral atoms were confirmed with NO titration,
while the energy and density of electrons were measured with a Langmuir probe.

A method used often in conjunction with calorimetry is the side-arm method [57,94-96,103,104].
In such a method, atoms are created in the discharge chamber and then let through a small
orifice to a tube-shaped side-arm chamber. The gas diffuses along the length of the tube,
with atom losses occurring at the walls of the side-arm. In a study by Drenik et al. [94],
such a side-arm method was used, with the walls of the side-arm covered in amorphous
carbon. The decrease in neutral atom density along the arm was measured with a fiber optic
catalytic probe, and both hydrogen and oxygen recombination was determined. Another
work by Drenik et al. [95] used the same approach for the oxygen atoms on aluminum
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surfaces, both clean and with a layer of deposited carbon. In Drenik’s thesis [96], this same
approach was used to determine - for graphite and different deposits of amorphous carbon.
The measured -y of amorphous carbon deposits was not very high (at around 0.001), but was
more than 10 times higher for pelished graphite at 0.05. However, this is still nowhere near
the reported v = 0.59 of nanostructured carbon reported by Mozeti¢ et al. [49]. Comparing
< of different forms of carbon hints at the impact surface morphology can have on surface
recombination.

Linnett and Marsden [58] also used a catalytic probe to measure the drop in neutral
atom density inside a side-arm with deposits of various salts and oxides. They found that
the 7y of the studied materials increased drastically with an increase in surface temperature,
with some materials exhibiting a rise in several orders of magnitude. For example, the 7y
of KCI rose from 0.00008 to 0.01 in the temperature range from 300 to 700 K. Very similar
behavior was noticed for LiCl, but not for oxides such as PbO, MoQOj3, quartz, and Pyrex,
where an increase in 7 in respect to surface temperature was not as drastic.

The same method, albeit modified, was used by Greaves and Linnett [56] when
measuring 7y for several groups of materials: metals, non-metals, oxides, and halides. It
was found that metals exhibited the highest -y, with Ag and Cu showing the highest -y at
Tag = 024 and 7y, = 0.17. This study also confirmed the formation of an oxide layer on
metals during exposure to oxygen, which eventually stabilizes the recombination process.
In a paper by Goulard [87], the results of Linnett and Marsden [58] were compared to
a theoretical model for surface recombination and to results obtained in a shock tube,
where the neutral O-atom density was measured with a thin copper film heat-transfer
gauge. The ¢, = 0.4 reported is somewhat high, which might be due to a different type of
discharge used.

Elias et al. [97] determined the recombination coefficient of Pyrex (ypyrex = 0.000077)
with a movable detector, which consisted of a platinum wire coated in a catalytic material.
An electrical current was applied through the platinum wire, which kept the detector at
a constant temperature, measured by its resistance. Upon recombination of atoms on the
surface of the detector, the current was lowered so that the resistance (and temperature) of
the detector remained the same. The energy dissipated due to surface recombination was
calculated from the drop of the electrical current needed to sustain a constant temperature.

Another use of catalytic probes in the side-arm was reported by Dickens and Sut-
cliffe [57], who measured - for various metal oxides and quartz. In their findings, they
noticed discontinuity in the temperature dependence of +y for several materials, as well as a
general trend, where v was highest for p-type oxides, lower for n-type oxides, and lowest
for insulating oxides. They also found that for certain oxide films, conductivity rose with
exposure to atomic oxygen. However, not all oxides exhibited such behavior.

Hartunian et al. [98] also used a catalytic probe having a fast response time (less than
1 us). This allowed instantaneous measurements of changes in surface temperature. The
probe had a thin platinum resistance thermometer in the shape of a sphere or cylinder
at the tip, which was coated in a layer of silicon oxide, a dielectric. This dielectric layer
was, in turn, coated with a catalytic film.  for quartz, Pyrex, silver oxide, nickel oxide,
aluminum oxide, and spinel (MgAl;O3) was measured in this setup at room temperature,
and pressures ranging from 7 to 15 Pa were noted. Spinel and silver oxides were proved to
be the most efficient catalytic materials.

A very similar approach was used by Myerson for measuring the 7 of gold, platinum,
palladium, and TiO; [64] and for measuring the 7 of copper, iron, nickel, aluminium, gold,
and silver [63]. Measurements were carried out in the pressure range from 400 to 1300 Pa,
with the surface temperature of materials kept around room temperature. While most
noble metals were not found to be good catalysts for oxygen recombination, silver was
again the material with the highest 7.

Another use of calorimetry was presented by May and Linnett [99] in conjunction
with Wrede-Harteck gauges and the effusion method, where gaseous plasma is effused
through a small orifice into another chamber, with a detector placed immediately behind
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said orifice. Through surface recombination, atoms heat up the detector, and the change
in temperature is detected via thermal resistivity. Again, silver proved to be the most
catalytic material, followed by copper and then by chromium and gold. However, those
measurements were carried out in a limited range of surface temperatures (300400 K) and
at pressures of around 2 Pa.

Measurements of reaction-cured glass (RCG), an exotic material used as a coating for
spacecraft reentering the planetary atmosphere, were performed by Scott [100]. Samples of
RCG were attached to water-cooled holders equipped with platinum thermocouples. A
referential nickel thermocouple probe was installed to measure the neutral atom density in
the vicinity. It was shown that with higher surface temperatures (around 1500 K), the -y of
RCG increased by a factor of 3 compared to room temperature (from 0.008 to 0.023).

Another use of a moving platinum thermocouple probe to measure the neutral atom
density of gas diffusing along a tube was employed by Kim and Boudart [101] when
determining 7 for oxygen, hydrogen, and nitrogen atoms on quartz glass. The quartz walls
were kept at the desired temperature by being submerged in a constant temperature bath.
Therefore, a wide range of temperatures of quartz was achievable, from 200 to 1200 K. The
7 of quartz glass increased at higher temperatures for all three gases.

Gordiets et al. [102] used thermocouple probes in combination with electrostatic probes
and NO actinometry to measure the -y of Pyrex for oxygen, nitrogen, and their mixtures.
While NO actinometry was used to measure neutral atom density and electrostatic probes
to measure electron density, the 7 of Pyrex was determined by the heat transferred from
plasma to the walls. An interesting observation was reported: - for both oxygen and nitro-
gen changed when the two gases were mixed and increased with an increasing percentage
of oxygen in the gas mixture.

The popularity of using a catalytic probe in a side-arm as a method of determining
7 is again demonstrated by Stewart [103,104]. In his work, he studied thermal protection
materials (Pyrex, SiC, and other, more exotic silica-based materials, as well as carbon-based
coatings) as candidates for spacecraft shielding during planetary reentry. Stewart also
employed a heavy-duty electric furnace to heat the materials to very high temperatures,
essentially reaching the upper limit of the materials (in some cases, approximately 2000 K).
Interestingly, most of those materials exhibited an increase in ¢ with temperature up to a
certain point. At higher temperatures, v seemed to decrease with increasing temperatures.
Additionally, noteworthy is the use of laser-induced fluorescence to corroborate the values
of neutral oxygen atom density.

Bykova et al. [105] used a continuous-flow stationary calorimeter while testing the y of
different heat-shield candidate materials at high temperatures. Coated molybdenum, quartz
glass, and Pyrex were attached to thermocouple probes, and the temperature response of
the probes was measured in oxygen plasma. With the help of a mathematical model,
was determined. Quartz glass catalyticity was increased with temperature, while Pyrex
exhibited a decline in catalyticity with surface temperature. Molybdenum was not studied
beyond room temperature, where 7y, = 0.0048.

Another comprehensive study of 7 for various metals (copper, silver, cobalt, zinc,
nickel, gold, and steel) was reported by Cauquot et al. [106]. In this study, samples of
metals were placed in stainless-steel heater cartridges and kept at room temperature and a
pressure of 300 Pa. The temperature was measured with a platinum resistance temperature
detector probe, and the neutral atom density was measured by NO titration. Copper and
silver were again determined to be the materials with the highest - for the recombination
of oxygen atoms.

In an experiment by Sorli and Rotak [107], 7 was determined for nickel with the help
of two catalytic probes, the first having a disk-shaped nickel tip, and the second having a
tube-shaped nickel catalyst. The tube was placed next to a narrow glass tube so that all
(or at least the vast majority of) the atoms passing through it recombined. Afterward, the
tube was removed, and the neutral atom density was measured with the second probe.
Comparing the response of both probes yielded a constant ; = 0.27 of nickel for a range
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of temperatures from 500 to 1100 K and the pressure ranging from 10 to 100 Pa. Along with
that, the -y for Pyrex was determined as 7 pyrex = 0.00019 at room temperatures and in the
same pressure range as before.

Zheludkevich et al. [108] studied the oxidation of silver and silver oxide and deter-
mined for both that 7y 4, = 74g,0 = 0.1 at extremely low pressures (about 10-7Pa) and in
the temperature range 373-673 K. This was determined by measuring the time dependence
of electrical resistance of silver filaments. Experiments were reproduced three times with-
out major discrepancies. Researchers noted that at temperatures higher than 673 K, the
oxide layer became unstable, yielding unreliable results.

Kolodziej and Stewart employed both thin film calorimeters and thermal capacitance
(slug) calorimeters to measure heat fluxes in their system. The walls of the experimental
system were made of Pyrex, and their temperature was also measured by IR pyrometry.
All the acquired data were used in conjunction with a mathematical model to determine
7. They found that for Pyrex, the increase in -y for oxygen can be of a whole order of
magnitude and five times less for nitrogen when working at temperatures above 1000 K
and pressures between 800 and 3000 Pa.

Another use of both theoretical and experimental results was presented by Kolesnikov [78].
He used water-cooled stationary heat flux probes to study the experimental parameters
of oxygen and nitrogen recombinations on quartz glass. He later used a tethered particle
motion (TPM) model to determine g1 = 0.003 at 10 Pa and 300 K. The TPM model
was used to calculate the movements of physisorbed atoms on the surface of the quartz
glass, as surface mobility of adatoms seems to play a key role in the heterogenous surface
recombination of neutral atoms.

Herdrich et al. [109] determined the 7 of oxygen atoms for a ceramic material known
as PM1000. The material is made of carbon, nickel, chromium, iron, aluminium, titanium,
and yttrium oxide and is considered a thermal protection material for spacecraft during
planetary reentry. The material was put inside pure oxygen plasma with a heat flux sensor
at the stagnation point (the point of the material which takes the brunt of the flowing gas).
This sensor produces an electric signal proportional to the applied heat flux to the sensor’s
surface. The temperature of the material was also monitored with an optical pyrometer,
while the flow of gas was measured with a Pitot probe. At 800 Pa, the v of PM1000 increased
from 0.17 to 0.21 in the temperature range from 1500 to 1610 K.

A later study by Steinbeck et al. [110], using the same facilities and techniques as
Herdrich et al. [109], determined + for pre-oxidized tungsten, PM1000, and its preoxidized
form, 5iC, and preoxidized SiC. At 83 Pa and 1371 K, the 7 for pre-oxidized tungsten
was 0.035. PM1000 in the temperature range 1499-1611 K at similar pressures exhibited
a slight increase in 7 from 0.206 to 0.233. Under the same conditions, an even higher
7 = 0.313 was observed for pre-oxidized PM1000. Quartz glass exhibited a two-times
increase in 7y when temperature increased from 1180 to 1650. With 5iC, - seemed to drop
with increasing temperature (1300-2000 K) from 0.085 to 0.009, but remained more or less
the same in that temperature range for pre-oxidized SiC, albeit with a slightly higher value
of Yoyia. sic = 0.114.

Park [86] used calorimetry in conjunction with a mathematical model to determine
the ¥ of neutral oxygen atoms on copper and cupric oxide in a gas mixture of oxygen and
argon. In his experiments, a thin film heat-transfer gauge was used to measure the heat
transferred from plasma to the material through heterogenous surface recombination. The
experiment was performed at a higher pressure (14,000 Pa) and room temperature, with the
results providing ¢, = 0.4 and y¢,0 = 0.0029. The use of the same facilities to determine
 for copper at atomic oxygen partial pressures from 13,410 Pa to 25,620 Pa and at room
temperature was described by Yang et al. [40]. - decreased with rising pressure from 0.0022
to 0.0213.
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3.2. Emission Spectroscopy

In methods utilizing emission spectroscopy, the relaxation of excited plasma particles
is monitored. All particles tend towards their lowest possible energy, which is at their
ground state. Excited particles, which are created in the plasma discharge, sooner or later
de-excite to their ground states, releasing energy. Some of that energy is released through
photons, which are usually in the optical or VUV range [96]. The schematic of this technique
is shown in Figure 8.

MgF, window lens

p|asma detector

Figure 8. Schematic of an emission spectroscopy technique.

Mange et al. [111] utilized the VUV emission spectroscopy in measuring the 7y of Pyrex
in the pressure range of 3-667 Pa. The decay of oxygen atoms along a Pyrex tube at room
temperature was measured through a MgF window positioned in the afterglow, resulting
in ¥ pyrex = 0.0024. This was possible due to the high intensity of the three resonant atomic
triplet lines which were analyzed in the range of wavelengths from 120 to 210 nm.

In a series of articles by Cartry et al., time-resolved VUV absorption spectroscopy was
used to determine 7y of quartz in oxygen discharges [44], and the experimental data was
later used in a mathematical model [45]. Three atomic oxygen lines at 130.217 nm, 130.487,
and 130.604 were monitored. At 133 Pa and room temperature, ,uqr- was experimentaly
determined to be around 0.0001-0.0004, with a very similar value of 0.0005 provided by the
mathematical model.

3.3. Actinometry

Actinometry utilizes optical emission spectroscopy to measure neutral atom densities.
A known and low quantity of an actinometer, which is usually a noble gas (argon is used
most frequently), is introduced into the experimental system where oxygen plasma is
sustained. In the optical spectra, the intensity of the actinometric lines is compared to the
intensity of the studied gas lines. Since the quantity of the actinometer is known, the ratio
of intensities can be linked to the neutral atom density of the studied gas. A prerequisite
for this method to work is that the emitting state of the actinometer needs to be at around
the same energy as the emitting state of the gas in question.

In a study by Cartry et al. [77], the -y for oxygen atom recombination on a quartz glass
surface was determined. Interestingly, two two sets of values were presented, one set for
the fast-decaying atoms inside the discharge and one set for the slow-decaying atoms in the
afterglow. Both sets were operated at pressures of 67, 133, and 267 Pa. The coefficients were
measured for the quartz glass surface at room temperature. Measurements in the discharge
provided higher values of yguariz = 0.04 — 0.028, which decreased with increasing pressure.
On the other hand, afterglow measurements provided Tquartz = 0.00019 — 0.0005, which
increased with increasing pressure. The discrepancy was explained by the creation of
additional active recombination sites on quartz through ion bombardment in the discharge
area. This is one of a few scientific articles which addresses the role of charged particles
(and perhaps also VUV radiation) on the surface recombination of oxygen atoms.

Kristof et al. [112] used actinometry for the determination of -y for quartz (0.0039),
PET (0.00093), PTFE (0.00066), and mica (0.0012) at room temperature and pressures
150-350 Pa. Argon was used as the actinometer and emissions were observed along a 10 cm
long afterglow chamber, with light being focused by a lens into an optic fiber connected
to a spectrometer.

Booth and Sadeghi [69] used actinometry to study plasmas of pure oxygen and mix-
tures of oxygen and fluorine. Although they did not determine 7, they did determine
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the sticking coefficient (x) of oxygen atoms on the reactor wall, made of stainless steel.
Their results show that in pure oxygen plasma, ap, ss = 0.5, but is significantly lowered to
&0+ pss = 0.09 in mixtures of oxygen and fluorine. Their experiments were performed at
3 Pa, and the reactor walls were at room temperature. The emission of oxygen atoms was
observed at 844 nm and compared to the emission of argon atoms at 750 nm.

Pagnon et al. [113] measured the 7 for quartz at room temperature, and observed an
increase from 0.00002 to 0.0024 with increasing pressure from 50 to 300 Pa. Two spectral
lines of oxygen, one at 844 nm and the other at 777 nm, were monitored along with
the 750 nm argon line. The results of the actinometric method were also compared to
those achieved using VUV spectroscopy, with a high degree of agreement between the
two methods.

In a series of papers by Balat-Pichelin et al. [79-84], actinometry was utilized in con-
junction with other methods to determine the 7y of various materials. The 844 nm oxygen
line and the 824 nm argon line were monitored in the discharge area. The studied materials
included different steel alloys, aluminum oxide and its alloys, quartz, 3-cristobalite quartz,
SiC, a mixture of quartz and SiC chromium oxide, and various exotic alloys of zirconium
(namely Y203 stabilized zirconia (YSZ), CaO stabilized zirconia (CSZ), MgO stabilized
zirconia (MSZ), and ZrB;-based materials). All of the listed materials were tested at pres-
sures ranging from 100 to 1000 Pa and at relatively high surface temperatures (from 1000
to 2000 K), and all of the materials exhibited a rise in -y with increasing surface temper-
ature, allthough in various amounts. All materials were studied as potential candidates
for thermal shielding of spacecraft during planetary reentry. Therefore, to reach higher
temperatures, the materials were heated using a solar furnace, and their temperature was
monitored with an TR pyrometer. A calorimetric probe was used in the absence of materials
to measure neutral atom densities at the same spot under the same experimental conditions.
The results of the studies showed that aluminum-based alloys were the best catalysts,
followed by steel alloys as well as zirconium alloys. Chromium oxide behaved similarly to
quartz glass and SiC-based materials, remaining inert, with y growing considerably at the
high end of the temperature range (around 2000 K).

Guyon et al. [65,66] used actinometry along with NO titration to measure 7y for various
semiconductors at 110 Pa from their room temperature to the upper limit, where the
materials would remain stable. A heater cartridge was used to heat the materials. The
emission was observed through a collimator connected to a spectrophotometer through
an optical fiber. A linear correlation between activation energy needed for heterogenous
surface recombination and the energy gap of p-type oxide semiconductors was discovered
upon studying MnO, CoO, PbO, and SbyO3. An increase in -y was also noticed with the
decreasing energy gap of p-type oxide semiconductors. However, no correlation was found
between the gap energy of n-type semiconductors (WQOj3, BaTiO3, TiO,, CaTiO;, AlO3,
Si0;,, Fe3Qy, and SiC + Si0;) and . A logarithmic correlation between the activation
energy of heterogenous neutral oxygen atom recombination and the density of active sites
on n-type semiconductors was reported. All of the studied semiconductors exhibited an
increase in <y with increased surface temperature [65,66].

A time-resolved actinometric method for the determination of heterogeneous loss of
0, H, F, and CF; radicals on a quartz surface was proposed by Lopaev and Smirnov [43]
and expanded upon by Lopaev et al. [42]. The loss of oxygen atoms was measured from the
radial variation of the dissociation degree of oxygen. At higher pressures, the actinometric
method had to be corrected, which required the spatial distribution of the reduced electric
field to be known. In their findings, room-temperature quartz glass was examined first in
the pressure range of 13 to 400 Pa [43] and later from 600 to 6600 Pa [42]. The results for the
first pressure range provided a constant yguarz = 0.00205, while gz grew to 0.003 at
higher pressures.

Macko et al. [47] also employed the time-resolved actinometric method to determine
the « of Pyrex in respect to the surface temperature in a pulsed discharge system. The
decay of oxygen atom density after each pulse of the discharge was studied to determine
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the 7 of the Pyrex walls of the reactor. Argon was used as the actinometer, and the line at
750 nm was monitored along with two oxygen lines at 777 and 844 nm. In the temperature
range from 77 to 460 K, 7y increased by two orders of magnitude, from 0.0004 to 0.016. In
order to achieve lower temperatures, the tube was cooled with liquid nitrogen. Higher
temperatures were obtained using a resistance heater. No pressure dependence of 7y was
observed in the range from 66 to 626 Pa.

Another use of the time-resolved actinometric method was documented by
Bousquet et al. [114] when determining the 7 of stainless steel plasma reactor walls. Along
with that, a Langmuir probe was used to measure electron density and electron energy
distribution. A gas mixture of oxygen and hexamethyldisiloxane (HMDSO) was used,
along with pure oxygen, COz, and H2O. The 7 of oxygen atoms was found to be around
five times higher in pure oxygen plasma (0.09) than in pure CO, plasma (0.02), which
was attributed to the competition of CO and O radicals for the same surface adsorption
sites. In pure HO and mixed oxygen and HMDSO plasmas, the recombination of oxygen
atoms was further diminished by the adsorption of OH radicals onto the wall surface.
Ion bombardment during the treatment seemed to create more adsorption sites, which
increased 7. This observation is similar to that proposed in the paper by Cartry et al. [77].

Rakhimova et al. [54] used actinometry to determine atom loss coefficients of hydrogen
and oxygen atoms on nanoporous dielectrics, quartz, and PTFE. Dielectric materials used
were SiIOCH with porosity between 24 and 33%. Experiments were performed at pressures
of 400 Pa and 1300 Pa, and all the materials were kept at room temperature. The hydrogen
line at 656 nm and the oxygen line at 777 nm were monitored, along with the argon
line at 750 nm. After exposure to plasma, the amount of oxygen and hydrogen atoms
absorbed into the sample surface was determined by Fourier-transform infrared (FTIR)
spectroscopy. Atomic oxygen was shown to be a prominent remover of CH3 groups from
the surface of SIOCH, while hydrogen failed to break the Si — CHj bonds, limiting the
damage of hydrogen plasma to the samples. The -y of oxygen atoms was calculated to be
0.0006 for PTFE, 0.0012 for quartz, 0.0038 for the SiIOCH with 24% porosity, and 0.0044
for the SIOCH sample with 33% porosity. Therefore, the larger porosity increased the
recombination coefficient.

Another study of stainless steel reactor walls and their interaction with oxygen plasma
was reported by Tsutsumi et al. [51]. Using energy-resolved actinometry, they determined
¥ss = 0.01 at 40 Pa and 300 K. The use of energy-resolved actinometry allowed simultane-
ous measurements of the radial distribution of oxygen dissociation degree and electron
temperature. Two oxygen lines at 777 and 844 nm were monitored along with the 750 nm
argon line using phase-resolved optical emission spectroscopy to determine the radially
resolved oxygen dissociation degree and the electron temperature.

Morillo-Candas et al. [115] compared the actinometric method with the high-resolution
two-photon abseorption laser-induced fluorescence for the determination of -y for oxygen
atoms on Pyrex. Plasmas were sustained either in O; or CO; discharges. The latter method
will be explained in the next section of this chapter. Pressures ranged from 27 to 667 Pa,
while the surface temperature of Pyrex was kept between room temperature and 410 K.
The increase in gas temperature was shown to increase 7, which was twice as high in pure
oxygen plasma (0.00034-0.0011) compared to the 7y of CO; plasma (0.00022-0.00065). Good
agreement between the two complementary techniques was reported [115].

3.4. Laser-Induced Fluorescence

Laser-induced fluorescence (LIF) utilizes selective excitation of ground-state atoms
with a laser. Once excited by the laser, the atoms release photons through fluorescence and
assume a lower excited state. A laser set to 130 nm is used to excite the oxygen atoms from
the ground state (2p43I’) to the excited state (3p3P), and the fluorescence deexcitation of
oxygen atoms at 845 nm causes the atom to relax to the state 3p3S [116]. The density of
neutral atoms in the ground state can be determined by measuring the absorption of laser
light and fluorescence.
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Since lasers of such short wavelengths are not feasible [116], some workaround solu-
tions must be incorporated. If two photons of larger wavelengths are absorbed simultane-
ously, laser-induced fluorescence can be achieved. This method is called the two-photon
absorption laser-induced fluorescence (TALIF). In the case of oxygen, two photons with
a wavelength of 226 nm are absorbed (Figure 9), while for hydrogen, two photons with
a wavelength of 205 are needed to achieve fluorescence at 656 nm (Balmer a). Since the
collisional cross-section of two-photon absorption is much smaller than for a single photon,
a stronger laser source is required. While offering good spatial and temporal resolutions,
TALIF is an expensive and rather impractical experimental method.
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Figure 9. Schematic of a typical TALIF setup for measurements in oxygen plasma. Firstly, an Nd:YAG
laser (in this case, with its second harmonic at 532 nm) is used to pump a continuum dye laser. This
laser light is frequency doubled and tripled using two beta-barium borate (BBO) crystals. Lastly,
the laser light is filtered and focused on the plasma, with the detector for the fluorescent light at a
right angle.

In a study determining the spatial distribution and temporal evolution of oxygen
atoms, TALIF was utilized by Tserepi and Miller [52]. Absolute densities were determined
beforehand with NO titration. The spatial distribution of oxygen atoms between parallel
plates of an RF discharge proved to be uniform (or very close to). The decay of oxygen
atoms was studied to determine -y of stainless steel reactor walls. The 226 nm wavelength
of the laser was achieved with an Nd /YAG laser with a wavelength of 1064 nm, which was
used to pump a dye laser. That laser light was frequency tripled and focused using a quartz
lens. A mathematical model was used along with the experimental results to determine
Yss, which, at room temperature, gradually decreased from 0.013 to 0.005 at pressures
ranging from 10 to 400 Pa.

Matsushita et al. [62] employed TALIF to determine the sticking coefficient (&) of
oxygen atoms to a stainless steel surface at room temperature. The sticking coefficient
must not be confused with the recombination coefficient, as sticking is only one part of
the recombination process. At lower pressures (2 Pa), & was considerably higher (0.4)
than at higher pressures of 10 Pa, where & = 0.1. The required 226 nm wavelength was
produced by the second harmonic generation of a 451 nm dye laser pumped with a XeCl
excimer laser.

Another study of gaseous mixtures of nitrogen and oxygen used in plasma discharges
was presented by Dilecce and De Benedictis [117]. In their study, TALIF was utilized to
measure neutral atom densities and their loss rates, which, in conjunction with a kinetic
model, provided the 7y for stainless steel. Again, an Nd/YAG laser was used to pump a dye
laser to achieve the proper wavelength of laser radiation. The results at room temperature
for stainless steel showed a decrease in 7yss from 0.006 to 0.002 with rising pressure from
133 to 267 Pa.

Gomez et al. [50] studied the 7 of stainless steel, aluminium, silicon, quartz, and
polypropylene (PP) using TALIF. A second harmonic at 532 nm from a pulsed Nd/YAG
laser was used to pump a dye laser at 572 nm. Afterward, the dye laser output was
frequency tripled to produce a 225.5 nm laser light. With temperatures from 400 to 600 K and
pressures ranging from 1 to 100 Pa, the ¢ was calculated for several materials. For stainless
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steel, v55 = 0.35 — 0.02 decreased with increasing pressure. The same results were reported
for aluminum, with 7,4, = 0.3 — 0.01 and almost identical results for quartz. On the other
hand, the « for silicon and PP increased with increasing pressure as -yg; = 0.02 — 0.2, and
pp = 0.02 — 0.3. The rather large value of the recombination coefficient for polypropylene
might be due to high temperature. Namely, the melting point of polypropylene is just
above 400 K.

In a report by Marschall [118], along with reviewing different measurement methods,
the side-arm method was used, with TALIF determining the profile of the decay of atoms
along the side-arm. Decay was also simulated, and the results were compared. Experiments
were performed at 40 Pa with materials remaining at room temperature. The determined
7 was 0.016 for stainless steel (S5 304), 0.046 for a constantan alloy with a 45% amount of
nickel, 0.0068 for chrome with a 10% amount of chromium, and 0.0053 for platinum.

3.5. NO Titration

NO titration is the process of adding gaseous NO to the reactor in the afterglow region
(Figure 10). In the oxygen afterglow, NO is highly reactive and produces NO3 exciplex
molecules. The resulting NO; molecules are highly reactive with O-atoms, producing NO,
molecules and releasing energy via chemiluminescence. The NO, can again dissociate into
NO, which can repeat the entire cycle. Due to this process, even a small amount of NO is
enough for the rapid depletion of atomic oxygen in the afterglow, and the yellow-green
glow due to chemiluminescence can be monitored and linked to the oxygen atom density.
A major drawback of NO titration is the poisoning of the reactor with NO and NO, gases.
Due to safety reasons, a mixture of argon (around 2%) is used in many practical cases.

,____‘f"fi—(g_%_i._#_i._#_i._'

plasma afterglow 1

detector.
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Figure 10. Schematic of a plasma system utilizing measurements with NO titration. NO gas is
introduced to the system through a series of valves, and a movable detector monitors the afterglow.

In two studies by Kaufman [71,72], the y for quartz and Pyrex surfaces at room
temperature was determined using NO titration. The light intensities in the titration region
were measured with movable photomultipliers, which provided the neutral atom density
profile along the titration region. For quartz at 67 PPa, v was determined to be 0.00002, a
value much lower than determined in contemporary literature. As for Pyrex, the same
value of ¥ was determined, again low compared to other sources.

In a report by Rosner et al. [119], a study of candidate materials for space shuttle
thermal protection systems was carried out. Of particular interest was nickel oxide, with
Tnio = 0.1 at room temperature. Regrettably, the pressure was not reported. One can
speculate the pressure was similar to pressures in experimental setups of other authors
utilizing NO titration. With that in mind, the pressure in the plasma system could have
been between 50-1000 Pa.

Brake et al. [74,75] used NO titration along with a theoretical model when determining
the 7 of quartz at room temperature. NO gas was introduced into the system through eight
pinholes forming a ring in a single cross-sectional plane of the titration chamber, meeting
oxygen in a crossflow pattern. A one-dimensional, temperature-dependent mathemati-
cal model was in agreement with the experimentally determined oxygen atom density.
However, the resulting gyt provided two different values separated by a whole or-
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der of magnitude. From the experimental data, yquatz = 0.0005, while from theoretical
calculations, ¥guartz = 0.00005.

A great example of NO poisoning of the reactor due to NO titration was demonstrated
by Wickramanayaka et al. [60], with observable changes in v due to NO poisoning of the
surfaces of different materials. At the pressure of 133 Pa and room temperature, the 1 of
several materials in their original and poisoned state was determined. The 7 of poisoned
materials was generally lower than before NO poisoning. Results for -y were provided
for stainless steel (clean at 0.099 and poisoned at 0.0064), aluminum (clean at 0.0044 and
poisoned at 0.0029), aluminum with a layer of Ni + Cr;O;3 (clean at 0.0036 and poisoned at
0.0035), aluminum with a PTFE layer (clean and poisoned at 0.002), copper (clean at 0.026
and poisoned at 0.019), platinum (clean at 0.0027 and poisoned at 0.0016), gold (clean at
0.0032 and poisoned at 0.0019), magnesium (clean at 0.0023 and poisoned at 0.0012), Pyrex
(clean at 0.000092 and poisoned at 0.000056), and PTFE (clean at 0.000073 and poisoned at
0.000064). Based on these results, one must take the data obtained by NO titration with
some precaution. Namely, titration experiments are often time-consuming, so ample time
must be available to poison the reactor walls in the afterglow region.

3.6. Wrede—Harteck Gauge

Another method used to determine neutral atom densities, and, consequently, v, is
using the Wrede-Harteck gauge. The Wrede—Harteck gauge uses a manometer to measure
pressure in a separate chamber connected to the plasma reactor through a small orifice,
which allows atoms to pass through. As a result of dissociation, the pressure inside the
gauge where atoms are present is larger than in the segment of the gauge where the
atoms recombine into molecules because of the presence of the catalytic materials. When
in equilibrium, the amount of atoms entering the gauge is balanced by the amount of
molecules leaving the gauge. The difference in pressure between the gauge and the system
can help us determine the neutral atom density inside the reactor, as shown in Figure 11.
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Figure 11. Schematic of a Wrede-Harteck gauge, where p; and p; are pressures measured inside the

plasma chamber and inside the Wrede-Harteck gauge, respectively.

The use of Wrede-Harteck gauges to determine v was described in the works by
Greaves and Linnett [70,120], where the gauge was lined with different materials, and
pressure was measured at both ends of the lined gauge using Pirani gauges. At a moder-
ately low pressure of 650 Pa, the 7y of several oxides was determined at room temperature.
CuO exhibited the highest value at 0.043, while BO3 and Sb had the lowest values of
0.000063 and 0.000081, respectively [120]. Quartz glass was examined more closely, with
¥sio, = 0.00016 — 0.014 growing with rising temperatures from 300 to 900 K and at 16 Pa [70].

“Another seminal work for the determination of 7, by Melin and Madix [55], also
utilized Wrede-Harteck gauges in conjunction with isothermal calorimetric filaments. Weak
temperature dependence of y was observed for silver and copper, with silver once again
proving to be the best catalytic material for oxygen. Cobalt came in next with ¢, = 0.075
at room temperature, followed by copper and its oxide and nickel. Experiments were
performed at relatively low pressures ranging from 1 to 4 Pa.
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Sabadil and Pfau [121] measured the oxygen dissociation degree in a quartz glass
tube at a pressure of 66 Pa using the Wrede-Harteck gauge along with the ozone method,
with both methods in good agreement. The ozone method utilizes the association of
atomic oxygen with molecular oxygen on a surface cooled with liquid nitrogen into an
ozone molecule. The difference in pressure during ozone creation can be linked with the
neutral oxygen atom density and, conversely, with 7. For quartz, y was determined to be
around 0.00048.

3.7. Mass Spectrometry

This method measures the mass-to-charge ratio of ions. As the gas from the reactor
is pumped into a mass spectrometer, the neutral particles are ionized, and the resulting
ions are analyzed via separation by mass-to-charge ratio. Examples of mass spectrometers
include time-of-flight, magnetic sector, and quadrupole.

In a study by Sjelander [85], the probabilities for reflection, recombination, general sur-
face reaction, and occlusion were calculated for the following materials: gold, nichrome V,
aluminum, titanium, silver, and platinum. Measurements were performed at 40 Pa and
at room temperature (due to the low density of O-atoms), and the probabilities were cal-
culated using a mathematical model with experimental data as input parameters. The
materials were exposed to the oxygen plasma for up to 10 h, which altered their +y. Stainless
steel and titanium exhibited an identical rise in 7 from 0.04 to 0.16 with increased exposure
time to the oxygen plasma, as did silver (from 0.01 to 0.06) and geld (from 0.03 to 0.2).
While not explicitly stated as the cause, surface reflectivity of O-atoms decreased with
exposure time, which might be due to the surface being slowly cleaned of inert impurities
by the force of impact of incident O-atoms.

Singh et al. [122] studied the surface recombinations of oxygen and nitrogen atoms on a
stainless steel surface in pure oxygen and nitrogen plasmas with the help of a mathematical
model. The input parameters were determined experimentally; the radical and molecule
densities were measured with a quadrupole mass spectrometer, while the electron energy
distribution function was measured with a Langmuir probe. Appearance potential mass
spectrometry was used to ionize and detect either radicals or parent molecules selectively.
At the surface temperature of 330 K and a pressure of 5 Pa, the 7 for oxygen and nitrogen
atoms was determined to be 0.17 and 0.07, respectively.

Another use of experimental data acquired with mass spectroscopy as input parame-
ters in a simulation was presented by Kiehlbauch and Graves [123]. Again, a Langmuir
probe was used to determine the electron energy distribution function, along with two
separate quadrupole mass spectrometers for the composition of ions and neutral particles.
Mass spectrometers were calibrated with argon beforehand, ensuring absolute values of
neutral atom densities. Additionally, an optical spectrometer was used to measure the
rotational temperature of neutral molecules. In the pressure range from 1 to 15 Pa and
surface temperature ranging from 300 to 400 K, the - of stainless steel reactor walls was
determined at a constant value of 0.14.

Kurunczi et al. [124] studied the 7y of oxygen atoms on an anodized aluminium surface
of the reactor walls. The spinning wall method was employed. The spinning substrate was
rapidly rotated (at 40,000 rpm) and periodically exposed to oxygen plasma. The substrate
chamber was connected to a mass spectrometer, which analyzed the composition of gas
in the system immediately after the interaction of the substrate with the gaseous particles.
By varying rotation frequencies, the exposure time of the substrate and the time between
exposure and detection by the mass spectrometer were controlled. At 1 Pa and room
temperature, the -y of anodized aluminum decreased with increasing rotation speeds from
0.6 to 0.4. These values are very large compared to other reports and could be explained by
the very rich morphology of anodized aluminum.

Another study of 7 for stainless steel and aluminum surfaces was reported by Hsu etal. [125]
in pure argon, mixed argon, and oxygen, as well as mixed argon, oxygen, and chlorine
gaseous plasmas. Experimental results complemented a theoretical model. An ion flux
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probe was utilized to measure the flux of ions to the walls of the reactor, while a Langmuir
probe measured electron density and the electron energy distribution function. Separate
mass spectrometers were used to measure the composition of ions and neutral plasma
particles. In the temperature range from 300 to 400 K and pressures from 1 to 11 Pa, the 7y
of stainless steel and aluminum were determined to be 0.3 and 0.0001, respectively.

Guha et al. studied the 7 of anodized aluminum [126] and performed a separate study
of 7y for pure and copper-contaminated silicon surfaces [127]. The spinning wall method
was utilized along with mass spectrometry and Auger electron spectroscopy (AES) for
the detection of desorbing species. The rotation velocity of the spinning wall allowed the
control of oxygen atom flux to the surface. At room temperature and pressures of around
1 Pa, the y of aluminum decreased with increasing oxygen atom flux from 0.06 to 0.04. In
the second study, the effect of copper contamination on silicon wafers was studied as well.
The reason behind this study is the sputtering of copper to silicon reactor walls during
plasma etching of dielectrics. A noticeable decrease in etching rates after some time was
linked to an increased oxygen atom sink on the reactor walls due to the catalytic activity of
deposited copper. At room temperature and 0.2 Pa, yg; = 0.043 was noticeably lower than
Tsi+Cu = 0.069.

Another use of the spinning wall method was employed by Stafford et al. in combi-
nation with a mathematical model to determine - for oxygen atoms on stainless steel [61]
and in a separate study of oxygen and chlorine plasmas and 7y for oxygen and chlorine
on stainless steel and aluminium reactor walls [128]. In both studies, the use of AES and
line-of-sight mass spectrometry helped determine electron density and energy distribution
function and the composition of ions and neutral particles. At room temperature and
pressure of 0.2 to 3 Pa, the 7y of stainless steel was 0.13 for oxygen atoms and decreased with
exposure time to 0.09. This was due to the deposition of silicon particles on the material
due to the slow etching of the reactor walls. In the second study, yss = 0.09 and 7y 4; = 0.05
were determined under the same temperature and pressure as before. The materials were
again coated in a silicon-oxide-based layer, which is the main culprit for lower values of v
for stainless steel.

Donnelly et al. [38] reviewed the methods for studying surface reactions of atoms and
molecules. They utilized the spinning wall method to determine ¢, = 0.07 at 0.02 Pa and
room temperature. As with the previously described methods, AES and mass spectrometry
were employed for the analysis of electrons, ions, and neutral particles. The experimentally
obtained data were used in simulations to calculate .

3.8. Paramagnetic Resonance

Paramagnetic resonance utilizes the Zeeman effect, the splitting of energies of elec-
tronic states in a magnetic field (Figure 12). With an electromagnetic wave with the correct
wavelength, electronic transitions can occur between different electronic states. These
transitions usually happen in the GHz range of frequencies (wavelengths in the range of
centimeters). The relative determination of neutral atom density is possible by monitoring
the intensities of the peak in the absorption spectrum. Absolute densities are, however,
much harder to determine using this method.

The first study of oxygen recombinations utilizing paramagnetic resonance was demon-
strated by Krongelb and Strandberg [129]. They reported a strong paramagnetic-resonance
absorption of oxygen atoms. Reactions in the plasma system were monitored by observing
the intensity of the absorption. At room temperature and pressures ranging from 100 to
300 Pa, the 7y of quartz for neutral oxygen atoms was determined to be 0.00032.

Hacker et al. [73] used paramagnetic resonance along with an isothermal calorimetric
detector to determine the 7y of quartz glass and platinum. This was conducted by measuring
the decay of neutral atom concentration along the flow, which allowed the determination
of recombination kinetics. At room temperature and pressures between 150 and 220 Pa,
the <y for oxygen atoms on a quartz surface was 0.00004. For platinum, -y increased with
temperature from 0.01 to 0.1 in the temperature range of 300-1100 K.
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Figure 12. Splitting of the energy levels of an oxygen atom in a magnetic field.

In the paper by Marshall [130], the y of room temperature Pyrex for oxygen, hydrogen,
and nitrogen atoms was studied in the pressure ranges from 133 to 1330 Pa. The 7 of Pyrex
for oxygen atoms (0.0005) was observed to be almost twice as high as «y for nitrogen atoms
(0.0003). Both remained constant throughout the entire pressure range.

Hogan and Burch [131] examined three-body collisions of oxygen atoms and molecules
in the gas volume along with the wall recombinations on room-temperature reactor walls
coated with a metaphosphoric acid-sodium metaphosphate (NaO3P) mixture. The recombi-
nations were monitored with a paramagnetic resonance spectrometer for pressures between
30 and 147 Pa. A liquid-nitrogen trap improved oxygen purity, which reduced the amount
of water, CO;, and NO; in the system. NaO3; P was not a very efficient recombinator, with
FNaosp = 0.0000091 across the entire pressure range.

3.9. Theoretical Models

Various authors used different approaches when simulating the recombination of
neutral atoms on the surface of materials. Some authors tested these models in experimental
setups. We briefly examine some of the works of a few authors and present their results.

In a paper by Hardy and Linnett [37], simulations were based on the semiconductor
theory. A connection between 7 and conductivity was proposed and the model was
applied to three tungsten-oxide-based materials at room temperature. Results show:
Yrpwo, = 0.022 — 0.052, yngwo, = 0.006 — 0.047, and g, wo, = 0.022 — 0.48. The
method is promising, but not practical for the exact determination of 7.

Seward and Jumper [89,132] used a kinetic model to predict the - of quartz and
reaction cured glass (RCG), which were considered appropriate materials for thermal
protection systems of space shuttles during planetary reentry. The results of the model
show 7 taking a complex form, which was an evolution of Equation (4). The resulting
¥sio, showed strong temperature dependence, rising with temperature from 0.0001 at room
temperature until a peak of 0.02 at around 1000 K, and then decreasing with increased
temperature. This result was reproduced in a separate model, along with similar behavior
of RCG with a peak at 1000 K and yrce = 0.0004 — 0.01. The results were in agreement
with experimental work reported by other authors.

In the paper by Shibata et al. [53], a relaxation continuum model was used in the
numerical analysis of oxygen plasma in a reactor with walls made of stainless steel. The
numerical methods were accompanied by experimental results in a CCP discharge at room
temperature and 66 Pa. Many values of 7 were considered, with two extremes at 0.0001
and 0.5, but the best agreement between the model and the measurements was possible
when 7 of stainless steel was set at 0.015.
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Daiss et al. [133] studied catalytic reactions of oxygen and nitrogen on quartz surfaces.
A detailed surface chemistry model for the reactions (adsorption, desorption, and recom-
bination) of plasma particles on the quartz surface was compiled and implemented into
Navier-Stokes code. The predicted v was compared with experimental results of Dickens
and Sutcliffe [57], Stewart [103], Scott [100], and Kelodziej et al. [134]. The experimental
results were in good agreement with the numerical results, showing an increase in -y with
increasing surface temperature up to a peak at around 1000 K and then decreasing rapidly
with further increases in temperature.

Quartz was also studied in low-pressure flowing discharges of oxygen and nitrogen
by Gordiets and Ferreira [135], who proposed a self-consistent model for bulk and surface
kinetic processes. The model was one-dimensional and only applied to DC discharges and
afterglows. Kinetics of free electrons, electronic states, chemical and vibrational kinetics,
as well as interactions with the wall with respect to gas and wall temperatures were all
considered in this model. It was discovered that the 7y for oxygen atoms increased with
wall temperature and percentage of gaseous oxygen in oxygen—nitrogen mixtures. For
nitrogen recombination, v was shown to decrease with increasing temperatures up to 500 K
and then rose with increasing wall temperature.

Cacciatore et al. [136] devised two separate semiclassical models, one for the Eley—
Rideal recombination mechanism and the other for the Langmuir-Hinshelwood recom-
bination mechanism. Under the same conditions (wall temperatures from 600 to 1000 K),
the theoretical prediction was that the -y of quartz glass would achieve higher values than
recombinations that adhered to the rules of the Eley-Rideal mechanism when compared to
7y for the Langmuir-Hinshelwood mechanism.

A global volume-averaged model was used to study discharges in a gaseous mixture
of oxygen and argon by Gudmundsson and Thorsteinsson [90]. Increasing argon content in
the discharge increased the electron temperature, which in turn increased the dissociation
of oxygen molecules. The recombination of oxygen on a stainless steel surface was also
studied. 7 seemed to decrease with increasing pressure (0.1 to 20 Pa) from 0.5 to 0.1. This
seemingly supports the theory that 7 is negatively impacted by increasing pressure in
the system.

Marinov et al. [85] utilized two approaches when modeling surface reactions of
gaseous plasmas: the coarse-grained deterministic and the kinetic Monte Carlo methods. Tt
was found that the kinetic Monte Carlo method produced more reliable results but was
computationally more demanding. Both the Eley-Rideal and the Langmuir-Hinshelwood
mechanisms were incorporated into the models, with 7 depending on the total number 1
of active sites on the material surface. In the temperature range from 200 to 400 K, the - of
quartz was determined to decrease from 0.079 to 0.00039.

Experimental results demonstrating a high degree of vibrational excitation of oxygen
molecules in oxygen plasmas piqued the interest of Annusova et al. [137], who performed
experiments and devised a self-consistent zero-dimensional global kinetic model. The
model incorporated electron impacts on ground-state oxygen molecules, the chemistry in
the gas phase and the interactions of plasma with the surface. The 7 of aluminum was
determined at room temperature and pressures from 1 to 10 Pa at a constant value of 0.15,
which was considerably higher than most contemporary studies. No surface finish of the
aluminum samples was reported.

The results explained throughout the chapter are summarized in Table 2. With all
the methods by various authors described, we can now compare the results of their work
for various surfaces, which can help us categorize the materials. A comparison of the
average 7y for oxygen atoms on the material surface, determined using different methods,
is shown in Figure 13. Apart from the 7 for silver obtained by the Wrede—Harteck method,
the largest values were, on average, reported using calorimetry, which is also the most
commonly used experimental method. Larger values were also reported in works using
LIF and mass spectrometry techniques. Based on Figures 6 and 13, the results thus show
that the measured values may depend on the type of discharge system used and on the
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applied method of measurement. A brief overview of the advantages and disadvantages of
the aforementioned measurement methods is presented in Table 3.

Table 2. List of recombination coefficients () determined with different methods for various materials
in different plasma systems at a given pressure (p) and surface temperature (T). In all cases, the
samples for which ¢ was determined were kept at a floating potential. Values of « in parenthesis

were reported for «NO-poisoned» surfaces.

Material % p [Pal T[K] Plasma Method Ref.
Ag 0.21 10 300 ICP RF thermocouple probe [56]
0.01-0.06 40 300 atomic beam mass spectrometry [85]
thin film resistance
0.11 760 300 pulsed RE thermometer + NO [63]
titration
0.1 0.0000001 373-673 MW BIIIATEEEEl gy
resistance
Wrede-Harteck gauge + | __
0.24-0.38 1-4 310-435 ICP RF NO titration [55]
0.22-0.29 1-2 298-375 ICP RF Sorerwmpl resiRviky ¢ [99]
effusion
0.015 300 313-423 MW Drtiedion - ibaral g
resistivity
0037 400-1300 300 pulsed RE thin-film heat transfer 1)
gauge
Agy0 015 7-15 300 ICP RF thitn oo ek smsiee [98]
gauge
0.1 0.0000001 373-673 MW sgsiamentienmnl gy
resistance
Al 0.3-0.01 1-100 400-600 ICP&CCP RF TALIF [50]
0 40 300 atomic beam mass spectrometry [85]
0.06-0.04 0.2-3 300 ICP RF spioning wall esorpion.
mass spectrometry
thin film resistance
0.0068 750 pulsed RF thermometer + NO [63]
titration
mass spectrometry +
0.0001 1-11 300-400 ICP RF Langmuir probe + ion [125]
flux probe
Langmuir probe +
0.05 0.2-3 310 ICP RF actinometry + mass [128]
spectrometry
0.0044 (0.0029) 133 300 ICP RF NO-titration [60]
0.15 1-10 300 ICP RF model [137]
0406 . 300 ICP RF spinning wall desorption [124]
o mass spectrometry =
Al foil 0.00042 40-180 300 ICP RE RAEEAATOE gy
catalytic probe
0.00048 30-280 300 ICP RF side-arm + fiber optic [96]
catalytic probe
C coated Al foil ~ 0.0016 40-180 300 ICP RF Sigesfmuifbet iplie [95]

catalytic probe
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Material ¥ p [Pa] TIK] Plasma Method Ref.
Al Oy 0.0018-0.0034 10 300 ICP RF thermocouple probe [56]
0.01 715 300 ICP RF thin film heat-transfer [98]
gauge
0.0021 650 300 ICP RF Wrede-Harteck gauge [120]
0.014-0.031 110 313-773 pulsed RF actinometry [65]
; actinometry + NO
0.0097-0.061 110 300-773 pulsed RF tiration [66]
0.085 200 940 MW actinometry + pyrometry  [79]
0.0017 (0.0013) 133 300 ICP RF NO-titration [60]
ALOSF 0.018-0.57 200 800-2300 MW QRS+ aetinomptey + [80]
pyrometry
Al 038K 0.038-0.24 200 800-2030 MW OES4.attinometey -+ 180]
pyrometry
ALO;SIK fused 026 200 2330-2430 MW QS ackmnomelry + [80]
pyrometry
ALO;AIN 0.0035-0.15 200 800-2000 MW CIESY + einpietiy. ¢ [80]
pyrometry
Al+Ni+ Cr;03  0.0036 (0.0035) 133 300 ICP RF NO-titration [60]
Al + PTFE 0.002 (0.002) 133 300 ICP RF NO-titration [60]
As 0.00046 10 300 ICP RF thermocouple probe [56]
0.000081 650 300 ICP RF Wrede-Harteck gauge [120]
Au 0.0052 10 300 ICP RF thermocouple probe [56]
0.03-0.2 40 300 atomic beam mass spectrometry [85]
thin film resistance
0.0047 750 pulsed RE thermometer + NO [63]
titration
Wrede-Harteck gauge + T
0.008 1-4 300 ICP RF NO titration [55]
0.0061-0.012 1-2 305-347 ICP RF e [99]
effusion
0.005 300 313 MW NGRS SRl
resistivity
0.0032 (0.0019) 133 300 ICP RF NO-titration [60]
0.02 400-1300 300 pulsed RF tiefinheattansir
gauge
B2O3 0.000063 650 300 ICP RF Wrede-Harteck gauge [120]
0.00028 10 300 ICP RF thermocouple probe [56]
BaCls 0.00057-0.0019 10 300 ICP RF thermocouple probe [56]
BaTiOy 0.012-0.078 110 313-773 pulsed RF actinometry [65]
Bi 0.0022 650 300 ICP RF Wrede-Harteck gauge [120]
C 0.0005 40-180 300 ICP RF St Tt [94]
catalytic probe
0.001 30-280 300 ICP RF sidecarmy vibeeapte gy

catalytic probe
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Table 2. Cont.
Material v p [Pa] T[K] Plasma Method Ref.
C-CAT ACC-45iC  0.013-0.03 500-3500 1200-1368 arcjet bt flye + thepmocouple. 00
+ pyrometry + LIF
0.030-0.00041  500-3500 1368-2000 arcjct Bt themmpeouple 0
+ pyrometry + LIF
CaO 0.00016 650 300 ICP RF Wrede-Harteck gauge [120]
Ca0 + Z10, 0.036-0.202 200 900-2500 MW termomnplepmbe-d [84]
OES + actinometry
CaTiOs 0.0097-0.061 110 313-773 pulsed RF actinometry [65]
0.013-0.028 110 300-773 pulsed RF actnBmeRy + NO [66]
titration
cdo 0.001-0.27 4 295-625 ICP RF fedmm hognocbuple: g
probe
chromel 0.0068 40 300 MW side-arm + LIF [118]
CNW 0.59 50 300 :&P andCCP talytic probe [49]
Wrede-Harteck gauge + n
£
Co 0.075 14 300 ICP RF iy [55]
0.14-0.08 10-400 750 ICP RF Langruieprobect-flber: 1)
optic catalytic probe
CoO 0.029-0.034 110 300473 pulsed RF actinometry [65]
Co30y4 0.0018-0.25 4 300-625 ICP RF side-arm thenmorouple: ooy
probe
0.00049 650 300 ICP RF Wrede-Harteck gauge [120]
constantan 0.046 40 300 MwW side-arm + LIF [118]
Cr 0.06 i 308-356 ICP RF thermal resistivity + [99]
effusion
CryO3 0.0002 4 300-650 ICP RF siderny thermacouple’ 1o
probe
0.00025 650 300 ICP RF Wrede-Harteck gauge [120]
0.023-0.072 300, 1000 850-1650 MW actinometry + OES [82]
CsCl 0.00034-0.0016 10 300 ICP RF thermocouple probe [56]
Cu 0.17 10 300 ICP RF thermocouple probe [56]
0.07 0.02 300 ICP RE spinning wall desorption [38]
mass spectrometry
0.00217 25620 300 shock tube fun facheabbonsly o
gauge
0.00899 18400 300 shock tube bl eatiansfer. gy
gauge
0.0213 13410 300 shock tube tits files Tet-ranefer [40]
gauge
0.016 1400 300 shock tube thin film heat-transfer )
gauge
0.4 1400 300 dhiciektitba tincfilm henbrondfes e

gauge
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Table 2. Cont.

Material % p [Pa] TIK] Plasma Method Ref.
thin film resistance
Cu 0.031 760 pulsed RF thermometer + NO [63]
titration
- Wrede-Harteck gauge +
0.015-0.024 1-4 300-370 ICP RF NO fitration [55]
0.225 10-400 800 ICP RF Langmuirprobect fiker g0
optic catalytic probe
0.070-0.11 1-2 298-375 ICP RF thermal resistivity + [99]
effusion
0.025 300 313 MW NO-titration + thermal. )
resistivity
0.026 (0.019) 93 300 ICP RF NO-titration [60]
55 thermocouple probe +

0.23 100 ICP RF OES + NO titration + [92]
Langmuir probe

thin film heat-transfer

CuO 0.0026-0.0032 14000 300 shock tube [86]
gauge
0.034-0.18 4 295-485 ICP F sidegemheanaouple gy
probe
0.043 650 300 ICP RF Wrede-Harteck gauge [120]
0.02 10 300 ICP RF thermocouple probe [56]
Cu,0 0.1-0.34 4 300-540 ICP RF sdgarh emionple
probe
Fe 0.036 10 300 ICP RF thermocouple probe [56]
thin film resistance
0.018 750 pulsed RF thermometer + NO [63]
titration
Wrede-Harteck gauge + -
0.01 14 300 ICP RF o Crarin [55]
0.41 100 550 ICP RF 2007
Fey O3 0.0082 10 300 ICP RF thermocouple probe [56]
0.0046-0.15 4 290625 ICP RF side-arm theomocouple o
probe
0.0052 650 300 ICP RF Wrede-Harteck gauge [120]
Fes Oy 0.015-0.028 110 300-873 pulsed RF A [66]
titration
. . g 5 side-arm + fiber optic z
graphite polished 0.05 30-280 300 ICP RF catalytic probe [96]
GapOs 0.00013 650 300 ICP RF Wrede-Harteck gauge [120]
GeOs 0.00013 650 300 ICP RF Wrede-Harteck gauge [120]
H3PO,4 0.00012 650 300 ICP RF Wrede-Harteck gauge [120]
Inconel 617 alloy 0.0014-0.18 36, 500-3500 260-1510 arc jet side-arm + LIF [46]

KBr 0.0013 10 300 ICP RF thermocouple probe [56]
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Table 2. Conf.
Material v p [Pa] TIK] Plasma Method Ref.
KCl 0.00078 10 300 ICP RF thermocouple probe [56]
0.0001-0.015 10 300-700 ICP RF catalytic probe [58]
KF 0.00092 10 300 ICP RF thermocouple probe [56]
KI 0.00074-0.0035 10 300 1ICP RF thermocouple probe [56]
semiconductor theory
KaWO4 0.022-0.48 300 (conductivity, Fermi [37]
levels)
LiCl 0.0019 10 300 ICP RF thermocouple probe [56]
0.00013-0.01 10 300-700 ICP RF catalytic probe [58]
semiconductor theory
Li;WO3 0.022-0.052 300 (conductivity, Fermi [37]
levels)
LVP SiC - SiB + - & . heat-flux + thermocouple
710, 0.0075-0.03 500-3500 1200-1500 arc-jet A—— [104]
0.030-0.0016 500-3500 1500-2000 arcjet heat-flux + thermocouple |,
+ pyrometry + LIF
Mg 0.0026 10 300 ICP RF thermocouple probe [56]
0.0023 (0.0012) 133 300 ICP RF NO-titration [60]
MgO 0.0035 10 300 ICP RF thermocouple probe [56]
0.0089-0.022 4 295415 ICP RF side-arm thermacouple )
probe
0.0025 650 300 ICP RF Wrede-Harteck gauge [120]
thermocouple probe + .
MgO + ZrO, 0.073-0.109 200 900-1600 MW OFS 4 setinametty [84]
; ICP wind pyrometry + calorimetry #
MgAl Oy (spinel) 0.071-0.09 800 1520-1780 tunnel PWEK3 i e, [109]
015 715 300 ICP RF thin film heat-transfer 98]
gauge
dsriblEniils discharge-induced
mica 0.0012 150-350 300 Dtél ¢ puise emission spectroscopy +  [112]
actinometry
MnO 0.017-0.025 110 300473 pulsed RF actinometry [65]
MnO, 0.013 650 300 ICP RF Wrede-Harteck gauge [120]
MnyO3 0.0012-0.299 4 295-620 ICP RF sidespmthenmotougle: ey
probe
Mo 0.0048 10000 300 ICP RF stagnation pointheat 05)
flux + model
MoO3 0.02-0.007 10 300-700 ICP RF catalytic probe [58]
0.001 650 300 ICP RF Wrede-Harteck gauge [120]
NaCl 0.00094 10 300 ICP RF thermocouple probe [56]
NaOsP 0.0000091 30-147 300 MW electron paramagnetic 1, 4,
resonance spectrometer
semiconductor theory
Nas W05 0.005-0.047 300 (conductivity, Fermi [37]

levels)
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Table 2. Cont.
Material vy p [Pa]l TIK] Plasma Method Ref.
Nb 0.02-0.09 10-400 600 ICP RF Langmuinprobers fiber: gy
optic catalytic probe
0.09 100-400 420-620 ICP RF Langmuicprobes fher g
optic catalytic probe
thermocouple probe +
0.09 100 550 ICP RF OES + NO titration + [91]
Langmuir probe
thermocouple probe +
Nb nanostructured 0.8 100 550 ICP RF QOES + NO titration + [91]
Langmuir probe
Ni 0.028 10 300 ICP RF thermocouple probe [56]
027 10-100 500-1100 ICP RF thermocouple probe [107]
thin film resistance
0.0085 750 pulsed RF thermometer + NO [63]
titration
i Wrede-Harteck gauge +  __
0.017 1-4 300 ICP RF NO titration [55]
027 10-400 800 ICP RF Langpuit piobe's bt o
optic catalytic probe
thermocouple probe +
0.27 100 550 ICP RF OES + NO titration + [92]
Langmuir probe
0.28 30-280 300 ICP RF siddesem: +Hheraph [96]
catalytic probe
NiO 0.0077 10 300 ICP RF thermocouple probe [56]
0.04 7-15 300 ICP RF thin film heat-transfer [98]
gauge
0.0008-0.056 4 295-620 ICP RF SigamfemmeVEle g
probe
01 4 300 ICP RF NO titration [119]
0.00089 650 300 ICP RF Wrede-Harteck gauge [120]
PbO 0.0058 10 300 ICPRF thermocouple probe [56]
0.00063 650 300 ICP RF Wrede-Harteck gauge [120]
0.015-0.09 10 300-700 ICPRF catalytic probe [58]
0.013-0.018 110 300473 pulsed RF actinometry [65]
Pd 0.00038 400-1300 300 pulsed RF Sintmlestonsie
gauge
PET 0.0024 8-200 320 MW surfatron catalytic probe [76]
{ouble pulse discharge-induced
0.00083 150-350 300 e & emission spectroscopy +  [112]
actinometry
ICP wind pyrometry + calorimetry
PM1000 0.17-0.21 800 1500-1610 tunnel PWK3 + Pitot probe [109]
ICP wind thermocouple + Pitot
0.206-0.233 72-93 1499-1611 turnel PWK3 probe [110]
0.0003-0.16 36, 500-3500 105-1061 arc jet side-arm + LIF [46]
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Material ¥ p [Pa] TIK] Plasma Method Ref.
PM1000 0.046-0.19 300, 1000 8501650 MW actinometry + OES [82]
0.019-0.057 300, 1000 850-1650 MW actinometry + OES [32]
0.003-0.011 300, 1000 850-1650 MW actinometry + OES [82]
PM 1000 sol-gel 0.003-0.49 36,500-3500 2801220 arc jet side-arm + LIF [46]
G ICP wind thermocouple + Pitot .
PM1000 oxidized ~ 0.313 64 1559 nenslPWKS  probe [110]
PP 0.02-0.3 1-100 400-600 [CP&CCPRF  TALIF [50]
PS 0.0022 8-200 320 MW surfatron  catalytic probe [76]
Pt 0 40 300 atomic beam mass spectrometry [85]
Wrede-Harteck gauge + .
0.014 14 300 ICP RF el [55]
paramagnetic resonance
0.01-0.1 150-220 300-1100 MW ebsarphonspectameter oy
+ isothermal calorimetric
detector
0.0053 40 300 MW side-arm + LIF [118]
0.0027 (0.0016) 133 300 ICP RF NO-titration [60]
0.00055 400-1300 300 pulsed RE tinllm ke ppnatee 5
gauge
PtO, 0.004 7-15 300 ICP RF il Renttmele® g
gauge
PTFE 0.0011 8-200 320 MW surfatron  catalytic probe [76]
double pulse discharge-induced
0.00066 150-350 300 Dg CPHSE emission spectroscopy +  [112]
actinometry
0.000073 I
(0.000064) 133 300 ICP RE NO-titration [60]
0.0006 400,1300 300 CCP RF Afmirpig BIIR [54]
model
0.0004 30-280 300 ICP RF side-arm + fiber optic [96]
catalytic probe
Pyrex (Si0; +B203) gggg?;} 10 300 ICP RF thermocouple probe [56]
0.00019 10-100 300 ICPRF thermocouple probe [107]
0.000077 10-400 300 MW thermocouple probe [97]
0.0001 7-15 300 ICP RF thila g oo s ot [98]
gauge
Wrede-Harteck gauge + o
0.00013 1-4 300 ICP RF il [55]
0.000031— .
0.000045 650 300 ICP RF Wrede-Harteck gauge [120]
0.00012-0.0003  10-13 300-700 electrode + thermocouple probe [58]
: ' - electrodeless BEP o
TALIF + actinometry + !
=
0.00034-0.0011  25-660 335-410 DC glow FIR (Fourier transform IR) [115]
0.0004-0.016 66-626 77-460 doble pitlee i [47]

DC

actinometry
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Table 2. Cont.
Material vy p [Pa] TIK] Plasma Method Ref.
bl wilas discharge-induced
Pyrex 0.0039 150-350 300 DC P emission spectroscopy +  [112]
actinometry
model + MW cavity +
0.00041-0.0052 266 300400 DC glow electrostatic + [102]
thermocouple probe
0.00011- G
0.000061 133 300 ICP RF NO titration [60]
0.0012-0.026 27:500-3500 3001640 arc jet thenmecouple & [103]
pyrometer + side arm
0.000092 o
(0.000056) 133 300 ICP RF NO-titration [60]
; NO-titration +
k) 7
0.00002 26-21 300 MW magnetron photomietry [72]
0.0024 3-667 300 pulsed DC VeV ocoment [111]
absorption spectroscopy
0.00044-0.00051  66-120 300 DC Weede Harleckgauge'v 110y
ozone detection
0.006-0.05 810-2840 1435-1845 j}gpe”“’““ M calorimetry + pyrometry  [134]
0.0003-0.0036  100-1333 285-430 DC glow brme:zesalued [138]
actinometry
0.00002-0.0024  50-300 300 DC glow actinometry + model [113]
0.0005 133-1330 300 MW paramagnetic resonance  [130]
Pyrex coating 0.0058-0.0047 10000 1600-1800 ICP RF stagnation paint heat [105]
¥ flux + model
Pyromark 2500 0.0012-0.20 36, 500-3500 465-1040 arc jet side-arm + LIF [46]
RbCl 0.00045-0.0024 10 300 ICP RF thermocouple probe [56]
stagnation point heat
RCG 0.008-0.023 400-2600 1400-1650 arc jet flux measurements + [100]
model
0.0004-0.01 13-1330 300-1000 planetacy kinetic model [132]
reentry
Sb 0.00082 10 300 ICP RF thermocouple probe [56]
0.00027 650 300 ICP RF Wrede-Harteck gauge [120]
SbaO3 0.0082-0.021 110 300473 pulsed RF actinometry [65]
Se 0.00017 10 300 ICP RF thermocouple probe [56]
5i 0.02-0.2 1-100 400-600 ICP&CCP RF TALIF [50]
mass spectrometry +
0.043 0.2 298-307 ICP RF actinometry + thermal [127]
resistivity
mass spectrometry +
Si+Cu 0.069 0.2 298-307 ICP RF actinometry + thermal [127]

resistivity
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Material ¥ p [Pal TIK] Plasma Method Ref.
SiC 0.004-0.041 110 313-773 pulsed RF actinometry [65]
actinometry + NO
0.004-0.0093 110 300-773 pulsed RF e [66]
0.0003-0.46 27,500-3500  300-1320 arc jet i g [103]
pyrometer + side arm
ICP wind pyrometry + calorimetry
0.066-0.043 800 1230-1870 tunnel PWK3  + Pitot probe [109]
\ ICP wind thermocouple + Pitot
0.085-0.009 80-902 1236-2000 CQIPWK3  probe [110]
0.008 200 870 MW actinometry + pyrometry  [79]
CVD-SiC 0.003-0.03 110 300-773 pulsed RF it R [66]
titration
" . ICP wind thermocouple + Pitot
SiC oxidized 0.113-0.114 78-607 1328-1964 wnnel PWK3 probe [110]
. : heat-flux + thermocouple
SiC + HfBr» 0.052-0.0003 500-3500 1250-2000 arcjet [104]
+ pyrometry + LIF
0.00071 10 300 ICP RF thermocouple probe [56]
0.3-0.01 1-100 300 ICP&CCPRF  TALIF [50]
0.0001-0.0004 30 300-1200 MW tharecouple probe [101]
inside tube
thermocouple probe :
)
0.000008 30 194 MW —— [101]
0.0001 715 300 ICP RE thin film heat-transfer [98]
gauge
0.00012 10 300 1ICP RF catalytic probe [58]
0.00028-0.0020 4 300-500 ICP RE e S
probe
0.0001-0.003 600-6600 300 DC glow Hme-tea ved [42]
actinometry
0.0005 133 300 pulsed DC VI ghsarphion [45]
spectroscopy + model
0.000086-0.0004 133 300 pulsed DC fhefegolved VLIV [44]
absorption spectroscopy
lasmatron heat transfer + TPM
Si0, 0.003 10000 300 P (tethered particle motion)  [78]
MW
model
paramagnetic resonance
0.00004 150-220 300 MW shsorphanspechometer: o
+ isothermal calorimetric
detector
0.0004-0.01 133 300-1000 planekny kinetic model [132]
reentry
0.00016 650 300 ICP RF Wrede-Harteck gauge [120]
0.0016-0.011 10000 570-870 ICP RF stypmanon prinbhigt [105]
flux + model
0.039-0.104 200 1000-1770 MW aplity. prromieteyt [83]

model
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Table 2. Cont.
Material 0% p [Pa] TIKI Plasma Method Ref.
0.00016-0.014 15-16 300-900 MW Wrede-Harteck gauge [70]
time-resolved
0.00205 13-400 300 DC glow modulation actinometry [43]
0.004-0.041 110 313-773 pulsed RF actinometry [65]
X actinometry + NO e
0.004-0.0093 110 300-773 pulsed RF titration [66]
0.005-0.014 200 8461435 MW OES + actinometry [81]
0.0049-0014 200 850-1430 MW OFS + actinometry + [80]
pyrometry
0.00016-0.0057 266 285-1960 DC glow model [135]
ICP wind thermocouple + Pitot i
0.053-0.108 82-300 1180-1650 tunnel PWK3 e [110]
0.079-0.00039 200-400 model [88]
510, 0.000098 40 300 MW side-arm + LIF [118]
0.0005 1000-2000 300 MW NO-titration [74]
0.00005 1000 300 MW NO-titration [75]
0.0012 400, 1300 300 CCPRF actmamietzy + IR+ [54]
model
0.00002 67 300 MW NO-titration [71]
004,003, 0028 67,133,267 300 MW R [77]
fluorescence
0.00019, 0.0004, pulsed induced
0.0005 0,150,260 L M fluorescence (771
0.033-0.029 6001000 semiclassical collisional [136]
model
0.0046-0.0023 600-1000 semiclassical collisional [136]
model
0.0006-0.01 10-10000 300-1250 model [133]
0.0001-0.02 300-1250 model [89]
paramagnetic resonance
0.00032 100-300 300 MW shsrption spackemter: oy,
+ isothermal calorimetric
detector
side-arm + fiber optic
0.0016 30-280 300 ICP RF ; [96]
catalytic probe
Si0; B-cristobalite 0.01-0.09 200 850-1820 MW OES + actinometry [81]
0.0094-0.1 200 8001830 MW O+ acknametzy + [80]
pyrometry
Si0; + SiC 0.01 200 850 MW actinometry + pyrometry  [79]
SIOCH nanoporous  0.0038 400, 1300 300 CCPRF Ectirimety A HIR 4 [54]
maodel
0.004 400, 1300 300 CCPRF ackinomptng:y T ITR- [54]
model
0.0044 400, 1300 300 CCPRE Ackinemstey+ TR+ [54]

model
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Table 2. Cont.
Material ¥ p [Pa] TIK] Plasma Method Ref.
5n0O; 0.001 650 300 ICP RF Wrede-Harteck gauge [120]
soda glass 0.00034 10 300 ICP RF thermocouple probe [56]
stainless steel 0.09 1 300 pulsed RF actinometry [114]
0.35-0.02 1-100 400-600 ICP&CCP RF TALIF [50]
neutral mass
0.17 5 330 ICP RF spectrometry and [122]
Langmuir probe
0.07 10-100 400-700 ICP RF thermocouple probe [59]
0.04-0.16 40 300 atomic beam mass spectrometry [85]
0.09 0.2-3 300 ICP RF spinning wall desorption. .,
mass spectrometry
0.1-0.4 2-10 300 pulsed RF TALIF [62]
0.5 3 300 MW actinometry [69]
energy resolved »
0.01 40 300 CCP RF actinometry (fitting) [51]
0.013-0.005 10-400 300 CCPRF TALIF (fitting) [52]
0.14 1-15 300-400 ICP RF Langooic prohesy [123]
simulation
mass spectrometry +
0.3 1-11 300400 ICP RF Langmuir probe + ion [125]
flux probe
Langmuir probe +
0.09 0.2-3 310 1ICP RF actinometry + mass [128]
spectrometry
0.5-0.1 0.1-20 300 model model [90]
0.015 66 300 CCP RF model [53]
0.0099 (0.0064) 133 300 ICP RF NO-titration [60]
LIF + TALIF + PIE
0.006-0.002 133-267 300 pulsed RF (plasma-induced [117]
emission)
thermocouple probe +
0.07 100 550 ICP RF OES + NO titration + [92]
Langmuir probe
0.016 40 300 MW side-arm + LIF [118]
steel 0.0071 300 313 MW NO-titration + thermal =,
resistivity
TiO, 0.013-0.028 110 313-773 pulsed RF actinometry [65]
actinometry + NO
0.014-0.031 110 300-773 pulsed RF titration [66]
V.05 0.00048 650 300 ICP RF Wrede-Harteck gauge [120]
Wrede-Harteck gauge + .
W 0.013 1-4 300 ICP’ RF NO titration [55]
WO, 0.017 650 300 ICP RF Wrede-Harteck gauge [120]
0.012-0.078 110 313-773 pulsed RF actinometry [65]
T ICP wind thermocouple + Pitot ;
W oxidized 0.035 83 1371 runnel PWK3 probe [110]
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Table 2. Cont.

Material % p [Pa] TIK] Plasma Method Ref.

Zn 0.0043 300 313 MW NO-titration + thermal ;)
resistivity

ZnO 0.00034-0.1 4 295-620 ICP RF sidearmythermacouple; 1o
probe

0.00044 650 300 ICP RF Wrede-Harteck gauge [120]

ZrB, + 158iC + thermocouple probe +

2MoSi; 0.01-0.1 200 770-1820 MW OES + actinometry [84]

ZrBy + 158iC + thermocouple probe +

2MoSi 0.0073-0.03 200 770-2000 MW OFS + actinometry [64]

ZrB; + 10HfB; + thermocouple probe +

155iC + 2MoSi, 0.019-0.135 200 1000-1820 MW OES + actinometry [84]

ZrB; + 10H(B; + thermocouple probe + o

15SiC + 2MoSi, e300 A A30-1p2n L OES + actinometry [54]

ZrOsy + Y203 0.04-021 200 ap0-2300 MW thermocouple probe + [84]

OES + actinometry

Table 3. Advantages and disadvantages of various types of measuring methods for determination of
the neutral atom density and recombination coefficient.

Measurement

Method Advantages Disadvantages

Calorimetry Simple, cheap, relible pliSiiong ARl detecioe
e Quick nomintrusivemethod L E A ot aat
Actinometry Quick, non-intrusive method S:rlg’l1211;1?::&13::;‘lcrtlaztil;)r‘:vﬂ?i;?:
LIF Non-intrusive method, good Expensive, complicated

spatial and temporal resolution

interpretation of data

NO titration

Simple method, quick
determination

Poisoning of reactor, introduction of
reactive gas

Wrede-Harteck

Simple setup, only pressure
detectors needed

Works only in the afterglow, needs
a complimentary method

Mass spectrometry

Non-intrusive method

Complicated setup, needs
simulation to interpret results

Paramagnetic
resonance

Non-intrusive method

Absolute densities harder to
determine, needs a complimentary

method
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Figure 13. Comparison of average -y determined using different measuring techniques.

4, Material Categorization

As explained in previous chapters, different authors used different experimental
conditions to determine the recombination coefficients. Some authors reported values
for pristine materials, but most for oxidized materials. Many materials will form a thin
oxide film upon exposure to oxygen, so it is difficult to ensure an oxygen-free surface. Not
surprisingly, the reported results are scattered, sometimes over an order of magnitude or
more. The average values are shown in Table 4, which also shows the lowest and largest
reported values as well as average values at different temperatures.

So much gathered data for ¢ enables meta-analysis of the reported results. The values
reported for a few materials were compared in the hope of finding useful correlations.
Based on the determined -y, we can divide the materials into three distinct groups. Materials
exhibiting catalytic properties (7 > 0.1) were deemed catalytic, followed by semi-catalytic
materials (0.1 > 7 > 0.01), and the rest were deemed inert (y < 0.01). Many of the
materials were hard to categorize, with their 7y evolving with varying parameters, making a
material catalytic under certain conditions, only to become inert under different conditions.
Therefore, the dividing lines between the categories of materials were mostly blurred and
subject to one’s opinion. Nevertheless, this categorization helps tidy up the long list of 7y for
various materials. A comparison of average reported values of 7y for the most commonly
studied materials is shown in Figure 14 for various plasma system configurations and in
Figure 15 for different methods of measurement. In general, metals have higher 7, with
glass materials (quartz glass and Pyrex) having much lower . First up, we will examine
catalytic materials.
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Figure 14. Comparison of average reported recombination coefficients for the most commonly
studied materials in various plasma systems.
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Figure 15. Comparison of average reported recombination coefficients for the most commonly
studied materials for different measurement methods.

4.1. Catalytic Materials

The candidate materials most frequently declared as catalytic for oxygen atom re-
combinations are metals, with Ag, Cu, Ni consistently exhibiting the highest -y in various
studies. In Figure 16, v versus surface temperature is shown for a handful of catalytic
materials, while in Figure 17, that same graph is repeated for materials tested at higher
temperatures (above 1000 K). In general, ¢ increases with increasing surface temperature,
at least in the range from room temperature to about 2000 K.
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Figure 16. Recombination coefficient (7) of neutral oxygen atoms versus surface temperature (7;) for
various catalytic surfaces.
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Figure 17. Recombination coefficient (7) of neutral oxygen atoms versus surface temperature (T;) for

various catalytic surfaces at temperatures higher than 800 K.
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Table 4. Recombination coefficient values reported for various materials and their composites. Along

with the lowest and highest values reported, average values and standard deviations were calculated
(where possible). Materials were grouped together with their oxides, as were certain alloys.

T, e e AmE AmE A
Value Value (300 K) (600 K) (1000 K)
stainless steel 0.002 [117] 0.5 [90] 0.103 0.056 0.098 0.123 /
Al 0.0001 [125] 0.6 [124] 0.0948 0.308 0.068 0.101 0.233
Ag 0.015 [106] 038 [55] 0.148 0.385 0.114 0.079 0.037
Co 0.00049 [120] 0.25 [57] 0.0763 0.276 0.027 0.157 7
Cu 0.00217 [40] 0.4 [87] 0.0903 0.301 0.0604 0.244 4
Fe 0.0046 [57] 0.41[92] 0.0685 0.262 0.0203 0.219 /
Pt 0.00055 [64] 0.1 [73] 0.0195 0.140 0.0161 0.0503 0.0503
Ni 0.0008 [57] 0.28 [96] 0.104 0.322 0.0593 0.199 0.270
Au 0.0032 [60] 0.2 [85] 0.029 0.057 0.0347 0.016 0.02
Nb 0.02 [93] 0.09 [91] 0.073 0.030 0.09 0.067 /
Pb 0.00063 [120] 0.09 [58] 0.024 0.030 0.0086 0.09 /
Mg 0.0023 [60] 0.022 [57] 0.00697 0.0835 0.003% / /
Cr 0.0002 [57] 0.072 [82] 0.0311 0.176 0.0202 0.0002 0.023
Mn 0.0012 [57] 0.299 [57] 0.071 0.052 0.0104 0.299 /
Zn 0.00034 [57] 0.01 [57] 0.0263 0.162 0.00169 0.01 /
Mo 0.001 [120] 0.02 [58] 0.0082 0.0906 0.0086 0.007 /
Mn 0.0012 [57] 0.299 [57] 0.071 0.267 0.0104 0.162 7
W alloys 0.005 [37] 0.48 [37] 0.0712 0.267 0.0744 0.078 0.035
Zr alloys 0.0073 [84] 0.21 [84] 0.078 0.065 / 0.0415 0.148
Ti alloys 0.0097 [65] 0.078 [65] 0.029 0.022 0.0123 0.0452 7
PM1000 0.0003 [52] 0.313 [110] 0.124 0.101 / / 0.0718
quartz glass 0.000008 [101] 0.3 [50] 0.016 0.042 0.0111 0.0082 0.0226
quartz crystal 0.0094 [30] 0.1 [80] 0.052 0.043 / / 0.0497
Pyrex 0.00002 [72] 0.05 [134] 0.0039 0.0097 0.00089 0.00095 0.00057
RCG 0.0004 [132] 0.023 [100] 0.0104 0.0081 0.0004 / 0.009
SicC 0.0003 [104] 0.46 [103] 0.047 0.100 0.00283 0.0268 0.146
PTFE 0.000073 [60] 0.0011 [76] 0.00057 0.00034 0.00057 / /
carbon 0.0005 [94] 0.59 [49] 0.16 0.25 0.16 / /

The increasing recombination coefficient revealed in Figures 16 and 17 may be ex-
plained by the increasing surface mobility of adsorbed oxygen atoms. As mentioned earlier,
one model of surface recombination (Langmuir-Hinshelwood) predicts the association
of two adsorbed atoms and the formation of a molecule, which is desorbed from the sur-
face. The surface association of atoms to molecules requires close proximity of two atoms.
The average internuclear distance in oxygen molecules in the ground vibrational state is
about 0.12 nm. The intermolecular distance is much shorter than the distance between
two neighboring atoms in the solid material. Namely, the surface density of atoms in
the solid material is roughly 10" m~2, so the average distance between two atoms in
the solid material is roughly 0.3 nm. It is reasonable to assume at most one adsorbed
oxygen atom per atom of solid material, so the distance between neighboring adsorbed
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oxygen atoms is a few times larger than the distance of oxygen atoms in a stable oxygen
molecule. These are average values, and the atoms (both of the solid material and adsorbed
O-atoms) oscillate on the surface due to phonon excitations. The oscillation amplitude
increases with increasing surface temperature, and thus the probability for association
following the Langmuir-Hinshelwood mechanism. Unfortunately, the effect is yet to be
addressed by theoreticians who may be able to provide a scientifically spotless model for
increasing surface recombination due to increasing oscillations. Equation (4) predicts an
exponential increase in the recombination coefficient with increasing surface temperature,
but the general behavior, as deduced from Figures 16 and 17, only partially confirms
such a behavior.

The discrepancy between the simple theory, as in Equation (4), and the experimental
results, as in Figure 1 or Figure 2, may be because of numerous reasons. One trivial explana-
tion is the existence of the Eley-Rideal mechanism, whose temperature behavior is difficult
to predict. In general, both mechanisms should be responsible for catalytic surface recombi-
nation, but the intensity of surface reactions depends on numerous parameters, such as the
density of surface adsorption sites and the surface morphology on the nanometer scale.

It is worth stressing that the surface morphology of many catalytic materials depends
on their history, particularly the temperature of materials upon exposure to oxygen plasma.
It is known that many metals form nanostructures upon oxidation [139]. The oxidation
obviously depends on the surface temperature. The richer morphology on the nanometer
or sub-micrometer scale will result in a larger recombination coefficient. The establishment
of the rich morphology of surface oxides formed upon treatment of catalytic materials
with oxygen plasma is often irreversible. Unfortunately, very few authors reported on the
history of the samples before measuring the recombination coefficient for oxygen atoms.

Apart from studying the temperature dependence of -y, we are also interested in the
effects of pressure on «y. In Figure 18, the «y of catalvtic materials is shown with respect to
pressure. However, no discernable trend is noticeable.
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Figure 18. Recombination coefficient () of neutral oxygen atoms versus pressure (p) for various

catalytic surfaces.

4.2. Semi-Catalytic Materials

Semi-catalytic materials are the most varied category, with materials ranging from
various metals and their alloys to different types of glass. This is partly due to semi-catalytic
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10°

materials being the middle category, with overlap from both catalytic and inert materials.
When looking at the surface temperature dependence of -y in Figure 19, it is clear that the
relationship is not straightforward. While some materials exhibit a rise in ¢ with rising
surface temperature, others do the opposite, and still, other materials, such as SiC [109,110],
C-CAT [104], and spinel [109], behave in more complex ways.

®- S5[114] » Cu[38]
* S5[50] *— Cu[86]
! A& 55[122) *— Cu [40]
1 =+ SS[59 *— Cu[108]
+ S5[85] * Cul60]
1 < s5[61] Fe[56]
» S5[51] “~ Fe[55]
* S5[52] *— Pt[55]
-« ssn23) Pt[73]
d = sspzd Ni [55]
1 = ss[8 : Au[85]
] S5 [90] L Aul99]
] 55 [53] y Aulbd]
S5 [60] . W5
E 55 [117] « O WI[L0]
55[92] » Nb[93]
\ 9 —=— S5[118] o Nb[91]
* Al[50] . Cr[99]
& Al[126] « PMI0[82]
4 + A2 +  spinel [109]
] + Al[60] cuO [120]
41 <« Cols4] Cu0 [56]
1 * Zralloy[84] - Fe;0,[66]
< Zralloy[84] — NiO[98]
1 » Tio, [66] NiO [57]
L f N 41 * Tioy[63] = CoO[65]
|/ + BaTiOz [65] e PbO[58]
J o 3 4 ® CaTi0:[65] & PbO[65)
| +— CaTi0 [66] —v— MgO[57]
| Si[127] +— Al,03 [98]
| f - SitCu[127] 4 Al,0; [65]
o 1 SiC [109] > Al,0; [66]
\. 4 SiC [110] e AlL,0; [79]
: 1 SiC [103] * - Si0, P-cr. [81]
i 7 ®  graphite [96] Na,; W0, [37]
T T T T T T T * 5i0; p-cr. [80] sb,05 [65]
*  Si0,+SIC[79] »  Cry05[82]
500 1000 T 1K 1500 2000 WO (20 —e— MAOI5]
SI ] WO, [65] 4 MnO; [120]
LipW03[37] v ZnO[57]

Figure 19. Recombination coefficient () of neutral oxygen atoms versus surface temperature (T;) for
various semi-catalytic surfaces.

Regarding pressure dependence, the <y of some semi-materials seems to decrease with
increasing pressure, but in general, we fail to observe any overarching trends. The results
are shown in Figure 20.

4.3. Inert Materials

Materials that have little-to-no interactions with neutral oxygen atoms are categorized
as inert. With such -, only up to 1% of incident neutral atoms recombine. In this category,
we also have two of the most-researched materials when it comes to 7: quartz and Pyrex.
In Figure 21, the 7 of glass-based materials, including quartz glass and Pyrex, is shown
as determined by various researchers with respect to surface temperature. In a separate
graph in Figure 22, the same results are shown with respect to pressure. As evident from
Figure 21, some parallels can be drawn from different researchers as to the behavior of
of glass-based surfaces in respect of temperature. Regrettably, the same is not true for the
pressure dependence of v Figure 22.

For the rest of the inert materials, Figures 23 and 24 show the evolution of 7 versus
temperature and pressure, respectively. Some common behavior of different materials can
be seen: 7y seems to increase with surface temperature. Again, nothing conclusive can be
determined regarding the pressure dependence of 7.
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Figure 20. Recombination coefficient () of neutral oxygen atoms versus pressure (p) for various

semi-catalytic surfaces.
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Figure 21. Recombination coefficient () of neutral oxygen atoms versus surface temperature (T;) for

glass surfaces.
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Figure 23. Recombination coefficient () of neutral oxygen atoms versus surface temperature (7;) for

various inert surfaces.
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Figure 24. Recombination coefficient (7y) of neutral oxygen atoms versus pressure (p) for various
inert surfaces.

5. Authors’ Remarks

As reported by various authors, the recombination coefficients for the same (or similar)
materials differ significantly. The reasons may be due to experimental errors (which were
rarely reported by the authors) but also because of other effects tackled by a few authors.
They include:

e  The purity of materials and their surfaces, poisoning with adsorbed gaseous species.

e  The presence of other species in the gas phase and synergies between atom recombi-
nation, irradiation with photons, bombardments with positively charged ions, and
surface relaxation of metastables.

e  The influence of surface morphology.

The most trivial one is the purity of materials. Most materials, in particular metals, are
of limited purity. The foreign atoms will enable sites for O-atom adsorption of different
bunding energy than the surface atoms of the investigating materials. Furthermore, the
impurity atoms may segregate on surfaces causing the formation of a very thin layer of
oxide, which is chemically different from the oxides of parent materials. This effect is
particularly relevant for alloys. For example, stainless steel will form various surface oxides
upon exposure to oxygen plasma. The native oxide film on stainless steel is iron oxide, but
the most stable is chromium oxide which forms a passive film, and this prevents further
oxidation and makes stainless steel oxidation-resistant. Other oxides may be formed on the
stainless steel surface as well.

As mentioned above, the surface recombination of O-atoms to parent molecules
requires adsorption on surfaces. The number of adsorption sites is limited and governs
the recombination coefficient. The number of adsorption sites depends on the chemical
composition and structure of the material surface, and this property will depend on the
irradiation with energetic particles. The synergy with ions (which bombard the surface with
a kinetic energy that depends on the surface-to-plasma potential) and VUV radiation (which
breaks bonds in the surface film of thickness equal to the penetration depth of the energetic
photons) is likely to occur but was not addressed by many authors. Furthermore, the
energy brought by these particles will be dissipated on the surface, and this facilitates the
surface mobility of atoms. The synergy may explain the much larger coefficient measured



108

Materials 2023, 16, 1774

Chapter 1. Introduction

43 of 50

by Cartry et al. [77] for the case treatment in glowing plasma and oxygen plasma afterglow.
The kinetics of recombination versus the fluxes and /or energy of ions and photons is yet to
be elaborated. The same applies to the surface relaxation of metastables and its contribution
to the recombination probability. In Figure 25, measurements of -y for quartz glass (the most
commonly studied material) in the plasma glow and afterglow are compared. In general,
the measured 1 is lower in the afterglow, although not without a few outliers.
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Figure 25. Compendium of 7 of quartz glass measured at room temperature. Measurements in the
glowing region of plasma are separated from the measurements in the afterglow.

Surface morphology was rarely reported in articles dealing with heterogeneous surface
recombination of O-atoms. The effect of surface morphology on the measured recombina-
tion coefficient is evident in Figure 26. The atoms arriving from the gas phase enter the
gaps in the surface of the solid material and experience numerous elastic collisions with the
surface. There is a certain probability for adsorption and recombination at each collision,
so the measured recombination coefficient depends on the number of collisions within the
gap. In the limiting case of infinitely thin walls and infinitely long gaps, the measured
recombination coefficient should approach 1, irrespective of the catalyticity of the smooth
materials. The O-atoms are trapped in the material of such morphology, so they cannot
leave the gap without recombining to form the parent molecules. This effect may explain
the huge value of the recombination coefficient on anodized aluminum, as reported by Ku-
runczi et al. [124]. Namely, anodized aluminum may form a very porous structure. In fact,
one of the largest coefficients was reported for carbon nanowalls [49], although amorphous
carbon (or even smooth graphite) is far from being catalytic. Furthermore, the exposure of
many materials to oxygen plasma at elevated temperatures may cause nanostructuring of
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the surface, and this increases the recombination coefficient. The influence of morphology
is yet to be studied systematically.

Figure 26. An illustration of the effect of surface morphology on the measured recombination
coefficient. The arrows represent the path of atoms within the gaps in the approximation of elastic
collisions with the walls.

6. Conclusions

In this review article, we examined various publications that reported the coefficient
for heterogeneous surface recombination of oxygen atoms (y). Special emphasis was put on
finding how it changes with two key parameters: the surface temperature of the material
and the pressure in the system. Knowing - is of great importance when working with
plasma since it governs our choice of materials for any given plasma-related task. If we are
constructing a plasma reactor, we will search for inert materials as building blocks. On the
other hand, if we want to measure plasma with a calorimetric method, we would utilize a
catalytic material to increase the responsiveness of our probe. There are countless uses of
oxygen plasma, and with that come countless choices of the use of proper materials.

Surface recombination may depend on the choice of material, but it still follows one of
two proposed mechanisms: the Langmuir-Hinshelwood mechanism or the
Eley-Rideal mechanism. The characteristic property of surface recombination is 7, which,
in its purest form, is the ratio between the flux of incident neutral atoms and the flux of
molecules leaving the surface. For this article, we limited ourselves to neutral oxygen
surface recombinations and created a compendium of -, determined by various authors
for different materials. Experimental conditions such as the type of discharge and methods
used for the evaluation of 7y were also reviewed to find any possible influence on the
measured 7. Discharges used by various authors can be categorized into four groups
in this paper: DC, RF, MW, and other types of discharges, such as the shock tube and
atomic beam discharges. v was mostly determined using the following methods, which
are also briefly explained in the paper: calorimetry, emission spectroscopy, actinometry,
LIF, NO titration, Wrede-Harteck gauges, mass spectrometry, paramagnetic resonance, and
numerical methods. It was found that the reported values of v may differ by several orders
of magnitude for the same material. It was difficult to draw any clear correlations because
some data were not statistically significant enough. Nevertheless, the highest reported
values were found for RE-ICP systems and the calorimetric method, which were the most
often used by researchers.

A comparison of +y for various materials between different publications clearly demon-
strates that it can be divided into three distinct categories: catalytic, semi-catalytic, and
inert. For each category, we examined the dependence of v on the surface temperature of
the material and the pressure inside the experimental systems. We noticed a number of
publications agreeing on the connection between surface temperature and . However, that
was not always the case. For catalytic materials, a general increase in - with increasing sur-
face temperature was observed. No conclusions could be taken regarding the dependence
of 7 on pressure for all categories of materials. Semi-catalytic materials exhibited a variety
of behaviors when examining the evolution of y with surface temperature. However, a
general rise of v with increasing surface temperature could not be attributed to all the
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materials. Data on - for inert materials was the most common across all publications due
to extensive research on quartz glass and Pyrex. Inert glass materials exhibited complex
behavior of v with respect to surface temperature, while other inert materials exhibited a
general rise in ¢ with increasing surface temperature.

This review article will serve as our basis for further research into 7 of various ma-
terials, and the gathered publications as a great point of reference in further studies of
surface recombinations.
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1.4 Hypothesis

Going forward based on the gathered data, a few hypotheses are given:

1.

The use of the Sorli-Ro¢ak 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.

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.
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.

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.

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

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 Sorli-Ro¢ak 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 (m,,,,.) and specific heat (¢, zype))-
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 (¢). If a vast majority
of neutral atoms recombine on the surface of the metallic tube, the tube heats up, and the
heating power (Pj) is:

W,
Py=¢pn—. (2.1)
2
Factor 2 in equation (2.5) takes into account that it takes two oxygen atoms to recombine
into an oxygen molecule (O,). The metallic tube also dissipates heat at the rate of the
dissipating power (Pp):

ar
P, =mc, I (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:

2MyypeC drl
n= %ﬁ% (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 Sorli-Ro¢ak 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 Sorli-Ro¢ak 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.

afterglow
@ / chamber

catalytic metallic
probe Q tube

thermocouple
wire

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 Sorli-Ro¢ak 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 pm thick nickel sample has a 10 pm 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].
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Figure 11: The root-mean-square surface roughness (S,) of nickel samples oxidized at
different temperatures (') 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:

A
v, T) = ﬁe‘B/T (2.4)

where A = 17 Pa'/? 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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Abstract

The recombination of neutral oxygen atoms in the ground state on the oxidized nickel samples
was studied experimentally in the range of pressures where the maximum density occurs in
weakly ionized low-pressure oxygen plasma, i.e. between 40 and 200 Pa. The recombination
coefficient was determined in the flowing afterglow. The source of oxygen atoms was plasma
sustained in a quartz tube of inner diameter 4.7 mm by a microwave discharge in the surfatron
mode. The recombination coefficient was determined in the afterglow chamber, which was a
Pyrex tube with an inner diameter of 36 mm. The density of oxygen atoms in the afterglow
chamber was varied by adjusting the discharge power, the gas flow, the pressure, and the
position of a recombinator. Such fiexibility of the experimental system enabled adjustment of
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was inversely proportional to the square root of the pressure and exponentially to the sample
temperature. Systematic measurements performed at various pressures and temperatures
enabled empirical formula, which were explained qualitatively by recombination kinetics.
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1. Introduction

The interaction of neutral oxygen atoms with the surfaces of
solid materials has attracted the attention of numerous authors
involved in the basic phenomena as well as technological
aspects of controlled surface oxidation [1-7]. Surface oxid-
ation should often be achieved at low temperatures, some-
times even at room temperature. Namely, the bulk properties
of materials should be preserved despite the exothermic char-
acter of the surface reactions. Keeping a low (preferable room)
temperature is particularly important when delicate materials
like polymers arc to be oxidized. Oxidation with molecular
oxygen is usually not feasible because many materials will
not form oxides unless heated to elevated temperatures. The
best examples are polymers. The surface oxidation of both
synthetic and natural polymers with molecular oxygen usually
occurs at temperatures above the glass transition point or even
the melting point.

In cases where low-temperature oxidation should be
achieved, molecular oxygen has to be replaced with oxygen of
higher oxidation potential. Ozone is often chosen, but it may
be impractical and rather expensive for the oxidation of large
quantities of organic materials. An alternative 1o ozone is oxy-
gen atoms. They are perfectly stable in the gas phase as long as
the pressure is low enough to ensure a negligible association
of O atoms to parent molecules in the gas phase. The shelf
time of oxvgen atoms will decrease with increasing pressure
because the probability of three-body collisions increases as
a square of the pressure. At low pressures, the loss of oxygen
atoms is predominantly on the surfaces of materials.

The surface recombination coefficient depends on the type
of material, in particular on the ability of a material to provide
a large density of surface adsorption sites. Many matcrials
exhibit a very low recombination coefficient, among them
glasses, some types of ceramics, and many polymers [§]. On
the other hand, metal oxides will enable a large coefficient
as long as oxygen is not firmly bound to metallic atoms in
the metal oxide. Especially transition metals will form oxides,
which are semi-conductive and provide recombination sites
for O atoms arriving from the gas phase [9, 10].

The surface recombination of atoms attracted the atten-
tion of early authors, who illustrated the basic mechan-
isms. Nowadays, there arc numerous thcorics on surface
recombination, but there are two distinguished models: the
Langmuir-Hinshelwood and Eley—Rideal. The first one pre-
dicts the adsorption of atoms on the surface of the solid mater-
ial, surface oscillations or migration, and the association of
two atoms on the surface to the parent molecule. The molecule
is obviously in thermal equilibrium with the surface, so it will
leave the surface with negligible kinetic or potential energy.
The second model predicts the direct interaction of a gas
phase atom impinging the surface with an atom already bound
on the surface. The potential energy of an oxygen atom in
the gas phase is usually taken as half of the binding energy
of oxygen molecules, ie. 2.6 eV. Since the interaction is
immediate, there is no time for surface accommodation of

the impinging atom, and the resulting molecule may leave
the surface with significant potential energy (i.e. vibrationally
excited).

The Eley—Rideal model does not involve surface migration,
so the recombination probability will be large even at low tem-
peratures. On the other hand, the recombination probability of
the Langmuir—Hinshelwood model will increase with increas-
ing surface mobility of atoms, i.e. increasing temperature.

These two models only illustrate the mechanisms, which
are still not well understood. The probability of surface recom-
bination will definitely depend on the type of material and its
morphology on both the nanometer and micrometer scales.
The type of material will dictate the availability of surface
recombination sites, whereas the roughness will enable vari-
ous collisions of an atom trapped in a gap on the material sur-
face. In fact, the largest recombination coefficient for a partic-
ular material was measured on vertically oriented nanosheets
[11]. The recombination coefficient may also depend on the
concentration of any other gaseous species adsorbed on the
surface. Namely, other species but atoms will shade the sur-
face sites, so they may not be available for the adsorption of
oxygen atoms. Taking into account the upper discussion, the
recombination coefficient is likely to depend on the material
temperature.

The surface recombination coefficient will dictate the dens-
ity of atoms in a processing chamber and. thus, the flux of
atoms on the material, which should be processed with the
atoms. In many practical cases, keeping the flux as constant
as possible and as laterally homogeneous as possible is useful
[12]. This is not always possible because of the edge effects
and also because the density of atoms changes with time
without changing the discharge parameters | 13]. The variation
in the O-atom density may be a consequence of the temper-
ature dependence of the surface loss coefficient. This is espe-
cially a severe concern for industrial plasma systems operating
in batch mode and loaded with different amounts of different
products. Based on these considerations, it is useful to know
the variation of the recombination coclficient with the temper-
ature and the pressure.

One of the first reports on the recombination of oxygen
atoms at various surfaces was provided by Greaves and Linnett
in 1958 [10]. They used a flowing system and measured the
densily of oxygen atoms along a continuously pumped tube
made of or coated with different materials. They kept the
temperature of these materials constant (close to room tem-
perature) and reported the coefficients for different metals,
metal oxides, as well as some other materials. They did not
report how they cnabled oxygen-freec metallic samples in an
atmosphere rich in oxygen atoms. The fluxes of any other
species likely present in gaseous plasma, such as charged
particles and UV photons, were negligible because they used
a sidearm. They reported the recombination coefficient for
transition metals like iron and nickel about 3 - 1072, whereas
the coefficient on these metal oxides was as low as about
81073, They did not report any morphological properties of
the materials.,
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Myerson [14] performed similar experiments but used a
pulsed radio-frequency discharge for the dissociation of oxy-
gen molecules. He added argon to the source gas to increase
the dissociation fraction, He used NO titration to measure the
density of O atoms in the processing chamber, Myerson is
probably the first author who reported the initial effects upon
exposure of metallic foils to oxygen atoms. The recombination
coefficient was found to be a complex function of the expos-
ure time for low exposure times. The results are explained
by the formation of oxide film as well as possible nanostruc-
turing, which is likely to occur upon prolonged exposure of
metal foils to oxygen atoms [15]. In any case, the cocfficient
stabilized after prolonged exposure, and the coefficients were
found to be 0.018 for iron and 0.0085 for nickel. The results
are different from Greaves and Linnett, who reported values
of about 0.03 for both metals. The discrepancy between the
results could be explained by various factors, including the
accuracy of the measuring technique, different pressures used
by different authors, and unknown surface morphology.

Melin and Madix [16] performed both theoretical and
experimental work to determine the recombination coefficient
for various materials. Apart from the recombination coeffi-
cient, they also evaluated the energy accommodation coeffi-
cient (/3), which is defined as:

s SN‘\Pinpm (])
T 4186 vn Sy Wy

where N, is the Avogadro number, Py, is the measured input
power to the isothermal calorimeter, ¥ is the mean free velo-
city of atoms, 72 is the number density of atoms near the surface
of the material, § is the surface arca of the material, ~ is the
recombination coefficient of the material, and Wy, 1s the disso-
ciation energy of the parent molecule. Unlike previous authors,
they found the recombination coetficient for nickel larger than
that of iron, in particular, 0.017 and 0.010, respectively. They
also reported the recombination coefficient for another trans-
ition metal—cobalt. The recombination coefficient for cobalt
was several times larger at 0.075. All these values were sup-
posed to be measured at room temperature of the metallic
samples. Melin and Madix also reported highly vibrationally
excited molecules leaving the surface. They found an exponen-
tial increase in the recombination coefficient with increasing
temperature and provided an empirical formula. They meas-
ured the temperature dependence of the recombination coeffi-
cient in the range of about 300-500 K.

Another breakthrough was achieved by Sorli and Rogak
[17]. They constructed a simple experimental setup, which
enabled a rather precise determination of oxygen atom dens-
ity in the measuring chamber. They measured the heat dissip-
ated on a highly recombinative metallic tube mounted between
the plasma source of atoms and the measuring chamber. They
assured almost zero transmitivity of the metallic tubes for neut-
ral oxygen atoms. They measured the recombination coetfi-
cient for nickel in a range of temperatures from 500 to 1100 K
and found a rather constant value at about 0.27, They also

provided the dissociation fraction of oxygen atoms measured
with a probe by considering this value of the recombination
coefficient and disclosed values between about 10% and 20%.
They discussed the accuracy of their method for the determ-
ination of the recombination coefficient and argued that the
dissociation fraction would be over 100% if the recombina-
tion coefficients provided by Greaves and Linnett were taken
into account. Namely, the nickel catalytic material used by
Sorli and Rotak was oxidized, and Greaves and Linnett repor-
ted values below 0.01 for oxidized nickel surfaces, Sorli and
Roc¢ak measured the recombination coefficient in the range
of pressures between 10 and 100 Pa. The temperature of the
nickel material was about 600 K at 10 Pa and 1100 K at 60 Pa.

Later, the recombination coefficient was measured by other
authors. For example, Mozeti¢ and Cvelbar [ 18] measured the
coefficient on the nickel surface and found the same value as
Sorli and Rogak. However, they were probably the first authors
who reported serious deviation of the recombination coeffi-
cient because of the formation of a thick oxide film of rich
morphology. In another paper, the same group measured the
recombination coefficient versus the pressure in the processing
chamber [19]. They found the coefficient for copper practic-
ally independent from the pressure, whereas the recombina-
tion coefficient for cobalt was maximal at the pressure of about
20 Pa, decreased rapidly with decreasing pressure and slowly
with increasing pressure. A completely different behavior was
reported for niobium, where the coefficient increased linearly
from 40 to 120 Pa and remained constant thereafter. Such a
rather unexpected result may be explained by the fact that the
material temperature upon surface recombination of oxygen
atoms depends on the pressure, Different materials form dif-
ferent oxides of different morphologies. Unfortunately, these
effects were not addressed by [18, 19].

Poberaj ef al [20] did not measure the recombination coef-
ficient but reported interesting results, which may indicate
the temperature dependence of the recombination coefficient.
They measured O atom density with catalytic probes. One
probe was always kept at a rather high temperature, while the
other was sometimes kept at a high temperature but sometimes
at a low temperature. They reported good agreements between
the results obtained by catalytic probes when immersed in
an oxygen atmosphere with a high density of neutral oxygen
atoms. Al low O atom density, however, there was a serious
discrepancy. The discrepancy was explained by the fact that
one probe always operated at a rather high temperature, while
the other probe also operated at a low temperature when the
O density was lower. Implicitly, Poberaj et al reported a lower
value of recombination coefficient for a nickel at a lower nickel
temperature.

The above literature survey leads to the assumption of the
pressure and/or temperature dependence of the recombina-
tion coefficient. In order to clarify both dependences, we per-
formed systematic measurements ol the recombination coel-
ficient at various fluxes of both oxygen atoms and molecules,
various pressures, and temperatures of the nickel catalyst. We
selected the range of pressures between 40 and 200 Pa because
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the O-atoms density often reaches the maximum in this pres-
sure range in weakly ionized plasmas sustained in discharge
chambers made from a material of low surface loss probability.
The knowledge of the temperature and pressure dependence
of the recombination coefficient is absolutely necessary when
using calorimetry (including advanced versions of catalytic
probes) for measuring the O-atom density in plasma systems
for controlled oxidation of heat-sensitive objects, including
biological samples. Namely, the surface finish (hydrophilicity,
wettability. printability, biocompatibility, etc) depends on the
doses of O-atoms, so it is important to determine the flux as
accurately as possible. The lack of knowledge on the temperat-
ure dependence of the recombination coefficient could lead to
a misinterpretation of the range of fluences useful for optimal
surface finish of delicate materials.

2. Methods

2.1. Experimental setup

We adopted the experimental technique proposed by Sorli and
Rocak to determine any temperature or pressure dependence
of the recombination coefficient. A schematic of the experi-
mental setup is shown in figure 1. The gas was introduced into
the system via the mass flow controller, and passed through
a narrow quartz tube. The gaseous plasma, which was the
source of oxygen atoms, was ignited and sustained in the
microwave (MW) cavity inside the narrow quartz tube of inner
diameter 4.7 mm by a MW discharge in the surfatron mode.
Details about the operation of such a discharge were repor-
ted elsewhere [21]. The MW discharge sustained plasma in a
rather small volume inside the MW cavity. Oxygen molecules
were partially dissociated, ionized, and excited upon plasma
conditions. The gas speed through the narrow quartz tube was
large, typically more than 100 ms at the exhaust of the narrow
tube to a wider tube [22]. The large speed was a consequence
of a pressure gradient along the glass tube. A typical ratio of
pressures on the inlet and outlet side of the tube was 10 or
more [23].

We placed a movable recombinator inside the narrow tube
for some of the measurements in order to obtain lower dens-
ities of neutral atoms. The recombinator was a titanium rod
with a diameter of 2 mm, After the gas passed through the
quartz tube, it entered a wider Pyrex tube. The Pyrex tube
was pumped with a two-stage rotary pump, which also had an
adjustable valve to control the effective pumping speed. The
pressure inside the Pyrex tube was measured with a baratron,

Charged particles effectively recombined on the glass sur-
face on the way from the MW cavity to the exhaust from the
glass tube. The recombination coefficient for oxygen atoms
on quartz glass is of the order of 10~* [24-27], so the loss of
atoms was negligible, The gas entering the afterglow chamber
(Pyrex tube) thus contained only neutral oxygen atoms in the
ground state and oxygen molecules.

The density of oxygen atoms in the ground state in the
measuring chamber next to the exhaust of the quartz tube was

determined using the Sorli method. A metallic tube made of
catalytic material was mounted at the exhaust of the quartz
tube, as shown in figure 1(b). Metallic tubes were made from
three different materials, i.e. nickel, iron, or cobalt. The inner
diameter and the length of the metallic tubes were 6 and
27 mm, respectively. The metallic tube was mounted in such a
manner that it fitted tightly on the quartz glass tube, as shown
in figure 1(b). Each metallic tube was connected to a thermo-
couple to enable measuring its temperature. The oxygen atoms
arriving from the quartz tube effectively recombined on the
surface of the metallic tube by heterogenous surface recom-
bination. The number of atoms entering the metallic tube in a
unit of time (dN/dr) was calculated as follows:

dd—JT =on, 2
where ¢ is the effective pumping speed (the volume flow at the
exhaust of the narrow glass tube), and n is the number dens-
ity of oxygen atoms entering the metallic tube. Each atom that
recombined on the surface of the metallic tube brought half
of the dissociation energy of oxygen molecules, i.e. 2.6 eV.
The energy was spent on heating the metallic tube. After ignit-
ing the discharge, the temperature of the metallic tube star-
ted to rise, and after a prolonged time, it assumed a constant
value. When the constant temperature of the metallic tube was
reached, the discharge was turned off, and the metallic tube
started to cool. Just after turning off the discharge, the cool-
ing rate was equal to the heating when the discharge was on.
Knowing the measured time derivative of the metallic tube
temperature just after turning off the discharge enabled the
estimation of the power dissipated on the surface of the metal-
lic tube. The power is proportional to the number of atoms
entering the metallic tube (equation (2)). We can calculate the
number density of oxygen atoms at the exhaust of the quartz
tube as:

2 ?nmhuf:p(lube) dr
= Wy o a (tube), (3)
where Wy, is the dissociation energy of oxygen molecules, and
Mube, Cp(ube)s AT/dr(tube) are the mass, specific heat, and
the time derivative of the temperature of the metallic tube,
respectively [17]. Equation (3) predicts that all atoms passing
the metallic tube from the plasma source into the afterglow
chamber (Pyrex tube) recombine to form parent molecules.

The Sorli method will give reliable results providing all
the atoms entering metallic tube will actually recombine to
form parent molecules. If this is true, the density of atoms
in the afterglow chamber (at the position of the nickel disc,
see figure 1(a)) when the metallic tube is present is negli-
gible. Since nickel is catalytic for surface recombination of O
atoms, the nickel disc mounted close to the exhaust from the
quartz tube serves as a catalytic probe. The signal was actu-
ally below the detection limit of the probe, which is at the O-
atom density of about 10 m~7, so it is possible to conclude
that a vast majority of atoms actually recombine on the metal-
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Figure 1. Experimental setup. (a) For measuring the recombination coefficient; (b) for measuring the atom density inside the Pyrex tube.
The outer and inner diameters of the quartz tube are 6 and 4.7 mm, respectively, the metallic tube of diameter 6 mm is made from a thin
metallic foil, and the movable recombinator is a titanium rod of diameter 2 mm. / = 0 marks the position of the movable recombinator just
outside the MW cavity while / = 8 em marks the leftmost position of the movable recombinator.

lic tube in the configuration of figure 1(b), so equation (2) is
a reliable approximation. The probe signal became measur-
able only at elevated pressures. The correction factor at pres-
sures up to 100 Pa is below a few %, whereas it is up to
about 10% at the highest flow probed at our experiments.
i.e. 3000 sccm.

The recombination coefficient of nickel was measured after
removing the metallic tube from the experimental system.,
s0 in the configuration as shown in figure 1(a). Namely,
when the metallic tube was absent (figure 1(a)), the flow of
atoms into the afterglow chamber was practically the same

as the flow into the metallic tube in the configuration as in
figure 1(b).

A thin disc of high-purity nickel (99.99%) was placed into
the afterglow chamber at the position marked as *nickel disc’
in figure 1. The disc was fixed to thermocouple wires. Before
performing systematic measurements at various conditions,
the disc was kept at a temperature of about 750 K for half an
hour to enable the formation of a stable and thick oxide film.
The surface roughness of the oxidized catalytic material was
measured by atomic force microscopy and the thickness of the
oxide film by ToF-SIMS after cutting the disc.
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The recombination coefficient of the nickel disc was meas-
ured by calorimetry. Knowing the density of atoms at the pos-
ition of the catalytic disc enables the calculation of the recom-
bination coetficient:

_ 8 #idise Cpgaise) AT
’TivWDﬁfj n dt

isc

(disc) , (4)

where Mgise, Cprdise)» Faise> and dT7/dt (disc) are the mass, spe-
cific heat, radius, and the time derivative of the temperat-
ure of the catalytic disc, respectively [17]. Any temperature
or pressure dependence of the recombination coefficient was
determined by either keeping the catalytic disc temperature
constant at different pressures or keeping the pressure constant
but allowing different temperatures of the catalytic discs. The
pressure in the system was kept constant at different disc tem-
peratures by variation of the effective pumping speed and the
inlet gas flow. By different combinations of these two para-
meters. it was possible to achieve different atom densities at
the position of the catalytic disc at the selected pressure. The
atom density was also adjusted by moving the titanium recom-
binator in the quartz tube, as shown schematically in figure 1.

2.2. AFM measurements

Atomic force microscopy (AFM) measurements were per-
formed with the A100-AFM microscope produced by A.P.E.
Research (Italy) with the NT-MDT silicon tips. Measurements
were done in the contact mode with the recording fre-
quency of 0.5 Hz. The resolution of the images was set to
256 x 256 pixels. Images were post-processed with the plane
subtraction due to the sample inclination involving a second-
order polynomial correction and with the correction of the
horizontal scars caused by the rough surface and consequent
errors due to the responsiveness of the tip.

2.3. ToF-SIMS measurements

The time-of-flight secondary ion emission spectroscopy (ToF-
SIMS) analyses were performed on a TOESIMS 5 instrument
produced by IONTOF (Germany). Micrographs were recor-
ded using Bi™ ions with the energy of 30 keV while simultan-
eously performing sputtering with the second ion gun (dual
beam) using Cs™ ions with the energy of 1 keV. The current
of the Bi" ions was approximately 0.2 pA and the current of
the Cs™ ions was approximately 564 nA. The analyses with
the BiT™ primary ions were performed over a 100 x 100 zm
scanning area (512 x 512 pixels), located in the center of the
400 x 400 pm etching crater sputtered by the Cs™ ion beam.
The lateral resolution of the Bit analysis beam was approx-
imately 200 nm. Hydrogen gas was introduced into the ana-
lysis chamber via a capillary to close proximity of the analyzed
region to reduce the matrix effect and enable better differenti-
ation between layers of Ni and NiQO [28]. The pressure of the
H, atmosphere in the analysis chamber was 7 x 10~ mbar.
Secondary ions were analyzed in the m/z range (0-420. Only
negative secondary ions were analyzed.

3. Results and discussion

3.1. Oxygen atom density and dissociation fraction in the
measuring chamber

The experimental setup shown in figure | was firstused to eval-
uate the density of atoms in the measuring chamber at the pos-
ition where the catalytic discs was mounted (configuration as
in figure 1(b)). Equation (3) indicates that the calculated num-
ber of atoms entering the afterglow chamber (Pyrex tube) in
unit time is independent of the recombination coefficient of
the material the metallic tube is made from. We placed three
different metallic tubes made from nickel, cobalt, and iron at
the exhaust of the quartz tube into the Pyrex tube as shown in
figure 1(b). The density of O atoms in the afterglow chamber
using these three metallic tubes is plotted in figure 2. There
are small deviations from the standard curve, but all measured
points are within the limits of the experimental error. The res-
ults in figure 2 therefore confirm that the density of atoms, as
calculated from equation (3), does not depend on the recom-
bination coefficient of the materials from which the metallic
tubes are made. As mentioned earlier, this is because the sur-
face recombination is large enough to transform practically all
atoms into molecules when the partially dissociated gas passes
through the metallic tube.

The error bars in figure 2 arise from several repetitions
of the measurements (statistical error) as well as the uncer-
tainty of the atom leakage through the metallic tubes. The latter
increases with increasing pressure. As mentioned above, the
uncertainty of the measured density of oxygen atoms depends
on the efficiency of the metallic tubes to recombine atoms, and
the efficiency slowly decreases when the pressure increases.
Namely, the mean free path of gaseous specics decreases with
increasing pressure, so there is a certain probability that the
atoms will pass the metallic tube without experiencing numer-
ous collisions with the metallic tube surface at elevated pres-
sures, which is necessary for efficient recombination.

Several effects explain the behavior of the O-atom dens-
ity versus the pressure (figure 2). First, the number of avail-
able molecules for dissociation increases linearly with increas-
ing pressure, When this effect prevails, the O atom density
also increases linearly with increasing pressure. The linear-
ity persists up to the pressure of about 80 Pa at conditions
selected for figure 2. At elevated pressure, the dissociation
of oxygen molecules in the plasma is not as efficient as at
low pressures because the discharge power is limited. In the
case of the results presented in figure 2, we used the dis-
charge power of 180 W. As shown by some other authors, the
dissociation of oxygen molecules at elevated power actually
increases with increasing discharge power [23]. The meas-
urements were repeated at various gas flows, pressures, and
the position of the movable recombinator in order to determ-
ine the O-atom density in a broad range of discharge para-
meters useful for the determination of the recombination
coefficients.

The movable recombinator serves for adjustment of the
O-atom density in the Pyrex tube irrespective of the dis-
charge power or pressure. Namely, some atoms formed upon
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Figure 2. O atom density at the position of the catalyst discs versus the pressure in the measuring chamber at the effective pumping speed

of up to 0.017 m* s ' and gas inlet rates up to 3000 sccm.
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Figure 3. The O-atom density (ns) in the Pyrex tube versus the
position of the movable recombinator (/) at the gas pressure inside
the Pyrex tube of 84 Pa and four different discharge powers.

dissociation of oxygen molecules in glowing plasma recom-
bine on the surface of the titanium rod. The O-atom density
in the Pyrex tube is plotted versus the position of the movable
recombinator in figure 3. Position 0 in figure 3 corresponds to
the right edge of the MW cavity in figure 1(a). As expected, the
O-atom density decreases as the recombinator is moved inside
the plasma.

3.2. The recombination coefficient

After measuring the atom density in the afterglow cham-
ber at various conditions, the metallic tubes were removed
from the experimental system shown in figure 1(b), and
a nickel disc was mounted, as shown in figure 1(a). The
disc was connected to very thin thermocouple wires, and
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Figure 4, Typical measurement with a nickel disc catalytic probe.
The graph shows the disc temperature (T) versus time (7).

the discs temperature was measured versus time at various
experimental conditions. A typical example of a disc tem-
perature is shown in figure 4, The discharge was switched
on at + = 7 s, and switched off at r = 14 s. One can
observe a behavior typical for heating a sample at a con-
stant heating power. Soon after igniting the discharge, the
temperature increases linearly with time because the heat-
ing power is constant (strictly, it is constant if the recom-
bination coefficient does not depend on the temperature),
and any cooling is ncgligible. As the temperature increascs
with increasing treatment time, a deviation of linearity is
observed, and after about 10 s, the temperature stabilizes.
When the temperature is constant, the heating and cooling
rates are equal. Cooling depends on various mechanisms,
including the grey body radiation, the thermal conductivity of
the surrounding gas, cooling by gas drift, and cooling through
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Figure 5. The maximum temperature (T, ) of a nickel disc versus pressure (p) inside the system.
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Figure 6. The recombination coefficient of a nickel catalytic disc versus the pressure in the measuring chamber at the fixed discharge power

of 180 W, calculated from equation (4).

the thermocouple wires. The latter is negligible because of
the very small mass of the wires (0.25 mm diameter). The
maximum temperatures of a nickel disc are plotted in figure 5
versus the pressure at the discharge power of 180 W, a
fully open butterfly valve, and the recombinator outside the
quartz tube.

The recombination coefficient of the nickel dise is calcu-
lated from the time derivative of the disc temperature using
equation (4), providing the O atom density in the vicinity of
the catalytic disc is known and providing that the disc does
not represent such a large sink of atoms so that the O-atom
gradient would form around the disc. Numerous measure-
ments were performed at various discharge conditions, which
enabled various O-atom densities in the afterglow chamber,
Results are shown in figure 6.

According to figure 6, the recombination coefficient
increases steeply with the pressure in the range of 10-30 Pa.
The coefficient is about 0.20 at 10 Pa and 0.25 at 30 Pa.

Thereaflter, the recombination coefficient starts decreasing
with further pressure increase. At first glance, one may
conclude that the recombination coetfficient increases with
increasing pressure up to about 30 Pa and decreases at elev-
ated pressures. The observations arising from the behavior of
the measured curve in figure 6, however, should be taken with
precautions because not only is the pressure changing, but the
temperature of the catalytic disc when turning off the discharge
also depends on the pressure (figure 5). Figure 6 only indicates
some dependencies, but itis unclear whether the dependence is
directly due to pressure-related or temperature-related effects.
Interestingly, very similar results were reported by Cvelbar
et al for a cobalt catalyst [19].

Similar results as in figure 6 can be presented versus the
maximum temperature of the catalytic disc. Results for nickel
are shown in figure 7. In addition, we also provide the res-
ults of the calculated recombination coefficient at several dis-
charge powers. We were changing the gas pressure in the same
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Figure 7. Calculated recombination coefficient (+) of nickel at various maximum temperatures of the nickel disc for four different forward

powers of the MW generator.
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Figure 8. Recombination coellicient (~) of nickel [or oxygen aloms versus pressure (p) in the plasma system atl nine fixed lemperatures,

Plotted lines represent the fitting of the function ~ (p, T) = A p

manner as for results shown in figure 5 at a constant pumping
speed, but we calculated the recombination coefficient versus
maximum temperature at various discharge powers. We see
that all four curves in figure 7 exhibit a rather unexpected beha-
vior. The recombination coefficient increases with increasing
temperature up to about 800 K, but starts decreasing there-
after and assumes a rather low value when the temperature
is decreased. The highly surprising results are explained by
the fact that probe temperature does not only depend on atom
density in the vicinity of the probe but also on the gas pres-
sure. The turn in the curve in figure 7 indicates decreasing
+ with increasing pressure. Taking into account the pressure,
which was measured simultaneously, one may deduce that a
rather high recombination coefficient is measured at low pres-
sure, the highest measured at moderate pressure, whereas at
large pressures, the recombination coefficient decreases again.
The turning point in figure 7 is observed for all four discharge
powers, but the absolute values are different. The differences

—1/2 o—B/T

onto the measurements.

are due to the increasing O-atom density with increasing
discharge power. The larger O-atom density at a fixed pressure
will cause a higher catalyst temperature because of the larger
flux of oxygen atoms onto the catalyst surface, whereas the
cooling through the gas at a fixed pressure remains the same,
irrespective of the discharge power.

Considering figures 5 and 6, one can conclude either about
pressure or temperature dependence of the recombination
coefficient or both. In order to clarify, we performed measure-
ments at fixed temperatures of the nickel sample and at several
pressures. This was possible by changing the input power of
the MW generator and the position of the movable recombin-
ator (figure 1).

Figure 8 represents the recombination coefficients for
a nickel disc kept at nine different temperatures, ranging
from 370 K to 750 K, and at various pressures between 41
and 214 Pa, Such broad conditions were achieved by chan-
ging the flow of gas through the system and varying the
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Figure 9. Recombination coeflicient (+) of oxidized nickel for oxygen atoms versus surface lemperature (7 at five fixed pressures inside
the afterglow chamber. Plotted lines represent the fitting of the function ~ (p,T) = A p_l/ze_wr onto the measurements.

discharge power. Furthermore, we were moving the titanium
recombinator in the quartz tube (figure 1) to achieve lower
densities of neutral atoms at large discharge powers, which
allowed for measurements at temperatures of the nickel disc
below the value that would be reached without the recombin-
ator. One can observe a monotonous decrease in the recombin-
ation coefficient with increasing pressure in figure 8. These
measurements clearly indicate that the gas pressure influ-
ences the recombination coefficient. The difference between
the lowest and the highest pressure, however, is not dramatic—
less than a factor of 2.

The lowest measurable point for 750, 700, and 650 K in
figure 8 is at the pressure of about 79 Pa. Namely, the probe
does not heat up to 650 K at lower pressures simply because
O atom density is too low (see figure 5). Lower temperat-
ures are achievable in our experimental system also at slightly
lower pressures. The recombination coefficient decreases with
increasing pressure and the differences are not large at elevated
pressures. It was not possible to measure the curve at higher
pressure because it was not possible to heat the catalyst to such
a high temperature at elevated pressures.

The pressure dependence of recombination coefficients has
already been mentioned by several authors [29-31]. A feas-
ible explanation is the screening of the oxygen atom adsorp-
tion sites by oxygen molecules. This effect is, of course,
more pronounced at elevated pressures simply because the flux
of molecules on the surface increases linearly with increas-
ing pressure. Still, the rather small slope of the curve at
around 200 Pa indicates a significant number of recombination
sites even at elevated pressures. Figure 8. therefore, indicates
that recombination at various clevated temperatures remains
relatively large even at high pressures (does not approach
Zero).

As mentioned earlier and according to figure 8, the
recombination coefficient should also depend on the tem-
perature because the mobility of surface adatoms increases

with increasing temperature. The measured temperature
dependence of the recombination coefficient for the nickel
disc at the pressures of 41, 79, 117, 156, and 214 Pa is plot-
ted in figure 9. The measured dots are somewhat scattered,
but the general trend is obvious: the recombination coefficient
increases with increasing surface temperature.

Several authors have reported a similar trend when it
comes to the temperature dependence of the recombination
coefficient [9, 16, 32-42]. Many agree that the dependence can
be described with an Arrhenius plot in the form of:

y(T)=Ae %7 (5
where A and B are parameters usually gleaned from empirical
results. Equation (5) was taken as a basis for our own cmpir-
ical equation, but we also considered the pressure dependence.
Several formulas were considered, with a few viable candid-
ates. In the end, the best agreement for both pressure and tem-
perature dependence of ~ in the range of the probed pressures
and temperaturcs was found to be in the form of:

P

where A = 17 Pa'/? and B = 1400 K. While we could not find
any data on the pressure dependence of ~ for nickel, the expo-
nential factor B is in agreement with Dickens and Sutcliffe
when using the Arrhenius plot [9]. This exponential factor cor-
responds to an energy of 0.121 eV, which s significantly lower
than the dissociation energy of an oxygen molecule,

The flexibility of the experimental system adopted for this
research enabled variation of the nickel disc temperature irre-
spectively from the pressure in the afterglow chamber or the
atom density near the catalyst. This is particularly import-
ant because the simultaneous variation of both the pressure
and the catalyst temperature may lead to misinterpretation of
the recombination coefficient dependence, as demonstrated in

p.1) = Lewr (6)
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Figure 10. AFM images of 10 x 10 um? surface areas of nickel samples, starting with (a) a clean nickel sample with S; = 8 nm, (b) nickel
sample oxidized at 400 K with S, = 16 nm, (c) nickel sample oxidized at 600 K with S, = 35 nm, (d) nickel sample oxidized at 800 K with
S; = 50 nm, (e) nickel sample oxidized at 1000 K with §, = 60 nm, and (f) nickel sample oxidized at 1200 K with S, = 70 nm.

figures 5 and 6. The results presented in figures 7 and 8 are
reliable, but not very accurate because a rather large scattering
of measured points is observed. The scattering comes from
the inaccuracy of measuring the density of oxygen atoms in
the afterglow chamber (a few examples are shown in figure 2)
as well as somehow arbitrary determination of the maximal
catalyst temperature (figure 4). The latter is probably the
effect of increasing gas temperature with increasing plasma
duration.

The empirical formula obtained from measured points in
figures 7 and 8 does not fit perfectly the measured values.
It should be taken only as a recommended approximation
for the range of probed pressures and temperatures of the
oxidized nickel samples at turning off the discharge gener-
ator. Although similar temperature behavior was reported by
numerous authors (]9, 16, 32-42]), the scientifically spotless
explanation remains to be invented. Qualitatively, one can
explain the temperature behavior by increasing mobility of
surface adatoms with increasing temperature. As mentioned
above, the Langmuir—Hinshelwood model predicts the asso-
ciation of two adatoms accommodated on the surface to a
molecule, which is, contradictory to atoms, not trapped by
rather strong chemical bonds, so it desorbs and leaves the
surface, The association of neighboring adatoms will require
close proximity because the average distance between oxygen
atoms in the O, molecule is only about 0.12 nm [43], while the
average distance between atoms on the surface of solid mater-
ial isroughly 0.2 — 0.3 nm [44]. Such proximity is more likely
to occur at an increased amplitude of bonded O-atoms oscilla-
tion, and the amplitude increases with increasing temperature.
Any discussion on the exact mechanisms at the atomic scale is
beyond the scope of this article.

The formula (6) indicates the recombination inversely pro-
portional to the square root of pressure. Obviously, the for-
mula is void at low pressures, because the coefficient would
approach infinity when the pressure will approach 0. The for-
mula is valid only in the range of pressures used in this work.
We sclected the range of pressures between 40 and 200 Pa
because the measurements were feasible in this range. In fact,
many reactors employing weakly ionized oxygen plasma for
tailoring surface properties of solid materials exhibit the max-
imum O-atom density within this range [45].

As already mentioned, metals form oxide films upon expos-
ure to oxygen at clevated temperatures. The film thickness
will increase with increasing temperature (and, to less extent,
also the oxidation time). Even if the catalytic disc is polished,
the oxide film will be rather rough. The recombination coeffi-
cient should depend on the roughness because the roughness
increases the effective surface when compared to the geo-
metrical surface area. All measurements of the recombination
coetficient were performed after thorough oxidation of the
nickel disc as explained above. AFM images of a nickel sur-
face oxidized at different temperatures are shown in figure 10,
progressing from a clean nickel surface (a), oxidation at 400 K
(b), oxidation at 600 K (c), oxidation at 800 K (d), oxidation
at 1000 K (e), and oxidation at 1200 K (f). The RMS surface
roughness () increased with increasing oxidation temperat-
ure from 10 nm to 70 nm. The catalytic nickel disc, which
was used in experiments after forming a stable oxide film
at around 1000 K, is shown in figure 10(¢). The roughness
was estimated at S, = 60 nm. The thickness of the oxide film
after thorough oxidation of the nickel disc was determined by
ToF-SIMS. As shown in figure 11, the thickness was about
10 pm.
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Figure 11. ToF-SIMS image of the cross section of the nickel disc.
At around 30 pm thickness, the red section represents pure nickel,
whereas the green sections represent nickel oxide with a thickness
of about 10 zm on each side.

4. Conclusions

The coefficient for heterogenous recombination of O atoms
on the surface of oxidized nickel disc to parent molecules
was determined experimentally. First, the O atom density in
the afterglow chamber was measured at various experimental
conditions using the method originally proposed by Sorli and
Rocak. Three different metallic tubes were probed in order
to validate the reliability of the method. The same conditions
were adopted for measuring the heating curves of a well-
oxidized nickel disc. The heating curves enabled calculation of
the recombination coefficient from known density of O atoms
in the measuring chamber. Various gas flow rates, effective
pumping speeds and O-atom densities enabled determination
of the temperature and pressure variation of the recombina-
tion coefficient in the range of pressures between about 40 and
200 Pa, and the range of temperatures between about 370 and
750 K. The measured results were fitted with an empirical for-
mula. The formula is useful at any attempt to use nickel as the
catalytic material in advanced probes for sensing the density
of oxygen atoms in devices for oxidation of delicate materials
in a highly controllable manner.
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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 Sorli-Ro¢ak 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 pm 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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Abstract: Calorimetry is a commonly used method in plasma characterization, but the accuracy
of the method is tied to the accuracy of the recombination coefficient, which in turn depends on a
number of surface effects. Surface effects also govern the kinetics in advanced methods such as atomic
layer oxidation of inorganic materials and functionalization of organic materials. The flux of the
reactive oxygen atoms for the controlled oxidation of such materials depends on the recombination
coefficient of materials placed into the reaction chamber, which in turn depends on the surface
morphology, temperature, and pressure in the processing chamber. The recombination coefficient of a
well-oxidized cobalt surface was studied systematically in a range of temperatures from 300 to 800 K
and pressures from 40 to 200 Pa. The coefficient increased monotonously with decreasing pressure
and increasing temperature. The lowest value was about 0.05, and the highest was about 0.30. These
values were measured for cobalt foils previously oxidized with oxygen plasma at the temperature of
1300 K. The oxidation caused a rich morphology with an average roughness as deduced from atomic
force images of 0.9 um. The results were compared with literature data, and the discrepancy between
results reported by different authors was explained by taking into account the peculiarities of their
experimental conditions.

Keywords: heterogeneous surface recombination; recombination coefficient; cobalt; cobalt oxide;
temperature dependence; pressure dependence; plasma; oxygen

1. Introduction

Precise oxidation of various materials has attracted the attention of numerous authors
involved across multiple research fields, from atomic layer oxidation [1,2] to polymer acti-
vation [3-5], sterilization [6,7], and degreasing of inorganic materials [8,9]. Oxygen under
ambient conditions is composed of two-atom molecules, which are not very chemically
reactive at room temperature [10,11]. Faster and more controlled oxidation is obtained
by reactive oxygen, such as that of ozone, superoxide, and neutral oxygen atoms in the
ground state [12,13]. All of these reactive oxygen species interact with solid materials at
various rates, depending on the material type and temperature [14]. While both ozone
and superoxide are challenging to produce and sustain at large concentrations, neutral
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oxygen atoms in the ground state are rather easily produced by electron-impact dissociation
upon plasma conditions, because the dissociation energy of an oxygen molecule is only
5.2 eV [15].

The recombination in the gas phase cannot occur via collision between two atoms due
to the conservation of energy and momentum. The conservation of energy and momentum
can be satisfied only by three-body collisions. The probability of three-body collisions
increases as a square of the density of atoms in the gas phase. It is as large as about 1 MHz
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at atmospheric pressure and only about 1 Hz at 1 mbar [16]. Neutral oxygen atoms are
very stable at low pressures as long as the loss is due to the gas phase reactions. The
major mechanism of association between atoms and stable molecules at low pressure is
heterogeneous surface recombination. This reaction requires at least a moderate lifetime of
atoms adsorbed on the material surface. Different materials provide various lifetimes for O
atoms, depending on the chemical interaction between oxygen atoms and the substrate.

Inert materials will exhibit short lifetimes and, thus, a low recombination coefficient.
On the other hand, reactive materials, which tend to form oxides of moderate binding
energy, will exhibit large recombination coefficients. The recombination coefficient depends
not only on the type of material but also on its roughness, temperature, or pressure [17]. Of
particular interest are materials whose recombination coefficient does not depend so much
on the temperature or pressure in the range, which is useful for the processing of materials
by oxygen atoms, for example, atomic layer oxidation of metals [18] and functionalization
of polymers with polar functional groups [19].

Transition metal oxides are candidates for materials with high recombination coef-
ficients because they form various oxides whose binding energy is just a small amount
of eV [20]. These have attracted the attention of numerous authors, who have reported
various values. A material of particular interest is cobalt because it forms only one type of
oxide, which is stable in a range of temperatures up to about 900 K [20]. The stable form of
cobalt oxide is CoQO, often referred to as Co (II) oxide. This oxide transforms to CoszQy at
elevated temperatures but decomposes back to Co (II) oxide at about 1200 K [21].

Additionally, cobalt is a highly sought-after catalytic material in various industrial
applications [22]. Along with applications in renewable energy conversion, and oil purifica-
tion, cobalt is a low-cost alternative to other catalytic materials, such as precious metals. In
all of the above-mentioned processes, the presence of oxygen, especially the more reactive
neutral oxygen atoms can alter the surface of the catalyst.

Probably the first report about the recombination of neutral oxygen atoms on the
surface of cobalt oxide was published in 1959 in a classical paper by Greaves and Linnett [23].
The authors used the Wrede-Harteck gauge to estimate the recombination coefficient. The
reported value was approximately 5 x 1072, This value was measured at room temperatute
and at an oxygen pressure of 650 Pa.

A few years later, Dickens and Sutcliffe measured the recombination coefficients of
selected metal oxides versus material temperatures [24]. At room temperature, the recom-
bination coefficient for Co;0, was approximately 2.5 x 10 3. The authors also reported a
rise in the conductivity of cobalt oxide due to exposure to oxygen atoms. They performed
measurements at a pressure as high as 13,333 Pa. They found an exponential increase in
the recombination coefficient versus the temperature for many transition metal oxides, but
not for Co3z0y;. Nevertheless, the recombination coefficient increased monotonously with
increasing temperature and then reached a value of approximately 0.25 at the maximum
temperature probed by [24], i.e., 625 K.

Melin and Madix [25] performed experiments in a sophisticated version of the reactor
used originally by Greaves and Linnett [23]. Surprisingly enough, they reported an order
of magnitude larger coefficient, i.e., 7.5 x 1072, at room temperature. They did not report
the type of oxide formed on the metallic surface upon exposure to neutral oxygen atoms.
More recently, Guyon et al. [26] used actinometry to estimate the recombination coefficients
of selected metal oxides. They reported the coefficient for CoO of 2.9 x 1072 at 300 K
and 3.4 x 1072 at 473 K. Unlike Dickens and Sutcliffe [24], they found a temperature (T)
dependence of the recombination coefficient () to be:

To _ kg
= _—¢ Rk, 1
T= 7 1)
where Ty was a characteristic temperature, E; was the activation energy of the surface

reaction, and R was the gas constant. However, they performed measurements at only
three different temperatures (i.e., 300, 385, and 473 K). Cvelbar et al. [27] compared several
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catalytic materials by exposing them to the oxygen with a dissociation fraction of the
order of 10% in a broad range of pressures between 5 and 400 Pa. While the coefficient
for copper was found to be independent of pressure, complex behavior was observed for
cobalt. Namely, a maximum coefficient of 14 % 102 was observed at around 30 Pa, and the
coefficient decreased almost exponentially at higher pressures and stabilized at the value
of about 85 x 1072 in the range of pressure between 200 and 400 Pa. At pressures lower
than 30 Pa, however, the recombination coefficient decreased with decreasing pressure.

This brief literature survey indicates the inadequate knowledge of the recombination
probability for oxygen atoms on the CoO surface. The discrepancy between the reported
results may be due to several reasons, such as the different experimental methodologies
used by authors and the different surface conditions of the material, i.e., the different
morphology of samples. Tt is known that the measured recombination coefficient increases
with increasing roughness [28,29], mainly because of the larger available surface area as
compared with the geometrical area. The largest recombination coefficient reported in
reliable literature is that of carbon nanowalls [30], with the very large coefficient explained
by trapping oxygen atoms into the gaps between neighboring walls, thus causing numerous
collisions of atoms on the material surface.

We performed experiments using samples of equal morphology and structure to clarify
the temperature and pressure dependencies of the recombination coefficient for oxygen
atoms on the surface of well-oxidized cobalt. A stable oxide film was prepared by exposing
the high-purity cobalt disk to a mixture of molecular and atomic oxygen at a large atom
flux and temperatures as high as 800 K. According to the knowledge of the stability of
cobalt oxides [21], the surface composition should be independent of the flux of reactive
oxygen species in a temperature range from room temperature to about 900 K. The purpose
of this study was to determine the interaction of neutral oxygen atoms with oxidized
cobalt under experimental conditions commonly used in plasma laboratories around the
world, as both oxygen plasma and cobalt are often used without sufficient understanding of
their interactions.

2. Experimental

The pressure and temperature evolution of the recombination coefficient for cobalt
oxide was measured in the experimental setup shown schematically in Figure 1. First,
molecular oxygen, supplied via the mass flow controller (MFC), entered a quartz tube,
where it was partially dissociated in gaseous plasma, resulting in a mixture of O; and O.
The plasma was sustained by a microwave discharge operating in the surfatron mode [31].
Such sources of neutral oxygen atoms are widely used in laboratories worldwide because
of their robustness, stability, and ease of operation. The exact kinetics of plasma radicals
was later reported by several authors, including Kutasi et al. [31], Ricard et al. [32], and
Guerra et al. [33].

The source of oxygen atoms was connected to a measuring chamber, where a cobalt
disk was positioned. There was a drift of gas from the oxygen flask through the discharge
tube and the measuring chamber due to the continuous pumping of the experimental
system. Our system was pumped with an Edwards E2M80 two-stage rotary pump with a
nominal pumping speed of 80 m®/h and ultimate pressure below 1 Pa. Molecular oxygen
was introduced into the experimental system through a calibrated flow controller. As
there was no detectable leakage of the vacuum system, the mass flow remained constant
through all the vacuum elements between the flow meter and the pump, but the volume
flow increased towards the pump. A pressure gradient was established along the narrow-
est vacuum elements. Because all components except the discharge tube have an inner
diameter of 3.6 cm or more, practically the entire pressure gradient was established in
the discharge tube. The discharge tube had an inner diameter of 6 mm and a length of
41.5 em. Two absolute vacuum gauges were mounted on either side of the discharge tube,
as shown in Figure 1. The discharge was powered with a microwave generator (Sairem
GMS200WSM, Décines-Charpieu, France) with a maximum output power of 200 W. The
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reflected power was also measured, so all results presented in this paper are versus the
difference between forward and reflected power.

gas inlet plagma

flanges l ouinp

measuring

pressure chamber

gauge

pressure
gauge

3 8
thermocouple \/®

probe

Figure 1. Schematic of the experimental setup that enabled exposure of a cobalt disk to a constant
flux of O and O.

The oxygen atom density in the measuring chamber was determined by the Sorli—
Roc¢ak method [34]. Briefly, this is a reliable method for the determination of the absolute
density of neutral atoms in low-pressure systems. The accuracy of the method is about
20%. Details regarding this method are disclosed in our recent paper [35].

High-purity (99.99%) cobalt foil of a thickness of 0.05 mm was purchased from Good-
fellow (Huntingdon, UK). Small disks of a diameter of 3 mm were cut from the foil and
spot-welded to chromel-alumel thermocouple wires of a diameter of 0.25 mm. Each wire
was placed into a very narrow glass tube to prevent extensive loss of O atoms on the wires
themselves. Wires were connected to a voltmeter through a vacuum-tight feedthrough. The
dimensions of the cobalt disk and the supporting wires and tubes are shown in Figure 2.

wide glass
: thermocouple cobalt tip
voltmeter casing .

[ WIFES\;

) N 2

R

flange narrow glass

casings

Figure 2. Schematic of the disk installation.

The disk shown in Figure 2 was thoroughly oxidized before measuring the recombi-
nation coefficient. The oxidation was performed by placing the disc into a rather dense
oxygen plasma sustained by inductively coupled radiofrequency discharge in the H-mode.
Details about this type of plasma are described elsewhere [36]. The disk heated up to about
1300 K in radiofrequency plasma. The disk was kept in plasma for about 10 min to form
a stable oxide film. All experiments for measuring the recombination coefficients were
performed at much smaller temperatures, i.e., up to 800 K, so it is believed that the surface
structure, composition, and morphology did not change during these measurements.
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3. Results and Discussion
3.1. Characterisation of the Discharge System

Determination of the loss of oxygen atoms on the cobalt disk requires detailed char-
acterization of oxygen flow rates and fluxes of oxygen atoms to the cobalt surface as well
as any gradients in the system. After evacuating the system down to the ultimate pres-
sure, oxygen was leaked through the mass flow controller during continuous pumping,
establishing pressure gradient along the discharge tube. The pressures at both sides of the
discharge tube were measured versus the gas flow and the results are shown in Figure 3a.
Figure 3b shows the ratio of pressures at each end of the discharge tube versus the gas flow.
One can observe that the pressure ratio slowly decreases with increasing flow rate. This
observation is explained by the way in which the conductivity of the tube increases with
increasing gas pressure.
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Figure 3. (a) The oxygen pressure on the high-pressure side (p;) and low-pressure side (p;) vs. the
gas flow. (b) The ratio of pressures from each side of the discharge tube (p2/p1) vs. the gas flow.

This pressure gradient caused a drift of gas through the discharge tube. The gas
velocity could be estimated, taking into account the results of Figure 3, and the gas flow
rate determined by the flow controller, using the standard formula where the gas flow (in
standard cubic centimeters (sccm)) is a constant at any given point in the system:

fpsccmlo_Q

_, y:
1.425-6 14 Squm’ﬁz ( )

Udrift =

where ¢sco, is the gas flow rate (in sccm units), p is the pressure at a given position in the
system, and Syyqrs2 is the discharge tube cross-section. While the drift velocity is moderate
at the entrance to the discharge tube, it is over 100 m/s at the exhaust of the measuring
chamber. The sound velocity in gas limits the maximum drift velocity. Such a rapid
transport of gas is essential to ensure a rather large density of atoms in the measuring
chamber because the gas residence time in the discharge tube (marked as “quartz tube”
in Figure 1) depends on the gas velocity. If the drift velocity were approaching zero, the
transport of atoms from the plasma in the discharge tube to the position of the cobalt
catalyst would have been by diffusion, so the atoms would have been lost during their
collisions with the quartz tube surface.

The density of oxygen atoms in the measuring chamber at the position of the cobalt
catalyst was measured using the Sorli-Roak method [34] and is plotted versus the oxygen
flow and pressure in Figure 4. There are several curves corresponding to different discharge
powers. As expected, the lowest oxygen atom density is at the lowest discharge power of
50 W. The oxygen atom density does not depend much on the discharge power at low flow
rates, but it increases with increasing power at elevated flow rates, i.e., above 500 scem.
This is explained by the fact that both the length of the plasma column in the discharge tube
and the density and/or temperature of the electrons increase with increasing discharge
power [31,37,38]. It is important to stress that the densities provided in Figure 4 are at the
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position of the catalytic disk (Figure 1). As there is a pressure gradient along the discharge
tube (Figure 3a), and the dissociation fraction inside plasma is at least as large as in the
measuring chamber, the oxygen atom density in plasma is several times larger than in the
measuring chamber. It is reasonable to assume a constant gradient of gas pressure inside
the discharge tube, so the actual pressure at the position where glowing plasma is sustained
can be estimated from Figure 3.
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Figure 4. Oxygen atom density is measured at the position of the cobalt catalyst versus gas flow rate
(¢) and pressure (p) inside the system at different discharge powers.

3.2. Determination of the Loss of Atoms on a Catalyst Material

Once the O-atom density in the measuring chamber is known, it is possible to deter-
mine the loss of atoms on a surface of any material mounted at the position marked as
“cobalt disk” in Figure 1. A cobalt disk was connected to thermocouple wires as shown in
Figure 2 and heated up to the temperature of about 1300 K in radiofrequency plasma for
about 10 min to form a stable oxide film, as explained above. Such a well-oxidized disk
was then mounted in the experimental system shown in Figure 1.

The recombination coefficient of the oxidized cobalt was determined as follows: the
oxidized cobalt disk was at room temperature (about 300 K), before igniting the discharge.
Despite the adiabatic expansion due to the pressure gradients (Figure 3), the gas tempera-
ture at the position of the cobalt disk was not much different from the ambient temperature.
Once the discharge was ignited, the catalyst started heating due to the heterogeneous
surface recombination of oxygen atoms into oxygen molecules. This reaction is highly
exothermic, because the potential energy of an oxygen atom in the ground state is 2.6 eV,
while the potential energy of O, molecules in the ground electronic state and room tem-
perature is practically 0 [39]. Because the supply of oxygen atoms into the measuring
chamber is constant at a given flow rate and discharge power, the power dissipated on the
catalyst surface due to the surface association is also constant. Within several seconds, the
cobalt disk assumes a constant temperature, where the heating by heterogeneous surface
recombination is equal to the cooling by any process, including the processes of grey body
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radiation, the thermal conduction of the thermocouple wires and the surrounding gas,
and cooling by gas drift. The constant temperature after prolonged exposure of the disc
to O atoms depends on the flux of oxygen atoms on the surface and the recombination
coefficient. When the discharge is turned off, the disc temperature starts decreasing because
of the absence of heating. The recombination coefficient (7) is calculated from the measured
absolute value of the time-derivative of the temperature of the disk (dT/dt) as:

8mc, dT
= i

= R EE 3
vWp Andt’ ®

where i is the mass of the cobalt disk, ¢y is the specific heat of cobalt, v is the average
value of the gas random velocity, Wp is the dissociation energy of an oxygen molecule,
A is the geometric surface area of the cobalt disk, and  is the density of neutral oxygen
atoms at the position of the cobalt disk. The recombination coefficient versus the oxygen
flow rate is shown in Figure 5. The discharge power is the parameter. Figure 5 indicates
some dependencies, particularly the pressure dependence of the recombination coefficient
(Figure 3), but according to previous authors, the coefficient should also depend on the
temperature of the cobalt catalyst. Furthermore, the equilibrium temperature of the cobalt
disc upon heating by the surface recombination of O atoms depends on the pressure, so
Figure 5 is not valid for the determination of the pressure and temperature dependencies.
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Figure 5. Recombination coefficient (-y) versus gas flow rate (¢) at various discharge powers. The
error bars represent the statistical error only, as the measurements were repeated several times at
identical conditions.

To determine the temperature dependence, the recombination coefficient is plotted
in Figure 6 versus the maximum temperature of the catalytic disk, where the discharge
pressure in the measuring chamber is the parameter. The results of Figure 5 were also
used to determine the variation of the recombination coefficient versus the pressure in
the measuring chamber. Figure 7 shows the values with the catalyst temperatures as
the parameter. Figure 6 indicates a monotonous increase of the recombination coeffi-
cient with the increasing temperature of the cobalt disc. This observation is found with
Dickens et al. [24] as well as Guyon et al. [26]. As mentioned earlier, Guyon et al,, found a
logarithmic increase in the recombination coefficient, but their results are based on only
three measured points. In contrast, Dickens et al. found a complex behavior; in particular,
a rather large increase of the recombination coefficient with increasing temperature from
room temperature up to 500 K, but a marginal increase at temperatures above 500 K. By
considering the results of Figure 6, the observations of Dickens et al., are closer to the
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measured temperature dependence of the recombination coefficient, as Figure 6 indicates
stabilization of the recombination coefficient at temperatures above, e.g., 700 K.
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Figure 6. Recombination coefficient () of the cobalt disk with respect to the temperature (T} of the
cobalt disk at various pressures inside the system.
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Figure 7. Recombination coefficient () of the cobalt disk versus pressure (p) inside the system at

various temperatures of the cobalt disk.
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The rather limited range of temperatures of the cobalt catalyst is the result of practical
limitations—the upper limit, at around 850 K, was the highest achievable temperature of
the cobalt catalyst in our experimental setup. On the other hand, the lower limit was room
temperature as our experimental system does not allow us to use any advanced cooling
method on the cobalt catalyst. As a result of this, we did not reach temperatures where the
cobalt oxide layer becomes unstable [20,21], thus achieving reliable and repeatable results.
Furthermore, the industrial use of cobalt as a catalyst for different reactions usually occurs
at elevated temperatures [40,41], which are encompassed in this study.

Figure 7 clearly shows that the recombination coefficient does not depend much on
the pressure at low catalyst temperatures, up to approximately 500 K, but at higher temper-
atures, the recombination coefficient decreases with increasing pressure. This observation
may explain the fact that Dickens et al., reported a very low recombination coefficient
because they worked at a pressure as large as 13,333 Pa. In contrast, Cvelbar et al. [27] re-
ported a coefficient about 30 times larger than Dickens et al., at a pressure of approximately
40 Pa. At higher pressures, Cvelbar et al., reported a decreasing recombination coefficient
and stabilization at a value of approximately 0.085. Unfortunately, Cvelbar et al., did not
report on the disk temperature upon measuring the recombination coefficients. The results
shown in Figure 7 clearly show that the coefficient at an elevated pressure of approximately
200 Pa may assume any value between 0.05 and 0.15. The exact values depend significantly
on the temperature of the catalytic disk.

The pressure range was chosen due to a few constraining factors. The first was the mass
flow controller, which had a maximum flow rate of 3000 sccm. This resulted in a pressure
in the measuring chamber of 214 Pa. While higher pressures could be achieved by limiting
the pumping speed of the pump, the resulting pressures were highly inconsistent and were
thus exempt from this study. At pressures lower than 42 Pa, the range of temperatures
achievable by the cobalt probe was severely limited, and thus we limited ourselves to the
specified pressure range. While the pressures chosen are not typical in industrial plasma
applications [42,43], they still provide some useful data on the behavior of oxidized cobalt.

As mentioned earlier, the recombination coefficient is likely to depend on the surface
morphology and composition. We processed our material at extreme conditions (at 1300 K
in oxygen plasma) to obtain a stable film of cobalt oxide. The morphology as examined by
atomic force microscopy (AFM) is shown in Figure 8. The AFM imaging was performed for
the as-oxidized sample and oxidized sample treated with O atoms at several pressures and
temperatures. No deviation from the as-oxidized sample was observed, thus confirming
the stability of the oxide film throughout the experiments with O atoms. In Figure 8, one
can observe a very rough surface with cobalt oxide structures of a vertical dimension
exceeding 1 pm. The actual area of the well-oxidized cobalt surface is thus several times
larger than the geometrical area. The roughness of the sample probed for the recombination
coefficient probably explains the discrepancies in the absolute values as compared with
some other reports [23-27]. As mentioned in the introduction, earlier authors reported
various values ranging between 0.0025 and 0.25. Our measurements fall into the range
between approximately 0.05 and 0.30 (Figures 5-7). The lack of low values is explained by
the high roughness of our samples because the recombination coefficient depends on the
real, not geometric surface area.

The systematic measurements reported in this paper enable an insight into the mech-
anisms involved in the association of neutral oxygen atoms in the ground state on the
surface of oxidized cobalt samples. Somewhat larger values than those reported by other
authors are explained by rather large surface roughness, which develops upon oxidation
at elevated temperatures. We performed the oxidation at the temperature of 1300 K for
about 10 min to assure an approximately stable oxide film. All measurements of the recom-
bination coefficient reported in this paper were performed in a temperature range between
300 and 850 K, which is well below the temperature used for the formation of the stable
oxide film. The stability of the oxide film is crucial for the appropriate determination of the
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recombination coefficient because a rich morphology will develop on smooth metallic foil
upon gradual oxidation at elevated temperatures.

Figure 8. AFM image of a 30 x 30 pum? surface area of the oxidized cobalt disk. The RMS surface
roughness was estimated to be S; = 895 nm.

It is well known that the surface association of oxygen atoms on solid materials
follows two distinguished mechanisms, explained by the Eley—Rideal (ER) and Langmuir—
Hinshelwood (LH) models. The ER model predicts an association of oxygen atoms im-
pinging the surface with already adsorbed O atoms [44]. The association is instant, so
there is no time for the accommodation of the impinging atoms on the surface. On the
other hand, the LH model predicts the accommodation of atoms in the potential well of
chemisorption on the surface, and the association of two adsorbed atoms [45]. The molecule
formed on the surface, according to the LH model, then leaves the surface. The LH model
requires the proximity of two adatoms to enable the formation of an oxygen molecule.
The proximity is assured by oscillating the chemisorbed O atoms in the potential well of
chemisorption. Because the amplitude of surface oscillations increases with increasing
temperature, the recombination coefficient, according to the LH model, also increases with
increasing temperature. Figure 6 reveals increasing v with increasing temperature in the
range from 300 to approximately 700 K, but the coefficient stabilizes at high temperatures.
This stabilization can be explained by the saturation of the coefficient according to the LH
model, i.e., almost all O atoms trapped in the chemisorption well are recombined at high
temperatures. The concentration of adsorption sites on the solid material is limited, so
the coefficient is well below 1 even for the surface with a very rich morphology (Figure 8).
The coefficient should be lower for smooth surfaces, but well-oxidized metals are usually
rough, so the values for polished samples would be misleading in practical cases.

A graphical presentation of the recombination coefficient is shown in Figure 9. The
measured points reported by previous authors who mentioned the gas pressure and the
sample temperature in their reports are also shown in Figure 9. There are not many
of these, because most authors either failed to report both parameters or because they
chose the pressures well above the range probed in this work. We performed systematic
measurements in the range of 40-220 Pa because the O-atom density in reactors for the
treatment of solid materials peaks in this range as long as the treatment is performed
at highly non-equilibrium conditions in which the gas is close to room temperature and
free from charged particles [46]. Additionally, in Table 1, the measured recombination
coefficient of cobalt for oxygen atoms is compared with results from the literature.
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Figure 9. The recombination coefficient (y) of the oxidized cobalt disk versus the temperature (T) of
the cobalt disk and the pressure (p) inside the system.

Table 1. Comparison of measurements with various literature for the recombination coefficient (y) of
a cobalt surface for neutral oxygen atoms at various pressure (p) and temperature (T) ranges.

p[Pal TK] ¥ Reference
42-214 370-850 0.04-0.35 this article
650 300 0.00049 [23]

4 300-625 0.0018-0.25 [24]
1-4 300 0.075 [25]
110 300-473 0.029-0.034 [26]

10-400 750 0.08-0.14 [27]

Finally, it should be stressed that we chose the range of experimental conditions
(in particular, pressure) in order to perform reliable measurements and interpret them
spotlessly. Namely, in the range of pressures up to about 2 mbarz, the gas-phase association
of O atoms to oxygen molecules is negligible because such a reaction requires a three-body
collision in order to satisfy the conservation of energy and momentum. Any attempt to
perform measurements at an elevated pressure would require taking into account the
gas-phase reactions, which would complicate the mathematical formalism, in particular
Equation (3).

The systems employing cobalt oxide catalysis often operate at atmospheric pressure
and above to take advantage of the large gas throughput. We limited our study to the hetero-
geneous surface association of O atoms to oxygen molecules. Practically important catalysts
include other gases, and perhaps the most studied is the relatively low-temperature oxida-
tion of carbon monoxide [47-49]. Numerous authors have reported high oxidation rates,
but the coefficients in terms of the probability for an impinging radical (e.g., a CO molecule)
to interact on the surface have rarely been reported since the atmospheric pressure gas
dynamics include the concentration gradients, diffusion, and adsorption on available
surface sites. The modeling of the gas kinetics at atmospheric pressure is complex as
compared with the low-pressure systems. The results provided in this article thus illustrate
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References

the surface recombination efficiency in the limitation of low-pressure systems, such as
diffusion-governed motion. Any extrapolation of the measured values is not scientifically
justified but could be useful for the estimation of the reaction probabilities at elevated
pressure. Figure 7 indicates a rather stable coefficient in the range of pressures between
100 and 200 Pa and temperatures between 450 and 550 K. The large deviation for the values
obtained in this range of experimental conditions was observed at lower pressures and,
especially, higher temperatures, which are not relevant for surface reactions such as the
heterogeneous oxidation of carbon monoxide.

4. Conclusions

The paradox of large discrepancies between the measured values of the coefficient for
the heterogeneous recombination of oxygen atoms on cobalt surfaces has been resolved.
The coefficient depends on the roughness and thus the real surface area, as well as the
temperature of the oxidized cobalt foil and the pressure in the experimental chamber. We
oxidized the foil during exposure to oxygen plasma at a temperature of 1300 K for about
10 min in order to assure a stable oxide film during the measurements of the recombination
coefficient. The recombination coefficient increases monotonously with increasing surface
temperature, which has been explained by increasing the mobility of adsorbed O atoms and
thus increasing the probability for surface association due to the Langmuir-Hinshelwood
model. The recombination coefficient somehow decreases with increasing pressure in the
range of pressures between 40 and 200 Pa, which might be explained by the screening
effect of physisorbed Oy molecules and thus suppressing the direct association of O atoms
impinging the surface covered by the chemisorbed O atoms, i.e., the Eley-Rideal model.
Knowledge of the variation in the recombination coefficient is necessary to understand the
surface kinetics involved in atomic layer oxidation of both inorganic and organic materials.
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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 (n) which is defined as
the ratio of the densities of neutral oxygen atoms (n) and oxygen molecules (n,,):
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n

n= o (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 Sorli-Ro¢ak method [20], [95].



150 Chapter 2. Recombination of Oxygen Atoms on Oxidized Surfaces

The penetration depth of atomic radicals in
tubes with catalytic surface properties

Domen Paul 1,2,*, Miran Mozeti¢ 1, Rok Zaplotnik 1, Alenka Vesel 1, Gregor Prime | and
Denis Ponlagic 3

1 Jozef Stefan Institute, Jamova Cesta 39, 1000 Ljubljana, Slovenia

2 Jozef Stefan International Postgraduate School, Jamova Cesta 39, 1000 Ljubljana, Slovenia
3 Faculty of Electrical Engineering and Computer Science, University of Maribor, Koroska
Cesta 46, 2000 Maribor, Slovenia

* Correspondence: domen.paul@jjs.si

Abstract:

Catalysis of molecular radicals is often performed in tubular geometry. The radicals are
introduced into the tubes on one side, and stable molecules are exhausted on the other side. The
penetration depth of radicals depends on numerous parameters, so it is not always feasible to
calculate it. This article presents systematic measurements of the penetration depth of oxygen
atoms along tubes made from nickel, cobalt, and copper. The source of O atoms was a surfatron-
type microwave plasma. The initial density of O atoms depended on the gas flow and was 0.7,
2.4,and 4.2 - 102 m~3 at the flow rates of 50, 300, and 600 sccm, respectively. The dissociation
fraction decreased exponentially along the length of the tubes in all cases. The penetration
depths for well-oxidized nickel were 1.2, 1.7, and 2.4 cm, respectively. For cobalt, they were
slightly lower at 1.0, 1.3, and 1.6 cm, respectively, while for copper, they were 1.1, 1.3, and 1.7
cm, respectively. The results were explained by gas dynamics and heterogeneous surface
association. These data are useful in any attempt to estimate the loss of molecular fragments
along tubes, which serve as catalysts for the association of various radicals to stable molecules.

Keywords: oxygen atoms, atomic radicals, oxygen plasma, penetration depth, metallic tubes,
nickel, cobalt, copper, catalysis, heterogeneous surface recombination, atom loss.

1. Introduction

Surface catalysis has attracted significant attention from both the scientific community and the
users. Surface catalysis often occurs at elevated temperatures. The temperatures are needed to
facilitate surface adhesion and dissociation of different molecules [1]. The surface reactions at
low temperatures may be accelerated by pre-dissociation of stable molecules. Molecular
fragments such as radicals exhibit a much larger surface adsorption rate than stable molecules
[2]. For example, methane will not dissociate on many materials at ambient conditions, but the
methane radicals CHy will readily adsorb on the various solid materials [3]. The formation of
molecular radicals in the gas phase could be performed by heating the gas to high temperatures,
but such a procedure is energetically unfavorable. Instead, non-equilibrium gaseous plasma is
often used for pre-dissociation of stable molecules [4], [5].

The best catalysts are noble metals such as platinum [6]. The high cost of such materials,
however, suppresses a broad application, so scientists are involved in research on the surface
catalysis of cheaper materials, such as nickel [7], cobalt [8], and copper [9].
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The intensity of surface catalysis depends on the actual surface area of the catalysts. From this
point of view, nanostructured catalysts are preferred [10]. Another preferred option is using
arrays of numerous tubes [11]. The gaseous molecules enter the tube on one side and are
transferred through the tube by a pressure gradient. Upon passing the tube, the molecules also
move by diffusion, so they reach the tube wall, where they can be adsorbed, interact with other
adsorbed species, and convert into the desired products, which desorb from the surface and
continue their drifting towards the exhaust of the tubes. The molecular radicals will never stick
to the surface of the tube at 100% probability, so the penetration depth of such radicals in the
tube depends on the sticking probability and probability for chemical reactions [12]. The
effectiveness of the gas transformation depends on the diameter of the tube, the probability of
surface reactions, the length of the tube, and the gas drift velocity. The sound velocity in the
gas limits the latter, which is about 340 m/s. In practical cases, the drift velocities are lower but
significant to assure a reasonable throughput.

The optimization of the tubular catalysts should take into account all these effects.
Theoretically, the efficiency of the gas conversion upon passing a tube could be calculated by
taking into account the gas kinetics, including the diffusion and the surface loss probabilities.
Unfortunately, the loss probabilities are often unknown or there is a large scattering of the
results reported by different authors [13], [14]. From this point of view, it is more
straightforward to measure the gradients of the molecular fragments along the metallic tube to
determine the appropriate geometrical dimensions of the tubes. Radicals of high oxidation
potential, such as O, OH, F, etc., are of particular interest. Oxidation of hazardous molecules
such as CO with atomic oxygen is particularly effective [15]. The oxygen atoms will adhere to
the surface of the tube and interact with other molecules arriving from the gas phase by the
Eley-Rideal model [16]. The oxygen atoms adsorbed on the catalyst surface, however, do not
only interact with radicals such as CO but also with atoms arriving from the gas phase to form
0, molecules. Any optimization of the efficiency requires the knowledge of the penetration
depth of O atoms in tubes, which are fed on one side and pumped on the opposite side. The
penetration depth depends on the atom loss probability, which has been described by many
authors with the atom loss coefficient (sometimes equated to the recombination coefficient).
The lists of coefficients for nickel, cobalt, and copper are presented in Table 1, Table 2, and
Table 3, respectively. One can observe a large scattering of the results, indicating that the
coefficients probably depend on other parameters, not only the type of catalyst. In the present
paper, we report the penetration depth of O atoms in the tubes made from these materials.

Table 1. List of atom loss coefficients (¥) for nickel determined using various measurement
methods at different pressures (p) and material temperatures (T) from the literature.

Author Method p [Pa] T [K] )4 Ref.

Greaves calorimetry 10 300 0.028 [17]

Sorli calorimetry 10-100 500-1100 0.27 [18]

Myerson calarimetry, NG 750 / 0.0085 [19]
titration

Melin Wrede—Harteck, NO 1-4 300 0.017 [20]
titration

Cvelbar calorimetry 10400 800 0.27 [21]

Mozetié calomme iy NO 100 550 027 [22]

titration
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Drenik calorimetry 30-280 300 0.28 [23]
Greaves thermocouple probe 10 300 0.0077 [17]

Hartunian calorimetry 7-15 300 0.04 [24]
Dickens calorimetry 4 295-620 0.0008-0.056 | [25]
Rosner NO titration 4 300 0.1 [26]
Greaves Wrede—Harteck 650 300 0.00089 [27]

Table 2. List of atom loss coefficients (¥) for cobalt determined using various measurement
methods at different pressures (p) and material temperatures (T') from the literature.

Author Method p [Pa] T [K] V4 Ref.

Melin Worede-Elatteck NO 12 300 0.075 [20]
titration

Cvelbar calorimetry 10-400 750 014008 | [21]

Guyon actinometry 110 300473 0.029-0.034 [28]

Dickens calorimetry 4 300-625 0.0018-0.25 | [25]

Greaves Wrede—Harteck 650 300 0.00049 [27]

Table 3. List of atom loss coefficients (¥) for copper determined using various measurement
methods at different pressures (p) and material temperatures (T) from the literature.

Author Method p [Pa] T [K] Y Ref.
Greaves calorimetry 10 300 0.17 [17]
Donnelly mass spectrometry 0.02 300 0.07 [29]
Herdrich calorimetry 25620 300 0.00217 [30]
Herdrich calorimetry 18400 300 0.00899 [30]
Herdrich calorimetry 13410 300 0.0213 [30]
Park calorimetry 1400 300 0.016 [31]
Goulard calorimetry 1400 300 0.4 [32]
calorimetry, NO
Myerson titration 760 / 0.031 [19]
Melin Wi RSN 1-4 300-370 | 0.015-0.024 | [20]
titration
Cvelbar calorimetry 10-400 800 0.225 [21]
May calorimetry, effusion 1-2 298-375 0.070-0.11 [33]
Cauquot calotmetny; NO- 300 313 0.025 [34]
titration
Wickramanayaka NO-titration 93 300 0.019,0.026 | [35]
Mozetié calgrmetiy NO 100 550 0.23 [22]
fitration
: 0.0026—

Park calorimetry 14000 300 0.0032 [31]
Dickens calorimetry 4 295-485 0.034-0.18 | [25]
Greaves Wrede—Harteck 650 300 0.043 [27]
Greaves calorimetry 10 300 0.02 [17]
Dickens calorimetry 4 300-540 0.1-034 | [25]

2. Experimental
The penetration depth of oxygen atoms in nickel, cobalt, and copper tubes was determined using
appropriately designed metallic tubes with a diameter of 8 mm, which were connected to a
source of oxygen atoms. A movable probe for oxygen atoms was mounted into the metallic
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tubes, and the O-atom density was measured versus the position of the probe. Figure 1 shows
the dimensions of the metallic tubes and the position of the probe. The position / = 0 cm
corresponds to the entrance of the metallic tube, and / =10 c¢cm to the exhaust.

metallic quartz
thermocouple tube 10.cm tube \
wires \ NS :
- | 4=
to pump / ! atom source
glass catalztic I E
casin NPT T
e prone gas drift =0

Figure 1. Schematic of the catalytic probe inside the metallic tube, with a marked position (!)
of the catalytic probe. The catalytic probe was connected to a voltmeter with thermocouple
wires enveloped in a glass casing.

The source of oxygen atoms was weakly ionized oxygen plasma sustained by a microwave
discharge in the surfatron mode. A quartz tube was immersed into a microwave cavity, which
was powered with a microwave generator operating at the standard frequency of 2.45 GHz and
a power of 180 W (GMS200WSM by Sairem, Décines-Charpieu, France). Details about such
sources were disclosed in earlier papers [36], [37], [38], [39]. A high electric field causes gas
breakdown and formation of gaseous plasma, whose critical electron density is 3 - 1017m ™3
[40]. Gaseous plasma is moderately conductive, so the electromagnetic fields cannot penetrate
deep into the plasma due to the skin effect. Instead, the microwaves propagate within a sheath
between the plasma and the quartz tube, where the electric conductivity is optimal for the
absorption of the microwaves by plasma electrons. The electrons accelerate in the sheath and
then transfer their energy to slower plasma electrons at elastic collisions, so the plasma is
sustained at the electron temperature of a few eV [41]. The dissociation fraction of oxygen
molecules passing through the quartz tube is several percent, depending on the discharge power,
the pressure, and the gas speed [15]. Gaseous plasma only propagates along the quartz tube as
long as the critical electron density is ensured. Further, along the quartz tube, the concentration
of charged particles becomes negligible, but the dissociation fraction remains practically the
same because of the very low probability of loss of oxygen atoms on the quartz surface, which
is roughly 10 [25], [42], [43]. Therefore, the gas entering the metal tube is practically free
from charged particles but rich in neutral radicals.

The probability for surface loss of oxygen atoms on metals such as nickel, cobalt, and copper
is much larger, as shown in Tables 1-3. The O-atom density along the metallic tube will likely
decrease with increasing distance from the quartz tube. The density was measured with a
calibrated catalytic probe, which is explained in detail elsewhere [44]. The probe tip is very
small so that the probe itself does not influence the kinetics of the gas inside the metallic tube.
The exhaust of the metallic tube was connected to a vacuum system, and pumped with a two-
stage rotary pump with a nominal pumping speed of 80 m3/h (E2M80 by Edwards Vacuum,
Burgess Hill, UK). The schematic of the entire experimental setup is shown in Figure 2. All
tubes were made from 0.05 mm thin foils of 99.99% purity nickel, cobalt, and copper
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(purchased from Goodfellow, Huntingdon, UK). Before conducting the experiments, all tubes
were immersed in oxygen plasma for an hour to stabilize the oxide layer.

The density of neutral oxygen atoms along the tubes made from nickel, cobalt, and copper was
measured systematically at a fixed discharge power of 180 W and 3 different flow rates: 50,
300, and 600 sccm, which equated to pressures of 10, 35, and 60 Pa. At those conditions, the
metallic tubes were heated to 360, 390, and 450 K at the flow rates of 50, 300, and 600 sccm,
respectively. The pressure gradient along the tubes appeared because of the constant
introduction of oxygen on one side of the experimental system, and pumping on the other side
(Figure 3). By measuring the pressures at both sides of the experimental system, the following
gradients were obtained by taking into account a linear decrease 17, 54, and 80 Pa/cm for the
flow rates of 50, 300, and 600 sccm, respectively.

metallic tube

L

to pump,
vacuum gauge
and voltmeter

to MW
generator

pressure gauge

pressure gauge

Figure 2. Schematic of the microwave plasma reactor, with gaseous oxygen entering the system
on the right-hand side and exiting on the left-hand side. Two pressure gauges (p) were installed
at each end of the experimental setup.
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Figure 3. Pressure (p) profile along the length (I) of the metallic tubes at the given gas flow
rates.

3. Results and discussion

The behavior of the O-atom density versus the length of the tube is shown in Figures 4, 5 and
6 for nickel, cobalt, and copper respectively, with position 0 marked in Figures 1 and 2. The
curves exhibit a gradual decrease in the O-atom density. Two effects explain the decreasing
atom density: 1 - loss of atoms on the surface by heterogeneous association to parent molecules,
and ii - the pressure gradient along the tube. The error bars represent the statistic error of
repeated measurements.
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Figure 4. Neutral oxygen atom density (n) along the length (1) of the nickel tube.
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Figure 5. Neutral oxygen atom density (n) along the length (1) of the cobalt tube.
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Figure 6. Neutral oxygen atom density (n) along the length () of the copper tube.

The pressure gradient in the metallic tube was determined from measured pressures on both
sides of the experimental setup shown in Figure 2 as explained above. By considering the linear
dependence of the pressure gradient, the decrease of O-atom density should be also linear in
the absence of the surface effects. The curves in Figures 4 — 6, however, are not linear,
indicating that the surface effects are the major cause of the decreasing O-atom density. The O-
atom density at the exhaust from all three metallic tubes is at the detection limit of our probe
(approximately 1019 m~2), taking into account the probe accuracy, which is about +10%. Still,
the densities as revealed in Figures 4 — 6 do not drop to zero. This effect will be explained later.

As mentioned earlier, the decreasing density is also a consequence of the pressure gradient. To
clarify this, we used the measured O-atom densities from Figures 4-6 to calculate the
dissociation fractions (1) of oxygen molecules, which are defined as:

nkT

= M

where n is the oxygen atom number density, k is the Maxwell-Boltzmann constant, T is the gas

temperature, and p is the gas pressure. The dissociation fractions along the metallic tubes are

shown in Figures 7 — 9. The dissociation fractions first decrease almost exponentially with

increasing depth, but then stabilize at a finite value. The curves in Figures 7 — 9 were fitted with
an exponential curve in the form of:

l
n() =no +Ae b, @)

where 17y and A are the fitting parameters and [ is the penetration depth.
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Figure 7. The dissociation fraction (1) of oxygen molecules along the length () of the nickel
tube.
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Figure 8. The dissociation fraction (1) of oxygen molecules along the length () of the cobalt
tube.
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Figure 9. The dissociation fraction (1) of oxygen molecules along the length (I) of the copper
tube.

The exponential curves fit the measured data very well, taking into account the accuracy of our
probe. The fitting curves plotted in Figure 7 — 9 enable the calculation of the penetration depth,
i.e. the depth at which the dissociation fraction of oxygen molecules drops to 1/e of the initial
value at the entrance to the metallic tube. The penetration depths are summarized in Table 4.
The penetration depths depend on the gas flow and increase monotonously with the flow. This
effect is explained by the decreasing flux of O atoms on the catalyst surface, which is due to
the decreasing mean free path of O atoms with increasing pressure. Namely, the mean free path
decreases linearly with increasing pressure. Another explanation would be the pressure
dependence of the atom loss probability. The results in Tables 1 — 3 do not allow for drawing
the pressure dependence, because different authors used different experimental setups and
different methods for the determination of the atom loss coefficient. Still, some recent studies
reported that the atom loss coefficient for some materials decreases with increasing pressure
[45], [46], [47]. The pressure dependence of the atom loss coefficient for oxygen atoms on
nickel and cobalt was studied systematically previously, and the results were published recently
[48], [49]. Still, any distinguishing between the effects of the mean free path and the pressure
dependence of the atom loss coefficient is impossible from the results summarized in Table 4.

Table 4. The penetration depth of oxygen atoms in metallic tubes with a diameter of 8 mm made
from nickel, cobalt, and copper at three different gas flows.

Nickel | Cobalt | Copper
50 scmm 12Zcm | 1.0ecm | 1.1 cm
300scem | 1.7cm | 1.3cm | 1.3 cm
600sccm | 24cm | 1.7cm | 1.6 cm
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Table 4 gives guidelines about the penetration depth of radicals, which associate to stable
molecules by heterogeneous surface recombination. Knowing the penetration depth, one can
calculate the depth at which the degree of dissociation drops to any value using equation (2). If
the goal is total consumption of radicals, the metallic tubes would be long. If the diameter is 8
mm, as in our case, 90% consumption of the radicals is achieved at a depth of a couple of
centimeters, depending on the gas flow and tube material. If the goal is efficiency in terms of
the length of the tubes, the tubes should be much shorter than in our case. The conductance of
the tubes decreases with increasing length, so it is obsolete to use long metallic tubes, because
they suppress the gas throughput.

The constant value of the dissociation fraction along the tube from about 5 — 10 cm is highly
unexpected and cannot be explained by surface effects. A feasible explanation of the finite O-
atom density in the range between about 5 and 10 ¢m is the accuracy of our probes. As explained
in the classical paper [44], the probe calculates the O-atom density from the power dissipated
on the catalytic tip due to the heterogeneous surface recombination. While this power is by far
the most important contribution to the catalyst heating, other channels will also contribute to
the probe heating. Among them is the accommodation of gaseous molecules. The gas kinetic
temperature in gaseous plasma exceeds the ambient temperature due to the abundance of super
elastic collisions in the ionized gas. Another explanation is offered up by examining equation
(1): since pressure decreases along the length of the metallic tubes, this seemingly increases the
dissociation fraction towards the exhaust of the metallic tubes. Instead of a slow decline, we
therefore get a constant value of the dissociation fraction near the exhaust of the metallic tubes.

Other authors have measured the kinetic temperature of gaseous molecules in plasmas
sustained by microwave discharge in the surfatron mode [50]. The measurements are not
feasible for oxygen because of the peculiarities of rovibrational states, but it was determined
rather precisely for nitrogen [51]. The gas kinetic temperature in such plasma depends on the
discharge power and the gas pressure and is roughly between 700 and 1000 K [52]. The gas
cools down on its way from gaseous plasma to the metallic tubes by adiabatic expansion and
accommodation on the surfaces of both quartz and metallic tubes. The gas speed, however, is
large, so the accommodation is not complete. The artefact of the method used for measuring
the O-atom density therefore explains the finite dissociation fraction along the metallic tubes
between 5 and 10 cm. The actual dissociation fraction is probably very low at the exhaust from
the metallic tube.

The metals always oxidize upon exposure to the air, so that a native layer of oxide is formed.
In our case, however, the catalytic metals are not exposed only to molecular oxygen, but also
to oxygen atoms. The oxidation of copper upon treatment with oxygen plasma was studied by
several authors, including Ooi and Goh [53], and Tang et al. [9]. In a recent paper, Xia and
Sautet [54] reported a systematic study of copper oxidation upon treatment with atomic oxygen
and found that a few nanometer-thick oxide film forms even at room temperature. A recent
experimental report by Kuo and Su [55] showed that the oxide films could be much thicker and
it includes the penetration of the native oxide film, and transportation of precursors through the
oxide film, leading to much thicker films than forecasted from theoretical works [54]. Various
oxides are formed on the copper surface, which further complicates the oxidation kinetics and
thus the mechanisms of the oxygen atom loss on copper tubes. The same applies to cobalt.
Different authors reported various methods for cobalt oxidation and agreed that at least two
oxides are formed upon exposure to atomic oxygen, i.e. CoO and Co30, [56], [57], [58]. Nickel
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oxide behaves similarly, but only has one known form of oxide: NiO [59], [60]. This oxide
tends to be structured in a simple cubic crystal lattice [61].

In any case, the treatment of nickel, cobalt, or copper tubes with oxygen atoms causes oxidation
and the oxides are rarely in the form of a smooth film of uniform thickness. Many authors
reported very rich morphology after treating metallic samples with oxygen plasma [62], [63],
[64]. The evolution of surface morphology depends on numerous parameters, but it is clear that
the morphology evolves with increasing treatment times. To avoid the effect of unpredictable
evolution of surface morphology and thus increase the actual surface area, we pre-treated all
three metallic tubes in oxygen plasma at elevated temperatures. The metallic tubes were
mounted in a radiofrequency plasma reactor and exposed to oxygen plasma at the temperature
of about 700 K for 20 minutes. This treatment caused the formation of a rather thick oxide film,
which was not supposed to change during our experiments because the experiments disclosed
in this article were performed at much lower temperatures of the metallic tubes. The metallic
tubes did not heat over 100°C during our experiments. The heating is, of course, predominantly
due to the exothermic surface association of oxygen atoms to 0, molecules. The pre-treatment
of the metallic tubes in oxygen plasma therefore assured for formation of a stable oxide film
before conducting our experiments, and thus reliability of our results.

4. Conclusions

Systematic measurements of the O-atom density inside metallic tubes, which were connected
to a source of O atoms on one side and pumped on the other side, enabled the determination of
the penetration depths for O atoms. The O-atom density decreased monotonously along the
metallic tubes, which was an effect of both the pressure gradient and the loss of atoms by
heterogeneous surface recombination. The dissociation fraction of oxygen molecules along the
metallic tubes was calculated from measured O-atom density and measured pressure drop along
the narrow tubes. The dissociation fraction decreased exponentially along the length of the
tubes. The penetration depth in 8 mm wide metallic tubes depended on the type of metal and
the gas flow. At the lowest flow probed in our experiments, i.e. 50 sccm, the penetration depth
was about 1 cm. At the highest flow of 600 sccm, the penetration depth was about 2 cm. These
data are useful in any attempt to estimate the loss of molecular fragments along tubes, which
serve as catalysts for the association of various radicals to stable molecules.
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Chapter 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 pm [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].
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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 (C3Hg, excluded in the proceeding article) and
carbon dioxide (CO,) 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 pm, 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 C H, 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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Abstract: Carbon nanowalls are promising materials for various electrochemical devices due to their
chemical inertness, desirable electrical conductivity, and excellent surface-to-mass ratio. Standard
techniques, often based on plasma-assisted deposition using gaseous precursors, enable the synthesis
of top-quality carbon nanowalls, but require long deposition times which represents a serious obstacle
for mass applications. Here, an alternative deposition technique is presented. The carbon nanowalls
were synthesized on titanium substrates using various polymers as solid precursors. A solid precursor
and the substrate were mounted into a low-pressure plasma reactor. Plasma was sustained by an
inductively coupled radiofrequency discharge in the H-mode at the power of 500 W. Spontaneous
growth of carbon nanomaterials was observed for a variety of polymer precursors. The best quality
of carbon nanowalls was obtained using aliphatic polyolefins. The highest growth rate of a thin
film of carbon nanowalls of about 200 nm/s was observed. The results were explained by different

degradation mechanisms of polymers upon plasma treatment and the surface kinetics.

Keywords: carbon nanowalls; plasma deposition; fast synthesis; one-step procedure; polymer source

1. Introduction

For decades, the synthesis of carbon nanomaterials has been a hot topic of interdisci-
plinary research because of the numerous possible applications. The materials exhibit good
chemical inertness, reasonable electrical conductivity, and a large surface-to-mass ratio.
A variety of carbon nanomaterials have been invented, including fullerenes, nanotubes,
nanowires, graphene and its derivatives, and less-oriented materials such as soot. Of
particular importance are carbon nanomaterials in the form of evenly distributed flakes
stretching from a substrate surface. Such materials are promising for application in electro-
chemical and photoelectrical devices such as supercapacitors, super-batteries, fuel cells,
and photo-catalyzers [1-6]. A sophisticated version of such materials is carbon nanowalls
(CNWs). Carbon nanowalls are flakes of multilayer graphene sheets vertically oriented on
a suitable substrate. The typical thickness of the CNWs is several nm, and the area of a
flake is of the order of um?. The distance between neighboring flakes in carbon nanowalls
is several 10 um, thus making this material superior in terms of the surface-to-mass ratio.

Several methods were proposed for the synthesis of carbon nanowalls. They are
usually based on classical chemical vapor deposition (CVD) or plasma-enhanced chemical
vapor deposition (PECVD). These techniques usually require a long deposition time of
minutes or even hours. The current progress in the synthesis of carbon nanowalls has been
reviewed in the papers [7,8]. Recently, we have shown that nitrogen-containing carbon
nanomesh can be deposited in nitrogen plasma using polymer polyethylene terephthalate as
the source of a carbon precursor [9]. The aim of this paper was to investigate the influence
of the type of polymer material used as a carbon precursor on the growth of carbon
nanostructures. Therefore, several different polymers were used in the study presented
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in this paper. Additionally, besides the effect of the source of the carbon precursor on the
CNWSs’ growth, the effect of the type of processing plasma gas was also investigated.

2. Materials and Methods
2.1. Plasma Synthesis of Carbon Nanomaterials

The deposition of carbon nanomaterials was performed in an inductively coupled
radiofrequency plasma (ICP-RF) system shown in Figure 1. The system consisted of the
discharge tube with a coil of six turns that was positioned in the middle of the tube.
The tube was made of borosilicate glass with dimensions 80 cm in length and 4 cm in
diameter. The system was first pumped with a Hi-Cube 300 Classic pumping station
(Pfeiffer Vacuum, Asslar, Germany), consisting of a turbomolecular pump of a nominal
pumping speed of 260 L/s backed with a rotary pump with a nominal pumping speed of
5 m®/h. This pumping station was used to get the base pressure of 1072 Pa and to achieve
low levels of the residual atmosphere. After achieving the base pressure, we continued
pumping only with a rotary pump with a nominal pumping speed of 80 m3/h. A gas of
commercial purity was released into the discharge system using a mass flow controller Aera
FC7700 (Advanced Energy, Denver, CO, USA). Various gasses were used to manipulate the
morphology and chemical composition of deposited carbon nanostructures. The deposition
was thus performed using Ny (43 scem), Op (35 scem), Hy (82 scem), and CO; (58 scem),
keeping the gas pressure constant at 16 Pa. This was the pressure obtained using the
smallest flow rate that was possible to set on our flow controller. If the flow rate was higher,
it was not good for the synthesis because the polymer degradation products were too
quickly pumped away. Here we should mention that CNWs could also be synthesized in a
closed system without pumping, but this was not practical because it was more difficult to
control the constant experimental conditions and the repeatability.
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Figure 1. Experimental set-up.

Deposition of carbon nanomaterials was performed on the substrates made from
titanium foil which were placed in the middle of the coil (i.e., in the glowing discharge). Ti
substrates were in the form of a square with a size of 8 x 8 mm?. At the same time, a piece
of a polymer material was also placed into the discharge tube, as shown in Figure 1.

The polymer was placed 1 cm before the Ti substrate. The polymer material served
as a source of carbon precursors. Different polymer materials (from Goodfellow Ltd.,
Huntingdon, UK) were used to study the influence of the source material on the properties
of the nanocarbon deposit. The following polymer materials were selected: low-density
polyethylene (LDPE), high-density polyethylene (HDPE), polypropylene (PP), polyamide
(PA6), polyethylene terephthalate (PET), polystyrene (PS), and acrylonitrile butadiene
styrene (ABS). For all polymers, equal masses (200 mg) were used. The amount of a



3.1. Comparison of Plasma Decomposition of Carbon Nanomaterials Using Various Polymer
Materials as a Carbon Atom Source 171

Nanomaterials 2022, 12, 246 3of 15

polymer does not affect the synthesis of CNWs as long as it is large enough to provide
a sufficient flux of carbon precursors to the polymer surface. We found that 200 mg of a
polymer is more than enough, so we always chose this mass of a polymer. If the amount of
a polymer was too small compared to the size of the substrate surface, the surface would
be poorly covered with CNWs because of the insufficient flux of carbon precursors.

The deposition time was varied using P polymer to find the most optimal time for
the deposition of CNWs—which was 60 s. Then, the deposits were formed using all the
above-mentioned polymers at a constant treatment time of 60 s.

The plasma was ignited and sustained at the forward power of the RF generator of
500 W (Advanced Energy, Denver, CO, USA). The RF generator operated at the standard
industrial frequency of 13.56 MHz. Inductively coupled plasma was sustained in the
H-mode, where the absorbed power was high (reflected power only 20 W). At these
conditions, a Ti substrate was heated in the plasma because of exothermic heterogeneous
surface reactions and reached a temperature of approximately 800 °C after several seconds.
At the same time, the polymer material was also heated and melted. Degradation products
of polymer evaporated from the solid precursors and deposited on the Ti substrate forming
a layer of nanowalls.

To understand deposition mechanisms occurring in plasma when using various gases
and polymer materials, we characterized the plasma by optical emission spectroscopy (OES)
using AvaSpec-3648 Fiber Optic Spectrometer (Avantes, Apeldoorn, The Netherlands). The
spectrometer resolution was 0.5 nm in the range of wavelengths between 200 to 1100 nm.
The integration time was 1 ms. The spectrometer was placed at the end of the tube on its
axis because the sidewalls of the tube quickly became opaque due to the formation of a
deposit.

2.2, Characterization of the Samples

The surface morphology of the deposits was analyzed by secondary electron mi-
croscopy (SEM). Microscopic images were acquired in immersion mode using Schottky
field emission scanning electron microscope with a monochromator (Thermo Fisher Verios
4G HP, Waltham, MA, USA).

The chemical composition of the samples was analyzed by X-ray photoelectron spec-
troscopy (XPS). The characterization was performed by using an XPS (TFA XPS Physical
Electronics, Miinich, Germany). The samples were excited with monochromatic Al Koy »
radiation at 1486.6 eV over an area with a diameter of 400 pum. Photoelectrons were detected
with a hemispherical analyzer positioned at an angle of 45° with respect to the normal of the
sample surface. Survey spectra were measured to determine the surface composition—i.e.,
the presence of any other elements except carbon. The survey spectra were measured at a
pass energy of 187 eV with an energy step of 0.4 eV. The measured spectra were analyzed
using MultiPak v8.1c software (Ulvac-Phi Inc., Kanagawa, Japan, 2006) from Physical
Electronics, which was supplied with the spectrometer. Standard sensitivity factors were
used for the calculation of the surface composition.

3. Results and Discussion
3.1. Influence of the Deposition Time

Various deposition times were used to find the most optimal conditions for the syn-
thesis of a thin film of carbon nanowalls. In Figure 2, examples of SEM images of CNW
deposits when using the PP polymer as a source of carbon atoms are shown. One can
observe that at the shortest deposition time of 10 s, CNWs are small and dense on the
substrate surface (Figure 2a). When the deposition time is increased, the size of the vertical
flakes increases, as well as the distance between them (Figure 2a—c), reaching the maxi-
mum size of the nanowalls and a maximum distance between them at 60 s of treatment
(Figure 2d). At longer deposition times (Figure 2e,f), CNWs become slightly smaller and
denser again. Furthermore, the edges of CNWs are less sharp, indicating that etching and
their destruction had already occurred.
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Figure 2. SEM images of CNWs for various deposition times in N; plasma when using PP polymer:
(a) 105, (b) 205, (¢) 30's, (d) 60 s, (e) 90 s, and (£) 120 s.

The results presented in Figure 2 are further evidenced in Figure 3, which represents
the thickness of the CNW film versus the deposition time. The deposition time does not
affect just the morphology of CNWs but also the thickness of the deposited layer. One
can observe a maximum thickness at the treatment times between 30 and 60 s. A decrease
in the film thickness at a longer treatment time is a consequence of plasma etching and
simultaneous removal of the deposit during its growth.

The results presented in Figures 2 and 3 are in agreement with our previous investiga-
tion, where we deposited CNWs in nitrogen plasma with the same experimental conditions
but using PET polymer as the solid precursor and found the most optimal deposition
time was 60 s [9]—i.e., the same as in this study. Therefore, in all further experiments, the
deposition time was fixed to 60 s.
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Figure 3. The thickness of CNWs, shown in Figure 2, versus deposition time.

3.2. Influence of the Polymer Material as a Carbon Atem Source
In the next set of experiments, different polymer materials were used to study the

influence of the carbon source material on the characteristics of the deposits. Therefore,
examples of aromatic (PET, PS, ABS) and aliphatic (LDPE, HDPE, PP, PA6) polymers were
used to produce different plasma radicals acting as building blocks for the growth of CNWs.
Some of these polymers were olefins (PS, LDPE, HDPE, PP), whereas the others contained
heteroatoms O and/or N (PET, ABS, PA6). The structure of these polymers is shown in

Table 1.
Table 1. Chemical structure of the polymers used as a carbon precursor.
Polymer Structure
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SEM images of the deposits synthesized from the above-mentioned polymers are
shown in Figure 4. Figure 4a—d show the deposits formed on the titanium substrate when
using polymers PP, PA6, LDPE, and HDPE. In all four cases of polymers, we can clearly
observe the formation of CNWs. However, the next three images shown in Figure 4e-g
significantly differ from Figure 4a—d. Instead of CNWs, a dense mesh of small nanocarbon
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was formed, resembling cauliflower-like structures. These samples with the cauliflower-like
structures were synthesized from polymers PS, PET, and ABS, all examples of aromatic
polymers. In contrast, images with CNWs (Figure 4a—-d) were all obtained when using
aliphatic polymers as a source of the carbon precursor. The results shown in Figure 4
indicate that there must be a significant difference in the thermal degradation of aromatic
and aliphatic polymers upon plasma conditions leading to different carbon radicals acting
as building blocks for CNWs. Aromatic polymers are in general more thermally stable than
aliphatic, and it seems that aromatic rings, which are in the first approximation similar
to a graphite structure (except that the rings are terminated with hydrogen), are not key
building blocks for the growth of CNWs, or they have a different influence on the formation
of the nucleation sites and growth process [10]. In addition, the dynamics of the migration
and reorientation of these species as well as the time scale of their growth may be different,
thus affecting the growth of the deposit.

Figure 4. SEM images of carbon nanostructures synthesized from various polymers: (a) PP, (b) PA6,

(¢) LDPE, (d) HDPE, (e) PET, (f) P'S, and (g) ABS. Deposition time in nitrogen plasma was 60 s.

To get a further insight into the degradation mechanisms of various polymers and
the consequent formation of their degradation products, we studied the literature. The
explanation is far from being simple because of the presence of various factors in plasma
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(i.e., heat load, irradiation, reactive (oxidizing) plasma species) that may all influence the
degradation kinetics of polymers in plasma. Depending on the environmental conditions,
polymers can undergo different degradation mechanisms [11]: (i) thermal degradation,
(ii) photochemical degradation, and (iii) oxidative degradation. Thermal degradation is
caused by a temperature increase leading to conformational changes, bond dissociation,
and radical formation. Photochemical degradation is triggered by photon irradiation (visi-
ble, UV, VUV), causing bond dissociation and cross-linking. If the treatment is performed
in an oxidizing atmosphere such as air, the bond-scission is followed by oxidation (pho-
tooxidative degradation). Oxidative degradation is caused by the presence of oxygen.
This process is particularly effective in gaseous discharges (i.e., oxygen plasmas) that are
a rich source of various reactive oxygen species—the most important are neutral oxygen
atoms. Even when using discharges sustained in other gasses, some oxygen is present in
vacuum systems as water vapor. In the presence of reactive oxygen species, the process of
polymer degradation is often initiated by hydrogen subtraction from polymer, followed
by various reactions [12]. However, plasmas are not only a rich source of oxygen atoms
but also a source of radiation by photons (UV/VUYV). Furthermore, because of exothermic
heterogeneous surface recombination and chemical reactions of oxygen radicals on the
polymer surface, the polymer can be heated well above the melting temperature. All
the above-mentioned processes occur on the polymer surface upon plasma conditions
simultaneously, making the plasma—polymer interaction very complex. In extreme cases of
polymer oxidation, polymer burning occurs [11]. The interior of the polymer is subjected
to thermal degradation, causing the formation of molecular fragments, which migrate
towards the polymer surface, where they mix with oxygen and burn [11]. When using
plasma afterglows for surface functionalization of polymers, the polymer is kept at room
temperature. Therefore, only prolonged treatment with oxygen radicals can cause etching
and degradation. In our case, the polymer was placed in the intense glowing region;
therefore, it was heated above its melting temperature in a short time. Furthermore, ex-
periments were performed in nitrogen plasma with a low base pressure; therefore, the
contribution of oxidizing species to polymer degradation is negligible in our case. For
this reason, we can assume that thermal degradation is the most important mechanism in
our conditions. For all polymers probed in this study, the final degradation product after
prolonged plasma treatment was black carbon residues, although some visual differences
were observed during the plasma treatment. ABS polymer immediately carbonized. PS
and PET polymers shrank into a ball, started boiling, and finally carbonized. LDPE and
HDPE twisted, intensely boiled, and then carbonized. PA6 was also intensively boiling, but
it neither shrank nor twisted. For PP polymer, no special visible changes were observed in
terms of twisting, shrinkage, or bubble formation, and it looked as if only evaporation was
occurring on the surface before the carbonization. From these observations, it seems that
intensive boiling or evaporation is the most important process for providing appropriate
volatile low-mass species, which served as building blocks of nanocarbon on the titanium
substrate.

To further check whether just high temperature causing thermal degradation is suffi-
cient for CNW synthesis or whether plasma is needed at all, we performed an additional
experiment in the same vacuum system without igniting the plasma. An additional heater
was used to heat the polymer and the Ti substrate; however, CNWs did not form. In yet
another modification of this experiment, the Ti substrate was placed in the glowing plasma,
whereas the polymer was placed far away from plasma and heated by an additional heater.
In these conditions, CNWs were formed on the Ti-substrate, thus proving that plasma
has an important role in the growth of CNWs on the substrate or in the modification of
polymer-degradation products reaching the plasma. However, for polymer degradation
itself, the plasma is not essential for the deposition of nanocarbon on the titanium surface;
therefore, a simple thermal degradation can also be applied.

Polymers may have different weight-loss rates during their thermal degradation [13].
Furthermore, different degradation products may also be formed. As found in the literature
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review, the most important thermal and photodegradation products of the polymers used
in our study are summarized in Table 2 [14-19]. We can notice that in the case of aromatic
polymers, degradation products contain aromatic rings (e.g., styrene monomer), whereas in
the case of aliphatic polymers, various low-molecular unsaturated and saturated aliphatic
compounds are formed. As already mentioned before, despite some similarities of aromatic
rings to graphite structure, it is apparent that aromatic rings are not important building
blocks in the formation of CNWs. It is much more likely that low-molecular aliphatic
compounds that can be further dissociated in plasma are the most important building
blocks. This is also in agreement with the classical PECVD techniques that apply CHy,
C2Hy, or even ethanol and hexane vapor or fluorinated compounds CFy, CHF3, and CoFq
for the deposition of CNWSs [20-22]. Currently, it is supposed that C; dimers are the most
important building units for CNWs growth [23]. From C; dimers, higher mass-carbon
clusters CyHy™ may be formed, initiating the growth process [23,24].

In fact, we have found only one publication, published by Lehman et al. [24], where
authors used aromatic precursor p-xylene for the synthesis of CNWs. They also used
ICP-RF plasma but with a very low discharge power of just 150 W. Very low power was
responsible for breaking the C—H bond in the methyl group attached to the aromatic
ring, leaving the aromatic ring (which exhibits higher stability) rather intact. The growth
of CNWs was explained by the condensation of p-xylyl radicals and the formation of
polycyclic aromatic 2,6-dimethylanthracene. In another publication by Hsu et al. [25],
the authors also reported the synthesis of CNWs using a low-power plasma (60 W) and
1,2-dichlorobenzene as the precursor; however, methane was also introduced into the
plasma to enhance the growth process. Since methane is a commonly used precursor, it
is questionable if 1,2-dichlorobenzene was needed for the successful deposition of CNWs
at all. In RGA spectra, the authors found substantial amounts of C; together with smaller
amounts of Cg and CgHg.

The formation of C; was also monitored in our experiment using OES. The evolution
of C; species during the plasma treatment of various polymers is shown in Figure 5. No
correlation was found between the intensity of C; species and the morphology of the
deposits. Nevertheless, the final growth of nanostructures obviously depends on many
factors: supply of appropriate building units, their consumption by the growth process, the
time scale needed for transport and reorganization, etc. These processes do not depend just
on the type of precursor used but also on the surface temperature, which in turn depends
on the discharge power [26]. Building units are not produced only as a consequence of the
thermal decomposition of polymers, but they can also be produced in plasma as well as
within the sheath, where fluxes of ions may be important, especially at the initial stages of
the formation of nucleation sites [26].
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Figure 5. Variation of the OES intensity of C; species formed during burning of different polymer
materials in nitrogen plasma.
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Table 2. Thermal and photooxidative degradation products. Information for melting and deposition
temperature was obtained from [16].

Polymer Me!;mg Decnn1Tp051tmn Thermal Degradation Products Refs.
monomer styrene (40%), dimer, trimer, tetramer, pentamer,
PS 503 K 549 K benzene, ethylbenzene, ocnmeth).ilsfy.rene; in the presence of [14-16]
oxygen: phenol, ketones, benzoic acid, benzyl alcohol,
benzaldehyde
propene (up to 25%), propane, ethene, ethane, butene, hexene .
EE MRk 0K (formation of the transition state six-membered ring) [24-36]
PP MK 624K pentane (24%), 2-methyl-1-pentene, 2 4-dimethyl-1-heptene, [14-16]
propane
cleavage of ester groups and formation of carboxylic acids and
vinyl esters (benzoic acid (43%), acetaldehyde (16%), CO;, vinyl
PET 503533 K 698 K es_ters of benzoic alcu;l}, anhydride containing ollgqmers, cy_cl_1c [15-18]
oligomers; also scission through a six-membered ring transition
state; formation of non-volative residues of interconnected
aromatic rings was also reported.
PA6 498-508 K 708 K cyclic oligomers, caprolactam (73%), CO, [19]
ABS 383-398 K 693 K degradation to its constituents, depending on temperature: [27,28]

butadiene, sytrene, ethylbenzene, N-containing products

Here we should also note that the different morphology of the deposited carbon nanos-
tructures when using aromatic or aliphatic polymer precursors is not the only outcome
of this study. We have also noticed significant variations in the thickness of the deposited
layers. In Figure 6a—g cross-sections of the deposits and their thicknesses are shown. In
general, we can observe that, when using aromatic polymers (Figure 6e-g), the layers
are thicker than for aliphatic polymers (Figure 6a,c,d). It was reported that etching and
removal of amorphous carbon from the deposit was an important step in the formation
of CNWs [29]. In addition, hydrogen was found to play a significant role in the growth of
CNWs [30-32]. A generally accepted mechanism of CNW growth includes: (i) adsorption
of CHy radicals and formation of an amorphous layer, (ii) formation of defects acting as
nucleation sites, and (iii) migration and nucleation of carbon species leading to the growth
of graphene sheets [29,33]. Therefore, etching is essential for helping the formation of
appropriate nucleation sites and removal of small randomly oriented structures, including
amorphous fractions, thus enabling the growth of relatively large vertical graphene sheets.
Moreover, etching also prevents the formation of additional graphene layers by the removal
of weakly bonded carbon atoms, and it enhances the migration of carbon precursors [33].
All these facts can explain the formation of thicker layers when using aromatic polymers. It
seems that there was no simultaneous etching of amorphous parts during the growth to
allow the migration, nucleation, and formation of highly ordered structures. Furthermore,
simple low-weight polymer degradation products in the case of aliphatic compounds
probably have a higher ability for migration and appropriate orientation during CNW
growth than larger aromatic fractions.

3.3. Influence of the Processing Gas

As mentioned in the previous subsection, the presence of oxidative species and radi-
ation may influence the thermal degradation mechanisms of polymers. However, it was
also reported that the addition of hydrogen, argon, and even oxygen in classical PECVD
techniques using a CH, precursor could greatly improve the quality of CNWs [7]. The qual-
ity of carbon nanowalls is often attributed to the quantity of inadequately bonded carbon.
The best quality is attributed to graphene sheets free from the amorphous hydrogenated
carbon phase. The amorphous phase will deposit, especially at elevated pressures, but will
be effectively removed by weak bombardment with positive ions and chemical interaction
with reactive neutral species such as H and/or O atoms. Some authors also performed the
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synthesis of CNWs in nitrogen or ammonia plasma to allow for the doping of CNWs with
nitrogen atoms and thus affecting their electronic properties [8]. This was also one of the
reasons for choosing polymers such as PA6 and ABS in this investigation, because they
contain nitrogen. We wanted to check if this can help obtain CNWs with more N-doped
atoms. Table 3 shows the surface composition of the deposits as revealed from XPS survey
spectra acquired on samples whose SEM images are shown in Figure 4. We have to stress
again that the deposits were formed using nitrogen plasma. The measured concentration of
nitrogen for all polymers is rather small. The highest amounts were found when using PS,
PET, and PA6 with no significant difference between them. For ABS polymer, the nitrogen
content was at the detection limit of XPS. Therefore, using N-containing polymer as a
carbon as well as a nitrogen precursor does not allow a higher content of nitrogen to be
obtained within the surface film as probed by XPS.

Thickness: 3.4 ym
Thickness: 1.6 um e —— H

Thickness (Lm)

PP PA6 LDPE HDPE PET PS ABS

Figure 6. Cross-section of the deposited carbon nanostructures: (a) PP, (b) PAS6, (c) LDPE, (d) HDPE,
(e) PET, (f) PS, (g) ABS, and (h) a thickness of the deposited layer. Deposition time was 60 s.
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Table 3. XPS surface composition of the deposits synthesized in nitrogen plasma using various
polymer sources.

c N o
Polymer . (atom. %) (atom. %) (atom. %) Nic
TS N, 938 3.7 26 0.04
PET N> 914 26 3.0 0.03
ABS N, 98.0 0.7 13 0.03
PA6 N, 944 28 28 0.003
LDPE N, 8.6 03 11 0.02
HDPE N, 95.6 17 28 0.01
PP No 96.7 1.0 23 0.01

The influence of the processing gas on the growth and morphology of CNWs was
studied using different gases instead of nitrogen to reveal the role of the presence of
oxygen, hydrogen, or other species in the plasma. CNWs were synthesized from PP and PS
polymers using plasmas created in Hy, Oy, N3, and CO; gases. Figure 7a—h shows SEM
images of the deposits (left column) and their cross-sections (right column) for the case of
aliphatic PP polymer, whereas Table 4 shows the surface compositions as deduced from
XPS survey spectra. An important conclusion from Figure 7 is that no matter what gas we
use, the CNWs are always synthesized on the surface when using this aliphatic polymer
as the solid precursor. This is another indication that, in our case, oxidative degradation
of a polymer is not the most important mechanism that leads to the growth of CNWs, at
least for this type of polymer. The CNWs only differ in the size of the graphene flakes.
Furthermore, their chemical composition (Table 4) is similar—according to experimental
error, the oxygen concentration is practically the same, regardless of the type of processing
gas used.

Table 4. XP5 surface composition of the deposits synthesized from PP polymer using various gaseous

discharges.
C N o
Balyriter Gas (atom. %) (atom. %) (atom. %)
PP N, 96.7 1.0 2.3
PP Oy 97.5 25
PP H; 98.3 1.7
PP CO, 98.5 1.5

In order to check if this is true also for aromatic polymers, we show in Figure 8a-h
SEM images of CNWs synthesized from PS polymer using different gases. Opposite to
aliphatic polymer used in Figure 7, we can now observe the best formation of CNWs in
the case of O; plasma. It is known that O, plasma treatment of aromatic polymers causes
destruction and opening of the aromatic rings and thus a loss of aromatic structure [34,35],
which can explain why we can only get CNWs in the case of O, plasma treatment.

The method for synthesizing carbon nanowalls presented in this paper enables de-
position rates as large as a few 100 nm/s. This is much larger compared to the classical
technique using gaseous precursors. The deposition rates reported by various authors were
presented in the review paper [7]. The achievable deposition rates were between about
0.1 and 100 nm/s, but most authors reported values between 1 and 10 nm/s. The highest
deposition rate (300 nm/s), which deviates greatly from other reported data, was obtained
by Zhang et al. [36], who used a mixture of argon, hydrogen, and methane at the pressure
of 800 Pa, a discharge power of 18 kW, using a combination of inductively and capacitively
coupled discharges. All other authors reported values below about 10 nm/s.
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Thickness: 1.6 um

4 um

Figure 7. SEM images of CNWs (left) and their cross-section (right) synthesized from the aliphatic PP
polymer in plasma created in: (a,b) Oy, (c,d) Hy, (e,f) Ny, and (g,h) CO, gas. Deposition time was
60 s.
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Figure 8. SEM images of carbon nanostructures (left) and their cross-section (right) synthesized
from the aromatic PS polymer in plasma created in: (a,b) O, (c,d) Hy, (e,f) N>, and (g,h) CO; gas.
Deposition time was 60 s.
4, Conclusions

CNW growth in low-pressure plasma sustained by an inductively coupled RF dis-
charge at the power of about 500 W was investigated using various polymers as solid
precursors as well as various gases. The substrates were titanium mounted inside the RF
coil and left at the floating potential. Important findings were derived from these investi-
gations. We found that aromatic precursors were unsuitable for CNW growth, indicating
that aromatic rings are not the most useful building blocks for CNWs. Aliphatic precursors
which thermally degrade to simple low-weight CxHy species were found more relevant for
CNW growth. These two findings are in agreement with the generally accepted theory that
C, dimers are the most important building blocks involved in the formation of CNWs. In
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the presence of appropriate building blocks, CNWs will grow in plasma regardless of the
gas type used for creating the discharge. The results indicate that the procedure elaborated
in this paper may be applicable to mass production, as the optimal growth rate of a film
consisting of good quality CNW's is over 100 nm/s.
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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].
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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 (7') 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 (t,), with a statistical error of +£10%.

ty [s] 30 60 120 300
d [pm] 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: ¢, g, and k), and 300 s (last column: d, h, and 1).

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 () of oxidized cobalt with different thicknesses of
the deposited carbon nanomaterial layer versus temperature (7') of the oxidized cobalt
sample at 42 Pa.
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Figure 17: Recombination coefficient () of oxidized cobalt with different thicknesses of
the deposited carbon nanomaterial layer versus temperature (1) of the oxidized cobalt
sample at 79 Pa.
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Figure 18: Recombination coefficient () of oxidized cobalt with different thicknesses of
the deposited carbon nanomaterial layer versus temperature (T') of the oxidized cobalt
sample at 117 Pa.
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Figure 19: Recombination coefficient () of oxidized cobalt with different thicknesses of
the deposited carbon nanomaterial layer versus temperature (7') of the oxidized cobalt
sample at 156 Pa.
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Figure 20: Recombination coefficient () of oxidized cobalt with different thicknesses of
the deposited carbon nanomaterial layer versus temperature (7') of the oxidized cobalt
sample at 214 Pa.
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Chapter 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 Sorli-Ro¢ak 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 Sorli-Ro¢ak 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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