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|. Introduction

|.1 Plasmasurfaceinteractions: historical overview

The word plasma was introduced in 1928 by Irving Langmiliirwho was struck by the
analogy between blood plasma that transports red and white corpuscles and aealischarg
column acting as a stdiratum carrying molecules, ions and electrons. It is interesting to note
that Langmuir got the Nobel Prize in Chemistry in 1932 for his achievements in surface
science. Langmuir clarified the true nature of surface adsorptioestablished the existence

of monolayers as twdimensional structures on the surface. Therefdreyouldn't be
exaggeratingo say that both plasma science and surface science as we know them today were
started by the same person almost a century ago.

Theimportance of surface catalyzed processes in reactive plasmas has been recognized since
the early 1920s. Low pressure glow discharges in glass tubes were used in those times as a
source of molecular and atomic spectra. In 1920 Wood made an observagoarnbination

of atomic hydrogen on glass surface in his study of Balmer series in a long dischai@.tube

In the following, recombination of atomic hydrogen on different catalytic surfaces in a broad
temperature range was thoroughly studied and the first models describing the recombination
process were propos€sl4] by the end of 1940s.

Following the advent of numerougchniques for detection of atomic species (catalytic
probes, masspectrometry, optical emission spectroscopy, electron paramagnetic resonance),
the number of studies of the surface catalyzed recombination of atoms has rapidly increased
in 1950 +1960s [5] and references therein). In those times interaction between radicals and
catalytic surfaces was investigated by the catalysis community and many ideas coming from
classical heterogeneous catalysishwstable molecules were adopted in order to explain
reaction mechanisms. In the majority of works, recombination of atoms was studied-in flow
tube experiments in the pedischarge zone. Thus, plasma was used only as a source of
radicals and there was noatt interaction between the plasma and the studied surface.

Plasmasurface interactions became an expanding field of research in 1970s when the
potential of plasmas for material processing was realized. Unique properties of etching
reactive plasmas usddr microelectronics applications were investigated in details. In the
classical worK6] a synergetic effect betweenAons and reactive Xefnolecules for poly

Si etching was discovered in beam expents. It was found that when Si surface is exposed

to both Af and XeF; the etch rate is not simply a sum of the etch rates obtained under ion
bombardment or neutral gas flow but increases by an order of magnitude. Later on, synergetic
effects between emnged and neutral species were observed in the process of film growth in
low temperature plasmdg]. Therefore, it was finally realized that the unique property of
reactive plasmas is that they produterace flows of radicals, excited species and ions on the
surface.
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Today study of plasmaurface interactions is a growing field of research which is driven by a
great number of applications. Plasma processing of surfaces is widely used for
microelectronis, material science, thin films and coatings. Plasma surface interactions play a
key role in nuclear fusion, atmospherieengtry and plasma medicine.

In the spacereactions of radicals and formation of molecules on solid surfaces is one of the
most impotant problematic of astrochemistry. In the interstellar medium reactions between
gas phase species are very rare and the chemistry takes place on the surface of dust particles.

Regardless a long lasting history of research on surface processes in reatacalar

plasmas this field is still barely studied and poorly understood, especially compared to the
presentknowledge of the mechanisms of gas phase reacton§ XUIDFH LV VWLOO W
LQFRJQLWD  IRU SODVPD VFLHQFH @KkKkihafic ribdellikg-bf @ HD U O\
pressure discharges. State of the art discharge models include dozens of gas phase reactions
between stable and excited species taking into account individual electronic and vibrational
levels. However, surface processes arenoitéroduced using effective reaction coefficients

that are not knowra-priory and used as tuning parameters. These adjustable parameters
reduce the accuracy and predictive capability of the models. Therefore, there is a real need for
adeeper understandjrof mechanisms of surface processes in reactive plasmas.

|.2 Context of the study

One of the promising applications of low temperature plasmas is the destruction of air
pollutants. High reactivity and low gas temperature of-equilibrium plasmas are we
attractive for low energy cost oxidation of volatile organic compounds (COV). A combination
of low temperature plasmas with heterogeneous catalyst was propos@80sin order to

improve the efficiency and selectivity of poIIutaiﬁstructior[S][Q].

The research activity on plasmatalyst coupling for VOC abatement has started at the
Laboratory of Plasma Physics in the beginning of 2000s with the PhD works of Olivier
Guaitella, Frederic Thevenet and Lina Gatilova. It was shownintraiduction of a porous
catalytic material (Si@or TiOy) in atmospheric pressure dielectric barrier discharge (DBD)
increases the efficiency of oxidation otH; (which was selected as a model pollutant).
Improvement of C@QCO selectivity was also obsed. Increase of the lifetime of atomic
oxygen due to its stabilization on the surface of the catalyst was proposed as an explanation of
observed synergetic effectslowever, the mechanisms of plasgstalyst interawon in

DBDs are very difficult to study due the complexity of the discharge phenomena at
atmospheric pressure.

The originality of the approach developed at Lld®Rsisted in the utilization of a low pressure

(~1 mbar) dc discharge for investigation of elementary processes on the surface of real
catalytic materials that were previously studied in atmospheric pressure DBDs. The use of
pulsed dc discharge allowed much better control over the plasma parameters and various in
situ and time resolved diagnostics were applied. Similar synergetic effégtidli destruction

by plasmacatalyst combination were observed at low pressyide}. In parallel the
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elementary kinetics of air plasmas at mbar pressures was studied. Production of O atoms, NO
and NO, molecules and electronically excited species(Bf 3 C*3) was measured and
modelled in[14][15][16].

This effort resulted in quite a complete understanding of the gas phase kinetics in pulsed dc
discharge in air and airfl, mixtures. However, surface processes were still barely
understood although it was shown that they play a very important rolewirpiessure
conditions. How radicals are lost and molecules are formechandvibrational energy is
relaxedon surfaces under plasma exposure remained unclear even for such simple non
catalytic reaatr wall materials as silica oryRex, to say nothing aboueal high specific
surface catalysts.

Understanding of surface processes isiQN containing plasmas at mbar pressures was
therefore the aim of my thesis. The interest of this work is more general than just air pollution
control. The research questiomat will be addressed are relevamtany application where
N/O, plasmas meet the surface.

Plasmas containing Nand Q play an important role for a great number of applications.
Many of these applications rely on the processes that take place oresunfamntact with

the plasma. In addition to air pollution control mentioned above we can name nitripn
deposition of thin fiIm, treatmat of polymer, and thermal protection on-tesable

space vehicle@]. In some cases plasmsarface interactions are inevitable; they arise from

the presence of reactor walls and influence the kinetics of the plasma. This is the case of

atomic source as well as any type of low pressure plasmasziﬁ)Nnixtures.

| .3 Organization of the thesis

In Chapter 1 of this thesis we give an outlook e presenunderstandingdf reaction
mechanisms of radicals on surfaces. Theoretical and experimental approaches to the study of
surfacereactiors in N/O, containing plasmas are reviewedhe open questionsoncerning

the role of chemisorbed atoniis surface catalyzed processae outlined Finally, we
formulate our objectives and research strategye propose the approach which consists in

the pretreatment of the surface by & O, plasma followed by probing of theoverage and
reactivity of adsorbed atoms.

In Chapter 2 the experimental gptand thaiseddiagnostics are presented.

In Chapter 3 we investigate adsorption and reactivity ofdihaton silica surface under, N
plasma exposure. We apply surface diagnostics such as XPS in order to determine the
coverage of adsorbed N atoms and follow the modification of the chemical composition of the
surface by plasma. Productiond$ and NOmolecues on the surfaceatalysed by adsorbed
nitrogenatoms is studiely mass spectrometry and laser absorption spectroscapger to

get insight in the reactivity of s Different methods of titration of Nsare compared.

In Chapter 4we study adsorptn and reactivity of oxygen atoms on oxide surfaces (silica,
Pyrex, TiQ) under Q plasma exposure. Reactivity of adsorbed O towards stable molecules

9
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(NO, GH,) and radicals'fO) is investigated using laser absorptipectroscopy and mass
spectrometryln order to get insight into the reactivity of weakly bonded oxygen atoms, we
study ozone production from recombination (Q¥ on silica surface.

In Chapter 5we study relaxation of vibrationally excited nitrogen molecules on the surface
using a newrifra red (IR) titration techniqueé\ shortdc discharge pulse is used to exate
mixture containinga small amounbf CO,, N;O or COin N,. Due to a very efficient
vibrational energy transfer between &hd IR tracers, their vibrational excitation is arage

of the vibrational excitation of N In the afterglow, the vibrational relaxation tifrating
molecules is monitored in-situ using quantum cascade laser absorption spectroscopy
(QCLAS). Relaxation measurements have been interpreted in terms of aicaimeodel of
norrequilibrium vibrational kinetics. Probability of Nibrational quantum lossyd_) on the
surfacehas been determined from the best agreement between the experiment and the model.

10



1. Chapter I: Surface reactivity in N,/O,
plasmas

1.1 Interaction of radicals with surfaces: basic concepts

Interaction between gas phase species and surfaces is a general problem that has been studied
with relation to a number of applications ranging from supersonic flights to heterogeneous
catalysis. Today, thelgpal picture of gasurface interactions is well established and can be
found in textbooks. In this section we introduce the basic concepts required for
description of surface reactions of radic&se particular case, which is central for our study
tinteraction of O and N atoms with silica like surfaces is considered as an example.

1.1.1 Adsorption

What happens when gas phase atoms arrive on a surface? The first step is the adsorption, i.e.
formation d a bond between atoms and the surface. Depending on the nature of this bond,
two cases are distinguishegphysicalandchemicaladsorption, schematically these cases are
represented |Rigure 1.1

Figure 1.1 Schematic representation of physisorption and chemisorption of atoms on the surface.
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1.1.1.1 Physisorption

Physisorption is a result of the Van der Waals interaction between gas phase species and the
surface. Van der Waals forcesginate from the attraction between induced electric dipoles
and therefore physical adsorption is a collective effect of interaction between impinging
species and atoms of the surfgieigure 1.1)shows schematicaiithe potential energy of this
interaction which is modulated following the position of surface atoms. These periodic
potential wells are called physisorption sites. The depth of the potential wells in the direction
perpendicular to the surface is the gyeof desorptiontypically it is found in the rangEq ~

0.01 £0.2 eV per particle. Apart from being desorbed, physisorbed species may also
move (diffuse) in the direction parallel to the surfatiee energy barrier that atoms need to
overcome in order to hop between neighbouring physisorption sites is obviously smaller than
the energy of desorption.

In order to describe physisorption of atoms on silika surfaces several parameters have to
be casidered:

X The surface density of physisorption sitesH]. The value of ] coincides with the
number of atoms on the surface (typicaty0™ cm?). It is usually supposed in the
models that all the physisorption sites are identical, i.e. the surfacen@geneous.

X The fractional coverage of physisorption sitesk. This parameter is simply the ratio
of the number of occupied physisorption sites to the total number of physisorption
sites.

X The energies of desorptionEy and diffusion Ep. These parameters mgsent the
depths of potential wells in the direction perpendiculg) énd parallel Ep) to the
surface. Typically, in the models; ~ 0.5 eV[5]. The activation energy for diffusion
Ep is supposed tbe a fraction of the activation energy for desorpfignaccording to
on glass surfaceEp/Eq~ 0.5.

x The characteristic frequencies of desorption Q) and diffusion (@Q). For
illustration purposes, one can imagine that physisorbed atoms oscillate in the potential
wells. The frequency of these oscillations in perpendicul@ @&nd parallel @)
directions is the frequency at which an atom attempteawee the surface or hop on
the neighbouring physisorption site. The characteristic residence time of an atom on a
physisorption site with respect to desorptiod)y @nd surface diffusion\§j can be

written as follow:

ile/z L SQR<:1/2; ATL x: Vs e oriz (1- 1)

Typically, for atoms adsorbed on siliike materials @ ~ 10° s* and @ ~ 10% s*

[9]. Inthe dependence of the characteristic timesTg is exponential.
Therefore, the temperature of the surface is a very important parameter for processes
involving physisorbed atoms.
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x Sticking coefficient s. This parameter accounts for the probability of an atom to be
physisorbed in a single collision with the surface. The valsaepends on the surface
coverage, OL Q:sF a,; where Q is the sticking coefficient on clean surface.
Usually, in the models of surface atomic recombination it is supposedQHhats
However, as mentioned i@ this assmption may break down when the kinetic
energy of impinging species is increased.

1.1.1.2 Chemisorption

Oxygen and nitrogen atoms have unpaired electrons and therefore they may efficiently form a
chemical bond (ionic or covalent) with the surface. In contraphysisorption, formation of

this chemical bond is possible only on specific places on the surface which are called

chemisorption sites. The binding energy in the case of chemisorption is typically found in the

range' 922-0.4 +8 eV per particle.

Are chemisorbed atoms necessarily stable?

*HQHUDOO\ VSHDNLQJ ZRUG\DBFKHFRXRG G f\6 * EBIQ
The lifetime of chemisorbed species can be calculated resultof calculation
with a typical value of@~ 10*° s [25] at room tenperaturds shown in the graph:

One can see thédr ' QJQ’ 4in the range 0.4t2 eV the value of¢hanges over 25 orde
of magnitude. Species with' Qa1 eV have the lifetime on the surface of the or
R PLQXWH DQG OHVV WKHUHIRUH WKH\ FDQTY
be able speak about the stability of adsorbed species, their lifetime on the surfac
be compared with other characteristic times in the system.

Parameters required for description of chemisorption on dikeasurfaces are similar to
those considered above for the case of physisorption:

13
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X The surface density of chemisorption sitesg]. The density of chemisorption sites [S]
is always smaller than the density of physisorption sites [F]. For-ikiegurfaces, the
literature values of [S)/[F] are scattered in the rangg Q0™ [5] [27(29§.
One of the reasons of such a big uncertainty is rather fundamsntéct, the nature
of chemisorption sites is not yet clear. It is believed that chemisorption sites are
associated with nesaturated Si atoms, impurities and surface defectstdBthe best
of our knowledge the density of chemisorption sites has never been measured directly.
As in the case of physisorption, in the models all the chemisorption sites are supposed
to be identical and homogeneously distributed on the surface.

X The fractional coverage of chemisorption sitesk. This is the ratio of the number of
occupied chemisorption sites to the total number of chemisorption sites.

X The energy of desorption qé”Z(."As the nature of chemisorption sites silicalike
surfacsis not well understood, the value bf* ajs generally an unknown parameter.
In the models, ltemisorbed atoms are supposed to be irreversibly trapped by surface
sites. In[5] the value' 924 3 eV was found for both O and N chemisorbed on fused
silica. Due to this high desorption energthermal desorption and diffusion of
chemisorbed atoms is discarded in the models when surface temperature is not too
high.

x Activation energy for chemisorption. Usually it is supposed that adsorption of atoms
on vacant chemisorption sites proceeds with zero activation energy, i.e. there is no
potential barriefor chemisorption.

1.1.2 Mechanisms of surface reactions

As we have seen above, chemisorbed atarastrapped by active sites, while physisorbed
species may diffuse along the surface. Due to the existence of these mobile species there exist
two mechanisms of surface processes: i) lRaleal (ER) according to which reaction takes

place in a direct ipact between gas phase species and adsorbed species ii) Langmuir
Hinshelwood (kH) that proceeds via diffusion on the surface. Schematically,aad L-H
mechanisms are shown[figure 1.2] Occupation of free adgation sites, recombination of

atoms and chemical reactions on the surface may proceed according to one of these two
mechanismsSurface diffusion and 4H reactions become pronounced at lower temperatures
when physisorbed species spend more time on tli@csurAt higher temperatures direciRE
mechanism is dominating.
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Figure 1.2 Schematics of Langmuliinshelwood and Elefrideal mechanisms.

An important parameter for description of atomic recombination on surfates astivation
energy of recombination g- ., Recombination of atoms A on the surface

S5F#E# \ 5E # (1.2

whereS states for a chemisorption site is similar to the chemical rea8ton D : B + CD.
According to , if this exchange reaction is exothermic, its activation energy can be
estimated as 0.0B%B-C) whereD(B-C) is the bond strength in the molecule BC.

Nitrogen and oxygen atoms chemisorbed on sllke surfaces are strongly bound with the
bond energy’ fﬂ@aof few electron volts. Therefore, the recombination process should have
the energy barrier of the order 6§ g5 0.2 eV[5]. It is supposed in the models thai 4 is

the sare for both -H and ER recombination mechanismBhe value of' 3 5 determines the

temperature dependence of the reaction rzﬁﬂa.@b

GL GATLF g6 0rr (1.3

wherek® is a secalled steric factor.

1.1.3 Surface reactions: thermodynamic viewpoint

As any other type of chemical reactions, reactions on the surface in equilibrium conditions are
determined by the laws of thermodynamics. According to the classical thermodgnainic
constant temperature and pressure spontaneous chemical reactions proceed with a reduction of
Gibbs free energy () Or), where ) L * F 65(H zenthalpy,S +entropy andT =+
temperature of the system). Following this general rule, let us consider a recombination
reaction between adsorbed specigg@nd species B coming from the gas phase. Product AB

is supposed toehve the surface. As an example of such reaction one may consider
recombination of atoms (O+#g O+Nags N+Nagg9 or production of molecules on the surface
(NO+0QO,4s Ox+0449. Reaction Ags+ B : AB will be thermodynamically favourable if
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C) L:*O»F*oF*»;F6:5»F53F5>;Or (14)

Condition|(1. 4)| signifies that depending on the nature of the reaction partner B different
species Ags PD\ EH SRWHQWLDOO\ L Q %ReQampl& twd HasbfindiBQ VL G H |
reactions: (i) O+Oygs: Oz and (i) Q+04¢s: Os. Standard enthalpies of formation and

absolute entropies of reacting species are Iis1é'diirhe 11 .

C.,* N 54
(kd/mol)  (kJ/motK)
O 249 0.161
O, 0 0.205
Os 1427 0.239

Table 1.1 Thermodynamic data for O,,@nd Q .

For reaction (i) calcaition usinat 300 Kyields¢) L *eox& V{zG,IKH-urr®
T& VG ,:IKH ; F5ax@nd for reaction (i) ¢) L *zox&E SIXG,IKH-urr®
T& VG i IKH ; F 5 axeWhee *:g«is the heat of adsorption of O. The value®fg x »

is not known, typically in condensed phase absolute entropy is found in the range0Q102
kJ/(mol K). Therefore, the maximum uncertainty related to the entropy term is rathiy sma
only of the order 010 kJ/mol (ort0.1 eV). The physical meaning of the conditigh O r

in this case is very simplethe adsorption energy of,Qat the surface should be smaller than
the bond energy of O in the product molecules. For (i) thimmdeat' fﬂ@ 3(0ad9<D(Oy) |5

eV and for (i) ' &2 2(0.49<D(0s) |1 eV.

This example demonstrates that the binding energy of adsorbed species is the key parameter
that determines surface reactivity.

1.2 Modelling of surface reactivity in plasmas

Processes introduced in the previous section play a role of elementary steps in surface
reactions. What we call mechanismof surface reaction is in fact a sequence of elementary
steps by which products are formed. From the theoretical viewpoisawelistinguish three

levels of description of surface reactions in reactive plasmas.

X 30DFURVFRS[TRE elerhievitar reaction mechanisms in this case are ignored
and surface reactions are characterized using effective probabiltiés (example of
this approach can be found. Values of Jand their dependencies tre
conditions are usually unknown and they are adjusted in order to reach the best
agreement with the experiment. From a perspective of plasma modelling the predictive
power of this approach is very limited.
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X Mesoscopic leveln this case the kinetics stirface reactions is described in terms of
the fractional coverage of active sites governed by a set of differential equations.
Elementary processes on the surface (adsorption, desorption, diffusion,
recombination) are supposed to occur with defined rafesgreat number of
mesoscopic models was developed in the past in order to explain recombination of
atoms in low pressure plasmas and aftergld&f22] and in the
conditions relevant to the atmospherieemry 36|. Mesoscopic description
may be considered on a more microscopic scale by using Noarte technique as it
was doe in [37]. MonteCarlo methods allow inclusion of the effects of local
interactions between adsorbed species.

x Simulation on the atomic leveThis approach gives a complete picture of surface
reactivity fom the first principles without introduction of any empirical parameters. It
has been developed over the past 10 yed@5}{38)[39){40) for description of O and
N atoms recombination on SiOsurfaces. Ab-initio modelling of surface
recombination is split in two parts. First, using density functidhalory (DFT)
computation the electronic structure of the crystalline solid interacting with incoming
gas phase species is calculated. This gives @gésce interaction potential and a
spectrum of lattice phonons that are used for s#asisical molecar dynamics
simulation of the recombination process. In addition to calculation of recombination
probability, abinitio calculations provide information about energy accommodation
between recombining species and the surface. Although this approach is very
promising, so far it has been applied only to adsorption and recombination of atoms on
model SiQ clusters composed of less than 100 atoms. Extrapolation to real conditions
is not straightforward due to the complexity of real disordered surfaces containing
various defects and impurities. Effects of plasma exposure is yet another complication
in real systems.

We conclude that at present mesoscopic approach presents the most useful and reliable way to
describe and predict surface reactivity in plasmas.

1.3 Mesoscopic modelling of atomic recombination on surfaces

We have described a number of elementary processes that come into play when atoms interact
with surfaces. The overall result of this interaction that is observable in the experiment is the

loss of gagphase atoms which can be characterized bygbembination probability J By

definition Jis the probability that impinging gas phase atoms A will recombine on the surface

with the formation of volatile molecular species A, W VKRXOGQTW EH PL[HG ZLW
loss probability Ethat takes into account all the procesleagling to losses of atoms on the

surface (adsorption and recombinatiovidlues of Jfor N and O atoms on silidée surfaces

have been intensively measured experimentally. The aim of the modelling is to reproduce
experimental results based on the defiset of elementary processes.
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Here we will sum up the main results of the models of atomic recombination onrlikgica

surfaces developed if5][26){27][2§). In these models only recombination in the post
discharge is described.

X When the surface is exposed to a flux of atoms, chemisorption sitesi®@edtmost
fully occupied, i.e.&|1. This is explained by the fact that chemisorbed atoms leave
the surface only via recombination which is a thermally activated process. Population
of chemisorption sites is faster (it has no energy barrier) and it caatesnosses of
chemisorbed atoms.

x Surface recombination takes place between chemisorbed atoms and impinging gas
phase atoms (R) or diffusing physisorbed atoms-f). Recombination between
two physisorbed atoms is usually discarded because of a lowofi@ctoverage of
physisorption sites. Thigsultbreaks down and requires special treatment at very low
surfacetemperatures as it is mentioneﬁ.

The exact values of the parameters of elemersiarface processes ([Hq, Ep, '120Q @

steric factors for chemisorption and recombination) are not knevpmiori. With an
appropriate adjustment of these parameters measured in the experiment, temperature
dependence oflmay be reasonably Weeproduced by models.or example, variation of the
recombination probability), of atomic oxygen on pyrex as a function 10QQf measured

and modelled i is shown | One can see thalexhibits a complex nen
monotonous temperature dependence. Similar results were obtairjéfl for O and N
recombination on silica. The higbmperature bra of the J dependence on SjQwvas

studied in in conditions relevant to the atmospherierery.

Figure 1.3 Measured and modelled recombination probability of O atoms on pyrex at different surface
temperatures.
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Three characteristic temperature regions were distinguisin

X High temperaturesT(q > 330 K): desorption of atoms from physisorption sites is
faster than surface diffusion. Only-FE mechanism is efficient. The slope of the
dependence ofJversus 10004 is determined by the activation energy ofRE
recombination.

X Intermediate temperatures (160 K Kar < 330 K) where both R and L-H
mechanisms have comparable efficiency.

X Low temperaturesT{ya1 < 160 K). Physisorbed atoms have suéitly long residence
time on the surface andi mechanism is dominating. The decrease of the valug of
with decreasing the temperature is determined by the activation energyHof L
recombination.

We can see that the measured variationbas reprodued reasonably well. But a question

may arise: does the model describertradity or it is just an effective way tiit the evolution

of % observed in the experiment? Another question which is related to the firstisribe

set of parameters of elemant processes obtained from the best agreement with the
experimentunique? Regardless a huge number of published experimental and theoretical
studies these questions are still open. The reason for this is that the recombination of atoms on
the surface is aesult of an interplay between many elementary processes. The rates of these
processes are generally unknown. Deduction of several parameters from one measured
quantity (J is an ilkposed problem from both physical and mathematical viewpoints.

/IHW XV VKRZ WR ZKDW H[WHQW WKH ILWWLQJ SURFHGXU
assumptions made about the parameters of the model. Consider for example the high
temperature paof J in It is well established that at high temperatures orR/ E
recombination is efficient because physisorbed atoms are immediately desorbed back into the
gas phase. This has been recently cordd by molecular dynamic simulatio@. The

J dependence onTy can be well fitted with

G L=GATLF> Ggpp (1.5)

In the mesoscopic model of Kim&BouddB], coefficientb is interpreted as an activation

energy of ER recombination. In later work of Bedhtzal this coefficient is vaguely
FDOOKHGWRWDO UHFRPELQDW L&b@itio EAwationg/deRoQnad @ khd J\™ D Q
same study show that ER recombination process itself has no energy barrier. Similar
barrierless behaviour of recombination reactiongs® and QustN was found inab-initio

calculations performed i@. It is evident that there is a conflict between mesoscopic and
microscopic interpretation of the activation barrier for recombination.

Understanding of the prexponentl factora is not much better. According {6], =L > ?®
G, awhere G, ds the steric factor for IR recombination (see expres. In principle,
both G}, zand > ?are unknown. If we suppose th&f, =1 as it was done if5], expressio

immediately gives the density of chemisorption site®L = However, if we assume
G,z r&as in or {41), higher value of [S] would be estimated. The value of [S]
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obtained from the high temperature measurements influences in turn the best fit parameters of
L-H processes that come into play at intermediate anddoyératures.

We can see that the description of recombination of one sort of atoms in a gas containing only
one sort of molecules is already a difficult task with many unknown parameters. The
complexity increases manyfold when we just mixadd Q!

1.3.1 Surface kinetics in N/O, mixtures

Extension of models for pure gases to mixtures has been done for;exilicabased
thermal protection syste andmetallic surface. According to these models N and

O atoms may compete for active sites or even occupy different types of sites. Recombination
pathways include formation of@nd N as in pure gasdsut also NO in association between

O and N. NO produced on the surface may undergo further heterogeneous reactions forming
NO, or N;O. Theoretical description of the ensemble of these processes requires introduction
of a great number of parameters.

1.3.2 Roleof plasma exposure

7KH SLFWXUH RI VXUIDFH UHDFWLYLW\ GLVFXVVHG VR IDU
plasma exposure. So what is the possible influence of charged and excited species produced
in the plasma on the surface reactivity? In low presglasmas, positive ions are accelerated
towards reactor walls in the near wall she and gain kinetic energy which easily
exceeds-10 eV. This energy in enough to break chemical bonds formed detive surface

and chemisorbed species and even between atoms of the material (in quartz bond energy of
oxygen atoms is of the order bfeV ). Therefore, ion bombardment may remove atoms
from occupié@ active sites, create new sites (by creating defects) or even modify structure of
the surface. Moreover, ions may activate chemical reaction due to a local supply of thermal
energy to the surface. Similar effects are expected from exposure to UV phuotioescaed

species carrying few electron volts of energy.

These examples clearly demonstrate that there is a need for &tidess that would limit
the number of unknowns and shed light on the role of plasma exposure for mesoscopic
description of surfee reactivity in N/O, plasmas.

/I[HWV VHH ZKDW W\SHV RI H[SHULPHQWDO LQYHVWLJDWLRC
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1.4 Surface reactions in N/O, plasmas: review of experimental studies

A great number of studies of surface catalyzed reactions,i@,Nontainng plasmas is
available in the literature. Two main groups of processes under investigation may be
distinguished:

X Recombination of N and O atoms on surfaces.
X Production/conversion of molecules on the surface.

Most of the studies were performed at low puess (p~ 1 mbaJ because in low pressure
conditions surface processes dominate the overall chemical kinetics of the plasma and the
mechanisms of heterogeneous reaction may be investigated in details.

1.4.1 Recombination of O and N atoms on surfaces

Recombinatn probabilities of oxygeng) and nitrogen ) atoms on different surfaces have
been measured by many authors. As a general rule, the valdeménds on:

X Type of recombining atoms.

X Type of the material. For the same chemical composition of the material there is a
dependence atine crystalline structure and surface morphology.

X Pretreatment history.

x Surface temperature.

X Plasma exposure on the surface and conditions in the plasma (pressure, gas mixture).

Catalytic properties of silichased materials (silica, Pyrex, various glag$ave been studied
intensively in connection with atomic sources and thermal protection systems on reusable
space vehicles. Several experimental techniqueddetermination were employed:

X Spatial post dischargéAtoms produced in a discharge are transported by the gas flow
outside the plasmas zone and the valudisfdeduced from the measured profiles of
atomic concentrations. Using this technique recomimingprobability of O atoms
(%) was determined on silic@ and Pyre at 300 K and as auhction of
the wall temperature between 194 K and 1250 K on sﬂﬁ; J was measured
on silica[5][33){49 and Pyrex50] at different temperatures.

x Temporal post discharge The value of Jis deduced from the time evolution of
atomic concentrations in a pulsed discharge during plasma OFF phase.
Recombination of atoms takes places on the surface that was exposed to the discharge
during plasma ON. This techniqgue was used f®rdetermination onsilica
[21{27)and Pyreq28§] [51].

x Stationarydischarge.Under continuous plasma exposure recombination probabilities
are found from the measured gradients of atomic concentration in front of the studied
surface or by means of global modelling. This technique was employed}, for
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measurements on silica at high temperatures relevant-torting condition@
and a300K [52] as well as on Pyref22)[53 at various temperatures.

X Spinning wall techniqueRecenty, a sacalled spinning wall technique for the study
of surface catalyzed processes in reactive plasmas has been developed by the group of
V. Donnelly. With this method, a cylindrical section of thall of the plasma
reactor is rotated and periodically exposed to the plasma and then to a differentially
pumped mass spectrometer. Using spinning wall technique the productddof L
recombination may be detected 80 ms after plasma exposure. This miation
is complementary to the measurements of the total recombination probability.
Recombination of atomic oxygen on stainless steel, anodized aluminium and SiO

using the spinning wall technique was investigatﬂ\.

A summary of the publishetheasurements of} can be found in a recent revi;
comparison of the values & determinedy different authors is done . Analysis of the

results for silica and Pyrex reveals a significant scatter of the published values depending on
the experimental conditions and notably on the technithee was employed for
Jdetermination. For the same material the valuesmiasured in stationary discharges or
temporal post discharges are systematically higher (by at least one order of magnitude) than
those found in the flowing post discharge where there is no contagtdyethe plasma and

the studied surface.

In it was shown that the effect of plasma exposure on the valdgméy persist during

many minutes after the end of the wall treatment by a dischar@lthe effect of @Qand

N, plasma pretreatment on the recombination of atomic oxygen on silica and Pyrex surface

was studies and interpreted in terms of population and depopulation of surfacesiesive
XQGHU SODVPD H[SRVXUH W ZDV VXJIHVWHG WKDW LRCQC
increase therefore catalytic activity of the surface, while O atoms passive the surface when
they stick to chemisorption sites.

1.4.2 Molecule production/conversion onsurfaces

:KLOH KHWHURJHQHRXY DWRPLF UHFRPELQDWLRQ LV D ®FO
several decades, only recently the role of the surface as a source of new molecules in reactive
plasmas has been recognized. New molecules may be pradusgdiace reactions of atoms,

for example (O+N)ai : NO or (O+NO)y : NO,. Therefore, losses of atoms and production

of new molecules are closely coupled. However, investigation of molecule formation on
surfaces requires a special approach because surface terms have to be separated from
production of moledes in the gas phase. This is usually done by a combination of
measurements of species concentrations with kinetic modelling.

In formation of NO, N@ and NO in recombining M +O, plasmas in a stainless

steel vessel at a pressurd.1 +1 mbar was investigated. Measured concentrations,0f N

were compared with the results of a kinetic ®lodrhe evidence of NO, NOand NO
production on the surface was demonstrated. It was shown that molecules are formed in
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recombination between mobile adsorbed O, N and NO and impinging gas phase species. A set
of sticking coefficients and activation enmg for different surface reactions was obtained
from the best fit between measured and calculated concentrations.

In [31){32){60][61) molecule formation was studied in a hollwathode discharge with NO,

NO,, N.O and N/O, used as precursors at a pressutelpmbar. An important role of JD,
production reactions on the stainless steel cathode surface was demonstrated. Probabilities of
heterogeneous NO, N@nd NO formation were obtained from the best agreement between
measurements and kinetic modelling.

Recently production of NO from surface redaination of N and O atoms on silica has been
evidenced i@. Measurements of O, N and NO concentrations were performed in a
side arm reactor witthe wall temperature ranging between 300 K and 1200 K. It was found
that the reaction rate of (N+@): NO is comparable in magnitude to (N+f): N2 and
(O+O)ya : Oz in the whole temperature range.

Here we conclude that the fact of production and conversion of molecules on the surface in

low pressure BO./N,Oy plasmas is well established. However, mectrasi of surface

reactions in such complex environment are far from being fully understood. First, due to a
great number of different elementary processes that take place simultaneo@ a7
recombnation reactions on the surface were considered). And second, the rates of surface
reactions in cited works are not measured directly but obtained from the best agreement
between experiment and simulations. Gas phase kinetics/®, ldlasmas itself is vegr

complex. For example, in order to describe NO production in air discharge a number of
reactions with electronically and vibrationally exciteg this to be considerdd6][63. The

rates of these reactionsam@t NQRZQ ZLWK D JRRG SUHFLVLRQ 7KHUHIRL

[Surface Productiopr[ Measured Productiga[Modelled Gas Phase Production

is limited in accuracy, although it allows in many cases to eva#reimportance of surfaces
for molecule production.

1.5 Research questions

In order to get insight into elementary processes,®@Nolasmazsurface interactions simple
systems with reduced number of relevant reactions (on the surface as well asas ghasg)
should be studied. Ideally, it would be desirable to isolate and investigate one surface reaction
at a time. The objective of this thesis is to investigate chemisorption and reactivity of N and O
atoms on oxide surfaces (silica, Pyrex, J)iOnde plasma exposure. The following question

will be addressed:

x Can atoms be chemisorbedhhough introduced in the modelshemisorbed N and
O atoms on silicdike surfaces have never been observed experimentally, so this
guestion is the first to be answere

X What is the coverage of these atoms?
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X What are the main processes of adsorption and desorption?
x How chemisorbed atoms catalyse production of molecules on the surface and
participate in surface recombination of atoms?

1.6 Research strategy

In this thesis wawill study adsorbectoms that are sufficientistable and have a lifetime on

the surface of at least few minutes. Therefore, once being adstirbsslatoms remain
attached to the surface even after the end of plasma/atomic flux expdsarepens a watp

separate in time the adsorption step and the study of grafted species. We propose the approach
which consists in the pretreatment of the surface pgrND, plasma followed by probing of

the density and reactivity of adsorbed atoms. We must acknowtbdgehe idea of tii
approach was inspired by wook G. Cartry, dosing experiments of R.Zijlma@ and

fruitful discussions with Prof. D.cBram.

The role of the studied surface in our experiments is played by the inner wall of the discharge
tube which can be made of silica, Pyrex or silica with agsblfilm of an oxide catalyst
(TiOy). For exsitu surface diagnostics, small samples ofstuime materials are treated in the
discharge in the same conditions as employed for the pretreatment of the reactor surface.
Schematically the experimental sequence is shojgure 1.4

Figure 1.4 Schematic of the experimental procedure.

The seFDOOHG 3LQWHUPHGLDWH VWHS™ PD\ EH MXVW SXPSL(
pretreated surface to elevated temperatures, UV light or Ar plasma in order to investigate the
stability ofadsorbed atoms. During the third step the surface is probed in three possible ways:

X Exsitu xray photoelectron spectroscopy (XPS) analy$lis diagnostics is mainly
applied after Nplasma exposure in order to monitor nitridation of SiO

X Reactivity ofadsorbed atoms under plasma exposuaéier the pretreatment the
discharge tube is filled with an alternative gas (for exampleaf®er N plasma
treatment or°0, after *°0, plasma treatment) and a discharge is started in closed
reactor. Molecules produdeon the surface in recombination between gas phase and
adsorbed atoms are detected using laser absorption spectroscopy or mass
spectrometric diagnostics.

X Reactivity of adsorbed atoms in the post discham@féer plasma pretreatment a
controlled amount oprobe molecules (NO, NQ GHy,) is admitted in the reactor.
Losses of these molecules and production of new species on the reactor walls
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catalyzed by adsorbed atoms are monitored by laser absorption and mass
spectrometric diagnostics.

In the following chaters we will separately investigate adsorption and reactivity of nitrogen
(Chapter 3) and oxygen (Chapter 4) atoms on various surfaces using proposed experimental
methods.

1.7 Definitions and notations

In the following chapters @/ will see that different tygsof O and N atoms on th&tudied
surface may exist. Here we will give some definitions:

We denoteN,qs andO44s tadsorbed atoms that have a residence time on tfaxzeuat least
~10° s, so they can be detected in the experimental sequence sfielgara 1.4

We will find that in some conditions therg exist fg{‘oupsof stable adsorbed aton\sgs
and Qgsthat are more reactive; we will use” and yY to denote these atoms.

For atoms thaleave the surface during the pumping of the reactor after the pretreatment
use *““*'and °‘*". These atoms may lsitherphysisorbed of weakly chemisorbed.

And finally we will see that oxygen atoms belonging to the crystalline netwodkide
materials (such as silica or Pyrex) may also contribute to surface reactivity. But we wjfll
use any special notation for these atoms.
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2. Chapter Il : Experimental setup and
diagnostic technigues

2.1 Discharge setup

2.1.1 Reactor and gas system

A dedicatedexperimental setup for investigation of interaction between low pressure plasmas
and catalytic surfaces has been created in the Low Temperature Plasmas group during the
PhD works of Olivier Guaitell§64] and Lina Gatilovs5). With some further modifications

and addition of new diagnostics the same setup is used in this study.

[Figure 2.1]showsthe view of the seip. Plasma is ignited in a cylindrical reactor of 2 cm
inner diameter and 60 cm full length. Discharge tube consists of three parts. Central part has a
length of 40 cm and it is installed between two Pyrex sections using specially designed
vacuum conneadns. This part can be easily dismounted. Therefore, reactors made of
different materials or containing different catalysts can be studied without any modification of
the system. In the present geometry plasma is in contact only with the studied surface wha
significantly simplifies the analysis of the results. Two fast pneumatic valves isolate the
reactor from the rest of the system in order to perform experiments in static conditions with
no gas flow. With the low leak rate -@®° sccm) adsorption/desoiph reactions on the
catalytic surfaces may be followed during hours without a strong influence of the atmospheric
impurities. KBr windows are fixed on each end of the tube allowing infrared laser absorption
diagnostics inside the reactor.

Figure 2.1 Experimental setup (1}interchangeable discharge tube section,f2)ffer volume, (3)zhigh
voltage electrode, (4xgrounded electrode, (5pneumatic valves, (6xmassflow controllers
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The vacuum system is pumped useng oitHfree scroll pump (Edwards XDS10) to a base
pressure of 0.1 Pa. Introduction of working gases is performed using 3 mass flow controllers
(10, 100 and 500 sccm). When working in flowing conditions, gas pressure is adjusted by
changing the pumping ratesing a valve at the reactor outlet. Pure gases ArONwith the

typical level of impurities <3 ppm and prefabricated gas mixtures containing 1% of NQ, NO
N.O, CO, CQ or GH. diluted in argon or hare employed in the experiments.

When reactivity ofplasmapretreated surfaces is studied, it is essential to introduce in the
reactor a gas mixture containing a well defined number of probe molecules. The buffer
volume is used to prepare the desirable gas mixtures and rapidly inject them in the reactor
usng the pneumatic valves. Then the valves are closed again and the evolution of the gas
phase species may be followed by differiensitu diagnostics. Due to the operation in static
conditions with precise dosing of reactive gases we are able to perkpenneents with
specially pretreated surfaces in which kinetics of gas phase species in a single discharge pulse
is investigated.

2.1.2 Pulsed discharge systems

The focus of this thesis is the investigation of surface processes in low presgdse N
plasmas. Fom the view point of the discharge type our objective was to create the plasma in
the most simple and well controlled way. For this reason direct current (dc) glow discharge
and radiofrequency (rf) capacitively coupled discharge are selected. In this gtuskd
discharge technigue is used in order to investigate kinetic processes in plasmas. The
advantage of pulsed discharges compared to continuous ones is that processes having
different characteristic timescales (electronic excitation, vibrationaladuit dissociation,

gas heating, etc..) may be easily controlled and separated by an appropriate selection of the
discharge pulse duration.

2.1.2.1 Direct current glow discharge

A pulsed dc glow discharge is ignited by applying a high voltage to a pair ofoglestvia
aballast resistor. The schematic of the discharge setup is shfviguire 2.2] Power supply
consists of a capacitance bank charged by a continue2® K¥) power supply, high voltage
pulses are formedsing a triggered solid state switch. Positive pulses with the rise timof 1

and up to 10 kV in amplitude are obtained. The maximum pulse duration is limited by the
energy stored in the capacitance and by the amplitude of the desired discharge current.
Discharge current is adjusted by choosing the value of the ballast resistd5-{® k:) and

the applied high voltage.

Electrical diagnostics of the dc discharge consists in the measurements of current and voltage
waveforms. The discharge voltage is maadwith a high voltage probe (LeCroy PPE20kV).

The discharge current is deduced from the voltage drop on, @8R} : series resistor
placed between the cathode and the ground. Both current and voltage signals are digitalized
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using an oscilloscope (LeGrat4Xi, 400 MHz). Typical voltage and current waveforms are

shown ir[Figure 2.3

Figure 2.2 Schematic of the experimental setup. Both dc and rf discharge power supplies are shown.

Figure 2.3 Discharge voltage and current waveformgpN133 Pa.

The main advantages of using a pulsed dc discharge for investigation of slasace
interactions are the following:

x Easy control of th discharge parameters (discharge current, pulse duration).

x Discharge column is homogeneous along the reactor axigferent parts of the
discharge tube undergo the same plasma exposure.

x Easy insitu diagnostics. Homogeneity of the discharge column alfmwa number of
guantitative in-situ diagnostics (laser absorption, UV absorption). Local species
concentrations may be obtained from measurements averaged along the discharge
axis.

x Very well studied discharge type. The pulsed dc discharge system utfes work
was characterized in the PhD works of O. Guai@ and L. Gatilov@. Kinetics

of dc discharges in Nj66], O, [67] and their mixture§16]{63] similar to one used in
this study have lBn intensively investigated in the past and several numerical models
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were created. With these models all the discharge properties may be predicted with a
good precision based on four input parameters: i) discharge tube radius, r ii) gas
pressure, p iii) gamixture iv) discharge current, I. Results of different studies may be
compared due to the existence of scaling laws for dc glow discl@es

The conditions ofdc discharge operation used in thisdstand typical plasma parameters

(according to previous studif83 ﬁ@) are listed ifirable 2.1

Gas p,[mbar] i[mA] Viins] E/N[Td] ne[cm™] Te[eV] P'[W/cm’]

N, 0.53 100 5 120 1.7.10° 3 0.4
N> 1.3 50 5 80 1.1:10' 1.7 0.3
O, 0.53 100 10 60 1.910% 38 0.17
o)) 1.3 100 10 50 2.2.10%° 3.6 0.35

P +power density
Table 2.1 Typical dcdischarge conditions used in this study.

2.1.2.2 Radiofrequency capacitive discharge

A capacitive rf discharge is ignited in the same discharge tube. Two copper ring electrodes are
placed on the tube outer surface and driven symmetrically by a 13.56 MHz ge(®aatem
300W)through a specially designed pystll matching network. The discharge is operated in
either pulsed or continuous modgpically, the rf discharge is operated in the same pressure
and gas flow conditions as the dc one. The length of Wst@mogeneous rf discharge
column is 40 cm and it occupies entirely the interchangeable section of the discharge tube.
The total length of rf plasma column is 50 cm, i.e. the same as in the case of the dc discharge.
The use of a rf discharge in additinthe dc discharge is motivated by several reasons:

X When surface cleaning by plasma is performed it is desirable to use relatively high
power coupled to the discharge in order to get reproducible results with reasonable
pretreatment times. Increase oéttc discharge power would inevitably lead to the
erosion of the electrodes and pollution of the studied surfaces.

X In the experiments on molecules oxidation on plasma pretreated surfaces it was found
that some molecules react on the metallic dc electrddethis case a dedicated
discharge tube with rf excitation using external electrodes only has to be used.

X The length of the rf discharge column can be easily changed by moving the ring
electrodes along the discharge tube. Therefore the studied surfagdsenexposed
directly to the discharge or to the flowing afterglow. This allows discrimination
between the roles of ions and neutral radicals in surface reactivity.

Our discharge system is not adapted for detailed electric diagnostics. Grounded sutfaes i
vicinity of the discharge column introduced uncontrolled stray capacitance and the
determination of the rf current flowing in the plasma is not possible. Therefore, the discharge
is characterized by the power absorbed in the plasma. Incident aacte@flf powers are
measured by an dline power meter placed between the rf generator and the matchbox. In
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order to measure the power absorbed by plasma, losses in the matching circuit should be
taken into account. This was done using the subtractionoah m . First, incident( 2 and
reflected( 2{) powers as well as the voltage"gg on the electrodes are measured without
plasma (at a pressure too high for the discharge ignition). Without the discharge the difference
25 + 2 represents the $ses on the active resistance of the matcher and electrical contacts
and therefore it is proportional tD7éd;6. When the discharge is ignited, power dissipation in

the plasma is calculated as follows:

t
7S
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,QGH[ 3 "FRUUHVSRQGV WR WKH PHD \£Klashm& BFF W ypically\w K SOD
the Py is in the range 130 W what corresponds to injected power density 0062 W/cnf.

It was found thaP, accounts for about 50% of the value 3 F ;. Therefore, power

losses in the matcher cannot be neglected.

2.2 Diagnostics employed

In this work reactivity of different catalytic surfaces under plasma exposure is studied. We
analyze primarily gas phase products of surface catalyzed reactions. Therefore, a number of
gas analysis techniques are employed, namely tunable diode laser absorption spectroscopy
(TDLAS), ultraviolet (UV) absorption spectroscopy and mass spectromet).(Mlasma

ON phase is characterized by optical emission spectroscopy (OES) and the production of
atomic oxygen in the discharge is studied using two photon absorption laser induced
fluorescence (TALIF). Chemical analysis of the surface after plasma erpiesperformed

using xray photoelectron spectroscopy (XPS).

In this section the principles and the experimental implementation of these techniques will be
described.

2.2.1 Tuneablediode laser absorption spectroscopy in minfrared range

2.2.1.1 Principles of laser Bsorptionspectroscopy

Numerous molecules and radicals exhibit strong absorption features {mfrar@d range
(&2.525 RBn) corresponding to roteibrational transitions within the same electronic state.
Availability of tunable lasers and sensitive fast detectors working inliRiichake laser

absorption spectroscopy a powerful toolifesitu time resolved gas seng .

The basic principle of the absorption technique is expressed in thé.&wéert law:

.o A
+ th—j'rjpTR L F++ GO:VtVIRL FGOA (2.2
- ] 4
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wherel,(0) andl,(L) signify the intensity of the incident and transmitted laser radiation at
frequency Q passing through the absorbing medium having the lengthN is the
concentation of absrbing molecules @ cm®. Spectral integration is performed over the
complete absorption line profilé&Spectrally integrated absorptiooross sectionGcan be
expressed as follows:

L))
D&yp, GAPI Gl 2 3
GL S IsF (2.3
? Baacb G

whereBj, andvi are the Einstein coefficient and the frequency of the observed transition,
(n, g (gw) are the population and the statisticaligi® of the lower (upper) leveE; s the
energy of the lower level ar@«(T) is the rotational partition functionfFrom equatio
it follows that the concentration averaged over the absorbing length is actually measured.

In this work, laser adorption measurements are perfornuckctly in the discharge tube.

Thus, the absorbing volume has a length of 60 cm, allowing for the detection limits of the
order of 18> molecules crii (depending, of course, on the measured species) with a single
laserpass inside the reactor. Due to the homogeneity of the discharge along the tube axis,
average quantities measured by laser absorption may be considered as a good approximation
for the local values of species concentrations.

2.2.1.2 Advantages of laser absorptioreasurements

Combination of high sensitivity, high time resolution (down to f&y and possibility of fast
acquisition of a sequence of absorption spectra without signal accumulation make tunable
laser absorption spectroscopy a unique tool for kinetic studies. It is the only gas sensing
technique allowing time resolved-situ measuements in &ingleplasma pulse.

2.2.1.3 Pitfalls of laser absorption measurements

When absorption spectroscopy with diode lasers is employed, individuaViboational

levels of absorbing molecules are probedl (n order to deduce the total concentratigrthe
vibrational and rotational distributions of absorbing molecules have to be taken into account.
In thermal equilibrium, these distributions are always Boltzmanm with the same temperature
equal to the kinetic temperature of the g&ig.(In nonequilibium conditions which are
typical for low temperature plasmas the following ordering of the characteristic temperatures
is usually establishedy = Tt ” Tvibr. Even at low pressures- mbar) fast rotational
translational relaxation leads to the equililoni between rotational and translational degrees

of freedom. Formation of neequilibrium vibrational distributions is observed when
vibrations are efficiently excited and the vibratiotranslational relaxation is slow.

In order to perform correct measarents during plasma ON phase, the knowledge of the gas
temperature is required. An additional complication arises from the fact that temperature
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gradients are established between the axis of the discharge and the reactor walls. At constant
gas pressure, ngperature gradients result in the gradients of the neutral gas density what
makes accurate absorption measurements a very difficult task.

In the present study in order to get rid of the undesirable distortions we combine the pulsed
discharge technique wittime resolved laser absorption measurementfFigure 2.4] a
schematic of a typical behaviour of the laser absorption signal in the presence of gas cooling
and vibrational relaxation effects is shown. For corraderpretation of absorption
measurementsn every particular case the analysis of the characteristic times of different
processes (chemical reactions, gas cooling, vibrational relaxation) should be performed.

Figure 2.4 A typical behaviour of the absorption signal in a pulsed discharge in the presence of gas cooling and
vibrational relaxation effects.

2.2.1.4 Diode laser spectrometer

A commercial laser spectrometer (LaserComponents) is us@d$au monitoring of species
in the reactor. A schematic of the laser system isveha|Figure 2.5 The main components
of the spectrometer are:

x A cold headin which four PbSe diodes cooled by a cloesgdle helium refrigerator
are installed. Té diodes are kept at a pressure of fribar and cooled down to 10K.
Typical operating temperature of the diodes lies in the rang&26R and it is
adjusted by a resistive heating of the copper support on which the diodes are
mounted.

X The temperature dhe lasers and the driving current flowing through the diodes are
adjusted by a PC operatedntroller.

x Typically, led salt diodes are multimode, whereas for quantitative absorption
measurements a single mode operation is required. A grabngchromator is used
to select the desired emission mode of the laser.

X After passing through the reactor the intensity of the laser radiation is measured by a
liquid nitrogen cooledletector (JudsonJ15D16).

X The detector signal is amplified and then transferred to Wievia a 2 MHz
acquisition card (NI PCI 6111). Then the signals are analysed byDheWintel
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software that performs fitting of the absorption spectra for concentration
determination.

Figure 2.5 Schematic of the tuneable éasystem.

Chirped laser radiation is emitted when a current rarBPE600 mA) is applied to the diode.
Coarse tuning of the laser frequency is performed by the temperature adjustment
(4cmi*/K) and fine tuning is achieved by setting the current (less thl crit/mA). Typical

tuning range of each laser is of the order of 20" @nd output laser power is 611mW.
Commercially available lasers cover the spectral range of#8@80 cnt. In order to achieve

the best detection limits the diodes are gelbdo match with the most intense absorption
features of the species of interest. Therefore, usually for each molecule a specific diode has to
be used.

In[Figure 2.6]an example of a diode laser operation for Nédedtion around 1900 chis

shown. The laser is tuned over approximately 0.2" claring the current ramp of a total
duration of 380R. The 20 off phase is used to estimate the baseline of the detector. The
total pulse repetition frequency is 2.5 kHke duty cycle ratio is 95%) what set the limit for

the time resolution of the measurements. Several successive laser pulses may be averaged by
the TDL Wintel software in order to improve the signal to noise ratio. As a rule, improvement

of the detectiorimits is always performed at the expense of the time resolution. In practice,

for NO measurements a typical time resolution was set-20 tns depending on the
experimental conditions.

The transmission spectrum of a germanium F&wEgot etalon with a kwen 0.047 crit

fringe spacing allows conversion of the time scale of the current ramp (upper panel) into the
frequency scale of the absorption spectra (lower panel). The TDL Wintel software performs
fitting and integration of the absorption line and theueal of the concentration are
automatically calculated using the molecular parameters from the HITRAN dse
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Figure 2.6 Example of a diodeaker operation around 1900 ¢nThe upper panel shows the waveform of the
laser driving current. The lower panel shows the absorption spectrum of NO and the signal of a germanium
Fabry-Perot etalon with 0.047 chfringe spacing.

2.2.1.5 Threechannel quantum czade laser spectrometer

Quantum cascade laser (QCL) is a new type of semiconductor lasers that was theoretically
predicted in 1970s in USS and implemented in 1994 in Bell Laboratoriggy. The

laser active region of QCL comprises a periodic series of thin layers of different materials (a
so-called supetattice). A single electron moving through the QCL active region emits a
photon every time itravels the distance equal to the period of the sigice. Therefore,
photons are emitted in a cascdite manner what gave the name to this type of lasers.

Compared to classical TDLAS quantum cascade laser absorption spectroscopy (QCLAS) has
a numbe of advantages:

X QCLs do not require cryogenic cooling and can operate-3.€£30 )°C with
thermoelectric cooling. This reduces significantly the size and the cost of the laser
system. Compact size permits combination of several lasers in one system for
simultaneous multi species detection.

x Due to the cascade photon emission mechanism the quantum efficiency and hence the
output power of QCLs is much higher. This allows utilisation of fast
thermoelectrically cooled detectors.

X QCLs emit one single mode attterefore can be used without any mode selectors.

X The pulse repetition frequency of QCLs may reach few hundred kilohertz allowing
for B time resolution.
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Regardless their invention about 20 years ago, only recently QCLs have been recognized as a
promisingtool for plasma diagnosti. The group of Prof. Roepke at INP Greifswald are
among the first who started design and production of dedicated QCL spectrometers for
species concentration measurementsplasmas. A {&hannel TRIPLE Q system
developed at INP Greifswald is used in this work. The schematic of the TRIPLE Q
spectrometer and its optical layout is showffiigure 2.7] Compared to led salt diodes QCLs

have even smaller tuning rang€’ (cni*), therefore with three laser system 3 different species

can be simultaneously measured. Overlapping of absorption features of some species (CO
and NO @ 2200 m?, C;H, and CH @1300 crit) allowed detection of 5 and more different
molecules in some cases.

a) b)

Figure 2.7 Principle scheme of the TRIPLE Q spectrometer a) control signals b) optical arrangement (OAP
off-axis paabolic mirror).

QCLs are housed in temperatgtabilised laser heads and operated by pulsed laser drivers
(Q-MACS Basic, neoplas control). The divergent laser radiation is collimated ushagisff
parabolic mirrors (OAP) and combined in a single lasanbéy a telescopic system. This
beam is then directed three times through the discharge tube and finally focused onto a fast
detector (IRDM600, neoplas control). The detector module contains a temperature controller
specifically adjusted to the detectolerment (VIGO, PDI2TE-10/12) and pramplifier
(bandwidth: 600 MHz, rise time: 2 ns).

The QCLs are operated in a-scalled intra-pulse mode, i.e. the laser frequency is scanned
during a short (10@00 ns) current ramp. |In

[Figure 2 8Jan example of the absorption spectrum of,@@und 2325 ciis shown. The

QCL chirp rate is about 0.02 &lfms and therefore it is tuned over the absorption features of
CO,in ~ 5 ns. Apart from the fast detector, a higid digitaloscilloscope (1 GHz bandwidth,

10 GS/s sampling rate) has to be used for acquisition of such rapidly changing signals. In the
TRIPLE Qarrangement, the 3 lasers are triggered using a combination of pulse generators in
such a way that laser pulses arrivetibe same detector delayed in timeg. In
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Figure 2.8 a sequence of 3 laser pulses is shown. The maximum time resolution achieved by
the TRIPLE Q system is limited by the duty cycle ratio of the QCLs which shouldxueed

2% according to the manufacturer specification. Therefore with 100 ns pulse duration, 200
kHz repetition rate (53 time resolution) may be reached. For time resolved measurements a
train of consecutive pulses is saved in the oscilloscope memdryhan analysed on a PC.

a) b)

Figure 2.8 a) Absorption spectrum of G@round 2325 cihand the etalon spectrum (0.047 tfringe spacing)
obtained using a QCL. CO2 spectrum from HITRAN i®akown. b) A sequence of 3 laser pulses of the
TRIPLE Q system designed fopld,, CO,, CO and NO detection.

Due to the fast chirp rate of the QCLs, a number oflmmar effects in absorption of laser
radiation may be observ. Manifestation of theapid passage effeat the overshoot

of the absorption signals of G@an be seen dfigure 2.8a). Rapid passage effect is
established when the interaction time between the chirped radiation and a pair of molecular
levels is shorter than the relaxation time of the upper @j it vanishes at higher pressures
when collisonal quenching becomes fast enough. Deformation of absorption lines at low
pressure 10 mbar) makes a direct application thie BeefLambert law impossible in
QCLAS. Calibration procedure is thus required. In this work, we are interested in the kinetics
of small stable molecules having distinct absorption features iARN{NO, NG, N,O, CO,

CO,, CHy). Therefore, following the procedure describe the intensity of single
distorted absorption lines as a function of species concentration is performed by introducing a
known amount of molecules in the reactor. Absorption signals are integrated until the point
where absorbance turns negativgFigure 2.9]the absorption line integration procedure and

the result of the calibration for G@re shown. Similar procedure is done for CGH £ N,O,

NO, NQ..
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a) b)

Figure 2.9 a) Absorbance ( %A for different concentrations of GOb) Calibration curve: pointg
experiment, linexapproximation by a third order polynomial.

Table 2.2|shows a complete list of lasers and detection limits for corresponding species.

Molecule Laser tvpe Spectral position Detection limit
yp (cm?) (molecules crl)
PbSe diode 1900 10"
NO 3
QCL 1897 10*
NO PbSe diode 1629 10%
2 QCL 1612 10"
N,O QCL 2208 10"
C,H, QCL 1370 10"
CcO QCL 2209 10"
CO, QCL 2325 10"

Table 2.2 The list of tuneable lasers used in this work.

2.2.2 Time resolved emission and absorption spectroscopy in UVis range.

Optical emission spectroscopy (OES) and broad band absorption spectroscopy are among the
most well established techniques for plasma diagnostics. With the advent otlemiént
intensified light detectors (iCCD) optical diagnostics of kinetic processpslsed discharges

with time resolution in the nanosecond scale became a routine and very powerful tool. In this
work we use a grating monochromator (Andor Shamrok38&) coupled with a fast
intensified CCD camera (Andor iStar) for gas temperature me@asmts in WO, pulsed DC
discharge from the rotational structure of theXsystem emission. The same spectrometer

is used in combination with a broad band UV source for time resolved ozone concentration
measurements.
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2.2.2.1 Optical emission spectroscopy fgas temperature determination

In the previous sections it was shown that the knowledge of the gas temperature is crucial for
correct interpretation of laser absorption measurements in pulsed plasmas. Sometimes
variation of laser absorption signals imé may be used for temperature estimation as in
. However, an independent method Tgrmeasurements is desirable; one possibility

is the analgis of the rotational structure of the & system (N(C*3) : Ny(B° 3)) .

Determination of the kinetic gas temperature from the rotational structure of molecular
emission in plasmas is a well known technique that has been applied to the ba@@f H

02 [82, N2 [83], N2' ,OH [85), NO [86] and many other molecules and radicals. As we

have discussed above, the rotational temperature of the ground state of all the stable species in
plasmas is equigo the temperature of the gas even in low pressure conditions. Typically, few
collisions are enough to equilibrate rotational and translational temper@e?{herefore,

if a molecule has a lifetimén plasma which is longer than the rotatietrahslational
relaxation R-T) time Ty and T, will be in equilibrium. Molecular emission in plasmas
originate from the excited electronic states, which have a radiative lifetime ranging from a
few tens nanaconds (for radiative states) up to seconds (for metastable states). If before the
HPLVVLRQ RI D SKRWRQ DQ HOHFWURQLF B-ONistdnhs; the/ HG VW I
structure of the emission will retain the information about how this stadeeweited. As a

rule, at elevated pressures the rotational distribution of electronically excited states has the
same temperature as the temperature of the gas. Recently, a spectacular exception to this rule
has been discovered in,® containing plasma. It has been shown that even at
atmospheric pressure the rotational distribution of &H¢ not an image of the kinetic gas
temperature but it reflects the formation processes. An extremely fstigng of OHAQ) by

water molecules has been proposed to explain this effect. Thus, even at atmospheric pressure
the creation and loss processes of molecular excited states have to be carefully analyzed for
correctTy determination.

At low pressures thB-T relaxation times become of the same order and even greater than the
radiative lifetimes. For example, in,Mt 1 mbar theW~8-10" s while the radiative lifetime

of No(C®3) is W=4-108 s. Therefore, the rotational structure of the2Nsystem at Inbar is

an image of the excitation processes. It has been sho@irthat even in low pressure
conditions the temperature of the gas may be deduced from the rotational structure’of the 2
system if theradiating state is excited predominantly by direct electronic impact. It is argued
that lightweight electrons are not able to transfer a significant rotational momentum to a
heavy N molecule during the excitation process.

0g:: 8R4 EA\ 05 %R BTAEA (2.4)

Therefore, transitions with a small change of angular momentum are dominant and the
rotational distribution of the lower state is copied to the radiative state up@xchation.
Other population processes such as pooling or cascades from higher electronic states lead to
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complex norBoltzmann distributions of the rotational levels of,(Gf3) and make
spectroscopic determination oOf; impossible. Thus, the validity ofhé spectroscopic
technique should be carefully checked in every particular case.

2.2.2.2 OES setup and data treatment.

Depending on the spectral resolution of the optical system two strategies for spectroscopic
data analysis may be used:

x If individual roto-vibrational lines are resolvedy is deduced from a Boltzmann plot
of the relative populations of the rotational levels Q¥ 3).

x If the rotational structure isoh resolved, the experimental spectra are compared with
synthetic ones calculated for differetfs .and then the bedit value of 6% s
deduced.

In our case the second possibility is employed and spectral modeling is performed using
Specai software package. The schematic of the experimental setup is s

The spectra are acquired using a 303 mm focal length spegino@rador Shamrok SR

303i) with an 1800 I/mm holographic grating and an entrance slit of MQ0The spectral
window that can be recorded without moving the grating is 20 nm and the spectral resolution
is 0.2 nm. The most intensé& @-0) band at 337 nm is used.

Figure 2.10 Spectroscopic setup fog®. sdetermination in the pulses DC discharge.

Discharge emission is collected by a 60 mm focal length fused silica lens. Time resolved
measurements in the pulsed DC discharge are performed by setting the delay of the iICCD
gate with respect to the beginning oéttischarge. In order to measure Tyekinetics in the
postdischarge, plasmieduced fluorescence (PIF) technique is emplo. Short
additional discharge pulses are applied after the end of threpuksie in order to rexcite the

2" emission|Figure 2.11}illustrates the principle of timeesolved measurements during the
main discharge pulse and in the afterglow.
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Figure 2.11 Discharge and iCDD triggering during the main plasma pulse and in theipoktrge (PIfF

Observation of the discharge emission perpendicular to the tube axis in front of its midpoint is
required for PIF measurements. When the gas temperature is de@tasdde end of the

main pulse, a simultaneous contraction of the volume of the afterglow column takes place due

to the constant pressure condition; a fresh cold gas is then pushed in the reactor. Therefore, in
the afterglow of the main pulse the gaghe reactor is stratified and when it isexcited by

WKH VHFRQGDU\ SXOVHV HPLVVLRQ IURP WKH 3KRW ™ SDU!'
disadvantage of the radial observation compared to the axial one is that the light from
different radial positionssi collected and an effective average value of the temperature is
measured.

A tubular heater shown ifFigure 2. 10| is used for experimental validation of the
spectroscopic gas temperature determination techniqtieeiconditions of this work. The
discharge tube is heated at 3@@00 K and the gas (pure;r No/O,=4/1 at 1.33 mbar) is
excited by short (30R) discharge pulses; no significant perturbation of the gas temperature
could occur on such a short timescale. Using Specair a set of synthetic spectra is calculated
for 644 in the range 30Gt700 K with 10 K step. Then the best fit valueﬁéf‘éés found using

the leastsquares method. The uncertainty of the fitting procedure is estimated30 lbe

Figure 2.12 Fitting of experimental spectra using Specair for two differenperatures of the reactor walls. The
uncertainty of the6,¢ (getermination is estimated to k80 K.
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In[Figure 2.13|values of 6¢% are compared with the experimentally measured temperatures
of the discharge tube walls. One can see that a good general agreement is obtained, especially

for Twar >400 K. For lower temperatures an overestimation by about 50 K can be seen.
Nevertheless, we conclude that in the conditions of our pulsed DC dischanbargpressure
7 gives a good estimation of the neutral gas temperature.

Figure 2.13 Comparison between the rotational temperature,ENobtained using the Specair fitting and the
temperature of theeactor walls. The gas mixture in the reactor is pure nitrogen or air at 1.33 mbar, discharge
pulse duration is 303.

2.2.2.3 Time resolved measurements of ozone concentration

The same spectroscopic system is employed for time resohatll measurements of one
concentration by absorption in Hartley band centred at 253,7 nm. This time a 600 I/mm
grating is used allowing for a spectral interval of 70 nm to be recorded by the iCCD. Fused
silica windows are fixed on each end of the tube and a deuterium turngdteren lamp
(Ocean Optics DF2000) is used as a brehdnd UV source. Measurements are performed in
the afterglow of a pulsed discharge and ozone kinetics is studied by setting the iCCD gate
with respect to the discharge end. For every given delay alusogpectra are averaged over

100 discharge pulses.

The absorption cross section of ozone is taken @and [Q] is deduced from the fitting

of experimental spectra. JRigure 2.14lan example of the fit for [=2.6510" cm? is

shown. Minimum detectable absorbance in this experimen®.301 which corresponds to
the Q detection limit of the order dfo"? cm.
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Figure 2.14 Comparison between calculated and measured absorbangeliddiced value of [is 2.6510™ cm?,

2.2.3 TALIF measurements of atomic oxygen.

Laser induced fluorescence techniques are widely employed for time and space resolved
measuements of absolute species concentrations in plad®@§93){94[95. For LIF
detection of atomic ground states (O, N, H, etc) VUV photons are required, what present a big
complication from the experimental view point. Consequently, alinear two photon
absorption laser induced fluorescence (TALEQhnique is usually used. The efficiency of 2
photon absorption is relatively small and excitation with focused laser radiation should be
performed in most cases. This implies a good space resolution which is limited by the
dimensions of the focus. Abstducalibration of TALIF measurements using noble gases has

been proposed i .

2.2.3.1 Principles and calibration of O TALIF measurements.

The scheme of the-ghoton excitation and subsequent emission fon@>e atoms is shown

in [Figure 2. 15| Calibration is based on the reference measurements with a known
concentration of Xe. TALIF signals of both O and Xe should be measured with the same
spatial and temporal inteity distribution of the laser radiation. This condition is best
satisfied when the-photon transitions are spectrally as close as possible what determines the
choice of the calibration partner.

In normal conditions the intensity of the fluorescenceescat a square of the excitation laser
intensity. However, a number of ndinear effect@ (stepwise ionization, depletion of the
ground state population and stimulated emission) may significdtehtlae normal behaviour
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when the laser intensity is increased. Therefore, for calibration the laser power should be kept
as low as possible.

Figure 2.15 TALIF excitation scheme of O and Xe atoms.

If all the required contlons are fulfilled the concentration of atomic oxygew)(may be
calculated using the following formu:

Ghg  #op: A #y JE3: ;8% A +:
Oo— N 25
JL U #5:A E3:IA #yp és: ;-l;,::A;JN‘Zj (259

wheres is the statistical factor accounting for the splitting of Meground state Jis the
relative detection efficiency of the optical system at the corresponding fluorescence
wavelength Ay, A and Q xstand for the Einstein coefficient of the fluorescence transition,
spontaneous emission and quenching rate of tbiéeeixstate. ¥ +2-photon excitation cross
section andlg is the temporally and spectrally integrated fluorescence intensity. All the
required atomic data can be found in the Iiter.

2.2.3.2 Laser setp

The schematic of the laser setup is sho Tuneable laser radiation at 225 nm

is generated by frequency doubling the 450 nm output of a dye laser (Sirah, Coumarin 2 dye)
pumped by the third harma of a pulsed Nd:YAG laser (Quariay). Up to 1.5 mJ with

pulse duration of 5 ns at a repetition rate of 10 Hz are obtained. The laser energy is monitored
by a pyroelectric detector equipped with a signal amplifier. The laser beam is focused into the
discharge tube by @300 mm fused silica lens. Oxygen and xenon fluorescence signals are
collected by anf=60 mm lens on a Hamamatsu R3896 photomultiplier equipped with an
interference filter centred at 840 nm. The PMT signal is digitalized by an osoples
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(LeCroy Weverunner, 1GHz) and analyzed on a PC by a LabView routine. Time resolved

fluorescence signals of Xe (0.13 mbar) and O are shcﬁ'rgine 217

Figure 2.16 Schematic bthe TALIF setup.

Figure 2.17 Time-resolved fluorescence signals of Xe and O.

Two types of TALIF measurements are typically performed. When the absolute concentration
of atomic oxygen is measured etlirequency of the laser is scanned over thepgiaton
excitation resonance and tinrgegrated fluorescence signals are recorded for each spectral
position of the laser. Twphoton excitation line profiles of O and Xe recorded in such way
are shown ifFigure 2.18 The value ofl¢ is obtained by spectral integration of the lines.
Using the described technique the absolute calibration of TALIF measurements is performed
with the laser energy of 1R/pulse. Accordig to literature dat (where similar laser
focusing optics was used) we expect that atRl/pulse both Xe and O TAIF signals are in
normal excitation regime and saturation effects are negligible.
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Figure 2.18 Two-photon excitation line profiles of O and Xe.

Once the calibration is performed, the relative measurements of the O density with respect to
the calibration conditions are done with higleser energy (typically 16200 B/pulse). This

allows better detection limits due to the increase of the fluorescence inten b is

shown that the saturation effects in tplooton excitation of O start to play a role stagti

from the laser energy of the order of 13pulse in conditions similar to ours. Anyhow, the
relative measurements may be performed even when the saturation effects are important. The
essential is that the TALIF intensity is linearly proportional ® ¢bncentration of O, which

holds true in a broad range of laser enerd@. The relative error of absolute O
concentration measurements was estimated to be 30%.

For kinetic measurements of [O], theavelength of the laser is set to the maximum of the
excitation line profile. Then the time integrated intensity of the fluorescence is measured with
variable delay between the discharge beginning/end and the laser pulse. This technique
allows, for examplemeasurements of the O lifetime in the afterglow of a pulsed DC
discharge in @

2.2.4 Mass spectrometric gas analysis

One of the disadvantages of the laser absorption technique described in the previous sections
is that the species that can be monitored adusively molecules having dipole allowed
transitions in midR. In addition the number of simultaneously detected molecules is limited
due to the narrow tuning range of the lasers. In order to get information about the complete
gas composition in the reac including atomic and homonuclear gaseguadrupolemass
spectrometer@MS) is used in this work.

A quadrupole residual gas analyzed Pfeiffer PrismaPiL@00a.m.u. equipped with an open
ion source and a secondary electrons multiplier is mounted sgparate vacuum vessel
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pumped down to I®mbar by a turbo molecular pump. Using this simple system, species
having the mass differencan=1 a.m.u. can be easily distinguished. The optimum operating
pressure of the MS is B10° mbar; a leak valve (UDV 040) is used in order to introduce the
gases from the reactor into the MS chamber. For absolute measurements of stable species
concentrabns a calibration of the MS is performed using gas mixtures having a known
composition. Concentrations are always measured with respect to the number density of the
carrier gas (Ar, Mor O,). The limit of detection for different species depends stroaglthe

carrier gas and mutual mass interferences, typically it is found in the ras g JHpm.

In|Figure 2.19|mass spectra and a calibration graph fgiGare shown. After the correction
of the MS backgroundhe calibration is described by a straight line going through the origin.

a) b)

Figure 2.19 a) Mass spectra of 8, in Ar for (0.01 £1)% GH, b) calibration graph showindgh¢ number
density ratio [GH,]/[Ar] as a function of the ratio of MS signals at m=26 and 40 a.m.u respectively.

Time resolution of the mass spectrometric measurements is limited hynef the gas

sampling through a 3 mm i.d. tube that connects thetoe with the inlet valve of the MS

which was of the order of 10 $lowever, for investigain of processes th#ke place in the

gas phasand on the surfagenuch better effective time resolution can be achidyeusing a

pulsed dc discharge. Typitalin our experimentiswe apply ashort (few milliseconds long)

discharge pulseota gas mixture in static conditions and then perform measurements with the
mass spectrometeif KLY DSSURDFK GRHVQYIYW DOORZ D GLVWLQFWI
place dumg plasma ON and in the post discharge. But we will see that it permits to follow

the kinetics of adsorption and desorption of atoms on the surface under plasma exposure.

2.2.5 XPS surface diagnostics

X-ray photoelectron spectroscopy (XPS) is a quantitatistenigque for probing the elemental
composition and the bonding of different materials. XPS spectra are obtained by irradiating a
material with a beam of monochromatigays. The kinetic energy and the flux of electrons
that escape from the material surféager are measured in ultra high vacuum conditions.
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In this work we use the XPS facility of the Rhur University of Bochum for the analysis of

silica surface exposed to different low pressure plasmas. XPS analysis is performed using a
Versaprobe spectroneet from Physical Electronics (PHI 5000 Versabe) with
PRQRFKURPDWLF $0 .. H9 UDGLDWLRQ DQG VSHFWUD
avoid positive charge build up in case of remmducting samples, a low energy electron an

Ar* beams are diated on the analysed surfadhe detection limit of the XPS system is

typically of the order of 0.1 at. % and the depth of the probed surfacaday2mm.

2.2.6 Summary on used diagnostics

In this study we emploessentially diagnosticfor probing gas plsa species which are

summarized iF able 2.3

. , Time Detection limit .
Technique Species . 3 In-situ
resolution [cm™]
TDLAS NO, NG, 5ms 10" Yes
QcLas | e &0 CQ 5 R 102- 103 Yes
2
UV-abs [} 2 ms 10" Yes
TALIF o 200 ns 10°-10" Yes
all stable N 3 114
QMs m=1 100 amu| ~fewms 10°-10" No

Table 2.3 Summary o used diagnostics
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3. Chapter Ill : Adsorption and reactivity of N
atoms on silicasurface under plasma
exposure

3.1 Introduction

At present the information on the mechanisms of interaction between nitrogen atoms and
silica-like surfaces is obtained from the studies of N losses on the surface. Regardless a great
number of works devoted tihe investigation of atomic recombination there is still a lot of
uncertainty. Recombination probabilities of atomic nitrogen on dikeasurfaces measured

by different authors span over 5 orders of magnitdde 510° +2-10° [56)[97]! Even the

kinetic order of the recombination reaction is not well established, in different studies the first
[5] or the seconf99 order in N density is pmsed. The role of plasma exposure

is also barely understood, it is only known that treatment of the surface; lpfabima
enhances the value df by about an order of magnitu@ 101].

The approach developed in this chapter is complementary to the recombination studies. We
investigate stall N atoms that are adsorbed on the surface. According to existing models of
surface recombinati(pﬁ], chemisorbed N atoms are the main sites foeddmbination

on silicalike surfaces. Therefore, by characterizing teerageand thereactivity of Nags

we can get an insight in the mechanism of atomic recombination on the surface.

Speaking more generally, our aim in this chapter is to understandNh@yarticipate in the
production of molecules on silicalike surfaces in contact with O, plasmas and
afterglows. We will investigate therefore formation of dh the surface in recombination
process Mys+ N and formation of NO in reaction,N+ O.

3.1.1 Experimental procedures

Here we employ the experimental approach outlinedCiapter 1that consists in the
pretreatment of silica surface by, l[glasma followed by the study of grafted N species.
Typically, the pretreatment is performed using a rf disgdan flowing nitrogen. Standard
discharge parameters during the pretreatment are shoj¥akile 31| In the same table
standard conditions for treatment with &d Ar plasmas are listed.
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N, O, Ar

Pressureribar) 053 053 0.27
Gas flow (sccm) 10 10 10
Po™ (W) 17 16 13

‘power dissipated in plasma

Table 31 Standard discharge conditions fos, D, and Ar plasma pretreatments.

After the pretreatment we probe the surface tryingnswer the following questions:

X What is the coverage of adsorbed N atoms?
X What is their role in surface recombination of N?
X What is their role in production of NO on the surface?

Three types of experimental techniques were employed:

x XPS analysisSmall silica samples were placed on the inner surface of the discharge
tube and pretreated in standard conditions for different time intervals. Pretreated
samples were removed from the reactor and anakzsu using xray photoelectron
spectrometer at Rutniversity Bochum. The samples are made of the same material
as silica discharge tube and they experience the same plasma pretreatment. Therefore,
with this experiment we investigate the modification of ¢themical composition of
the inner surface of sda discharge tube after different plasma exposures and
determine the number of N atoms grafted to the surface.

x Reactivity of Mys under>°N, plasma exposuréXPS diagnostics gives insight into the
density and binding configuration of adsorbed speciesnbutbout their ability to
produce molecules on the surface. To investigate the reactivityyofvdl should look
at the products of surface catalyzed reactions. In the first instance silica surface
pretreated by®N, plasma was exposed to a dischargedavy nitrogen isotop&Ns.
Molecules*N™N produced on the surface and detected in the gas phase by a mass
spectrometer carry information about surface recombination processeslasiha.

By measuring the absolute density'&i*°N in the gas phase wetermine the initial
coverage of'Nags

X Reactivity of s under Q plasma exposurelhe pretreated surface containinggN
was exposed to a pulsed discharge # Ryoduction of NO molecules from surface
recombination(O+Nagdwar Was monitored usingaser absorption spectroscopy. This
experiment provides two types of information: (i) first, NO production is an
alternative way to probe the density and reactivity etdins adsorbed on SiQnder
N2 plasma exposure (ii) second, kinetics of NO formaiiorecombination between O
and Ngsgives an insight in the mechanism of NO production on the surfacg@ N
plasmas.
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3.2 Determination of the coverage of s XPS study

3.2.1 Dynamics of N adsorption on SiQ

Small (10mm x 10mm x 5 mm) silica samples were plamedhe inner surface of silica
discharge tube. First they were cleaned by ffplasma at p=0.53 mbar angi#16 W and
then by Ar plasma at p=0.26 mbar ang=P3 W. As we will see later, after this cleaning
procedure the surface is free from adsorbegén and oxygen atoms. This is the standard
initial condition for surface pretreatment with plasma. Clean samples were treated during 1
+360 min by a flowing capacitive rf discharge iniN standard conditions.

For each sample a low resolution syPS spectrum was taken to determine the most
important elements. Survey spectra of just cleaned sample and samples treated during 1, 25
and 360 minutes are shown[fiigure 3.1] One can see the peaks correspapdinsilicon

Si(2s, 2p) and oxygen O(1s) coming from S&ructure. Appearance of carbon C(1s) is due

to the pollution during the exposure to the ambient air before analysis and nitrogen N(1s)
appears due tof\plasma exposure.

Figure 3.1 Survey XPS spectra of Sj@amples just cleaned and treated bylsma in standard conditions
during 1, 25 and 360 minutes.

For relative concentration measurements high resolution XPS spectra (0.35 eV resofution)
the main peaks were recordfdgure 3.2|shows high resolution spectra of Si2p, O1s, N1s
and C1ls in the sample that was treated hypMsma during 25 minutes. Spectra were
analysed using Unifit software anlget relative concentrations of species were obtained from
integrated peak areas using known sensitivity of the XPS spectrometer.
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Figure 3.2 High resolution XPS spectra of silica sample treated during 25 min,bgldéma in standard
conditions. Four panels show the main peal&i(2p), O(1s), N(1s) and C(1s). Blue curves represent the result
of fitting using Unifit softwae. Concentrations of elements in relative atomic percent are inscribed on the
graphs.

One can see that N(1s) consists of two peald®&i7 eV and 403.7 e\Bimilar doublepeak
structure of N(1s) has been previously observefd #{103 in nitrided SiQ thin films. The
peak at 398.7 eV is usually assigned toAiZonfiguration in which every N atom is bonded
with three silicon atoms, such as i [17)[103. According to second peak at
403.7 eV may be assigned to-MBD, binding configuréion; but in this peak was
attributed to free moleculdike N, in the SiQ lattice. Whatever is the exact binding structure
of nitrogen on the surface, spectra showffFigure 3.2]prove that N atoms are not simply
chemisorbed on SiQbutnitridation of silica surface takes place under plasma exposure.
Nitridation of SiQ thin films in N, plasma is a known phenomenon from microelectronics
technology but it is completely overlooked in studies of atomic recombination on the
surface.

Figure 3.3[shows the evolution of relative atomic concentrations of Si,dDN\aas a function
of the pretreatment duration. After 1 minute of Mlasma treatment no detectable
incorporation of N is observed and the measured composition of the sample is the same as in
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pure SiQ ([Si)/[O]=1/2) within the experimental uncertainty. Honger pretreatment times

the concentration of nitrogen increases and the composition of the surface layer can be
approximately described by the formula $ix. This means that nitrogen atoms replace
oxygen on the surface while the concentration a€amil stays constant. After 6 hours of
plasma exposure |4, i.e. approximately 50% of O atoms in the layer probed by XPS are
replaced by N. According l@ the escape depth of photoelectrons in,$$0Q0=24.2A.

This means that the measured composition is an average over several atom@nidyers

quite probable that the outmost layer may be composed of piNgc®ntaining no oxygen at

all.

Figure 3.3 Relative atomic concentrations of O, Si and N in,3@mple after different duration of,ldlasma
treatment. The right axis gives an estimation of the absolute surface densities of species (for more details see the
text).

One can see thahe rate of nitridation varies a lot during the plasma exposure. Within the
first 25 minutes the same amount of N is incorporated in the surface as during the following
330 minutes. This may be explained by a fast nitridation of the superficial layer édlloy

much slower penetration of N deeper under the surface.

Using the data fro@ the absolute surface density of N in the silicon oxynitride layer may
be estimated based on the XPS measurements. tAéttkknown concentration of atomic
oxygen in SiQ ([0]=4.4-10%® cm*) and the escape depth of photoelectr@is=24.2 A the
surface density of oxygen atoms in the layer probed bgyx was estimated to be
[0]=1.0610" cm® This allowed the absolute calibration of the atomic concentrations

measured by XPS. The right hand axis [figure 3. 3| represents absolute atomic

concentrations obtained in this way.

It should be noted that absolute calibration is justified only for smooth surfaces and it may
give some error for real rough samples.
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3.2.2 Species responsible for nitridaibn: ions or neutrals?

In order to estimate the relative role of ions/neutrals in the nitridation process a silica sample
was placed in the flowing post discharge zone. The gas transit time between the end of the
discharge zone and the position of the glgmwas~ 50 ms. This time is shorter than the
typical lifetime of N with respect to surface recombination on sik@®Q ms)[5]. Therefore,
significant fraction of atomic nitrogen is still remainingtire position where Sisample is
placed. Vibrationally excited Nmolecules having the lifetime of the order of 100 ms in our
conditions may also be present.

After 75 minutes of the post discharge exposure the measured concentration of N in the
sample wa only 0.2 at % while under direct plasma exposure the same duration of the
pretreatment gave [N] = 18 at %. Therefore, bombardment with ions and short lived excited
species is mainly responsible for nitridation of Siitrogen atoms alone are ineffictefior
nitridation. This result is in agreement with observation, where it was shown that the
density of N atoms in the M\blasma nitrided Si@is proportional to the number of incident
nitrogen ons.

Silica samples were piteeated in the positive column of the rf discharge, far from electrode
zones. Thus, only low energy ions (with energies of the orderl0feV) are expected to
arrive on the surfac@. However, even in such mild conditions ion bombardment has a
strong impact on the surface. This is confirmed by observed nitridation gf SiO

Another striking observation was made in a Sgample just treated by Ar plasma. In the
XPS spectrunof this sample shown fRigure 3.1]a peak around 240 eV can be seen, which

is assigned to Ar(2. Argon atoms do not form chemical bond with §i@hat means

that they are implanted in the sample under Ar plasma expdswyiantation of noble gases
under ion beam bombardment is well documented, but for ion energies in the range of keV
. Observation DAr implantation confirms previous conclusion about the important role

of ion bombardment of Sisurface in the conditions of this study.

3.2.3 Reactivity of SiOyNy under plasma exposure

Here using XPS diagnostics we investigate stability and reactivityiadrsioxynitride layer

under plasma exposure. First, silica samples werdr@aged in standard conditions by N
plasma during 75 minutes. On the second step the samples were exposed to oxygen or argon
plasma in standard conditions (§Eeble 31) for various time duration. The results of XPS
measurements of relative atomic concentration of nitrogen after different sequences are
summarized iffable 3.2] One can see thatHour of Q or Ar plasma is enough to remove
SiOWNy layer almost completely. Concentratiorz4 +0.5 at % measured after long cleaning
periods are close to the detection limit of the XPS spectrometer.
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Gas Duration [N] at %
just pretreated
18
by N, plasma

0, 1 min 4.4
0, 60 min 0.4
O, 120 min 0.4
Ar 60 min 0.5

Table 3.2 Concentration of atomic N in silica samples treated byllsma during 75 minutes followed by O
or Ar plasma exposure for different time intervals.

[Figure 3.4]shows high resolution XPS spectra of N(1s) in samples that were exposed to O
plasma during 1 and 60 minutes after 75 minutes,qildsma pretreatment. According to the
absolute calibration shown[Figure 3.3]during 1 minute of @plasma exposure about1®*
nitrogen atoms per cfare removed from the surface. This proves that N atoms that form
SiOWNy layer are reactive when exposed todDargon plasma.

Figure 3.4 XPS spectra of N(1s) doublet in Si®@amples préreated be MNplasma during 75 min ¢2 )
followed by 1 min ¢2 ) and 60 min ¢2 ) of O, plasma.

It is interesting to note that the peak 883F eV disappears much faster than the one at 403.7
eV. After 60 minutes of @only this high energy peak is observed. Therefore, N atoms
corresponding to the low energy peak are more reactive. This observation is coherent with the
assignment of the peakisat was made above. Superficial nitrogen that forrgN;Sin the

surface (398.7 eV peak) is more reactive than molediklamitrogen trapped in the SO
lattice (403.7 eV peak).
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The mechanism of Si®l, layer removal under Ar plasma exposure is notrclitamay be
due to argon ion bombardmentdue toreactions with oxygen atoms coming from traeg (
ppm) amounts of @and HO in argon gas.

We have seen that Si8, formed by N plasma pretreatment is reactive underplasma
exposure. It is interestingp check what happens if both, Mnd Q are present in the
discharge simultaneously. A pretreatment of silica sample by alO{N= 80/20) plasma
during 75 min at p=0.53 mbar ang6W was performed. The concentration of N measured
in this case was raer low [N]=0.5 at % and only high energy peak at 403.7 eV was observed.
Therefore, the presence of oxygen in plasma inhibits formation of thi Biyer on SiQ
surface. However, some minor incorporation of moleelitar N, still takes place due to the
bombardment by nitrogen ions.

3.2.4 Conclusions on XPS study

In this section we have applied-situ XPS diagnostics in order to investigate the state of the
surface of silica discharge tube after different plasma exposures. We have found that:

x Under N plasmaexposure nitridation of SiOtakes place. Nitrogen atoms replace
oxygen atoms on the Sj@urface and Siiy layer is formedThe surface density of
N atoms in SiQN, layer after 60 min of blplasma pretreatment is1®™ cm, i.e. of
the order of oneull monolayer,

X 7TKH QLWULGDWLRQ LV GULYHQ E\ LRQ ERPEDUSSPHQW L
exposed to a neutral flow containing N atoms (or at least it is much less efficient). At
present we cannot specify the exact role of ions; bombardmentNyitions may
either directly lead to nitridation of Sy@r just activate the incorporation of N atoms.

To distinguish between these pathways experiments with independent ion and atomic
beams should be performed.

x Silicon oxynitride layer is removed whehis exposed to ©or Ar plasma. Nitrogen
atoms that arenorereactive under @plasma contribute to the characteristic peak at
398.7 eV in the XPS spectrum which is usually assign&ihy structure

Our results demonstrate that the simplified visionnbHFRPELQDWLRQ RI 1 DWRPYV
SiO, surface is not applicable in the case of diregcpldsma exposure. In reality the outmost

surface layer is continuously modified due to bombardment with ions and N atoms. Nitrogen
atoms are not chemisorbed apasse active sites, but form a SNy layer that after long

exposure time may contain equal amounts of N and O atoms.

Generally speaking, in the case of ;) IRUPDWLRQ WKH WHUP 3FKHPLVRL
clarified. Can we consider N atoms in the Qlayer as chemisorbed? On the one hand, the

answer is positive, because these atoms are chemically bonded with the atoms of the surface.
On the other hand it is known from the Iiterat@ that on SiQ the thickness of the layer

nitrided by N plasma may reach-2 nm. It would be unjustified to use the term
SFKHPLVRUEHG” IRU 1 DWRPV LPSODQWHG LQ WKH PDWHULL
on the surface, but not in the material bulk.
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Probably, he most appropriate term that should be used in this caserpsion which
includes surface adsorption and incorporation of atoms. Nevertheless, we could not find in the
literature any example of the use of this term in relation to surface reactivitgsimas. In

order to avoid any misleading of the readers we will continue to use theadsodption but
keeping in mind that it may also infer incorporation of N atoms witkriin layer on the

SiO, surface. We will use termgrafted or adsorbed N atomsto describe all the stable
nitrogen atoms present on the silica surface treated ipjasima.

3.3 Reactivity of Nygs Isotopic study

In the previous section we have evidenced adsorption of nitrogen atoms pas8i® XPS
diagnostics. Do these atoms partatg in surfaceatalyzed reactions in Nplasma? To

answer this question,pshould be characterized from the viewpoint of theactivity. XPS
diagnostics is not sensitive to the reactivity of adsorbed species; therefore, in addition to a
classical suace diagnostics a different technique capable of probing the reactivitygfds

to be applied. In this section we develop a new experimental approach that uses the isotopic
exchangeN <™N on the surface under plasma exposure. With this method et drethe

gas phase the products of surface reactions catalyzed by adsorbed N atoms and thus get
information about the reactivity of

3.3.1 Experimental details

The employed experimental procedure is shown schematicgfligime 3.5 First, the silica
discharge tube was pteeated by*®N, plasma in standard conditions. Then the reactor was
pumped during 10 minutes to remove gas pHase and to let the wall cool down to the

room temperature. Then the tube viiled with *°N, (SigmaAldrich, 98 at %™N) at 0.53

mbar and an rf discharge (probe discharge) with standard parameters was started in closed
reactor for various time duration. Graftétll atoms react undéN, plasma exposure leading

to appearance 6N, and?N, in the gas phase. Mass spectrometer was used to detect these
products in the probe discharge. The response time of the gas inlet system of the mass
spectrometer was not enough to follow production of molecidesitu in real time.
Therefore the kinetic measurements were performed by stopping the probe discharge after a
certain exposure time.

Figure 3.5 Experimental procedure of the isotopic study.
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Two types of experiments were performed:

X Investigation of adsqtion kinetics:the pretreatment duration was varied while the
length of the probe discharge was fixed. Before each experiment the tube was cleaned
by argon plasma in order to have the same state of the surface in the beginning of N
plasma pretreatment.

X Investigation of the reactivity of grafted nitrogehe pretreatment duration was fixed,
while the probe discharge duration was varied. Typically, we used rf discharge for
pretreatment and probing the reactivity'dfl.qs For more precise dosing of atomic
nitrogen in some experiments we used dc discharge with pulse duration of 5 ms.

With the mass spectrometer relative concentrations of three nitisg@pologues(*°N,,

2N,, °N,) were determined. An example of ma&gectrometric measurements is shown in
Normalized by the total intensity of three mass peaks spectra are taken after
different probe®N, discharge durations in the reactor pretreatetfily plasma. One can see
peaks corresponding t&N, and ?°N, that appear due to surface reactions WitNags
Nitrogen molecules are continuously dissociated andsseciated in the probe discharge
what results in a statistical distribution’8i over®N, and®N,. Both m=28 and m=29 peaks
were integréed to determine the number BN,q4sthat were picked up from the surface under
plasma exposure.

Figure 3.6 Normalized mass spectra measured after difféféhtprobe discharge durations in the reapre
treated by*N, plasma

Absolute concentrations of gas phase species were obtained based on relative QMS
measurements using the known gas pressure in the reeeny.*N atom measured in the

gas phase is picked up from the surface. This allatsrichination of thesurface density of

4N from gas phase measurements using volume to surface ratio of the: reactor
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8
>0 D qnls §V0%O% (3.1

whereS= 314 cni is the area of the pretreated part of discharge tube (the length of the rf
discharge column was 50 cm and the total length of the tube was 60 cmy=866 cnf is
the total volume of the reactor between two closing pneumatic valthe roudnness
of the tube material is not taken into account &h® % . si§ related to the geometric and not
to the real surface area.

The sensitivity of the diagnostics was limited by the stability of relative MS signals and by
eventual leaks in the systertN\ coming from the leak distorts the measurement$of
coming from the surface). It was estimated to H®*? *N atoms per cf

3.3.2 Characterization of the discharge: measurements of Nlissociation degree

For quantitative investigation of surface reactions impksma the number of molecules
produced on tb surface has to be compared with incoming radical fluxes. It is important,
therefore, to characterize the discharge that is used for surface treatment or probing. We have
measured the degree of dissociation gfniblecules in pulsed dc discharge and itsed rf
discharge using the isotopic exchange technique. The idea of this technique is based on a
simple fact: if a discharge is ignited in a mixture contaiffing and**N,, due to dissociation

and reassociation of moleculeé’N, will be produced andhe rate of°N, production will

depend on the rate of dissociation of initial molecules.

3.3.2.1 Dissociation of Min pulsed dc discharge

A mixture containing approximately 50/%N./*°N, was introduced in the reactor at 0.53
mbar in static conditions. Then dicscharge pulses with the current i=100 mA and duration
W5 ms were applied. Relative concentrationg®hib, 2°N, and*°N, were measured with the
mass spectrometdFigure 3.7]shows the evolution of measured centrations as a function

of the number of applied discharge pulses. One can se€Nhas produced at the expense of

28N, and *N, and after 200 pulses a stationary state is reached. The cumulated discharge
duration after 200 pulses is only 1 seconds isufficiently short to neglect the nitridation of
SiO,. Therefore, losses of N atoms due to adsorption on the surface may be ignored in the
overall mass balance.
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Figure 3.7 Concentrations of thremtrogen isotopologues as a function of the number of applied dc discharge
pulses. DC discharge parameters were p=0.53 mbar, i=100&BAns, static conditions. Solid lines are
calculated assuming that 2.8% of Idolecules are dissociated per pulsesil lines are calculated wit
=2.4% andG=3.1%, they demonstrate the relative accuracy ofG@heterminatiormethod of the order of 10%.

There are two processes that can contribute to observed isotopic exchange:

x Dissociation of N followed by surfacerecombination of N atoms. Gas phase
recombination in our conditions is slow.
x Exchange reactions between atoms and molecules in the gas phase, for example:

580 E"%0s\ ®0s E®% (3.2

However, in it was shown that procand similar reactions are very slow due to

a high dissociation energy o, NTherefore, dissociation followed by surface recombination is
the onlyrelevant mechanism of isotopic exchange. This condition is prerequisite for validity
of the method.

In order to deduce the dissociation rate gfilNthe discharge from measurements shown in

Figure 3.7|a numericalmodel was applied. For simplicity, we supposed that all the
isotopologues of nitrogen are dissociated in the discharge with an identical rate and then

producedN and*N atoms recombine randomly on the surface. Gdte the fraction of N
molecules disociated in the reactor during the discharge pulse. Concentrations of produced
atoms are given by the following expressions:
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§So%égaelgq:t§<o6?E§:O62 =

590 %epwle Bt T062E $052 > (3.3)

The mixing of isotopes due to dissociation anehssociation after a certain number of

GLVFKDUJH SXOVHV GRHV&dhdb bekaDsg dnd toiaKridmigdd of dtdivs & |
each type is conserved. Concentrationd\, isotopologues formed as a result of random
recombination of produced atoms can be calculated as follows:

=t

B0 CLr s

g { =~

cé OtCL Z:E>; (3.4)
t

B0 =g,

Therebre, the evolution of concentrations of three isotopologues,@sN\a function of the
pulse number can be described by a recurrent system:

—6

t:=E >;

= E >; (3 5)
>6

$062L :sFU:®0:% E

P0s2L :SF WP 0% E

J4062L :sF U; %0 % Et::—E>;
Usingthe evolution of concentrations of three nitrogen isotopologues was calculated
numeically with initial concentrations taken from the experiment. The only unknown
parameter in the model was the fraction gfmhblecules dissociated per discharge pul&e (

The value of Gwas varied to reach an agreement with the experirfrentur expeiments the
volume of the discharge columiys=166 cni) is smaller than the volume of the reactor
(Vieacto=306 cni). Dissociation takes place only in the plasma column; therefore in order to
obtain the fraction of dissociated molecules in the dischig@g¢he besfit value of Gshould

be correctedG G Vieactof Vaisch 1IN the following discussion we will use the value G
describe N dissociation in plasma.

In[Figure 3.7]results of the model calculatiaare compared with the experiment. An excellent
agreement is obtained witls Calculations with G and G demonstrate the
accuracy of the technique. The relative error@letermination was estimated to be 10%.
Obtained result is in a goodyr@ement with the theoretical calculations performed by V.
Guerra and C. Pintassilgo. For the conditions of this work in the modelling it was found
&3.5%. This proves the validity of our new method fgrdiésociation measurements.

Measurements with digfent initial concentrations 6N, and*N,were performed. [fFigure]
[3. 8|results of measurements and calculations*fs/*'N,=87/13 and”*N,/*N,=13/87 are
shown. With the same valu& all the results a well reproduced by the model. This
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proves the validity of our assumption concerning the identity of different nitrogen isotopes

from the viewpoint of dissociation and surface recombination. If there was a difference in
dissociation and/or recombinatioates of different nitrogen isotopes, results with different
LQLWLDO PL[WXUH FRPSRVLWLRQV ZRXOGQTW EH UHSURG:
value of G

a) b)

Figure 3.8 Concentrations of three nitrogen isotopologues as a function of the number of applied dc discharge
pulses. DC discharge parameters were p=0.53 mbaQinlA, W5 ms. Initial composition of the mixture was
a) 2NL/*°N,=87/13 bY®N,/*N,=13/87. Solid line is the result of calculation wih

The advantage of the isotopic exchange technique is that it allows direct determination of the
dissociation ree of N, in the discharge. Usually in the experiments the density of atomic
nitrogen [N] in the gas phase is measured. But [N] depends on the balance between
dissociation of Mand losses of N. When the losses take place on the surface and the value of
Ji is not known, the dissociation rate cannot be determined from measured value of [N].

W LV LQWHUHVWLQJ WR QRWH WKDW WK IsdoftdewkaRge ZR X O C
between atoms and molecules in the gas phase is very ef{it@fitand one oxygen atom

can trigger a chain of exchange reactions @ + *0' 2 : %0 +1%0'%0, %0 +*°0% 2

%0 + 800 and so on. Therefore, statistical distribution of isotopologues is reached very fast

and the initial dissociation degree cannot be deduced. The difference betwaagh [P may

be explained by the attractive patial in O +O; collisions due to the existence of a stable
complex Q. Similar stable molecule NGRHVQIW H[LVW

3.3.2.2 Dissociation in pulsed rf discharge

The same procedure was applied to measure the ratg diéddciation in an rf discharge at
p=0.53 mbaiin standard conditions. The reactor was filled with a mixtie/*°N, |50/50
and W40 ms discharge pulses were appfiEigure 3.9]shows the results of measurements
and calculations withG Therefore, 1.95-18 cm® N atoms are produced during 40 ms
rf discharge pulse. This gives theeaif atomic nitrogen production in,Nf discharge in
standard pretreatment conditions d[N]#&i{5+1)-13° cm®s™.
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Figure 3.9 Relative concentrations of three nitrogen isotopologues as a funttioa wumber of applied rf
discharge pulses. RF discharge parameters were p=0.53 mbar, P#Z0Ms, static conditions. Solid lines is
the result of model calculation witfs=7.4%.

3.3.2.3 Estimation of atomic nitrogen exposure on the surface

The flux of nitrogen atoms on the surface can be easily calculated if the concentration of
atomic nitrogen i&nown: B L—Z >) 7’ s where y is the thermal velocity of atom&bove we

have determined the dissociation rate in two types of probe discharges used in this study. But
atomic concentration depends on the balance between dissociationasidNosss of N

atoms and in case of pulsed discharge it is also changing with time. Therefore, the number of
collisions of N atoms with the surface per unit time or per probe discharge pulse is difficult to
determine from our measurements.

However, we can introd@ another quantity to characterize the exposure of N atoms on the
surface tthe flux of N atomdost on the surface (due to recombination and adsorption),

which can be expressed using the effective atomic loss probalili, aeg—: ) 7r>Dueto

the fact that volume recombination is negligible at low pressure used in this study, the number
of produced nitrogen atoms is always balanced by the number of N lost on the surface. In
stationary conditions, thisalance is established at any moment of time. In pulsed discharges,
all atoms eventually end up on the surface after the end of the discharge pulse. Therefore, the
balance is valid in timéentegrated sense.

From the dissociation fractions determined abwedind that:

X In the pulsed dc discharge (p=0.53 mbar, i=100 ri#%, ms) the atomic exposure on
the surface is 20* lost N atoms per cfrperpulse
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X In the continuous rf discharge (p=0.53 mbayi=P7 W) the atomic exposure on the
surface is .5-10™ lost N atoms per cfrpersecond

It should be noted that atomic exguoe is determined with respect to the geometric surface of

the discharge tube without taking into account surface roughness. We have shown that
GLVVRFLDWLRQ UDWH GRHVQTW GHSHQG RQ WKH LVRWRSR:!
probe discharges ?°N, as well as ir°N..

Now, when our discharges are characterized we can apply them for probing surface reactivity
of SiO; under N plasma exposure.

3.3.3 N adsorption on SiG under ?®N, plasma exposure

First, we investigate the adsorption '8N on SiQ under plasma exposure. The following
experimental parameters were used for cleaning, pretreatment and probing of silica discharge
tube:

x Cleaning: Ar plasma 3:60° s (standard flowing rf discharge).
X Pretreatment®N, plasma 0.1+3.6:10° s (standard flowng rf discharge).
x Probing:*®N, 600 s (standard static rf discharge).

The wall temperature increased in the course of the pretreatment redghtr@80 K after
approximately 100 s of plasma exposure. For short pretreatment times (< 10 s) the wall
temper&ure was equal td,, ~ 300 K.

A question may arise if all théN,gsare probed by 600%N, discharge? To check if there are
still some*N,gs left on the surface after the probe discharge, the reactor was refilled with
fresh *°N, and a discharge was ested again. This procedure showed that the exchange
during the first probe discharge is complete within 10% if?he pretreatment duration is
600 s and shorter. However for longer pretreatments, 600*%gtlischarge is clearly not
enough to probe lathe *Nags For example, after 60 min pretreatment 3 successive fillings
with N, were required to exchange all t{Bl.4s Obtained result is rather logical because:

X With increasing the duration &PN, pretreatment’N atoms penetrate deeper in the
material and longer exposure time is required for their extraction during the probe
discharge if°N..

X When the concentration 6fN atoms in the probe discharge becomes relatively high
they may be radsorbed on the surface leading to an equilibrium digtan between
the surface and the gas phase.

[Figure 3.10jshows the density dfNagsas a function of the duration BN, plasma treatment
Due to a better sensitivity of the isotopic diagnostics compared Sowéwere able to follow
adsorption kinetics for pretreatment duration as short as 100 ms. For 60 min pretrdament
concentration of*N.gswas obtained using three successive probe discharg®é,in_ooking
afFigure 3.10jwe can conclude:
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x Nitrogenatoms are indeed grafted to the surface of, 8i@ler’®N, plasma exposure.
X These atoms are reactive in the sense that they may be removed from the surface by
the probe discharge fiN..

Figure 3.10 j surface density 0fN.gsas a function of the duration N, plasma pretreatment. Proffal,
discharge duration 600 g, results of XPS measurements fl@igure 3.3] Data points are fitted with power
functon i’ L P®&JUYVER®) YUe@WP

The Nagscoverage found after 60 min pretreatméefiijadisoropes= 6-10'° cm® is two times

higher than the result of XPS measurements after 75 ratreptmenfNaadxps | 3-10" cmi

As it was mentioned before, with isotopic exchange technique we obtaif\thecoverage

with respect to the geometric surface of the tube. XPS measurements give surface
concentrations related to real surface of the@e.The roughness factor of silica+s2 [5]

what may explain the -®bld difference between two diagnostics. Obtained agreement is
encouraging and it confirms the validity of both techniques for ehetetion of the density of
14NLgs0n the surface of the discharge tube.

Adsorption kinetics

Data points shown ifrigure 3.10/can be well approximated kg powerfunction: 4L
W& P’ E x & P’ ®*®%wheret is the pretreatment time&/e have foundhat during the first

second of plasmas exposure the rate of adsorption is maximal and it r¢d€h&atoms cm

st After 100 s of pretreatment adsorption slows down by two orders of magnitude. This may
be expained by fast togsurface nitridation followed bynuch slower penetration of N atoms
deeper in the bulk.

It is interesting to compare the rate*@l adsorption with the fluxes of atoms and ions on the
surface. Ing[3.3.2.3the flux of recombining N atoms was measured to.Be10'® atoms cm
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251 which is 2 orders of magnitude higher than the maximum rate of adsorption. Therefore,
adsorption of N is a slow process in comparison with surface recombination.

An order of magnitudestimation of the ion flux can be done assumingnbat10’ cm® and
T~ 3 eV which is reasonable for the conditions of this study accordifitDg. Calculation
using standard expression for caobisless sheath giv:

Gz

; UG PEK JD?63S (3.6)

E.

Therefore, the initial rate of N adsorption is comparable with the flux of ions on the surface.
Similar ordering between the number of incident iond #re density of N grafted to the
surface was obtained in plasma nitridation of thin ;Siins . However, as it was
mentioned ir‘§we are unable to determine theaekrole of ions because in, ldlasma

the surface is exposed to atomic and ion fluxes simultaneously.

Do ionsremoveN,gsunder continuous Nplasma exposure?

We have seen that ion bombardment is essential for the formation ,¥,3&9er. But what
is the role of ions for the conditions on the surface of this Iaye@Cartry evidence the
possibility of desorption of oxygen atoms adsorbed o, $Dion bombardment in £dc
discharge at 0.3 torOur case is similar to one describe@ with the only difference that
the surface is Sily and the discharge is in;NIn order b see if ion bombardment liberates
adsorption sites two pretreatngmocedures have been compared:

x Standard pretreatment with rf discharge indNring 60 min.
x Standard pretreatment followed by 100 short dc pulses i{®.83 mbar, i=100 mA,
W5 ms).

Usingwe have estimated the numberNf ions incident on the surface during the dc

pulse to be|3-10" cm®. Which is one order of magnitude smaller than the number of N
atoms lost on the surfa¢measured i§[3.3.2.3to be3-10"* cm? per discharge pulyeHene,

with the dc pulses the surface is exposed mostly to the atomic flux. If there are some free
adsorption sites left on the surface after rf treatment, they can be occupied by N atoms. But
ZH KDYH IRXQG WKDW DGGLWLRQ RI G Frf SHadsdbe® oGtRHV Q TW
surface. This proves that under standard pretreatment conditions eventual desoffiigq of

by ion bombardment is less efficient thanadsorption of atomic nitrogen and all the
adsorption sites are normally ocoegh

14N adsorptim: role of @ admixture in the discharge

With XPS measurements we have seen that addition of 2p#%t®N, discharge inhibits
formation of SiQNy on silica surface. This effect was explained by removal gf N
reactions with O atoms. Using isotopic kaoge technique we have investigated pretreatment
of silica surface by rf discharge in a mixture containing 0.1 % of oxygen.iEWn such a
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small addition of @Qin the discharge results til0 fold reduction of the density of grafted
NI The surface desity [“*Nagd=4-10"* cmi® was measured in this case. This example shows
how strongly the state of the surface in contact witfOplplasmas is dependent on the gas
composition.

Is adsorption of nitrogen atoms isotopgependent?

It was interesting to cloé if both nitrogen isotopes are adsorbed on silica surface in the same
manner. A series of experiments witlN, plasma pretreatment was performed. In this case
discharge was ignited in a closed reactor without a gas flow. Measured concentta¥igqds [
were systematically- 2 times lower than'fN.d after the same pretreatment time*fh\,.

This could be in principle interpreted as an isotdppendent adsorption of nitrogen atoms on
Si0.. However as we have mentioned above, adsorption of N atom©eisYery sensitive

to the presence of oxygen additions in. Nherefore, more plausible explanation for this
effect would be a higher level of impurities (such a®OH,0) in the®*N, gas used.

3.3.4 Reactivity of grafted 1*N atoms under**N, plasma exposuve

XPS and isotopic exchange diagnostics have both shown that the surface pfehi€ated

by low pressure Nplasma is saturated with N atoms. We know that these atoms can be
removed from the surface BN, plasma, i.e. they are reactive under plasxgosure. Our

objective now is to understand if these adsorbed nitrogen atoms play a role of active sites for
recombination of N on the surface. In other words, if adsorbed atoms that we have detected in
RXU H[SHULPHQWY DUH WKRYV ¢ soRndelPusedRritiieh@ddel®?W RPV W K D

We use a probe discharge 3N, to send a controlled amount bN atoms on the surface
previously pretreated b3’N, plasma. Comparison between the number of Td¢tand the
number of“*N picked up from the surface wilive the answer to formulated questions.

3.3.4.1 Evidence for a distribution of reactivity of,d

In order to investigate the reactivity 8N.gs silica surface was pretreated B, plasma

during 60 minutes in standard conditions and then probeNyydischarge with duration
varied in the range-50% +10° s in closed reactdFigure 3.11]shows the evolution of the
number of adsorbed atoms picked up from the surface as a function of the probe discharge
duraton (*Nged.

One can note that for long probe discharge durations the concentratfdhaséms in the gas

phase becomes naregligible in comparison with the concentrationr ™. For example after

torobe = 10° S, relative atomic concentration BN is 25%. This means thafN from the gas

phase may be radsorbed on the surface and thus the valué™f.s is underestimated.
Accurate correction of the measurements for thabsorption effect is difficult. As we will

see, different groups of N atoms the surface have different characteristic times of isotopic
exchange with the gas phase under plasma exposure. If equilibrium between the plasma and
the reactor wall is attained, the relative concentratioffdfshould be the same in the gas
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phase and ithe probed part of the Si8 layer. Therefore, the underestimation of the value
Of “Nges fOr tprone = 10° S iS~ 25%. FOr fobe ” 107 s this correction is always smaller than
10% and it can be neglected.

Figure 3.11 Evolution of the density of*N.qsatoms picked up from the surface as a function of the probe
discharge drationin *N,. Silica discharge tube was pireated by*®N, plasma during 60 mutes. Multi

exponential fitwith ¥ F A.@Jw $.<?%1- is shown bya solid line. Three components of the fit are shown by
dashed lines.

We can see thahé value of““Ngesgradually increases when the duration of probe discharge

is varied by 4 orders of magnitude. This observation points to the presence on the surface of
different groups of*Nagsthat have different probability to react and to be desoibéue gas

phase during the probe discharge. If all the adsorbed atoms had the same reactivity, the
evolution of “*Nges would be described by singexponential time dependenc8, 4 2L

=ks F ’" "0 But in order to reproduce experimental data we had to use a combination of
three exponential function®, z 2L =F A@ﬁ, =N ¢ owith following parameters:

a [cm”] wsl
5.5.10" 0.42
1.1.10% 6.7
3.610% 316

WN P

Table 3.3 Parameters of muléxponential fit of the data showr|kigure 3.11

Different reactivity of groups of atoms wiikkl andi=2 may be related to the tifence in
their binding energ. The total coverage of the most reactivgdld; + a, is of the order
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of one monolayer. It would be reasonable to suggest that these atoms occupy the outmost
layer onthe surface of Sil\y and they are directly exposed to the plasma. When the surface

is pretreated by an rf discharge in M standard conditions, these superficial atoms are
continuously replaced with the characteristic turnover ties.

According to in plasma nitrided Sigxhin films, N atoms are incorporated within-e3
nm thick surface layer. Atoms belonging to the third group may be distributed in tkdé,SiO
layer beneath the surfawdat wauld explaintheir slow desorption rate.

It is evident that only the most reactivgghsignificantly contribute to the recombination of
nitrogen atoms on the surface in the discharge.

3.3.4.2 Do Nysparticipate in surface recombination of N atoms?

Uptonowwe DYHQTW \HW GLVFXVVGretvoat frént the Sigate/undet |
30N, plasma exposuré&everal processes may take place simultaneously:

x Recombination witH°N:

N+ Nags: 2No (3.7)
X lon bombardment
x Desorption by photons and fluxes of excited species

$W SUHVHQW ZH GRQTYW KDYH DQ\ HYLGHQFH RI WKH FRQW!
but we are confident that ions play an important role. Hoe that nitridation of Si@takes

place only under direct plasma exposure proves that ion bombardment in our conditions may
significantly modify the outmost surface layer. Therefore, desorptidfNagsby ions cannot

be ruled out.

In the first instancave will assume that atomic recombination is the only relevant reaction for
Nadgsremoval and we will neglect all the other processes. This will allow an estimation of the
upper limit for the efficiency of recombination between adsofffegisand impinging™N.

In order to see the effect of the most aclite.gsthat react in the very beginning of the probe
discharge, the exposure to the flux '8 should be as small as possible. Our pulsed rf
discharge was not adapted for working with short single digehaulses. For this reason we
used a dc probe discharge with pulse durat@ ms and current i=100 mA at p=0.53 mbar.
According to the measurements presente@[3.2.3 in every dc pulse the numb&iN
atoms lost per chof the tube surface is 20**. As we have estimated the number of
incident N ions in the same conditions is about one order of magnitude smaller.

Silica discharge tube was pretreated®s plasma in standard conditions during 60 min and

then probe pulsed discharge®fi, was applied. IfFigure 3.12] the number of “Nags picked
up from the surfacel( y) is plotted as a function of the number'af lost (I ). Results

obtained with dc and rf probe discharges (1||k‘-3igure 3.11) are compared.
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Figure 3.12 The density of*N.gsatoms picked up from the surface as a function of the number dfNost
Results obtained with dc and rf probe discharges are shown. Dashed line depi€td-1 \, i.e.1 out of 10
15N atoms is lost in recombination witfNags

One can see that fot y < 10 cm? the number of desorbetfN atoms is directly
proportional to the number of 05N and | | 0.1:1 y. This means that only 1 out of 10
5N is lost in recombination with'N.gs If we assume that one mar® atom is consumed to
occupy the place of removedN we obtain that themaximumcontribution of strongly
bonding sites (i.e. sites where stabll are adsorbed) into surface recombinatiort>f is
only 20 %.

Where recombine remaining 80%'9? Two hypoheses may be proposed:

i.  Recombinatiorof °N takes place oweakly bondingactive sites.

i. Only asmall fraction **Nagsare active for recombination dIN. Upon the exposure
of the surface to pulsed dischargeiN,, there is a fast turnover N onthe® active
VLWHY WKDW GRHVQIW O HMGThe etedlishHIim bR @ass W LR Q
spectrometer is equivalent to ~2*1@toms per cf If the coverage of active atoms is
of the order of 18 cm? their contribution to the production 61N, on the stface in

experiments shown [iRigure 3.12|cannot be measured

Physically both hypotheses mean that on the surface there exisgilaution of binding
energy and/oreactivity of adsorbed N atoms.
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3.3.5 Conclusions m the isotopic study

In this section we have developed isotope exchange technique for investigation of interaction
between Si@surface and low pressure Nlasma. This technique allowed us to characterize
the coverage and reactivity ofdJon SiQ. Let us outline the main results:

X It has been confirmed that a SN layer is formed on Si@under plasma exposure.
We were able to follow dynamics of Si@itridation and the concentration &N
atoms on the surface after 60 minute$®k plasma treanent[**N.qd = 6-10"° cm®
was found to be in a good agreement with previous XPS measurements.

x Formation of SiGQNy layer is very sensitive to the presence ofa@mixtures in N
plasma. Addition of 0.1% of £nto N, reduces the number of grafted N atonysa
factor of 10.

X Nags exhibit a distribution of reactivity when pretreated surface is exposé?Nio
plasma.

x Recombination with*Nagsaccounts at maximum for 20% of surface losses of nitrogen
atoms on SiCNy,.

x We suppose tha80% of heterogeneous kesof N takes place orither weakly
bonding active sites or with participation of a small fraction f N

In order to choose betwedhesetwo hypotheses the limit of detection ofdNshould be
improved. In the following section we will develop a teitjue capable of detecting coverage
of NagsOf the order of 1& cm™

3.4 Recombination of N,gswith O atoms

We have seen thdfN.qs can recombine with°N producing®Ns,. In this section we will
investigate recombination reaction, g+ O : NO. Thus, after the pretreatment of silica
surface by N plasma we ignite in the reactor a discharge in pure oxygen. Nitric oxide (NO)
molecules produced on the surface are detaotsdu using tuneable laser diagnostics with
millisecond time resolutio. High sensitivity and time resolution of TDLAS open a possibility

to follow kinetics of recombination process and to separate production of NO during the
probe discharge pulse and in the afterglow. Detection of NO production on the surface is an
alternailve way to probe the reactivity of p so we will be interested in the mechanism of

NO formation as well as in the properties of reactiyg N

3.4.1 Experimental details

Experimental procedure consists in several steps, schematically shéuguiia 3.13| First

the silica discharge tube was pretreated byldsma in standard conditions (E%JIe 31}

during 60 minutes. Then the reactor was pumped out during 10 minutedeintoremove

gas phase Nand let the surface cool down to the room temperature. On the next step the
discharge tube was filled with pure, @nd a single discharge pulse (dc or rf) was ignited in
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closed reactor. Production of NO was monitoreditu using TDL spectrometer with typical

time resolution of 10 ms. It is essential that in experiments with pretreated surface the
complete time evolution of NO concentration was measured in a single probe discharge. In
our conditions no data accumulation is polesitecause the next probe pulse can be applied
only after 70 minutes when the surface is pretreated again.

Figure 3.13 Experimental procedure used for investigation of NO formation on the surface.

Within the same emissionade of the laser we were able to detect absorption features of two
isotopologues of nitric oxide **NO and*NO with approximately the same line strengths.

Therefore, kinetics of both species was followed simultanedisure 3.14] shows an

absorption spectrum of a gas mixture containing both isotopologues of NO.

The detection limit of NO measurements using TDLAS wa<" cm™. In terms of surface
coverage of N atoms (if we assume that NO is produced from b#cation of Ngsand O)
this correspond to ~ 5-3bcm? i.e. less than 1D of a monolayer. Hence using NO
production as a probe, we can detect much smaller surface coveragg iof ddmparison
with XPS and isotopic exchange technique.

The absolute carentration of O atoms in the probed discharge is measured using TALIF.

Figure 3.14 Absorption spectrum of a mixture containiffyO and">NO recorder with TDL spectrometer.
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3.4.2 Kinetics of NO production on the surface

[Figure 3.15/shows time evolution of NO concentration measured in a probe discharge pulse
(i=100 mA, W10 ms) at three different (pressures, p = 0.53, 1.3 and 5.3 mbar. First of all
we see thaNO production on the surface is possible. We use puar&@®O can come only

from reactions on the surface.

Figure 3.15 NO production in probe dc discharge pulses (i=100 n¥4,0 ms) at different pressures of O
p=0.53, 1.3,5.3 mbar. Silica discharge tube was pretreated pylbsma in standard conditions during 60
minutes. Zoom on the first 100 ms of the acquisition is also shown, t=0 corresponds to the beginning of the
probe pulse.

Measurements of NO can provide informati about the mechanism of recombination
reaction (O+Ng9 : NO only if two conditions are satisfied:

X (O+Nag9 : NO is indeed the main channel of NO production in the probe discharge.
x Losses and conversion of NO are negligible.

Below we will show that in experiments showrHigure 3.15(both conditions are fulfilled.

3.4.2.1 Proof of recombination mechanismgght O : NO

In principle, NO can be produced on the surface in reactions with ions and electronically
excited species. But the lifetime of these species is short and dnegontribute to NO

production only during the probe discharggFlgure 3.15 concentration of nitric oxide just
after the end of plasma pulse is less than 10% of the maximum measured NO concentration.

Therefore we can neglect the reactivity of shtvied species as a source of NO in this
experiment.

Production of NO persists during200 ms in the post discharge. Among all active oxygen
speciesonly Ox(a"') and O atoms have comparable lifetimes in our condiffadg. But
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molecular singlet oxygen has very low excitation enerdgV) and it would be reasonable to
suggest that it is much less reactiventia. This means that atomic oxygen is the only
relevant reaction partner for NO production.

We have also tested a possible role of adsorbeddiecules for production of NO. When the
reactor was pretreated with neutral fiow, no formation of NO was detted in the probe
discharge. Therefore, adsorbed nitrogen molecules have no contribution to NO production on
the surface in our conditions.

We conclude that in experiments shownFimgure 3.15 NO is produced maly from
recombination betweenjland atomic oxygen.

3.4.2.2 Kinetics of NOx in the probe discharge

If we want to use NO as a marker of surface reactions, it should not be destroyed or converted
after being produced on the surface. It is known thati©Ncortaining plasmas different

nitrogen oxides are formed in the gas phase and on the s@. In our oxygerrich

conditions NQ is the most plausDH SURGXFW Rl 12 FRQYHUVLRQ /HWT
important reactions that may influence kinetics of NO in the afterglow of the probe discharge.

Reaction Rate constant Ref
R1 O+Ngs:12 Il
R2 NG 2:12 2, k=9.310" cm’s™ [16]
5 12 2 0 : 1M  ks=8.6-10°*cm’s™ [16]
R4 NO+Q : 12,+0; ks=1.8-10"%"Tcm’s? [16]

R5 NO+Qus: 12,

Table 3.4 Relevant NO production and loss mechanisms in the afterglow of the probe discharge.

We see that NO can be converted into,NOreactions R&R5, but the reverse reaction R2 is

rather fast and in it tends to reews NG, into NO. The probability of reaction R5 just after the

end of the probe discharge when atomic oxygen is still present in the gas phase is not known.

In the next chapter we will see that Byrex surface in the late pedischarge this reaction

hasa probability J l.e. it is rather slow/HWfV PDNH DQ HVWLPDWLRQ RI
NO conversion in N@for O, pressure 1.3 mbain §We show that at p=1.3 mbar
concentration of @produced in the discharge is smaller thalf t&3, thus reaction R4 can

be neglected. If we neglect R5, the balance between production and lossesoféotions

R2 and R3 in quasi steady is independent of the concentration of O:

01?2 G ?

>01,>L a 1sr’8 (3.8)

Therefore, while the concentration of atomic oxygen is not too small, concentratior, @ NO
negligible because it is destroyed in reaction R2. When all oxygen atoms recombine on the
surface, reactions R4 and R5 may become important. Jhiearly seen {frigure 3.15|for
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p=5.3 mbar; 500 ms after the end of the probe discharge [NO] starts to decrease. This may be
explained by reaction R4 with ozone which is efficiently produced at elevatpre§sire. As

we will show in§[4.5.9 concentration of ozone reaches0'* cm® at 5 mbar in similar
conditions

Here we conclude thaih experiments shown jRigure 3.15 NO conversion ilNO, may be
neglected (at least for t<500 ms in the afterglow of the probe discharge).

3.4.2.3 Estimation of the coverage ofdythat produce NO

We have proven that NO is produced from recombination betwggiamd O and every NO
molecules measured in the gdsmpe corresponds to onggl\oicked up from the surface due
to negligible losses of NO. This allows estimation of the coverage,&@ftidit took part in
recombination using volum&/) to surface 9 ratio of the discharge tube

8
> 2> % (3.9)

But what is the maximum amount of\that can react with O?

In[Figure 3.15|we can see that the maximum concentration of produced NO increases with

increasing the pressure from 0.53 t8 finbar and then it stays the same forp@essure 5.3

mbar. In order to understand this behaviour we have measured NO production with different
probe pulse durations at p = 1.3 mbar. In addition the concentration of atomic oxygen at the
end of the probe dcharge was measured using TALIF.

[Table 3.5|shows results of the measurements of the concentration of atomic oxygen and
corresponding number of O atoms lost pef ofithe tube surface per probe discharge pulse.
The probe pulse duration is much shorter than the typical lifetime of atomic oxygen in our
conditions (se@; therefore, the number of lost O atoms is simply proportional to the

concentration of atomic oxygen at the efdhe pulse> ;, ;7L > ’fw

Conditions pmbar [O]cm® [Ojes] cM®
i=100 mA, W0.5 ms 1.3 1.10 5.10"
i=Z100 mA, W2 ms 1.3 4510 2210
i=100 mA, W10 ms 0.53 9.10" 4.510"
i=100 mA, W10 ms 1.3 2-10" 1.10%°
i=100 mA, W10 ms 5.3 6-10" 3107

Table 3.5 Concentration of atomic oxygen at the end of the probe discharge measured using TALIF and
corresponding exposure of the surface to atomic oxygen measured in atoms lost pethamube surface.

In|Figure 3.16|the maximum concentration of formed nitric oxide [N@]is plotted as a
function of [Qos]; [NO]max is proportional to [@s] for [Ops] ” 5-10** cm? and then it
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reaches saturation. These measurements show that for low valuggJoNO production is
limited by the amount of available atomic oxygen. Saturation can be explained by the limited
number of reactive Nson the surface. Wealve seen ir§(3.4.2.4that losses of NO are not
increased with increasing the density of atomic oxygen; hence, saturation gfafNOfot
related to the conversion of NO into BlO

Figure 3.16 Maximum concentration of NO produced on the surface as a function ofithiger of O atoms lost
on the surface of after the probe discha@@face petreatment conditions are the same Higiure 3.15

Comparison between the number of O lost on the surface and the amount of produced NO
clearly shows that recombination with\is not the main loss mechanism of atomic oxygen

on the surface. From the inititahearpart of the dependenséiown ifFigure 3.16[we deduce

that only~5% of O atoms recombine with the production of NO.

Saturation level [NQJax = 7-10"° cm® corresponds to the total coverage ofyMfter the
pretreatment [\:d=3.5-10" cm®. Obtained coverage is two orders of magnitude smaller than
the density of hys measured with XPS or isotopic exchange. This means that only a small
fraction of nitrogen atoms on the surface can participate in NO formation under the flux of
atomic oxy@nin the postdischarge In order to distinguish these very reactive atoms from
the rest of Nys in the following discussion we will denote their? .

'H GRQYW NQRZ H[DF V\/E’Qqﬂoml@mw a@sbrbied WVatoms on the surface.
Probably, they have smaller binding energy what determines their reativayds O
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3.4.2.4 NO production on the surface under continuoygplasma exposuar

Results discussed so far are obtained in a temporal post diseltegeO atoms are the only
active speciesNow we will investigate how NO is produced when the pretreated surface it is
exposed to a continuous, Plasma where ion and atom fluxes aregent simultaneously. In
[Figure 3.17)a) kinetics of NO production in a probe rf discharge in standard conditions is
shown. We can see that NO is rapidly formed when rf discharge is ignited and then a slight
increase of the NO concentration is observed during the following 60 secoffiguire 3.17]

b) results obtained using dc and rf probe discharges are compared. Surprisingly, characteristic
production time and absolutercentration of NO are identical in both cases.

a) b)

Figure 3.17 Production of NO in an &f discharge in standard conditions. Silica discharge tube was pretreated
by N, plasma during 60 minutes. For comparison results obtained using a dc probe discharge at 1.3 mbar are
shown. Right panel shows a comparison between rf and dc probes during the first 3 seconds of plasma exposure.

According to our XPS measurements showFigure 3.4] after 1min of Q plasma exposure

in standard conditions abo@t10" nitrogen atoms per cirare removed from the surface.
Concentration of NO measured after 1 minute of rf probe discharge correspondsy t
4-10" of Nags per cnt. Therefore, the balance of nitrogen atoms based on NO measurements
in the continuous rf probe discharge is incomplete.

Mass spectrometric measurements have shown that in addition to NO significant amount of
N, is produced. Aftr 1 minute of probe discharge we have found§M10" cm?, that
corresponds t@-10" cm? nitrogen atoms picked up from the surface. This result agvels
with XPS and isotopic exchange measurements presentedgf8.2.3and §[3.3.3.Thus, most
of Nags that react under continuous, @lasma exposure end up in the form of, NIO
represents only a small fraction of the N atoms balance in the probe digscharge.

[Table 3.6|shows a list of gas phase reactiong thay explain observed production of.Nh
continuous rf probe discharge NO molecules are dissociated by electron impact (R6).
Produced N atoms may eitherassociate on the surface into NO or react further with NO in
very efficient reaction R7 that fosnN,. Nitrogen molecules inturn participate in the
production of NO in gas phase reactions-RRE). Concentrations of NO and, khat are
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established in the probe discharge arise from the balance befveeasses of NO
destruction and production.

Reaction Rate constant Ref
R6 e+NO: N+O Il

R7 N+NO: N,+O ke=1.810 cm’s™

R8 N(A)+0O : 12 N(°D) k;=7-10"% cm’s™t

R9 Ny(v>12) + O: NO + N('S) ke= 10 cm’s*t

R10 NfD)+ O, : NO+O kg=5.210"% cm’s™

Table 3.6 Gas phase reactions relevant to NO kinetics during the protieadis.

We conclude that under continuous @asma exposure NO is not a good marker for probing
surface reactivity because it is rapidly transformed intoRé¢markable coincidence of results
obtained using dc and rf probe discharge shoj{figare 3.17)is accidental and should not
be misinterpreted. In the dc pulsed discharge saturafiblD concetrationis reached when

O atoms recombine with all the availabléfb Jvhile in the rf discharge saturation originates
from the balance between production and destruction of NO.

3.4.3 Investigation of adsorption and reactivity of N using measurements of NO
production on the surface

Based on the results obtained with pulsed aodtinuous @ probe discharges we can
distinguish two types of N atoms on silica surface pretreated, pjama.

X EJb that are available for recombination with O atoms in the afterglow of a pulsed O
discharge. The coverage of these atom&,[}=3.510" cm™.

X The rest of Mgsatoms in SiQNy layer. These atoms are less reactive and they can be
removed from the surface under continuoypl@asma exposurehere ion and atomic
fluxes are present simultaneousifhe coverage of these atort$.sd~5-10"° cm?
after 60 minutes of standard N discharge pretreatment.

?b qre active for recombination with O atoms. What ffb gfficiently recombine with N?
In §[3.3.4.3we have suggested that recombination of nitrogen atoms on the surface may take
place on a small fractio of strongly bonded but reactive,d The coverage of Y, oS
comparable with the detection limit of mass spectrometric diagnostics, so the37 could have
been missed in experiments showfFigure 3.12] Measirements of NO production on the
surface allows for much better detection limits of adsorbed nitrogen atoms. Below using NO
as a probe, we investigate adsorption kinetics and reactivityogfqtrying to understand if
they indeed play a role of actigées for recombination of N on the surface.

3.4.3.1 Kinetics of adsorption

Silica discharge tube was first cleaned by argon plasma in standard conditions during 60 min
and then exposed to,Nf discharge for time duration in the range®10 10* s. Then the
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density of ?bqwas probed by a pulsed dc discharge inirDclosed reactor (p=5.3 mbar,

i=100 mA, WL0 ms)|Figure 3.18{shows the evolution of the coverage o_‘f'b #s a function
of the pretreatment duration. The uppesassa axis represents the number of N atoms lost

on the surface during the pretreatment (see the estimation n@ .

Figure 3.18 The density ofi’ grafted to the surface of silica discharge tube as a function plaima
pretreatment duration. The upper abscissa axis represents the number of N atoms lost on the surface during the
N, plasma pretreatment.

One can see that the coverage éfb(jncreases when the duration of plasma is increased

and it reaches saturation at 10° s. Comparison between the density of grafted atoms and the
number of N lost on the surface shows thatstof N atoms produced in the discharge during
the pretreatmentecombine without being adsorbed agbq In other words, building up of

the coverage E’b Js a slow process compared to the recombination of N on the surface. It is
interesting to note that the time required to reach a saturating coveragﬁ’%dﬂ equal to the

time of formation ofa SiQNy layer containing 210'° nitrogen atoms per ¢m

In order to check if nitrogen atoms alone can be adsorbed on silica surface, pretreatment by a
flowing afterglow was studied. First, the reactor was cleaned by a discharge in argon as
before and tn N> plasma pretreatment was performed by a half of the standard length (25 cm
long) discharge column placed either in the upstream or in the downstream configuration
during 60 minutes (sfféigure 3.19). Nitrogenpressure and flow were the same as in standard
conditions. After this sequence a dc probe dischgrgb.8 mbar, i=100 mAWL0 mg in O,

was applied.

Figure 3.19[shows NO production in the probe discharge afigstream, downstream and
standard (full length) Nplasma pretreatment. One can note that half size pretreatment yields
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approximately two times less production of nitric oxide and that both upstream and
downstream configurations result in almost the sameuat of NO. If the adsorption sites for

Eb PN SiG were available after argon plasma cleaning, N atoms produced in the upstream
configuration would be transported by the gas flow and adsorbed in the downstream region.
But this adsorption is not observed within the uncertainty of the measurewteatswas ~
2-10'*N atoms per cf

This means that adsorption of neutral nitrogen atomseat Si@is very weak. Significant
amount of fb {s grafted to the surface only under diregtdhasma exposure and as we have
seenadsorption is slow sa SiQNy layer has enough time to be forméal other words, Ejb q
represent a reactive superficratrogen atoms othe SiQNy layer formed on Si@under N

plasma exposure.

Figure 3. 19 Compaison of NO production in the probe discharge after three different pretreatment
configurations.

3.4.3.2 Are Nyg. active for recombination of N on the surface?

Once the Si¢Ny layer is formed and the coverage of’b has reached the saturation, do these
reactive atoms participate in surface recombination of N? To answer this question we use
again isotopic exchange und@N, plasma exposure. But in order to improve the sensitivity
instead of measuring’N, produced on the surface we detect isotopologueN®@fin the

probe discharge in O

Figure 3.20 Experimental procedure for investigation of isotopic exchange with TDLAS diagnostics.
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Schematics of the experimental procedure is sholfigure 3.20] First, silica discharge tube

was pretreated by N\olasma in standard conditions during 60 minutes. Then it was pumped
and filled with**N, at p=0.53 mbar and pulsed dc discharge was applied in closed reactor
(=100 mA, W5 ms). Then the eetor was pumped again and filled with & 5.3 mbar and a
single probe pulse (i=100 mAWL0 ms) was applied. Production BNO and**NO in the

probe discharge was detectaesitu using TDL spectrometer. Surface coverage BfY b &Nd

59 0 Y» yvas calculated based on the maximum measured concentratiSN©wnd “NO.

[Figure 3.21]a) shows an example of simultaneous time resolved measuremétitOoand

14NO productlon on the surface in tpeobe discharge. In panel b) tbeverage of°® 0 b &nd

59 U b@S a function of the number of discharge pulse®Nh is shown One can see that
atoms“N are replaced by’N while the total coverage stays constant. The raféhok N
exchange should be compared with the numbérMlost on the surfacesée the estimation
made |n§m The fastest exchange rate was observed during the first discharge pulses in
*N,. After five dc pulses if°N, the coverage of5® Y, replaced by5® Yy is 1.210" cm?

but the number oPN lost on the surface is ¥0cni?. This means that only a small fraction of

>N (approximately 2%) recombine with® Y This experiments show that even the most
reactive N on the surfacet 58 Y “p@re not eff|C|ent for surface recombination'o.

a) b)

Figure 3.21a) Time resolved measurements O and*®NO in a 10 ms, 100 ¥ probe discharge in {at
p=5.3 mbamfter standard pretreatment wifi\, rf discharge followed by 50 dc discharge pulse¥hb b)

v, U ¥ U i i
Coverage of’ " and "%~ as a function of the number of dc pulse&, measured sing TDLAS.

Even using diagnostics capable of detecting surface coveraggsof the order of 18 cm?

ZH KDY HQ N th&k Xa@ @ctive for N recombination on the surface. We think that
hypothesis (i) proposed is more plausible, recombination of nitrogen atoms on the
surface takes place ameakly bonding active sites. Atoms adsorbed on these sites are not
stable, they leave the surface shortly after the end of plasma exposure that is why they are not
detected in the probe discharge.
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3.5 Discussion and conclusions

To the best of our knowledge nitrogen atoms chemisorbed on the surface, b8&never

been observed experimentally. Thus, our starting point was the model description of atomic
recombination of Kn&Boudart [5] and similar[22){2€][11]. We expcted that after N
plasma exposure the surface of silica would be covered with chemisorbed N atoms having the
density of the order of 18- 10" cm® According to[5] chemisorbed atoms effectively
recanbine with N coming from the gas phase and play the role of the main active sites for
atomic recombination on the surface.

The real picture of interaction between plasma and silica surface turned out to be more
complex.Here arghe main results of thishapter.

Adsorption of N

X Under N plasma exposure silicon oxynitride layer is formed on the sudasdica

discharge tubeln our standard pretreatment conditiotiee density of Bys IS
increasingas asquare root of the pretreatment duratiptued(1s) = 1-10* cm? and
[Nagd(3600s) = 610" cm™.

Nitridation is driven by ion bombardment and it takes place only under direct N
plasma exposure. When silica surface is exposed to a flowingdisokiarge
nitridation is negligible. Therefore, material the surface in discharge and flowing
postdischarge zones is completely differé8iONy in plasma zone and Sjn the
postdischarge zone)This may partially explain the enhancementgdinder direct
plasma exposure reported.

Formation of SiGQNy layer is very sensitive to the presence gfa@mixtures in N
plasma. Addition of 0.1% of £nto N, reduces the number of grafted N atoms by a
factor of 10. Therefore, condition of the reactarface is strongly dependent on the
composition of the gas mixture.

Reactivity of MNys
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x Under N plasma exposure, pare continuously replacete have found two groups

of Nags 1) first with a characteristic turnover time10 s in our tandard rf dischage
conditionsii) secondhaving thecharacteristiceplacementime ~ 300 s. The first

group was assigned to N on the outmost surface layer and the second one to N
distributed in the SiENy layer. Our results demonstrateat under direct Nplasma
exposire the surface is not static, it is continuously modified due to the exposure to
ion and atomic fluxes.

Nitrogen atoms on the surface of Ny exhibit a distribution of reactivity. We have
found a small fraction of Ms(having a coveragg Y,1=3.5-10" cm?) that readily
recombine with atomic oxygen producing NO molecules.
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X Nags participate in recombination of N on the surface, but recombination with these
atoms cannot explain the rate of N losses on the surface. We suppose therefore that
recombination of N atoms takes placewaakly bondingactive sites.

What is the nature of these weakly bonded atoms that are active for recombination? They may
be either (i) physisorbed or (ii) chemisorbed but witklatively small binding energy

Models d surface recombinatio{ﬁ] predict that at room temperature the coverage of
physisorbed atoms on silidke surfaces is small and LH recombinatitketween two
physisorbed atoms or ER recombination between physisorbed and gas phase atoms is
negligible. We think that hypothesis (ii) is more plausiBlecording to the estimation made

in §[1.1.1.3 atoms with binding energgmaller than approximately 1 eV aweakly
chemisorbed Existence N®* signifies thaton the surface there existsdistribution of
chemisorption sites with different adsorption energies. Real silica surface is not perfectly
smooth and homogeneous, as oaga clearly see on a microscope image of quartz shown in
[Figure 322)(the image is taken froif20)). Therefore different adsorption configurations of N
may existleading to thepresenceof relatively weakly bonded chemisorbed species that
efficiently participate in surface recombination.

Recently, distribution of binding energies of O atoms on different surfaces has been
demonstrated in spinning wall experimentDonnelly et al. . Similarly to the results of

this section, author@ show that stable strongly bonded O atoms are not efficient for LH
recombnation on the surface of the rotating substrate. Accordio O.gsthat participate

in surface recombination have the lifetime on the surface of the order of few milliseconds.

Figure 322 Microscope image of quartz publishe.

It is interesting to note that even ideal crystalline Si@face may possess different types of
adsorption sites. A receab-initio study of O and N adsorption ort cristobalite has
revealed adsorption configurations with binding energies in the range@eV. Therefore,
distribution of binding energy of atoms on real surfaces is a general phenomenon and it
should be taken into account in the modelling of surface atomic recombination.
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Based on the observations made in this chapter we conclude that the mechanism of N
recombination on the surface of SiGnder plasma exposure differs from simplified picture

used in mesoscopic models. Three types of N atoms onstiface exposed tosNblasma
can be distinguished

X Atoms incorporated in SiDly. These atoms are distributed in th8 @m thick surface
layer, they compose the material of the surface and thearilmation to recombination
of N is negligible.

x Stable N atoms on the surface of QD Reactions with these atoms account for
maximum 20% of atomic nitrogen losses on the surfaoeng these atomse have
found a small fraction of reactive LA’bqthat produce NO in reactions with atomic
oxygen. B

x Weakly bonded N atomsith binding energy inferior td1 eV. Surface recombination
proceeds mainly via reactions of these unstable atoms.

Schematically different groups of N atoms are showRigure 3.23 In the first figure the
spatial distribution of N on the surface is shownthe second case wentativdy arrange
different groups as a function of their binding energy on the surface.

Figure 3.23 Schematic representationdifferent groupof N atoms on silica surface.
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3.5.1 Summary and conclusions on used diagnostics

In this section we have employed three different techniques in order to probe the coverage and
reactivity of nitrogen ®ms on SiQ pretreated by blplasma. Apart from XPS which is a
classical diagnostics for surface analysis, two other methods were developed and validated in
this work. Here we list the main advantages and limitations of the used experimental
techniques.

XPS:

; Real surface diagnosticggives information about binding configurations of species
on the surface.

;  Absolute measurements of surface concentrations are possible.

: Not sensitive to the reactivity of adsorbed species.
Ex-situ. Samples may be modifiechen exposed to air.
Bad sensitivity ([Ned~10" cm®).

Isotopic exchange:

;  Gives information about reactivity of adsorbed N atoms.
;  Absolute measurements of surface concentrations are possible.
. Rather sensitive, detection limit is of the order of1on>.
;In-situ.
It is not possible to follow the kinetics of surface reactions in real time.

Titration with NO:

;  Gives information about reactivity of adsorbed N atoms.

© Very sensitive, detection limit $6cm?.

; In-situ.

;. Time-resolved measurements of the kinet€surface recombination.
Absolute measurements of surface concentrations are difficult because produced NO
further reacts on the surface and in the gas phase.

Table 3.7|summarizes the characteristics of thegdiastics used to probe the coverage and
reactivity of N on the surface.

binding | sensitive abs. L detection time
. in-situ .y .
config. to react. | coverage limits | resolution

XPS ; : ; 10"cm® | 10s

Isotopic 10" cm® 0.1s
exchange

NO : : 10 cm? 10°s
production

Table 3.7 Summary on the diagnostics used to probe the coverage and reactivity of N on the surface.
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4. Chapter IV : Adsorption and reactivity of
oxygen atoms on oxide surfaces under plasma
exposure

4.1 Introducti on

Fundamentallyinteraction between O atoms and siHid@ surfaces is analogous to the case
of N-SiO, that we have studied in the previous chapter. For example, in Kim&Bopijart
model parameters ¢avation energy, active site density, etc.) found for O and N
recombination on silica are identical. Similarly tf, the values of$ published in the

literature exhibit a strong scatf1}[46]. According tof21}{110 the value  on the surface

in direct contact with the plasma is systematically higher than on unexposed surface.

In spite of named similarities, several particular features of interaction be@ygxdasma and
silica-like (and more generally oxide) surfaces can be outlined:

x Oxide materials such as silica, Pyrex or F&Pe already composed of atomic oxygen.
Therefore, under Oplasma exposure the chemical nature of oxide materials will not
be changd in contrast to oxynitride formation observed in experiments wjth N
plasma.

x We have found that s are particularly stable and weakly reactive. Several test
experiments have been done (not mentioned in the previous chapter) showing that
Nadgs do not reat with stable molecules such as NO, N®,O, CG, CO, GH..

Atomic oxygen is a strong oxidizing agent, [8] it has been shown that stable O
adsorbed on catalyst materials under plasma exposure aeleab oxidizing CO
into CO,.. Therefore, in case of L we will specially focus on the reactivity of,§
towards stable molecules.

X In recombination of atomic oxygen on the surface two channels are possible:
(O+0)y : Oz and (O+Q)y : Os. The second mechanism is usually overlooked, but
recently it has been shown that it may be an important source of ozone as well as an
efficient loss mechanism of atomic oxygen in @asmas{107[11]). As it was
discussed ir§ the bond strength of O in ozob¥0-0,)=1.04 eV and onlyO
with binding energy smaller thanQ# eV may partigpate in Q formation on the
surface Therefore, formation of ozone takes place in reactions'&#0

Our aim in this chapter is tonderstand how oxygen atoms are adsorbed on oxide surfaces
under Q plasma exposure and to evaluate their role in sudatadyzed reactions cftable
molecules and radicals.
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4.1.1 Experimental procedures

In this study we use the approach describe@hapterl that consists in the pretreatment of
the surface by @plasma followed by the study of grafted O species. Three differaterials
are investigated: silica, Pyrex and FiQhe pretreatment is performed using a flowing rf
discharge in @in standard conditions (sgeble 31). Then we probe the pretreated surface
in order to answeihe following questions:

X What is the coverage of,6
X What is their role in surface recombination of O?
X How Qysparticipate in surface oxidation of stable molecules such as NO ggPC

It should be noted, that we work with oxide catalysts that alreadtain oxygen atoms. This
makes difficult the detection of adsorbed O species by surface analysis techniques (such as
XPS). Therefore, the following experiments have been performed:

x Reactivity of-°0.4s under®°0, plasma exposurehe surface pretreated bf discharge
in 320, is exposed to plasma ffi0,. Molecules'®0'°0 produced on the surface are
then detected using the mass spectromé&escedurewith inverted order is also
employed #first *°0, plasmapretreatmenand ther’?0, probe discharge.

X Reativity of Qyqsin the post dischargea controlled amount of probe molecules (NO,
NO,, GH,) is introduced in the pretreated reactor in static conditions. Then the
kinetics of surface reactions is followed using laser absorption spectroscopy er mass
spectometry.

x In order to get insight in the reactivity 6/"**we investigatezone formation on the
surface in a pulsed dc discharge ip. @ime resolved measurements of O and O
concentrations are performed using TALIF and UV absorption spectroscopy.

4.2 Chemisorption of O on silicalike surfaces: isotopic study

In experiments with heavy nitrogen isotopes we have seen that isotopic exchange on the
surface under plasma exposure allows characterization of the coverage and reactivity of
adsorbed atoms&nd their ole for surface atomic recombinatioin this section we use

%0 <0 exchange coupled with mass spectrometric diagnostics in order to investigate
adsorption and reactivity of O atoms on the surface of silica and Pyrex.

4.2.1 Experimental details

Typical experinental procedure is shown [Figure 4.1] First, the discharge tube made of
silica or Pyrex was cleaned by an rf discharge in argon during 30 min in standard conditions
(sedTable 31). Then®*°0, gas (Icon Isotope Services 99 at. %) was introduced in the
reactor at p=0.53 mbar and standard rf dischqege[Table 31) was started in static
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conditions for time duration in therrge 10' +10° s. Then the reactor was pumped and an
identical rf discharge if°O, at p=0.53 mbar was applied in order to probe adsoti@deft

on the surface after the first ste@xygen gas was sampled to the quadrupole mass
spectrometer (QMS) aftemeh plasma step.

Figure 4.1 Schematics of the experimental procedure.

In oxygen, exchange reactions IK©+°0"°0 < **0+%0"0 are very fasf107. Thus in the
discharge, a statistical isotopic distribution of threeisdtopologues is always established.
The signals at m=32, 34 and 36 a.m.u. were measured withMBeiiQorder to determine the

number of oxygen atoms that were picked up from the sufffagere 4.2]shows an example
of the massVSHFWURPHWULF PHDVXUHPHQWY SHUIRUPHG RQ WK

m=34 am.u appear with increasing the duration of the dischardédn

Figure 4.2 Mass spectra obtained after various duration of rf discharg®jrin Pyrex discharge tube. Reactor
was initially cleaed by argon plasma during 30 min.

Relative measurements of the isotopic composition were converted in absolute gas phase
concentrations using the known value of the gas pressure. The coverdggs ofas
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determined using the surface to volume ratio ofréiaetor as ir§[3.3.1 The detection limit of
O.gsWas estimated to be approximately36m?.

4.2.2 Do O atoms of the material participate in surface reactivity?

First we investigate the Step 1 show(Figure 4.1] As we will see in the following sections,

after argon plasma cleaning the surface is free from adsorbed oxygen atoms. The appearance
of *°0 in the gas phase und®0, plasma exposure may be ascribed only eréactivity of

oxygen from the crystalline network of silica or PyrexFigure 4.3]the surface density of

%0 atomspickedup from the surfacés shown as a function of the duration®8®, plasma
exposure intie range 0.1+480 s.

Figure 4.3 Evolution of the density O atoms picked up from the surface as a function of the probe discharge
durationin *°0,. Silica and Pyrex discharge tubes weretpeated by Ar plasma during 30 minutes.

The coverage o0 atoms that werpicked up from the surface reachess§5L0™ cm? after

480 s of *°0, plasma exposureThe coverageof *°Oges is measured with respect to the
geonetric surface area of the tubathout taking into account surfaceughness. Acording

to literature datg26){27] obtained value of°Ogesis comparableto one full monolayer on
silica-like surface The initial rate of-°0 desorption is A0* atoms &cm” and it decreases to
5.10'2 atoms &cm? after 400 s of®0, plasma exposure. This may be explained by a fast
removal of superficial oxygen followed by much slower extraction of atisom subksurface
layers.It is interesting to note that results obtained with silica and Pyrex are almost identical.
This means that the density and binding of O atoms in these materials are similar.

In the *°0, discharge}°0 atomsremoved from the stace are replaced by*?0. This was
YHULILHG RQ WKH 36W H.SAfter tR*°ay Klasnid [eSposiitaReHreéadlor was
refilled with 3?0, and a 240 sf discharge was appligd static conditions. [fFigure 4.4] the
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coverage of0 desorbedrom silica surfaceluring *°0, discharge ilotted as a function of
the *°0, discharge duratiorFor comparison the coverage 800 desorbed from the surface
during the Step 1 iglsoshown.

Figure 4.4 Evolution of the coverage 6O desobedfrom the surface of silica discharge tube uriies
plasma exposure (Step 1) aFigure 4.3] On the second stéfiO was desortefrom the surface by a discharge
. 32 .
in *“O, during 240 s.

One can see that thiwverageof desorbed®0 atomsis alwayssmaller than the amount of
desorbed™®0. From the first glance this result seems counterintuitive because we would
expect thaf®O, plasna grafts some extra®0 atoms to the surface compared to Ar cleaning
performed before the Step@bservecdkffect can be explained by the diffusion'® into the

bulk of SiG, atoms that diffuse inside the material are no longer accessible to the probe
discharge ir*?0,. The diffusion of O in the Signetwork has been observed experimentally at
moderate temperatures(iblZ]. Local surface heating and ion bombardment under dit@st
plasma exposure mdyrther promote the diffusion dfO from the surface.

In additionfor relatively long®®0, pretreatment time£40 s of*’0, probedischarge may be
not enough tadesorball the available™®0. That explains the saturation 80 desorption
shown ifFigure 4 4while *°0 is still increasing with increasing tA%, exposure time.

Our results demonstrathat under direct @ plasma exposure oxygen atoms of sHiga
materials areontinuouslyexchangedTherefore the surface is constantig-structured and
it cannot beconsidered as a static system.

It is interesting to compare the kinetics 80 desorption from silica surface und&0,

plasma (shown i{ffigure 4.4} with the analogous measuremeoits’N desorptiorperformed
in *N, discharge after®N, plasma pretreatmenif silica surface(from [Figure 3. 11).

Surprisingly, the kinetic curves superimposefFigure 4.5|are almosidentical regardless
the difference in the plasma forming gas and the chemical nature of the surface. The only
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parameters which were kept the same in two experiments are the gas pressure and the injected
power.

Figure 4.5 Comparison of the kinetics of desorptiohatoms from the surface under plasma exposarie
first case we observe desorption'td under*®N, plasma exposure from silica surface prated by*N,
discharggdata fronfFigure 3.17). In the second casee observe desorption 810 from silica undef°O,

plasma exposure (data frgfrigure 4.4).

Observed result points to the similaribf the mechanism of removal of atoms from the
surface in both cases. With the same power injected idisicbarge, the dissociation rate in
nitrogenis much lower thanin oxygen. h [113 authors showhat the energy cost of,N
dissociationn electrical discharges-100 eV per produced atons) typically 10 times higher
than in the case of {J4~10 eV per produced atomphis is explained by higher dissociation
threshold in M. Therefore, atomic fluxesn the surface in the experiments showRigure 4]
are expected to be quite differe®n the contrary, ion fluon the surface is proportional to
the density of electrons whichaentrolled by the injected peer. Therefore, ion fluxeg O,

and N should becomparableWe suppose that ion bombardment plays an important role in
the observed isotopic exchange of N and O atoms on the surface.

'H GRQYIW N QR thenibElvek partiRigaié in the exchange ofasmgér atoms or there is
a synergetic effect between the ions and neutral atBRperiments in which the surface is
exposed to independeatomic and ion beamshould be performed in order to separate
different contributions.

4.2.3 °0 adsorption on the surfaceunder *0, plasma exposure

In this experiment wénvestigate if O atoms can be grafted to the surface ungeia®ma
exposure. Experimental procedure is shown schematicallyigare 4.6| The surface is
probed bya rf discharge ir®0, in standard conditions and we compare desorptiotf®@f
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IURP WKH VXUIDFH DIWHU DUJR (Figs® B.1j Bl @ FOpeisiQa) 26 W H ¢

pretreatment during 20 minutes in stamdeonditions.

Figure 4.6 Experimental procedure.

In desorption kinetics of®0 after argon and?0, plasmapretreatment are
compared.One can see thdor both silica ad Pyrex>?0, pretreatment yields somewhat
higher desorption of°0. This indicates that some ext¥ were grafted to the surface by
%0, plasma The desorption curveslmost coincide during the first 60 sf *°0, plasma
exposure for silica and 20 s foyriex.

a) b)

Figure 4.7 Comparison of®O desorption from silica (left panel) and Pyrex surface (right panel) uf@er
plasma exposure after argon plasma pretreatment@aglasma pretreatment.

If adsorbed oxygen atoms were active for surface recombination, we would expect to observe
a fast desorption dfO in the beginning of°O, probe discharge corresponding to grafti!
followed by a parallel evolution of twoucves due to the exchange 80 belonging to the
material. Two possiblehypothesesnay be proposed in order to explaire slow increase of

the difference between the desorption custeswyn inFigure 4.7|a) andb):

x °0 grafted to the surface BO, plasma areveakly reactive

X After argon cleaning the state of the surfacemisdified so a direct comparison
between Ar and?O, pretreatments is not meaningful. In fact, when we compare the
results obtainedfter two different surface pretreatments we suppose that the effect of
DUJRQ SODVPD LV MXVW 3FOHDQLIQ114ptQsGhaind BRtY DO R |
argon plasma exposure leads to a modification of SiQcture and creation of loose
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and broken bonds. Thereforargon plasma treatment may coarsen the surface and
increase the number dfO immediately available for exchange undé®, plasma
exposure. Therefore, thedifference between '°0 desorption afterAr and %0,
pretreatments is natscribed exclusively to the presence of adsotf@d

More work is required in order to verify which hypothesis is correct. In order to probe the
reactivity of adsorbed O atoms it would be desirable to get rid from thavigaof O of the
material. For thision bombardment on the surface in the probe discharge should be reduced.
Therefore, pulsed probe discharge a§|m3.4.25hould be used.

4.2.4 Conclusions on the isotopic study

In this seton we have applied the isotopic exchange technique in order to investigate
interaction between low pressure plasma and silicike surfaces (silica, Pyrex). We have
found that:

X Under direct @ plasma exposurexygen atoms that compose the outmaget of
studied materials are exchanged with O at@nd ionsfrom the gas phaséhe
surface density of O atoms that can be exchanged durlk® § in our standard
pretreatment conditions is of the order of one monolay®)-@"™ cm?. Our results
show that under @ plasma exposure the surface of siiGaLNH PDWHULDOV
considered as a static system, it is continuously modified due to ion and atomic
exposures.

X Results obtained with silica and Pyrex are very close what indicates that the density
and binding of oxygen atoms on the surface of these materials is similar.

x Due to the reativity of O atomsof the material we were unable to detect
unambiguously®0 atoms adsorbed on the surface atfé; plasma treatment and
evaluate their role in surfaaecombination of O. Experiment with short dc pulses in
%0, (similar to one done witf’N,) should be performed in the future.

4.3 Adsorption of atomic oxygen on Pyrex and related reactivity towards NO

We have seen in the previous section that O atomstimapose therystalline network of
silica or Pyrex participate in surface reactivity untfé, plasma exposure. Therefore, it is
difficult to make a distinction between adsorbed O atomsatomis of the materiathen the
surface is probed byantinuougdischarge

Following the logic of th&Chapter Illlwe have tried tolsserve the formation of NO in surface
recombination (N+@war. But no nitric oxide production was observed in a pulsed dc
discharge in Mafter G plasma pretreatment of the reaciine mainobstacle for detection of
surface production of NO in ajMlischarge is the fast reaction N + NON, + O that may
completely destroy all the produced NO molecules.
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In this section we use an alternative way to prolg @ Pyrex, namely we followhe
oxidation of NO in the reaction:

Oags+ NO : NO; 4.2)

Absolute measurements dfO and NQ give the information about the coverage and the
reactivity of Qgs

What atoms on the surface are potentially detectable by titratiim MO? As it was

discussed ir§[1.1.3 the reaction (NO + Qu) is thermodynamically favourable only if the

binding energy of @ on the surface is smaller than the bond streng{{D,q9) < D(O-

NO)=3.1 eV. Fran the other hand we detect only sufficiently stable atoms having the lifetime

on the surface of the order of*1€ This determines the lower limit of the binding energy of

probed Qg of the order of 1 eV (se§[1.1.1.3. Thus only a fraction of adsorbed oxygen

atoms with the binding energy lying in the rangeH 9&, ” H9 FDQ EH SUREHG E\ \
with NO. According to the notation introduced i Oagsthat are reactive towards NO will

be denoted Y,

4.3.1 Experimental details

The experimental procedure is shown schematicalBignre 4.8 First, the inner surface of

the discharge tube was pretreated by a flowing rf discharge, im Gtandardconditions

during 60 minutes. Then the reactor was pumped for 10 minutes in order to remove molecular
oxygen and let the surface cool down to room temperature. And finally a mixture containing
1% of NO diluted in argon was rapidly injected in the reattmm the buffer volume at a
pressure of 04b £5.3 mbars using fast pneumatic valves. So the concentration of introduced
NO was in the range 1 +10"° cm?,

Figure 4.8 Schematics othe experimental procedure.

Trial expements hae shown that NO kinetics sgnificantly altered by the presence of any
metallic parts in direct contact with the plasma. Therefore, the measurements were performed
in a specially designed discharge tube having no dc electrodes and no rersevtbies. So,

the discharge was in contact only wityrex surface.
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Typically, time evolution of NO and N©concentrations was followeith-situ using laser
absorption spectroscop@oncentration of both species were measured one by one in identical
experinents using the TDLAS spectrometa&pable of detecting one molecule at a tifitee
reproducibility ofsuccessiveneasurements was better than 10%, therefore we could compare
the kineticsof NO losses antNO, production obtained in separate experimentsdgmtical
conditions). Results obtained with TDLAS were confirmed by a series of measurements with
a 2channel QCL spectrometer in which the evolution of NO ang Blidcentrations was
followed simultaneously.

The limit of N, detectionwith TDLAS was 10 cm?® if we assume that onBlO,
correspond to one Ejb Jicked up from the surfactyatcorresponds tthe surface density of
Equ~ 5.10" cm®. Therefore, titration with NO allows detection of the coveragadsbrbed

oxygen speciethe ader of 10° of amonolayer.

4.3.2 Evidence ofNO oxidation by adsorbed O atoms

A series experiments with different initial concentration of injected NO was performed. In
[Figure 4. 9] TDLAS measurements of NO and N€brcentrations irPyrex reactor pretreated

by O, plasma are shownOne can see that NO is lost and Ni® producedafter the
introduction of the 1%NEAr mixture. The total concentration (NO+N{represents the
balance of N atoms in the system. When the amofinbtroduced nitric oxide is small
("3-10" cm®), NO is converted completely into NOAt higher initial concentrations of NO

the balance of N atoms is incomplete; a decrease of the total concentration (NQuthO
time can beseen

Test experiments we performed in order to prove that the observed: NI, conversion is
indeed catalyzed by O atoms adsorbed on Pyrex surface updiErs@a exposure.

First, the discharge tube was cleaned by a flowing rf discharge in argon in standard conditions
during 60minutes and then NO was introduced in the reactor. No significant decrease of the
NO concentration was observed, and the concentration of W& always below the
detection limit.

In the second test experiment we have verified if NO can be oxidized loybadsQ
molecules. The surface was exposed to a flow of molecular oxygen after 60 min long argon
plasma cleaning. No losses of NO and no production ofdé0ld be detected in this case.

Described experiments prove that:

X NO is not lost due to thadsorpion neither on Pyrex dischge tube nor on the
metallic vacuum connections between the reactor and the vacuum.system

X After argon discharge treatment there is no reactive O atoms on the surface of Pyrex.
Therefore,possibilty activation” of O atoms othe materiaby argon plasma may be
excluded.

x Adsorbed Qdo not contribute to NO NO, conversion on the surface.
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We can conclude that stable and at the same time reatdiwards NO oxygeratoms are
adsorbed on the surfaceRyrexunderO, plasmaexposure

a) b)

Figure 4.9 Time evolution of NO and N©Oconcentrations measured by TDLAS. Pyrex discharge tube was
pretreated by a capacitivedischarge in @and then a mixture of 1% NO in Ar waglioduced at a pressure a) p
=0.13 mbar b) p = 0.65 mbar c) p = 1.3 mbar, d) p = 5.3 mbar.

4.3.3 Determination of the surface coveragef adsorbed O atoms

The maximum detected concentration of Nfday be used to estimate the coverage ng
Assuming that the production of N@tops when all the available‘_jbqparticipate in the
reaction and taking into account the surface to volume ratio of the discharge tube we have
calculated the initial density [‘_jb]q: 2.510" cm. This vaue corresponds to the geometrical
surface of the tube without taking into account surface roughness.

The nonconservation of the initial value of the concentration of (NOzN©probably due to
theadsorption of N@on the reactor walls or formation afher NOx that are not measured in
this study. Thus, probably not all thef’b(}hat react on the surface end up as;N@lecuks

in the gas phase. Therefoodytained valushould be considered as the lower boundary of the
coverage of Eblx
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4.3.4 Evidence of a distribution of reactivity adsorbed O atoms

In [Figure 4.9]we can see thahe characteristic time of NOproduction increases with
increasing the amount of introduced NO. It goes from about 60 s for initial concentration
[NO]=3-10" cm™ to 1500 s for [NOJ=1.810" cm™®. This poins to a complex kinetics of
oxidation of NO on the surface. For high concentrations of injected NO we may expect
poisoning of the surface by adsorbed reaction proddids for example) which is supported

by observed decrease of the total concentratiogfNOH+NQO,). This complicates the analysis

of the kinetics of NQ NO, conversion.

According to our results shown|Figure 4.9] when the initial density dfO is small(~3-10*°

cm®) a completeoxidationof NO into NG is achieved. This means thhe contribution of
adsorbed byroducts to the balance of N atoms and poisoning of the surface are negligible.
Here we analyse the kinetics of NO oxidation on the surface by further reducing the number
of injectedNO molecuks.

a) b)

Figure 4.10a) Time evolution of NO concentration in successive injections of 1%NO in Ar at p 5zt

aftersingle O, plasma pretreatment of the surfacheTeactor was evacuated after each introduction of the gas

mixture. b) Charaeristic frequency of NO losse®o is obtained by fittinghe curves from the left panel with
f~expft- Qo). An exampleof the fit is shown in the lefhanel.

[Figure 4.10] showsthe time evolution of NO concentration in successive injections of
1%NO/Ar gas mixtureat 0.045 mbar after single O, plasma pretreatment of Pyrex discharge
tube. The right panel ifFigure 4.10] showsthe characteristic frequency of NDsses
calculated using singlexponential fit of curves from the left pan€ne can see that the rate
of NO oxidation on the surface drops by a factor ob&Bveen the land the 8 injection of
NO.

Thenumber of Ub(}hat are used for NO oxidation in 6 successive injections is-ofig0"
cm?, i.e. about 15% of the estimated total coverage Q)JqA simple reduction of the density
of available reactivexygenatoms upornjections of NO cannot explain the fdld decrease
of the wyo, Poisoning of the surface with adsorbed Ntas been also exclude@ihe only
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plausible @&planation for the observerkduction of the value of@Qo is the existence of
different groups of adsbed oxygen atoms that have different reactivity towards NO.
Therefore similarly to hson SiQNy, ‘_jbq exhibit adistribution of reactivity. Probably,
this distribution igrelated to a distribution dfinding energiesof adsorbed O atonen a real
inhomogeneous surface.

Based onthe NO loss frequency shown [Figure 4.10 the value of the effective loss
probability of NOon pretreated surfa@an be estimateasing the well known expression

" t R eN

Gaces L F}QS (3.10
Where r is the tube radius andyvis the average thermal velocityf molecules This
calculation gave variation of Jyo: no2= 2.107 - 2.10% between tha® and the & injection

respectively. For congrison, the value offio: no2=2-10" on stainless steeburface in a
hollow cattode discharge in air was fouird.

4.3.5 Conclusions on the study 0D,q4s reactivity on Pyrex

In thissectionwe have showithat:

x Stable and reactiveowards NOoxygen atoms are grafted to/éx surface under
continuouslow pressure @plasma exposure.daction NO + ‘_jbq : NO; may be
used to titrate L_‘qu

X An important finding isthat like in the case of {§ there exists a distribution of
reactivity of E’que suggest that this distribution is related to tpectum of

binding energies of adsorbed atoms

The lower limit of the densjtof Y, was foundo be [ Y;1=2.510"cm® :H GRQTW NQRZ
yet if these atoms are active for surface recombination of O. New experiment®@ith
isotopesemploying short dc discharge pulses should be performedorder to probe the
reactivity of E’bqtowardslso. Isotopic exchange °* ‘_jb q< 80 will be then probed by
oxidation of N°O on the surface with th@DLAS detection of'°ON'®0 and '*ON'®0

products in the gas phase.

4.4 On the role of Q,ysfor VOC oxidation

In the previous sections we have proven that undepl@ma exposure reactive oxygen
atams may be adsorbed and used for oxidation of stable molecules oHilsdisarfaces. In
this section we will investigate the reactivity ofgQn connection with air pollution control.

In the PhD work of O. Guaitell@ it has been shown that introduction of high specific
surface SiQ or SiGJ/TiIO, catalysts in a DBD discharge improves the efficiency and
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selectivity of GH, destruction. Stabilization of reactive atomic oxygen on the catalyst surface

has been proposed as one of the possible explanations for observed synergetic effects.
Similarly, other authors have demonstrated that O adsorbed on the catalyst surface under
plasma exposure participate in the VOC destrudgti@j119.

The aim of this section is to investigate the potential Q£fOr oxidation of GH..

4.4.1 Context of the study: influence of the chemical nature of the surface on the
reactivity of O 44s

The first experiment on 1, oxidation by catalytic materials pretreated by low pressure
plasma was performed at LPP by Olivier Guaitella and Claudia Lazzaroni. Here we will
summarize the main results of this work and give the interprettiai became possible after
the study of the reactivity of g on Pyrex.The details of this work can be found [ihl§.

The catalysts used in this study were all made of silica fibres coated or hoBi®itand

TiO, nanopatrticles:

x Silica fibers
X Fibreswith4Og/rﬁofSiOZ SDUWLFOHV UHIHUHQFHG DV 36L
x Fibres with 20g/rhof SiO; particles and 20g/frof TiO, SDUWLFOHV 36L 7L

[Figure 4. 11) shows a microsipic image of the Si20Ti20 materiaWith different
magnification one can see the fibres and the impregnated partiliegs of catalytic tissue

were places on the inner surface of the discharge tubpratrdated by a pulsed dc discharge

in Ar, O,, N, or synthetic air at a pressure 1.3 mbar for 30 minutes. Discharge current was 30
mA, frequency 25 Hz and pulse duration 4 ms. Then a mixture containing 950 pphtdh C

air was injected in the reactor at p=1.3 mbar and the kineticsHyf Wlas monitoredn-situ

using laser absorption spectroscopy. In order to avoid photo catalytic degradatibiy tieC
reactor was covered from the external light.

Figure 4.11 A microscopic image of Si20Ti20 material. With different magmifion one can see fibres and
impregnated particles.

In[Figure 4.12]the time evolution of g, concentration after different plasma pretreatment

of Si40 and Si20Ti20 materials is shown. One can see thBEb][@ith Si40 material stays
constant for all pretreatments, same result was observed with empty Pyrex reactor and reactor
filled with just silica fibres. Losses of.,8, were observeanly when material containing
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TiO, was pretreated by plasmas containing @ it has been concluded th&:H,
molecules can be destroyed by O atoms adsorbed gn TiO

a) b)

Figure 4.12 Evolution of GH, concentration after different plasma pretreatment of a) Si40 material b) Si20Ti20
material.

Based ortheresults of previous sections we know that undgpl@sma exposure adsorbed O
atoms would be found on silica and Pyrex as well. Howebexset atoms are not reactive
towards GH,. In order to explain this difference of the reactivity of O atoms adsorbed on
SiO, and TiQ it was suggested i that the binding energy of & on these matals is
different. This hypothesis is supported by re@mninitio study of O adsorption on TiQutile

and Ecristobalite SiQ [39). Calculatims have shown that the binding energy of O on
SiO; (Eags=5.9 eV) is considerably higher than on T(Bags1-1.5 eV).

Comparison between different surfaces ([iSiO,, Pyrex) and different target molecules
(NO, GHy>) brings us to the conclusion that tteactivity of adsorbed oxygen atoms depends
onboththe nature of theurfaceand reactingnolecules

Experiments described above gave the first evidence of the specific reactivify; oh QiO,.

The main problem of using tissilike materials was a hugalmost 100 ) total surface of

the catalyst inserted in the discharge tube. In addition paicles were distributed inside
the tissue as one can sefFigure 4.11Jand different particles received complgtelifferent
plasma exposurelhis made difficult the control of the state of the surface and the results
were not reproducible. In additipfor understanding of the mechanism gHgz removal by

Oads possible oxidation products such as,@Ad CO should & measured. Therefore, a new
experiment was set up.

4.4.2 C,H; oxidation by adsorbed oxygen atoms oifiiO »

4.4.2.1 Experimental details

In this sudy TiO, catalyst was deposited on the inner surface of silica discharge tube using
sokgel technique as i. The coating was impregnated with Degussa P25 paiticles
containing anatase and rutile phases in a ratio of aboit gL The specific surface of such
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impregnated coating (38 #g) was somewhat lower than of ndaposited P25 powder (48
m?/g). Typically, the mass of deposited catalyst was 0.1 g and hence the total surface area of
TiO, in the reactor was about #m

Figure 4.13 Schematics of the experimental procedure.

Schematically the experimental procedure is showfFigure 4.13 The surface was
pretreated during 30 min by a rf capacitive dischargeJmatCa pressure of 0.53 mbahget
discharge power waBp,=16 W. Then a mixture of 1% £, in Ar was introduced in the
reactor in static conditions. The reactor was covered from the external light in order to avoid
photo catalytic degradation of ;E8,. A 3-channel QCL spectrometer was diséor
simultaneousn-situ measurements of8,, CO, and CO.

4.4.2.2 Kinetics of GH, destruction on pretreated T3urface

[Figure 4.14]shows the time evolution of 8, and CQ concentrations after the introduction

of a mixture containing 1% of £, in argon at p=2.7 mbar. The number density gf,C
decreases after the introduction and disappears almost completely after 30 min. Upon the
removal of GH, only a small amount of CQs produced 2-10** cm). The concentitéon

of CO was always below the limit of detectiorl (™ cm®).

Observed losses of;8B, may be explained by two mechanisms:

X Adsorptionon TiO,.
x Chemical reactions on the pretreated surface.

To check if GH; is simply adsorbed on TiDa test experimemwas performed. The surface
was treated during 30 min by argon plasma and in this case no decrease adrientration
was observed. This proves that acetylene is not adsorbed on cleaanti@he removal of
C,H, after Q plasma pretreatment is catalyzegdadsorbed O atoms.

In order to determine the maximum amount gHgthat can be removed by the pretreated
catalyst, experiments with different pressures of injected acetylene were performed. The
saturation was found at the total numbe2-10"" of C,H, molecules in the reactor. Taking

into account the surface area of i@ n¥), this corresponds to approximately-10-? C,H,
molecules lost per cmThis value is much smaller than the density (9fb found on Pyrex
(~2-10" cm®) after similar Q plasma treatment. The coverage of adsorbed oxygen atoms on
TiO, after G plasma pretreatment is not known; therefore we are unable to conclude if they
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are all reactive towards,8, or what we observe is only a small fraction oiOVery low
coverage of Qs reactive towards £H, points to the fact that only atoms adsorbed on some
specific active sites are capable of oxidizingle

Figure 4.14 Time evolution of GH, and CQ concentrations measured ngiQCLAS. A mixture of 1% &, in
Ar was introduced in the reactor at p=2.7 mbar in static conditions affga€ma pretreatment of TiO

Production of C@shown iffFigure 4.14represents only 2% of the carbbalance. In order

to check if some other products containing C are released upon the destructiph, oh&ss
spectrometric analysis of the gas phase was performed. Mass spectra of the initial mixture
(1% GH; in Ar) and of the gas mixture in the reac8 min after the introduction are shown
in[Figure 4.15] No new peaks could be detected in the rangd.a0 a.m.u. (the graph shows

only a zoom on 1Gt50 a.m.u.). Slight increase of peak intensities correspondiNgand Q

may be ascribed to the leak in the vacuum system. Being unable to detected important gas
phase products of &, oxidation on the surface, we conclude the major products of the
reaction (Qust+ C:H2)tio2 stay adsorbed on the surface

4.4.2.3 Oxidation of adsorbed reaction intermediates

The products of ¢H, oxidation by Qgsstay on the surface of T¥rOWe have tried to recover
adsorbed species by activating the catalyst in closed reactor with simultaneous detection of
CzH2, CO; and CO[Figure 4.16|shows the evolution of £1, and CQ concentrations in the
conditions of the experiment demonstratefFigure 4.14] Approximately 30 minutes after

the introduction of gH,, the reactor was pumped out, filled with argon at 1.3 mbar and the
catalyst was activated in two possible ways:

X Heating at 200C or350°C.
x Exposure with UV lamps (we should not forget that Ji€da photecatalyst).
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One can see that G@ released upoheating or UV exposure but no desorption gfHgor

CO is detected. The absence gHgdesorption when the catalyst is heated is yet another
proof of the reactive adsorption mechanism. If acetylene was just molecularly adsorbed, we
would expect to obseevthermal desorption of8,.

Figure 4.15 Mass spectra of the initial mixture 1%HG in Ar in the beginning and 30 min after the introduction
in the reactor. Ti@surface was pretreated by flasma.

Figure 4.16 Time evolution of GH, and CQ concentrations measured using QCLAS. A mixture of 1,
Ar was introduced at p=2.7 mbar in static conditions aftgpl@ma pretreatment. After 3dmmthe reactor was
pumped out and heated at 2G0or 350°C under Ar atmosphere or exposed to UV light. Concentration of CO
was always below the detection limit.
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Our results demonstrate that reacti@qs+ C:H2)tio2 produces some adsorbed intermediates
that can be thermally or phetoxidized into CQ. In other words, oxidation of £, by
adsorbed oxygen atoms at room temperature is incomplete goeh8ure only the first step
of oxidation.At present we can only make some hypotheses based on thgyanélo the
mechanism of the gas phase reactighl G+ O. Oxidation of GH, into CG; is a multistep
process. It is known that there exist two major mechanisms of the first attagklpb O
12Q:

() CH,+O: CO+Ch
(i) CoH,+O: HCCO +H

It would be reasonable to suggest that oxidation f,@n the surface proceeds via similar

bond breaking pathwaysbHDFWLRQ L LV OHVV SUREDEOH EHFDXV
observed experimentallyResulting fragments magtay adsorbed on the surfade-situ

analysis of adsorbed species (for example transmission FTIR) is required in order to get a
deeper insight into the mechanism gHg oxidation by Qgson TiO..

4.4.3 Discussion and onclusions on the study 00,45 reactivity on TiO,

In this section we have shown that in general the reactivity of O atoms adsorbed on oxide
surfaces depends on both the nature of the surface and reacting molecules. For example, O
atoms adsorbed on Pyrex and reactive towards NO are not usefakiflation of GHo.

Whereas O atoms adsorbed on J#&e capable of oxidizing#8,. Probably, the difference in

the reactivity of Qusis related to the difference in their binding energy: atoms that are less
bonded to the surface are more reactineorder to further compare the reactivity of4on

Pyrex and TiQit would be desirable to investigate NO oxidation on pretreated Ju@ace.

%XW ZH KDYHQIW SHUIRUPHG VXFK H[SHULPH@AhﬁHFDXVH
NO, is adsorbed on Tigand analysis of NO oxidation kinetics is complicated in this case.

The maximum number of /8, lost on the Ti@ surface pretreated by,@lasma was- 5-10'
molecules per ch It was found that &1, is oxidized only partially by Qsleaving some
reaction intermediates adsorbed on the surface. Further oxidation of these adsorbed species
into CO, can be reached by heatiogUV activation of the catalyst.

Speaking about the role of,&Qin plasmacatalst systems for VOC abatement, we have
proven that Qyscan be used for oxidation of organic molecul®st we have employed low
pressure discharge in order to graft stahlg© the surface. In real applications, atmospheric
pressure discharges are uskds evident that conditions on the surface and especially ion
fluxes differ strongly at low and atmospheric pressure. Can we expect the adsorption of
oxygen atoms on the catalyst surface in contact with atmospheric pressure discharge?

Recently, Kimet al. haveperformed isotopic exchange experimentsn atmospheric
pressure DBD reactgracked with TiQ. Authors used a procedure similartte one that is

shown inFigure 4.1 The surface of TiQwas first exposed to a discharge in the mixture

He°0, and then®0™0 production on the surface was observed when the discharge feed gas
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was switched to H#0,. This proves that Qs can be grafted to the $ace of TiQ even
under atmospheric pressure plasma expodurerefore our results are relevant to the real
systems used for pollution control. Andgd9dentified in this study may be responsible for
improved efficiency and selectivity of plasAigO, combination reported in the literature.

So far we have studied the properties of strongly bondgd d@ oxide surfaces, in the
following section we will investigate the properties of weakly bonded atdlff& O

4.5 Investigation of ozone formation on surfaces

In Chapter 3 we have seen that strongly bonded N atoms qN,S#@ not the main sites for

N recombination on the surface. Therefore, recombination of N atoms takes place on some
ZHDNO\ ERQGLQJ DFWLYH VLWHYV :H KDYHQ feddombinatioR RPH WF
on silicalike surfaces. But it would be reasonable to suggest that weakly bonded O may
participate in surface recombination of oxygen atoms.

Our aim is to get insight into the reactivity of*® species on silica surface. Experimental
procedures employed so far are appropriate for investigation of adsorbed atoms having the
lifetime on the surface of the order of several minutes and more. In order to follow the
recombination of unstable adsorbed atoms, fasitindiagnostics is required. Fexample,

the spinning wall technique developed by Donneli;al is suitable for investigation of
adsorbed atoms with the lifetime of the order of 1 ms.

In case of O recombination on the surface of the possible pathways is the production of
ozone:

(O + Q)wan : Oz (42

As we have discusséd §[1.1.3 ozone may be produced only in reactionsiims having
the binding energy on the surfaicderior to 1.04 eV Therefore, detection of {produced on
the walls may provide an insight onto the reactivityp8f

It is interesting to note that reactis very efficient at LN2 temperaturBor examplein
122, reactiohas been uskfor collectionof atomic oxygen in the peslischarge of a
dc glow discharge in Yon a LN2 trap Concentration of mduced ozone was used as a
measure of the dissociation fraction of @ the discharge. However, reactigd.2)| is
completely overlooked imtomic oxygerrecombination studies not only at intermediate but
also at dw surface temperaturd®8]. Only recently ozone formation on the surface has
attracted a considerable inter due to an unusual isotopic efteaf heterogeneous O
productionin comparisorto the gas phasmechanismLately, Lopaeet al. have also
found that reactiof(4.2)|is an important © production pathway in @ dc discharge at
intermediate pressures (H5bO0 torr).
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4.5.1 Experimental details

So far ozone production on silica surface has been reported in contingalisclarges at
pressures p=k65 mbar . In cw discharges, due to the presence of electrons and
high concentrations of excited species ozone formation is balanced by fast destruction
processesvhat strongly complicates ome kinetics In this study we use pulsed dc discharge
with short pulse duration of the order of 1 ms. The discharge creates some initial
concentration of active species and ozone production takes place in the afterglow. Thus, much
smaller number of procsees has to be taken into account. In addition, valuable information
which is accessible with pulsed discharge technique is the time evolution of species
concentrations.

Experiments have been performed in silica discharge tube. In some experiments to order
enhance the role of surface reactions a material made of silica (f#4€smaterial presented

in §[4.4.2.3 was placed on the inner surface of the discharge tube. Time resolved
measurements of absolute concentrations ain@ Q were performed using TALIF and
broadband UV absorption.

4.5.2 Ozone production in bare silica tube

The first step required for ozone production in plasmas is the dissociation of molecular
oxygen. The number of Qlissociations increases with increasthg energy injected in the
discharge and one may expect that ozone production will also increase. However, as it was
shown in with increasing the injected energy, ozone destruction in reactiongatwitiic
oxygen, Q(a* ') and Q(b* 6 metastables and due to heating of the gas also increases. This
leads to a complex dependence of the resulting concentrationasf the energy injected in

the gas. Therefore, an optimum energy input should be foundén  maximize production

of Os.

First, we have performed UV absorption measurements of ozone production in a pulsed
discharge in flowing @at a pressure p=6.7 mbar. Residence time of the gas in the reactor
was equal to 2 second. Pulse repetition degggy was 0.25 Hz so complete gas renewal
between discharge pulses was achieved. The amplitude of the applied high voltage was kept
constant Wy=8.3 kV. Pulse duration was varied between 0.5 and 10 ms. The concentration of
ozone was measured 300 ms after €nd of the discharge pulse. As it will be shown later,

this delay corresponds to the steady state pEddcentration in the post discharge. Energy
injected in the gas was calculated from curesitage waveforms taking into account the

cathode fall vitage Wan | 300 \{68).[Figure 4.17]shows current and voltage waveforms of

10 ms discharge pulse in, @ p=6.7 mbar.
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Figure 4.17 Current and voltage waveforms, 10 ms discharge pulse &t =6.7 mbar.

In|Figure 4.18| the dependence of ozone concentration on the injected energy is shown. One
can see that [€) increases for ED.5 J/pulseand then it starts to decrease. In order to

maximize ozone production, for further experiments we have selected E=0.16 J/pulse.

Figure 4.18 Dependence of £xoncentration on the energy injected pischarge pulse. Measurements are
performed 300 ms after the end of the discharge pulse at p=6.7 mbar.

When the working point was selectélde measurements of ozone production kinetics in the
pressure range p=1.86.7 mbar have been performed while kegpnjected energy close to
E |0.16 J/pulse. Applied high voltage was kept,/&8.3 kV and discharge pulse duration was

varied in the range®0.52 ms. Chosen discharge parameters are listethiole 4.1 (see
below).
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In[Figure 4.19]the kinetics of ozone production is shown. One can see that ozone is formed in
the post discharge with the characteristic time is in the ragigé0 £100 ms. At p=1.3 mbar
maximum measured conueation of Q was 7-16% cm® which is close to the limit of
detection of UV absorption technique (2*46m™). With a 5 fold increase of the pressure, the
maximum ozone concentration increases by a factor of about 30.

Kinetics of ozone is coupled toetkinetics of O atomfFigure 4.20)shows the results of
TALIF measurements of the absolute concentration of atomic oxygen at the end of the
discharge pulse and kinetics of O losses in the post discharge. Discoadjgons were
identical to those used for ozone measurements gkayune 4.19| Concentration of atomic
oxygen is found in the range [O]=M)-10"* cm>. One can see that [O] in the post discharge
follows a shgle-exponential decay with characteristic tinge 70 £140 ms. Similar to the
characteristic ozone production tim@s, the value of W decreases with increasing, O
pressure.

Figure 4.19 Kinetics of ozone production in pulsed dc discharge at3=6.7 mbar, t=0 corresponds to the end
of the discharge pulse. Energy injected in plasma was in the range@22 J/pulse. The characteristic time of

ozone production was obtained by fitting experimental datafwitiil-exp(t/ W)).
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a) b)

Figure 4.20 a) Absolute concentration of atomic oxygen measured by TALIF at pz5.3 mbar. Energy
injected in plasma was in the range 0.14.22 J/pulse. b) TALIF measuremsntf the lifetime of atomic
oxygen in the same conditions.

p (mbar) t (ms) E (J/pulse)  [O4] (cm?) [O] (cm™)
1.3 2 0.18 7-10% 4.10"
2.7 1 0.22 3.7.10° 1.10"

4 0.5 0.14 9.10" 8-10*
6.7 1 0.16 2.4.10" 9.10"

Table 4.1 Parameters of pulsed dc discharge #a@d results of O and4{@oncentration measurements.

Our objective is to detect ozone produced on the surface. But even at low pressures ozone
may be formed in a-Body reactio In order to estimate relative contribution of surface

DQG JDV SKDVH PHFKDQLVPV RI RIRQH IRUPDWLRQ OHWT
relevant processes. The rate of ozone formationbod reaction in the gas phase is well
known|111}:

O+G+0: Ozt0O,
k=6.310°*(300/Ty)* cm’s™ (4.3)

In [Table 4.2] experimentally measured lifetime of atomic oxyg#tis compaed with a
calculation of the characteristic time of O losses in re W=(k-[02][O2])*. We can

see that at p=1.3 mbar atomic oxygen is lost mainly on the surface due to recombination into
O, andprobably Os;. When the pressure is increased to p=6.7 mbar, the characteristic time of
ozone formation in reactibecomes comparable with the measured lifetime of atomic
oxygen. This means that in our conditioesambination of atomic oxygen in the gas phase
reactior)(4.3)|is not negligible compared to O losses on the surface. Quadratic increase of the
rate os a function bthe gas pressure may explain experimentally observed decrease
of Wand \34 when the gas pressure is increased.
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p (mbar) W(ms) W (ms)
1.3 140 1460
2.7 140 364

4 100 162
6.7 70 58

Table 4.2 Comparison between experéntally measured lifetime of atomic oxyg&sand the characteristic
lifetime of atomic oxygen\y with respect to the reactiffd.3)

We can conclude that in bare silica reactor the lifetime of atomic oxygénrespect to
surface recombination is very long and gas phase remay significantly contribute

to the production of ozone. Therefore, we cannot unambiguously determine the fraction of
ozone produced oré¢ surfacdrom experimental measurements o]An such conditions
kinetic modelling is required in order to determine the role of different ozone formation
mechanisms. In the following we will perform a simple modelling of ozone kinetics in silica
reador. But an alternativavay to identify the role of ozone formation on the surface is to
change the nature of the material in contact with the plasma.

4.5.3 Ozone production in the presence of high specific surface material

In order to enhance the role of hetgeneous processes, a high specific surface material made
of silica fibres coated with Siparticles (Si40 material defined was placed on the

inner surface of the discharge tube[Rigure 4.21results of TALIF measurements of the
lifetime of atomic oxygen in the presence of catalyst are shown. One can see that the decay of
[O] is much faster than in bare tube. Obtained valuesgbat p=1.3 and 6.7 mbar are
approximately qual to the characteristic time of radial diffusiohoxygen atomso the tube

walls. The diffusion coefficient of O atoms decreases with increasing the pressure what
explains why the lifetime of atomic oxygen is higher at p=6.7 mbar.

Figure 4.21 Decay of the atomic oxygen density in the presence of Si40 fibres measured by TALIF, t=0
corresponds to the end of the discharge pulse.
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Listed in[Table 4.2|characteistic times of ozone production in the reacli@®)|are much

ORQJHU WKDQ WKH OLIHWLPH RI 2 LQ WKH SUHVHQFH RI WK
enough time to form ozone in the gas phase when filbeem@oduced. However, absorption
measurements demonstrate significant ozone production even in this

time evolution of [@] at p=6.7 mbar and injected energy E=0.16 J/pulse with and without
catalyst is shown.

Figure 4.22 Comparison of ozone production in pulsed dc discharge at p=6.7 mbar with and without catalytic
material inside the reactor. The injected energy was kept the same BAfule.

One can see that regardless fast losses of O on the surface of silica fibres, even greater amount
of ozone is produced in identical discharge conditions. In addition, with the catalyst the
characteristic time of ozone production is much smaélian in bare reactor\§=9 ms with

catalyst and\4=63 ms in bare tubelDbservedast ozone formation cannot be explained by

any gas phase reaction, and, therefore, it necessarily comes freunfti

We have directly demonstrated that ozone can badd on silica surface in recombination
reactio What is the efficiency ahe atomic oxygen loss char{€@+GQ,),, in comparison

with usual recombinatiomto O, and adsorption of O on the surf&ck order toanswer this

question we should compare the number of O atoms produced in the discharge with the
PHDVXUHG FRQFHQWUDWLRQ RI RIRQH :H KDYHQTW SHUIR
oxygen in reactor with introduced catalyst. But fibres were placed onrike sarface of the
GLVFKDUJH WXEH DQG GLGQYW VLIJQLILFDQWO\ PRGLI\ WKH
at fixed pressure and injected energy the number,aofii€sociations with and withouhe

catalyst is the same. Therefore, for further estiomatiwe use absolute [O] measurements
performed in bare tube.

Seeing that in the presence of Si40 material losses of atoms and production of ozone take
place exclusively on the surface, the ragO;™®}/[0™"] represents the fraction of lost
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atomsthat recombine producing ozonk conditions shown ifFigure 4.22) K| This
means that at p=6.7 mbar production of ozone accoun®%rof O losse®n the surface!

4.5.3.1 Influence of gas pressure and surface pretreatment

We have studied how the value Bflepends on the {pressure and on the state of the SiO
surface.Concentration of ozone was measured 50 ms after the end of the discharge pulse at
different gas pressures (p=1£5.7 mbar) in the conditionglentical to bare tube experiment
(see[Table 4.1). Two different types of catalyst surface pretreatment were compared.
Normally, fibres were just introduced the reactor and exposed for few hours to a pulsed dc
dischargein@ 3ILEUHV’ 3 OHDQ ILEUHV® VWDQGY IRU SUHWUHD
capacitive rf discharge in n standard conditions for 1 hour.

In[Figure 4.23] the value of Kis plotted as a function of the gas presdoretwo types of
catalyst preparation. For comparison, results obtained in empty reactor are alsoAshome.

can see, the value dfin the presence of fibres increasesarly with the pressure. This
means that recombination of O angdd@ the surface is the first order process with respect to
[O,]. In other words, catalyst surface plays the role of thé@&ly for recombination. In the
empty reactor the value dfincreases as a square of the pressure. This indicates that ozone is

produced mainly in the 3 body react|i(z¢13)

One can see that after pretreatment of fibres, ozone production is about 3 times less efficient.
The ame effect was observed when the catalyst was heated ‘@ 88@0er Q@ atmosphere

for 1 hour. After cleaning, the efficiency of;@roduction was recovered to the normal level

if the catalyst was left under continuous pumping for several hours.

It is known that water molecules and some hydroxyl groups are efficiently removed from
silica surface upon heating or underglasma exposu . The remwal of adsorbed

water and/or surface hydroxyls by @ discharge (in standard conditions) has been evidenced
by optical emission spectroscopy.[figure 4.24 emission spectra of the discharge in the
beginning ad at the end of the cleaning procedure are shown. One can see that after 60 min
of plasma exposure the intensity of OH emission band at 310 nm is strongly reduced.
Therefore, the most likely explanation for the reduced efficiency of ozone productioraon cle
fibres is the dehydrohylation of the surface. Observed slow recovery of ozone formation
efficiency under pumping may be explained by tha@deorption of water molecules coming

from leaks in the vacuum system.

We conclude that the presence of OH andddsorbed bLD on silica surface favours
recombination channel (O+§),: Os with respect to (O+Q): O,. The presence of OH and
H,O,4s 0N the surface may have a double effect, from the one hand they may play a role of
active sites for @productions and form #ghother hand they may inhibit the recombination

into O,.
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Figure 4.23 Efficiency of surface recombination with production of ozdfas a function of the gas pressure.
Discharge conditions are the saaglisted ifiTable 4.1 3&OHDQ " ILEUHVY ZHUH WUHDWHG E\ D F
during 60 minutes.

Figure 4.24 Emission spectra of rf discharge in sedfor cleaning of silica fibres. A strong reduction of the
intensity of OH band at 310 nm is seen after 60 min of cleaning.

4.5.4 Modelling of ozone production in bare silica tube

In bare silica tube, surface reactions are slow and gas phase processesrgigrfin&ibute

to the production of © In order to determine the fraction of ozone that comes from the
surfacea simple kinetic model was developed. Tates of gas phase reactions are supposed
to be known with a good precision. Thus, ozone productiothe surface may be evidenced
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if gas phase reactions are not able to reproduce experimentally observed kinetc3lod O
processes that were taken into account in the model are ligtetlm 4.3

Following we suppose that only 18 ozone is formed in vibrationally ground state and
2/3 of produced ozone molecules are excited into asymmetric stretching mod¢412§ ine

consider only one effective vibrational levé®l . One can see that destruction &f in
collisions with O and,(a' ') is muchfaster that for ground state;O

Reaction Rate constant Ref.
R1 O+;+0;: 03+ 0, * 6.310°"(300/Ty)* cm’s™ (119
R2 0+0+0,: 2 +0; € 6.310%%(300/Ty)? cmPs™ (117
R3 O+0;: 0+ O, 8-10'%.exp(2060/Ty) cm’s” 109
R4 O(a')+0s: 2 0+ Oy 5.2.10M-exp(-2840/T,) cm’s’ 109
R5 2 +0: O, + 0O, 8-10'%exp(480/Ty) cm’s’
R6 2 +0,@") : 2 0+ 0 5.2.10M.exp(-1260/T,) cm’s®
R7 2 +0,: 23+0, 310" cm’s?t
R8 2 +0: 2;+0 2.10" st
R9 2 +wall : O3+ wall F0.1
R10 O +wall : %50, + wall $=210* measured
R11 Oy@ ') +wall : O, + wall J=1.810* {109

Table 4.3 The list of reaction that were taken into account in the kinetic model.

The recombination probability of O atoms on the surface was determined fron@/the
measurements at p=1.3 mbar showjfrigure 4.20|b). At this low pressure Qosses due to
ozone formation in the gas phasme negligible according At p=1.3 mbar ozone
formation on the surface is much less efficient than recombination inés @ follows from
the measuremés shown i Therefoe, & can be calculated directly frong/
using the well known expressi :

(44

where v, is the average thermal velocity of O atoms. Calculation|(/4ir4)|gives $=2-10"
which is in a good agreement with literature data for s@. In the model, we suppose
that  is independent ahe gas pressure.

An important quencher of ozone in the post discharge is singlet oxygen. The concentration of
Oxa' KDVQTW EHHSQ itthHaDtd Y& esBnatedccording to, O(a"') in

oxygen plasmas is producedainly by electron impact excitation of ground state O
molecules. In conditions similar to o, it was shown that the lifetime of,@ ') with

respect to quenching by neutral species andxdédion in collisions with electrons is of the
order 100 ms. This means that in our experiments quenching(@f Pmay be neglected on

115



Adsorption and reactivity of O atoms

the timescale of the discharge pulse which is always shorter than 2 ms. Thus, the
concentration of gfa' ') at the end ofhe discharge pulse is equalJ[& ')]=ko2ddOs] W
Where nis the electron density ok, is the electron impact excitation coefficient aud the

pulse duration Similarly, one can express the concentration of atomic oxygen as
[O]=2kgis O] VBecausethe measuredalue of Wis always much longer thathe pulse
duration Therefore, at the end of the discharge puyBga')])/[O]=koad2kiss Assuming
E/N=60-100 Td which is typical for our conditions accordin@ and using Bolsig EEDF
solver, the ratio &42kgyiss was found to be in the range 04.2. In the following we will
assume that at the end of the discharge puls&]Q]/[O]=0.5 in order to estimate the
maximum possible contribution @h(a" *).

Calculations were performed for the discharge afterglow. Expetaitg measured atomic
oxygen concentrationd] and the estimated value of {@"').] were used as an input
parameter. In the first instance ozone production on the surface waslédisaathe model.
The gas temperature was supposed to be equal to the room temperature.

Comparison between experimental results and modelling of ozone kinetics is s
Two different simulations are performed. In the first case (model 1) we neglected
vibrationally excited ozone and assumed that all them@lecules are produced in the
vibrationally ground state. In the second case (model 2) a complete reaction

was used.

One can see that model 1 strongly overestimates productiory of the post discharge.
Agreement obtained with the model 2 is somewhat better especially for p=6.7 mbar. But for
lower pressures the discrepancy with th@esinent is still strong. This means that some
important reactions of2 are still missing even in the model 2. Probably, multilevel

vibrational kinetics of2 should be taken into account as. However, at present the
vibrational leveldependent reaction rates of excited ozone are not known with sufficient
precision, and reliability of such detailed modelling would be questionable.

Figure 4.25 Comparison between experimental and calculated time evolutionsofl@del calculations shown
in the left panel were performed assuming that ozone is formed in vibrationally ground state. Right panel shows
resultsof a complete model.
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Based on this attempt of kinetic modelling of ozone production we can conclude that:

X In the conditions of our study, the kineticswbrationally excited ozone is of
primary importance for correct description of @oduction.

X But even taking 2 into accountthe model overestimates production of ozone
compared to the experiment. Thus in the model, there is no need for an additional
(surface) @formation term in order to reproduce experimentally measured values
of ozone concenttion. This means thawith the actual knowledge of reaction

rates of 2 it is impossible to assess the probability of ozone formation on the
surface in our experiments.

An estimation of the ozone yield from surface recombination in case of basetgbie can be

made based on the results showfFigure 4.23 The efficiency of heterogeneous ozone
production depends on the hydrohylation of silica surface. In contrast to highly porous Si40
material in which agreat part of the surface is shadowed, the surface of bare discharge tube is
exposed to uniform ion and atomic fluxes. We may, therefore, expect that under pulsed dc
discharge conditions the surface of the discharge tube is free from OH and adsorbed water.
Similarly in , Cartry following the recombination model of Jum supposed that

under pulsed dc discharge in,@ilica surface is coverdaly oxygen atoms double bonded to

Si atoms of the substrate. In other words, experiments in bare tube correspond to the case
SFOHDQ" YAgR& Q23 Thus, ozone production on the surface of silica dischatge t
represents at maximum 10% of the heterogeneous losses of O in the pressure rangep = 1.3
6.7 mbar. The experimentally obtained value bfis of the order of 16, and hence the
probability of ozone formatioon silica surfaceshould be of the order of an the studied
pressure range.

4.5.5 Conclusionson the ozone productionstudy

X In this section we have shown that silica surface may glae of the third body for
ozone formation. Experiments with high specific surface silica fibres have shown that
formation of ozone accounts for 30% of surface losses of atomic oxygen at p=6.7
mbar. Ozone can be formed only in recombination of weakly deoh O with
molecular oxygen; hence ouesults prove the importance of"® for surface
processes imxygen The possibility of recombination process"f&$0,),, indicates
that (3% + 0", or (0"**+ 0%, may also contribute to surface losses of O

x The presence of adsorbed water and/or hydroxyl groups increases the efficiency of
ozone formation on the surface.

x Coming back to experiments in bare silica tube, we have found that in this case
surface recombination is not likely to be the dominant swf ozone. This is
explained by the fadhat in bare tubethe lifetime of atomic oxygen with respect to
surface recombination is long and gas phase production of ozone is important even at
low pressures.
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Kinetic modelling has revealed a very importaokerof vibrationally excéd ozone as an
intermediate ®f Oz formation in the gas phasBestruction of vibrationally excited ozone in
collisions with O atoms an@,(a ') molecules is much faster compared to the ground state
Os. Thereforejntroduction of 2 in the model reduces the resulting @oduction.Due to the

lack of reliable data on the reaction rates2f ozone production was overestimated by the
model. As a consequence, determination of the fraction of ozone produced on the surface
from comparison between the model and the experiment was not possible.

Results of this sectionare a good illustration to the fatitat quantification of molecule
production on the surface using a combination of kinetic modelling and experiment is not
always an easy task.Mén in such a simple systesms an Q afterglow, the gas phase kinetics

is rather complex and still not fully understood.

4.6 Conclusions

In this chaptemwe have studiednteraction betweel®, plasmaand three oxide surfaces
silica, Pyrexand TiQ. Many similarities with the results of the previous chagesaling with
N-SiO, systemhave been observed. Namely, the exchange of the atbrie crystalline
network under direct plasma exposure, the distribution of the reactivity of adsarbeslaatd
the importancef weakly bonded atoms for surface recombinat®elow we summarize the
main results of this chapter:

x Under direct @ plasma exposure, oxygen atoms that compose the outmost layer of
silica and Pyrex are continuously exchanged witygen atoms and ions from the gas
phase Typically, in our standard pretreatment conditi¢s)-10*> O atoms pecm?
are replaced during 500 s of plasma exposure.

x We have found thatnder Q plasma exposureeactive O atoms are adsorbexh
Pyrex or TiQ. The reactivity ofO,qstowards stable molecules depends on the nature
of the surface anthetarget molecule.

X Oxygenatoms adsorbed on Pyrex surface are reactive towardevid@enote these
atoms L_jb)T Titration of E’bqusing the reaction NO + ?bq : NO, allowed

determination of the loer limit of the coveragp L_jb]f 2.510"cm?.

X A distribution of reactivity of L_Jb(;owards NO have been observ&de suggest that

this distribution $ related to @pectrum of binding energies adsorbed atomd.he
maximumrate of NO oxidation on the surface corresponds toeffective surface
reaction probabilitydio: noz=2-10".

x Oxygen atoms adsorbed on Ti@re reactive towards;8,. The maximum number of
C,H, lost on the TiQ surface pretrated by Q plasma was- 5-10"> molecules per
cn?. It was found that €, is oxidized only partially by @sleaving some reaction
intermediates on the surface. Further oxidation of these adsorbed species,intmCO
be reached by heatirgg UV activationof the catalyst.
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X We have found that ozone may be formed from surface recombination}Qe1®
silica surface. The presence of adsorbed water and surface OH groups favours ozone
production on the surface. At p=6.7 mbar ozone production accounts for 30% of
losses of O atoms on silica surfa€his result demonstrates the importance of weakly
bonded &¥**for surface catalyzed reactions in oxygen plasmas.

X Modelling of G production in bare silica reactor has revealed a very important role of
the kinetics oWvibrationally excited ozone
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5. Chapter V: Study of surface vibrational
relaxation of N,

5.1 Introduction

Above we have seen that in low pressupfON plasmas surface processes play a key role in
plasma chemical kinetics. Another aspect of surface interactiomsolecular plasmas is
heterogeneous vibrational relaxation. Relaxation of vibrationally excited molecules on reactor
walls is often the dominant mechanism of losses of vibrational enelgponatoryplasmas

at pressures in the mbar ra. Due to a low energy threshold, vibrational excitation by
electron impact is very efficient and it controls the electron energy distribution function.
Therefore, the knowledge of the rate of vibrational relaratio the surface is important for
understanding of the overall energy balance in bounded molecular plasmas.

In this work we investigate heterogeneous relaxation of vibrationally excited nitrogen
molecules. There are only few published works devoted tattity of N(V) relaxation on
surfaceqd127[128[129 and they all deal with flowing postischargesystems. So at present
the number of studied surfaces is very limited and very little is known about the effect of
plasma exposure on the probability of vibrational relaxation £%)Non the surfaceln this
chapter wedevelop a new experimental technigiog in-situ investigation of vibrational
relaxation of N(v) in plasmas. We use the idea of titrating vibrationally excitecb\Nan
admixture of infraredIR) active molecules (C£ N,O or CO). Gas mixtures containing 0.05

+1 % of CQ (CO or N2O) in N, were excited by a pulsed dc discharge and time resolved
guantum cascade laser absorption spectroscopy was used to follow the relaxation kinetics of
titrating moleculesn-situ. Due to a very efficient vibrational coupling between nitrogen and
CO,(NO, CO), the excitation of titrating molecules reflects the degree of vibrational
excitation of N. In this chapter we apply infrared titration technique to stibdyquenching

of N»(v) on different catalytic surfaces exposed to low pressgi@,Nontaining plasias.

5.2 Kinetics of vibrationally excited nitrogen

5.2.1 Role played by N(v) in nitrogen containing plasmas

Vibrationally excited nitrogen molecules have been recognized as an important product of
plasmachemical processes in nitrogen in the 1950s due to therimicabactivity and

high energy storage capac|3]]. In the afterglow of a flowing microwave discharge in N

at a pressure of-8 mbarthe energy associated with vibrationally excited nitrogen
(about 0.25 eV/molecule) was found to be much higher than the kinetic energy of N
molecules. During the subsequent 50 years of research a vportamt and sometimes
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mysterious role of Bv) in N, containing plasmas and afterglows was revealed
experimentally and by means of kinetic modelling.

It is almost impossible to cite all the discovered and suggested reactions of vibrationally
excited nitrogn molecules in plasmas. Here we will name only few processes:

X Vibration to dissociation (\D) [97]
N2(X, 10<v<25) + Ny(X, 10<v<25) : Nz(X) + 2N
x Vibration to electronic (VE)
No(X, v>39) + N('S) : Na(A) + N(°D)
X Vibration to ionization (V)
Na(X, v>29) + Ny(X, v>29) : N4 +e
X Chemical reaction
No(X,v>12)+O: 12 1
x Collisions with electrons
No(X, V) + e < No(X, w) + e

One can see that vibrationally excited nitrogen molecules influence directly or indirectly all
the important processes in nitrogen containing plasmas. Therefore, andergt of the
kinetics of N(V) is indispensable for a correct description of physitedmical processes in
discharges in pand N containing mixtures.

Vibrational kinetics of N may be split into three groups of processes:

x Electron impact excitation arsiiperelastic collisions with electrons.
X Gas phase vibrational relaxation and vibrational exchange.
x Surface vibrational relaxation.

In subsequent sections we will briefly discuss the actual state of our knowledge of the
mechanisms of these processes.

5.2.2 Eledron impact excitation/de-excitation of Nx(V)

IHWTV ILUVW |, mbldcul® ebn¥isks DWWwvd N atoms connected by an elastic spring

DQG OHWIV VXSSRVH WKDW DQ HOHFWURQ FROOLGHV ZLW
conservation of momenturmd energy, the part of the kinetic energy of the electron that can

be transferred to the atom is of the order gy ~ 10* where nais the electron mass and

My the mass of N atom. The vibrational quantum egfidN |0.25 eV; therefore, vibrational

excitdion in such direct impact with a heavy N atom can be efficient only for very high
collision energies. However, it is known from the experiment thatdoergy (having few

eV) electrons are very efficiefdar excitation ofvibrations of N [134].

Thus, in order to excite Nvibrations, colliding electrons have to interact with the molecular
electronic shell. | and later theoretical Wor it was shown that the incoming
electron forms with Bimolecule an unstable compound state,-aaled resonance. Then this
negative ion decays and may leave the molecule in a vibrationally excited stetea8cally
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this twostep excitation mechanism is illustratedFigure 5.1| In{Figure 5.2|the Nx(v=1)
electron impact excitation cross section measur¢tl3d is shown.

Figure 5.1 Illustration of the mechanism of electrampact excitation of

Figure 5.2 Electronimpact excitation crossection of N(v=1).

The threshold energy 1.4 eV fop(M=1) excitationis much higher than the vibrational quanta
of N, and it corresponds to the energy of the negative ion state. The peaks on the cross section

may be ex@ined by the interference with different vibrational levels f The lifetime of

. is of the order of few molecular vibrationsl(™ s) and it determines the width of thé

energy levels and hence the width of the peaks on the crdamnsshown | The
existence of these relatively broad peaks makes vibrational excitation s Bffficient in
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plasmas. In contrast, molecules that have a stable negative ion stéte ¢ample) ekibit

very narrow resonance peaks on the csesgtion of electroimpact vibrational excitation.
Excitation of these molecules by plasma electrons that have continuum energy spectrum is
rather inefficient.

When the density of vibrationally excited, Mnolecules is high, the inverse process of
electron impact dexcitation of molecular vibrations starts to play a significant role.
Especially superelastic collisions aremportant in the absence of other electhmating
sources. For example i it was demonstrated that in tidy afterglow, the electron
temperature is controlled by -@citation of N(v). The mechanism of XVv) de-excitation is
similar to the direct process and its rate can be obtainaedtire detailed balance principle.

5.2.3 Vibrational relaxation of N »(V) in the gas phase

Redistribution of vibrational energy between different degrees of freedom in collisions of
N(v) with different species has been studied intensively over the past cdhiuas found
that the most important processes that goveXw)Nibrationaldistribution are the following
129:

x Vibrational ttranslational/rotational relaxation {V/R)
N2o(v,J1) + M : Na(w,b) + M

x Vibrational +vibrational relaxation in p(V-V)
N2(V1) + Nz(Wl) : N2(V2) + N2(W2)

x Vibrational tvibrational relaxation with other molecules-{X/)
N2(v1) + M(wy) © No(v2) + M(wo)

Nitrogen possesses vibrational levels and in order to model its vibrational kinetics

the knowledge of the reaction rates for all the levels is required. Of course, experimental
determination of the whole set of relaxation rates (especially for high vibrational levets) i
possible. Typically, the measurements are performed for a few lower levels and the complete
dataset is obtained using analytical theoretical scaling laws or by means of numerical
modeling.

The mostwidely usedanalytical treatment of vibrational eation isSchwartz, Slawsky and
Hertzfeld (SSH) theor. In SSH theorythe collision is supposed to be one dimensional
and only repulsive forces betweewlliding molecules are considered. In adth, for
relaxation processes listed above only singlX D Q Wv&P) exchange processes are
considered. Thd v=1 selection rule is rigorous for harmonic oscillators and it is valid with a
good precision for real anharmonic molecules. All above simgiidica allow analytical
solution of the problem that gives vibrational number dependenceTofand \+V rates.
Usually, the absolute values of relaxation rates are not well reproduced by simplified
analytical theories and a normalization to experimenta datequired. The SSH scaling laws

for V-T and \LV relaxation of anharmonic oscillators are the follow@ :
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256 L %4 RE s; ¢ (5.1)

(5.2)
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ParametersGr and ¢ depend on the anharmonicity the colliding species. In the case of
harmonic oscillator, these parameters are equal to zero and the scaling laws transform into a
simple linear dependence on the vibrational quantum number.

The most detailed theoretical investigation of the mecharo$wibrational energy transfer in

N2-N collisions has been recently performe. Authors used a seralassical method

in which the translational and rotational motion of molecules was treatesiczlty, whereas

the molecular vibrations were treated quantum mechanically. This technique allowed accurate
calculation of the VT and AV rates in a broademperaturegange. In contrast to analytical
models, semclassical calculationgive absolute rection rates which are in good agreement
with the experimental values. Moreover, probabilities of rgu@ntum transitionsare
calculatedn |14Q.

5.2.4 Vibrational relaxation on surfaces: motivation of the sudy

Based on the previous discussig conclude that the gas phase vibrational kinetics of N
containing plasmas is well established. However, in bound laboratory plasmas the relaxation
of molecular vibrations on the reactor walls becomes importanitastwuld be taken into
account. According t§126 V-T relaxation in N is extremely slow and quenching of(N)

on the reactor walls may be the dominant vibrational quanta loss mechanism for prgssures u
to several tens mbars. At present, understanding of the mechanismssoffgas interactions

with vibrationally excited molecules is rather limited.

Historically, one of the most studied gasrface interaction process is the relaxation of WO(

on LiF, Ag and graphite single crysta]441][142[143 in molecular beam experiments.
Nitrogen oxide moleules were prepared in a specific quantum statd)(with a tunable
infrared laser and then vibrational, rotational and translational distributions of the scattered
molecules were measured by stspecific multiphoton ionization using a tunable UV laser

On atomically smooth surfaces the vibrational quanta loss probabilityowad to be0.1 +

0.25. It wasconcludedthat the most plausible mechanism of vibrational relaxation is the
interaction between physisorbed N(and surface phonons. Experimentathbserved
increase of the deactivation probability with decreasing the temperature of the surface
supported this hypothesis; at lower temperature physisorbed molecules spend more time on
the surface before being desorbed. Coupling between vibrationaibtatcnal/translational
degrees of freedom as well interaction with the electrons of the solid were found to be
inefficient for vibrational deactivation. The roughness of the surface was also a very crucial
parameter, measured deactivation probabilityrongh (although optically polished) LiF
surface was almost 1 in contrastfd1 on a cleaved surface.
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To the best of our knowledge with, Mo detailed beam studies have been performed so far.
As a matter of fact, the number of experimental studies dévotthe determination of i)

loss probabilities on different surfaces is rather limited. The main difficulty in such
experiments is the detection of vibrationally excited nitrogen that does not exhibit dipole
allowed transitions in emission and has apson features only in VUV. Therefore,
calorimetric meth, spontaneous or coherent Raman scattfr#@f{129 or infrared
titration with CQ [128 were used in the past. Typically, all the experiments were carried out
in a flowing discharge system and the concentration,0f)Nvas measured asfunction of

the distance in the post discharge. The probability of vibrational quanta loss in collisions with
the wall (J, was determined from the measured decay£¥%)NoncentrationTypically, the

value of & for the first vibrational level on diérent surfacedies in the range 16 102 In

the results ofJ, measurements on glass were interpreted in terms of the two step
mechansm similar to one proposed for N@(elaxationon LiF. Vibrationally excited NV)

were supposed to physisorb on the surface and then to transfeibthgonal energy to
surface phonons. Low relaxation probalilif No(v) wasexplainedn by the very short
residence time of Mv) on the surface anlly the poor coupling of energy transfer involving
phonon excitation.

In real plasma conditions the surface may be covered by a layer of adsorbedlesolec
Vibrational energy transfer between impinging(\Wl and this surface layer may represent an
efficient pathway for heterogeneous vibrational relax .

One of the shortcomings of the technigescribed above is that the relaxation givNwas
studied in a flowing postlischarge zone. First, the values &f in the postdischarge may
differ from those under direct plasma exposure as it was demonstrated for atomic
recombination on surface. Second, the state of the surface under -gissharge
exposue is not well controlled and it may evolve in time. Indemihor pointed

out drifts in measured values df with increasing exposure tio the afterglow

We can conclude here that at present the modeling of vibrational kineticsdankaining
plasmas, very elaborated and exhaustive in what concerns gas phase kinetics, is limited by the
knowledge of the rates of surface vibrationalxateon. Plasma simulations for new emerging
applicationssuch as material processi@ or plasmacatalyst technolog require the
knowledge ofJ; for anumber of surface materials

The development of a simple and reliable technique fesitin 4 determination was
therefore our main motivation.

In addition, thdollowing questiongequire a thorough investigation

X How does plasma exposure magdifie probability of N(v) quenching on surfaces?
x How do molecular admixtures influence the valuelof*
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5.3 Study of Ny(Vv) relaxation using infrared titration

5.3.1 Principles of the infrared titration technique

The basic idea of the infrared titration technigoasists in the addition of a small amount of
infrared active molecules (GON,O, CO) into N. As it can be seen in the

titrating molecules have vibrational levels that are very close to the fisdtdé
nitrogen N(v=1). When N undergoes vibrational excitation, a fast resonant vibrational
energy exchange tends to equilibratdbrational distributions ofNy(v) and IR active
admixtures. Therefore, the degree of vibrational excitation of titratioigaules is an image

of the degree of vibrational excitation ot.N'he described method was first proposed and
applied in for No(v) surface deactivation studies; €®as added in the flowing nitgen
postdischarge and vibrationally excited g€QOnolecules were detected using their IR
emission.

vl, cm? v2, cm” v3, cm”
N, 2331
(6{0) 2143
CO, 1388 667 2349
N,O 1285 589 2224

Table 5.1 Wave numbers of the fundental vibrational modes of NCO, CQ and NO.

In our case, we wish to develop emsitu diagnostics inside the plasma zone but not in the
postdischarge. Therefore, IR active molecules are added &m#lithen the mixture is excited

by a pulsed DC disarge. Quantum cascade laser absorption spectroscopy is used to monitor
kinetics of titrating molecules.

5.3.2 Experimental procedure

Figure 5.3|illustrates the experimental procedure. First, the discharge tubetieated by a
flowing RF discharge in argon,,Nr O,. Then a mixture of Ncontaining 0.05.% of CQ

(N2O, CO) is introduced in the reactor and a sifmlése DC discharge is ignited in static
conditions. Time evolution of up to 3 species is followed tn 8sing the Ehannel QCLAS
spectrometewith time resolution 200 .

Figure 5.3 Experimental sequence.
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After each discharge pulse the reactor is refilled with a new gas mixture. The standard
experimental conditions are the following:

X gas pressure p=1.33 mbar
x discharge current I=50 mA
X pulse duration&5 ms

Several discharge tubes made of different materials (silica, Pyrex, anodized aluminum) or
silica with a solgel film of TiO, or Al,Oz deposited on its inner surface are studied.

5.3.3 Validity of the diagnostics

In[Figure 5.4] results of the relaxation measurements i #CO, (N;O, CO) mixtures in
standard conditions with siliemade discharge tube. The concentration of admixtures was in
the range (0.05+0.5)%. Before the measurements, the reaastas treated by argon RF
plasma at a pressure of 0.3 mbar during 30 minutes. It should be noted that the acquisition is
done in a single pulse without data accumulation.

First of all let us discuss the particularity of quantum cascade laser absorptiauremeagds

in the conditions of noequilibrium vibrational excitation. According to express${@n2)| the
measured absorbance is proportional to the difference between the lower and the upper roto
vibrational level populations; andny. Taking into account the Boltzmann relation between

and n, and the total density of molecules on the lowsds) (@and the upperN;) vibrational
leveld(2. 2)|and(2. 3)|is expressed as follows

> (5.3)
i z@—ATR L Fuod’@og’?“m FASE0cp. -

where E; and Ey correspond to the rotational energy of the lower andupeer levels
respectivelyQ is the rotational partition functiof is a calibration factor that accounts for
the absorption line distortion due to the rapid passage effect. Effed{®eB)| may be
rewritten

+ 74 :'Zr ptR L FU:0, F U0s; (.4

where Dis found from the calibration anddepends on the chosen transition and can be
calculated using the known molecular parametérgpically £1 becausehe statistal
weights and the rotational energies of the levels connected by allowed dipole transitions
(7J=0,+1) are close. The values @t 300K for the absorption lines used in this study:

X E1.145 for P28 Cgod® 8 0) transition at 2324.976 ¢
X £1.135forP18 NO(OF 8 °0) transition at 2207.62 chn
X E IRUS5 &2 8 WUDQVLWLRQ DW FP
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Therefore, we conclude that the measured absorption signal is proportional to the population
difference : 0, F UOs; of the lower and the upper vibratidnevels. This is reflected in the y
axis labels ifFigure 5.4|(an further in this chapter).

Figure 5.4 a)c) Relaxation measurements in NCO, (N,O, CO) mixtures at p=1.33 mbar, 1=50 m¥5 ms
in silica tube pretreated by argon RF plasma.

In[Figure 5.4]all thetitrating molecules exhibit the santehavior The value of:0, F U0s;

drops rapidly during the discharge pulse and then relax@stationary level in the afterglow

on the timescale of few tens milliseconds. Typically, the stationary leved pf UOs:;in the
afterglow is lower than the initial value which can be explained by the dissociation of the
probe molecules in thastharge.

The fast decrease of the measured value@fF UOs; when the discharge pulse is applied
may be caused by 3 principal processes:

1. Variation of the rotational distribution due to the gas heating.
2. Dissociation.
3. Vibrational excitation.

Here we will discuss the role of these processes under the conditions of this study.
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5.3.3.1 Gas temperature and its influence on the relaxation measurements

As it was shown ir@, in the discharge an increase ot thas temperature may alter
significantly thelaser absorption measurements of species concentraliotiss work we

have independently measured the temporal variation of the gas temperature in the discharge
active phase and in the afterglow using optiaission spectroscopy of the B band at 337

nm as described iBhapter 2 In[Figure 5 5|the time evolution of th&; in a 10 ms discharge

pulse with I=50+150 mA is shown.

Figure 5 5 Evolution of the gas temperature determined by OES ipudsed DC discharge at 1.33 mbar.
Discharge current is I=5@150 mA, pulse duratiot®10 ms.

As it was discussed i@hapter 2 OES measurements tend to slightly overestimate the value

of Ty for low gas temperatures. In addition, in the presence of radial temperature gradients, the
measuredy is an effective average over the discharge<section. Therefore, the absolute
values ofTy obtained using OES under conditions of this study should be used with care.
Nevertheless, the measured characteristic times of gas heating and cooling are meaningful.
Ore can see that after2 ms in the pdsdischarge the value @ is indistinguishable fronTg
measured in the beginning of the main discharge pulse when the gas i$;8800K). The
relaxation of the value of0, F U0s;, shown iffFigure 5.4]is much slower and therefore it
cannot be related to the temperature effects. Moreover, one can note that curves plotted in
[Figure 5.4]exhibit no fast changes when the discharge is stopped as it would be expected if
the variation of the gas temperature had a strong influence on the absorption measurements
. In the further discussh we will be interested in relaxation processes that take place on
the timescale of several tens of milliseconds when the gas temperature is already in
equilibrium with reactor walls.
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5.3.3.2 Dissociation and reassociation of titrating molecules

Dissociationof CO, (N2O, CO) in the discharge with the subsequent recombination of
produced fragments at reactor walls may also influence time evolution of the absorption
signals. Special test experiments have been performed in order to evaluate the efficiency of
dissociation/reassociation reactions in the case of,@@d NO.

The main dissociation products of ¢@re O and C. Recombination of these
fragments may result in the production of £ 1/2G, and aCO molecule. It is known that
surface association of oxygen atoms with carbon monoxide on silica surface (P+£O|
inefficient compared to the recombination of oxygen atoms (Q)F. Therefore it
is unlikely that dissociation products recombine back inte.CO

In order to confirm the low efficiency of O+Cfjecombination process under the conditions
of the present study a test experimenswane. A single discharge pulse witds ms and
=50 mA was applied in a mixture of CO/Ar#ED.5/49.5/50 at p=1.33 mbar under static
conditions in silica discharge tube. The concentration of @@asured after the discharge
pulse was about 1-1dmolecule cni®. A simple estimation shows that the density of atomic
oxygen at the end of the pulse was in the order 5T@@>. The density of CO was 1.5-10
molecules crii. Thus even with an excess of atomic oxygen recombination inloG& HV Q T W
exceed 10% ofhe initial CO concentration. It is evident that in the experimental conditions
shown in[Figure 5.4] a), the density of CO and O available for recombination are
approximately equal and they are always smaller thahe experiment with the CO/ArjO
mixture. Hence we conclude that surfacessociation of CO and O has only a minor role in
the conditions of this study. Therefore t#5% depletion of the C{concentration measured

at the end of the post discharge, shown n[Figure 5.4]a), is the true value of the dissociation
degree of CQ@in the discharge.

Similar experiments were performed for the case g®.NAccording to[14§ the main
dissociation products of /0 in the discharge are,Nand O. In order to determine the
efficiency of NO production from the recombination of O angl Bl DC discharge pulse with
W5 ms, 1=50 mA in NO,=4/1 at p=1.33 mbar was applied in static ditons in silica
discharge tube. The concentration of,ONmeasured after the discharge pulse waly
[N2O]puse = 4-10" cm®. This proves that production of 8 in the postdischarge in the
conditions of the experiment shown[Figure 5.4]b) is negligible. The ~50% difference
between the initial and the final concentrations @DNs due tothe dissociation in the
discharge.

Compared to C®and CQ N,O has thesmallestbond dissociation enerdy(NN-O)=1.67 eV
(for compariso(C-0)=11.1 eV and(0OC-0)=5.45 eV). Hencethedissociation of CGand
CO;in the discharges less pronounced, as it can be segFfigare 5.4
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5.3.3.3 Vibrational excitation of titrating molecules

We cortlude here that -3 ms afte the end of the discharge pulsemperature and
dissociation effects do not influence the relaxation measurements. Therefore, the evolution of
the value of: 0, F UOs;is determined byibrational excitationof titrating molecules.

During the discharge ON phase gas mixturgs#CO, (CO orN,O) are excited by plasma
electrons. Depletion of the value 00, F UOs;is caused by the decrease of thgyation of

the ground stateNp) and the increase of the population of the upper l&NgI (n the case of

CO, and NO laser absorption measurements are performed in the asymmetric stretching

mode Q. As it follows fronj

this mode is in resonance with(M and we will show later that it has the highest
population compared to other vibrational modes. Excitatiorpaind @ modes of C@ and
N.O reduces the value dfp and contributes as well to theemletion of the measured
absorption signals.

When the discharge is stopped, relaxation of the mixture as a whole takes place. Vibrationally
excited nitrogen molecules play the role of energy reservoir and their quenching on the
reactor walls and in the gpbase determine the characteristic relaxation time of the system.

Figure 5.6 Comparison of C@relaxation measurements in mixtures with Ar andRulse duratiori#bs ms,
=50 mA, p=1.33 mbar, silica discharge tube.

In order to illustrate the role of &) for vibrational relaxation of titrating molecules in the
afterglow, a test experiment has been performed. A mixture containing 0.2%,0h GO
was excited by awb ms, I1=50 mA discharge pulse at p=1.33 mbar in static conditions. In
[Figure 5.6|time evolution of:0, F UOs; in case of C@diluted in Ar and N is shown. One
can see that in argon mixture the charasterirelaxation time isVMax~2 ms while with N

270 ms. This proves that in the afterglows(W is the main source of the vibrational
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excitation of CQ. The degree of vibrational excitation of glerally follows the excitation
of No.

5.4 Modeling of vibrational kinetics in N»-CO,

In order to interpret the result shown[figure 5.4]and to get the information on surface
relaxation processes a numerical model of the vibrational kinetics 0D, (CO or NO)

has to be developed. From the modeling viewpoint, the simplest case would bgGi& N
mixture because CO has only one vibrational mode and reliable data on the vibrational
relaxation rates in this system are available in the Iitera@. However, from the
experimental viewpoint, the line of CO at 2209.508'c(hlitran intensity 7.510%° cm
Y(moleculescm®)) is much weaker than the lines of £@.0810* cm¥/(moleculescm?))

and NO (9.07-10™° cmi¥/(moleculescm®)). Therefore, measurements in wider concentration
ranges, especially towards lower concentrations, have been performed wiincdCQO.

For kinetic modeling we have chosen {§@cause of the existence of detailed information o
the rates of vibrational relaxation in-4CO, [150[151][152 due to the development of GO
laser in1960s{153 and due to the atmospheric relevance of this syft&d[155. Thus, a
detailed modeof vibrational kinetics in HCO, was created and applied to the experimental
conditions of this work. Using the insight into the relaxation kinetics gained with the
combined experimental/modeling approach we will propose a simplified data interpretation
procedure for measurements with CO an@®N

5.4.1 Relevant relaxation processes

Let us briefly consider the processes that are important for the relaxation kinetics shown in

Figure 5.4{ During the 5 ms plasma ON pleagibrations of both C@and N are efficiently
excited by electron impact. In the afterglow, vibrational energy is exchanged between

different modes of C@and N and the reactor walls.

Results shown {frigure 5.6|prove that vibrational excitation of GQersists in the afterglow.

As is shown in , excitation of CQ in the post discharge takes place in th&/V
exchange process.

No( Q@+ CO(0Pn < 4 Q1) + CO(0Pn+1) (5.5)

[Figure 5.7shows the diagram of the vibrational levels ofad CQ, the vibrational state
notation is taken fron@. For the first excited levels &=1) and CQ(00°1) the process
(5. 5)|is almost resonant and as a consequence it is rathekasse=7-10" cm’s™ at 300 K
155. We will showlater, thatthe high efficiency df(5. 5)]leads to the equalization of the
vibrational temperatures of,¥) and the CQ00 vs).
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For a correct description of thebvational kinetics in the Nsubsystem the W and V-T
processes for all the vibrational levels of$thould be considered in the model. In nitrogen V

T relaxation at room temperature is very slow, fefwN1) k,r=7-10%* cm’s*{14Q. Thus, the
relaxation of the low lying vibrational levels is controlled by impurities and by quenching on
the reactor WaII . Under the conditions of the present study in puse SNrface
relaxation is dominant due to the low level of impurities in theghk used. According to

V-T quenching by atomic nitrogenay be an important process of() relaxation.
However in our conditions at room temperature and with the typical degree of dissociation of
1% @ the VT relaxation by N atoms is negligible. Relaxaticaused by C®becomes
increasingly important upon the addition of £0

Figure 5.7 Diagram of the vibrational levels of,dnd CQ.

The modeling of the C£subsystem requires consideration of the vibrational energy transfer
from Ny(v). Apart from the excitation ofg mode in the reactiother vibrational levels

of CO, may be in principle excited in collisions with,(M). However, ast is shown in

these procsses are very inefficient due to either substantial energy mismatch or the necessity
of multi-quantum excitation. Thereforeeactio is the only efficient process of the
vibrational energy exchandeetweenC0,(00° @) and N. Other CQ vibrational modegv1,

v2) are populated in scalled intramolecular vibrational exchange reactiasf@r example
CO,(00°1)+M :  COLij*0)+M). Typically, exchange between the levels having the smallest
energy gap is the most efficigdtc(|157].

As one can see frqllﬁigure 5.6| without the vibrational pumping by.{¥) the relaxation time

in CO; is of the order of 2 ms. Such a fast relaxation is explained by a very efficient surface
quenching and spontaneous emission (radiative lifetime ofa@®) is 2.4 ms‘@). It is
known from a numbreof Works that the deactivation probability of G@010) and
CO,(001) on glass surfaces is found to be in the ranggsf 0.18 +0.4. Tothe best of our
knowledge there is no data available for t®anode, but it would be reasonable to suggest
that the deactivation probability of this mode is also relatively high. In our conditions, for
doz¢ the lifetime of the vibrationally excited G@s limited by the diffusion towards the

wall and does not exceed 2 ms.
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5.4.2 Model description

5.4.2.1 Gas phase processes

We used the approach to the modeling of vibrational kinetics similar to a number of published
Works@ . The model is zero dimensional and it incorporates excitation of vibrations
by electronic impact &), V-V and V-T exchange in the Nsubsystem as well as theW
exchangg(5. 5)] between N and CQ and intramolecular vibrational relaxation in £0
Relaxation in collisions between two gOnolecules was neglected due to the low
concentration of admixed GOElectron impact excitation of GQvas ato ignored because

we are interested only in the afterglow phase wherg i€@xcited in collisions with pv).

The system of kinetic equations can be written in a symbolic form:

(5.6)
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where W accounts for wall losses, RD is the spontaneous radiative decandeRtis the
contribution of reaction (5. 5).

The system of equations was solved @or 45 vibrational levels of Mand 6 levels of C®
((0d0), (od1), (0d2), (0t0), [(020,100),(020,1P0)",(02°0)], [(03'0,110)
(03'0,11%0)",(03°0)]). The groups of 3 levels in square brackets have close energiésegnd
are affected by # Fermi resonance therefore these lewadse treated as a single effective
level [154] (100}« and (110) respectively.

The eV rates in N were found from the solution of Boltzmann equation using the EEDF
solver developed by Dyatket al taking into account supeesdtic collisions between
electrons and vibrationally excited, Molecules. The average electron density was calculated
based on the discharge currght and the electron drift velocity ¢y obtained from the
Boltzmann equation solution.

+ (5.8)
K 5

JgL

Wheree is the electron charge a&is the discharge tube cross section. The electron density
was assumed to be constant during the pulse in accordance with the experimentally measured
current waveforms. The valud the reduced electric field in pure, Mas taken fro
E/N=80Td and it was assumed to be constant during the pulse as it was done by
Pintassilgoet al under similar conditions in MO, pulsed DC discharge. Upon the
addition of CQ the sustaining discharge voltage was gradually increased, 10% rise compared
to pure N was measuredf 0.5% CQ in N,. We neglected the influence of g&ddition on

the cathode fall voltage and therefore the increase of the E/N proportional to the discharge
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voltage was assumed taking into account a correction for the literature a2&00/ of the
cathode fall . It is worth noting that &/ rates are not very sensitive functions of E/N
because of the low energy threshold of vibrational excitation. Typically, variation of E/N
from 70 to 90 Td leadstless than 20 % increase in the electron excitation rate of the first
vibrational level of N.

We used the most recent set ofwand \-T rates in N calculated inf14G{16]] using a
semiclassical trajectory method. Only singlégantum transitions were taken into account.
The rates of the W’ exchange between,Nand CQ as well as VT and intramolecular
relaxation rates in CQvere taken fronj150 [151] [152 |154]. Exchange reactigfb. 5)|was
considered for 4%evels of N and 3 levels of Cg@00"vs). The dependence of th

on the vibrational quantum number of &hd CQ is not known. In the present studywas
assumed to follow the analytical scaling of SSH thefir2§. Einstein coefficients for
spontaneous emission in g®ere taken fronﬁ .

5.4.2.2 Hetergyeneous processes

Rigorous consideration of surface relaxation requires solution of a 1D problem that takes into
account radial diffusion of species with appropriate boundary conditions. However, for the
sake of simplicity surface processes are usualhgidered as volume ones with an effective

frequency that can be written :

& tN ° (5.9)
RLF; E5G
rf

where /=(r/2.4) is the characteristic diffusion lehgt is the tube radiud) is the diffusion
coefficient, ¢, is the average thermal velocity of the molecules dmlthe probabilityof
deactivation in a single collisionith the surface

For CQ it was assumed thato, for all the vibrational levis of CO, , moreover a
complete accommodation of vibrational energy was supposed. This lead to the characteristic
surface relaxation time of G@f the order of 2 ms, which is consistent with theultssshown
in|Figure 5.6

In principle, different vibrational levels of \Nmay have different quenching probability in
collision with the surface. At present there is no clear understanding of the dependdnce of
on the vibrational quantum numb&p Usually in the literatured; is assumed to be either
constant for all vibrational levels or proportional to the vibrational quantum number:

Lo de(v)= 4
i de(V)= d-v

In both cases only single vibrational quantunsupposed to be lost. Although quite often
employed in the literatur§63][159, the first hypothesis has no theoretical ground. The
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second assumption igslar to the scaling of the gas phase quenching of harmonic oscillators
and consequently it seems to be more physical. We will, therefore, adopt this hypothesis as
working one. The influence of the choice of tlJg scaling on the resulting value o}
deduced from the experiment will be discussed in subsequent sections.

The only tuning parameter of the model was the probability of the vibrational deactivation of
N2 on the surface]. It was determined from the fteagreement between the model and the
experiment.

5.4.2.3 Numerical solution

The system ob2 differential equation§5. 6){(5. 7)|was solved numerically using Maple
software pakage. Special solver for stiff ODEs was used. Pulsed discharge was simulated by

introducing a time dependent discharge current which was set to zero in the afterglow. This
allowed modeling of both plasma ON and plasma OFF phases in one run.

5.4.3 Validation of the model

The model developed in this work takes into account only kinetics of the vibrational levels of
N, and completely omits other important plasma species, such as ions, atoms and
electronically excited molecules. In order to verify the feasibditypur model (at least the

part describing the vibrational kinetics of the Bubsystem) and to prove that the most
important processes are well described, resulteunfcalculations were compared with a
complete seltonsisted modeling performed by Vasgaerra|159 for the same conditions
(p=1.33 mbar, 1I=50 mAWS5 ms). The model of V. Guerra has been applied for numerous
experimental conditions and has proved its validity.

a) b)

Figure 5.8 Comparison between the results of our simplified model and a complet®oasi$tent simulation of
V. Guerra for the same conditions (p=1.33 mbar, 1=50 &, ms) a) VDF at theend of the discharge pulse. b)
Evolution of the effective vibrational temperature in the fistharge.

In[Figure 5.8|the VDF at the end of the discharge pulse and time evolution of the vibrational

e@d,
. 1€@b;

temperature6s L ' FZ AGIn the post discharge are shown. One can see that the
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results of the simplified modeling are in reasonable agreement with the complete simulation,
especially taking into account that different sets-bf &-V and AT rates have been used.

In addition to the verification of our model for lower vibrational levels we have performed
calculations for the conditions of the wo[k62 where the density of }v=18) in adc
discharge in N (p=2.3 torr, I=100 mA) was measured using CRDS. To the best of our
knowledg it is the only experimental determination of the vibrational population,of N
in the secalled plaeau part of the VDF. IfFigure 5.9|the measured concentration
[N2(v=18)]= (23.5)-10"* cm® is compared with our calculated VDF) axcellent agreement

is obtained.

Figure 5.9 Calculation for the conditions where [N(v=18)] was measured in a continuous DC discharge
in N,, =100 mA, p=2.3 torr.

We conclude that our model is correct and it gives adgdescription of B vibrational
kinetics in low pressure DC discharges.

5.4.4 On the possibility of experimental determinationof J,, dependence owv

Before we start the analysis of experimental results let us first discuss the principle possibility
of expermentaldetermination ofd;; dependence ownin discharge experiments. The titration
technique developed in this work allows time resolved measurements of the degree of
vibrational excitation of Bl(vibrational temperature). This information is not detagedugh,

so some hypothesis concernigg(v) has to be introduced for data analysis.

The most detailed information on the kinetics of vibrational relaxatfolower vibrational
levels of N may be obtained using Coherent Antistokes Raman Scattering (CARS
measurements. For example[129 concentrations up to=5 were measured in a flowingN
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discharge. We have calculated the time evolution of({}N for v=0-5 in the standard
experimental conditionssanFigure 54

Figure 5.10 Calculated time evolution of [j{)] for v=1-5 in a pulsed DC discharge in it p=1.33 mbar, I=50
mA, W5 ms. Filled symbols correspond §(v)=0.0011v, open symbols correspond §»(v)=0.0015.

Two assumptions concerningjy(v) dependence wetested:

I di2(v)= v (we will see later that thesalues correspondo the relaxation
on silica surface
il. di2(V)= this value was founly an adjustment to verify if the same result

may be obtained with both hypotheses

One can see thabth hypotheses result in almost the same behavior g¥)[NEven for the

v=5 level for which J2(v)= gv hypohesis gives 4 times faster surface relaxation rate. The
only minor difference is observed forn(M=1) in the late afterglow. Slower relaxation of the
first level with do(v) = is caused by slower quenching of high vibrational levels which
were popuhted by nofresonant VV exchange.

Apparent independence of the relaxation kinetics on the individual quenching probabilities of
different vibrational levels is explaingde fast WV exchangehat establishes Breanor VDF

on lower vibrational level§12§. As a resultall the levels are coupled atite relaxation of

the system as a whole takes place with the individual rates greatly masked.

Linear increase of}; with v suggests that for high vibrational levels surface relaxation may
be much faster than fe=1. In order to check if the hypothesis concerning the scaling,of
may influence the populations on higher vibrational levels (and keeping in mindlpossi
measurements §N,(v=18)] ), we have calculated VDFs in a continualgaglischarge in Mat
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p=1.33 mbar, =50 mA with the same assumptions concergings irfFigure 5.10] As one
can see iﬁigure 5.11| VDFs exhibit only a minor difference for levels upvte80.

Figure 5.11 Calculated VDF in a continuous DC discharge iralNp=1.33 mbar, I=50 mA. Filled symbols
correspond tod»(v)=0.0011v, open symbols correspond fp(v)=0.0015.

We conclude here that in typical low pressure discharge conditions, even detailed
measurements of {/) would not allow an unambiguous determinationdgfdependence on

v. The reason for this ihe fast vibrational exchange in the gas phase. Therefore, in order to
determine J; for individual vibrational levels, experimental conditions should be specially
selected to keep surface relaxation faster thagas phase exchange processes.

Based onle above discussion we can state that regardless less detailed measurements, the
titration technique ford,; determination in low pressure discharge conditions is not less
informative than CARS.

5.4.5 Modeling results in N, £CO, mixtures

|Figure 5.12| and|Figure 5.13| show the typical output of the model for experimental
conditions as ifrigure 5.4| In|[Figure 5.12| the vibrational distribution function (VDF) of.N

is shown for different delays after the ignition of the discharge pulse. For times inferior to 1
ms the VDF is governed by the electron impact excitation which is efficient=for+9 and

VDFs reflect the excitation pattern. With increasing the degree of the excitativh, V
exchange tends to establish a Treanor distribution onlyiog vibrational levels. The
population of high vibrational levels takes place in the ladidlerV-V exchange and it is
delayed compared to the evolution of the VDF on lower levels. In the post discharge (delays
longer than 5 ms), the relaxation of the VDF is determined by population of higher vibrational
levels of N and the loss of the vibrational energy the reactor walls and in collisions with
CO..
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Figure 5.12 Time evolution of the Blvibrational distribution function in a single discharge pulse Vidis ms, |
=50 mA and p=1.33 mbar in a 0.2%&N, mixture. The beginning of the discharge pulse corresponds to t=0.

Figure 5.13 Time evolution of the population of the vibrational levels of,Cischarge conditions are the same
as inFigure 5.12

Figure 5.13|depicts the time evolution of the G@ibrational level population. During the 5
ms discharge pulse, one can see a depletion of thg0@®®) concentrationand the

appearance of the molecules in the excited states due to the vibrational transfeg(fonm N
the afterglow, the vibrational distribution of G@laxes to thermal equilibrium following the
relaxation of the VDF of Kv). The analysis of the simation results shows that,(V) and
CO,(00° @ are strongly coupled because the\/Vexchang is much faster than the
quenching of Cg0d Q). It was found that vibrational temperatures efaid CQ(00° @ are
very close and obey the well known artaal relation|129:

$ 4B - + 86 ] ‘B 6 (5.10)
&E & Gow
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where 678 (659 and ' #B (' £9 correspond to the effective temperature and the energy of
the first vibrational level of C&(Ny), Tyasis the gas temperature (equal to 300K).

Vibrational modes other than GO @ are weakly populated and do not contribute to the
depletion of thevalue of :0, F UOs: The overpopulation of C{kI™0) after the discharge
SXOVH FRPSDUHG WR WKH . OHY H O ,Gdrdentraxtihny Tihe[IBuH H G
population of CQ modes, which are not directly coupled tg(K), can be explainedly a
relatively slow intramolecular exchange in £€mpared to surface losses and spontaneous
emission. For example at a pressure of 1.33 mbar using the relaxation ratrwe
estimate the totalquenching frequency of G : &ZK"0) by N to be

Vinra ~ 130 § while the frequency of surface losses of each individual level(KE®) is

W ~ 600 §.

5.4.6 Determination of J;; for silica. The influence of CQ admixture

In order to determine the probability of,(M) quenchng on silica surface, the value of
(d2=J-v scaling was adopted) in the simulations was varied to achieve the best fit with the
experimental data shown[Fgure 5.4] Experimental and simulated curves for 0.2%, are
shown idFigure 5.14| The best fit value]=1.6-10° was found. Calculated curves with
J=1.4-10° and 1.8-1C illustrate the sensitivity of the model to tkevariation and allow one

to estimate the ftative error of thed to be+15%.

One can note that the magnitude of the measured relaxation signals is well reproduced in the
simulation. Depletion of the value of0, F UOs: is determined by the degree of vibrational
excitation of N after the éscharge. Therefore we conclude that electron impact excitation of

N is correctly treated in the model.

Calculations with different concentrations of added,@@re performed. The agreement
between the experiment and the model was achieved by varyingliineof Jfor every
given CQ admixture. It was found that the best fit value bihcreases systematically with
increasing C@concentratioshows the obtained dependence, an increask of
by a factorof 2 over the studied range of the &€ncentration can be seen.

From the calculation viewpoint the increase of the best fit valugad a function of the CO
concentration signifies that gas phase processes(gf uenching by C@that were taken

into account in the model are not sufficient to reproduce experimentally observed relaxation
kinetics. In the model, we have included all the known gas phase processegvpf N
qguenching by C@ Therefore, we believe that the obtained increase of thaceuguenching
probability of Ny(v) upon the addition of CQs a real physical effect and it is not related to
the incompleteness of the model

142



Chapter V

Figure 5.14 Experimental relaxation curve with 0.2%©0, (22 ), silica discharge tube. Results of
calculations withJ=1.4-10°(2 V2), J 1.6:10°(2 j 2) J 1.8:10°(2 U2 ) (. is supposed to increase
linearly with the vibrational quantum numbegh(Vv)=Jv).

Figure 5.15 Wall deactivation probability of Mv=1) as a function of the added £&ncentration (). Linear
-18
[CO] (22 ).

To support this statement let us consider the most important mechanisi(s)aofibrational
relaxation in the presence of GQAccording to V-T quenching of MVv) by CQ; is very
inefficient (7=1-10%* cm’s™). The effective mechanism of,Nibrational quanta losses in
N,-CO, mixture proceedsia the fast transfer N Q < & 3(00°v3) followed by the quenching
of CO,(00v3 7KHUHIRUH W K hvibtiemaNgDahth is Rriopbrtional to the £0
concentration. Taking into account that £@"v3) is nearly in equilibrium with B Q the
characteristic frequency of ;Nguanta losses in such twatep process can be written as
follows:
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C L e @aLingv (5.11)

wherevinra+sw+rp IS the quenching frequency of @@3), [N,] and [CQ] is the concentration
of N, and CQ respectivelyCalculation using5.11)for CO, concentration ranging between
2:10"% +2.10" cm? yields M= 0.8 +8 s'. At the same time the characteristic frequency of

surface relaxation of }v=1) calculated usings. 9)|with the J values fronfFigure 5.15|is

found in the range 2360 s'. Therefore, the relaxation induced by the presence ofiCte

gas phase is far too slow to explain the experimental result{Figune 5.4] Using model
calculations we have found that in order to reproduce experimentally observed time evolution
of :0, F UOs; at different levels of added G@ith a fixed value ofJ, the total quenching
frequencyof CO,(00°v3) has to be increased by a factor of 10. In previous sections it was
shown that the quenching of @O0°v3) is dominated by the diffusion limited surface
vibrational deactivation and spontaneous emission. Therefore, the valg0f+rp IS
known with a sufficient accuracy and its underestimation by a factor of 10 is very unlikely.
Hence we conclude that the strong increase of #(@ kelaxation frequency with increasing

CO, concentration is likely due to a modification of the surface stathe presence of GO

The physical mechanism of the gi@duced enhancement df may consist in the transfer of

the vibrational energy betweernn(M) and CQ molecules adsorbed on the quartz surface. In

a similar mechanism was proposed to explain the experimentally measured surface
relaxation rates in pure GO

In[Figure 5.15|the data points are approximated by a linear functiof.0011+8-10%[CO,]
where [CQ] is the concentration of carbon dioxide in molecules®cifhe intercept value

“ ; A~ can be considered as the wall deactivation probability,6i=M) on fused

silica in pure nitrogen. In contrast td values showmn|Figure 5.15 it was found that the
value of @does not depend on the rates of,@€axation that were used in the model.

The value of obtained in this study is in reasonable agreement with the literdata

which are found in the range (27)-10" depending on surface pretreatment
history. One should note that any comparison betwedarelit experimental data is not
straightforward due to the differences in the surface preparation; surface roughness may also
vary depending on the specific materials supplier and it is almost never specified. Therefore,
we consider the agreement betwdas tesults of this work and the available literature data to

be generally good.

The influence of the assumption concerning thedependence on the vibrational quantum
number

The obtained value od depends on the assumption made regarding the vibahtipantum
number dependence & As it was mentioned above, the J-v hypothesis is justified by
the similarity with the v-scaling of gas phase quenching processisvertheless, other
dependences cannot be excludédr example, assumingh to be constant for all the

144



Chapter V

vibrational levels of N we obtain the best fit value of : “ ;A" . Therefore, the

choice of the vibrational level dependenceJpfmay introduce an additional systematic error
of J determination.

However, the depelence of ; on v is an unknown input parameter of awmiprational
kinetics model of M If in the future values of] obtained in this work are used for kinetic
modeling, thev scaling of J employed in the model should be the same as we used to
deduced. This will reduce the effect of the systematic errodafetermination

5.4.7 Conclusions m the study of theN, +CO, system

In this section we have obtained quite a detailed picture of the vibrational relaxation g the N
CO, system. Here we will brieflgummarize the most important points.

x Temperature and dissociationrassociation effects are not important for the
relaxation measurements :0, F UOs; starting from 23 ms in the post discharge.
The behavior of the measured signals is determexadusively by the vibrational
relaxation.

x Due to the fast vibrational exchange, almost equal (governf{8.1)} vibrational
temperatures of Nv) and CQ(v3) are established at any moment in the post
discharge.

x Vibrational nodes of CQ other tharv3 exhibit very weak overpopulation because of
the fast quenching on the walls and insufficient intramolecular exchange;inrA€@
result the depletion of the measured value:6f, F UOs; is governedexclusivelyby
the excitation of th@3 mode.

X The value ofd obtained from comparison between model and experiment for silica is
in a good agreement with available literature data.

X The relaxation rate of }Vv) increases uporhé addition of C@due to the gas phase
guenching and notably due to the increase of the value of

A detailed analysis of the measurements and determination of the vallefroin the best
fit conditionin N, £N,O and N +CO would require creatioof a dedicated kinetic model for
each case. This is rather time consuming task and in addition the relaxation rat@sareN
known with less precision than in GOA simplified data treatment procedure fak
determination is therefore desirable.

5.4.8 Data analysis using characteristic relaxation times

In fact, the value of}, influences the relaxation time of0, F UOs; in the afterglow.The
characteristic time may be introduced by fitting the experimental curves with an appropriate
analytical furction. We have found that the function
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#
8P L _ \ (5.12)
SEUGS F:PFR; igyb

perfectly describes the experimental time evolution o, F UOs; in a wide range of
conditions.

The proposed data treatment pidwe is the following (we will apply it to the case of M

CO, to check if it gives the same results as the detailed modeling). First, the relaxation curves

are fitted with(5.12) DQG WKHQ WKH YDOXH RI WKH 3FKMU/MIWHULVW
plotted as a function of the G@oncentration. Theesult of this operation fatata depicted in

Figure 5.4|a) is shown ifFigure 5.16| Then using a linear fit, an eapolation towards

[CO,]=0 is performed. The intercept value corresponds to the relaxation frequency in,pure N

a) b)

Figure 5.16 a) An example of the analytical fit usin@®.12). b) The characteristic relaxation frequency as a
function of the CQ concentration left after the discharge pulse. Data points are fitted with a linear function.
Conditions are the same agHigure 5.4/a).

In order to obtain), from the extrapolated value of (M co2-0the kinetic model should be
used. But in this case we can deal with the kinetics in pureitNout taking into account the
addition of IR active molecules. Thalue of :0, F UOs; is constructed folN,(v=0) and
N2(v=1). This operation is justified becausgW is all the time in equilibrium with C&CO
or N2O). Then a set of relaxation curves is calculated with different values a$suming
that 4§ J-v) for the experimental conditions. And &ty calculatedrelaxationcurves are
fitted with (5.12)in order to obtain the calibration curgé J as a function (1% .

In|Figure 5.17|a) a set of calculated relaxation curves for standard experimeoriditions
with different values ofJ is shown One can see that simulated results maglbefitted with

(5.12) The resulting calibration curve fai(1/ W is shown inFigure 5.17|b). Coming back
to the reslts depicted ingFigure 5.16] with the described calibration we obtain that the

intercept value (1¥ co2-g=22 S corresponds tod=0.0011. Therefore, the simplified data
treatment procedure for GIN, gives exactly the same resulting value df(extrapolated to
[CO,]=0) as the complete kinetic modeling.
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Figure 5.17 a) Calculation of the time evolution of z ; F ¥z 3; in pure N at p=1.33 mbar, =50 mA®5 ms,
J=0.001 £0.04. Fitting with(5.12)is shown for J=0.001.b) Calibration curved as a function of./ W obtained
using the simulated curves shown in te right panel.

If K¥is a good characteristic of the redation process?

The procedure described in this section may be directly applied to any IR active admixture.
However, it is important to verify tha¢ is a universal characteristic of the relaxation process
and it is independent of the type of the titsgtmolecule employed. In order to check if
different titrating molecules give the same valuedfin exactly the sameonditions we used

the multispecies detection capability of the TRIPLE Q spectrometer. A mixture containing
[CO,]=[N,0]=4.513° cm® in N, at 1.33 mbar was excited by a pulsed DC discharge (I=50
mA, WWbms). Both species were measured simultaneouslone can see that

CO; and NO yield the same value d§¢. Similar measurementgere performed in a mixture

containing CO and CQYFigure 5.19) and it was found tha¥¢ for both species is the same
within 15% uncertainty. It should be noted that the difference of the relaxation timesishown

Figure 5.18landFigure 5.19|is due to different pretreatment history of the reactor.

Therefore, we conclude tha is a good characteristic of the vibrational xalgon process in
N, +CO, (CO, NO) and the same data treatment may beieghpd all the studied mixtures.
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Figure 5.18 Time evolution of the absorption signals of Cahd NO measured simultaneoustya pulsed DC
discharge at p=1.33 mbar, 1=50 m¥bsms. Fitting with(5.12)is shown by black solid line.

Figure 5.19 Time evolution of the absorption signals of £&hd CO measured simultaneously in a pulsed DC
discharge at p=1.33 mbar, I=50 m&bms. Fitting with $.12)is shown.
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5.5 Application of the IR titration for J, determination on catalytic and
plasmapretreated surfaces

Now, when the IR titration technique is established and tested on a well studied silica surface,
we can apply it to thenvestigation of other materials. The possibility of single pulse
operation gives a unique opportunity to study surfaces pretreated by reactive plasmas.

In this section we will compare the utilization of three tracers,@QO and CO forJ
determinaion ondifferent surfaces (Si§)Pyrex, TiO,, Al,Os3, anodized aluminum) pretreated
by low pressure plasma (Ar,NO,). We will also investigate the effect of, @ddition in the
discharge.

5.5.1 The effect of plasma pretreatment

A series of experiments with s discharge tube was performed in order to study the role of
plasma exposure on the probability of surface vibrational relaxation(ef. First, the reactor

was pretreated by a flowing RF discharge i @& or argon during 30 min at a pressure p=

53 Pa Then single pulse experiments in NCO, (N.O or CO) mixtures were performed

with varying admixture concentrations. The discharge conditions were the standard ones
(p=1.33 mbar, I=50 mAWS ms).

Typically, measurements with six different concentratiorere done (in the range of 0-05
0.5%) in order to perform extrapolation towards zero admixture. A series of experiments
consisted in a pretreatment followed by relaxation measurements with one tracer. Even short
discharge pulses may alter the state efffetreated surface due to theosure to thepecies
produced in the plasma (ions, N, O, CO, NO). However, we have verified that this effect is
rather small and the value df stays constant during more thandddischarge pulses after

the pretreatment.

Figure 5.20[shows the dependence of\W/ on the concentration of GGN,O or CO) for
three different pretreatments of the suefdaata points are fitted by linear function in order to

obtain the intercept value which is used fér determination One can see that three
molecules give similar results. The highest relaxation frequency is obtained aftkaskha
pretreatment, Ar ges intermediate values and the slowest relaxation is aftepld@ma.
However, the intercept values of \§f are slightly different. IfTable 5.2| deduced values of

J are summarized. After {plasma treatmentesults obtained with CON,O and CO are

fairly close. After Ar plasma, CO gived which is 60% higher than the measurements with
CO, and NO. After N, pretreatment the strongest discrepancy between three tracers can be
seen. Therefore, the measured valwé J depend on both pretreatment procedure and
employed IR tracer.

Observed variation with the type of the tracer for the same pretreatment procedure cannot be
attributed to the irreproducibility of the measurements. The same experiments were performed
over a period of several months and results were reproducible within 25%. For example,
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J=1,1-10° presented in and J=8,810" from|Table 5.2|were measured using GO

titration after Ar plasma cleaning in the sarsiéica discharge tube with 12 month elapsed
between 2 measurementBhe fact that with different tracers different values &fare
obtained even after extrapolation to zero admixture signifies that the state offtioe soay

be irreversibly modified by the presence of titrating molecules. Upon the first introduction of
the mixture in the reactor chemisorption (or reactive adsorption) of IR active molecules on
surface active sites may take place. The contributiomedet irreversibly adsorbed species
cannot be corrected by the extrapolation procedure.

Pretreatment N.O CO; CO
N> 1,0510° 1,510° 2,310°
Ar 8,210* 8,810* 1,410°
0, 5,7-10* 5,2.10" 6,510*
Table 5.2 The values b J obtained using three titrating molecules after different plasma pretreatment of silica
tube.

Figure 5.20 Dependence of Myf on the concemation of IR tracers in silica reactor pretreated by ®& and
argon plasmas. Standard DC discharge conditions. IR traceriuBger left panel), BO (upper right panel) or
CO (lower panel).

/IHWTV FRQVLGHU VHSDUDWHO\ W dnd rytowndeistendRwh&8 G ihé PD S U
contribution due tothe introduction of IR tracers (diagnostics artifact) and what is the
contribution of plasma pretreatment (real effect) in the measured values of
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N, plasma treatment

The highest relaxation probabilityas measuredith CO after N plasma exposure. In order

to confirm the possibility of surface state modification by CO molecules in this case, a test
experiment was performed. The reactor wastécthy N plasma for 30 minutes and then it

was exposed to a flow of CO molecules (0.45% COjmat\p=1.33 mbar) during 10 minutes
followed by 10 min of pumping. Then the relaxation measurements were done ith N
[Figure 5.21]shows the dependence of\W/on the concentration of A9 after N plasma
pretreatment with and without the exposure to CO flow. One can see that the exposure to CO
increases the rate of vibrational relaxation. This proves that interaction of CO molecules with
N, plasma treated Ista mayirreversibly change the probability of /) quenching on the
surface.

From the results presented in Chapter 3 we know that ungptaima exposure a silicon
oxynitride (SiQNy) layer with chemically active adsorbed N atoms is formed on silica
surface.lt is known from the literaturfl64 that CO may react with N atoms onG4/Al,Os
forming adsorbed NCO species; similar reaction may take place with N atoms ;0 8iO

our case. Less is knowibaut the reactivity and chemisorption of £&nd NO on SiQNy

and in principle we cannot exclude the possibility of chemisorption of these tracers and their

influence onJ measurements.
Therefore, high values o measured after Nolasma exposure arawused bywo effects:

X The increased Nv) relaxation probability on Sil, compared to Si®
X The interaction of the titrating molecules with G\ surface.

At present we are not able to separate these two contributions. The valuseafsured with
N2O is the smallest one. Therefore, it is less disturbed Ly adlsorption effects and it gives
the best approximation for the true value gfM)lquenching probability on Si®,.

Figure 5.21 Dependene of the 1A on the concentration of D in silica reactor pretreated by flasma with
and without the exposure to CO. Standard DC discharge conditions.
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Argon plasma treatment

After argon plasma pretreatment a clean,Sirface is expected according to the nssaf

Chapter 3 and Chapter 4. However, due to argon plasma exposure some new surface active
sites may be forme@ which can explain the increased values obtained using CO titration.
Carbon monoxide ay occupy these active sites and enhance surface vibrational relaxation of
N2. Results obtained with G@&nd NO are identical within experimental uncertainty wieht

us assuméhat in this case chemisorption effects are negligible. And we supposeetiiaieh

value of J on argon plasma treated Si©Q obtained with C@and NO after extrapolation to

zero tracer admixture.

Oxygen plasma treatment

Pretreatment by £plasma results in the SiQurface saturated with adsorbed O atoms as we
have shown in Chaer 4. Apparently, there is no significant adsorption of titrating molecules
on this surfacebecausdadentical result of measurements with 3 different tracers. The true
value of J is obtained with all tracers.

Among three molecules used in this studgONs known to be the most inert from the
viewpoint of adsorption on catalytic surfa. In catalysis studies it is often employed as
a nonreactive IR trace. Therefore we expect thathe values of] obtained using bO

are less perturbed by chemisorption effects. Looking atjtkelues measured with,® we
conclude that depending on plasma pretreatment the relaxation probabiliggvpbi silica
surface may be changed by a factor of 2. Thisneva effect, and its observation was possible
only because of the singfmilse operation mode of the IR titration technique.

5.5.2 Vibrational relaxation on TiO ».

Titanium dioxide is a promising material for air pollution control using plasatalyst
technolagy . To the best of our knowledge, there is no literature data available for the
relaxation probability of AVv) on TiO,. In this study we used a silica discharge tube with a
TiO, solgel coating onts inner surface.

Measurements with three different tracers and three different plasma pretreatments were
performed with TiQ coating in the same way as it was described in the previous section for
SiO.. Inthe dependencies of ¥ on the concentration of IR tracers left after the
discharge pulse for different pretreatments are preseitsal.resulting values of] are
summarized i One can see that with G@omewhat higher alues of J are
obtained. This may be explained by the modification of the $udface by the chemisorption

of CO; as it was discussed above for silica surface.

As in the case of SiQthe lowest (and hence the most precise) valuekak measured with
N.O indicating the inert nature of this tracer. Results obtained wi® Hre almost
independent on plasma pretreatment.
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Figure 5.22 Dependence of the ¥ on the concentration of IR tracers wikfO, coating pretreated by.NO,
and argon plasmas. Standaaidischarge conditions.

Pretreatment N>O CO; CO
N2 1,910° 3,610° 3,1:10°
Ar 2:10° 2,610° 2,210°
02 1,810° 3,610° 2,510°
Table 5.3 The values of] obtained using three titrating molecules after different plasma pretreatment,of TiO
coating.

The studied seyel coating was smooth and it had a specific surface approximately equal to
the geometric surface of the reactor. In real applications highfispearface catalytic
materials are usually us. We have performed relaxation measurements with a TiO
coating impregnated with Degussa P25 Ti@rticles identical to one used
Compared to the smooth coating, the impregnatedjedofiim was rough having the total
surface of approximately m?,[Figure 5.23shows the time evolution of the absorption signal
measuredn 0.3% CQ =N, mixture in standard DC discharge conditions. Fitting of the
experimental curve witfs.12)gives W=2.4 ms, which is comparable with the characteristic
diffusion timeof Nx(v) in our conditions. As it was discussed befow,is weakly dependent

on the value ofd when it approaches the characteristic diffusion time (when surface
relaxation is linted by the diffusion). Therefore, only the lower boundary of the valug of
can be determined in this case. From the results sho[Figime 5.23we have found that

4 °0,04 on impregnated TyOFaster relaxatioon the impregnated film may be caused by the
increase of the surface area due to the presence gpar@icles. In addition to this geometric
effect, TiGQ particles may possess an enhanced efficiency for quenching(\gfduie to the
presence of differdractive sites compared to the-g@ll film.

This example demonstrates that IR titration allows measurementsy(@f Wbrational
relaxation times in the conditions ranging from diffusionited to surface step limited
heterogeneous vibrational relaxation
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Figure 5.23 Time evolution of the absorption signals of O@easured in a pulsed DC discharge at p=1.33 mbar,
1=50 mA, Wbms in a 0.3%C® £N, mixture. The reactor with impregnated Ti€bating wasised. Fitting of
experimental data wit{b.12)is shown.

5.5.3 Vibrational relaxation on other catalytic surfaces

Above we have seen thap® is the most inert tracer that gives the most reliable valuds of

In contrast to CQ N,O may be used with ADs; which is known for its CQ trapping
properties. Thus, experiments with different materials of the reactor inner surface
pretreated by low pressure plasma were performed usigds a titrating molede. As
before, for each material a series of measurements with different concentratioi3 whs!
done in order to obtain the extrapolation ofé/at [N.O]: 0. The value ofd was then
determined using the calibration curve fdﬁigure 5.17| The results of all the measurements
done with NO are summarized ||‘ﬁable 5.4|and compared with available literature data. One
can see that our results are in good general agreement with already puddished

. literature
Surface d this work values Ref.
Silica (O, plasma pretr.) 5,7.10"
Silica (\; plasma pretr.) 10,510 (1,87)-10*
Silica (Ar plasma pretr.) 8,2.10"
Pyrex (Q plasma pretr.) 6:10* L 127
Pyrex (N plasma pretr.) 11-10* (2,310)-10 129
Al,O; (O, plasma pretr.) 15-10* (11-14) -10* 127
Anodized Al (Q plasma pretr.) 29-10" no
TiO2 sol gel film (N, O,, Ar plasma 19-10° .
pretr.)

Table 5.4 Summary of all the] measurements done usingNtitration. Comparison with available literature
data is shown.
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5.5.4 Vibrational relaxation on silica surface in air plasma.

We have seen in previous sectionattmolecular admixtures may change the probability of
N2(v) vibrational quenching on the surface. In air discharge, substantial amounts of NO and
NO, are formed16]. Usually in kinetic models of low pregre air plasmas, the value @

is taken the same as in pure. No the best of our knowledge, no measurements @ON
mixtures have been done so far.

A series of measurements in/8,=4/1 with CQ and NO admixtures was performed. The
discharge conditions were the same as befor&.§3 mbar, 1=50 mA,W5 ms), silica and
Pyrex tubes were usedhe surface was exposed to a pulsed dc discharge in air for 10
minutes The value of 3=(8+3)-10* was found for both materials. The relatively high
uncertainty of the measurements is duehunknown contribution of the VT quenching by
atomic oxygen. The upper limit af was calculated by completely neglecting the contribution

of VT quenching by O. The lower limit was estimated by assuming a constant concentration
[0]=10" cm* in the post discharge with the VT relaxation constant taken fid8

kyr = 4.510"° cms™,

We conclude here that the presence pa NQ G R H V @ifidantly inddify the quenching
probability of Ny(v) on silica and Pyrex and the use of valuesjJomeasured in pure N
discharges is justified.

5.6 Infrared titration as a plasma diagnostics tool: determination of the
vibrational temperature of N,

We have shown that the depletion of the measured valugOgfF UOs; in the afterglow is
caused byhe vibrational excitation of the titrating molecules which is in turn determined by
the vibrational excitation of N In this section we will show how the time evolution of the
e@t,
. 1e@b;
absorption measurements. First, we will consider thetl O, system because it is better
characterized and then we will apply the same treatment-d,® and N-CO.

vibrational temperature of N& L 's FZ AG can be directly obtained from laser

5.6.1 Formulation of the method and its application to he N, +CO, system

As it has been shown i§ in standard pulsed DC discharge conditions, only the
C0O,(00° @ mode has a significant population. This means that the amplitude of the depletion
of :0, F UOs: can be related to the vibrational temperature of this mode. Assuming
Boltzmann distribution of C@00° @), the normalized value of 0, F UOs; can be expressed

as follows:

104 F U055 mpkL kisF a; FUsF a;a0 (5.13
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where a L A?HTY. Only the relative variation of the value a0, F UOs; is significant, so it is
normalized to the stationapost discharge level. The vibrational temperature of(0®Q),

which is related to the vibrational temperature efo[(5. 10)| can be calculated by solving

[(5. 13)]at any time point. The measurements are free from the distortion by the variation of
the gas temperature starting from the ~ 3 ms in the post dische[FgguIe 5.271|evolution of

the vibrational temperature of,Nalculated using5. 10){and(5. 13)|in a mixture containing
0.2% CQ in Ny at 1.33 mbar in Pyrex discharge tube is shown. The discharge current was 50
mA, pulse duration s 1 ms and 5 ms. A good agreement between the model and the
experiment proves the feasibility of the proposed method fdelfermination. It is important

to note, that the complete time evolution of il the afterglow is obtained in single
discharge plse.

Figure 5.24 Evolution of the vibrational temperature of M the afterglow of a discharge pulse with 1I=50 mA in
a 0.2% CQ £N, gas mixture at p=1.33 mbar. Pyrex discharge tube. Pulse dgratede 1 ms{ { 2 )and 5
ms (2 1 2 ). Simulation results are shown by solid lines.

5.6.2 On the vibrational temperature measurements in M- N,O and N, - CO

As it has been shown for GOthe deduction of the vibrational temperature efffdm the
absorption measaments in N-CO; relies on the fact that only th& mode has a significant
population. Ifvl andv2 were strongly involved, the depletion o0, F U0s; signals would

be determined by the population of the whole vibrational manifold of, @ad the direct
determination of ¥ would be impossible. The low population @f andv2 under the
conditions of this study is due to the fast surfacenghing and slow intra molecular
vibrational exchange. Another important condition is the applicability of the r

It was derived based on the assumption ¥af” exchange between {¥) and titrating
molecules is much faster than other relaxation processes. In principle, a complete kinetic
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model is required to check the possibility of diregtdéterminationunder the conditions of
this study for N-N,O and N-CO mixtures.

At present, we tentativelgpply the same treatment as has been developed, QN to
relaxation measurements in, £O and N #,0. For tests we usthe experimentabata
shown irfFigure 5.18landFigure 5.19| Simultaneous measurements allow direct comparison
of T, evolution determined using two different tracers in exactly the same conditions.

a) b)

Figure 5.25a) Bvolution of the vibrational temperature of gQ0v3) and NO(0Ov3) obtained by applyifép. ]
in the conditions shown |Figure 5.18| b) Vibrational temperature of Nalculated usinf(5. 10)|for T,

from the left panel. Result of the model calculation of the vibrational temperatursdfldo shown.

a) b)

Figure 5.26 a) Evolution of the vibrational temperature of £@\v3) and CO obtained by applyif(§. 13)] in
the conditions shown |Rigure 5.19| b) Vibratioral temperature of Ncalculated usirﬁS. 10} for T, from the
left panel. Result of the model calculation of the vibrational temperaturgisfdiso shown.

First we have calculatetthe vibrational temperature dR tracers usinf5. 13)|based on the
experimental datgigure 5.25/a) andFigure 5.26/a) show time evolution of the vibratiah
temperatures of couples of tracers pJIDV3) and NO(0O0/3)] and [CQ(00v3) and CO]
respectively. Thwas usedwith corresponding vibrational quanta of@ and CO)
to calculate the evolution of, Of nitrogen in each case. The results of calculation are shown

in|Figure 5.25(b) andFigure 5.26|b). One can see that results obtained with CO ag@d N

differ from those obtaied with CQ (which are in good agreement with the model).
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The possible reason of this discrepancgnsinjustified application d(5. 10)|which yields
too low vibrational temperatures obNAs is shown i

CO(00°v3) is almost in perfect resonance witk(W (the difference is of only 18

cm™). This leads on the one hand to faster vibrational exchange between two species, and on
the other hand the correctiamtroduced b is very small. The departure of Cand
N,O(00Pv3) from the resonance is much stronger (187 @md 106 crit respectively) what

may lead to underestimation of the vibrational temperature,oMdre detailed analysis of

the vibrational kinetics is required in order to get a correct interpretation of the relaxation
measurements in ANCO and N-N,O mixtures

5.7 Conclusions

In this chapter we have developed a method ifesitu investigation of relgation of
vibrationally excited nitrogen molecules on different surfaces. This method uses a
combination of quantum cascade laser absorption measurements in mixt@es(N,O or

CO) excited byapulsed dc discharge and modeling of vibrational kinetics.

Laser diagnostics

We have used a novel type of tunable solid state lasgumntum cascade lasers which are
specially designed for fast kinetics measurements. The main challenges in using quantum
cascade lasers in intpulse mode are associated with thesitremely fast kirp rate(~ 0.02

cm’/ns in the QCL used for GQietection)so the laser is swept across the absorption line in
few nanosecondsApart from technical difficulties, associated with the use of very fast
detectors and acquisition system&GHz bandwidth), fast tuning of QCLs induce Horear

(rapid passage) effect in absorption of laser light. Interpretation of QCL absorption spectra
distorted by the rapid passage effect in equilibrium conditions is well docuem this

study QClswere used for the first time for measurements in vibrationally excited gases.

In order to account for stimulated emission from upper vibrational levels of molecular
transitions probed with the laser Weedsexpressiwhich is not justifieda-priori in

case of absorption lines distorted by rapid passage effect. Excellent agreement between
measured and modeled depletion signals obtaine8 prove the validity of our
treatment of laser absorption measurements. Valid a prerequisite condition for
measurements of vibrational temperature pthdt were performed in%.6.1

Another important point is the high time resolution achievable with the QCL lasers. With
maximum time resolution of 33 we were able to follow relaxation kinetics even when the
characteristic time of vibrational relaxation was of the order of 1 ms|g@gune 5.23).

Kinetic modeling

A O-dimentional model of vibrational kinetics in pure Bind N +CO, mixtures has been
developed in order to give interpretation of experimental relaxation measurements and
detemine vibrational relaxation probability of¥) on the surfaceWith a small number of
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input parameters (discharge tube radius, gas pressure, discharge current and pulse duration)
the model predicts the time evolution of coupled VDFs pahd CQ. The malel is based on

a reduced set of processes that are relevant to vibrational kinetics only and it contains 52
coupled equations for @45 levels of N and 6 levels of C® The validity of our model for

pure N was confirmed by comparison with more detailself-consistent simulations
performed by V. Guerra for our conditiorithe predictions of our model were foumal bein

excellent agreement with the experimental measurements of populatigfvei8) measured

in |162.

Unknown parameter in simulations is the probability of vibrational relaxatiorp@} Nn the
surface @;2) and its dependence on the vibrational quantum number. We have chosen linear
scaling law 4> = v- 3 as more physical and was ugd as the only tuning parameter in the
model. The value ofJ for various surfaces was obtained from comparison between
characteristic times of vibrational relaxation measured experimentally and calculated by the
model for a set of differend.

Surface ibrational relaxations of NVv)

All the experiments have been performed insiagle discharge pulse without data
accumulation. This excluded uncontrollable drifts of the state of the surface due to long
plasma exposure and allowed measurements with slygmiapared surfaces. The validity of

IR titration technique has been confirmed by measuremengsfof well studied surfaces

Pyrex and silica. A good agreement with literature values has been obtained. The vdlues of
have been also measured for different mateddl®,, Al,Os, anodized aluminium.

We have found that the value gflepends on aumber of factors:

x Chemical nature of the surface
x Surface morphology

x Plasma pretreatment of the surface

x Presence of physisorbed and chemisorbed molecules

The influence of plasma exposure on silica surface has been thoroughly investigated. It has
been show that depending on the pretreatment by low pressure plasgphn@rdr O,) the

value of § may be changed by a factor of 2. Typically the highest relaxation probability has
been obtained after Npretreatment, i.e. when silicon oxynitride layer is formed on the
surface. The lowest value af has been measured on silica surface pretreat€d pjasma.

As we know, in this case grafted O atoms are present on Bii3 result demonstrates that O

and N atoms chemisorbed on i@e not only involved in surface reactivity but also
influence mechanisms of vibrational relaxation gfMNon the suiace.

We have observed for the first time that molecular admixtures inddease the value o

on silica surface. This effect was explained by vibrational energy transfer between adsorbed
molecules and MNv). It is interesting that both physisorbed and chemisorbed molecules can be
involved in Ny(v) relaxation on the surface. It has been found M® is the most reliable
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titrating moleculeand it can be used fod measurements on different catalytic surfaces
without significant distortion effects due titwe chemisorption
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6. Chapter VI. General conclusions ad outlook

6.1 General conclusions

In thebeginning of thisvork WKH RQO\ 3LPDJH" Rl UHFRPELQDW-LRQ RI 2
like materials was the one developed in the mesoscopic models of Kim&Bdapand
Jumper. The hnvestigation ofthe mechanisnof Ny(v) vibrational relaxation on the
surfacewas limited tofew studies in the flowing postischargfl27 [12§. Our results

provide new information orthe modification of the state of the surfaseder low pressure

plasma exposurand give an insight intthe mechanisms ahemical reactions and relaxation
processe®n the surfaceWe can outlinethree principle findings of this workwhich are

generic for surface interactionsreactivemolecularplasmas.

The role of plasma exposure

Under low pressure plasma exposatems of the materiare replaced by atasrand/or ions
from the gasphase.Therefore, the surface is not static, it is constantly restructured and
modified. In such conditionshe notion of chemisorption has to be redefined; surface atoms
belonging to the crystalline network of the material are indistinguishable frons ajafied

to the surface under plasma exposure.

The distribution of reactivity of adsorbed atoms

Due to the inhomogeneous nature of real surfaces adsorbed atoms exhibit a distribution of
reactivity which is most probably related to the spectrum of thadlihg energieswWeakly
bonded atoms are more reactive and play an importanforaderface catalyzed reactions.

The role of adsorbed atoms and molecules tine relaxation of vibrational energy on the
surface

In addition to the vibrational relaxation niemisms that are typical for clean surfaces (as for
example interaction with phonons and electrons of the solid) in real plasma conditions new
pathways of vibrational quenching on the surface become posdéibldnave found that the
presence of adsorbed ate and molecules may significantly modify the probability of
vibrational relaxatioron the surface

Experimental technique developed in this study allowed us to isolate and investigate
elementary surface reactions (for example NO#© NO,or O + Ngs : 12 ,Q WKH
future this approach may be used for investigation of reactions catalyzed by different
adsorbed atoms on various surfaces.
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6.2 Summary of the main results

Here we give a list of the most important results of this work:

Adsorptionand reactiviy of N

X

Under N plasma exposure silicon oxynitride layer is formed on the surface of silica
discharge tube. Nitridation is driven by ion bombardment and it takes place only under
direct N, plasma exposure. When silica surface is exposed to a flowingligobarge
nitridation is negligible.

Formation of SiGNy layer is very sensitive to the presence gfa@mixtures in N
plasma. Addition of 0.1% of £nto N, reduces the number of grafttdatoms by a
factor of 10.

Under N plasma exposurdl,gs are contimously exchanged with N atom and ions
from the gas phas&Ve have found two groups of,¥ i) first with a characteristic
turnover time~ 10 s in our standard rf discharge conditions ii) second having the
characteristic replacement time300 s. The firsigroup was assigned to N on the
outmost surface layer and the secondtoretomsdistributed in the SigNy layer.

Nitrogen atoms on the surface of 9Ny exhibit a distribution of reactivity. We have
found a small fraction of Ns (having a coveragg¢ Y;]=3.510" cm? that can
recombine with atomic oxygen producing NO molecules.

Nads participate in recombination of N on the surface, but recombination with these
atoms cannot explain the rate of N losses on the surface. We suppose therefore that
recombination of N atoms takes placeweakly bondingactive sites.

Adsorption and reactivitgpf O
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X

Under direct @ plasma exposure, oxygen atoms that compose the outmost layer of
silica and Pyrex are continuously exchanged with oxygen atoms and ions &gasth
phase Typically, in our standard pretreatment condition§)&0" O atoms per cfn

are replaced during 500 s of plasma exposure.

We have found thatnder Q plasma exposureeactive O atoms are adsorbeth
Pyrex or TiQ. The reactivity ofO,4stowards stable molecules depends on the nature
of the surface and the target molecule.

Oxygenatoms adsorbed on Pyrex surface are reactive towardeMd@enote these
atoms L_jb)T Titration of E’bqusing the reaction NO + ?bq . NO, allowed
deermination of the lowr limit of the coveragg Y,},= 2.510"cm™.

A distribution of reactivity of L_jb(;owards NO have been observ&de suggest that
this distribution $ related to @pectrum of binding energies of adsorbed atorhe.
maximum rate of NO oxidation on the surface corresponds tcefteetive surface
reaction probabilitydio: noz=2-10".

Oxygen atoms adsorbed on Ti@re reactive towards,8,. The maximum number of
C,H- lost on the TiQ surface pretreated by,®lasma was- 5-10"* molecules per
cn?. It was found that €. is oxidized only partially by Qsleaving some reaction
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intermediates on the surface. Further oxidation of these adsorbed species,intmCO
be reached by heatimy UV activation of the catalysObserved asbrbed oxygen
atoms may be responsible for reported in the literature improved pollutant destruction
by plasmaTiO, combination.

X We have found that ozone may be formed from surface recombination}Pe®
silica surface. The presence of adsorbed wateisarfdce OH groups favours ozone
production on the surface. At p=6.7 mbar ozone production accounts for 30% of
losses of O atoms on silica surfatais result demonstrates the importance of weakly
bonded &*for surface catalyzed reactions in oxygerspias.

Vibrational relaxationof Nx(v) on surfaces

X A new infrared titration technique has been develofmddetermination ofNx(V)
relaxationprobability on the surfacedz) at mbar pressuse

X A O-dimentional modelingf vibrational kinetics in pure Nand N £CO, mixtures
has beenperformed in order to give interpretation of experimental relaxation
measurements and determinérational quenching probability of N(v) on the
surface Results of our simplified kinetic model are angood agreement with more
sophisticated complete sabnsistent simulationsn the model we have assumed the
linear scaling othe quenching probability with the vibrational quantum numiigr
v- 4 The value of] was determined from the best agreement between the experiment
and the simulations.

x The validity of IR titration technique has been confirmed by measuremenidaf
well studied surfaces Pyrex and silicaOur results(J=(5-10)-10%) are in good
agreement with litetare values. Using the new technighe walues ofd havebeen
determinedor different materialstTiO,, Al,O3, anodized aluminium.

x The influence of plasma exposure on silica surface has been thoroughly inedstiga
It has been shown that depending on the pretreatment by low pressure plasAra (N
or O,) the value ofd may be changed by a factor off3pically the lowest value of
is obtained after @plasma treatment and the highest aftepldsma.

X We hae observed for the first time that molecular admixtures;imblease the value
of J on silica surface. This effect was explained by vibrational energy transfer
between adsorbed molecules angviN

6.3 Implication for modelling of surface recombination

Mesoscopic modelling

We have showiin this workthat losses of N atoms on the surface cannot be described by
recombination on one type of chemisorption sites and theastsa distribution of active sites

with different binding energies. This means thatasapon of surface atoms into two groupgs
physisorbed (mobile) and chemisorbed (stable) which is usually used for mesoscopic
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description of atomic recombination is very schematic. The existence of a distribution of
adsorption energies literally bridgegtbap between physisorption and chemisorption.

It is clear that distribution of adsorption energfexluding weakly bonded atombps to be
considered in the models for correct description of atomic recombination on surfaces.
Recently, only by assuming l&oad distribution of binding energies of atomsamodized
aluminium surface Donnellyet al. have been able to reproduce the kinetics of LH
recombination of O and CI| atoms in spinning wall expentseAt present similar effort has
never been done for modelling of atomic recombination on dikessurfaces.

Microscopic modelling

Recent studies of O and N recombination on mode} Si(D‘ace take into account
only strongly bonded atom®ur results demonstrate that weakly bonded atoms are active for
recombination andtherefore they have to be included iab-initio simulations of suace
catalyzed recombinatioof atoms

6.4 Future work

Surface reactivity

Based on theew results on surface reactivity irp Bnd Q plasmas obtained in this wovke
suggest the following direction for further research:

x We have found that O and N atoms compgdime material of the surface (SiOr
SiOWNy) are continuously replaced under plasma exposure. The role of ions in the
exchange process is still not clear. Experiments with independent atomic and ion
beams should be performed in order to separate theidrdn of charged and
neutral species.

x In this thesiswe have revealed that weakly bonded N and O atoms on-lgikca
surfaces play a very important role for surface catalyzed reactions. The nature and
properties of these unstable species have tiuidbeer investigated. This will require
application of different surface diagnosticehriques, capable of detectisgecies
having short lifetime on the surface

X We have separately investigated interaction between plasmas in parel ® and
different oxde surfaces. The next step would be the understanding of surface
processes that take place under aismpla exposure. We have already obtained some
valuable resultss, for example, suppression of N layer formation when @is
added into Nplasma.

Application of isotopic techniqgues developed in this work may be very useful for
understanding ofomplex chemical kinetics of surface catalyzed reactions,i@J\blasmas.

For example, utilization of Nisotopes with time resolvefNO and*>NO detection kows
distinction between gas phase and surface mechanisms of NO produc{iigure 6.1
production of NO in a pulsed dc dischargéd,/O, = 4/1 mixture in silicaeactor pretreated
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by ?®N, plasmais shown.One can see thdfNO is formed only during the discharge pulse
while **NO that coms from the surface iproduced predominantly in the afterglow. This
experiment demonstrates different time scales of surface and volume mechanisms of NO
productionin N,/O, pulsed discharges

Figure 6.1 Production of NO isotopologues in a pulsed dc dischét§ens, 100 mA pulsen *N,/O, = 4/1
mixture at 1.3 mbasSilica discharge tube was pretreated by a rf disaharé’N..

Surface vibrational relaxation

The work on the investigation of surface vibrational relaxation using IR titration may b
continued in the followingvay.

X Investigation of theemperature dependencef J,; which may give a deeper insight
in the mechanism of Nv) relaxation on surfacesSo farthere exists only one
example in the literature where the variation §f with the temperature have been
measured. In addition it would be interesting to investigate the effect of
molecular additions at different temperatures. We have supposed that the
enhancement of the value @f upon the addition of C{s caused by the vibrational
transfer between Xv) and physisorbe@O, molecules The coverage of physisorbed
CO; should be very sensitive to the variations of the temperature of the wall.

X Study of thepressure dependenceof J. Similarly to the role of the wall
temperature, data on thi, dependencen the gas pressure are very scarce.
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General conclusions and outlook

6.5 New diagnostic techniques

In this work we have developed and validated several new diagnostics techniques for
investigation of surface and gas phase processes/@y Bontaining plasmas. They are all
based on the eobination of pulsed discharge excitation with the measurements of gas phase
species concentrations.

Massspectrometric measurementshgfdissociation

Using the QMS measurements of the isotopic exchange upon dissociatiON,iN,
mixtures we have deteined the dissociation fraction of,l\h a pulsed dc or rf discharges.

This technique has been applied at one particular pressure and discharge current (or injected
power). A very interesting result obtained using this new technique is that in studied
condtions the dissociation and surface recombination of different nitrogen isotopologues is
identical.

In the future this technique may be used for parametric investigation dfsBbciation at
different pressures and discharge currents. Accordioat pressures of the order of few
mbars, processes with vibrationally excitegi(M-D processes) contribute significantly tg N
dissociation. Due to the difference in the vibrational quanta of differetgpslogues, WD
processes are isotopologdependent. Therefore, the rate of isotopic exchange is expected to
be different in different®N,/*°N, mixtures when VD processes are important.

In principle, isotopic exchange technique may be applied to investigation of dissociation in
different diatomt gases. An important parametbat has to be verified for each gas is the
rate of isotopic exchange in collisions between atoms and moldoutke gas phasd-or
example in the case of,0Oa \ery efficient exchangen O =0, collisions make impossible
dissociation measuremts using isotopic exchange

IR titration of vibrationally excited molecules

The IR titration technique developed in thisodk allows simultaneous measurements in a
single discharge pulse of the value o}, and the time evolution of the vibrational
temperature of P It may be used for diagnostics of pulsed discharges,iwith different
molecular admixtures.

166



7. References
[1] I Langmuir,Proc. Natl Acad.Sci. USAol. 14, pp. 62637, 1928.

[2] R W Wood, "An Extension of the Balmer Series of Hydrogen and Spectro
Phenomena of Very Long Vacuum TubeBrbc. R. Soc.Lond.,Arol. 97, pp. 455170,
1920.

[3] W V Smit, "The Surface Recombination of H Atoms and OH Radicalsshem. Phy
,vol. 11, p. 110, 1943.

[4] K E Shuler and K J Laidler, "The Kinetics of Heterogeneous Atom and R
Reactions. I. The Recombination of Hydrogen Atoms on Surfage€hem. Physvol.
17, p. 1212, 1949.

[5] Y C Kim and M Boudart, "Recombination of O, N and H Atoms on Silica: Kinetic:
Mechanism,'Langmuir, vol. 7, pp. 2999 3005, 1991.

[6] J W Coburn and H F Winters, "l@and electrorassisted gasarface chmistry2 An
important effect in plasma etchingJ,"Appl. Phys.vol. 50, p. 3189, 1979.

[7] A Keudell and W Jacob, "Elementary processes in plasma surface interacatmr
and ioninduced chemisorption of methyl on hydracarbon film surfadem§gressin
Surface Sciengeol. 76, pp. 2354, 2004.

[8] U Roland, F Holzer, and-B Kopinke, "Improved oxidation of air pollutants in a B
thermal plasma,Catalysis Todayvol. 73, pp. 315 323, 2002.

[9] J V Durme, J Dewulf, C Leys, and H V Langenhove, fbining nonthermal plasm
with heterogeneous catalysis in waste gas treatment: a reAgplied Catalysis E
Environmentalvol. 78, pp. 32433, 2008.

[10] H-H Kim, "Nonthermal Plasma Processing for Rollution Control: A historice
Review, Currentssues, and Future ProspecBldsma Process. Polymol. 1, pp. 91
110, 2004.

[11] O Guaitella, F Thevenet, E Puzenat, C Guillard, and A Rousseau, "C2H2 oxide
plasma/TiO2 combination: Influence of the porosity, and photocatalytic mechi
unde plasma exposureAppl. Catal. B: environmentaVol. 80, pp. 29605, 2008.

[12] T Oda, "Nonthermal plasma processing for environmental protection:decomposi
dilute VOCs in air,"Journal of Electrostaticsvol. 57, pp. 29311, 2003.

[13]F Thevenet et al., "Comparioson of plasiphotocatalyst synergy at low &
atmospheric pressuré?EST vol. 1, no. 1, pp. 5256, 2007.

167



References

[14] L Gatilova et al., "NO formation mechanisms studied by infrared laser absorpti
single low pressure pulsePlasma Sources Sci. Technolol. 16, pp. S105114
2007.

[15] O Guaitella, L Gatilova, and A Rousseau, "Plagrhatocatalyst interaction: Product
of oxygen atoms in a low pressure dischargepl. Phys. Lett.vol. 86, 2005.

[16] Y lonikh, A Meshchaov, J Roepke, and A Rousseau, "A diode laser study
modeling of NO and NO2 formation in a pulsed dc air dischargghém. Phys.no.
322, pp. 413422, 2006.

[17] T Seino, T Matsuura, and J Murota, "Atoraicder nitridation of SiO2 by nitrogt
plasma,"Surf. Interface Analvol. 34, pp. 451 455, 2002.

[18] R Reuter, D Ellerweg, A von Keudell, and J Benedikt, "Surface reactions as
removal mechanism in deposition of silicon dioxide films at atmospheric pre:
Appl. Phys. Lett.vol. 98, 201.

[19] C Riccardi et al., "Surface modification of poly(ethylene terephthalate) fibers ir
by radio frequency air plasma treatmemppl. Surf. Scj.vol. 211, no. 44, pp. 386
397, 2003.

[20] M BalatPichelin, J Badie, R Berjoan, and P Boub&Recombination coefficient «
atomic oxygen on ceramic materials under eartbntey conditions by optical emissi
spectroscopy,Chem. Physyvol. 291, pp. 181194, 2003.

[21] G Cartry, X Duten, and A Rousseau, "Atomic Oxygen Surface Loss Probalmi
Silica in Microwave Plasmas Studied by a Pulsed Induced Fluorescence Tecl
Plasma Sources Sci. Technebl. 15, no. 3, pp. 47988, 2006.

[22] B Gordiets et al., "Surface kinetics of N and O atoms ird22discharges,J. Phys. D
Appl. Phys.vol. 29, pp. 1021 1031, 1996.

[23] G Bond, Heterogeneous catalysis principles and applications 2nd @=ford:
Clarendon Press, 1987.

[24] R Barrer,J Appl Physvol. 5, p. s41, 1954.

[25] V P Zhdanov, J Pavlicek, and Z Knor, "Preexponential factarelEmentary surfac
processes,Catal. Rev. SciEng, no. 30(4), pp. 50517, 1988.

[26] V Guerra, "Analytical Model of Heterogeneous Atoic Recombination on Silic
Surfaces,'|EEE Trans on Plasma Sciena®l. 35, no. 5, 2007.

[27] G Cartry, L Mage, and G Cernogora, "Atomic oxygen recombination on fused :
modelling and comparison to letemperature experiments (300 KJ,"Phys. D: App

168



References

Phys vol. 33, pp. 13031314, 2000.

[28] P Macko, P Veis, and G Cernogora, "Study of oxygen atom reoatidn on a Pyre
surface at different wall temperatures by means of time resolved actinomet
double pulse discharge techniquBlasma Sours. Sci. Technebl. 13, pp. 251 262,
2004.

[29] J Hirschfelder, "Semempirical calculations of activatn energies,"J. Chem. Phys
vol. 9, pp. 645 653, 1941.

[30] J Deanlange's Handbook of chemistry (15th editioWcGrawHill , 1999.

[31] M Castillo, V Hererro, | Mendez, and | Tanarro, "Spectrometric and kinetic stuc
modulated glow air dis@rge,” Plasma Sources Sci. Technebl. 13, pp. 34350,
2004.

[32] M Castillo, V Herrero, and | Tanarro, "Characterization and modelling of the ¢
state and transients of modulated hollow cathode discharges of nitric dRldm5¢
Sources Sci. Teabl,, vol. 11, pp. 368 376, 2002.

[33] D Pejacovic, J Marschall, L Duan, and M Matrtin, "Nitric oxide production from st
recombination of oxygen and nitrogen atonis, THermophys. Heat Transfarol. 22
p. 178, 2008.

[34] L Bedra and M BalaPichelin, "Comparative modeling study and experimental re
of atomic oxygen recombination on silibased surfaces at high temperatt
Aerospace Science and Techpeal. 9, pp. 318 328, 2005.

[35]L Bedra, M Rutigliano, M BalaPichelin, and M Cacatore, "Atomic oxyge
recombination on quartz at high temperature: experiments and molecular ¢
simulation,"Langmuir, vol. 22, pp. 7208 7216, 2006.

[36] W Seward and E Jumper, "Model of oxygen recombination on silicon dioxide sur
J. Thermopys. Heat Transfvol. 5, pp. 28491, 1991.

[371V Guerra and J Loureiro, "Dynamical Monte Carlo simulation of at
recombination,’Plasma Sources Sci. Technebl. 13, pp. 884, 2004.

[38] M Rutigliano, A Pieretti, M Cacciatore, N Sanna, and Vrdd&, "N atom
recombination on a silica surface: A global theoretical appro&irface Sciencevol.
600, pp. 4239 4246, 2006.

[39] M Rutigliano et al., "Oxygen Adsorption on befaistobalite Polymorph: Ab Initi
Modeling and Semiclassical Tiri2ependent Dynamics,J. Phys. Chem. ,Avol. 113
pp. 15366 15375, 2009.

169



References

[40] C Arasa, P Gamallo, and R Sayos, "Adsorption of Atomic Oxygen and Nitrogen-
Cristobalite (100): A Density Functional Theory Study,'Phys. Chem Brol. 109, pg
14954- 14964, 2005.

[41] E Jumper, "Recombination of oxygen and nitrogen on dilased thermal protecti
surfaces: mechanism and implications,"Mwolecular physics and hypersonic flav
Kluwer, 1996, pp. 18191.

[42] T Kurotaki, "Catalytic Model on SiOBasd Surface and Application to R
Trajectory,"Journal of Spacecraft and Rocketsl. 38, no. 5.

[43] R Zijlmans, "Molecule conversion in recombining plasmas,” Technische Unive
Eindhoven, Eindhoven, PhD 2008.

[44]M Lieberman and A Lichtenberdg?rinciples of plasma discharges and matet
processing Wiley, 1994.

[45] R Dovesi, C Pisani, C Roetti, and B Silvi, "The electronic structure of @phez: A
periodic Hartreg~ock calculation,’J. Chem. Physvol. 86, 1987.

[46] A Diamy, J Legrad, and J Al Andari, "Atomic oxygen titration in dioxygen microw
plasma,'New. J. Chemvol. 21, pp. 177185, 1997.

[47] S Wichramanayaka, N Hosokawa, and Y Hatanaka, "Variation of the recomb
coefficient of atomic oxygen on pyrex glass with agglRf power,"Jap. J. App
Phys, vol. 30, no. 11, pp. 28972900, 1991.

[48] J Greaves and J Linnett, "Recombination of atoms at surfaces, Faadnbination c
oxygen atoms on silica from 20 C to 600 CTtans. Faraday Sogcvol. 55, pp. 135¢
1361, 1959.

[49] T Belmonte, L Lefevre, T Czerwiec, H Michel, and A Ricard, "Measurements
loss probability of N atoms versus temperature on various surfadas,'Solid Filmsg
no. 341, pp. 27 30, 1999.

[50] L Lefevre, T Belmonte, and H Michel, "ddleling of N atoms recombination on Pyi
influence of the vibrationally excited N2 molecues on the loss probability ofll
Appl. Phys.vol. 87, no. 10, pp. 74977507, 2000.

[51] L Magne, H Coitout, G Cernogora, and G Gousset, "Atomic oxygen recatitin a
the wall in a time afterglowJ. Phys. Il] vol. 3, pp. 1871 1889, 1993.

[52] D Lopayev, E Malykhin, and S Zyryanov, "Surface recombination of oxygen atc
02 plasma at increased pressure: |. The recombination probability
phenomenolagal model of surface processed,'Phys. D: Appl. Physvol. 44, 2011.

170



References

[53] D Pagnon, J Amorim, J Nahorny, M Touzeau, and M Vialle, "On the use of actin
to measure the dissociation in O2 DC glow discharges: determination of tr
recombinatiorprobability,”J. Phys. D: Appl. Physvol. 28, pp. 1856 1868, 1995.

[54] V Donnelly, J Guha, and L Stafford, "Critical review: Plassuaface reactions and 1
spinning wall method,J. Vac. Sci. Technol.,Aol. 29, no. 1, 2011.

[55] J Guha et al.\Effect of Cu contamination on recombination of O atoms on a pk
oxidized silicon surfaceJ. Appl. Phys.vol. 105, 2009.

[56] A Vesel, "Heterogeneous surface recombination of neutral nitrogen atblatelials
and Technologyol. 46, pp. 712, 2012

[57] Gilles Cartry, "Etude par spectroscopie de la cinetique des decharges electriqt
les melanges NP2," Universite de Paris Sud, Orsay, These de doctorat 1999.

[58] D Schram, "Is plasma unique? The presence of electrons and the importanaeef
Plasma Sources Sci. Technabl. 18, 2009.

[59]J H van Helden, R A B Zijimans, D Schram, and R Engeln, "Resemblance
composition of AEN2 2 plasmas and ANO plasmas,"Plasma Sources S
Technol, vol. 18, 2009.

[60] M Castillo, V Herero, | Mendez, and | Tanarro, "Time resolved diagnostics and k
modelling of a modulated hollow cathode discharge of N@®2dsma Sources S
Techno] vol. 13, pp. 39 47, 2004.

[61] T de los Arcos et al., "Diagnostics and Kinetic Modeling of aldtolCathode N2(
Discharge,"J. Phys. Chem.,Aol. 102, pp. 62826291, 1998.

[62] D Pejacovic, J Marschall, L Duan, and M Martin, "Direct detection of NO produc
high-temperature surfaesatalyzed atom recombinationl.’ Thermophys. Heat Tran;
vol. 24, no. 3, 2010.

[63] B Gordiets et al., "Kinetic model of a lepressure N22 flowing glow discharge
IEEE Trans. Plasma Sg¢wol. 23 , pp. 75767, 1995.

[64] Olivier Guaitella, "Nature de la synergie plasptetocatalyseur pour la destruct
dTXQ FRPSRVp RUJDQLTXH YRODWLO W\SH OYDF

[65] Lina Gatilova, "Etude de la cinétique de formation de NOx dans une dé
LPSXOVLRQQHOOH j EDVVH SUHVVLRQ SDU VSH
GIXQH VX Utldqué&'HOrsdy VEME \

[66] V Guerra and J Loureiro, "Electron and heavy particle kinetics in aplessur

171



References

nitrogen glow dischargePlasma Sources Sci. Technebl. 6, pp. 361372, 1997.

[67] G Gousset, P Panafieu, M Touzeau, and M Vialle, "Expermhestidy af a D.C
oxygen glow discharge by VUV absorption spectroscopldsma Chem. Plasr
Proc, vol. 7, no. 4, 1987.

[68] Y P RaizerGas Discharge Physic8erlin: Springer, 1991.

[69] V Godyak, R Piejac, and B Alexandrovich, "Electrical charasties of paralleplate ri
discharge in argonJEEE Trans. On Plasma Sciene®l. 19, no. 4, 1991.

[70] J Ropcke, G Lombardi, A Rousseau, and P Davies, "Application ofinfiatec
tuneable diode laser absorption spectroscopy to plasma diagnosticeva ' relasme
Sources Sci. Technplol. 15, 2006.

[71] S Welzel et al.,, "Quantum Cascade Laser Absorption Spectroscopy as a
Diagnostic Tool: An Overview,Sensors 2010/0l. 10, no. 7, pp. 6866900, 2010.

[72] L Rothman, "The HITRAN 2008 molefar spectroscopic databaseJoburnal o
Quantitative Spectroscopy & Radiative Transfesl. 110, pp. 533%72, 2009.

[73]R Suris and R Kazarinov, "POSSIBILITY OF THE AMPLIFICATION ¢
ELECTROMAGNETIC WAVES IN A SEMICONDUCTOR WITH
SUPERLATTICE,"Sov. Phg. Semicondvol. 5, no. 4, pp. 70709, 1971.

[74] J Faist et al., "Quantum Cascade LasBcjencevol. 264, pp. 55556, 1994.

[75] M Hubner et al.,, "TRIPLE Q: A three channel quantum cascade laser abs
spectrometer for fast multiple speciesncentration measurementsREVIEW Of
SCIENTIFIC INSTRUMENT Sol. 82, p. 093102, 2011.

[76] G Duxbury, N Langford, and K Hay, "Delayed rapid passage and transient gain
generated using a chirped 8 km quantum cascade ldsaryial of Modern Optig vol.
55, no. 1920, pp. 32933303, 2008.

[77] J H van Helden, S Horrocks, and G Ritchie, "Application of quantum cascade e
studies of lowpressure plasmas: Characterization of rapid passage effects on
and temperature measuremenggppl. Phys. Lett.vol. 92, p. 081506, 2008.

[78] S Welzel, L Gatilova, J Roepke, and A Rousseau, "Treselved study of a pulsed
discharge using quantum cascade laser absorption spectroscopy: NO ¢
temperature kineticsPlasma Sources Sci. Technobl. 16, pp. 82831, 2007.

[79] D Mariov, O Guaitella, A Rousseau, and Y lonikh, "Production of molecules
surface under plasma exposure: example of NO on pydeRHys. D: Appl. Physvol.

172



References

43, 2010.
[80] V Ochkin, Spectroscopy of Low TemperalPlasma WILEY, 2009.

[81] B Lavrov, "Determination of the gas temperature of a-pyessure plasma from t
intensities of the H2 and D2 molecular bands. Relationship between the ir
distribution in a band and the gas temperatu®ptics and Sgctroscopyvol. 48, no. 4
pp. 375380, 1980.

[82] S Zyryanov and D Lopaev, "Measurements of the Gas Temperature in an !
Plasma by Spectroscopy of the O2{b)O2(X) transition,"Plasma Physics Repoy
vol. 33, no. 6, pp. 563574, 2007.

[83] V Ochkin and S Savinnov, "Measurements of Gas Temperature in Glow Dis
from Electronie Vibrational - Rotational Spectra of MoleculesZzhurnal Prikladno
Spektroskopjivol. 28, no. 3, pp. 408412, 1978.

[84] A Goyette, J Peck, Y Matsuda, L Andersand J Lawler, "Experimental comparisor
rotational and gas kinetic temperatures in N2 and\2edischarges,J. Phys. D: App
Phys, vol. 31, pp. 15561564, 1998.

[85] P Bruggeman et al., "Optical emission spectroscopy as a diagnostic for plas
liquids: opportunities and pitfallsJ: Phys. D: Appl. Physvol. 43, 2010.

[86] C Laux, T Spence, C Kruger, and R Zare, "Optical diagnostics of atmospheric
air plasma,'Plasma Sources Sci. Technebl. 12, pp. 125 138, 2003.

[87] B Gordies, A Osipov, and L ShelepirKinetic Processes in Gases and Molec
Lasers: Gordon and Breach Science Publishers, 1988.

[88] P Bruggeman et al., "Electronic quenching of OH(A) by water in atmospheric pi
plasmas and its influence on the gas teruoee determination by OH(&) emission,
Plasma Sources Sci. Technetbl. 19, p. 015016, 2010.

[89] Yu Golubovskii et al., "Dynamics of gas heating in a pulsed microwave nit
discharge at intermediate pressurek,'Phys. D: Appl. Physvol. 37, p. 868874,
2004.

[90] Laux C, "Radiation and nonequilibrium collisioraldiative models,” RhodBaint
Genese: Von Karman Institute Publishing, 2002.

[91] J Malicet, D Daumont, J Charbonnier, and C Parisse, "Ozone UV spectrosc
Absorption crossections and temperature dependende Atmos. Chemvol. 21, pp
263- 273, 1995.

173



References

[92] K Niemi, V Schulzvon der Gathen, and H F Dobele, "Absolute atomic oxygen di
measurements by twghoton absorption lasénduced fluorescence spectroscopy i
RF-excited atmospheric pressure plasma jelesma Sources Sci. Technalbol. 14, pp
375886, 2005.

[93] K Niemi, V Schulzvon der Gathen, and H F Dobele, "Absolute calibration of at
density measurements by laseduced fluorescence spectroscopythwtwo-photor
excitation,"J. Phys. D: Appl. Physvol. 34, 2001.

[94] 3 Amorim, G Baravian, M Touzeau, and J Jolly, "Twophoton laser induced fluore
and amplified spontaneous emission atom concentration measurements in O2
discharges,J. Apl. Phys, vol. 76, p. 1487, 1994.

[95] R Gottscho and T Miller, "Optical Techniques in Plasma Diagnostus,¢ and App
Chem, vol. 56, no. 2, pp. 189208, 1984.

[96] A Tserepi, E Wurzberg, and T Miller, "Twghotonexcited stimulated emission frc
atomic oxygen in rf plasmas: detection and estimation of its thresi@iebin. Phy:
Lett., vol. 265, pp. 297 302, 1997.

[97]V Guerra, E Galiaskarov, and J Loureiro, "Dissociation mechanisms in ni
discharges,Chem Phys Letnho. 371, pp. 57681, 2003.

[98] T Yamashita, "Rate of recombination of nitrogen atonds,Chem. Physvol. 70, p
4248, 1979.

[99] D | Slovetskii, Mechanisms of Chemical Reactions in Nonequilibrium Plas
Moscow: Nauka, 1980.

[100]V Markovic, Z Petrovic, and M Pejay, "Surface recombination of atoms in a nitro
afterglow ,"J. Chem. Physvol. 100, no. 11, 1994.

[101] 1 Borovikova and E Galiaskarov, "Kinetic Characteristics of Production and L«
Nitrogen Atoms in N2 Plasmakligh Temperaturgvol. 39, no. 62001.

[102] < .LP HW DO ILWURJHQ ERQGLQJ VWUXFWXU
Si(100) prepared by plasma nitridatioRHys. Rew Bvol. 70, 2004.

[103] Y Chung, J C Lee, and H Shin, "Direct observation of interstitial molecular N2
oxynitrides,"Appl. Phys. Lett.vol. 86, 2005.

[104] C Powell, "Elemental binding energies forrXy photoelectron spectroscopy,” vol.
pp. 143149, 1995.

[105] P Citrin and D Hamann, "Measurement and calculation of polarization and pe
energyeffects on corelectron binding energies in solids:rXy photoemission of ra

174



References

gases implanted in noble metalBfiys. Rev. Bvol. 10, no. 12, 1974.

[106] R Back and J Mui, "The reactions of active nitrogen with N150 and 30NZEhys
Chem, vol. 66 no. 7, pp. 1364364, 1962.

[107] C Janssen and B Tuzson, "Isotope Evidence for Ozone Formation on Sufabéys
Chem. Avol. 114, pp. 9709719, 2010.

[108] G Cernogora, L Hochard, M Touzeau, and C Ferreira, "Population of N2(A met
states in a pure nitrogen glow dischargd,"Phys. B At. Mol. Physvol. 14, pp. 297~
2987, 1981.

[109] 2 %UDJLQVNL\ HW DO 6LQJOHW R[\JHQ JHQHUTL
+RPRJHQHRXV GLVHFiodd why RIS Bppl. Physvol. 38, pp. 3609
3625, 2005.

[110] G Cartry, L Magne, and G Cernogora, "Atomic oxygen recombination @ fsifica
experimental evidence of the surface state influendeRPhys. D: Appl. Physno. 32
1999.

[111] D Lopayev, E Malykhin, and S Zyryanov, "Surface recombination of oxygen atc
02 plasma at increased pressure: Il.Vibrational temperaturewaface production
ozone,"J. Phys. D: Appl. Phywol. 44, 2011.

[112] K Tatsumura et al., "Reactions and diffusion of atomic and molecular oxygen
SiO2 network,'Phys.Rev. Bvol. 72, p. 045205, 2005.

[113] A Eletskii and B Smirnov, "Dissoation of molecules in plasma and gas: the ene
Pure and Appl. Chenvol. 57, no. 9, pp. 1235244, 1985.

[114] JJ Kim, H-H Park, and S+ +\X Q KH HITHFWV RI SODVPD WI
using various reactive (02, H2, N2) and freactive He, Ar) gases ,'Thin Solic
Films, vol. 37#378, pp. 52529, 2000.

[115] H-H Kim, A Ogata, M Schiorlin, E Marotta, and C Paradisi, "Oxygen Isotope (]
Evidence on the Role of Oxygen in the Pladbmaven Catalysis of VOC Oxidatior
Catal. Lett, vol. 141, pp. 277282, 2011.

[116] O Guaitella, C Lazzaroni, D Marinov, and A Rousseau, "Evidence of atomic ads
on TiO2 under plasma exposure and related C2H2 surface reacthppl,'Phys. Lett
vol. 97, 2010.

[117]Z Qu and G Kroes, "Theoreticatusly of Adsorption of O(3P) and H20 on the Rt
TiO2(110) Surface,J. Phys. Chem.,Bol. 110, pp. 2330623314, 2006.

175



References

[118] S Loganathan, F Thevenet, P Gravejat, and A Rousseau, "Plasma regeneratior
surface saturated with IPA: influence ofr aielative humidity,” in Internationa
Workshop on Plasma Spectrosco@jens, 2012.

[119] T Ohno, K Sarukawa, K Tokieda, and M Matsumura, "Morphology of a
Photocatalyst (Degussa;28) Consisting of Anatase and Rutile Crystalline Pha
Journal ofCatalysis vol. 203, pp. 82 86, 2001.

[120]J Peeters, W Boullart, and | Langhans, "Branching Ratio of the C2H2+O Rea«
290 K from Kinetic Modelling of Relative Methylene Concentration versus
Profiles in C2H2/O/H Systemslfit. J. Che. Kin.vol. 26, pp. 869886, 1994.

[121] U Diebold, "The surface science of titanium dioxid8iirf. Sci. Reportsvol. 48, pp
53229, 2003.

[122] H Sabadil and S Pfau, "Measurements of the Degree of Dissociation in Oxy¢
Discharges: Comparison of the @moMethod with the WredeBlarteck Method |,
Plasma Chemistry and Plasma Processvg. 5, no. 1, 1985.

[123] O Sneh and S George, "Thermal Stability of Hydroxyl Groups on a-\dihed Silice
Surface ,"J. Phys. Chemvol. 99, pp. 46394647, 1995.

[124]L Zhuravlev, "The surface chemistry of amorphous sili€2glloids and Surfaces,
vol. 173, pp. T 38, 2000.

[125] B Eliasson, M Hirth, and U Kogelschatz, "Ozone synthesis from oxygen in die
barrier discharges,J. Phys.D: Appl. Physvol. 20, pp. 14241437, 1987.

[126] B F Gordiets, A | Osipov, and L A Shelepkinetic Processes in Gasas and Moleci
Lasers New York: Gordon and Breach, 1986.

[127] G Black, H Wise, and S Schechter, "Measurements of vibrationally excited mo
by Ranan scattering. Il. Surface deactivation of vibrationally excited N2,CHem
Phys, vol. 60, no. 9, pp. 3528536, 1974.

[128]V | Egorov, Y M Gershenzon, V B Rozenshtein, and S Ya Umanskii, "Or
Mechanism of Heterogeneous Relaxation of Vibrationalkcited Nitrogel
Molecules,"Chem. Phys. Leftvol. 20, no. 1, pp.-@, 1973.

[129] P Yanney and J Parish, "Studies of Surface Deactivation of Vibratiéraiec
Homonuclear Molecules in Gaseous Discharge Media Using CoherenStakg:
Raman Spectsropy (CARS)," 1999.

[130] H Evans and C Winkler, "THE REACTIVE COMPONENTS IN ACTIVE NITROG
AND THE ROLE OF SPIN CONSERVATION IN ACTIVE NITROGE

176



References

REACTIONS,"Can. J. Chemuvol. 34, pp. 121-1231, 1956.

[131] F Kaufman and J Kelso, "Vibrationally ExaiteGround State Nitrogen in Acti
Nitrogen,"J. Chem. Physvol. 28, p. 510, 1958.

[132]J Morgan and H Schiff, "The Study of Vibrationally Excited N2 Molecules Witl
Aid of an Isothermal CalorimeterCan. J. Chemvol. 41, pp. 90312, 1963.

[133]P A Sa, V Guerra, J Loureiro, and N Sadeghi, “Setisistent kinetic model of t
shortlived afterglow in flowing nitrogen,J. Phys. D: Appl. Physvol. 37, pp. 2241
231, 2004.

[134] M Allan, "Excitation of vibrational levels up to v=17 in N2 by electimpact in the {
5 eV region,"J. Phys. B: At. Mol. Physno. 18, pp. 4514517, 1985.

[135] Chen J, "Theory of Subexcitation Electron Scattering by Molecules. I. Formalis
the Compound Negativien States,"The Journal of Chemical Physjogol. 40, no. 12
p. 3507, 1964.

[136] D Birtwistle and A Herzenberg, "Vibrational excitation of N2 by resonance sca
of electrons,'J Phys. B: At. and Mol. Physzol. 4, pp. 5370, 1971.

[137]V Guerm, P Sa, and J Loureiro, "Relaxation of the electron energy distribution fu
in the afterglow of a N2 microwave discharge including spd@ege field effects
Phys. Rev. Bvol. 63, no. 4, pp.-13, 2001.

[138] R Le Roy, Y Huang, and J Calvin, "Axctcurate analytic potential function for growu
state N2 from a diregtotentiat 4 analysis of spectroscopic datd,"CHem. Physvol.
125, p. 164310, 2006.

[139] R N Schwartz, Z | Slawsky, and K F Herzfeld, "Calculation of Vibrational Relax
Timesin Gases,'J. Chem. Physvol. 20, no. 10, pp. 1591599, 1952.

[140] M Cacciatore, A Kurnosov, and A Napartovich, "Vibrational energy transfer #N2
collisions: a new semiclassical study,"Chem. Physvol. 123, p. 173315, 2005.

[141] J Misewichand M. M. T. Loy, "Single quantum state molecular beam scatteri
vibrationally excited NO from Ag(111) and Ag(110J,"Chem. Physvol. 84, no. 3, |
1939, 1986.

[142]J Misewich, H Zacharias, and M Loy, "Stdtestate moleculabeam scattering !
vibrationally excited NO from cleaved LiF (100) surfacd2hys.Rev.Lettvol. 55, no
18, pp. 19191922, 1985.

[143]H Vach, J Hager, and H Walther, "Energy transfer processes during the scatt
vibrationally excited no molecules from a graphiieface,"Chem. Phys. Lettol. 133

177



References

no. 4, pp. 27282, 1987.

[144]M Kovacs, D Ramachandra Rao, and A Javan, "Study of Diffusion and
Deexcitation Probability of 00°1 State in CO2,"Chem. Physvol. 48, p. 3339, 1968

[145] A Khandelwal, H Niim, G Lucovsky, and H Lamb, "Low temperature-KN2 remot¢
plasma nitridation of SiO2 thin filmJ. Vac. Sci. Technol.,Aol. 20, no. 6, pp. 198
1996, 2002.

[146] L Polak and D Slovetsky, "Electron Impact Induced Electronic Excitation and Mo
Dissogation," Int. J. Radiat. Phys. Chenvol. 8, pp. 257282, 1976.

[147]W Choi and M Leu, "Kinetics of the heterogeneous reaction CO+0 = CO2 on inc
oxide and water ice surfaces: Implications for the Martian atmosph@exnphys
Research Lettvol. 24, no. 23, pp. 2952960, 1997.

[148] T de los Arcos, C Domingo, V Herrero, M Sanz, and | Tanarro, "Diagnostic
Kinetic Modeling of the Ignition and the Extinction Transients of a Hollow Cat
N20 Discharge,J. Phys. Chem. ,Avol. 104, pp. 3978983, 2000.

[149] C Pintassilgo, O Guaitella, and A Rousseau, "Heavy species kinetics-présaure d
pulsed discharge in airPlasma Sources Sci. Technebl. 18, p. 025005, 2009.

[150]J Blauer and G Nickerson, "A survey of vibrational relaxatiaie data for process
important to CO2N2-H20 infrared plume radiation," 1973.

[151] R Taylor and S Bitterman, "Survey of vibrational relaxation datafor processes im
in the CO2N2 laser system,Reviews of Modern Physjcgol. 41, no. 1, pp. 287,
1969.

[152] V Nevdakh, L Orlov, and N Leshenyuk, "Temperature dependence of the vibr
relaxation rate constants of CO2 (001) in binary mixtur&sAppl. Spectr.vol. 70, no
2, pp. 276284, 2003.

[153] C K Patel Phys. Rev.vol. 136, pp. 1184193, 1964.

[154]V Joly and A Roblin, "Vibrational relaxation of CO2(m,nl,p) in a G2 mixture
Partl: survey of available dataA&rospace Sci. Technpho. 4, pp. 22238, 1999.

[155] V Joly, C Marmignon, and P Jacquet, "Vibrational relaxatio@OR(m,nl,p) in a COx
N2 mixture. Part2: application to one dimentional problemelfospace Sci. Techny
no. 5, pp. 31322, 1999.

[156] F Esposito, | Armenise, and M Capitelli, -IN2 stateto-state vibrational relaxation a
dissociation rates based quasiclassical calculationsGChem. Phys.ol. 331, pp. 18,

178



References

2006.

[157] K Herzfeld, "Deactiovation of vibrations in collisions in the presence of F
resonance,J. Chem. Physvol. 47, no. 2, 1967.

[158] M MargottinMaclou, L Doyennette, and Lé#ry, "Relaxation of vibrational energy
CO, HCI, CO2 and N2O Appl. Optics vol. 10, no. 8, 1971.

[159]V Guerra and J Loureiro, "Electron and heavy particle kinetics in aplessur
nitrogen glow dischargePlasma Sources Sci. Technebl. 6, pp 361372, 1997.

[160] N Dyatko, | Kochetov, A Napartovich, and A Sukharev, "EEDF: the software pe
for calculations of the electron energy distribution function in gas mix
http://lwww.|Ixcat.laplace.unilse.fr/software/EEDF".

[161] A Kurnosov,A Napartovich, S Shnyrev, and M Cacciatore, "A database fdrstate
to-state rate constants in NN2 and N2CO collisions in a wide temperature rar
dynamical calculations and analytical approximatiof$dsma Sources Sci. Techn
vol. 19, p. 045015, 2010.

[162] P Macko, G Cunge, and N Sadeghi, "Density of N2(v=18) molecules in a d¢
discharge measured by cavity ringdown spectroscopy at 227 nm; validity domail
technique,'Jd. Phys. D: Appl.Phys.vol. 34, pp. 1804811, 2001.

[163]M Kovacs, D Ramachandra Rao, and A Javan, "Study of Diffusion and
Deexcitation Probability of 00°1 State in CO2,"Chem. Physvol. 48, p. 3339, 1968

[164] K Hadjiivanov, "ldentification of neutral and charged NxOy surface species
spectroscopy ,Catal. Rev- Sci. Eng, vol. 42, no. 1&2, pp. 7+144, 2000.

[165]Z Yong, V Mata, and A Rodrigues, "Adsorption of carbon dioxide on basic alun
high temperatures,J. Chem. Eng. Datavol. 45, pp. 1093 1095, 2000.

[166]N Popov, "Rst gas heating in a nitrogemygen discharge plasma: |. Kine
mechanism,J. Phys. D: Appl. Physno. 44, 2011.

179






Related publications
Chapter I1

«TRIPLE Q: A three channel qu&um cascade laser absorption spectrometer for fast multiple
species concentration measurements

Hubner M, Welzel S, Marinov D, Guaitella O, Glitsch S, Rousseau A and Répcke R@011
Sci. Instr.82093102

Chapter 111

¢Production of moleculesnosurface under plasma exposukxample of NO on pyrgx
D. Marinov, O. Guaitella, A. Rousseau, Y. loniBhPhys. D Appl. Phys, Vol 43 (2010)
115203

Chapter 1V

A

Evidence for surface oxidation on Pyrex of NO into N adsorbed O atorps
O Guaitella, M Hubner, S Welzel, Davinov, J R6pcke and A Roussd@lasma Sources Sci.
Technol, 19 (2010045026

«Evidence of atomic adsorption on LiGnder plasma exposure and relatellGurface |

[reactivityp

O. Guaitella, C. LazzarerD. Marinov, and A. Rousseappl. PhysLet, 97, (2010) 011502

Chapter V

«Surface vibrational relaxation of;MStudied by CQtitration with time resolved quantum
cascade laser absorption spectroseopy

D. Marinov,D. Lopatik, O. Guaitella, M. Hubner, Y. lonikh, J. R6pcke and A. Rousseau
2012J. Phys. D: Appl. Phy€l5175201

181



