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Chapter 1

Introduction

Abstract

The subject of this thesis is the generation of molecules in plasma and at the
surfaces surrounding the plasma. Here, the plasma acts as catalyst, it dissociates
the precursor molecules before they come in contact with a surface. Then the sur-
face is mainly exposed to high fluxes of atomic and molecular radicals rather than
molecules. The role of plasma-surface interactions in the generation of molecules
by the association of radicals at a surface in low-pressure plasmas is investigated at
the hand of two model systems. In the first one, surfaces are exposed to fluxes of
nitrogen and hydrogen radicals and in the second one surfaces are exposed to fluxes
of nitrogen and oxygen radicals. The molecules and radicals in these plasmas have
been monitored with various diagnostic techniques. The thesis work is presented in
the form of 6 stand-alone articles. In this introductory chapter, a general introduc-
tion to molecule formation in plasmas, the aim of the work and the outline of the

thesis are given.



1. Introduction 1.1. General introduction

1.1 General introduction

Most industrial important chemicals are often synthesized in catalytic processes. In
catalysis, a specific material, called the catalyst, accelerates the reaction rate of a
chemical reaction by lowering the activation energy barrier of the reaction. A well-
known example is the synthesis of ammonia from nitrogen and hydrogen gas on
iron catalysts at typically 100 atm and 400°C, known as the Haber-Bosch process.
This process is considered as one of the most important discoveries in the history
of industrial catalysis [1]. Furthermore it has often been called the most important
invention of the 20th century [2] as ammonia is the key ingredient for artificial fertil-
izer. Today, about 500 million tons of fertilizer are produced using 1% of the world’s
energy supply [3], sustaining roughly 40% of the Earth’s population [4]. Due to its
importance for mankind, even today the process of ammonia synthesis is still in-
vestigated to fully understand the processes on the surface leading to ammonia and
to increase its efficiency by using other catalysts, e.g. ruthenium [5]. According to
general belief, the ammonia generation proceeds via the dissociative chemisorption
of Ny followed by the stepwise recombination of chemisorbed atomic nitrogen and
hydrogen to NHj at the surface of the catalyst with NH and NH, as reaction interme-
diates [6].

A crucial step in the synthesis of molecules is the dissociation of the precursor
molecules involved in the reaction. In ammonia synthesis, the dissociative chemi-
sorption of Ny molecules on the surface of the catalyst is the rate-limiting step, due
to the binding energy of 9.6 eV of Ny molecules. To lower the energy needed to
dissociate nitrogen molecules and to perform the synthesis of ammonia at lower
pressures, the use of excited nitrogen molecules was suggested by Nomura et al. [7].
The lowest excited state of Np, A3Y! state lies at 6.2 €V; then only 3.4 €V is necessary
to dissociate the nitrogen molecules. The production of excited N9 can be achieved by
a plasma and then other catalysts than iron or ruthenium may be used to enhance the
ammonia production. However, the surface is still used as catalyst to form adsorbed
nitrogen atoms by the dissociative adsorption of excited No molecules or nitrogen
molecular ions [8, 9]. The typical flux of atomic N radicals to the surface is therefore
still low, approximately 10'8 radicals/s, which limits the efficiency of the ammonia
production.

Recently, a different way of generating ammonia with plasmas was proposed by
Vankan et al. [10] by plasma-activated catalysis. They showed that ammonia can be

formed efficiently in plasmas generated from mixtures of hydrogen and nitrogen.
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In this process, high fluxes of hydrogen and nitrogen atomic radicals were produced
with the expanding thermal plasma technique, i.e ~ 102° radicals/s [11], which is thus
two orders of magnitude higher than in previous experiments in which a plasma was
used (see e.g. [12]). Since the plasma is used to produce the radicals for the ammonia
production and thus acts as catalyst, the process is called plasma-activated catalysis.

Despite the continuous research on ammonia synthesis, the formation of ammo-
nia in plasmas is still not completely understood but it is believed that plasma-surface
interactions play an important role. In 1989, Uyama and Matsumoto reported that
zeolite added to the downstream plasma in high-frequency discharges facilitated the
ammonia production by a factor two. This was ascribed to the surface reaction of
NH; radicals adsorbed on the zeolite with hydrogen atoms [13].

The generation of molecules seems evident for plasma synthesis of molecules,
like ammonia, and for plasma etching, for which the conversion or removal of mole-
cules is the essential process. However, also in deposition processes of materials,
besides the depletion of molecules due to deposition the generation of new molecules
is observed. These newly formed molecules, observed besides the injected molecules,
can have an influence on the plasma chemistry, since the composition of the plasmas
may be changed. For example, in the deposition of a—C:H, the precursor methane is
converted into hydrogen and acetylene [14]. Another example is that in the deposition
of a-Si:H and a—C:H films, the formation of hydrogen molecules by the association
of hydrogen atoms at the walls of the plasma reactor is observed [15]. In the case of
the deposition of a—Si:H, this leads to the loss of potential chemistry, as the H atoms
are crucial for the production of the growth precursors from the injected silane gas
(i.e. SiH, radicals from SiH,) and the formation of growth sites by the association of
H atoms with H atoms present on the deposited layer [16].

In the case of expanding hydrogen plasmas, the generation of ro-vibrationally
excited Hy molecules is observed. The high rotational excitation of the hydrogen

molecules suggests that they are produced by the surface association of H atoms:
v

Hgas + Had —>H2 gas

[17, 18]. The recombinative desorption of H atoms, leading
to excited Hy molecules is also an important mechanism in H~ formation [19]. In
plasma chemistry, there is a debate on the importance of surface processes besides
volume processes in the generation of molecules by association of radicals.

But not only in plasma chemistry, but also in the universe, more and more exotic
molecules are observed in interstellar space and dark clouds. And also there, a sim-
ilar debate on the relative importance of surface and volume processes in molecule

formation is a central theme. One of the main molecules formed in space is Hs.
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Nowadays, it is established that in interstellar medium Hs is formed by association
of H atoms on dust grains [20, 21]. Surface association is also assumed to be a pos-
sible mechanism for the formation of molecules like, H,O, NH3 and CH, [22] and
recently also methanol [23].

To answer the question on the importance of plasma-surface interactions in the
generation of molecules in plasma chemistry, several issues regarding this process
have to be addressed. Firstly, which particles are arriving at the surface? The surface
processes most probably depend on the amount of atomic and molecular radicals and
molecules impinging on the surface. Secondly, the rate of surface processes can be
enhanced if particles are excited as is the case of the dissociative adsorption of excited
nitrogen molecules on a catalyst. Thirdly, the molecules formed are built from radi-
cals which cover the surface, so the surface coverage has to be known. Fourthly, and
probably the most important question is: Which molecules are formed if a surface is
exposed to a variety of radicals and molecules? In connection herewith is the ques-
tion, whether the formed molecules are electronically and/or ro-vibrationally excited
and if the formation of molecules depends on the substrate material and tempera-
ture. Both issues are related again to the surface coverage and the abundance of the
various adsorbing species. And finally, could the generation process of molecules be

dependent on the fluxes of particles toward the surface.

1.2 The aim of this work

The subject of this thesis is the generation of molecules in plasma, in which plasma
acts as catalyst to dissociate the precursor molecules already before they come in
contact with a surface. As a result, the surface is mainly exposed to high fluxes
of atomic and molecular radicals, i.e. ~ 10%° radicals/s. The question investigated
is: which molecules are formed and how? Especially, the role of plasma-surface
interactions in the generation of molecules is studied.

The fluxes of reactive particles were created with the expanding thermal plasma
(ETP) technique. The ETP technique is a remote technique in which reactive species
are created in a high-pressure cascaded arc plasma source and the plasma processes
take place downstream at lower pressure [24]. Due to this remote source approach,
the dissociation and ionization in the plasma source are geometrically separated from
the plasma chemistry in the vessel. In this way, the plasma production, plasma trans-
port and plasma-surface interactions are separated, so the plasma conditions can be

controlled independently from the downstream plasma chemistry. This allows inde-
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pendent studies of the different aspects of the process in a relatively simple manner.

The generation of molecules by association of radicals at a surface was studied in
plasmas containing mixtures of nitrogen and hydrogen, in which ammonia forma-
tion is observed. That plasma-surface interactions play a role in ammonia generation
is generally accepted. To investigate whether also other molecules are mainly pro-
duced through plasma-surface interactions, a second system was studied. It concerns
plasmas containing mixtures of nitrogen and oxygen in which NO is formed.

The experiments are performed in low-pressure recombining plasmas in con-
ditions that several volume processes can be excluded. The importance of plasma-
surface interactions is quantified by studying the generated molecules present in the
gas phase. By varying the fluxes of atomic radicals to the surface, the role of the rad-
icals in the production process of molecules is investigated. Furthermore, if the sur-
face is exposed to high fluxes of radicals, the surface may become passivated under
which conditions the dependence on the surface material may be minimized. The
occurrence of surface processes are deduced from measurements in the gas phase,
which also gives an indication of possible reaction mechanisms.

For the observation of generated molecules, advanced laser-based diagnostics are
advantageous. Part of the thesis work was concerned with the introduction of new
diagnostics to measure the densities of molecules and radicals in the plasmas. The
laser based diagnostics range from single pass infrared spectroscopy to cavity ring-
down spectroscopy. But also more standard techniques as mass spectrometry have
been performed to obtain quantitative information on the molecules formed.

Although the study presented in this thesis is of fundamental nature, the gen-
eration of molecules in No—Hy and No—O4 plasmas is a subject of importance in
various fields of research. For example, molecule generation in plasmas containing
nitrogen and oxygen is of interest for understanding of the atmospheric and iono-
spheric physics [25], the re-entry studies of orbital space vehicles [26] and the air
pollution cleaning by plasmas [277]. Furthermore, these two types of plasmas are
also common in industrial environments, where they are used as sources of reactive
particles, for the chemical synthesis of molecules, the deposition of materials like
a—SiN:H for solar cell applications [28] or TiN diffusion barriers in the microelec-
tronics industry by atomic layer deposition [29]. Plasmas containing nitrogen and
oxygen are of relevance for example for sterilization processes in medicine [30] and
the etching of materials [31]. More knowledge on the reaction mechanisms leading
to generation of molecules in these plasmas can contribute to improvements of their

usage in industry and could result in the development of new applications.
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1.3 The outline of the thesis

To analyze the composition of plasmas, very sensitive diagnostics to monitor molecu-
les and radicals are needed. In Chapter 2, a newly developed phase-shift cavity ring-
down technique will be discussed. With this technique, not only densities can be
determined, but also absolute absorption cross sections of transitions used to study
molecules can be obtained. Furthermore, the effect of the amplified spontaneous
emission on cavity ring-down measurements will be quantified.

For a complete understanding of plasmas of mixtures of nitrogen and hydrogen,
the radicals involved in the plasma chemistry have to be characterized. However,
information on absolute densities of the NH and NH; radicals in these plasmas is
scarce. In Chapter 3, measurements on the NH, radicals will be presented performed
with a relative new technique, i.e. cavity ring-down spectroscopy. This technique
made it possible to measure absolute NH, radical densities in No—Hy plasmas. It
will be shown that NH; radicals are formed by reactions between ammonia and H
atoms. Subsequently, NH radicals can be formed by a reaction between NH; and H
atoms. The NH radicals are also formed by reactions between N atoms and nitrogen
ions and Hy molecules in the supersonic expansion.

In Chapter 4, the efficiency and formation mechanism of ammonia generation
in recombining plasmas generated from mixtures of Ny and Hy will be presented.
It will be shown that efficient ammonia generation can be achieved, if the admitted
nitrogen and hydrogen gas flows are appreciable dissociated.

In Chapter s, the visual appearance of expanding nitrogen plasmas with or with-
out oxygen is shown. The interaction of the plasma with a substrate leads to the
appearance of additional light, which is ascribed to the formation of excited NO,
molecules by association of N and/or O atoms at the substrate.

To further investigate this phenomenon, information on the molecules gener-
ated in these plasmas is essential. In Chapter 6, the steady state gas composition
of plasmas produced from Ar/N3/Og mixtures and Ar/NO mixtures measured with
quantitative mass spectrometry will be discussed. It will be shown that these two
types of plasmas have a strong resemblance in the gas composition, i.e. ~ 5% NO
and ~ 95% Ny and O present in the plasma, although the starting conditions are
completely different.

To quantify the relation between the gas composition and the surface processes,
information on both has to be combined. In Chapter 7, measurements on the densi-

ties of molecules and the surface coverage of the reactor wall in expanding plasmas
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containing mixtures of nitrogen and oxygen using time-resolved tunable diode laser
absorption spectroscopy will be presented. It will be shown that under some condi-
tions mainly NO and N are present at the surface and are stored in the metal wall.
The molecule formation mechanisms leading to NO, N3O and NOs molecules ob-

served in these plasmas will be discussed.

Finally, in Chapter &, the general conclusions of this thesis work are presented.
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Chapter 2

Phase-shift cavity ring-down
spectroscopy to determine

absolute line intensities™

Abstract

Cavity ring-down detection techniques can sensitively determine frequency-de-
pendent absorption cross sections of gasses. However, line-width problems and am-
plified spontaneous emission of the laser light source lower the technique’s quanti-
tative accuracy. Using phase-shift cavity ring-down spectroscopy (PSCRD), we mea-
sured absolute line intensities of the spin-forbidden transitions in the blEg' v =
0) « XBEg (v = 0) band of molecular oxygen. Our results were within 4% of val-
ues obtained from the HITRAN database, demonstrating the accuracy of PSCRD,
when corrected for amplified spontaneous emission. Its high sensitivity (2 x 1078
cm™1), simplicity and high duty cycle make PSCRD a powerful diagnostic technique.

*J.H. van Helden, D.C. Schram and R. Engeln, Chem. Phys. Lett. 400, 320 (2004)
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2.1 Introduction

Absolute determinations of frequency-dependent absorption cross sections allow the
physical and chemical community to accurately determine the density of absorb-
ing species in absorption experiments. Cavity ring-down detection techniques offer
several advantages over existing methods, and Berden et al. have summarized the
schemes used up to the year 2000 [1]. One advantage is that the several-kilometer-
long effective absorption path that can be realized in CRD considerably reduces
sample volumes needed. This is especially useful when working with hazardous
gases. Furthermore, CRD offers a powerful method to measure strong absorptions
of species present in trace amounts and weak absorptions of abundant species.

CRD obtained absorption cross sections are, however, still not used in molecu-
lar spectroscopic databases such as HITRAN [2] because of doubts as to their ac-
curacy. In pulsed CRD, the problems of producing quantitative accuracy were at-
tributed to the so-called line-width problem [3, 4], and fitting non-exponential or
multi-exponential transients [5]. Furthermore, Romanini et al. [6] have pointed out
that amplified spontaneous emission (ASE) prevents CRD detection schemes from
being quantitatively accurate. In this chapter, we show that accurate absolute line in-
tensities can be obtained by phase-shift cavity ring-down (PSCRD) detection schemes
and that they could be used in molecular spectroscopic databases without any hesi-
tation. Specifically, we demonstrate that PSCRD spectroscopy in combination with
an ASE correction model results in absolute line intensities of the spin-forbidden
transitions in the blEg(V’ =0) « X3Eg (v = 0) band of molecular oxygen, the
so-called “A-band,” within 4% of the line intensities given by the HITRAN molecular
spectroscopic database [2]. We also show that if the laser has a relatively large ASE
component, a simple model can be used to correct the measurements for the phase
shift introduced by this off-resonance emission.

In this chapter, we will first give a short overview of the history of CRD spec-
troscopy in Sec. 2.1.1. Next, in Sec. 2.2, the experimental details of the phase-shift
cavity ring-down setup will be discussed followed by our experimental method to de-
termine absolute line intensities. In the results and discussion section (Sec. 2.3),
the measured absolute line intensities and the model to correct the measurements
for the effects of ASE will be presented. In the last section the conclusions are pre-

sented.

I2



2.1. Introduction 2. Phase-shift cavity ring-down spectroscopy

2.1.1 A short history of CRD spectroscopy

Cavity ring-down spectroscopy (CRDS) and related techniques [1] are nowadays widely
used for measuring electronic and vibrational transitions in gases, plasmas and solids.
The different applications vary from the determination of absorption strengths of
very weak transitions [6, 7], detection of molecules in molecular beams [8], the study
of kinetic processes in plasma [9], trace gas detection in ambient air [3], exhaled
human breath analysis [10], radical detection in flames [11], the study of surface pro-
cesses [12] to the detection of defects in thin films [13]. Here, a short history of CRD

detections schemes is given.

Anderson et al. [14] developed a technique to measure the reflectivity of laser mir-
rors. Subsequently, in 1988, O’Keefe and Deacon built on this idea and introduced
a highly sensitive direct laser absorption technique to measure the absorption of a
sample that is placed between two highly reflecting mirrors [15]. In their setup, a
laser pulse is reflected many times within the optical cavity effectively increasing the
path length through the sample. They showed that the decay rate of the light pulse
confined between the two mirrors, rather than the magnitude of the absorption, is a
sensitive measure of the absorption of the sample. Furthermore, the measurements
are not sensitive to fluctuations of the light source. They called their technique cavity
ring-down spectroscopy (CRDS). CRDS is non-intrusive, remote, and can easily be
adapted to real time in-situ measurements of electronic and vibrational transitions in

gases, plasmas and solids.

In pulsed CRDS, a pulsed laser light source leads to a relatively simple and
straightforward set-up. Pulsed laser systems have the advantage of broad wavelength
range but the system is rather bulky and very expensive and mostly the emitted power
is too high for CRD experiments. Besides that, the duty cycle in a typical CRD ex-
periment is low as the laser systems have a 10 — 100 Hz repetition rate which limits
the data acquisition rate. In contrast to pulsed lasers, continuous wave (cw) lasers,
especially diode lasers, are relatively cheap small plug-and-play lasers with powers in
the preferable range (< 10 mW). Their only drawback is that only a limited wave-
length range can be covered with one laser. Furthermore, the use of high-resolution
cw lasers in CRDS makes it possible to reveal more detailed spectral features and

accurate line profile measurements.

However, CRDS with cw lasers is experimentally more elaborate since the single
mode behavior of cw lasers requires a resonance condition or so-called mode match-
ing condition. To couple light into the high Q-factor optical cavity, the single mode
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cw laser has to be mode-matched to one of the narrow modes of the optical cavity. To
satisfy the resonance condition several cw-CRD schemes, i.e. CRD performed with
a continuous laser, have been developed. Romanini et al. [16] introduced a scheme
in which the cavity length is continuously modulated so that one of the cavity modes
frequencies oscillates around the laser frequency. When the intensity build-up in
the cavity exceeded a predefined threshold an acousto-optical modulator (AOM) with
electric monitoring circuit is used to interrupt the laser beam and the intensity de-
cay after the cavity is recorded as in a normal pulsed CRD experiment. In 1997,
Romanini et al. [17] showed that diode lasers can be used in cw-CRD schemes us-
ing the same approach. Paldus et al. [18] introduced another scheme in which the
cavity mode frequency is actively locked to the laser frequency and an optical switch
is used to interrupt the laser light periodically to measure the intensity decay after
the cavity as in a normal pulsed CRD experiment. A third approach was introduced
by Hahn et al. [19] in which no optical switch was used. When the intensity build-
up in the cavity exceeded a predefined threshold, the laser was fast detuned from
an on-resonance to an off resonance condition after which the ring down transient
was recorded. Although no AOM has to be used, a switching circuit is still required.
With these techniques a high sensitivity was reached. Spence et al. [20] reported a
sensitivity of 8.8 x 10~2 cm~! Hz~'/2 using a mode-locking approach.

Despite their high sensitivities, the complexity of the cw-CRD detection schemes
[1] has prevented their widespread implementation. Furthermore, cw-CRD spec-
troscopy is in fact not a continuous technique at all as in almost all the cw-CRD
detection schemes, the light coupling into the cavity is repetitively interrupted, re-
quiring optical switching or fast digitizers to record ring-down transients.

In the last seven years, several less elaborate cw-CRD detection schemes have
been introduced, by using the continuous character of cw lasers in combination with
a so-called optically stable cavity to satisfy the resonance condition. These detection
techniques are using a so-called optically stable cavity to satisfy the resonance condi-
tion [21]. Techniques based on this principle do not require any optical switching or
control electronics to analyse ring down transients and thus allow continuous sam-
pling of the cavity. An optically stable cavity has a quasi-continuum mode distribution
due to the fact that the mirror separation d is set within the stability regime given by
0 <d<rr<d< 2r, with r the radius of curvature of the mirrors. As a result the
narrow band cw laser beam will be coupled into the cavity via accidental coincidences
of the frequency of one of the cavity modes with the laser frequency. The efficiency

and the intensity of the light coupled into the cavity is determined by the overlap be-

14



2.1. Introduction 2. Phase-shift cavity ring-down spectroscopy

tween the laser mode and the matching cavity mode, the jittering and finesse of the
cavity.

In 1996, Engeln et al. [22] introduced the phase-shift cavity ring-down (PSCRD)
technique, in which for the first time a continuous laser was used together with a
high-finesse optically stable cavity. PSCRD, based on the ideas of Herbelin et al. [23],
uses an intensity modulated cw laser beam. The modulated laser light undergoes a
phase shift as it passes through a high-finesse optically stable cavity, and the absorp-
tion spectrum is extracted from the magnitude of the phase shift. An even simpler
detection scheme with a high-finesse optically stable cavity was introduced in 19938,
in the form of cavity enhanced absorption (CEA) [24]. In CEA, the light output of a
continuous wave laser is sent directly onto the optical cavity and the absorption spec-
trum is extracted from a measurement of the time-integrated light intensity leaking
out of the cavity as a function of laser wavelength. A similar approach was later
adopted in integrated-cavity-output spectroscopy (ICOS) [25] and off-axis integrated-
cavity-output spectroscopy (off-axis ICOS) [26]. Although the CEA-type techniques
have a simple experimental setup, their sensitivity is in the same order as CRDS.
The recorded spectrum however is a relative absorption spectrum expressed in loss
of the empty cavity per round trip, i.e. (1 — R)/d. The spectrum can be put on an
absolute scale by recording the CEA spectrum of a known amount of a certain gas or
by obtaining the value of (1 — R)/d using CRD of PSCRD spectroscopy.

Lewis et al. used PSCRD to measure integrated absorption cross sections of C-H
(Av = 5) and (Av = 6) vibrational overtones of several hydrocarbons [27, 28]. They
found good agreement between the integrated cross section of the C-H (Av = 5)
transition obtained from their PSCRD measurements and those obtained from FT-
VIS measurements [27]. However, DeMille et al. [29] measured the C-H (Av = 6)
overtone absorptions with conventional pulsed CRD spectroscopy and found that the
cross sections obtained by PSCRD were about 30% lower. In contrast, their values,
obtained using pulsed CRD spectroscopy, compared favorably with values obtained
using intra-cavity laser photo-acoustic spectroscopy. Although the reason for the dis-
crepancy was not evident, they concluded that absolute absorption cross sections de-
termined by PSCRD spectroscopy may not be accurate. This issue will be addressed
in more detail in this chapter.
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Figure 2.1: Schematic view of the phase-shift cavity ring-down spectrometer. D stands
for diaphragm, BS for beam splitter, L for lens, F for filter, M for mirror, R for the high
reflecting cavity ring-down mirrors, FP for Fabry-Perot, and (A)PD for (avalanche)
photodiode detector.

2.2 Our experimental method

2.2.1 Experimental setup

Our light source was a narrow band cw diode laser (EOSI 2010 External Cavity Diode
Laser) (Fig. 2.1). The laser had an effective line width of 1 MHz, was tunable in the
765 — 795 nm region, and had an output power of about 12 mW. Coarse scans were
made by manually tuning the grating of the external cavity of the diode laser. While
recording the absorption lines, the laser was scanned mode-hop free over about 2.8
cm~! by step-wise adjusting the voltage applied to the piezo on which the grating
was mounted. The laser light was focused and made parallel again by means of two
lenses. A chopper was placed between the two lenses in such a way that it sinu-
soidally modulated the light intensity of the continuous laser beam (5 — 20 kHz).
A sinusoidally modulated light beam is required in order to obtain the ring-down
time from the phase shifts that are determined by the quality of the optical cavity
as discussed in Section 2.2.2. The intensity modulated light beam was coupled into
a high-finesse, 78.5 cm long, optically stable cavity formed by two highly reflective
plano-concave mirrors. The mirrors were mounted on flexible bellows for accurate

alignment, which were directly flanged onto a stainless steel vessel.

The mirrors (Newport SuperMirrors”?) had a diameter of 1 inch, a radius of
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curvature of r = —1 m and a maximum reflectivity of 0.99987 over the wavelength
range: 761 — 876 nm. The mirror separation d was set within the stability regime
given by the condition 0 < d < r and r < d < 2r leading to an optically stable cavity
[21]. As a result the narrow band cw laser beam coupled into the cavity on average
10% of the time. This coupling-time is dependent on the jittering and finesse of
the cavity. To obtain a continuous sinusoidal signal exiting the cavity we introduced
a modulation of several times the free spectral range (FSR) on the grating of the
external cavity of the diode laser. This modulation ensured a predictable repetitive
excitation of the cavity and also improved the signal to noise ratio significantly. In a
typical experiment, the sinusoidally modulation on the piezo of the diode laser had a
frequency of 1 kHz and an amplitude that corresponded to an optical frequency range
of about 0.02 cm™1!, i.e. about 3 times the free spectral range of the cavity. Although
this modulation introduced a broadening on the absorption spectra, it introduced no
error in the determination of the line intensity. For determining the precise width
of the absorption spectra, the amplitude of the modulation was lowered to about one
FSR. Obviously, the way to record absorption spectra without this artificial broaden-
ing is to modulate the length of the CRD cavity over one or more FSRs. However,

this was not possible with the present setup.

The light leaking out of the cavity was focused by a lens on an avalanche photo-
diode (Electron Tubes Inc. APD 50-2500) placed closely behind the cavity in order
to ensure that all cavity modes were detected with equal probability. A broadband
filter (750 — 850 nm) in front of the avalanche photodiode shielded the detection
system from background light. The signal from the photodiode was analyzed by a
lock-in amplifier (EG & G Model 7260 DSP). While recording an absorption line the
transmission of a Fabry-Perot was recorded simultaneously for relative frequency cal-
ibration. We used a PCI card (National Instruments 6o40E) with a PC together with
a Labview program to control the scanning of the diode laser and to acquire the data
generated by the lock-in amplifier and the Fabry-Perot signal.

For an absorption measurement the absolute value of the phase shift imposed
by the empty cavity has to be known (see Section 2.2.2). This requires a so-called
zero-phase-shift measurement to compensate for any phase shift introduced by the
electronics. The zero-phase-shift was determined by directing the intensity modu-
lated light beam around the cavity. With the lock-in amplifier the phase difference
between the signal of the photo avalanche detector, which detects the light bypassing
the cavity, and the photodiode in front of the cavity is set to zero (Fig. 1). The signal
of the photodiode serves as the reference signal for the lock-in amplifier.
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2. Phase-shift cavity ring-down spectroscopy 2.3. Results and discussion

2.2.2 Determining absolute line intensities from phase shifts

When an optical cavity contains no absorbing medium, the photon lifetime 74(v),
also called the ring-down time, of the empty cavity is solely caused by transmission
and scattering losses at the mirrors, and is given by: 79(v) = d/(c|In R(v)|), where d
is the length of the cavity, c the speed of light and R(v) the reflectivity of the mirrors.
When an absorbing medium with absorption coeflicient x(v) is present in the cavity,
the photon lifetime 7(v) of the optical cavity is given by (if 1 — R(v) << 1):

d/c

") = TR TR

(2.1)

The absorption coefficient can be rewritten as k(v) = n,, jo(v), where o(v) is the
frequency-dependent cross section and n, ; the number density in the lower level

of the transition. The frequency-dependent absorption coefficient x(v) can easily be

k(v) = % <% - ﬁ) . (2.2)

Engeln et al. [22] have shown that the phase shift, ¢(v), that is recorded during

obtained from:

a PSCRD experiment, is related to the ring down time of the cavity, 7(v), as follows:
7(v) = tan ¢(v)/w, in which w is the angular modulation frequency of the intensity.
Eq. (2.2) can now be rewritten as:

() =% <tan1/b(u) ~ fan ;O(V)) ' (23)

The line intensity S(T') [cm~!/(molecule cm~2)] as used in for instance the HI-
TRAN database [2] was calculated using: S(T) = [ x(v)dv/n, with n the total den-
sity. It should be noted that the line intensity defined in this way is temperature

dependent, via the Boltzmann relation between n and the density, n,, s, of the level

for which the absorption is measured.

2.3 Results and discussion

Fig. 2.2aillustrates a PSCRD measurement with a modulation amplitude of one FSR
and its analysis. Here, the diode laser was scanned over the PP(29,29) transition
of the b'Sf (1 = 0) « X*T, (v = 0) band of molecular oxygen at 12999.96
cm ™! (open circle (()). The vessel was filled with 9.72 mbar of O and the chopper
frequency was set at 10 kHz, leading to an angular modulation frequency of the light

intensity of w = 27 x 10 kHz. The lock-in amplifier was set to an integration time of
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Figure 2.2: A PSCRD measurement of

9.72 mbar of Oz for the ’P(29,29) transition

of the b'S (v = 0) «— X*%, (v = 0) band of molecular oxygen. In (a) the mea-
sured phase (open circle (O)) and the phase after the data analysis (open square (LJ))

is shown. In (b) the resulting absorption coefficient x(v) (solid line with open square

(4d)) together with a simulation based on the molecular parameters in the HITRAN

database, assuming a temperature of 2

93 K and a pressure of 9.72 mbar, is shown

(dashed line). The difference between the measured and calculated absorption pro-

files is give in (c).
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Figure 2.3: The measured absolute line intensities for all the recorded transitions in

the region 12965.1 to 13033.2 cm ™

(open circle (0)), the line intensities of the 2001
HITRAN database (open diamond(¢)) and the measured line intensities using the

model to correct for the ASE (open square (LJ)).

500 milliseconds. From the baseline of the spectrum, i.e. ¢, a ring-down time of 15
s was determined.

Scans as shown in Fig. 2.2a were recorded for 13 absorption transitions in the

oxygen A-band between 12965 and 13034 cm™!

with a modulation amplitude of
three FSR. During these measurements we also recorded transitions in the b(v' =
0) « X(v" = 0) band of '**0'®O (natural abundance: 0.4%) and in the b'::f (v/ =
1) « X%% (v = 1) band of '°0,. From these transitions the sensitivity of the
setup was determined to be 2x 1078 cm ™! at an integration time of 500 milliseconds.
From the measured values on the A-band and using Eq. (2.3) the line intensities were
determined and plotted in Fig. 2.3 (open circle (O)). Interference with the RQ(7,8)
transition in the first hot-band of the A band prevented accurate determination of the
absorption, and thus the line intensity, of the YQ(31,30) transition at 12990.46 cm ™.

For comparison, we also plotted the line intensities given by the 2001 HITRAN
database (open diamond({) in Fig. 2.3). The difference between our measured line
intensities and the HITRAN values increases with increasing frequency. Amplified

spontaneous emission (ASE) causes this. Although a diode laser is in principle a
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2.3. Results and discussion 2. Phase-shift cavity ring-down spectroscopy

single mode laser, it also emits ASE, and due to our broadband filter passing 750-850
nm and our mirrors with a reflectivity R > 0.995 over that wavelength range, the
corresponding ASE also rang in the cavity and introduced a phase shift. When the
single mode laser light is resonant with a molecular oxygen transition, the measured
phase shift is thus the sum of the phase shift due to the oxygen resonance and the
phase shift of the off-resonance ASE light.

We corrected for the ASE in the PSCRD absorption spectrum as follows. Let us
assume that the intensity of the modulated beam with angular modulation frequency
w entering the cavity can be written as the sum of the intensity of the lasing beam
with amplitude Ay and the intensity of the ASE beam with amplitude By:

I(t) = Ap(1 + sin(wt)) + Bo(1 + sin(wt)). (2.4)
The intensity T'(t) transmitted through the cavity is given by:
T(t) = (A— AA)(1 + sin(wt — ¢o + Apa)) + B(1 + sin(wt — ¢p)), (2.5)

where A is the amplitude of the lasing beam, B the amplitude of the ASE beam,
AA the amplitude change due to an absorption, ¢, the phase shift due to the empty
cavity, A¢ 4 the phase change due to absorbing species in the cavity and ¢p the phase
shift on the ASE due to all cavity losses. This can be rewritten as:

(A+B)xC

T(t) =
®) cos ¥

sin(wt —¢o +¥) + A — AA+ B. (2.6)

Herein is ¥ the measured phase shift on the modulation of the intensity of the light

beam due to all cavity losses, which is given by:
A’sin Ap 4 + B’ sin(¢g — ¢p)
A’ cos Apa + B’ cos(¢po — dB) )’

in which A’ = (A — AA)/(A+ B) and B’ = B/(A + B). Cin Eq. (2.6) is the
denominator of the term between brackets in Eq. (2.7).

¥ = arctan ( (2.7)

The phase shift A¢,4 introduced by the molecular oxygen transition can be de-
rived by solving Eq. (2.7) for each data point. The first step in this derivation is to
determine the amplitude B and the phase ¢p of the ASE by measuring in condi-
tions in which all narrow band laser light is absorbed. In that case, the measured
amplitude and phase are only due to the ASE light; B and ¢p can then easily be
determined. From this measurement also B’ is determined. As an example, the
PSCRD measurement of the amplitude and phase shift as measured at a pressure of

300 mbar O, for the PQ(23,22) transition at 13033.2 cm ™!, is presented in Fig. 2.4a.
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transition at 13033.2 cm ™.
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The phase shift decreases fast at the frequency where all narrow band laser light is
absorbed and the recorded phase shift, ¢ 5, and amplitude, B, at that frequency are
solely due to the ASE. In Fig. 2.4b, the phase shift and amplitude are presented for
the same transition, but, recorded at a pressure of 2 mbar, i.e. it shows a measure-
ment of the molecular oxygen transition in a condition without saturation. From this
measurement the variables A4, i.e. the change in the amplitude spectrum due to an
absorption, and ¢y can be determined. With the value of B’ from Fig. 2.4a and the
value of the baseline of the amplitude from Fig. 2.4b, A’ can be derived. With this
information A¢4 can now be determined (see Eq. (2.7)).

We note here that the amplitude can also be used to determine the line inten-
sities and, again, the absorption has to be corrected for ASE (as in any absorption
measurement) and also calibrated with the above described PSCRD technique.

Using the method described above, we determined the ASE amplitude and phase
for all transitions between 13010.8 and 13033.2 cm~!. The ASE contribution to the
total amplitude, B/(A + B), was about 20%. For transitions at frequencies lower
than 13010.8 cm~! the ASE amplitude and phase could not be determined, because
the Oy absorptions were not strong enough to absorb all narrow band laser light.
Instead, the ASE around 12943 cm ™! has been determined using two strong argon
transitions, i.e 1s5 — 2p7 and 1s3 — 2po. For this measurement an argon plasma is
created in the stainless steel vessel [30]. The ASE contribution to the total amplitude
around 12943 cm ™! was about 4%. This means that the ASE contribution to the total

1

amplitude, B/(A + B), between 12965.1 and 13001.7 cm ™+ was at least 4% and we

used this value in the model for measurements below 13010.8 cm ™.

An example of the result of the data analysis outlined above is shown in Fig. 2.2a
for the measured phase (open circle (O)) and, in Fig. 2.2b, the resulting absorption
coefficient x(v) (solid line with open square (O)). In the same figure, a simulation
based on the molecular parameters in the HITRAN database, assuming a tempera-
ture of 293 K and a pressure of 9.72 mbar, is shown (dashed line). The correspon-
dence is remarkably good, as can be seen from the plot of the difference between the
measured and calculated absorption profiles (Fig. 2.2c).

Using the model to correct for the ASE, the absolute line intensities for all the
recorded transitions in the region 12965.1 to 13033.2 cm ™! were, on average, within
4% of values obtained from the HITRAN database (Fig. 2.3 (open square (OJ)). This
4% is within the estimated experimental measurement accuracy. Note that the line
intensities measured during these PSCRD experiments differ over two orders in

magnitude. Furthermore, several transitions were recorded at modulation frequen-
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cies between 5 and 20 kHz and in the pressure range between 0.05 and 100 mbar.
The line intensities deduced from these measurements, using the aforementioned
data reduction procedure, were all within the reported accuracy. Only for a mod-
ulation frequency of 5 kHz, the line intensity could be determined less accurately.
This is probably caused by the interference of the 5 kHz modulation frequency of the
chopper and the 1 kHz modulation frequency on the grating of the external cavity of
the diode laser.

2.4 Conclusion

The phase-shift cavity ring-down spectroscopy method described leads to accurately
determined absolute line intensities. Specifically, the line intensities of transitions in
the spin-forbidden b'¥} (' = 0) « X*%, (" = 0) band of molecular oxygen are
within 4% of values obtained from the HITRAN molecular spectroscopic database,
even over two orders of magnitude. Furthermore, we have shown that when the
emission of the laser contains a relatively large ASE component, a simple model
can be used to correct the measured signals for phase shifts introduced by the off-
resonance ASE emission.

From our results, we conclude that with PSCRD spectroscopy, absorptions down
to 2 x 10~%cm ™! can be recorded in an integration time of 500 milliseconds. The
high sensitivity together with its simplicity and high duty cycle makes PSCRD a very
promising technique to accurately measure absolute line intensities.
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Chapter 3

The density of NH and NH>
radicals in ammonia forming

expanding plasmas

Abstract

We measured the densities of NH and NH; radicals by cavity ring-down spec-
troscopy in No—Hy plasmas expanding from a remote thermal plasma source and in
Ny plasmas to which Hy was added in the background. The NH, radical was observed
via transitions in the (0,9,0) « (0,0, 0) band of the A2A; «— X?2B; electronic tran-
sition and the NH radical via transitions in the (0,0), (1,1) and (2,2) vibrational bands
of the A3TI « X3%~ electronic transition. From the results, we conclude that the
NH, radicals are formed by reactions of NH3 molecules, produced at the walls of the
plasma reactor, with H atoms emitted by the plasma source. The NH radicals are
mainly produced via the reaction of N with Hy with also a possible contribution of
N+ with Hy. The NH radicals can also be produced by H abstraction of NH;, radicals.
The flux densities of the NH radicals is appreciable in the first part of the expansion.
Further downstream in the expansion they are further dissociated and the densities
become smaller than those of the atomic radicals. It is concluded that NH, radicals

play an important, though indirect, role in the ammonia production at the surface.
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3.1 Introduction

Plasmas containing nitrogen and hydrogen are extensively studied because of their
widespread applications in research and industry for the (surface) treatment of ma-
terials. These plasma are e.g. used for the nitriding of materials [1], deposition of
amorphous silicon nitride (a—SiNy:H) films [2], plasma assisted atomic layer deposi-
tion of TiN thin films [3], etching of organic low k films [4], and the chemical synthesis
of ammonia [5-8]. Despite their widespread application, only limited information is
available on the role of the NH, radical species in the plasma chemistry of No—Hs

plasmas.

It has been shown that ammonia can be formed efficiently in plasmas generated
from mixtures of hydrogen and nitrogen, i.e. more than 10% of the total background
pressure became ammonia [9]. The ammonia production in No—Hs plasmas is well
studied and the ammonia density has been predicted fairly well from a self-consistent
model assuming that NH3 is mainly produced at the surface of the vessel [1, 10, 11].
The formation of ammonia is generally ascribed to stepwise addition reactions be-
tween absorbed nitrogen and hydrogen containing radicals at the surface and incom-
ing radicals and molecules [11, 12]. NHj is thus formed by subsequent hydrogenation
of absorbed nitrogen atoms and the intermediates NH and NH;, at the surface.

The NH and NH, radicals are included in models describing the plasma chem-
istry in No—Hy plasmas. However information on absolute densities of NH, radi-
cals in these plasmas is scarce. The density of NH has been determined with laser-
induced fluorescence (LIF) in flowing discharges and post discharges [13, 14]. The
interaction of NH and NH, radicals with the surface of different materials has been
addressed by Fisher and co-workers, using a molecular plasma beam in combination
with laser-induced fluorescence for spatial imaging of the radicals [15-17]. Further-
more, mass spectrometry and emission measurements have been performed on NH;
species in the gas phase and with XPS on the surface [18, 19]. LIF measurements on
NH;, are hampered by the effective collisional quenching of the upper electronic state
(fluorescence quenching rate of 9.3 x 10° s~1) [20]. Moreover, absolute density mea-
surements are difficult to perform, since the production of a known amount of NH,
for calibration of LIF is not a simple task. Although NHj has been detected with
intracavity laser absorption spectroscopy (ICLAS) [21, 22] and cavity ring-down spec-
troscopy [23, 24], the technique was to the best of our knowledge not yet used to
measure NH, densities in No—Hj plasmas. Furthermore, to determine the absolute

densities of NH, radicals spectroscopic information is needed to determine the den-
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sity distribution over all possible states. We present here a detailed overview of the
determination of absolute densities of NH and NHs, as the information for NH and
NH,, is currently scattered over a number of papers and books.

To obtain more insight in the role of the NHy species in No—Hj plasmas, we
measured the densities of NH, (x = 1,2) radicals at three positions in the plasma using
cavity ring-down spectroscopy. Two plasmas were studied in which ammonia genera-
tion has been observed [8, 9], both created with the expanding thermal plasma (ETP)
technique. The first was an expanding No plasma to which Hy was added in the
background and the second concerned expanding Ny—Hs plasmas with both gases
applied through the plasma source. In experiments with an expanding Hy plasma
to which Ny was added in the background, no ammonia was observed and therefore
that plasma will not be discussed here.

The ETP technique is a remote technique in which ions and radicals are created
in a high-pressure cascaded arc plasma source and the plasma chemistry takes place
downstream at lower pressure [25]. The plasma expands supersonically through a
conically shaped nozzle into a low-pressure vessel (typically 20 Pa), and after a sta-
tionary shock, expands subsonically towards the other end of the process chamber.
Due to the remote source approach, the dissociation and ionization in the plasma
source are geometrically separated from the plasma chemistry in the vessel. In this
way, the plasma production, plasma transport and plasma-surface interactions are
separated, so the plasma conditions can be controlled independently from the down-
stream plasma chemistry, which allows independent studies of the different aspects
of the process in a relatively simple manner.

In this work the plasma source is fed with nitrogen (with hydrogen added in the
background) or with a mixture of nitrogen and hydrogen. From previous experi-
ments, we know that for operation in nitrogen a substantial dissociation is obtained.
The N/Ns ratio at the plasma source exit is estimated to be o.5, corresponding to a
dissociation degree of 35% and a N-flow of 6 ssc/s [26]. Pure hydrogen source opera-
tion yields dissociation degrees in the order of 10%, thus 3 scc/s H flow at maximum
[27]. We will assume that the H and N flows from a No—H, arc source to be similar
to the pure N3 or Hy operation. We are now interested in the NH and NH; densities
and their formation kinetics in these plasmas.

In this chapter, we will first describe the basics of the ETP technique (Sec. 3.2.1).
Next, in Sec. 3.2.2, the experimental details of the cavity ring-down setup used to
measure the NH and NH, radicals will be discussed. In the results section (Sec. 3.3),

the measured spectra and obtained densities of the NH,, radicals will be presented
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and discussed and finally the main reactions in the plasma leading to the observed
NH, radical density will be evaluated. In the last section the conclusions are pre-

sented.

3.2 Experimental details

3.2.1 Expanding thermal plasma setup

In order to obtain high fluxes of nitrogen and/or hydrogen radicals in the experi-
ments, plasmas from mixtures of nitrogen and hydrogen were created with the ex-
panding thermal plasma (ETP) technique. The technique has been described ex-
tensively in the literature (see e.g. [25, 28]). Here, only a short description of the
main constituents of the setup is given. In the DC cascaded arc plasma source a
sub-atmospheric (typically 0.4 bar) plasma is created with a power of around 5 kW.
The cascaded arc source consists of a 4 diameter narrow channel of 5 water-cooled
insulated copper plates with a total length of 30 mm. The cascaded plates are at
the potential from the plasma. The last plate acts as the common anode for the dis-
charge. A gas flow is admitted to the channel and a dc current is drawn from the three
cathodes to the grounded anode plate producing the plasma. The high heavy parti-
cle temperature of approximately 1 eV leads to almost full dissociation of molecular
gases when these are injected in the arc. The plasma is close to local thermal equilib-
rium (Theavypartictes ~ Te) and characterized by a high electron density n. ~ 10%
m~3, and a modest electron temperature 7, ~ 1 eV. The pressure gradient between
source (>100 kPa) and process chamber (typically 20 Pa) causes a supersonic expan-
sion and a stationary shock at approximately 3 cm (see Sec. 3.2.2), followed by a
subsonic expansion towards the other end of the process chamber. As there is no
power dissipation anymore in the process chamber, the plasma is recombining and
the enthalpy is carried out in expansion by the ions or atomic radicals. In the expan-
sion, the electron temperature T, decreases to 0.1 — 0.3 eV and the electron density
downstream is in the order of 10'® m~3. The electron temperature is too low for
electron induced dissociation or excitation processes to play a role [25].

Molecular gases can be injected into the background of the plasma vessel, i.e.
into the re-circulation flow in the chamber. The injected molecules, together with
molecules generated by the plasma itself, possibly in interaction with surface, form
the basis of influx in the expanding plasma beam. It has been established that dif-

fusion inwards occurs mainly in the subsonic region; it can also already occur in
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N, N,/H,

Figure 3.1: Schematic representation of the expanding plasma jet for both types of
plasmas: (a) Expanding N2 plasma to which H» was injected in the background; (b)

Expanding No—H> plasma.

the supersonic region if the flow is rarefied at low pressure [27, 29]. As a result,
the gas mixture in the re-circulating flow in the periphery of the chamber is mixed
into the forward plasma emanating from the source. The molecules diffusing into
the expanding plasma can undergo charge-transfer, and subsequently dissociative
recombination reactions with the N* ions emanating from the source, leading to
atomic and/or molecular radicals. Furthermore, the molecules diffusing into the
beam may undergo abstraction reactions with atomic radicals leading to additional
radicals. Direct generation of molecules in the volume by two or three particle reac-
tions from atomic or molecular radicals can be excluded, since these reactions are too
slow to lead to any significant production under our low-pressure conditions (mostly
< 100 Pa). Note that the transit time from the plasma source to the other end of
the plasma reactor, relevant for “forward” kinetics, is short (< 1 ms). However, the
residence time, relevant for background kinetics, is relatively long (0.1 — 1 5), so there
two particle reactions can take place.

We studied two different experimental situations: expanding No plasmas with Hy
injected in the background and expanding No—H, plasmas as schematically depicted
in Fig. 3.1. In both plasmas, the generation of ammonia in the downstream section
is observed [8, 9]. The formation of ammonia molecules in the background by two
particle nitrogen-hydrogen reactions involving atomic and molecular radicals can be
excluded, since processes leading to ammonia at typical temperatures for the radicals
in the background of 1000 K are too slow to lead to production. The formation of
molecules at the surface is much more likely; the surface acts as the third body in
this case. This means that most of the (atomic) radicals will arrive at the surface
at which they will adsorb or reflect. If reflected, the density will increase until the
consumption by adsorption is equal to the production of that radical. At the surface,

new molecules can be generated which subsequently desorb. This process is called
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Figure 3.2: Schematic representation of the expanding thermal plasma (ETP) setup
together with the cavity ring-down setup including a TU/eDACS data acquisition

system.

plasma-activated catalysis, since a plasma is used as a catalyst to produce the radicals
for the molecule production at the surface [8]. Note that the produced molecules may
still undergo reactions in the re-circulating flow in the background of the plasma
vessel, during the lifetime of (active) particles in the background.

The setup was equipped with a residual gas analyzer for mass spectrometry mea-
surements, which was situated on top of the vessel at 56 cm from the source in the
plasma beam. Absolute concentrations of the stable gas species N, Hy and NH3 were
obtained by calibrating the mass spectrometer signals by injecting the relevant gases

into the plasma chamber at various known pressures in the absence of a plasma.

3.2.2 Cavity ring-down spectroscopy

We measured the density of NH and NHj radicals in the downstream plasma using
cavity ring-down spectroscopy (CRDS) at three positions on the axis (z = 10,21 and
36 cm) from the plasma source (Fig. 3.2). CRDS is an absolute absorption tech-
nique based on the measurement of the decay rate of a light pulse confined in an
optical cavity rather than the magnitude of the absorption [30]. The optical cavity is
formed by two highly reflective plano-concave mirrors. The effective multi-passing

of the laser pulse within the optical cavity makes CRDS a highly sensitive technique.
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0.5

in X dirn.

Figure 3.3: Illustration of the flow pattern of the plasma for an argon plasma (55 sccs
Ar, p = 22 Pa). The picture shows the top part of a cross section through the vessel,

which has a radius of 20 cm and a length of 50 cm.

Furthermore, the technique is insensitive to light intensity fluctuations of the light
source and is therefore not affected by pulse-to-pulse fluctuations of the laser sys-
tem. The exponential decay of the light leaking out of the cavity can be expressed
by a ring-down time 7. When an optical cavity contains no absorbing medium,
the decay is solely caused by transmission and scattering losses and is given by:
T0(v) = d/(c|InR(v)|). Herein is d the length of the cavity, ¢ the speed of light
and R(v) the reflectivity of the mirrors. When an absorbing medium is present in
the cavity, the decay becomes faster and is expressed by means of a ring-down time
T(v) (if 1 — R(v) < 1):
d/c

T(v) = TM (3.1)
The frequency dependent absorption per pass A(v) can be rewritten as A(v) =
Ny, g0 (v)l, where o(v) is the frequency-dependent cross-section, ! the absorption
path length and n,, ; the number density in the lower level of the transition of the
absorbing species. When the value of the absorption cross-section is known, the ab-
sorption per pass A(v) can easily be obtained by measuring the ring-down time with
and without absorbing plasma.

In order to determine absolute densities of the NH and NHs radicals, an assump-
tion has to be made on the path length over which the radicals absorb and the spatial
distribution. This value is based on data on the plasma expansion. The flow pattern
consists of a supersonic expansion, a shock front and a subsonic beam of roughly
constant diameter and flow lines ending in the pumps. At the periphery recircula-
tion vortices are present, illustrated in Fig. 3.3 for an argon plasma. Particles from

the source or forward radicals produced like NH and NH;, diffuse out of the forward
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plasma beam in the recirculation vortices and arrive finally at the vessel walls.

The cavity ring-down measurements were performed in the subsonic region of
the expansion. Previously reported results on plasma expansions show that the
plasma beam diameter at z = 10 cm is roughly twice the distance between the nozzle
and the position of the stationary shock Z,, in the plasma [27]. The position of the
stationary shock Z), is given by [31]:

[& ./
Zy =1.8-1072 p—b\/ATs, (3-2)

in which & is the flow in sccs (1 sccs is equivalent to 2.5x 10'% s 1), p;, the background
pressure in Pa, A the atomic mass number and T\, the source temperature at the axis
in eV. In the case of an expanding No—Hj plasma, Z); is < 3 cm depending on the
ratio of Ny and Hs. In the case of a pure expanding Ny plasma Zj; ~ 4 cm. This
means that at the shock position the plasma beam diameter is around 7 cm. In our
calculation of the density of the radicals, we used an absorption path length in the
plasma of 10 cm at z = 10 cm. With increasing distance from the plasma source
the absorption path length increases due to the diffusion of NH and NH, radicals
out of the plasma beam. Diffusion out of the plasma beam has also previously been
observed for N and H atoms in Ny and Hy plasmas. The diffusion is induced by
the density gradient for these radicals between the plasma beam and the periphery
caused by surface association [26, 32]. The absorption path length at z = 21 cm
and z = 36 cm is estimated to be respectively 20 cm and 30 cm [33, 34]. In the
calculations a homogeneous density distribution of the radicals over the absorption
path length is assumed.

Reactions between radicals and ions in the plasma beam and nitrogen and hydro-
gen molecules diffusing into the plasma beam first occur at the outside of the plasma
beam [35—37]. These profile effects would result in a smaller effective absorption path
length and thus a higher radical density by as large as a factor of 2.

A tunable Sirah PrecisionScan-D dye laser pumped by the second harmonic out-
put of a Nd:YAG laser (Spectra-Physics GCR-4) produced ~ 8 ns laser pulses at a
repetition rate of 10 Hz. To measure NH absorptions, the dye laser was operated
on Pyridine 1 dye, to create laser light around 680 nm. The laser beam was subse-
quently frequency doubled using a KDP crystal resulting in laser pulses around 340
nm. To measure NH, absorptions, the dye laser was operated on Rhodamine B, re-
sulting in laser light around 600 nm. To avoid optical saturation of the transitions

of interest, an UV attenuator was placed in the laser beam in the first experimental
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configuration and in the latter experiment the amplifier stage of the dye laser was not
implemented. The intensity of the laser pulses was further reduced by a set of filters,
leading to a typical pulse energy of ~ 100 pJ in front of the cavity.

The laser pulses were coupled into a 112 cm long optical cavity formed by two
highly reflective plano-concave mirrors. The mirrors were mounted on flexible bel-
lows for accurate alignment, which were directly flanged onto the stainless steel ves-
sel in which the plasma expanded. The mirrors (Laser-Optik) had a diameter of 1
inch, a radius of curvature of r = —1 m and a reflectivity of R ~ 0.997 at 340 nm for
the NH detection and a reflectivity of R ~ 0.999 at 560 nm for the NH; detection.
Immediately in front of the mirrors an argon flow was injected to protect the mirrors
from reactive plasma species. The light leaking out of the cavity through the second
mirror was detected by a photomultiplier tube (Hamamatsu R928) placed closely
behind the cavity in order to ensure that all cavity modes were detected with equal
probability. An interference bandpass filter in front of the photomultiplier shielded
the detection system from the plasma light.

The CRD transient of every laser shot was individually processed by means of a
state-of-the-art 100 MHz, 12 bits data acquisition system (TU/eDACS [38, 39]). All
recorded CRDS transients were single exponential and were analyzed by a weighted
least squares fit of the logarithmic of the transient, yielding the ring-down time of
the light intensity in the cavity. To improve the signal-to-noise ratio, the averaged
ring-down time of 20 laser shots was taken for all measurements. The baseline of
the NHy spectra was affected by an oscillating behavior of the CRD signals, which
is a known artefact for mirrors in the wavelength range around 600 nm [40]. This
behavior hampered the baseline correction procedure and resulted in a slightly lower
experimental accuracy compared to the NH measurements. We note that no optical
saturation took place, since the integrated absorption as a function of the laser energy

coupled into the cavity was measured to be constant for both NH and NH;, radicals.

3.3 Results

3.3.1 Determining absolute densities of the NH; radical

The NH, radical was observed via transitions in the (0,9,0) « (0,0,0) band of
A2 A, — X?2B; electronic transition around 597.5 nm. The radical is a highly asym-
metric top molecule with an H-N-H angle around 110° in the ground state, while it

has a nearly linear configuration in the excited state. The electronic band spectrum

35



3. The density of NH and NH,, radicals 3.3. Results

25 T T T T T 7£ T
3 *
- [P N 543422 51172 55 6 6 xx x 77]
o 20F ™ T T 1171 1]
@ 15} .
®
o
c 10F ]
2
I
5 05} -
n
Q0
< oo}
16724 16728 16732 16740

Frequency (cm'1)

Figure 3.4: The NH; spectrum as measured with cavity ring-down spectroscopy at
z = 21 cm. The plasma source was operated on a mixture of 5 sccs N3 and 11.67 sccs
Hj at an arc current of 55 A. The background pressure was 20 Pa. The line positions
reported in literature are indicated by ticks in the upper part of the graph and the
rotational assignments for the © Q1 branch of the ¥ vibronic sub-band are given
[41]. The “isolated” spin doublet line ¥ Q1 (7) line at 16739.90 cm ™" was used for
the density measurements (marked by an asterisk). The lines marked by a cross are
lines which are not part of the Q1 v branch, but are assigned in literature (see text)

and the line marked with a question mark is not assigned.

(A2A; — X2B) of NH, in the visible (380 — 830 nm) consists mainly of transitions
of a long progression of bands (0, v2,0) < (0,0, 0) of the bending vibration of NH,
[42]". Fig 3.4 shows a typical spectrum containing lines of the ”(; y branch of the ¥
vibronic sub-band as measured in a No—Hs plasma at a position of z = 21 cm from
the plasma source. The rotational branch is denoted as: 2%« ANy_ k. [42], where
K, and K, are the quantum numbers of rotation about the a and ¢ axes. The line
positions and rotational assignments are obtained from Ross et al. [41]. The tran-
sitions in this branch obey the c-type selection rules: AJ = AN =0, AK, = —1

and AK, = 0. Furthermore, each line with quantum number N, the total angular

T Notation for o used in this chapter is according to the linear molecule convention. The correlation
between the linear and bent notation for vibrational numbering is:
vo(linear) = 2o (bent) + Ko + 1
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momentum apart from electronic spin, consist of two levels F; and F due to spin-
rotation splitting. The F} levels have J = N+1/2and the F, levels have J = N—1/2.
The lines marked by a cross are not part of the © Q1,n branch of the ¥ vibronic sub-
band, but are assigned in literature as a line of the RRL ~ branch of the A vibronic
sub-band (left cross) and lines of the ¥ Py _; branch of the ¥ vibronic sub-band.
The line marked with a question mark is not assigned in literature. The spin doublet
line Q1 n(5) at a center frequency of 16730.07 cm™! is associated with a multiple
perturbation.

The density of NHy was determined by scanning the laser over the “isolated” spin
doublet line Q) n(7) ata center frequency of 16739.90 cm ™1 (597.375 nm) (marked
by an asterisk in Fig. 3.4). This line is the most studied NHj, transition since it is an
isolated line. It is therefore one of the few lines of the NH; absorption spectrum for
which the oscillator strength has been reported [43, 44]. To determine the integrated
absorption of the spin doublet line, and its line profile, the doublet splitting was set to
avalue of 3.44 GHz and the ratio of the area of the two components of the doublet line
was set at 0.81, as determined by Kohse-Hoinghaus et al. [43]. The density of NHy
in the £Q1 n(7) line was obtained using a value of the integrated absorption cross

2 1 which was calculated from the oscillator

section of gjpy = 7.4 x 1072! m? cm~
strength reported in the literature by Votsmeier et al. [44] (See Appendix A). The
density calculated in this way is insensitive to the laser line-width and the Doppler

broadening effect.

The total NHy density was calculated by taking into account the density distri-
bution over all possible states, which is determined by the kinetic, rotational and
vibrational temperatures of the NH, radicals. The kinetic gas temperature of the rad-
icals was obtained from the Doppler broadening by deconvoluting the experimental
absorption lines into a Lorentzian laser profile and a Gaussian Doppler contribution.
This procedure yielded a laser line-width of 0.064 4+ 0.01 cm~! at 16739.90 cm™1,
which is consistent with the manufacturer’s specifications [45] and previous values
determined for this laser system [38]. From the measured Q; n(7) line and the
spectra, an average kinetic NH; gas temperature of 1775 4 200 K was determined for
z = 10 and 21 cm from the plasma source, and 1350+£250 K for z = 36 cm. The mea-
sured temperatures point to the fact that these NH; radicals are only present in the
plasma beam and not in the periphery, where the temperatures are much lower. The
NH, kinetic gas temperature is in agreement with previous measured temperatures
of NH, radicals in expanding Ar—NHj3 plasmas [33], with measured temperatures of

radicals in expanding plasmas of different gas mixtures [38] and with the temperature
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of H atoms in e.g. Ar—H, plasmas as measured with TALIF [46]. These measure-
ments all concerned radical species which are primarily present in the plasma beam
and not (or much less ) in the periphery. The rotational and vibrational temperatures
of the NHj; radicals could not be determined. It can be argued that since the NH»
kinetic gas temperatures reflects the gas temperature in the plasma expansion, the
NH, radicals in the plasma are already thermalized by elastic collisions with other
particles. We therefore assume that the rotational and vibrational temperatures are
equal to the kinetic gas temperature.

We thus calculated the total NH» density assuming a Boltzmann density distribu-
tion over the rotational and vibrational energy states with a rotational and vibrational
temperature of 1775 K for z = 10 and 21 cm and 1350 K for z = 36 cm. The Boltz-
mann fraction f, for NHj is reported in the literature by Green and Miller [47] and
Kohse-Hoinghaus et al. [43]:

3 (2J” + ]-) Erot Evib

fo=7 0.0, exp[— kTm] exp[— kTmb]' (3-3)

The factor 3/4 occurs due to the nuclear spin of the H atoms, J” and ¢” are the
total rotational quantum number including spin and the electron-spin degeneracy of
the lower state, @, and @, are the rotational and vibrational partition functions, and
E,ot and E,;;, are the rotational and vibrational energy of the lower state and T,
and T, are the rotational and vibrational temperature, respectively. We note that
g" is equal to 1, since the integrated absorption of the measured line contained both
components of the spin-doublet. The partition functions @, and @, are given by
Green and Miller [47]. E.; is given by Herzberg [48] and E,.; = hcF(J), in which
F(J) is the experimentally determined rotational term value as reported by Ross et
al. [41]. The total NH, density [m~3] at z = 10 cm can then be calculated from the
integrated absorption A;,,; [cm~!] using an absorption path length [ = 0.1 m and
T=1775K: 4
o—;:l% =2.33 x 10 Ajps. (3.4)

The complete derivation of the total density of NHj is given in appendix A.

NNH, =

The oscillator strengths of the other transitions in the ¥@Q; y branch are not
known. In Table 3.1, the oscillator strengths of the measured transitions in the P Q1N
branch are presented as determined from the spectrum depicted in Fig. 3.4 assum-
ing a Boltzmann density distribution at 1775 K. We also determined the oscillator
strengths for the same transitions from the data published in Fig. 4 of the paper
of Rahinov et al. as published in Appl. Phys. B [24], in which NH; was measured
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Table 3.1: Oscillator strengths for part of the transitions in the ¥ Q1,x branch of the ¥ vibronic
sub-band in the (0, 9,0) « (0,0, 0) band of the A%2A; « X?B; electronic transition of NHa.
The oscillator strengths were determined from the spectrum plotted in Fig. 3.4 and from data
published in Fig. 4 of the paper of Rahinov et al. as published in Appl. Phys. B [24]. The

§oldd

. . . / . . .
rotational assignments are given as: © Ny, v = Njtu o, where F indicates which of the
oK o K

two levels F; and F5 due to spin-rotation splitting are involved in the transitions.

Rotational frequency  oscillator strength  oscillator strength
assignment (cm™) (this work) [24]
o1 =M1y 16727.872 3.52 x 107* 1.05 x 107*
o1 - 2111 16727.638 4.76 x 10~* 1.63 x 1074
1202 — 1219 16726.579 1.02 x 1074 4.47 x 1075
2902 — 2212 16726.398 8.20 x 1075 4.15 x 1075
1303 — 313 16725.594 2.93 x 107* 1.04 x 107*
Y04 — 414 16725.784 9.27 x 107° 3.75 x 107°
2505 — 2515 16727.488 1.52 x 107* 7.63 x 1075
1606 — 1616 16731.463 4.18 x 107° 3.02 x 107°
2606 — 2616 16732.038 3.34 x 1075 2.83 x 1075

under conditions in which a Boltzmann density distribution can be assumed. They
measured a NHy spectrum produced by ammonia pyrolysis in a quartz cell at 8go
K and at a pressure of 1.6 kPa. The obtained oscillator strengths using a Boltzmann
distribution at 89o K are also presented in Table 3.1. Our oscillator strengths are
higher, at lower NV up to a factor 3.5. This could be caused by the fact that the lower
J transitions are overlapping, which hampered the determination of the integrated

absorption.

3.3.2 Determining absolute densities of the NH radical

The NH radical was observed via transitions in the (0,0), (1,1) and (2,2) vibrational
bands of the A3II + X3%~ electronic transition around 340 nm [49, 50]. The elec-
tronic band spectrum of NH at 336 nm consists mainly of transitions of the nine
branches for which the selection rules AK = AJ = 0,=+1 apply, since A3l «
X3%~ is a Hund’s coupling case (b) to case (b) electronic transition. The other
branches with AK # AJ are very weak, except at lower | where a transition from
Hund’s coupling case (b) to case (a) in the A®II state occurs. Furthermore, for each

value of K, the total angular momentum apart from electronic spin, there are three
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levels denoted as Fy, F» and F3 due to spin-orbit coupling. The quantum number
for the total angular momentum J of the three levels are J = K + 1 for the Fj levels,
J = K for the F; levels and J = K — 1 for the F3 levels. The rotational branch is
denoted as: AJgs g, where F/ and F}" indicate the upper and lower state I level
[51]-

In Fig. 3.5, the spectra are depicted as measured at the positions z = 10, 20 and
36 cm from the plasma source in Ny plasmas with Hs injected in the background
of the vessel (Figures on the left) and in No—H, plasmas (Figures on the right). The
measured spectra at z = 10 cm for both plasmas contain strong rotational lines in
the (0,0), (1,1) and (2,2) vibrational bands of the A3II « X 3%~ electronic transition.
The line positions are plotted as ticks in the upper part of the figures. The line
positions and rotational assignment have been reported in literature by Brazier et al.
[49] and were simulated using the ROTSPEC software package using the molecular
parameters given by Brazier et al. At z = 10 cm, all strong lines reported in the
literature, up to the rotational level J = 18 in the v = 2 state were observed in Ny
plasmas with Hy injected in the background of the vessel. At the same position in
a No—H» plasma, only rotational lines up to J = 11 were observed. At z = 21 cm
and z = 36 cm, all the lines of the (2,2) band, except for two lines with low ], have
completely disappeared in expanding N5 plasmas with Hs injected in the background
of the vessel. In No—Hj plasmas no lines of the (2,2) band were observed at these
positions. The clear presence of transitions in the (1,1) and (2,2) bands indicates that
the density distribution over the rotational and vibrational states are non-Boltzmann

as will be discussed in more detail further on.

The density of NH was determined by scanning the laser over the “isolated”
Ps33(9) line at a center frequency of 29444.28 cm™! (339.62 nm) (marked by an
asterisk in Figures 3.5(a) and 3.5(b)). The density of NH in the Ps5(9) line was ob-
tained using a value of the integrated absorption cross section of o,,; = 8.3 x 1072}
m? cm ™!, which was calculated from the Einstein coefficient for spontaneous emis-
sion based on information reported in the literature by Lents [50] and Schadee [52]
(See Appendix B). The density calculated in this way is insensitive to the laser line-
width and the Doppler broadening effect. The total NH density was calculated by
taking into account the density distribution over all possible states, which is deter-
mined by the kinetic, rotational and vibrational temperatures of the NH radicals.
The pronounced presence of the (1,1) and (2,2) bands indicates that the density dis-
tributions over the rotational and vibrational states are non-Boltzmann. The kinetic

temperature of the NH radicals was again obtained from the Doppler broadening
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Figure 3.5: The NH spectra as measured with cavity ring-down spectroscopy at z = 10, 21 and
36 cm. The plasma source was operated on 16.67 sccs N2 while 5.56 sccs Hy was injected in
the background (Figures on the left) and on a mixture of 5 sccs N2 and 11.67 sccs Ho applied
through the arc (Figures on the right). The arc current was 55 A and the background pressure
was 20 Pa. The line positions reported in literature by Brazier et al. [49] and from the ROT-
SPEC software package are indicated by ticks in the upper part of the graph for the vibrational
bands (0,0) (1,1) and (2,2). The “isolated” Ps3(9) line at a center frequency of 29444.28 cm™"

was used for the density measurements (marked by an asterisk).
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by deconvoluting the experimental absorption lines into a Lorentzian laser profile
and a Gaussian Doppler contribution. This procedure yielded a laser line-width of
0.11£0.01 cm™! at 29444.28 cm ™. The average kinetic NH gas temperature at the
three positions from the plasma source proved to be the same as for the NH, radi-
cals, so 1775 £ 200 K at z = 10 and 21 cm from the plasma source, and 1350 + 250
K for z = 36 cm. As in the downstream plasma all particles are collisionally coupled,
the temperatures of the various particles are expected to be the same.

To determine in how far the rotational density distribution could be character-
ized by a Boltzmann distribution, we extracted the rotational temperature of the NH
radicals from a Boltzmann plot using the recorded spectra. The rotational density

distribution at a temperature 7)., is given by:
n(J) o< (2J + 1) exp(—Erot(J)/kTrot), (3-5)

where 2J + 1 is the statistical weight of the rotational level in the lower state, k the
Boltzmann constant and E,..:(J) is the energy of the rotational level in the lower
state. The density n(J) is given by:

n(J) = Aine(J)/ (Gint (I)1), (3-6)

where A;:(J) is the integrated absorption of the measured transition, o, (J) is the
integrated absorption cross section of the measured transition and [ the absorption
path length of the radicals in the plasma.

The density in the various rotational levels n(.J) for the (0,0), (1,1) and (2,2) vibra-
tional bands were determined using the integrated cross sections derived from the
Einstein coefficients for spontaneous emission. These were derived from the infor-
mation reported in the literature by Lents [50] for the (0,0) and (1,1) bands [50] and
from an average of reported values in literature as summarized by Seong et al. for
the (2,2) band [53]. The complete derivation is given in Appendix B.

A Boltzmann plot of the spectrum at z = 10 cm depicted in Fig. 3.5(a) is shown
in Fig. 3.6, in which the statistically weighted densities n(.J)/(2J + 1) observed in an
expanding Ns plasma with Hs injected in the background of the vessel are plotted as
function of the internal energy (rotational and vibrational). The low rotational levels
in the three vibrational states were populated according to a Boltzmann distribution
with T, = 1775 £ 80 K. This value is equal to the kinetic temperature of the NH
radicals. The density distribution in the low rotational levels indicates a thermal-
ization of the radicals with the kinetic gas temperature by inelastic collisions with

other particles. However, the high rotational levels, J > 12, in the v = 2 vibrational
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Figure 3.6: The statistically weighted densities n(J)/(2J + 1) of the observed rota-
tional levels at z = 10 cm in a N3 plasma with Hy injected in the background of the
vessel as a function of the total internal energy (rotation and vibration). The spectrum
is shown in Fig. 3.5(a). The plasma source was operated on 16.67 sccs N2 while 5.56
sccs Ha was injected in the background at an arc current of 55 A and a background
pressure of 20 Pa. For v = 2, the rotational levels with K > 12 have a rotational

temperature above the kinetic gas temperature.

state were populated according to a temperature of 3430 + 1300 K. This could also
be true for the high rotational levels in other vibrational states, but transitions from
these states were outside the measured spectral range. A similar density distribu-
tion over the rotational and vibrational states has been observed previously in Hg’”)
molecules produced in expanding Hs plasmas [54, 55]. In that case the production of
H{"*) molecules occurs at the surface by the exothermic association of an incoming
H atom with an H atom at the surface. In the present case the excitation must be the

result of the formation process, as [506]:

Nt +Hy; — NH + Htand N + Hy, — NH + H. (3-7)

The rotational levels of v = 2 are no longer occupied at z = 20 and 36 cm. The
NH radicals in these states have experienced enough collisions in the drift time to
relax to rotational levels in the lower vibrational states. From the Boltzmann plots

at z = 20 and z = 36 cm (Fig. 3.7a), we concluded that the rotational temperature
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Figure 3.7: The statistically weighted densities n(.J)/(2J + 1) of the observed rotational levels
at z = 10,21 and 36 cm in Ny plasmas with Hy injected in the background of the vessel
(Figure on the left) and in expanding No—H> plasmas as a function of the total internal energy
(rotation and vibration). The plasma source was operated on 16.67 sccs N2 while 5.56 sccs
H; was injected in the background and on a mixture of 5 sccs N2 and 11.67 sccs Ha applied

through the arc at an arc current of 55 A. The background pressure was 20 Pa.

equals the kinetic gas temperature, i.e. respectively 1775 K and 1350 K. From Boltz-
mann plots of the recorded spectra in Ny—H; plasmas (Fig. 3.7b), we extracted that
the rotational levels in all vibrational states at all three positions from the plasma
source were populated according to a rotational temperature equal to the kinetic gas
temperature at all three positions, even for the v = 2 band.

That the rotational density distribution could be characterized by a Boltzmann
distribution, does not automatically imply that also the vibrational density distribu-
tion is a Boltzmann distribution. Since the energy spacing between the various vi-
brational levels is larger than the energy spacing between the rotational levels, the
relaxation of the vibrational distribution to a Boltzmann distribution at the gas ki-
netic temperature takes more inelastic collisions and thus time. Therefore, first the
total NH density in the vibrational states was calculated assuming a rotational Boltz-
mann distribution. The rotational Boltzmann fraction fj, o+ for NH is taken from
Herzberg [48]:

9] +1 Boo(K
forar =1 Qt Jexpl- kaot)]' 5:8)

J is the quantum number of the total angular momentum of the lower level and @,
the rotational partition function. The partition functions @),- can be approximated by
the classical expression given by Herzberg [48]. The total NH density [m 3] in the
(0,0) band at z = 10 cm can then be calculated using the integrated absorption A;y,
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[cm™!] and an absorption path length of the radicals in the plasma [ = 0.1 m, and

T=1775K: A 1
int 292

— = 2.06 x 10*“ Ajp¢. .

Tintl fo . " 5-9)

The complete derivation of the total NH in a vibrational state is given in appendix B.

NNH =

From the distribution of the NH density over the vibrational states, we concluded
that at all three positions in Ny plasmas with Hs injected in the background of the
vessel, the vibrational distribution is non-Boltzmann. Also in No—Hs plasmas, the
vibrational distribution is non-Boltzmann, except at z = 36 cm, were the total NH
density distribution is in accordance with a Boltzmann distribution at 1350 K. We
estimated in first order the total density by adding the densities in the various vibra-
tional states we measured. The NH density distribution over the vibrational states
was only measured in some plasma conditions. In order to calculate also the total
NH density under all conditions investigated, we assume that at a certain position
from the plasma source, the percentage of the total density present in the (0,0) band
remains constant if the plasma conditions are changed. This percentage was deter-
mined from the measured spectra presented in Fig. 3.5.

3.3.3 Formation kinetics of NH and NH; radicals

We studied two different experimental situations: expanding No plasmas with Hs
injected in the background and expanding No—Hj plasmas in which both gases are
fed through the plasma source. It has already been established that in both plasmas,
ammonia can be formed [8, 9]. In experiments with an expanding Hy plasma to
which N» was added in the background, no ammonia was observed and therefore
that plasma will not be discussed here. The highest efficiency of ammonia produc-
tion is reached if both nitrogen and hydrogen are flowing through the cascaded arc.
The ammonia density in the background in a No plasma with Hy injected in the back-
ground of the vessel is plotted as function of the hydrogen flow rate relative to the
total flow rate in Fig. 3.8. Also the ammonia density as measured in the background
of a Ny—Hj plasma is plotted in Fig. 3.8. The formation mechanism of the NH, rad-
icals under these two experimental conditions has been studied and the results will
be reported in the next two subsections.

N3 plasma with Hy injected in the background

In the first experimental situation (Fig. 3.1a), a nitrogen plasma was created with

a flow of 16.67 sccs (standard cm?® s™1) Ny flowing through the arc. The current
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Figure 3.8: Ammonia density as measured in the background of the plasma reactor
with mass spectrometry as function of the relative hydrogen flow rate for two differ-
ent experimental situations. 1. Nitrogen is applied through the arc at a flow rate of
16.67 sccs, while hydrogen is injected into the background of the vessel. 2. Both ni-
trogen and hydrogen are applied through the arc at a total flow rate of 16.67 sccs. In
both cases, the arc current was 55 A and the background pressure was kept constant

at 20 Pa.

through the arc was set at 55 A and the downstream pressure was kept constant
at 20 Pa by adjusting the gate valve to the pump. In a pure nitrogen plasma, the
dissociation degree of N in the arc is expected to be around 35%, and an ionization
degree of around 1 — 5 % is attained [26, 57]. The densities of the meta-stable N
atoms N(2P) and N(?D) emanating from the plasma source are expected to be at
maximum 20% of the N(*S) atoms (assuming a thermal population at a temperature
of 1 eV). In the expansion, the N(*P) and N(?D) densities will decrease fast due to
de-excitation by collisions with electrons, which is the most dominant in the first few
cm of the plasma expansion (k. ~ 10713 m? s~!) [58]). Next, the meta-stable atoms
are de-excited by collisions with N(*S) atoms, and Ny molecules (rate constant of
4.1 x 10717 m? s71 [26]). The same applies to the N(?D) and N(*P) atoms generated
in dissociative recombination of NJ ions. This source represents a maximum of a
few percentage of the flow (equal to the initial N flow). It is thus to be expected that
the N(®D) and N(P) densities are much smaller (< 1%) than the N(%S) density.
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Next, also the density of meta-stable molecules, No(A) needs to be considered.
The density of No(A) at the source exit will already be small at the arc exit, ie.
N2(A)/N2(X) < 1072, and the density will also decrease fast by electron and N
induced de-activation. Previously, meta-stable N2(A®Y;") molecules have been ob-
served in expanding pure nitrogen plasmas; they were assumed to be produced by
surface association of N atoms. This observation was made in a low flow, low cur-
rent nitrogen plasma with only a relative low N ion density. These N ions are a
major loss channel for Ny (A) molecules by resonant charge-transfer. In the present
plasma conditions a higher ion density than in those experiments was produced and
the N (A3XF) molecules are efficiently lost by charge-transfer reactions with N*[59]
or by collisions with N atoms [60]. Therefore, we concluded that the role of meta-
stable atoms and molecules is small compared to that of N atoms. Thus the main
chemistry is initiated by N(*S) atoms and N7 ions.

Hydrogen molecules were injected in the background of the vessel with a flow
rate of o — 16.67 sccs. The hydrogen molecules can first be dissociated by N ions
emanating from the plasma source via the charge-transfer reaction followed by dis-
sociative recombination, producing two H atoms and one N atom [50]:

Nt +Hy, — NHT+H (3.10)
NH* +e — N+H (3.11)

with rate constants of 5.4 x 1076 and 2 x 1071% m? s, respectively. Vankan et al.
showed that the observed ammonia in plasma of mixtures of nitrogen and hydrogen
can be explained using these reactions [8]. However, also the reaction between nitro-

gen ions and hydrogen molecules resulting in NH radicals should be considered:
Nt +Hy — NH+HT. (3.12)

To the best of our knowledge, no information is reported on this reaction in literature.
As the reaction is resonant, we will assume that it has a rate constant of 5 x 1071¢
m? s~ similar as that of reaction 3.10.

The measured density of NH is plotted in Fig. 3.9 as a function of the hydrogen
flow rate relative to the total flow rate of nitrogen and hydrogen at = = 10,21 and
36 cm. We note that no NHy was detected in Ny plasmas with Hy injected in the
background of the vessel. This means that the NH, density is below our detection
limit of about 3 x 106 m~3. From the recorded spectra, shown in Sec. 3.3.2, the
rotational and kinetic gas temperatures have been deduced. These temperatures are

in agreement with previous measurements on radicals produced in the plasma beam
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Figure 3.9: The NH density as a function of the hydrogen flow rate relative to the
total flow rate of nitrogen and hydrogen measured by cavity ring-down spectroscopy.
The plasma source was operated on 16.67 sccs N at an arc current of 55 A, while a
varying Hs flow (o — 16.67 sccs) was injected in the background. The background

pressure was kept at 20 Pa.

[33, 38]. This indicates that also in these experiments the NH, radicals are produced
in the plasma expansion.

Now, the reaction mechanisms leading to the production of NH, while no NH,
is produced will be evaluated. As a starting point, we first summarize the results of
a previous study on the production of NH and NHs radicals in an Ar-NHj3 plasma
expansion [33]. From that study, we concluded that in the presence of Ar™ ions, the

charge-transfer reaction:

Art + NH3; — Ar + NHj, (3.13)

which has a reaction constant of 1.6 x 10~1% m?3 s~! [61] with subsequently dissocia-

tive recombination of the molecular ion with electrons is the most important source
of NH radicals:
NHf +e — NHy+H,
— NH+pHs+(2—-2p)H (p=0,1),
— N-+g¢Hs + (2 —2¢9)H (g=0,1).

(3-14)
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Furthermore, we had then to assume that the branching ratio of the dissociative
recombination reaction of NHJ (reaction (3.14)), not known in literature, is mainly to
NH (80%) and NH; (20%), and negligible to N. We also concluded that the values of
p and ¢ in reaction (3.14) can be set to zero. The dissociative recombination reaction
typically has a rate constant of 1 x 10~13/1/7, m3 s~! [62], which gives a rate of
2 x 10713 m?3 s~ for an electron temperature around 7, = 0.3 eV. It was also shown

that the following reactions play a significant role in the production of NH, radicals:
NHZ + NH; — NHJ + NHa, (3.15)
which has a reaction rate of 1.7 x 1071 m3 s~1 [63] and

NH; + H — NH5 + Hs. (316)

3 57! at a temperature of

The latter has a rather low rate constant of 4 x 10718 m
1750 K due to an activation energy of 4991 K [64]. However, it was shown that the
reaction rate is increased by a factor 7.5 due to the presence of energetic H atoms in
the plasma, i.e the rate constant is 2.5 x 107" m? s,

Above, we discussed the generation of NH, from NHj in NHj fed plasmas. How-
ever, it should be noted that also in these plasmas new molecules are generated. In
fact, if dissociated, the radicals primarily lead to the formation of Ny and Hs and in
less extend to NH3 (~ 10%). In the present experiments, Ny and Hy (downstream or
in arc source) are injected. NHj is expected to be formed to an amount of < 10%.
Hence, also kinetics with Hy and N and H radicals need to be considered.

Following this line of thought for the production of NH and NH; radicals in an
Ar-NHj plasma expansion, the most likely reactions are then charge-transfer reac-
tions between N and NHj or Hy as charge-transfer reactions involving ammonia,
was also the dominant reaction mechanism in Ar—-NHj3 plasmas. We note that under
optimal conditions a significant amount of background gas in our vessel is ammonia
(Fig. 3.8), which can diffuse into the plasma beam. The NH; radicals are produced
by first a charge-transfer reaction between ammonia and N* from the plasma source

leading to mainly NH (see Table 3.2):
N* + NH; — N+ NHJ, (3.17)

with a reaction rate of 2x 10715 m? s~1. Subsequently, the molecular ions recombine
dissociatively with electrons, reaction (3.14), leading to mainly NH radicals. There
are however, several issues which indicate that this reaction is most probably not the
dominant mechanism for NH production. The measured NH density is higher than
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expected from these reactions and we should also have observed NH,. Furthermore,
the maximum in NH density is observed at z = 10 cm, which indicates that NH3 the
has to diffuse already into the plasma beam in the supersonic expansion, which is
much more difficult for ammonia than for Hy due to its higher mass.

We therefore suggest a second reaction which could explain the observed NH
density and also the fact that no NHy was detected. This is the reaction between

nitrogen ions and hydrogen molecules resulting in NH radicals:
Nt 4+Hy, — NH+H', (3.18)

for which we assume a similar reaction rate as in (3.10) of 5.4 x 1071 m3 s~1. That
more Hy than NHj is observed in this plasma, and that H; can diffuse into the plasma
beam already in the supersonic expansion supports this reaction mechanism.
However, the N* density is at maximum about 10'® m~3 (with no Hy present),
whereas the density of atomic nitrogen in the plasma expansion is about 1 x 10%°
m~3 [26]. It is observed that NH is only produce before 2 = 10 cm. There are not
enough ions in the plasma to produce a NH density of 6 x 10'® m~3 by charge-
transfer reactions. The only explanation is that the reaction between atomic N and

H, resulting in NH is more important than expected in the first 10 cm:

ZI57T5, 5

N+Hy — NH+H k=39x 10*16exp(T) m (3.19)

3 s7!at 1775 K, due to its high activation

which has a rate constant of 5.3 x 1072 m
energy of 15775 K [56]. The rate of this reaction will be higher in the supersonic ex-
pansion region and first part of subsonic expansion, where Ho molecules can diffuse
into the plasma expansion. There N atoms with kinetic energies in excess of 0.5 —
1 eV are expected [26]. Namely, thermal energies of a few thousand K are possible
in the first few cm after the shock. Also substantial rotational-vibrational excitation
of H"*") molecules has been observed [54, 55]. We therefore assume that in total ap-
proximately 1 eV of energy is available to the particles involved in the reaction, which
would give a rate constant of 1 x 1070 m3 s~1.

It is observed that the NH density has a maximum at z = 10 cm and decreases
further downstream. This is due to the loss of NH radicals due to diffusion out of
the plasma beam. The NH radicals can also be destroyed by abstraction reactions
with N and H atoms or by reactions between two NH radicals resulting in Ny and H»
molecules and N and H atoms (R8)—(Rz11) (see Table 3.2).

From a comparison of the rate coefficients of neutral-neutral reactions and charge-

transfer reactions and of the expected abundance of species in the plasma expansion,
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Table 3.2: Reactions and rate constants.

No. Reaction rate constant Ref.
(m®s™!)
Rt  NT+NH; — N+NHz" 2x 1071 [56]

— HNj+H, 22x1071%
— HoNtT+NH 22x10716

Rz N'+H, — NH"+H 5.4 x 10716 [56]
— NH+HT ~5x 10716 ¢
R3 NHf+e — NHy+H 3.6 x 10714
— NH+2H 1.4 %1071
R4 NH' +e — N+H 2x 107130
Rs;  HNJ +e — NH+N 2.6 x 107 [65]
— H+N: 1.4 x 1071
R6 HoNt+e — Ha+N 2 x 107130
Ry  N+H, — NH+H 3.8 x 1070 exp(—15775/T) [56]
R8 NH+H — N+H: 8.3 x 1077 exp(—1000/T) [56]
Rg NH+N — No+H 1.8 x 10717795 [56]
Rio NH+NH — Na+2H 8.5 x 10717 [10]
Ritr NH+NH — N+NH, 1.7 x 107'8(T/300)*5 [10]
Riz NH»+H — NH+H 3.2 x 10717 [56]
Ri3 N+ NH, —  Na+2H 1.2 x 10716 [10]
Ri4 NH+NH, — NH3;+N 1.7 x 1077 [10]
[

Ris; NHz+H  — NHy+Ho 9.0 x 107272 exp(—4991/T)  [64]

“Estimated rate constant for charge-transfer reactions as no information is available in literature.
bEstimated rate constant for dissociative recombination reactions.

we conclude that hydrogen transfer reactions are dominant in the production of NH
radicals. The results can be explained if we assume that a reaction between N and Hs
takes place in which NH is formed. The charge-transfer reactions between N and
H, (or NHj3) can not be excluded, but the expected abundance of N* compared to the
N atom abundance suggests that the latter are mainly responsible for the NH forma-
tion. That no NHj is observed supports the suggested reaction mechanism for NH
production. The flux density of the NH radicals in the plasma beam at z = 10 cm,
assuming a velocity of tooo m/s, is about 6 x 10%! m~2 s~!. This gives a flow of NH
radicals of about 5 x 10'° radicals/s, which is thus a flow of 2 sccs. It was previously
determined that the N flux in pure nitrogen plasma is about 6 ssc/s. This means

that a significant part of the radical flux are NH radicals, which can contribute to the
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generation of Ny, Hy and ammonia molecules. The further downstream densities of
the NH radicals are smaller because of diffusion loss and abstraction reactions. It
can therefore be argued that at the end, at the vessel surfaces mainly the resulting N
and H atoms play a key role in the generation of molecules.

N2—H;, plasma

In the second experimental situation (Fig. 3.1b), the plasma was produced with both
nitrogen and hydrogen applied through the cascaded arc with a total flow of 16.67
sccs. In these experiments, the hydrogen flow rate relative to the total flow rate was
varied. Also in these experiments, the current through the arc was 55 A and the
downstream pressure was kept constant at 20 Pa. In the plasma source, the gas
mixture of nitrogen and hydrogen is almost fully dissociated. However, the hydrogen
atoms will partially recombine at the surface of the nozzle to form (excited) hydrogen
molecules [54]. This loss mechanism is less important for the nitrogen atoms, since
the association rate for nitrogen atoms is lower than for hydrogen atoms. The loss
probability of H atoms on a stainless steel surfaces is reported in literature to be
around o.2 [32, 66], whereas values for N atoms vary from 7 x 10~2 to 8 x 1072 [67,
68]. The ions emanating from the plasma source are lost very fast - most probably
even faster than in the previous case as now Hj is emanating from the source - via
the same mechanisms as mentioned before.

The NH and NH, densities determined at the three positions from the plasma
source (z = 10,21, 36 cm) are plotted as a function of the hydrogen flow relative to
the total flow rate of nitrogen and hydrogen in Fig. 3.10. Again the NH, radicals are
primarily found in the forward plasma beam. Also in this plasma, the rotational tem-
perature and kinetic gas temperature of the NH, radicals reflects the gas temperature
in a plasma expansion. No NH; was detected outside the plasma beam, at » = 10
cm from the z-axis (and z = 41.5 cm) from the nozzle. Both observations indicate
that the NH, radicals are produced in the plasma expansion. The difference in the
measured NH spectra in this plasma compared with the NH spectra in Ny plasmas
with Hs injected in the background of the vessel, indicates that the generation of the
NH, radicals in both situations is governed by a different mechanism.

At low hydrogen flows, the main reaction mechanism leading to NH radicals is
the same as for a Ny plasmas with Hs injected in the background of the vessel, i.e.
formation of NH by a reaction between N atoms and Hy molecules. When the hy-

drogen flow increases and the nitrogen flow decreases, the N atom flow will decrease
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Figure 3.10: The densities of NH, and NH as a function of the hydrogen flow rate
relative to the to the total flow rate of nitrogen and hydrogen as measured by cavity
ring-down spectroscopy at z = 10, 21 and 36 cm. Both nitrogen and hydrogen are
applied through the arc at a total flow rate of 16.67 sccs at an arc current of 55 A. The
background pressure was kept at 20 Pa.
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and the remaining N atoms will react with Hs resulting in NH radicals. This would
lead to a decreasing NH density with increasing hydrogen flow rate and decreasing
Ny flow. The observed decrease of the NH density is somewhat weaker than expected
on basis of the flow ratio. Furthermore, the presence of NH, radicals at low hydro-
gen flow indicates that a second mechanism has to be taken into account, which is
dominant in the production of the NH, radicals at high hydrogen flows through the
arc. When the plasma contains more and more hydrogen atoms, the NH radicals
are also produced by reactions between H atoms and NH3z molecules leading to NH»
and subsequently the reaction between H and NH; leading to NH, reactions (R15)
and (R12) in Table 3.2. This is underlined by the stronger increase of NHy compared
to the trend of ammonia in Fig. 3.8 and that maximum NH; density is observed at
high hydrogen flows. As more hydrogen is injected in the plasma source, more H
atoms are emanating from the plasma source, leading to more ammonia, which can
be dissociated again in the plasma beam by the H atoms. Furthermore, the rate con-
stant of reaction (R15) is estimated to be higher than reported in literature, as also
became clear from earlier reported Ar—NHj3 experiments [33]. Similar as previously
estimated for the N atoms, it is also expected that the H atoms emanating from the
plasma source have an kinetic energy in excess of 0.5 — 1 eV in the supersonic expan-
sion region and first part of subsonic expansion to overcome the activation energy in
this reaction, resulting in a rate constant of 0.6 — 1.0 x 10716 m3 s~1,

It is observed that the NH density has again its maximum at z = 10 cm and
decreases further downstream. The NH densities as function of the relative Hy flow
show the same Hs dependence at the three positions in the plasma beam. Further-
more, the gradient of the NH density as function of the measured position in the
plasma beam has a constant factor of about 5 between positions. Both observations
suggest that the loss mechanism of NH is the same for all three positions measured.
Also now the loss of NH radicals is due to diffusion out of the plasma beam of the
radicals and abstraction reactions with N and H atoms or by reactions between two
NH radicals, reactions (R8)—(R11) (see Table 3.2).

The gradient of the NHy density as function of the measured position in the
plasma beam gives a factor two between z = 10 cm and z = 20 cm, whereas it is a
factor 1o between z = 21 cm and z = 36 cm. That this factor is not constant as it is
in the case of NH, can be explained as follows. The NH, radicals are produced in a
reaction between H atoms and NHj3 molecules, which also still can take place after
z = 10 cm. Thus in contrast to the NH radicals, the NH, radicals are still produced
after z = 10 cm. This counteracts the loss of NH, radicals due to diffusion out of the
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plasma beam of the radicals and by abstraction reactions with H atoms. After z = 21
cm, the density of the NH» radicals is determined by these processes as almost no
production occurs.

In conclusion, two mechanisms are responsible for the production of NHy radi-
cals in No—Hj;, plasmas. At low hydrogen flows, the production of NH via the reaction
of N atoms and and Hs molecules is dominant. At higher H, flows, the N density di-
minishes and the formation of NH and NHj is governed by reactions between H and
NH;. The resulting NHj reacts then again with H, resulting in NH radicals. The flux

density of the NHy radicals in the plasma beam at z = 10 cm is about 1 x 10?2 m~?2

g1

, assuming that the velocity of the NH radicals is the same as of the N radicals,
i.e. 1000 m/s. This gives a flow of NH, radicals of about 1 x 10?° radicals/s, which
is thus a flow of 4 sccs. This means that the NH, radicals form a significant part of

the radical flux in the plasma used to generate Ny, Hy and ammonia molecules.

3.4 Conclusions

We measured the densities of NH and NH, radicals at three positions from plasma
source by cavity ring-down spectroscopy in expanding No plasmas to which Hy was
added in the background and in expanding No—Hs plasmas. The NH; radical was
observed via transitions in the (0,9,0) « (0,0, 0) band of the A24; «— X2B elec-
tronic transition. From a measured NHy spectrum, we determined the oscillator
strengths of part of the transitions in the ¥@Q; y branch of the ¥ vibronic sub-band.
The NH radical was observed via transitions in the (0,0), (1,1) and (2,2) vibrational
bands of the A3IT « X3%~ electronic transition. For both radicals an overview of
the calculation of the integrated absorption cross section and the determination of
the total density is given.

From the density distribution of the rotational states of the NH radical in an ex-
panding Ny plasma with Hy injected in the background, we concluded that the low
rotational levels in the three vibrational states were populated according to a Boltz-
mann distribution. However, at z = 10 cm the high rotational levels, J > 12, in the
v = 2 vibrational state were overpopulated. At the other two positions the rotational
levels of v = 2 were not anymore observable. In No—Hj; plasmas the rotational levels
in all vibrational states were populated according to a Boltzmann distribution at the
three positions in the plasma expansion. Furthermore, from the distribution of the
NH densities over the vibrational states, we concluded that at all three positions in

both types of plasmas the vibrational distribution is non-Boltzmann, except at z = 36
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cm in No—Hs plasmas.

In both plasmas that have been studied, the NH, radicals are produced in the
plasma expansion. The difference in the measured NH spectra for both types of plas-
mas as function of the position from the plasma source indicates that the generation
of the NH, radicals is governed by two different mechanisms. The results of expand-
ing Ny plasmas to which Hs was added in the background point to a formation of NH
by a reaction between N atoms and Hs molecules. In expanding No—H; plasmas, two
mechanisms are responsible for the production of NH radicals.

The NH production at low hydrogen flows occurs in the same way as mentioned
above, thus via N and H,. But at high hydrogen flows, and thus a lower N flow, NH is
formed by abstraction from NHy, which is on its turn formed in a reaction between
H and NHj3. That NH; was not detected in the case hydrogen is added to a Ny plasma
indicates that in this plasma reactions involving ammonia play no significant role in
the production of NHy radicals. The flux densities of the NH, radicals at z = 10 cm
represent a flux of 0.5 — 1 x 10%° radicals/s. This represents a significant contribution
to the total radical flux used for the generation of N, hydrogen and NH3 molecules.
At further downstream positions these fluxes are smaller because of diffusion loss
and by abstraction reactions. It is therefore feasible that at the end the NH radicals
play an indirect role and that at the surfaces mainly the resulting N and H atoms play

a key role in the generation of molecules.
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Appendix A

Total density of NH, using the absorption cross section of the A2A; «—
X2B,(0,9,0) « (0,0,0)27Q, n(7) transition in NH, at 16739.90 cm "

The total density of NHy can be calculated from the measured integrated absorp-
tion using the oscillator strength reported by Votsmeier et al. [44] and the molecular
parameters reported by Green and Miller [47] assuming a Boltzmann density dis-
tribution over the rotational and vibrational energy states. The relation between the
integrated absorption cross section o;,,; and the oscillator strength f;;, for a transition
from the lower level i to the upper level k is given by [69]:

e2

Oint = /oo O’ik(V) dv fik~ (3.20)
0

4egmec

Using the fundamental physical constants for the electron mass m., elementary
charge e, the dielectric constant ¢, the speed of light ¢ and the oscillator strength
fir = 8.36 x 1075 reported by Votsmeier et al. [44], we found the following value for

the integrated absorption cross section:
Oint =221 x 107°m? Hz = 7.37 x 107* m? cm ™. (3.21)

The corresponding peak absorption cross section opeqr at a gas temperature 7" can
now be calculated by incorporating the line shape function ®(0, a) that depends on

the pressure-dependent broadening parameter a [21, 44]:
Opeak = TintP(0, a). (3.22)

For the low working pressures in our experimental conditions, pressure broadening
is negligible [23] and ®(0, a) is a pure Gaussian line shape function (a = 0), so that
®(0, a) can be written as a function of the Doppler width Avp:

4in2 1
®(0,a) =4/  Bop (3-23)

Avp is the full width half maximum of the Doppler broadened line profile and is

v [8kTIn2 7 T
AVD—Z\/ - =7.16x10""v Wa (3.24)

where v is the absorption frequency, k is the Boltzmann’s constant, 7' the gas tem-

given by:

perature, m the mass of the NH; molecule, and M its molecular weight in amu. This
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results in a peak absorption cross section at 7' = 1775 K of:
Opeak = 5.51 x 1072 m?, (3.25)

The density of NH; in the Q1 x(7) line can be calculated from the measured inte-
grated absorption A;y,; [cm™1]:
Aint

3
Oint * l

(3.26)

NNHy N=7 =

where [ is the absorption path length of the radicals in the optical cavity. Assuming a
Boltzmann distribution for the densities in the rotational and vibrational states, the
total NH» density is given by:
n _
nN, = — T 327)
o

The Boltzmann fraction f;, for NHs is reported in the literature by Green and Miller
[47] and Kohse-Hoinghaus et al. [43]:

3 (2J” + ]-) rot Evib
=-—-—————"exp[— exp[— . .28

190.q, P, i, 629

The factor 3/4 occurs due to the nuclear spin of the H atoms, J” and ¢” are the

o

total rotational quantum number including spin and the electron-spin degeneracy of
the lower state, @), and @, are the rotational and vibrational partition functions, and
E,ot and E,;;, are the rotational and vibrational energy of the lower state and T,
and E,,; are the rotational and vibrational temperature, respectively. We note that g”
is equal to 1, since the integrated absorption of the spin doublet line contained both
components of the spin-doublet. The vibrational energy E,;; for the NH,; molecules
is given by Herzberg [48]:

Eyip = hewi(ny +1/2) + hewa(na + 1/2) + hews(ns + 1/2), (3-29)

in which his Planck’s constant, w, w» and ws are the vibrational constants and ny, n
and ng the vibrational quantum numbers of the lower state. The rotational energy
E, .+ is given by the following formula:

Erot = hCF(J)a (330)

where F'(J) is the experimentally determined rotational term value as reported by
Ross et al. [41]. The vibrational partition function @, including the zero-point energy
of vibration is given by Green and Miller :

oo o] o] o[-l
e [A] Toew i) T-ew[ -SR]
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The rotational partition function @, for NHs, which is an asymmetric top molecule,
can be estimated by [47, 48]

Vi [8m2I4 kT [8m2Ip kT 872l kT
Qr = o 52 12 2 (3:32)

In this equation, o is the symmetry number and 14, Ip and I are the moments of
inertia of the NHy molecule. The symmetry number o is equal to two. Using the
moments of inertia and the vibrational frequencies reported by Green and Miller [47]
and assuming equal rotational and vibrational temperatures of 1775 K, we can write
the total NHy density [m~3)] as a function of the measured integrated absorption
Aint [cm™1]. At 2 = 10 cm, where [ = 0.1 m, this results in:

Aint i

Oint L fo

nNHg = = 233 X 1023A1nt- (333)

Appendix B

Total density of NH using the absorption cross section of the A3TI(/ =
0) «+ X3%~ (v = 0)P33(9) transition in NH at 29444.128 cm™!

The total density of NH can be calculated from the integrated absorption using the
Einstein coefficient for spontaneous emission on the basis of the information re-
ported by Lents [50] and Schadee [52] and the molecular parameters reported by Bra-
zier et al. [49] assuming a Boltzmann distribution over the rotational states. The
integrated absorption cross section o, is directly related to the Einstein coefficient
of spontaneous emission Ay; [69]:

9k ?

E 8777Aki’ (3-34)

Oint —

where g; and g, are the degeneracy of the lower level i and upper level k and ¢ the
speed of light and v the absorption frequency. Subsequently, the Einstein coefficient
for emission Ay; can be related to the electronic-vibrational transition probability
Ay, by the following expression:

. S]/]//
gL(2J' +1)(25" + 1)’

Api = Apry (3-35)

where Sy is the Honl-London factor belonging to the transition, g, is the electron
degeneracy of the upper level, S’ is the total spin of the upper state and J’ is the

59



3. The density of NH and NHj, radicals 3.4. Appendix B

quantum number of the total angular momentum of the upper state. The electronic-
vibrational transition probability A,,~ for the (0,0) and (1,1) bands are reported in
the literature by Lents [50]; the values are Agg = 2.32 x 105 and A;; = 2.76 x 10°.
For the (2,2) band we used the average of reported values in literature as summarized
by Seong et al. [53], resulting in Agy = 2.93 x 10°.

Here, the complete derivation of the density in the v = 0 vibrational state using
the A3TI(v = 0) « X3%~ (V" = 0) P33(9) transition in NH at 29444.128 cm~!
will be described. In the subsequent derivation, singly primed coefficients pertain to
the upper II state and doubly primed coefficients to the lower ¥ state and J is the
quantum number of the total angular momentum of the lower state, i.e. J = 9. For
this transition, S/ j» in Eq. 3.35 is the Honl-London factor Ps3(.J) for the lines in the
P33 branch as given by Schadee [52]:

P33 = %[u — 2y (J —1)g"(J) +4(J — )V I(J + 1)s"(J)
+Juy (J —1)g"(J))?, (3-36)

with the following coefficients:

] . (337)

} - (338)

where F;(J) are the term values and:

N

B(J) = Fi(J) [(By = 37 = X)? +4J(J +1)(By — 37)7]

—(By — 37— V), (3-39)
Fy(J) = Fa(J) = [(By— 37— N2 +4J(J +1)(B, — 17)?*

+(By — 37 = N), (3-40)
Fy(J) = Fi(J) = 2[(By— 37— N2 +4J(J +1)(By — 3912, (.41)

and the coefficients:

uss(J) = [(V =22 +4J(J +2)]7 £ (Y - 2), (3.42)

Cs(J) = YV =4)(J=1)(J+2)+22J+1)J(J+1)(J +2)
—(Y =2)[(Y =22 +4J(J +2)]7 + Y (Y —4) — A(J +1). (3.43)
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The molecular constant ~y represents the spin-rotation interaction, A is the splitting
constant, B, the rotational constant, and Y represents the coupling constant between
the nuclear spin S and the orbital angular momentum A. The electron degeneracies
of the ¥ and IT states are (254 1) and 2(2S5+1), respectively [51]. Using the molecular
constants of the electronic states (A%II and X3X~) of the NH radical reported by
Brazier et al. [49] and the electronic-vibrational transition probability Ay reported

by Lents [50], we can calculate the Einstein coefficient for emission of the Ps35(9) line:
Api = 6.07 x 10*s7! (3.44)

Using Eq. 3.34 and g5, = 2(J — 1) + 1) and g; = (2J + 1) with J = 9 we find for the
integrated absorption cross section:

Oint = 2.49 x 107°m? Hz = 8.30 x 107* m? cm ™. (3-45)

The corresponding peak absorption cross section o,cq at a gas temperature 7' can be
calculated according to same procedure as for the NHj radical [Egs. (3.22) — (3.24)]-

This results in a peak absorption cross section at T' = 1775 K of:
Opeak = 3.4 x 10720 m?. (3.46)

The density of NH in the Ps3(9) line can be calculated from the measured integrated

absorption A;,; [cm™1]:
Aint

m7 (3-47)

NNH,,J=9 =

where [ is the absorption path length of the radicals in the optical cavity. The total
density in the v = 0 vibrational state assuming a Boltzmann distribution for the

densities in the rotational states is given by:

NN Hyy = =0, (3-48)
fb,rot

The rotational Boltzmann fraction fj, -+ at a rotational temperature 7, for NH is

taken from Herzberg [48]:

2J ]- Erot K
fb,rot = ( Q—:: )eXp[_ kaot )]a (349)

where J is the quantum number of the total angular momentum of the lower level

and E,,; the rotational energy:
Erot(K) = hCBUK(K + 1)7 (350)
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in which B, is the rotational constant, and K the total angular momentum of the
lower level apart from electronic spin. The rotational partition function @, for the
diatomic NH molecule can be approximated by the classical expression [48]:

kT

@r = heB,

(3-51)

Using the molecular constants reported by Brazier et al. [49] and assuming a rota-
tional temperature of 1775 K, the total density in the v = ( vibrational state [m 3] can
be calculated as a function of the measured integrated absorption A;,,; [cm™!]:

Aint 1

=2.06 x 10%24,;,,;. )
Oint * l fb,rot % ot (3 52)

NNH,—og =

In the case one can assume a Boltzmann distribution for the densities in the
rotational and vibrational states, the total NH density can be calculated with Eq. 3.48
with f o+ replaced by f;, which is given by:

(2J + 1) Erot Evib

fb = QTQU eXp[_ kﬂ’ot] exp[— kTvib ] ° (353)
The vibrational energy E,;; is given by Herzberg [48]:
Eyip(n) = hewi(n +1/2), (3-54)

wy is the vibrational constant and n the vibrational quantum number of the lower
state. The vibrational partition function @, including the zero-point energy of vibra-

tion is given by Herzberg [48]:

_ o [-5]
v 1— exp [_%] (355)

Then the total NH density at z = 10 cm, where [ = 0.1 m, is given by:
Aint l

=222 x 10224, 56
Oint - 1 fo x10 ’ (356)

nNH =
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Chapter 4

Plasma-activated catalytic
generation of ammonia in No—-H>

plasmas

Abstract

We investigated the efficiency and formation mechanism of ammonia genera-
tion in recombining plasmas generated from mixtures of Ny and Hy under various
plasma conditions and plasma reactor geometries. We show that by using an atomic
nitrogen and hydrogen source, ammonia can be formed efficiently, i.e. more than
10% of the total background pressure is measured to be ammonia. These results
show a strong similarity with results reported in literature. It is concluded that am-
monia is formed via plasma-surface interactions by the successive hydrogenation of
adsorbed nitrogen atoms and the intermediates NH and NHs at the surface of the

plasma reactor.
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4.1 Introduction

The synthesis of ammonia from nitrogen and hydrogen gas on iron catalysts, known
as the Haber-Bosch process, is considered as one of the most important discoveries
in the history of industrial catalysis [1] and has often been called the most important
invention of the 20th century [2]. Today, the artificial fertilizer produced with the
Haber-Bosch process is responsible for sustaining roughly 40% of the Earth’s pop-
ulation [3]. Because of its importance, even today the process of ammonia synthesis
is investigated, to fully understand the processes on the surface leading to ammonia
and to increase its efficiency, e.g. by using other catalysts as ruthenium [4, 5]. The
general picture is that the ammonia generation proceeds via dissociative chemisorp-
tion of Ny followed by stepwise recombination of chemisorbed atomic nitrogen and
hydrogen to NHj at the surface of the catalyst with NH and NHs as reaction inter-
mediates [6, 7]. The rate-limiting step in the ammonia synthesis is the dissociative
chemisorption of Ny molecules on the surface of the catalyst, due to the binding
energy of 9.6 eV of No.

Nomura et al. [8] suggested that excited Ny molecules would improve the disso-
ciative adsorption of Na. The lowest excited state of Ny, the A3Y! state, lies at 6.2
eV; then only 3.4 eV is necessary to dissociate the nitrogen molecule. The production
of excited Ny or even direct production of N atoms can be achieved by a plasma and
then other catalysts than iron or ruthenium may be used to enhance the ammonia

production.

In 1971 Eremin et al. [9] showed that the synthesis of ammonia in mixtures of
nitrogen and hydrogen in a barrier discharge was increased by a factor of 1.5 to 4,
when respectively copper, nickel, iron or platinum wires were wound on the inner
electrode of the reactor. It was shown by various research groups in the world that
ammonia production using plasmas is dependent on the type of wall material (up to a
factor 3) [10—13]. The wall is namely still used as a catalyst to form adsorbed nitrogen
atoms by the dissociative adsorption of excited N molecules or nitrogen molecular
ions. In 1989, Uyama and Matsumoto reported that zeolite added to the downstream
plasma in high-frequency discharges facilitated the ammonia production. This en-
hancement can at least partly be ascribed to a change in effective surface area. The
ammonia production was ascribed to the surface reaction of NH, radicals adsorbed
on the zeolite with hydrogen atoms [14]. The formation of ammonia in plasmas is
still not completely understood but it is assumed that plasma-surface interactions

play an important role. The formation of ammonia is generally ascribed to stepwise
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addition reactions between adsorbed nitrogen and hydrogen containing radicals at
the surface and incoming N and H containing radicals [15-18].

Plasma-surface interactions are not only observed in the ammonia generation.
For example, recombinative desorption of H atoms, leading to excited Hy molecules
is an important mechanism in H™ formation [19]. In expanding hydrogen plasmas,
the generation of ro-vibrationally excited Hy molecules is observed. The high rota-
tional excitation of the hydrogen molecules suggests that they are produced by the

v

surface association of H atoms: Hges + Heq —Hj gas

[20, 21].

To gain a better understanding of plasma-surface interactions that take place dur-
ing the generation of stable molecules, we have chosen to investigate the formation
of ammonia in plasmas of mixtures of nitrogen and hydrogen in more detail. Plas-
mas containing nitrogen and hydrogen are also extensively studied because of their
widespread applications in research and industrial environments. In this chapter, we
present measurements of the density of ammonia in recombining plasmas generated
from mixtures of Ny and Hs with the remote expanding thermal plasma (ETP) tech-
nique [22]. In the experiments, the plasma acts as catalyst to dissociate the precursor
molecules already before they come in contact with a surface. Then the surface is ex-
posed to fluxes of atomic and molecular radicals rather than molecules. The process
is called plasma-activated catalysis. We note that in our experiments, the N and H
radicals are already produced in the plasma source and as a result the flux of N and
H radicals to the surface is up to 102! m=2 s=! [23—25], which is at least one order
of magnitude higher than in previous experiments in which a plasma was used, (see
e.g. [12]). In the present experiments the fluxes of radicals at the surface of the vessel

are several tens of mono-layers per second.

Previously, we have shown that ammonia can be formed efficiently in plasmas
generated from mixtures of hydrogen and nitrogen via plasma-activated catalysis
[26]. In this study, fluxes of hydrogen and nitrogen radicals are produced in a high-
density plasma source with high dissociation degree. The plasma then expands into
a low-pressure vessel, where most of the atomic radicals will arrive at the reactor wall
at which they may reflect, but will finally adsorb. There new molecules can be gen-
erated which subsequently may desorb. In this way the dissociation in the plasma
source is geometrically separated from the production zone of the molecules. Be-
cause the plasma production, plasma transport and plasma-surface interactions are
separated, the plasma conditions can be controlled independently from the down-
stream plasma chemistry, which allows independent studies of the different aspects

of the process in a relatively simple manner.
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We studied the formation of ammonia in expanding plasmas generated from: (a)
expanding Ar plasma to which mixtures of No and Hy were added; (b) expanding
Ny plasma to which Hy was added; (c) expanding Ny—Hs plasma. The density of
NHj3 was measured with three different detection techniques, i.e. mass spectrometry,
cavity enhanced absorption spectroscopy (CEA) and tunable diode laser absorption
spectroscopy (TDLAS). With massa spectrometry, also Ny and Hs can be detected,
which is not possible with the two laser techniques. The laser techniques have the
advantage that the measurements are not hampered by the presence of water as may
be the case for ammonia using mass spectrometry. We investigated the efficiency
and formation mechanism of ammonia generation in these plasmas under various
plasma conditions and in three different plasma reactors, with different geometries.

We will first describe the basics of the ETP technique (Sec. 4.2.1). Next, in Sec.
4.2.2, the experimental details of the three techniques used to measure ammonia will
be discussed, i.e. mass spectrometry, cavity enhanced absorption spectroscopy and
tunable diode laser absorption spectroscopy. In Sec. 4.3, we present the measured
ammonia densities in the various plasmas. The conclusions are presented in the last
section.

4.2 Experimental details

4.2.1  Expanding thermal plasma setup

The experiments were performed on three similar plasma reactors, all of the ETP
type. Two of them (HNO and Depo II) are very similar in dimensions and flow
pattern. The third one, on which most measurements were performed is different
in the sense that it is much longer; it has a smaller surface to volume ratio and
produced particles are more easily lost. The recombining plasmas were generated
with the expanding thermal plasma (ETP) technique, described extensively in the
literature (see e.g. [22]), to obtain high fluxes of reactive species in the experiments.
The ETP technique is a remote technique in which reactive species are created in
a high-pressure cascaded arc plasma source and the plasma processes take place
downstream at lower pressure (Fig. 4.1). Here, only a short description of the main
constituents is given.
In the DC cascaded arc plasma source a sub-atmospheric (typically 400kPa) plasma

is created with a power of 2 — 8 kW. The cascaded arc source consists of a 4 mm di-

ameter bore channel of 5 water-cooled insulated copper plates with a total length
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Cascaded Recirculation
arc

Recirculation

|

To pumping
system

Figure 4.1: Schematic representation of the plasma source, vacuum vessel, and the
plasma expansion with the recirculation flow in the chamber. The width of the pro-
cess chamber in all set-ups was 0.4 m, and the length of the plasma reactors was
respectively 0.4 m (HNO), 0.6 m (Depo II) and 2 m (PLEXIS).

of 30 mm. The cascaded plates are at floating potential. The last plate acts as the
common anode for the discharge. A gas flow is admitted to the channel and a dc
current is drawn from the three cathodes concentrically placed around the channel,
to the grounded anode plate producing the plasma. The high heavy particle tem-
perature of approaching 1 eV leads to almost full dissociation of molecular gases
when these are injected in the arc. The plasma expands supersonically through a
conically shaped nozzle into a low-pressure vessel (typically 20 Pa), and after a sta-
tionary shock, expands subsonically towards the other end of the process chamber.
As there is no power input anymore in the process chamber, the plasma is recombin-
ing. Furthermore, in the expansion, the electron temperature decreases to 0.1 — 0.3

eV. Dissociation and excitation by electrons can be neglected at these temperatures.

The resulting high-density plasma has an ionization degree of around 12% in
argon [277] and around 1 — 5% in pure nitrogen and mixtures of nitrogen and hydrogen
[24, 28]. The current through the arc channel was set to 55 A in the experiments
reported here and the voltage over the arc ranged from 40 V in argon plasmas to
150 V for Ny—H, plasmas. In the experiments, the pressure in the vessel was varied
between 20 and 100 Pa by adjusting the gate valve to the pump.

N, and H; gas can also be injected into the background of the plasma vessel, i.e.
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into the re-circulation flow in the chamber. If the source is operated on argon (or ni-
trogen), the injected molecules, together with molecules generated in the plasma ves-
sel, form the basis of influx in the expanding plasma beam. It has been established
that diffusion inwards occurs mainly in the subsonic region, but can also already oc-
cur in the supersonic region if the flow is rarefied at low pressure [23, 25]. As a result,
the gas mixture in the re-circulating flow in the periphery of the chamber is mixed
into the forward plasma beam emanating from the source. Molecules which diffuse
into the expanding plasma beam can undergo charge-transfer with Ar™ (or N*) ions
emanating from the source. Subsequent dissociative recombination reactions lead
to atomic and/or molecular radicals. Furthermore, the monomers may undergo ab-

straction reactions with radicals, e.g. H atoms, leading to additional radicals.

Production of molecules out of atomic or molecular radicals in the volume by
three particle reactions can be excluded, since these reactions are too slow to lead
to any significant production under our low-pressure conditions (mostly < 100 Pa).
This is certainly true for the time in the plasma beam, which is short (< 1 ms). It
holds even for the relatively long (0.1 — 1 s) residence time of particles, relevant for the
background kinetics. However, during the residence time molecules may undergo
reactions in the re-circulating flow in the background of the plasma vessel, since even
the lifetime of active particles as N and H atoms in the background is relatively long.

To study possible contribution of the generation of ammonia in the gas phase
through bimolecular nitrogen-hydrogen reactions in our experiments, we modeled
the chemistry in the expanding plasma beam and in the recirculation flow by a re-
action model using the chemical kinetic software package CHEMKIN [29] and all
possible reactions in Ny—Hj plasmas and their rate constants as given in ref [30].
From the results, we conclude that less than 1% of the measured ammonia density
can be formed in the expanding plasma beam and that ammonia generation is not
possible via gas phase reactions during the residence time in the vessel. Though
we can not exclude the possibility that ammonia is formed at the end of the plasma
source, when both nitrogen and hydrogen are fed through the plasma source, it is
clear that also dissociation is very effective there. The results that will be shown, indi-
cate that ammonia formation at the end of the plasma source does probably not take
place.

If the production of ammonia is due to plasma-surface interactions a larger “ac-
tive” surface to “active” volume ratio should lead to more ammonia production. The
word “active” underlines the fact that the plasma(-surface) chemistry is dependent

on geometry of the plasma reactors, i.e. the total surface or volume of the plasma
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reactor is not always used in the processes. The “active” surface to volume ratio is
determined by the combination of the flow pattern of the plasma in the reactor and
the total surface to volume ratio.

An indication that flow pattern and surface to volume ratio is important is offered
by the use of three reactors of the same type (ETP-remote source), but different ge-
ometries. At one hand there is a long, very effectively pumped PLEXIS dedicated to
these studies and in which most experiments were performed. At the other hand,
two other similar machines HNO and Depo 11, which are much shorter with a larger
surface to volume ratio are used. All these experiments have clean stainless steel
walls. It is to be expected that in the last two machines the surface generation is
more effective than in the airy PLEXIS machine. This on itself provides already an
indication of the significance of surface plasma interaction for molecule generation.

The flow patterns in the vessel leading to the recirculation flows, depicted in Fig.
4.1, influence the plasma-surface interactions as they determine the effective area
exposed to the fluxes of radicals. Due to the recirculation flows, the complete wall
of HNO and Depo II is exposed to a high flux of reactive radicals. On the other
hand, PLEXIS has an effective length of around 2 meters, which is a factor of 4
longer in comparison with HNO. In that case, not one recirculation pattern, but
more recirculation patterns may exist along the length of PLEXIS [31].

It is evident that in PLEXIS, the loss of chemistry may be faster than in the rel-
atively short Depo II and HNO experiments. Also the S/V ratio of the Depo II (14
m~1) and HNO (16 m~!) machines is roughly a factor 3 larger than that of PLEXIS (4
m~1). We will later see, that the effectivity of molecule production is correspondingly
smaller in PLEXIS compared to the Depo IT and HNO experiments.

In this respect also a difference in location of arrival of radicals may play a role.
Hydrogen atoms diffuse more readily out of the plasma beam and arrive at surfaces
closer to the source, whereas the heavier N atoms will arrive more at the downstream
side. Also this “mass-defocusing” effect may be more serious in the long PLEXIS
machine than in the shorter other experiments. But as mentioned before, we will

first discuss the results obtained in PLEXIS and later return to this issue.

4.2.2 Diagnostics
Mass spectrometry

Depo IT and HNO were equipped with a mass spectrometer for mass spectrometry

measurements of the stable species present in the background of the plasma. In
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Figure 4.2: Mass scan as measured in expanding No—H; plasmas (HNO set-up).
Both nitrogen and hydrogen were applied through the arc (0.8 slm N3 and 1.2 slm
Ha). The arc current was 55 A; the background pressure was kept constant at 20 Pa.
NHs (m/e = 15, 16,17), N2 (m/e = 14, 28, 29) and Hy (m/e = 1, 2) and H>0 (m/e
= 18,17, 16) are detected.

the case of Depo II, a residual gas analyzer (Balzers Prisma 200 Quadrupole RGA)
was attached, with a pinhole to sample the gas in the reactor. HNO was equipped
with a quadrupole mass spectrometer (Balzers QMS 421C) on top of the reactor and
the mass spectra were measured by sampling the gas through a controlled all-metal
regulating valve (UDV o035). The operating pressure in the mass spectrometer unit

" — 107% mbar range depending on the chamber pressure. The mass

was in the 10~
spectrometer unit was pumped to a pressure in the range of 10~° to 10~ mbar with
two vacuum pumps in series, a turbo pump (Balzers TPU 180H, 180 litre/s) and a
rotary vane pump (Edwards RV3, 3 m3/h). Absolute concentrations of the stable gas
species No, Hy and NH3 were obtained by calibrating the mass spectrometer signals

by injecting the relevant gases into the chamber at various known pressures.

In Fig. 4.2, a typical mass scan, after background substraction, is shown as mea-
sured in a expanding No—Hy plasma, with 0.8 slm (standard liter s=!) Ny and 1.2
slm H, flowing through the arc. The arc current was 55 A and the background pres-
sure was 20 Pa. From the mass spectrometry measurements, we concluded that next
to NH3 (m/e = 15,16, 17), N2 (m/e = 14,28,29) and Hy (m/e = 1,2) and a small
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Figure 4.3: Relative amount of N3, Hz, and NH3 as measured by mass spectrometry
as a function of the relative hydrogen flow rate in expanding No—H; plasmas (HNO
set-up). Both nitrogen and hydrogen were applied through the arc at a total flow rate
of 1 slm. The arc current was 55 A; the background pressure was kept constant at 20
Pa.

amount of H,O (m/e = 18,17, 16), no other species were present in the plasma. In
particular, no significant amounts of NoH, and of N3H are found, confirming the
generally observed dominance of NH3 (and N5 and Hs) generation.

To show that this is valid for all relative hydrogen flow rates, the resulting molar
fractions of NH3, and N3 and Hy are shown in Fig. 4.3, measured for a total flow of

1 slm (mass scan of Fig. 4.2 for 2 slm).

Cavity enhanced absorption spectroscopy

In PLEXIS, we measured the density of NH3 with cavity enhanced absorption (CEA)
spectroscopy [32]. CEA spectroscopy with this set-up has been performed previously
to measure the ammonia generation in Ny-Hy plasma [206], to study the ammonia
spectrum in the 1.5 ym region [33], and to demonstrate the feasibility of open-path
trace gas detection of ammonia with CEA [34].

The recorded ammonia spectra represented an average of 1000 scans, i.e. a mea-

surement took about 30 s of acquisition time. After every measurement a spectrum
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Figure 4.4: Typical NHs CEA spectrum measured in a vessel in which a No—H,
plasma expands. The dashed line is a fit assuming four Gaussian line profiles. The
plasma source was operated on a mixture of 0.8 slm N2 and 1.2 slm H» and at an arc
current of 55 A. The background pressure was 20 Pa.

was recorded without laser radiation coupled into the cavity to correct the ammo-
nia spectra for the emission of the plasma. We note that the absorption spectrum
over the full scanning range appears directly on the display of an oscilloscope in a
fraction of a second. The recorded spectrum is a relative absorption spectrum ex-
pressed in loss of the empty cavity per round trip, i.e. (1 — R)/d. In contrast with
cavity ring-down spectroscopy (CRDS) methods discussed in Chapters 2 and 3, the
factor (1 — R)/d can not directly be determined in this experimental configuration.
The spectrum has to be put on an absolute scale by measuring this factor using
pulsed CRDS or phase-shift cavity ring-down (PSCRD) spectroscopy or by recording
the CEA spectrum of a known amount of a certain gas. We obtained the factor by
recording the CEA spectrum of a known amount of water in the same frequency
range as in which the ammonia transitions were measured. The H»O transitions
that were measured were the 651 < 542 and the 659 < 541 rotational transitions
of the (1,1,3) « (0,0,0) vibrational band, and have integrated absorption cross-
sections of 1.13 x 10724 cm~!/(molecule cm~2) and 3.39 x 10724 cm~1/(molecule

cm~?), respectively [35]. Using these transition strength and the known density of
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the ground-state water molecules of 2 x 1023 m~3, the factor (1 — R)/d was deter-
mined as (5.5 4+ 0.5) x 107° cm~!. Since d was 1.1 m, a reflectivity of the mirrors of
R = 0.994+0.006 was deduced from repeated measurements, which is in agreement
with the manufacturer’s specifications. The absolute absorption can be determined

O-(3) ()

where S(v) = Iy is the time-integrated intensity with absorption in the cavity and

by using the formula:

So(v) = Iy7p is the signal in an empty cavity, i.e. the baseline, with I the laser
intensity inside the cavity.

In Fig. 4.4, a typical ammonia spectrum as measured in an expanding No—Ho
plasma is shown. All CEA measurements have been performed at about 20 cm
downstream from the exit of the arc. However, it was verified that the NH3 density
was not dependent on the measurement position in the plasma by shifting the arc
source. We concluded that NHj is present in the background.

The observed transitions of ammonia in the wavelength region presented here
are strong lines from the combination band v; + 2v4 reported by Lundsberg-Nielsen
et al. [36]. Of the four transitions shown in Fig. 4.4, three are reported in literature
with the line positions 6568.299, 6568.401, and 6568.463 cm™!, and absorption
coefficients, 7.556 x 104, 7.602x 10~ %, and 0.948 x 10~* cm ! Torr—!. The shoulder
on the left side of the first transition has been reported by Peeters et al. [34], but was
not used in our data analysis since its absorption coefficient is not known.

Tunable diode laser absorption spectroscopy

In PLEXIS, we also detected NH3 in the downstream plasma by tunable diode laser
absorption spectroscopy (TDLAS) at 7o cm from the plasma source. The infrared
multi-component acquisition (IRMA) system of the INP institute in Greifswald con-
sists of four independent tunable diode lasers, which can be multiplexed. With this
system, the mole fractions of several molecules can be simultaneously measured
with millisecond time resolution. The laser beam from the IRMA system was di-
rected twice through the vessel by the use of a retroreflector, to increase the path
length and thus the sensitivity by a factor of two. Also it allowed the detectors to be
located the same table of the IRMA system as the diode lasers.

The density of the produced NH3 was monitored as function of various experi-

mental parameters as the nitrogen and hydrogen flows, the background pressure in
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Figure 4.5: Schematic representation of the expanding plasma jet for the three types
of plasmas: (a) Ar plasma to which mixtures of N, and Hy were added in the back-
ground; (b) Ha plasma with Ny injected into the background; (c) N2 plasma with Hs
injected in the background; (d) No—Hj plasma.

the plasma vessel, and the arc current. The density of ammonia was observed via
the transition at 770.914 cm ™! with the line strength 2.445 x 1072 cm~!/(molecule
cm~?2). We should note, that also information on the temperature obtained by analy-
sis of the Doppler width of the measured transitions, i.e T = 450 K, points to primarily
presence of NHj in the background. The results of the TDLAS measurements were

in agreement with the mass spectrometry measurements.

4.3 Results and discussion

We studied the ammonia generation in four different expanding plasmas generated
from mixtures of nitrogen and hydrogen as schematic depicted in Fig. 4.5: (a) ex-
panding Ar plasma to which mixtures of Ny and Hy were added; (b) expanding H,
plasma to which Ny was added; (c) expanding N plasma to which Hy was added; (d)
expanding No-Hs plasma. These plasma conditions were chosen to study the relation
between the NH3 production and the fluxes of atomic N and H radicals. In the condi-
tions from (a) to (d), the amount of produced N and H atoms in the plasma increases
and thus the flux of radicals towards the surface. In condition (a), the dissociation
of Ny and Hy and thus the creation of N and H atoms can be controlled as the N

and H radicals are produced in the plasma expansion by charge-transfer reactions.
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In conditions (b) and (c), the fluxes of respectively H and N atoms is optimized by
applying the gas through the plasma source, while respectively No and Hs molecules
are admixed. In the final situation (d), both N3 and Hy are fed through the plasma
source, creating a plasma beam of mainly N and H atoms. In this way, the depen-
dence of the ammonia production on the plasma composition and the role of N and

H atomic radicals can be studied.

4.3.1 Expanding Ar plasma with N, and H; injected in the background

In the first experimental situation, an expanding argon plasma was created with 3
slm argon applied through the arc, and nitrogen and hydrogen were injected down-
stream into the background of the vessel. These measurements were performed in
PLEXIS, with a short nozzle installed in the plasma source. The characteristics of
expanding Ar plasmas created with the cascaded arc source have been described ex-
tensively in literature [27] and here only the main issues will be discussed briefly. In
the case of an expanding argon plasma, the plasma source emanates a partially ion-
ized (12%) argon flow. The meta-stable argon density Ar;, formed in three particle
recombination processes of the argon ions is typically a factor of 10 lower than the
argon ion density [37] and we neglect the contribution of these states to the plasma
chemistry. Molecules injected in the background mix with the recirculating flow of
which a part invades in the expanding plasma beam. These molecules are dissoci-
ated by charge-transfer reactions with argon ions from the plasma source followed

by dissociative recombination leading to atomic N and H radicals:

Art + Ny — Ar+ N Er~2x10710m3s™!, [38]  (4-2)
Art +Hy — ArHY + H E=11x10""m?s™',  [39]  (4.3)
Ny +e— N*+N k10" m3s™ [38]  (4-4)
ArHY +e — Ar+H ka~10"¥m?s™h 9]  (4-5)

In Fig. 4.6, the measured ammonia density as function of the hydrogen flow rate
relative to the total flow rate of nitrogen and hydrogen is depicted for three differ-
ent conditions as measured by TDLAS on the PLEXIS setup. In two conditions an
Ar flow of 3 slm was applied through the arc at an arc current of 55 A, and a total
flow of nitrogen and hydrogen of 0.3 slm was injected in the background. The two
conditions only differ in the value of the background pressure, i.e. 20 versus 100
Pa. At 55 A, the Ar flow is partially ionized (12%), i.e. an Ar™ ion flow of 0.36 slm,

as determined from Langmuir probe measurements in the argon expansion [40], is
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Figure 4.6: Ammonia density in expanding Ar plasmas with N2 and Hy injected in
the background. In conditions 1 and 2, the argon plasma was created with a flow of 3
slm Ar flowing through the arc. Simultaneously, a mixture of N2 and Hy molecules
was admixed into the background of the vessel with a total flow rate of 0.3 slm. The
arc current was set at 55 A; the background pressure was 20 Pa in condition 1 and
100 Pa in condition 2. In condition 3, the argon plasma was created with a flow of 5
slm Ar flowing through the arc, while ¢, + ¢, = 0.5 slm. The arc current was set

at 75 A; the background pressure was 20 Pa.

injected into the vessel. Thus the Ar™ ion flow is approximately equal to the total in-
jected flow of N and Hs molecules, thus a significant dissociation can be expected.
In the third condition, an Ar flow of 5 slm was applied through the arc at an arc
current of 75 A, and a total flow of nitrogen and hydrogen of 0.5 slm was injected in
the background at a constant pressure of 20 Pa. In this case, the Art ion flow was
0.65 slm, i.e. ¢pa,+ = ON, + dn,. The ammonia density in the third condition is
a factor 1.8 higher compared to condition 1, which shows that the ammonia produc-
tion is determined by the dissociation of the injected N2 and Hs. The maximum in
ammonia density is not observed at the stoichiometric ratio of Hy and Ny in NHj,
but at lower fractions of Hy. The reason for this is that the Ar* ions are needed for
the dissociation of both nitrogen and hydrogen molecules. Meulenbroeks et al. [39]

have shown that the presence of small amounts of hydrogen in expanding plasmas,
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Figure 4.7: The use of N2 and Hj in condition 3 of Fig. 4.6 as a function of the

relative hydrogen flow rate.

leads to a strong decrease in the ionization degree of the plasma expansion. Also in
this plasma, the charge-transfer reaction of Ar* with molecular hydrogen is 5 times
faster than the reaction with molecular nitrogen (reaction (4.2) versus (4.3)). This
means that less nitrogen is dissociated in the presence of hydrogen. The optimal N
to H ratio leading to maximum NHjs production is therefore already reached at lower
hydrogen flows.

At 100 Pa, the maximum in ammonia production shifts to even lower hydrogen
flows. At this higher pressure, the charge-transfer reaction of Ar with Hj is faster,
so now even at lower relative hydrogen flows, the ions are already almost completely
consumed by hydrogen molecules. Thus at higher relative hydrogen flows smaller
amounts of atomic nitrogen are formed. The optimum ratio between N and H atoms
at the surface to form ammonia is therefore already reached at lower hydrogen flows.

Since only NHs, Ny and Hy (besides Ar), are present in the plasma (Sec. 4.2.2),
the use of N3 and Hj to form NHj can be calculated from Fig. 4.6. The use of Ny (Hs)
is defined as the amount of N(H) atoms in the formed NH3 divided by the amount
of N(H) atoms admitted to the system in the form of Ny(Hs). The use of Hy and
Ny gas for the plasmas is plotted in Fig. 4.7 as a function of the relative hydrogen
flow for the third condition. At small hydrogen flows, the fraction of the admitted
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Hy, which is used for NH3 formation increases to 70%. On the other hand, the
use of nitrogen at small nitrogen flows, thus high hydrogen flows, is always below
15%. This discrepancy can be explained by the fact that the dissociation of nitrogen
decreases in the presence of hydrogen.

4.3.2 Expanding H, plasma with N, injected in the background

The plasma source was operated on 2 slm Hy at an arc current of 55 A. The back-
ground pressure in the experiments was 20 Pa. Simultaneously, o — 1.5 slm Ny was
injected downstream. Under this experimental condition no ammonia was detected
with the CEA technique in PLEXIS. From the detection limit of our CEA setup we
conclude that less than 10'® m~3 ammonia is produced. The reason for this is that
under this plasma condition only very few ions leave the source and thus N atoms

can only be produced by the reaction [30]:

H+Ny — NH+N k=27x10""T% exp ( (4-6)

—75900> -
However, this reaction is too endothermic to be effective. The conclusion that can
be drawn from these results is that for the production of ammonia both Hy and Ny
needs to be dissociated and thus H atoms and N atoms are essential. Also, the surface
of the plasma vessel, most probably saturated with H atoms, does not act as a catalyst
to dissociate nitrogen molecules.

4.3.3 Expanding N, plasma with H, injected in the background

In PLEXIS, the ammonia generation in expanding argon plasmas to which nitrogen
and hydrogen were admixed was hampered by the amount of N radicals produced
in the plasma (Sec. 4.3.1). To increase the amount of N radicals, a better approach
is to generate an expanding nitrogen plasma and adding hydrogen downstream into
the plasma. In a pure nitrogen plasma, the dissociation degree of Ny in the arc is
expected to be up to 35%, while an ionization degree of around 1 — 5% is reached
[24, 28]. The densities of the meta-stable N atoms, N(*P) and N(?D), emanating
from the plasma source are expected to be at maximum in the order of 20% of the
N(*S) atoms (assuming a thermal population at a temperature of 1 eV). In the ex-
pansion, the N(®D) and N(?D) densities decrease due to de-excitation by collisions
with electrons, N(*S) atoms, Ny molecules and the nozzle wall. De-excitation will

also limit the densities of meta-stable N atoms produced in the expansion by disso-
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Figure 4.8: Ammonia density in expanding N2 plasmas with H» injected in the back-
ground. a) The nitrogen plasma was created with a flow of 2 slm in PLEXIS flowing
through the arc. Simultaneously, hydrogen molecules were admixed into the back-
ground of the vessel with a flow rate of o — 1.5 slm. The arc current was set at 55 A;
the background pressure was 100 Pa. b) The nitrogen plasma in Depo II was created
with 1 slm N2 while the other conditions were the same. The background pressure

was 20 Pa.

ciative recombination of NJ with electrons. Note that the maximum production via
NZ would be limited by the ionization degree of the plasma.

The ammonia density as measured in PLEXIS is plotted in Fig. 4.8a) as a func-
tion of the hydrogen flow rate relative to the total flow rate. The ammonia densities
in PLEXIS with a long (length of L = 14 mm) and a short nozzle (L = 7 mm)
were measured by CEA spectroscopy and TDLAS, respectively. In both cases the
calibrations were verified with mass spectrometry. In the experiments, the plasma
source was operated on 2 slm Ny at an arc current of 55 A. Simultaneously, hydrogen
molecules were admixed into the background of the vessel with a flow rate of 0 — 1.45
slm. The downstream pressure was kept constant at 100 Pa.

With long nozzle installed the ammonia density increased with increasing hydro-
gen flow and saturated at a level of 2.5 x 10'9 m~3 for relative hydrogen flows larger
than 0.26 (Fig. 4.8a). This means that at ' = 600 K, which is determined from the
Doppler width of the measured ammonia transitions, 0.2% of the background gas is
ammonia. For the short nozzle the NHs density becomes a factor of 5 higher. Also
the relative use of hydrogen at low flows increases. This must be ascribed to a higher
dissociation degree of the N5 gases injected in the source.

The saturation of the ammonia density can be explained by noting that the hy-
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drogen molecules, which are injected in the background, can only be dissociated by
N atoms and N7 ions emanating from the arc. Vankan et al. [26] explained the
ammonia production in these plasmas by the fact that hydrogen molecules can effi-
ciently be dissociated by charge-transfer reactions with N* followed by dissociative

recombination [30]:

N+ 4+ Hy; — NH* + H k=54-10""m3s! (4-7)
NH* +e — N+H k~10""m3s™ (4-8)

producing two H atoms and one N atom, all of which can be used for the production
of ammonia. As was suggested in Chapter 3, the reaction between nitrogen ions and
hydrogen molecules could also result in NH radicals and H ions:

N* 4+ H, — NH+ H*. (4-9)

However, in Chapter 3, it has been shown that mainly N atoms are responsible
for the dissociation of Hy resulting in NH radicals [30]:

N+ H, — NH + H, (4-10)

3 1

which has a rate constant of 1 x 10716 m3 s~1 in these experiments (see Chapter 3).
This is underlined by the observation that a shorter nozzle results in more ammonia
production. The production of H containing radicals (H, NH) will increase until all N
atoms and Nt ions are consumed limited by the time these reactions can take place.
This also explains the saturation, as adding more Hs molecules does not lead to the
production of more H atoms, and thus no extra NHjs is produced. It can be argued
that due to abstraction reactions of NH with N and H atoms, finally at the surfaces
mainly the resulting N and H atoms play a key role in the generation of ammonia.
It was proven in previous experiments by Vankan et al. [41] that in pure expanding
Hs plasmas the use of a short nozzle results in a 10 times higher atomic H flux.
This is because the main loss channel for atomic hydrogen is surface recombination
on the nozzle surface. By shortening the length of the nozzle, the surface area is
reduced and thus the atomic flux is increased. Although we did not measure the
atomic N flux in pure nitrogen plasmas produced using the short nozzle, we assume
that this loss mechanism is similarly important for the nitrogen atoms since the
ammonia increased by using a short nozzle. This conclusion must be drawn, despite
the fact that the reported values of loss probability of H and N atoms on copper differ
appreciably. The loss probability of H atoms and N atoms on copper surfaces is

reported to be 0.3 to 0.5 [42, 43] and 3.9 x 1072 to 8.5 x 10~% [44, 45], respectively.
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Figure 4.9: Ammonia density as a function of the background pressure in the vessel
as measured with CEA spectroscopy. The plasma is created with 2 slm N flowing

through the arc at an arc current of 55 A and 0.45 slm Hj injected in the background.

In Depo II, the ammonia density was measured with mass spectrometry in the
conditions in which also the NH radicals have been measured (see Chapter 3). The
ammonia density with long nozzle installed, operated at 1 slm N; and a constant
pressure of 20 Pa, saturated at a level of 3 x 101 m~3 for relative hydrogen flows
larger than o.13 (Fig. 4.8b). This means that 0.6% of the background gas was ammo-
nia. The ammonia density in PLEXIS saturated at twice the relative hydrogen flow,
because the initial nitrogen flow is also twice as large, leading to twice as much N
atoms and N ions. From the measurements presented in Chapter 3, we determined
that the flux density of the NH radicals in the plasma beam at 10 cm from the nozzle
exit is about 6 x 102! m~2 s~!, which corresponds to a flow of about 5 x 10!? NH rad-
icals/s, i.e. a flow of 2 sccs. In reaction 4.10, next to NH also H atoms are produced.
This means that in the residence time of 0.2 seconds, about 2 x 10*° H atoms can
arrive at the surface. This would result in 7 x 10'® NH; molecules in the residence
time. The amount of ammonia molecules in the residence time is 1.5 x 10'®. This
indicates that an efficiency of 20% procent is achieved in the experiments.

At the condition of 0.45 slm H, injected in the background, the ammonia density
was measured as function of the background pressure from 10 to 200 Pa as shown

in Fig. 4.9. The measured ammonia density shows a linear dependence on pressure.
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This can be explained in the following way. Assume that only N and H atomic radi-
cals are involved in the production of ammonia. The H atoms are mainly produced
by the reaction between N atoms and H; molecules. The atomic N flow is only de-
pendent on the cascaded arc source parameters and remains thus constant, when the
pressure in the vessel is changed. This means that the amount of H produced in the
experiments is independent of pressure. The total amount of NH3 formed is then
also constant, but its residence time in the vessel increases with increasing pressure,
i.e. nym, o< 7. And since 7 is linearly dependent on the pressure in the vessel, the
ammonia density should also increase linearly with increasing pressure. Further-
more, this indicates that three particle reactions are not responsible for the ammonia
production, because the ammonia density would then show a stronger than linear
dependence on the pressure, which is not observed. Moreover, under all conditions,
the density of ammonia proved to be independent of the axial and lateral position in
the plasma jet at which the CEA spectrum was taken. This shows that ammonia is
not produced in the expanding plasma jet. All this evidence points to the conclusion

that ammonia is mainly produced at the vessel wall.

4.3.4 Expanding N,—H, plasma

In the previous section (Sec. 4.3.3), the ammonia generation was limited by the
amount of H radicals produced in the plasma by the dissociation of Hy by N atoms
form the source. To optimize the dissociation of both nitrogen and hydrogen, the
plasma in the fourth experimental situation was produced with both nitrogen and
hydrogen fed through the plasma source. The experiments were performed on all
three plasma reactors, which all had clean stainless steel walls. In HNO and PLEXIS
the total flow was 2 slm, and in Depo II the total flow was 1 slm. The current through
the arc was set at 55 A and the downstream pressure was kept constant at 20 Pa. In
the experiments, the hydrogen flow rate relative to the total flow rate was varied. The
plasma contains mainly nitrogen and hydrogen atoms and molecules, since most of
the ions (N1, H*) are lost very fast - most probably even faster than in the previous
case as now Hj is already present in the source - via charge-transfer reactions with
hydrogen molecules in the beginning of the expansion.

In Fig. 4.10, the ammonia molar fractions as function of the hydrogen flow rate
relative to the total flow rate as was measured in the No—Hs plasmas in the three
setups is plotted. In case of HNO and Depo II, the ammonia density was measured

with mass spectrometry. The ammonia densities in PLEXIS in the experiments with
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Figure 4.10: Relative amount of ammonia as a function of the relative hydrogen
flow rate in expanding No—H> plasmas. Both nitrogen and hydrogen were applied
through the arc. In PLEXIS and HNO at a total flow rate of 2 slm and in Depo Il ata
total flow rate of 1 slm. The arc current was 55 A; the background pressure was kept

constant at 20 Pa.

the long and short nozzles were measured by CEA spectroscopy and TDLAS, re-
spectively. The maximum ammonia molar fraction increased from 2% in PLEXIS to
about 10% in Depo II and HNO. The normalized NH3 molar fractions are plotted
in Fig. 4.11, which shows that the trend of ammonia as a function of the hydrogen
flow rate relative to the total flow rate is the same in all set-ups. Only the absolute
amounts differ: the production is the largest in HNO and Depo II, the two smaller
volume machines and the smallest in PLEXIS, with the large long volume. This is in
agreement with the remarks made in 4.2.1 that we expected that the ammonia den-
sity is dependent on the “active” surface to volume ratio and should be the highest
in HNO and Depo II, and to be the lowest in PLEXIS. This is again in line with the
picture that the ammonia is generated via plasma-surface interactions.

The maximum ammonia production is not observed at the stoichiometric ratio
of hydrogen and nitrogen in ammonia. This is a priori not to be expected, since
the dissociation degree of the plasma source for different flow ratios of Ny and Hs

could change a lot. For expanding No—Hj, plasma the ammonia density increased
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Figure 4.11: Normalized ammonia molar Figure 4.12: NHj3 density (in relative units)
fraction as a function of the relative hydro- as function of the relative hydrogen flow
gen flow rate in expanding No—Hjy plas- rate in a low-pressure (2 Torr) flowing dis-
mas charge. Reproduced from Fig. 6 of [15].

The curve presents a self-consistent model
in which it is assumed that NHjz is mainly

produced at the surface of the vessel.

by a factor 2 in PLEXIS, when the long nozzle was replaced by a short nozzle. The
same reasoning as mentioned in Section 4.3.3 is also applicable to expanding No—
H, plasmas for the N and H fluxes in these plasmas. We can again only state that
the increase in ammonia generation with the short nozzle is in agreement with an
increase of N and H fluxes. Furthermore, this shows that the ammonia in the plasma
chamber does not originate from plasma-surface interactions at the nozzle wall, but
from the surface in the vessel. Because then a decrease in the NH3 generation would

have been observed.

The trend of the ammonia molar fraction as function of the hydrogen flow rate
relative to the total flow rate as shown in Fig. 4.10, is generally observed in No—
H, plasmas (r.f, microwave, barrier discharge, low-pressure D.C. flowing discharge)
[9, 46, 47]. The measured relative NH; density as a function of the Hy percentage
in a low-pressure No—H, flowing discharge as measured by Gordiets et al. [15] is
depicted in Fig. 4.12. Also depicted in this figure is the result of a self-consistent
model in which it is assumed that NH3 is mainly produced at the surface of the
vessel by the stepwise addition reactions between adsorbed nitrogen and hydrogen
containing radicals at the surface and incoming atomic N and H radicals [15]. Their

proposed reaction mechanism at the surface was validated by others [17, 18] and can
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be simplified as follows:

N(s) + H — NH(s) (4-11)

H(s) + N — NH(s) (4.12)

NH(s) + H — NHa(s) (4.13)
NH(s) + Hy — NHy(s) — NH(g) (414)
NHa(s) + H — NH3(s) — NHs(g) (4-15)

From the similarity of Fig. 4.12 with our measurements, we conclude again that
also in the present experiments ammonia is formed at the surface through plasma-

surface interactions, with the same reaction mechanism.

Influence of surface material on ammonia production

To investigate the influence of the wall material of the plasma reactor on the ammo-
nia production in expanding No—Hs plasma, we measured the ammonia density in
a clean stainless steel vessel and with a 1 um a—SiNy layer deposited on the reactor
wall in Depo II. For the a-SiNy deposition, the arc was operated on pure Ar with a
flow of 55 sccs at an arc current of 45 A with a typical voltage of 40 V. A flow of 17
sccs NHg was injected through the nozzle and 2.5 sces SiHy was injected through
a ring situated 10 cm downstream from the nozzle. The deposition time was 2’30”.
The ammonia molar fraction as deduced from mass spectrometry measurements, as
a function of the relative hydrogen flow rate proves to be the same for both wall ma-
terials (Fig. 4.13). This indicates that the ammonia production is independent of the
wall material. This seems to be in contrast to experiments of various research groups
in the world in which it was shown that the ammonia production is dependent on
the type of wall material [9—13]. However, a major difference with our experiments
is that in those experiments the wall is used to form adsorbed nitrogen atoms by the
dissociative adsorption of excited No molecules or nitrogen molecular ions. The ad-
sorbed nitrogen atoms react with impinging hydrogen atoms or molecules formed
in the plasma. In our experiments, the N and H radicals are already produced in the
plasma source and as a result the fluxes of N and H radicals to the surface are around
10%! m~2 s~ [23], which is one order of magnitude higher than in the other exper-
iments. One has observed an increase of the N density in the plasma beam when
a—SiNy is deposited on the walls of Depo II. This seems to suggest that less nitrogen

is adsorbed at the wall [48], but it could also be caused by a slightly less generation of
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Figure 4.13: Ammonia molar fraction as a function of the relative hydrogen flow rate
as measured by mass spectrometry in expanding No—Hy plasmas with and without
SiN deposited on the reactor wall. Both nitrogen and hydrogen were applied through
the arc at a total flow rate of 1 slm. The arc current was 55 A; the background pressure

was kept constant at 20 Pa.

H, leaving more ions to dissociate Ny. The effect of a—SiNy on the atomic H radicals
has not been studied.

We measured that the ammonia molar fraction is independent of the wall mate-
rial, which indicates that the amount of N at the surface is not a limiting factor in the
ammonia production and that the H flux to the surface is most likely not changed
by a a—SiNy deposited wall. The high N and H flux to the surface leads to a surface
covered with N and H radicals and other molecular radicals. This coverage passivates
the surface, i.e. it is more or less independent of the actual wall material. Then, the
actual chemistry may take place in an additional layer at the passivated surface. The
presence of weakly bonded radicals at a surface was previously suggested by Gordi-
ets et al. [49] to explain the NO production in N3—O; plasmas, by Gelb et al. [50] to
explain atomic recombination on surfaces and was observed in ammonia decompo-

sition experiments on ruthenium [51].
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Figure 4.14: Relative decrease of the pressure in the vessel as a function of the rel-
ative hydrogen flow rate as measured in expanding No—H> Both gases were applied
through the arc with a total flow of 2 slm at an arc current of 55 A. The starting back-
ground pressure was 22 Pa for a pure nitrogen plasma. The inset shows the relative
decrease in pressure as a function of the ammonia molar fraction as measured by

mass spectrometry.

Pressure decrease

In most experiments discussed until now in this chapter, the pressure was kept con-
stant while the hydrogen flow rate relative to the total flow rate was changed. In ex-
periments with a constant flow through the plasma source, constant pumping speed,
assuming a constant temperature, and no change in the amount of particles in the
vessel, one expects a constant pressure in the vessel. In our experiments, in which Ny
and Hy mixtures are used as gas mixture in the plasma source, ammonia is formed.
Consider the production of ammonia from nitrogen and hydrogen by the reaction:
N + 3Hy — 2NHjs. This means that if two molecules of NHj are formed from one Ny
molecule and three Hy molecules, the total number of molecules decreases with two.
Since the pressure in the vessel is linearly dependent on the number of molecules,
we should observe a pressure decrease in the vessel with the same trend as in Fig.

4.10. With a starting background pressure of 22 Pa for a pure nitrogen plasma, a
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relative pressure decrease was found with a maximum of 11% in HNO for expanding
No—Hs as shown in Fig. 4.14. The observed pressure change occurred only when the
plasma source was operated on a mixture of Ny and Hy; the pressure was observed to
remain constant at 22 Pa for the pure hydrogen and nitrogen plasmas. This decrease
is not due to the pumping system as the pumping capacity is constant and indepen-
dent of the gas type. Secondly, it is not caused by a temperature change, because the
pressure is observed to change almost instantaneously after adjustment of the flows.
The relative decrease in pressure is proportional to the ammonia molar fraction as
measured by mass spectrometry with a slope 1 (see inset Fig. 4.14), which validates
the calibration and that indeed more than 10% of the total background pressure is

ammonia.

Efficiency of the ammonia generation

As only NH3, N9 and Hy, are present in the plasma (Sec. 4.2.2), the use of N2 and Hs
must be equivalent to the amount of gas needed to produce NH3. The use and thus
use of Ny and H, gases as determined from the mass spectrometry measurements
in HNO are plotted in Fig. 4.15. The results at low flows of Ny and Hs indicate
that the minority gas is almost fully dissociated, i.e a dissociation degree of at least
60% for Hy gas and 48% for Ny gas. This means that about 10?° atomic N and H
radicals per second arrive at the reactor wall at which they will react with particles at
the surface. That in HNO 11% of the background gas is ammonia, is a remarkable
result if one compares this with the total ammonia that could have been produced in
our experimental conditions.

Let us assume that a dissociation degree of 60% for Hy and 48% for N, gas are
applicable over the whole range of the hydrogen flow rate relative to the total flow rate
of nitrogen and hydrogen. Furthermore, we assume that all H and N atoms are used
to produce ammonia, i.e. 3 H atoms per 1 N atom, only limited by the availability of
one of the atomic radicals. The maximum ammonia molar fraction that could have
been generated in the experiments would have been 30% at a relative hydrogen ratio
of 0.7. This means that an efficiency in the ammonia generation of 33% is achieved
in our experiments.

The use of Hy and Ny can be made plausible in a picture that at the passivated
(stainless steel) surface only H atoms, N atoms and NH,, (x = 1, 2) radicals can be
present. At small hydrogen fractions the surface will then only be covered with N

and NHy radicals. Incoming N radicals form Ny molecules by association with N
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Figure 4.15: The use of N2 and H> as a function of the relative hydrogen flow rate
as measured in expanding No—H> plasmas by mass spectrometry. Both gases were

applied through the arc with a total flow of 2 slm at an arc current of 55 A.

atoms on the surface or adsorb at surface sites. The few H atoms impinging at the
surface will readily form NH,, radicals and finally NH5 which desorbs. With increas-
ing hydrogen flows, the H-coverage on the surface increases. Then, the H atoms
impinging at the surface are more and more converted back into H, molecules or ad-
sorb at surface sites or are used to form NH, radicals. The N-atom flux towards the
surface decreases with increasing hydrogen flow. As a result, the N atoms impinging
on the surface react mainly with H atoms on the surface leading to NH radicals on
the surface. These are quickly hydrogenated by the incoming H atom flux. This re-
sults in an increasing use of No. The above picture is in agreement with the general
proposed reaction mechanism for the ammonia production at the surface in No—Hy
plasmas [15, 17, 18], but also in surface studies related to catalysis [6, 7, 52—54]. In
conclusion, ammonia is mainly produced by association of atomic and molecular
radicals at the surface, i.e. by the successive hydrogenation of adsorbed nitrogen

atoms and the intermediates NH and NH,, at the surface of the plasma reactor.

95



4. Plasma-activated catalytic generation of ammonia 4.4. Conclusions

4.4 Conclusions

We studied the ammonia generation in four different types of expanding plasmas
containing mixtures of nitrogen and hydrogen. In these experiments the plasma acts
as catalyst to dissociate the precursor molecules and the surface is then exposed to
large fluxes of atomic and molecular radicals. The efficiency and formation mech-
anisms of ammonia generation were determined under various plasma conditions
and in three similar plasma reactors, with different geometries. Three diagnostic
techniques, i.e. mass spectrometry, cavity enhanced absorption spectroscopy and
tunable diode laser absorption spectroscopy, were employed to measure the ammo-
nia density.

We have shown that the ammonia production is strongly dependent on the fluxes
of N and H and probably NH, radicals to the surface. The ammonia density was
the highest in the plasma reactor with the highest “active” surface to volume ratio a
relatively small volume. By using an atomic nitrogen and hydrogen source, ammonia
can be formed efficiently, i.e. more than 10% of the total background pressure is
measured to be ammonia. The ammonia production proved to be independent of
wall material. The explanation is that the high fluxes of N and H radicals in our
experiments are two orders of magnitude higher. This results in a passivated surface,
covered with N, H and NH and NH, radicals. The presence of an additional layer at a
passivated surface could then play a role in the formation of ammonia at the surface.
Our results for No—H, plasma are in agreement with reported trends in literature,
which were explained by the production of ammonia at the surface through plasma-
surface interactions. We therefore conclude that ammonia is formed via plasma-
surface interactions by stepwise addition reactions between adsorbed nitrogen and
hydrogen containing radicals at the surface and incoming atomic H radicals, i.e. by
the successive hydrogenation of adsorbed nitrogen atoms and the intermediates NH
and NH, at the surface of the plasma reactor.

We note that by using two different cascaded arc plasma sources, one operated
on Hs and optimized to produce most efficiently H atoms and one operated on Ny

delivering N atoms would probably result in an even higher ammonia production.
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Chapter 5

Evidence of surface production of

excited molecules™

Abstract

The visual appearance of an expanding nitrogen plasma with and without oxygen
is shown. The interaction of the plasma with a substrate leads to the appearance of
additional light, which is ascribed to the formation of excited molecules by associa-

tion of N and/or O atoms at the substrate.

*adapted from: J.H. van Helden, R. Zijlmans, R. Engeln and D.C. Schram, Molecule formation in N
and O containing plasmas, IEEE Trans. Plasma Sci 33, 390 (2005)
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5.1 Introduction

In the previous two chapters, the generation of ammonia in plasmas containing mix-
tures of nitrogen and hydrogen was investigated. It was shown that when the surface
is exposed to high fluxes of N and H radicals, ammonia can be generated efficiently.
It was suggested that in the formation of ammonia an additional layer at a passivated
surface could play a role. Ammonia is formed through plasma-surface interactions
by the stepwise addition reactions between adsorbed nitrogen and hydrogen contain-
ing radicals at the surface and incoming atomic H radicals.

Now, we are interested in the generation of molecules in plasmas containing ni-
trogen and oxygen. In these plasmas, the so-called mass-defocusing effect observed
in No—Hj plasmas, plays a minor role, since nitrogen and oxygen atoms have about
equal masses. The formation of NO is generally observed in No—O plasmas and
also N3O and NOg may be formed. The role of plasma-surface interactions in the
generation of NO is not yet clear. Again the question arises whether the formation of
molecules may involve weakly bounded particles following the idea of Gordiets et al.
[1] to explain the NO production in Ny—O; plasmas. If the surface is fully covered,
also atoms with less binding energy may be adsorbed and molecules can be formed at
the surface with a substantial internal energy. The easiest way to investigate this idea,
is by observing the emission in the visible of excited molecules close to a surface.

Previously, additional light emission around a surface and thus the occurrence of
excited molecules was observed in nitrogen plasmas, as will be discussed later on.
In general, in several experiments aimed at etching and deposition additional light
is observed, but the explanation of this effect and the excitation mechanisms are not
always discussed.

In the experiments described here, fluxes of radicals are produced with the re-
mote expanding thermal plasma (ETP) technique [2]. A cascaded arc source is used
(Fig. s5.1), which operates at flows of typically 3 slm (standard liter per minute). In
argon, an ionization degree of typically 10% is reached, equivalent to 10%? ions/s (and
electrons) emanating from the source [3], and around 1 — 5% in pure nitrogen and
mixtures of nitrogen and hydrogen [4, 5]. Molecular gases injected in the arc are al-
most fully dissociated. The pressure gradient between source (>100 kPa) and process
chamber (0.1 — 1 mbar) causes, after a supersonic expansion and a stationary shock, a
subsonic expansion towards the copper substrate. Monomers, like oxygen, can be in-
jected in this plasma, which undergo charge transfer and subsequently dissociative

recombination reactions leading to atomic radicals which can be used for surface
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Figure 5.1: Sketch of the setup in which the thermal plasma expansions are created.

modification, e.g. the stripping of photoresist [6, 7]. As there is no power input
anymore in the process chamber, the plasma is recombining. In the expansion, the
electron temperature decreases to 0.1 — 0.3 eV. At these temperatures, dissociation
and excitation by electrons can be neglected [2]. Thus, the remote ETP technique
improves the possibility to observe and thus investigate the mechanisms of excita-
tion via association reactions at surfaces which usually are masked by the electronic

excitation of the gas particles.

In the experiments, nitrogen plasmas were created with 4 slm nitrogen flowing
through the arc, in which the shock occurs at roughly 3 cm, while the distance be-
tween the plasma source and substrate was 25 cm. Mazouffre et al. have measured
an atomic N density of 4 x 102° m~3 after the shock in a pure nitrogen plasma with
a No gas flow of 1.5 slm through the arc at a background pressure of 100 Pa. The flux
density of the N atoms is about 2 x 10?3 m~2 s~1, using a velocity of 500 m/s. Now,
4 slm nitrogen is used, which gives a flux density of the N atoms of 5.3 x 10?3 m~2
s~!. This means that on the copper substrate, which has the same diameter as the
plasma beam, i.e. 0.06 m, a flux density is reached of 5.3 x 10** m~2 s~1, which is
equivalent to 10* mono-layers/s

The light emission from the plasma in the vessel is detected through one of the
access ports and the light is directed through a series of lenses and a mirror to the op-

tical emission spectrometer. The low reflection of the mirror for wavelengths shorter

103



5. Evidence of surface production 5.2. Results and discussion

Figure 5.2: Picture of expanding nitrogen plasma produced by a cascaded arc plasma
source (4 standard liters per minute (slm) N2 flow, 75 A) at 100 Pa background pres-

sure.

than 250 nm limited the detection of light at these wavelengths. The optical emission
measurements have been performed with a fiber optic spectrometer (Ocean Optics
USB2000), which has an optical resolution of ~ 1.5 nm (FWHM).

5.2 Results and discussion

5.2.1 Emission of N, plasma

In a pure nitrogen expanding plasma, N* and N are produced by the cascaded arc
source. The charge exchange reaction of N with N leads to NI which partially
dissociatively recombines to N atoms. The recombination is hampered by the facts
that the charge-transfer between Ny and N7 is endo-energetic by 1.05 €V and that
the temperature of heavy particles (and of electrons) is low, < 0.2 eV. Downstream
in the vessel, the main particles in nitrogen plasmas are nitrogen (*S) atoms, nitro-
gen atomic ions, and as a majority nitrogen molecules, even with a fully dissociated
flow of N atoms from the source. The reason is that in a time 75 (= 20 ms), short

compared to the residence time of particles in the vessel (7.5 = 2.5 s), the N atoms
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Figure 5.3: a) Spectrum of a nitrogen plasma produced by a cascaded arc plasma
source (4 standard liters per minute (slm) N2 flow, 75 A and 100 Pa background
pressure) as measured 25 mm in front of the substrate. b) Most of the spectral fea-
tures below 450 nm can be assigned to N2 (C — B) emission. Atomic nitrogen and
NJ (B — X) (marked by an asterisk) transitions are responsible for the remaining

line emission.

will associate at the surface to Ny molecules. (Volume three particle association of N
atoms has insufficient probability at the investigated pressure range). Line emission
from atomic nitrogen is observed, which originates from three-particle recombina-
tion of atomic ions. A fading of the light with increasing distance from the source is
observed. The remaining light is next to line emission also partly from the emission
of molecular bands: the first positive system of Ny, this is the (B — A) transition,
the second positive system of Ny this is the (C — B) transition, and the first negative
system of N7, this is the (B — X) transition.

However, close to the substrate a strong increase of light is clearly visible (Fig.
5.2 (real colours)). This cannot be attributed to electron excitation as the electron
temperature there is below 0.1 eV. The thickness of the additional light layer is about
2.5 mm, which is consistent with a transition probability of 10° s~! of the B — A
transition and a reflection velocity around 200 m/s. In the spectral analysis, the
vibrational transitions in the C — B band of molecular nitrogen and the B — X band
of molecular nitrogen ions are clearly visible (Fig. 5.3). The B — A emission is
partly outshined by the emission of atomic lines. The N2 (B) and N9 (C) states can be
populated by the pooling reactions involving two meta-stable N3 (A) molecules [8, 9]:

N3(A) + Ny(A) — No(B) + No(X) ka~10"10 md3s 1 (5.1)
Ng(A) + Na(A) — Ny(C) + No(X) E=15x10""%m?s™ . (5.2)
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These processes limit the Ny (A) density to 1012 m—3. Atlow Ny (A) densities, B — A
emission may be observed and no C — B emission. In that case the N3 (A) density is

too small for pooling but can still produce N3(B) in the reaction [10]:
No(A) + No(X,v > 5) — No(B) + No(X,v —6) k=3x10""m3s™!, (5.3)

Furthermore, it can explain the N (B — X) radiation: by charge transfer between
N+and Ny (A) preferably NJ (B, v = 6,7) is produced, as was reported in [11]. The
presence of meta-stable N2(A?Y ") molecules was observed previously in expanding
nitrogen plasmas. It was suggested that N3 (A) molecules are most likely formed at
the surface of the plasma reactor [12]. That now less N (A) molecules are observed,
could be besides to the pooling reactions also be caused by higher ion density in the
current plasma conditions than in those experiments. Then the N3(A) molecules
are efficiently lost by charge-transfer reactions with N*[11]. The extra light emission
could also be caused by the generation of N (B) directly by association of two atoms
at the surface. Apparently, excited molecules are produced if the flux of atoms is high,
and the surface is fully covered with atomic nitrogen. Then, in addition, also atoms
with less binding energy may be adsorbed, which may produce an excited molecule
with substantial internal energy, in a direct pick up reaction with atoms incident at
the surface.

5.2.2 Emission of Ny—O, plasma

When oxygen is injected in a nitrogen plasma, the Oy undergoes charge exchange
reactions with N* and N, which leads to O atoms. Using an ionization degree of
5% at a flow of 1.7 x 10?! particles/s from the plasma source, gives a flux density of
1.7 x 10? O atoms/s. The reaction N + Oy — NO + N could at maximum give a
30% extra O atoms, assuming that 10% of O, injected into the background diffuses
in the plasma beam. In this case, the plasma brightness decays faster than in a
pure nitrogen plasma (Fig. 5.4 (real colours)). Now, the emission spectrum clearly
shows features of the first positive system of molecular nitrogen, i.e. No(B — A).
Under these experimental conditions, the quenching of N2(A) by atomic nitrogen
ions is strongly reduced due to the loss of atomic ions in the expansion through the
dissociation reaction with molecular oxygen.

A second clear result in Fig. 5.4 is the appearance of an orange glow at and around
the substrate. The thickness of the light layer is larger than in the pure nitrogen case,

indicating a transition with a lower transition probability. This is consistent with the
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Figure 5.4: Picture of an expanding nitrogen plasma with 1.5 slm O admixed into

the background (4 slm N> flow, 75 A and 100 Pa background pressure).

broadband feature in the measured emission spectrum (Fig. 5.5). The broadband
emission has a resemblance with the emission observed during the re-entry of the
space shuttle in the atmosphere (Fig. 5.5). Our spectrum is shifted to the blue of the
observed shuttle glow spectrum. This could mean that now more high vibrational
states are excited, than in the shuttle-glow. The difference is most likely related to
the conditions in the experiments. That the shuttle glow has still almost continuous
emission at longer wavelengths and no fall off compared to our spectrum is fre-
quently observed in the comparison between the shuttle-observed emission and the
emission measured in laboratory experiments, and the reason for this is not yet clear
[13, 14]. However, it is known that the NOg emission is continuous and decreases at
wavelengths larger than 700 nm [15]. Therefore, the light emission observed during
the re-entry is tentatively attributed to the formation of excited NO; in an association
reaction of O radicals from the atmosphere and NO adsorbed at the surface of space
vehicles [13].

To analyze the emission of Fig. 5.5, we performed quantitative mass spectrometry
measurements in Ny-Og plasmas (see Chapter 6). It is found that around 5% of the
N3 and Og was converted into nitric oxide. The observed radiation from 200 to 450
nm is indeed due to the emission of NO(A — X) and NO(B — X) emission and some
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N3 (B — X) transitions as was deduced from a simulation using LifBase assuming
a resolution of 1.5 nm and a temperature of 5000 K. Furthermore, the substrate is
exposed to high fluxes of oxygen and nitrogen atomic radicals. As will be shown in
Chapter 7, the surface is covered with N and NO. Thus a similar process as in the

space vehicle experiments can lead to NO2* emission:
O+ NOadS — NOQ (AQBQ) — NOQ ()N(QAl) (54)

The reaction leading to NO; is exothermic and will result in highly excited molecules
in the NOy (A2 Bs) band state, which radiate light in the wavelength range from 400
to 8oo nm. The NOg formed at the surface would contain the exothermic energy of
the reaction (AE = 3.1 eV) minus the adsorption energy of NO on the surface and
minus the kinetic energy of the desorbed NO; molecule. The kinetic energy of the
desorbed NO2 molecule for a reflection velocity around 200 m/s is about 0.02 eV.
If the adsorption energy of NO would be approximately 1 eV, which is reported for
crystalline metal surfaces [16], still highly excited NO2 molecules can be produced
in the NO, (A2 By) state, which lies 1.2 eV above the ground state [r7]. However, the
observed radiation of NO; covers the wavelength range from 480 nm to 850 nm, i.e.
it involves a maximum energy of the NO2 molecules of 2.6 eV. Thus apparently part
of the absorption energy of the NO is around 0.5 eV and thus indicates the existence
of weakly bonded NO at the surface, possibly in an additional layer at a passivated
surface, which leads to an excited NO2 molecule with substantial internal energy.
This observation is in agreement with the suggestion of Gordiets et al. [1].

Furthermore, Patten et al. have reported that the radiative fluorescence lifetime in
the region between 400 and 750 nm is between 70 and 100 us [18]. Using a velocity
of 200 m/s of the produced NOy* molecules, this would lead to an additional light
layer at the substrate of around 20 mm thickness, which is in agreement with our
observation. Note that also in this case the flow pattern is clearly visible: close to the
substrate the plasma diverges and flows around the substrate to the section, which is
pumped.

5.3 Conclusions

In conclusion, from expanding plasma in interaction with a substrate one can ob-
serve additional light close to the substrate. This light shows the flow pattern close to
the substrate. The additional light is a very clear visual evidence of the production of

excited molecules, presumably by association of atomic radicals at the surface. These
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Figure 5.5: Spectra of an expanding nitrogen plasma with 1.5 slm O admixed into

the background. (4 slm N flow, 75 A and 100 Pa background pressure) as measured

in the plasma, 100 mm from the plasma source, and 17 mm in front of the substrate.

In the former, the emission of the first positive system of Ny, i.e. B — A emission,

is observed. The broadband feature in the latter spectrum is due to NO; emission.

The emission below 450 nm is due to the emission of NO(A — X) and NO(B — X)

emission and some NJ (B — X) transitions. The other features are due to N and O

atomic line emission. Also the shuttle-glow is plotted, reproduced from Fig. 3 of the

paper by Murad [13].

processes take place under conditions of a large flow of atomic radicals and there-

fore full coverage of the (metallic) surface. The emission around the substrate in an

N2-05 plasma indicates that the excited NOy molecules responsible for the emis-

sion are partly only weakly bonded to the surface, possibly in an additional layer at a

passivated surface.
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Chapter 6

Resemblance in gas composition
of Ar—-Ny-O5 plasmas and
Ar—NO plasmas

Abstract

We measured the steady state gas composition of plasmas produced from Ar—
N2—O; mixtures and Ar-NO mixtures with quantitative mass spectrometry. In the
former, mainly Ny and O, but also a significant amount of nitric oxide (NO) was
formed, i.e. up to 5% of the background gas was NO. In the inverse experiment, in
which NO was admixed to an argon plasma, up to 92% of the NO was converted into
N; and O,. Thus, the two types of plasmas show a strong resemblance in the steady
state gas composition, i.e. &~ 5% NO and ~ 95% Nj and O, although the starting
conditions are completely different. It seems that in first order the system prefers to

produce the most thermodynamically bonded molecules.
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6.1 Introduction

Plasmas containing nitrogen and oxygen are nowadays extensively studied, due to
their relevance in various fields of research, e.g. understanding of atmospheric and
ionospheric physics [1], in re-entry studies of orbital space vehicles [2] and as sources
of active species for applications in plasma chemistry. Examples of the latter include
air pollution cleaning by atmospheric pressure discharge treatment [3], sterilization
[4, 5], surface treatment of materials, like etching [6]. From various studies, it was
concluded that NO molecules are formed in these kind of plasmas [7—9]. Further-
more, the observed NO densities were attributed to the combination of gas phase

reactions and plasma-surface processes [10-12].

Also the destruction of NO,, is a subject to which much attention has been given,
mainly because of environmental reasons. The toxic nitrogen oxides (NO, NOy) are
present in the emission of combustion gases, and are major sources of acid rain,
photochemical smog formation and the green-house effect. The decomposition of
NO is currently investigated in various types of plasma, like microwave discharges
and microwave discharge-assisted catalytic systems, commonly at atmospheric pres-
sures [13-18]. The measurements are mainly performed in No/NO gas mixtures as
the reduction process is preferentially done at atmospheric pressures. The results
show that NO, if present in small quantities, is converted into N3 and Oz with a high
decomposition efficiency (up to 100%). In the cases O3 is admixed the decomposi-
tion efficiency decreases, which is attributed to the formation of NO as observed in
N2-O3 containing plasmas. To the best of our knowledge, there are only a few studies
performed on Ar/NO gas mixtures at atmospheric pressure [19, 20]. Also in these

cases the NO was almost fully (up to 96%) converted into No and O.

For plasma deposition or etching and for surface modification, but also for re-
entry studies, a particle flux of ions and/or radicals as high as possible is desirable
to obtain sufficiently high process rates. This can be achieved in the remote source
approach, in which a plasma is produced in the source and plasma treatment is per-
formed downstream at lower pressure. For the current experiments, the remote ex-
panding thermal plasma (ETP) technique is used, which consists of a high-pressure
thermal plasma source and a low-pressure process chamber [21]. In this way, the
production of plasma by ionization and the formation of for example N atoms by
dissociation of Ny in the plasma source is geometrically separated from the plasma
chemistry in the vessel. The separation of the plasma production, plasma transport

and plasma-surface interactions allows independent studies of the different aspects
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of the process.

A main advantage of the ETP technique is the fact that there is no power coupled
into the plasma in the process chamber. As a result, the plasma is recombining and
the downstream electron temperature in the expansion decreases to 0.1 — 0.3 eV [21]
and is therefore too low for electronic collisions to play a role in dissociation or excita-
tion processes described in e.g. [22]. The electron density in the downstream is in the
order of 10'® m~3. Therefore, the plasma chemistry in the vessel is primarily driven
by reactions between ions and atomic (N) radicals from the source and injected or
produced molecules.

This is in contrast to almost all previous studies on N3—O3 or NO containing plas-
mas, which were mainly performed in non-equilibrium systems, with a high electron
temperature. These systems are driven by electron induced excitation and ionization,
and therefore knowledge of electron and ion densities and energy distributions, as
well as of the density and internal state distributions of reactants and products, is
necessary. Moreover, the large number of processes that has to be taken into account
to describe the plasma behavior makes the development of complex kinetic models
necessary [22—20].

In this chapter, we report on measurements of the steady state gas composition
of recombining plasmas produced from Ar/N3/Oy mixtures and Ar/NO mixtures.
The concentrations of stable species present in the background of the plasma were
measured using mass spectrometry. We detected molecules like NO, Ny and Oq,
formed in recombining plasmas generated from: (a) Ar plasma to which mixtures of
Ng and Oy were added; (b) Ar/Ny plasma to which O was added; (c) N2 plasma to
which O was added and (d) Ar plasma to which NO was added. The added gases
were injected in the background of the vessel.

By changing the composition of the mixtures from which the plasmas are created,
the amount of N and O radicals in the plasma was varied. This enabled, similar to the
experiments in Chapter 4, to study the relation between the molecules produced and
the fluxes of N and O atoms in the plasma. The dissociation of Ny can be optimized
by operating the plasma source on N» as is done in case (c). Contrary to Ng, Oz could
not be applied through the plasma source, since injection into the arc would damage
the plasma source. Since in plasmas produced from mixtures of Ny and O, a few
percent of the steady-state gas mixture is measured to be NO, we also investigated
the situation in which NO is admixed to a plasma.
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Figure 6.1: Sketch of the setup in which the thermal expansions are created.

6.2 Experimental details

6.2.1 Expanding thermal plasma setup

The recombining plasma generated from mixtures of Ny, Oy and NO were created
with the expanding thermal plasma (ETP) technique, described extensively in the
literature (see e.g. [27]). Here, only a short description of the setup is given. The
expanding thermal plasma setup consists of a high-pressure thermal plasma source
and a low-pressure process chamber as schematically depicted in Fig 6.1.

The plasma source is used to create reactive species for the dissociation of mono-
mers injected into the plasma in the downstream region. A remote plasma is created
in a DC cascaded arc source by the generation of a sub-atmospheric (typically 400
kPa) thermal Ar, Ny or Ar—Ny plasma with a power of 2 — 5 kW. The cascaded arc
source consists of a 30 mm narrow channel of 5 water-cooled insulated copper plates
with a centric internal bore of 4 mm diameter. The last plate acts as the common
anode for the discharge. Through the channel flows the source gas (Ar, Ar/Ns, or
Ns) and a dc current is drawn from the three cathodes to the grounded anode plate

producing the plasma. The high heavy particle temperature of approximately 1 eV
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leads to almost full dissociation of molecular gases when these are injected in the
arc.

The large pressure difference between the source (400 kPa) and the process
chamber (typically 20 — 100 Pa), causes a supersonic expansion of the plasma from
the nozzle of the cascaded arc into a stainless steel vacuum vessel. After a stationary
shock, the plasma expands subsonically towards the other end of the process cham-
ber. The current through the arc channel can be set to 30 — 75 A and the voltage over
the arc ranges from 40 to 150 V. In the experiments, the pressure in the vessel was
varied between 40 and 300 Pa by adjusting the gate valve to the pump.

6.2.2 Plasma conditions

The formation of molecules in recombining plasmas generated from mixtures of Ny,
O2 and NO were studied for four different experimental situations:

(a) Ar plasma to which mixtures of Ny and Og were added,;

(b) Ar/N; plasma to which O4 was added;

(c) N2 plasma to which O was added;

(d) Ar plasma to which NO was added.

All gases admixed were injected in the background of the vessel, with a maximum

flow of 2 slm (standard liter per minute) Ny, 1.8 slm O; or 1.8 slm NO.
ad. a)

In the first experimental situation, the cascaded arc source was operated on argon
gas with oxygen and nitrogen injected downstream. The characteristics of expanding
Ar plasmas have been described extensively in literature [21, 27, 28] and here only
the main issues will be discussed briefly. The energy in expanding Ar plasmas is car-
ried by the ions in the expansion and in the form of thermal energy of the particles
(mainly atoms). In a typical experiment, the arc was operated at an argon flow rate of
3 slm (standard liter per minute) through the arc and an arc current of 7o A. In that
case, the source emanates a partially ionized (15%) argon flow, i.e. an Ar™ ion flow
of 0.45 slm, as determined from ion measurements in the argon expansion using
a Langmuir probe [29]. The meta-stable argon density Ar}, formed in three parti-
cle recombination processes of the argon ions is typically a factor of 10 lower than

the argon ion density [30]. Therefore, the contribution of these states to the plasma
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chemistry is limited compared to the ion-induced chemistry. Furthermore, the Ar™
ion flow increases approximately linear with the plasma current for a constant Ar

flow through the source over the current range of interest (30 —70 A).
ad. b)

In the second experimental situation, the plasma source was operated on a mixture
of argon and nitrogen with oxygen injected downstream. In mixtures of 2 slm ar-
gon and 1.1 slm nitrogen used in the experiments, the dissociation degree of Ny in
the arc is expected to be around 50%, while an ionization degree of around 7% is
reached as determined from as determined from Langmuir probe measurements in
the expansion [29]. The ion flow from the source consisted of Ar™ and Nt with
approximately a 1 : 1 ratio [31, 32]. In an Ar/Ny plasma, the N atoms will not re-
act in the volume and will arrive at the wall of the plasma reactor, where nitrogen
molecules can then be formed by plasma-surface interactions. At first instance the
formation efliciency, however, is limited by the low surface recombination probabil-
ity of N atoms on a stainless steel wall and the N atom will be reflected [33]. The
N density will then increase until the density is so high that the net consumed flux
producing No molecules is equal to the inflow of N atoms. N3 molecules formed at
the surface reside in the background and diffuse inward into the expanding plasma
beam, where they can be dissociated again by charge-transfer reactions with Ar*and

N followed by dissociative recombination of the formed molecular ion:

Art + Ny — Ar+ N7 Ere2x1071m3s™! [34] (6.1)
N+ 4+ Ny — N+ NI k~10"1 m3s™t 35] (6.2)
Ni+e— N*+N k=2x10""m?s™,  [36] (6.3)

Note that the N;r ions are short-lived, because of the high loss rate n.kpg (n. ~ 10*°
m~3 [29]. Note that the charge-transfer between N and N is endo-energetic by 1.05
eV, which in the subsonic expansion will limit this reaction; in the supersonic expan-
sion the N7 velocity is high and there the charge-transfer can proceed more easily.
From previous experiments, it was concluded that due to above reactions, the main
ion in the expansion of an Ar/N, plasma is N [31]. Langmuir probe measurements
indicated that the ion density increased approximately linear with increasing current
through the arc over the investigated range.

The * in reaction (6.11) denotes the fact that the N atoms can be excited into one of

the meta-stable ground states N(*P) and N(2D). However, these excited N atoms will
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quickly be de-excited by collisions with electrons(k, ~ 10~ m? s~! [37]), and with

3 .—1
s [33))-
Furthermore, in contradiction to previous experiments, it seems that the density of

atoms and molecules present in the plasma (rate constant of 4.1 x 101" m

meta-stable N2 (A3Y ") molecules is an estimated three orders lower. In the current
plasma conditions more N+ ions are produced and then the No(A3Y}) molecules
are efficiently lost by charge-transfer reactions with N [38]. In conclusion, we can
disregard the role of meta-stable atoms and molecules and thus the main chemistry
is initiated by N(*S) atoms and N+ ions.

ad. c)

In the third experimental situation, pure nitrogen was injected into the arc, lead-
ing to a pure nitrogen plasma in which the energy is carried out by mainly nitrogen
atoms N (around 35%) and by nitrogen atomic ions (1 — 5%) at an arc current of 60
A [31, 33, 34]. The charge-transfer reaction between N* and N leads to N (reaction
(6.2)), which partially dissociatively recombines to N atoms (reaction (6.11)). The
densities of the meta-stable N atoms N(?P) and N(>D) emanating from the plasma
source are expected to be in the order of 20% of the N(*S) atoms (assuming a thermal
population at a temperature of 1 eV). However, in the expansion the N(2D) and N(D)
densities will decrease fast due to de-excitation by collisions with electrons, but also
with N(*S) atoms, and Ny molecules. This also applies to meta-stable N atoms pro-
duced in the expansion by dissociative recombination of Nj with electrons, which
density is determined by the ionization degree of the plasma. This results in a total
density of around 1% for the meta-stable atoms in the plasma beam. Furthermore,
also in this experimental situation, the density of N3(A3%}) molecules is too low to
be significant for the plasma chemistry. Thus also in this case we disregard reactions
involving meta-stable atoms and molecules and thus the main chemistry is initiated
by N(*S) atoms and N* ions. As in Ar/N;, plasmas, Ny molecules are formed by
plasma-surface interactions. Also in this type of plasma, the N* ion flow increases
approximately linear with the plasma current for a constant flow through the source

(31].
ad. d)

In the fourth experiment, the same plasma as described under ad. a) was used. How-
ever, instead of N/O2 mixtures, NO was injected in the background of the plasma
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vessel.

In all four experiments nitrogen and/or oxygen or nitric oxide, are admixed to the
plasma Dy injection in the background of the process chamber, i.e. into the re-
circulation flow in the chamber. Oxygen-containing gases need to be injected down-
stream, since injection into the arc would damage the plasma source. These molecules,
together with molecules generated in the plasma, form the basis of influx in the ex-
panding plasma beam. It has been established that diffusion inwards occurs not only
in the subsonic region, but also already in the supersonic region if the flow is rarefied
at low pressure [39, 40]. As a result, the gas mixture in the re-circulating flow in the
periphery of the chamber is mixed into the forward plasma beam emanating from
the source. Thus the molecules injected in the background are to a large extend dis-
sociated. If the injected flow is equal or lower then the ion flow from the source, the
injected flow can be completely dissociated.

In plasmas containing N3, O3 or NO the following charge transfer reactions may

occur:
Art + Ny — Ar + NJ Er~2x107 0 mds™!, [34]  (6.4)
Art + 0y — Ar+0OF k10" m3s™t 34  (6:5)
N+t + Ny — N+ NJ k~10"1m3s™! [35]  (6.6)
N+t 4+ 0y — N+ OF E=28x10"1m3s7!,  [41] (6.
Nt 40y — NO+ 4+ 0 E=25x10""%m3s™!  [41] (6.8)
Art + NO — Ar + NO* E=27x10""%m3s™!.  [42] (6.9)

Dissociative recombination reactions:

0f +e— 0+0, (6.10)
Ni +e— N+N, (6.11)
NOT +e — N+ 0. (6.12)

Dissociative recombination reactions typically have a rate constant of 1 x 10~ 3/7,

m3 3

s~! [36], which gives a rate of 2 x 107 m?® s~! for an electron temperature
around 7, = 0.3 eV. Note that the reaction rates of dissociative recombination are or-
ders of magnitude higher than those for charge-transfer reactions. Therefore charge-
transfer reactions involving the molecular ions OF and NO* are neglected, since
both ions have a very short lifetime due to the fast dissociative recombination reac-

tions (ne/nq > 5 % 1072 [33))
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The production of molecules out of atomic or molecular radicals in the volume by
three particle reactions can be excluded, since these reactions are too slow to lead to
any significant production under our low-pressure conditions. Note that the transit
time, relevant for “forward” kinetics, is short (< 1 ms), whereas the residence time,
relevant to the background kinetics, is relatively long (0.1 — 1 s). Even then at the
relevant pressures (mostly < 300 Pa) the particle association of two radicals in a
three body reaction is improbable. Instead the formation of molecules at the surface
is much more likely; the surface acts as the third body in this case. This means
that most of the (atomic) radicals will arrive at the surface at which they will adsorb.
At the surface, new molecules can be generated via heterogeneous reactions which

subsequently desorb:

N+N-— N, (6.13)
O0+0— 0y (6.14)
N+0 — NO (6.15)

This process is called plasma-activated catalysis, because a plasma acts as catalyst to
produce the radicals for the molecule production [43].

We note that the injected or produced molecules in the plasma may undergo
reactions with atomic N in the re-circulating flows background of the plasma vessel
leading to more radicals and direct production NO [23]:

T —3150
N+0O; —O+NO k=32x 10_18ﬁexp( 7 ym?s~!, (6.16)
or to the loss of NO [23]:
N+NO — No(X,v~3,4)+0 k=1x10"¥7"° m?s~1. (6.17)

The O atom produced in these reactions can be adsorbed at the surface, which can

lead to a second NO molecule

6.2.3 Diagnostics
Mass spectrometry

The concentrations of the stable species present in the background of the plasma,
NO, N; and Og, were determined with mass spectrometry. The setup was equipped
with a quadrupole mass spectrometer (Balzers QMS 421C) on top of the reactor with

a secondary electron multiplier (SEM) as detector. The mass spectrometer unit was
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pumped to a pressure in the range of 10 ~° to 10~ mbar with two vacuum pumps in
series, a turbo pump (Balzers TPU 180H, 180 litre/s) and a rotary vane pump (Ed-
wards RV3, 3 m?/h). The mass spectra were measured by sampling the gas through
a controlled all-metal regulating valve (UDV o35), while the operating pressure in
the mass spectrometer unit was in the 10~% mbar range depending on the chamber
pressure.

Absolute concentrations of the stable gas species N2, O2 and NO were obtained
by calibrating the mass spectrometer signals by injecting the relevant gases into the
plasma chamber at various known pressures in the absence of a plasma to avoid con-
version of the gases. The sensitivity for N2O and NO gas was insufficient to detect
them. Also from the results of experiments with infrared tunable diode laser absorp-
tion spectroscopy (TDLAS) in combination with mass spectrometry, we concluded
that NoO and NO, were only minor species in the plasma. The N,O concentration
was below 5% of the NO concentration, except at low (< 10%) O4 percentages, for
which almost no NO was observed and still a significant amount of N3O was de-
tected. The NOs concentration was always below 1% of the NO concentration.

Phase-shift cavity ring-down spectroscopy

In Ar-NO plasmas, the density and temperature of generated O, were also deter-
mined with the phase-shift cavity ring-down technique. The technique and setup are
described in Chapter 2. The measurements were performed on the PP(1s5,15) transi-
tion of the blZ;(u’ =0) « X3Zg_(u” = 0) band of molecular oxygen at 13068.08
cm~!. As mentioned in Chapter 2, a modulation of several times the free spectral
range (FSR) was introduced on the grating of the external cavity of the diode laser to
enhance the sensitivity of the technique. This modulation introduced a broadening
on the absorption spectra. This does not influence the determination of the densi-
ties, which is based on the integral absorption (assuming no saturation). However,
for the determination of the width of the absorption spectra it is necessary to lower
the amplitude of the modulation to about one FSR, at the cost of sensitivity. For the
density determination of the produced O2 in Ar-NO plasmas, the highest sensitivity
was required and the large modulation was used.

So, to determine the temperature of the Oz molecules, the broadening due to
the modulation had to be known. Therefore, the vessel was filled with 25 Pa of O
at a temperature of 293 K. The lock-in amplifier was set to an integration time of

200 milliseconds. From the baseline of the spectrum, i.e. ¢, a ring-down time of 8
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Figure 6.2: A phase-shift cavity ring-down measurement of O in an Ar—NO plasma
for the ¥ P(15, 15) transition of the b' 2] (' = 0) «X*%; (v = 0) band of molec-
ular oxygen. The plasma was created with 6 slm Ar applied through the arc at an
arc current of 7o A with 1.8 slm NO injected into the background. The background

pressure was 410 Pa.

us was determined. The recorded absorption lines had a Gaussian spectral profile.
This means that the experimentally observed line-width Av is a convolution of two

Gaussian profiles and is given by:
AV? = Av} + Avg, (6.18)

where Avp is the Doppler width and Avp the width of the modulation broadening.
AtT =293 K, Avp = 0.028 cm ™!, which gives Avg = 0.081 cm™!.

In Fig. 6.2, a typical PSCRD measurement in an Ar-NO plasma is shown. An
argon plasma was created with 6 slm argon applied through the arc, and 1.8 slm
NO was admixed into the background of the vessel. The arc current was set at 7o
A and the pressure was 410 Pa. In this case, Av = 0.088 cm~!; using Eq. 6.18
gives a temperature of 400 K. The Oz density determined was 7.21 x 10*! m~3.
From measurements on various Ar-NO plasma conditions, the O, densities mea-
sured with mass spectrometry were within 10% of the values obtained with PSCRD
spectroscopy, therewith validating the absoluteness of the measured densities de-
termined by mass spectrometry. Furthermore, an average temperature for the Oq
molecules of 420 4+ 20 K was determined. The temperature indicates that the de-
tected Oy was present in the background of the plasma reactor, since molecules in
the plasma beam would have a temperature of around 1500 K [44, 45]. This was also
to be expected, since Oz molecules are most likely produced at the wall, so in the

background of the plasma.
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6.3 Results and discussion

The conversion of the molecules is expressed as a so-called reduced molar fraction,
which is the ratio of measured values only, i.e. the ratio between measured produced
molecules under investigation and the measured total number of N and O containing
molecules present in the plasma. The term "reduced molar fraction" expresses the
fact that the molar fractions are calculated with regard to N and O containing gases
only, so excluding the argon gas. The advantage of using a reduced molar fraction is
that for the calibration of the mass spectrometer signals, we can use ratios of calibra-
tion factors, even if differences in the detection system occur, which would lead to a
different absolute calibration. It proved that the ratio of the sum of measured den-
sities and the sum of the filling densities of molecules, ([N2] + [O2] + [NO])»/([N2]
+ [O2] + [NO]) y was measured to be around one, showing that this procedure gives
accurate results. Also in the case of NO conversion to Ny and O it proved that [Ng]
~ [O3], indicating again that the mass balance before and after conversion of the
precursors was held. The reduced NO molar fraction is defined as:

[NOJ
) 6.
(INOJ + [02] + [Na)) (619)
and the reduced O5 and Ny molar fraction is defined as:
[02] + [No] (6.20)

([NOJ + [O2] + [N2])

Thus in fact, this reduced molar fraction is equal to the conversion efficiency. The
obtained results using these conversion factors could be reproduced within a 5%

error margin while measurements were taken over a one month period.

6.3.1 Ar plasma with N, and O, injected in the background

In the first experimental situation, an argon plasma was created with 3 slm argon
applied through the arc, and oxygen and nitrogen were admixed into the background
of the vessel. The arc current was set at 7o A. The N2 and Oz molecules are partially
dissociated to N and O atoms by charge-transfer reactions between Ar™ and N, and
O3 reactions (6.4) and (6.5), followed by dissociative recombination of the molecular
ions, reactions (6.11) and (6.10). The rate coefficients of the reactions differ a factor
two, so the amount of N and O atoms formed depends on the injected ratio according
tony/no = 2nn,/no,. The reduced NO molar fraction as a function of the injected

O, flow downstream, for a constant flow of 2 slm Ny injected into the background
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Figure 6.3: Reduced NO molar fraction as
a function of the O2 flow injected in the
background. The plasma was created with
3 slm argon applied through the arc and
with an arc current of 70 A, and a con-
stant flow of 2 slm nitrogen was injected

in the background. The background pres-
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Figure 6.4: Reduced NO molar fraction as
a function of the pressure. The plasma
was created with 3 slm argon applied
through the arc and with an arc current
of 70 A. A constant flow of 1.1 slm nitro-
gen and 1.8 slm oxygen was injected in the

background.

sure was kept constant at 100 Pa.

is depicted in Fig. 6.3. The pressure in the vessel was kept constant at 100 Pa.
The measured reduced NO molar fraction increased with increasing O flow and
saturated at around 5% for O3 flow higher than ~ 1 slm. Furthermore, it seems thata
threshold in the NO production is present for small O, flows. This is clearly different
to the experiments in which ammonia was generated from mixtures nitrogen and
hydrogen in which such a threshold was not observed (see Chapter 4).

One could argue that NO is formed via reaction (6.16) in the background of the
plasma, where the residence time is approximately 0.3 seconds. The amount of NO
produced in the gas phase can be estimated by taking into account the production of
NO via reaction (6.16) and its destruction via reaction (6.17):

dnyo
dt

(6.21)

=nny-no2-kn—0, =N -nNO - kKN—NO-

Assuming a temperature of 1000 K, an integration time equal to the lifetime of N
atoms, 7y, of 50 ms [46], and ny is at maximum 1.1 x 102! m~3 (at the lowest oxygen
flow), this results in a NO density which is less than 1% of the measured NO density.
This shows that in argon plasmas with N3 and Og injected in the background, NO is
not produced in the gas phase, but has to be formed by the association of N and O
radicals at the surface.
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At relative O4 flow rates smaller then o.1, almost no NO was observed. This kind
of threshold could be due to the destruction of NO by reactions between NO and N
atoms, reaction (6.17). However, under these conditions also other molecules can be
formed, i.e. N2O, from which NO is produced when the O flow increases. Measure-
ments performed using tunable diode laser absorption spectroscopy (see Chapter 7),
showed that this threshold in NO production is indeed related to the generation of
N2O. The N2O molecules cannot be produced in the gas-phase in our low-pressure
experiments. N2O is most probably formed by the association of N radicals and NO

adsorbed at the surface of the reactor walls:
N + NO,qs —> N,0. (6.22)

At higher O5 flows, a transition from N,O generation to NO generation is observed.
As the Oy flow increases, NO can be produced in the gas phase by the reaction be-
tween N, O and O radicals.

Under maximum NO production conditions, i.e. 1.8 slm O injected in the back-
ground, the reduced NO molar fraction was measured as a function of the pressure
in the vessel (Fig. 6.4). The reduced NO molar fraction proved to be independent
of pressure as is expected due to the remote nature of the plasma. Namely, the Ar™
ion flow is only dependent on the cascaded arc plasma source parameters and thus
remains constant, when the pressure in the vessel is changed. Thus also the amount
of N and O atoms, and the amount of produced NO is constant, but the residence
time of NO in the vessel increases with increasing pressure, i.e. nyo « 7. And
since 7 is linearly dependent on the pressure in the vessel, the NO density should
also increase linearly with increasing pressure. The same reasoning holds for the Ny
and O; production from N and O radicals via N respectively O surface association of
two radicals at the reactor wall. Furthermore, the N atoms in the plasma background
have a lifetime time of typically only 10 — 50 ms (typically a factor 40 shorter than
for NO molecules). As a result, the destruction of NO by N radicals is almost pres-
sure independent. This means that the reduced molar fractions as calculated with
Eq. 6.19 and Eq. 6.20, would be independent of the pressure. A similar behavior is
found for Ny and Os molecules, which leads to the conclusion that NO, Ny and O
are mainly produced at the vessel wall.

In the final experiment, the reduced NO molar fraction was measured on a sim-
ilar plasma reactor, with only a slightly different geometry. An argon plasma was
created with 3 slm argon applied through the arc and the arc current was set at 75

A. Simultaneously Ny and Oy were injected in the background with a total flow of
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Figure 6.5: Reduced NO molar fraction as a function of the relative oxygen flow to the
total N2 and O, flow rate at a pressure of 20 Pa and 100 Pa. The plasma was created
with 3 slm argon applied through the arc at an arc current of 75 A. Simultaneously

N3 and O3 were injected in the background with a total flow of 1.8 slm.

1.8 slm. The reduced NO molar fraction as a function of the relative oxygen flow
rate to the total Ny plus Oy flow rate is plotted in Fig. 6.5 at a pressure of 20 Pa
and 100 Pa. The reduced NO molar fraction for both pressures is the same within
the accuracy of the mass spectrometer measurements, which is in agreement with
the measurements presented above, from which we concluded that the reduced NO
molar fraction is independent of pressure. The maximum in NO production is ob-
served for a relative oxygen flow of 0.6. This slight shift to higher O flows is caused
by a lower rate coefficient for the charge-transfer reaction of Ar* with O, (reaction
(6.5)), so that more Og than Ny has to be injected to have equal amounts of O and
N radicals. Similar trends in mixtures of oxygen and nitrogen were also observed by
others in for example a dc glow discharge [7] and rf plasmas [8].

In conclusion, the maximum of the reduced NO molar fraction is around 5%.
The gas composition of the plasma consists of ~ 5% NO and ~ 95% N3 and Os. The
gas composition at small O flows will be further investigated in Chapter 7.

6.3.2 Ar/N, plasma with O, injected in the background

In the second experimental situation, the plasma source was operated on a mixture of

argon and nitrogen with oxygen injected in the background of the plasma vessel. The

127



6. Resemblance in gas composition 6.3. Results and discussion

0.04 0.06 T T T
. 005} I R
—~, 003 . ~
d Z .04} A 1
+ + g
~0.02} 1 > =
o O o003} -
+ + |
2 oot} L 1 2 ooz} 1
= < P
o o N ]
S ool @® & | S ootp
0.0 0.2 04 06 08 1.0 1.2 1.4 1.6 1.8 2.0 000 20 20 50 80
O, flow (slm) Arc current (A)

Figure 6.6: Reduced NO molar fraction Figure 6.7: Reduced NO molar fraction as
as a function of the Oy flow injected in  a function of the current through the arc.
the background. The plasma was created The plasma was created with 2 slm argon

with 2 slm argon and 1.1 slm N3 applied and 1.1 slm N3 applied through the arc and

through the arc at an arc current of 50 A. 1.8 slm O injected in the background.
The background pressure was kept con- The background pressure was kept con-
stant at 100 Pa. stant at 100 Pa.

plasma was created with 2 slm argon and 1.1 slm nitrogen applied through the arc at
an arc current of 50 A. The pressure was kept constant at 1oo Pa. The dissociation
of Ny through the arc is expected to be close to 100%. The injected O, and the Ny
molecules formed at the wall are partially dissociated to N and O atoms by reactions
(6.4) — (6.12). The difference with the situation in Sec. 6.3.1 is that now more N
atoms are present in the plasma. The reduced NO molar fraction as a function of
the injected O4 flow increased with increasing O flow with a sharp increase in NO
production for O flows > o.55 slm (Fig. 6.6). For oxygen flows below this value, we
know from other experiments that N, O is formed, via reaction (6.22). The threshold
in reduced NO molar fraction in more pronounced then in a pure argon plasm. Now,
more O has to injected to initiate the transition from N3O to NO generation on the
surface. Furthermore, at low O, flows, the produced NO can efficiently be destroyed
by reactions with N atoms in the gas phase, reaction (6.17). At higher flows, the
NO destruction is compensated by more NO production, leading to an increase in
measured NO molar fraction.

However, the amount of N* ions from the plasma source responsible for the pro-
duction of O radicals can only explain about 40% of the observed NO. This suggest
that NO may be formed by the reaction of N with Oy molecules (reaction 6.16). In

the expansion, the transit time is too short, even if it is assumed that the activation
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energy in the supersonic part of the expansion can be overcome by the high energy
of the N radicals from the plasma source. NO can be formed via reaction (6.16) in
the background of the plasma, where the lifetime of the N atoms is approximately
10 ms [46]. This is a different value than used in the previous section as the lifetime
is related to the residence time of stable gases in the reactor (275 /7Tres & nn/nnN,),
which is determined by the plasma conditions. The amount of NO produced in the
gas phase can be estimated by taking into account the production of NO via reaction
(6.16) and its destruction via reaction (6.17) using Eq. 6.21. Using a N atom density
in the background of 1 x 10%° and a temperature of 1000 K in the reaction constants,
the NO density produced via this channel for an O, flow of 1.8 slm is at maximum
about 30% of the measured NO density. At lower O, flows, the residence of the N
atoms increases and thus then more NO can be formed in the gas phase, up to 70%.

This implies that NO is partly also produced through another reaction mecha-
nism. In the production process in the gas phase as described above, two N atom are
used to produce two O radicals. The O radicals will not react in the gas phase and
will arrive at the surface, where also part of the N atoms will stick. There then NO
can be produced by association of N and O radicals and subsequently desorption of
NO.

At the condition of maximum NO production, i.e. 1.8 slm O3 injected in the back-
ground, the reduced NO molar fraction was measured as a function of the current
through the arc. The NO production had a linear dependence on the arc current as
shown in Fig. 6.7. This indicates that the NO production is related to the flow of
reactive particles emanating from the plasma source, since the ion flow and most
probably also the N flow increases linear with arc current. At higher currents, there
are more ions and atoms present which can dissociate Oz and Ny molecules. The
increased atom and ion flow, will thus lead to a linear increase in the NO production
in the gas phase as well as of O radicals. So, the NO production partly via wall as-
sociation, reaction (6.15), will increase linearly with arc current. We note that since
only Ng, Oz and NO are present in the plasma, the denominator of Eq. 6.19 stays
constant while the arc current increases. Since the NO production increases linearly
with arc current, this results in the observed trend for the reduced molar fraction in
Fig. 6.7.

At the same condition, i.e. 1.8 slm O; injected in the background, the reduced
NO molar fraction was measured as a function of the pressure in the vessel Fig.
6.8. The NO production was proved again to be independent of pressure; only at

pressures above 100 Pa a slight increase could be observed. The NO production was
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Figure 6.8: Reduced NO molar fraction as
a function of the pressure. The plasma
was created with 2 slm argon and 1.1 slm
N2 applied through the arc at an arc cur-
rent of 50 A and 1.8 slm Oy injected in the
background.
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Figure 6.9: Reduced NO molar fraction as
a function of the Oz flow injected in the
background. The plasma was created with
2 slm argon and a varying N flow applied
through the arc at an arc current of 50 A.
A total flow of N3 and O3 of 1.5 slm, except

for pure oxygen. The background pressure

was kept constant at 100 Pa.

also measured for mixtures of Ny and O with a total flow of 1.5 slm, except for pure
oxygen. The reduced NO molar fraction plotted as function of the injected Oz flow
in Fig. 6.9, had now a maximum at approximately 1.25 slm Oz and 0.25 slm No.
From Fig. 6.9 it can be concluded that the NO production increases with a higher
ratio of Oy to Ng. The optimum NO production appeared to be at [O3]/[N2] = 5.
This could indicate that at that ratio the NO production is at its maximum whereas
the NO destruction via reaction (6.17) is at its minimum. At higher ratios, when the
reduced NO molar fraction was measured to decrease, its production is limited by
the amount of available N atoms, which is decreasing.

6.3.3 N, plasma with O, injected in the background

In the third experimental situation, the plasma was created with 1.1 slm nitrogen
applied through the arc and oxygen injected in the background. The reduced NO
molar fraction as a function of the injected O flow in the background was measured
for two arc currents, I = 50 A and I = 70 A (Fig. 6.10). The pressure was kept
constant at 100 Pa. As in the previous plasma, a dissociation degree of N5 in the
arc is expected to be 50 — 100%. The injected O and formed Ny molecules are
partially dissociated to N and O molecules by reactions (6.6) — (6.12). The reduced
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Figure 6.10: Reduced NO molar fraction Figure 6.1: Reduced NO molar frac-
as a function of the O3 flow injected in the tion as a function of the pressure. The
background for two arc currents, I = 50 plasma was created with 1.1 slm Ny ap-
A and I = 70 A. The plasma was created plied through the arc at an arc current of
with 1.1 slm Ny applied through the arc. 50 A and 1.8 slm O3 injected in the back-
The background pressure was kept con- ground.

stant at 100 Pa.

NO molar fraction increases with increasing O, flow (Fig. 6.10). Also in this plasma,
the amount of N7 ions is by far not enough to explain the amount of O radicals

needed to produce the observed NO by association of N and O at the surface.

This indicates that also in this plasma the reaction between N atoms and O,
molecules leading to NO production has to be important (reaction 6.16). In the ex-
pansion, the transit time is too short, even if it is assumed that the activation energy
in the supersonic part of the expansion can be overcome by the high energy of the N
radicals from the plasma source. NO can be formed via reaction (6.16) in the back-
ground of the plasma, where the lifetime of the N atoms is approximately 20 ms [406].
The amount of NO produced in the gas phase can be estimated by taking into account
the production of NO via reaction (6.16) and its destruction via reaction (6.17) using
Eq. 6.21. Using a N atom density in the background of 3 x 10%° m~3 as previously
determined [33], and a temperature of 1000 K in the reaction constants, the NO den-
sity produced via this channel for an O, flow of 1.8 slm is at maximum about 20% of
the measured NO density. At lower O5 flows, the residence of the N atoms increases
and thus then more NO can be formed in the gas phase, up to 100%. Thus also here
part of the NO is produced at the wall by the association of N and O atoms. The NO
production via this way is of course also counteracted by the destruction of NO, until

enough O is injected to create a stable situation in the NO production, as observed
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in Fig. 6.10. Except at the lowest O, flow, there is a factor 1.5 between the reduced
NO molar fractions for the two currents, which is caused by the increase by a factor
1.5 in the ionization degree of the N3 plasma [31]. At an O flow of 0.3 slm, there is a
similar threshold as observed in the two previous cases.

At the condition in which 1.8 slm O is injected in the background, the reduced
NO molar fraction was measured as a function of the pressure in the vessel (Fig.
6.11). The NO production increased with increasing pressure. One can calculate us-
ing Eq. 6.21, that the contribution of the NO that can be produced in the gas phase via
the combination of the reactions (6.16) and (6.17) to the reduced NO molar fraction
is constant for all pressures, i.e a reduced NO molar fraction of approximately o.o1.
However, since at higher pressures more O is present and thus more NO can be
produced and is destroyed again, this means that the amount of O formed increases.
And thus also the amount of NO that can be produced at the surface by association
of N and O atoms.

6.3.4 Ar plasma with NO injected in the background

In the fourth experimental situation, an argon plasma was created with 3 slm argon
applied through the arc, and nitric oxide was admixed into the background of the
vessel. The arc current was set at 70 A. The NO molecules are partially dissociated
to N and O atoms by charge-transfer reactions between Ar* ions and NO molecules,
reaction (6.9), followed by dissociative recombination of the molecular ion, reac-
tion (6.12). We note that NO is probably completely dissociated when the injected
molecule flow was equal or lower than the ion flow from the source, i.e. NO flow <
0.45 slm. The reduced Oz + Ny molar fraction as a function of the injected NO is
plotted in Fig. 6.12 as measured at a pressure in the vessel of 100 Pa. Up to 92%
conversion of NO to N, and O was observed, if the NO flow was below the Art flow
emitted by the plasma source. With further increasing NO flow the measured re-
duced O2 + Ny molar fraction decreased. This is because at a NO flow is higher than
the Ar™ flow, adding more NO does not lead to more dissociation of NO. Then the
numerator of Eq. 6.20 does not change anymore, but the denominator of Eq. 6.20
increases as more NO is added, which results in a decreasing reduced Os + Ny molar
fraction. We note that thus when more NO was added, still 92% of the dissociated
NO was converted into Ny and O».

As we have seen in section 6.3.1, also in plasmas containing Ny and O2 with a

total flow below the Ar™ ion flow, only a small amount of NO was observed, up to
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Figure 6.12: Reduced Oz and N> molar
fraction as a function of the NO flow. The
plasma was created with 3 slm Ar applied
through the arc at an arc current of 7o A.
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Figure 6.13: Reduced O» and Nz molar
fraction as a function of the arc current for
three different NO flows. The plasma was
created with 3 slm Ar applied through the
arc at a constant background pressure of
100 Pa.

8%. Thus, the two types of plasmas show a strong resemblance in the final resulting
gas composition, i.e. = 8% NO and ~ 92% Nj and O present in the plasma, al-
though the starting conditions are completely different. We note that since the flows
in these experiments are such that all the injected or produced NO or N5 and O, are
dissociated, the measured NO in both cases has to be produced in the same way. It
points to the observation that for high dissociating conditions not only the injected
gases have to be considered in the chemistry, but also the produced molecules.

The reduced Os + Ny molar fraction was measured as a function of the current
applied through the arc for three different NO flows. The reduced O3 + Ny molar
fraction increased approximately linear with increasing arc current as plotted in Fig.
6.13. Up to 85% conversion of NO to Ny and O3 was observed. This indicates that
the Oz and Ny production is related with the ion flow emanating from the plasma
source, since the ion flow and thus the O and N production increases linearly with
arc current. So the NO destruction as well as the Oy and N production out of N and
O radicals increases linearly with current in the same way, resulting in the observed
behavior of the reduced Os and No molar fractions as function of the arc current.
Note that the denominator of Eq. 6.20 is constant since two NO molecules will give
one Ny and one Oy molecule.

At the condition of 0.94 slm NO injected, the reduced O + Ny molar fraction

was measured to be independent of pressure in the vessel (Fig. 6.14). This indicates

133



6. Resemblance in gas composition 6.4. Conclusions

0.8

ool i o8 0B

04}

0.2F

(0, +N,)/(NO + O, +N,)

00 1 1 1 1 1
0 50 100 150 200 250 300

Pressure (Pa)
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that the process of NO destruction and Oz and Nj formation is ion-chemistry initi-
ated. The NO molecules are dissociated by charge-transfer reactions between Ar™
and NO followed by dissociative recombination of the molecular ion, leading to O
and N atoms. Since the Ar™ ion flow is only dependent on the cascaded arc source
parameters, the Ar™ flow is independent of pressure, i.e. the amount of N and O
atoms produced is independent of pressure. If reactions related to NO, Oz and N,
formation are linearly dependent on pressure, the conversion factor calculated with
Eq. 6.20 will be independent of pressure as observed in Fig. 6.14.

6.4 Conclusions

We measured the steady state gas composition of plasmas produced from Ar/N3/Oq
mixtures and Ar/NO mixtures with quantitative mass spectrometry. In plasmas con-
taining mixtures of nitrogen and oxygen a significant amount of nitric oxide (NO)
was formed, i.e. up to 5% of the background gas was NO. Remarkable is that on
average 5% NO was formed in three different types of plasma, i.e. (a) Ar plasma to
which mixtures of Np and O are added; (b) Ar/N; plasma to which O, is added; (c)
N, plasma to which O is added. In the inverse experiment, NO admixed to Ar plas-
mas, up to 92% of the NO was converted into Ny and Oo,if the NO flow was equal or
lower than the ion flow from the source.

So, in the NO-high depletion case, the situation is dynamically similar to the
experiment in which Ny and O are injected into an argon plasma: in both cases
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NO molecules are the minority species and N3 and O2 the majority species. Appat-
ently, in both cases there is enough fragmentation and association of radicals to new
molecules (for NO injection, mainly N3 and Oz molecules), or back to the original
molecules (for N»-Oq injection). Thus the end situation is the same, if substantial

dissociation can be reached in the residence time of the gases in the plasma.

We concluded from the results that in first order the N3 /O3 system produces and
reproduces N3 and O, which are the most thermodynamically bonded molecules. In
our low T, plasmas, the molecules are mostly generated in wall association processes
but also by gas phase reactions between N atoms and Oy molecules leading to NO.
It appears from the results, that the two types of plasmas show a strong resemblance
in final gas composition, i.e. ~ 5% NO and ~ 95% N and O present in the plasma,
although the starting conditions are completely different. This preference for Ny and
O3 production is in accordance with a picture that molecules are formed by surface
processes determined by binding energies.
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Chapter 7

Mechanisms of molecule

formation in Ar/Ny/O9 plasmas

Abstract

The mechanisms of molecule formation in expanding plasmas containing mix-
tures of nitrogen and oxygen were investigated using time-resolved tunable diode
laser absorption spectroscopy. In these plasmas fluxes of atomic N and O radicals are
created, leading to the formation of NO and N, O, but also NO3 molecules, produced
to a large extend in surface processes. At low relative O flows (between 5 and 15%),
a transition from N3O generation to NO generation is observed. We show that when
the nitrogen or oxygen flow is stopped, the generation of NO and NoO molecules
is still observed on time-scales much longer than the residence time of the gases in
the plasma reactor. From this observation, we conclude that mainly NO and N are

present at the surface and stored in the metal wall.
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7.1 Introduction

The generation of NO and N>O is observed in expanding plasmas containing mix-
tures of nitrogen and oxygen (Chapter 6). We showed that by using an atomic ni-
trogen and oxygen source by dissociation of Ny, Oz or NO precursors that N3, Oq
and NO molecules are (re-)formed. From various experimental studies on dc, mi-
crowave and rf discharges in No—O5 at low pressures [1—4] and theoretical studies [5—
9], the main reactions concerning the production of NO, N2O, and NO3 molecules
have been determined. It was found that in these active plasmas reactions involving
atoms and molecules in excited or meta-stable states, e.g. Ny(X,v > 12), Na(A),
N(?D), N(P) and O(!D), are the key processes leading to these molecules. Further-
more, also plasma-surface processes, especially the wall processes of N and O atoms,
could play a role in the observed NO densities [10-12].

Most of the experiments on Ny—O5 plasmas have been performed in non-equili-
brium active plasmas, in which a large number of processes has to be taken into
account: electron kinetics, vibrational kinetics, chemical kinetics for a large number
of species and surface processes. We studied passive recombining plasmas in which
the electron temperature is only around 0.3 €V and therefore dissociation and excita-
tion by electrons can be neglected at these temperatures [13]. It will be discussed in
the next section that the densities of meta-stable atoms and molecules are too low to
be responsible for the observed NO density in the current experiments.

In our low-pressure plasmas, the NO, N3O and NO3 molecules will primarily be
formed in wall association processes of N and O radicals, possibly in combination
with subsequent gas phase reactions, i.e. NO maybe formed by gas phase reactions
out of N2O and NOs, both formed at the surface. Also other studies performed on
N3—-0Os plasmas showed that the densities of the molecules and radicals present in
the plasma are directly related to processes at the surface [10-12]. The evolution of
the time decay as function of the “history” of the surface has been studied mainly in

O plasmas, e.g. [14, 15] and a few studies have been done in No-O- afterglows [10].

Here, we present results on a more detailed study of the NO and N,O genera-
tion in expanding thermal plasmas containing mixtures of nitrogen and oxygen, in
which the oxygen percentage was varied from o — 100%. Furthermore, to charac-
terize the surface coverage of the reactor wall in our experiments, we monitored the
time-behavior of the densities of the NO and NyO molecules after switching off the
N or O, flow into the plasma reactor. The densities were determined using high

time-resolution tunable diode laser absorption spectroscopy (TDLAS).
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Here, the TDLAS measurements were performed with the compact and trans-
portable infrared multi-component acquisition (IRMA) system based on infrared ab-
sorption spectroscopy developed at the INP-Institute in Greifswald in Germany [17].
Absorption spectroscopy with the IRMA system has been performed previously to
measure for example, the effect of combining plasma and photocatalyst for VOC re-
moval in a low-pressure pulsed discharge in dry synthetic air [18], the line strength
and transition dipole moment of the v, fundamental band of the methyl radical [19],
to study the composition of plasmas containing hydrocarbons [20-22], to investigate
the gas composition of Ho—Ar—Ny microwave plasmas containing methane [23] and
to detect neutral species in a low-pressure plasma containing boron and hydrogen
[24]-

The TDLAS technique has several advantages. Firstly, the lead salt diode lasers in
the spectral region between 3 and 20 um have a very high spectral resolution of about
10~* cm~!. Secondly, the transitions in molecules and radicals in the IR region,
especially in the fundamental bands, have large transition probabilities. Thirdly, the
measured absorptions can easily be calibrated. And finally, the TDLAS technique is
very suitable for time-resolved measurements [17, 25].

In this chapter, we will first describe the basics of the expanding recombining
plasmas and the primary chemistry (Sec. 7.2.1). Next, in Sec. 7.2.2, the experimental
details of the tunable diode laser absorption technique used to measure the NO and
N2O molecules will be outlined. In the results section (Sec. 7.3), the measured
NO and N, O densities will be discussed and time resolved measurements on these
molecules, when the nitrogen or oxygen flow into the system is stopped, will be
presented. Also a simple model to explain the observed densities will be proposed.

In the last section the conclusions are presented.

7.2 Experiment details

7.2.1 Expanding thermal plasma setup

We present measurements of the densities of NO and N;O produced in a plasma
reactor in which a recombining plasma expanded generated from mixtures of argon,
nitrogen and oxygen. Atomic N and O radicals were created with the expanding
thermal plasma (ETP) technique [26]. In this remote technique, a high-density argon
or nitrogen plasma is created in a high-pressure cascaded arc plasma source and the

plasma processes take place downstream at lower pressure. In the DC cascaded arc
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plasma source a high-pressure (typically 400 kPa) plasma is created in a channel with
a diameter of 4 mm and a total length of 30 mm formed by 5 water-cooled insulated
copper plates. The cascaded plates are at floating potential and the last plate acts
as the common anode for the plasma. A dc current of Go A is drawn in flowing
argon or nitrogen gas from the three cathodes concentrically placed around one end
of the channel to the grounded anode plate, producing the plasma. In the case of
an expanding argon plasma, the plasma source emanates a partially ionized (12%)
argon flow. The plasma expands supersonically through a conically shaped nozzle
into a low-pressure vessel (typically 20 Pa), and after a stationary shock, expands
subsonically towards the other end of the process chamber. The wall of the process
chamber are made of stainless steel. In the expansion, the plasma is recombining
as there is no power coupled into the plasma anymore. The downstream electron
temperature decreases to 0.1 — 0.3 V.

The plasma source was operated in two different ways. In the first one the arc
source was operated on argon gas. In that case, the Ar* ions in the flow form the
primary enthalpy reservoir. The meta-stable argon density is directly linked to the
ion density, but a factor of 10 lower than the argon ion density [27] and we neglect
the contribution of these states to the plasma chemistry. By charge transfer of ar-
gon ions with No and O3 molecules injected downstream, followed by dissociative

recombination, atomic radicals are produced [28, 29]:

Art + Ny — Ar+NJ ka~2x107m?st, (7.1)
Art + 0y — Ar+4 03 ka~10"10m3s 1, (7-2)
N +e — N(8) + N* (7:3)
0f +e— O(3P) + O* (7-4)

The dissociative recombination reactions typically have a rate constant of 10713/ VT.
m? s~! [30], which gives a rate of 2 x 10713 m?® s~! for an electron temperature
of about 7, = 0.3 eV. Meta-stable atoms, N*(®P, 2D) and O*('D, 'S) are produced
by dissociative recombination of the molecular ions [31, 32]. However, these excited
atoms will quickly be de-excited by collisions with electrons (k. ~ 10713 m?3 s~1) [33],
and with atoms and molecules present in the plasma (rate constant of 4.1 x 1017
m® s~ [34]).

In Chapter 4, it was shown that by increasing the amount of radicals in the
plasma and thus flux to the surface, the production efficiency of ammonia increased.
Therefore, we also optimized the nitrogen dissociation by operating the plasma source

on nitrogen gas. Oz could not be applied through the plasma source, since injection
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into the arc would damage the plasma source. In the second experimental series,
nitrogen gas was injected in the arc; in that case the primary enthalpy was carried
in mainly nitrogen atoms and by nitrogen atomic ions. In a pure nitrogen plasma,
the dissociation degree of N in the arc is expected to be around 35% at high cur-
rents, while an ionization degree of around 1 — 5% is attained [34, 35]. The densities
of the meta-stable N atoms N(?P) and N(?D) emanating from the plasma source are
expected to be in the order of 20% of the N(1S) atoms (assuming a thermal popula-
tion at a temperature of 1 eV). In the expansion, the N(®P) and N(®D) densities will
decrease fast due to de-excitation by collisions with electrons, but also with N(*S)
atoms, and Ny molecules. This also applies to meta-stable N atoms produced in the
expansion by dissociative recombination of Nj with electrons; the produced density
is limited by the ionization degree of the plasma. It results in a total density of around
1% for the meta-stable atoms in the plasma beam.

Previously, also a significant density of meta-stable N3 (A®Y ;") molecules has been
observed in expanding nitrogen plasmas [28]. These N3(A) molecules were assumed
to be produced by surface association of N atoms. This observation was made in a
low-flow, low-current nitrogen plasma with a relatively low N ion density. These
N ions are responsible for a major loss channel for N2(A) molecules, i.e. a resonant
charge transfer reaction. In the present plasma conditions more Nt ions are pro-
duced, and as a result, the No(A) molecules are efficiently lost by this reaction [36].
Therefore we assume the role of No(A) molecules to be small. A finite contribution
of excited molecules (as N2(X,v)) can however not totally excluded.

By charge-transfer with N* from the plasma source the O, injected in the back-

ground is dissociated [37]:

N* + 0y — N+0f k=28x10"10m3s !, (7:5)
N+ + 0y —s NO* + O k=25x10""0m?s ! (7-6)

followed by dissociative recombination of the molecular ion (reaction(y.4)) and [37]:
NOT +e—N+O0 k=2x10""m?s7! (7.7)

N and O radicals are produced.

In conclusion, ions are created in the plasma source and gases injected down-
stream interact with these ions, which results in atomic N and O radicals as is
schematically depicted for both experimental configurations in Fig. 7.1. Since three-
particle reactions are too slow to lead to any significant production under our low-

pressure conditions (mostly < 100 Pa), most of the radicals will arrive and finally
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Figure 7.1: Schematic representation of the expanding plasma jet for both types of
plasmas: Expanding Ar plasma to which Oz was injected in the background (left
figure); Expanding N plasma with Oz added in the background (right figure).

interact at the surface. In an argon plasma with an ionization degree of 16% at a
current of 75 A and 3000 sccm of gas flow, 4 x 10%° radicals/s are produced. With a
total surface area of about 1 m?, this gives a flux density for the radicals of 4 x 10%°
m~2 s~1. Thus within the residence time (0.4 — 1 s) many mono-layers (> 10) can

cover the surface. The same holds for nitrogen plasmas.

7.2.2 Tunable infrared diode laser absorption spectroscopy

The densities of the generated NO and N2 O molecules were measured with tunable
diode laser absorption spectroscopy (TDLAS) using the infrared multi-component
acquisition (IRMA) system [17]. Detailed descriptions of the diode laser spectrometer,
data acquisition and data processing can be found elsewhere [17, 25, 38] and here only
a brief description of the main constituents are given.

The IRMA system consists of four independent tunable lead salt diode lasers. The
narrow band laser light (line-width 10~% cm™!) of the four lasers can be multiplexed
in time. We used two different diode lasers to monitor NO and N, O. The diode lasers
were mounted in two different cold stations thermally coupled to the cold finger of
a Helium closed-cycle cryostat. The temperature of each laser could be controlled at
milli-Kelvin precision in the range between 30 and 100 K. The laser light was directed
twice through the plasma vessel by the use of a retro-reflector outside the second
quartz window to increase the path length (L = 1.65 m) and thus the sensitivity. The
light was then passed through a monochromator, to ensure single-mode laser light

to be analyzed, and then focused onto a liquid nitrogen cooled MCT detector. Both
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Table 77.1: The molecular absorption lines used for concentration measurements of NO and
N;O.
Molecule Frequency Line strength S; @ 296 K Line strength So @ 450 K

(cm™1) cm ™! /(cm ™2 molecule) cm™*/(cm ™2 molecule)
NO 1852.885 1.04 x 1072° 8.84 x 107
NO 1884.293 1.26 x 1072° 7.72 x 1072
N20O 2193.54 3.75 x 1071 4.09 x 1071
N20O 2203.733 7.90 x 1071 5.87 x 1071

are placed on the same table of the IRMA system as the diode lasers. The spectra
were recorded and analyzed by means of the TDLWintel rapid scan software. The
software provided a sophisticated sweep integration method which fits the recorded
spectra on-line. If the pressure and spectral positions of the absorption lines are
known the mole fractions of the molecules in their ground state can be obtained
with a time resolution of a few millisecond. The absorption spectrum of NO or
N2 O gas, measured in a reference cell, was used to identify the recorded absorption
lines in the plasma [39, 40]. The frequency scan of the laser was linearized with
an etalon of known free spectral range. The integrated absorption was determined
by integration over frequency of the nonlinear least-squares fit to the known spectral
line profile [17, 39]. Then the total density of absorbing species was determined using
the line strength of the measured transition (see Sec. 7.2.2). Finally, the measured
molar fraction is plotted as a function of time. As the line strength is temperature
dependent, the temperature of the species is required to determine the density of the
species. The molecular densities were determined for 7,..; = 296 K, which is the
so-called reference temperature utilized in the HITRAN database [39] from which
the molecular input parameters for the TDLWintel software were taken. The line
positions and line strengths S; (at Ty = 296 K) for the molecular absorption lines,
used for the concentration measurements of NO and NoO are given in Table 7.1. The
software package allows the simultaneous analysis of multiple absorptions as low as
10~° with signal averaging of a few seconds or as low as 10~* with time resolution
of a few milliseconds. The detection limit in our experiments of both NO and N,O

was about 2 x 1017 m—3.
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Determining densities from absorption measurements

The determination of the frequency-dependent absorption coefficient «(v) in the
tunable diode laser absorption spectroscopy measurements is based on the mea-
surement of a small change of the transmitted intensity at a certain frequency I(v)
through the absorbing medium. The absorption coefficient x(v) for a homogeneous

medium is according to Beer-Lambert law:
I(v) = Io(v) exp[=K(v)L], (7-8)

where Iy(v) is the incident intensity and L the total absorption path length. The
integrated absorption coefficient over frequency is linked to the total density of the

absorbing species NV under consideration:

Ky = /I{(I/)dl/:N/S(T)dV, (7.9)

where S(T) is the line strength of the ro-vibrational transition at temperature 7. It
should be noted that the line strength used here includes the temperature depen-
dence of the partition function and the Boltzmann relation between the total density
N and the density n,, s of the level for which the absorption is measured.

The temperature was determined by measuring several NO-transitions around
1870 cm~!. The relative integrated absorptions of these transitions show a strong
temperature dependence, which allowed for an accurate determination of the gas
temperature; this turned out to be 450 K. This temperature is merely determined
by the gas in the observation arms and does not resemble the temperature of the
plasma in the reactor chamber. However, it is in agreement with the previously mea-
sured temperature of Oz molecules in expanding Ar-NO plasmas with phase-shift
cavity ring-down spectroscopy (Chapter 6). The line strength S(T) at T = 450 K was
calculated from the HITRAN quantity S(T}.¢) via [39]:

o oo () e ()]
Q(T) exp ( hc?”_) [1 — exp (— Py )} . '

T kTyey kTyey

S(T) = 5(Trer)

The second term on the right in Eq. 7.10 is the ratio of the total internal partition
functions. The third term on the right takes into account the ratio of Boltzmann
populations and the fourth term the effect of stimulated emission. Q(T") and Q(T}c¢)
as well as E,, the energy of the lower level, were obtained from the HITRAN database
The resulting line strengths S, (at T = 450 K) for the transitions at which NO and
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Figure 7.2: NO density as a function of the oxygen flow rate relative to the total N»
and Oz flow rate in Ar plasma with N> and O3 injected in the background. The
argon plasma was created with a flow of 3000 sccm Ar flowing through the arc.
Simultaneously N2 and O; were injected in the background with a total flow of 1800

sccm. The arc current was set at 75 A; the background pressure was 20 and 100 Pa.

N2O were detected are given in Table 7.1. The relatively low temperature indicates
that the detected species were present in the background of the plasma reactor, since

molecules in the plasma beam would have a much higher temperature of around

1500 K [41, 42].

7.3 Results

7.3.1 Ar plasma with N, and O, injected in the background
Steady state molecule densities

The results of the TDLAS measurements on NO, formed when mixtures of Ny and
O3 (total flow of 1800 standard cubic centimeters per minute (sccm)) are injected
in the background of an expanding Ar plasma are depicted in Fig. 7.2. The plasma
source is operated at 75 A and a flow of 3000 sccm Ar is applied, which results in an
ion flow of 450 sccm [43]. The NO density was determined for two background pres-
sures, i.e. 20 and 100 Pa. The maximum in NO production is observed for a oxygen
flow relative to the total flow of nitrogen and oxygen of 0.6. That the maximum in
NO production is not observed at a relative oxygen flow of 0.5, is probably due to the

lower rate coefficient for the charge-transfer reaction of Ar* with O, (reaction (7.2)),
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so that more Og than Ny has to be injected to have equal amount of O and N radicals.
At relative O, flow rates smaller than o.1, almost no NO is observed. Similar trends
in mixtures of oxygen and nitrogen were also observed by others in for example a dc
glow discharge [1] and 1f plasmas [2].

To explain the trend of the NO density as function of the O, flow rate relative to
the total O3 and N» flow rate at low Oy flows, we assume that mainly N radicals are
present at the surface and that NO is formed by the association of N and O radicals

at the surface:

N + surface — N(s), (7.11)
O+ N(s) — NO(s) — NO(g). (7.12)

The NO produced at low Og flow and thus high N5 flow could efficiently be lost in
the gas phase by the reaction [5]:

N+NO — No(X,v~3,4)+0 k=1x10""37"° m?s7!, (7.13)

with a rate constant of 3 x 10717 m?

s~! in the background at 1000 K. But, oxygen
atoms could also be lost in the formation of other molecules like N2O or, although
much less probable at low O2 flows, NOs.

To investigate the importance of the generation of N3O the NoO density as func-
tion of the Oy percentage has been measured. The results are plotted for two pres-
sures in Fig. 7.3. The N,O density has its maximum at flows where almost no NO
is observed and when the N,O density starts to decrease, NO starts to increase (7.2).
At low O4 flows, the N3O density is higher at 100 Pa then at 20 Pa, as expected,
since its residence time in the background is longer at higher pressure. But, at 100
Pa the N5O density starts to decrease at lower relative Oy flows as compared to the
20 Pa case. This can be explained by a destruction reaction with O atoms, since this
reaction becomes more important at higher pressure.

The N2 O molecules can not be produced in the gas phase in our low-pressure ex-
periments. Therefore, NoO must be formed primarily by the association of N radicals

and NO molecules adsorbed at the surface of the reactor wall:
N + NOags — N2O. (7.14)

As the O5 flow and thus the O flux increases, NO can be produced in the gas phase
Dby the reaction [37]:

0+ NyO — NO+NO k=15x10"1 xexp(—1.4 x 10*/T) m3s™*, (7.15)
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Figure 7.3: N2O density as a function of the oxygen flow rate relative to the total Ny
and O flow rate in Ar plasma with N3 and O injected in the background for the

same conditions as in Fig. 7.2.

where T is the temperature in Kelvin. The branching to N2 and O is less probable.
Different values for the rate of this reaction are reported, which indicate that the rate

could be 5 to 40 times lower than for reaction (7.15):
O+ NyO — Ny +0y k= (04-3)x10""xexp(—1.4x10*/T) m*s~*. (7.16)

Both reactions have an energy threshold of 1.2 eV (=~ 1.4 x 10* K). However, we
note that the reaction (7.14) is exothermic. The N3O formed at the surface would
at maximum contain the exothermic energy of the reaction (AE = 4.93 eV) minus
the adsorption energy of NO on the surface and minus the kinetic energy of the
desorbed N2O molecule. One could speculate that the thus formed NyO molecule
has a significant internal energy and that this could lead to NO formation in collisions
with O atoms, before the NoO molecule is de-activated.

In conclusion, the threshold in NO production at low O2 flows is related to the
generation at the surface of N2 O. If the O4 flow, and thus the O density, increases,
NO can be formed in the gas phase by two particle reactions out of N2O, formed at
the surface. The transition of N3O generation to NO generation at higher O, flows
could next to formation of N,O also be caused by a change in surface processes;
whereas at low O density only N3O is formed, at higher O fluxes also NO (vide
infra) and NO desorption becomes probable.

Now we discuss the NO production at relative Oy flows larger than o.2. At these

relative Oy flows one can expect NOj to be formed. The NO, density as measured
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Figure 77.4: The NO; densities in the plasma as measured with mass spectrometry
as a function of the oxygen flow rate relative to the total N2 and Oz flow rate under

the same plasma conditions as in Fig. 7.2

with mass spectrometry under the same plasma conditions as before is plotted in
Fig. 7.4. As for N3O, also NOg is most probably formed at the wall in an association
reaction of O radicals (in stead of N radicals) and NO adsorbed at the surface [44]:

O + NOugqs — NOa. (7.17)

In contrast to N2 O, the NO, densities for Oq flows larger than o.1, are lower at 100
Pa than at 20 Pa. This indicates that the produced NO;, molecules are partially lost in
the gas phase by reactions with N and O atoms (no temperature dependence) [, 45]:

N +NOz — O + N0 E=8x10""®m?s™!, (7.18)
N +NO; — NO + NO E=6x10""®m3s7!, (7.19)
N+ NOy — 20 + Ny k=24x10""%m?s™1 (7.20)
N +NO; — N3 + Oy k=19x10""®¥m?s™ ! (7.21)
0 +NOg — NO + Oy E=98x10""®¥m?s1, (7.22)

These reactions also show that part of the observed NO could be produced out of
NOs..

We are also interested in the use of the injected gases for the production of NO,
N30 and NO;, molecules, since this can give an indication of the processes leading
to the observed densities of the molecules. The use of a gas is defined by the amount
of O(N) atoms in te measured NO, N3O and NO3 molecules divided by the amount
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Figure 7.5: The use of Oz (left figure) and Ny (right figure) as a function of the
oxygen flow rate relative to the total N3 and O flow rate in Ar plasma with N2 and

O3 injected in the background for the same conditions as in Fig. 7.2.

of O(N) atoms admitted to the system in the form of O3(N3). For example, NOy and
04 molecules contain two O radicals, while NO and N3O contain only one O radical
and therefore the amount of O atoms in the molecules is calculated as:

The use of N3 and O gases is plotted in Fig. 7.5 as a function of the O, flow rate
relative to the total Ny and O, flow rate. The use of Oz at O, flow rates larger than
0.2 is almost constant at a level of 2—5% and is almost independent of pressure.
That the Oz use is high at low oxygen flows, where no NO is observed, shows that
the apparent threshold in NO production at low O2 flows is due to the generation
of N2O and NOs. Hence, the explanation that for low Os flows N3O is produced
rather than NO seems valid and that the apparent threshold is connected with the
reaction (7.15). The dip in the Og use al low O3 flows could be caused by the loss of
O atoms to O molecules via reaction (7.16). As in the case of the use of Oq, also
the use of Ny is almost independent of pressure. However, the use of Ny increases
to 15% with increasing O4 flow. To fully understand the meaning of this 15% use of
N one should remember that the maximum amount of injected N3 (O2) molecules
that can be dissociated is 50% (example for relative nitrogen flow of 0.1, assuming
full dissociation, and with flows in sccm):

Nolais  [Art] [No]  2x450 180

= *

= E3 =
[Na]injected [No]  [Ng] + [O2] 180 1800

0.5. (7.24)
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Figure7.6: NO density as a function of the
background pressure in Ar plasma with
N2 and O: injected in the background.
The argon plasma was created with a flow
of 3 slm Ar flowing through the arc. Si-
multaneously 0.8 slm N3 and 1.0 slm O»
were injected in the background at an arc

current of 75 A (dotted line: linear behav-
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Figure 7.7: NO density as a function of
total N2 and O» flow for three currents
through the plasma source. The argon
plasma was created with a flow of 3 slm
Ar flowing through the arc. Simultane-
ously N3 and O were injected at the ratio
0, /(do, + dn,) = 0.6 at a pressure of
8o Pa.

ior)

Taking this into account and remembering that N radicals can also be lost in the gas
phase via reactions (7.13) and (7.18) — (7.21), this means that a significant amount of
the N atoms is used in the production of NO and NO3 molecules.

The NO density was also measured as a function of pressure in the vessel at the
ratio where the maximum NO production is observed, i.e. ¢o,/(¢0, + ¢n,) = 0.6
(Fig. 7.6). The NO density is proportional to the pressure with slope 1, which is
in line with NO formation by surface processes. The production process of NO via
the association of N and O radicals is independent of pressure, since the amounts of
N and O radicals produced depend only on the plasma source parameters. But the
residence time in the vessel increases with increasing pressure, i.e. nyo x 7. And
since 7 is linearly dependent on the pressure in the vessel, the NO density should
also increase linearly with increasing pressure. Furthermore, the N and O atoms in
the plasma have a residence time of typically 10 — 30 ms in the background of our
plasma (typically a factor 40 lower than for stable molecules, like e.g. NO).

A remarkable result is shown in Fig. 7.7, in which the NO reduced molar fraction
is plotted as a function of the total flow of Ny and O3 injected in the background for
three currents through the plasma source. The measurements were again performed
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at the ratio where the maximum NO production is observed. The densities of N3O
and NO; under the measured conditions are less than 1% and can be neglected. The
reduced molar fraction is only slightly dependent on the total flow of N3 and O and
scales linearly with the arc current. The explanation of the latter is the linear scaling
of the Ar* flow emanating form the plasma source with arc current. This leads to a
higher dissociation of the injected No and Og and thus more radicals are available for
NO production. The trend of the reduced molar fraction can be explained as follows.
With increasing total flow, more and more NO is produced, because more N, and
O is dissociated. At a certain total flow of Ny and Os, all ArT ions are used for the
production of N and O radicals, which leads to a maximum in the NO density. Adding
more N and O3 molecules does not lead to the production of more NO, while the

total density increases, resulting in a decreasing NO reduced molar fraction.

Time-resolved measurements

In order to validate that surface processes play a role in the NO production and to
investigate the surface coverage of the reactor wall in the experiments, we moni-
tored the time-behavior of the densities of the NO and N5O molecules after switch-
ing off the Ny or Oz flow. The analysis was made in view of the question whether
time constants could be indicative of the processes of molecule formation. The time
dependencies were measured first in plasmas created with 5000 sccm Ar flowing
through the arc at a current of 60 A. Simultaneously, 300 sccm No and 300 sccm Oo
were injected in the background of the vessel. At 6o A, the Ar flow is partially ion-
ized (12%), i.e. an Ar" ion flow of 600 sccm, as determined from Langmuir probe
measurements in the argon expansion [43]. Thus the Ar* ion flow is chosen to be
approximately equal to the total flow of Ny and Oy molecules to ensure an effective
dissociation of the molecules and thus high fluxes of N and O radicals towards the
surface, i.e. 2.5 x 102 m=2 571,

The time behavior of NO when either the N3 or O flow was stopped is shown in
Fig. 7.8. The time traces shown in Fig. 7.8 were recorded after N and O exposure to
the wall for respectively 1, 3 (only Ny exposure is shown) and 10 minutes. At ¢ = 0
the Ny or O, flow was stopped’. When the O, injection was stopped, the NO density
dropped below the detection limit in ~ 6 seconds, independent of the exposure time

of O3. This decay can be explained to a large extend by the residence time of 1.2 s. The

TThe NO density of the 3 minutes exposure of Ny starts at a somewhat lower value. It was measured
in a separate measurement campaign with TDLAS and apparently the condition of the vessel wall was
somewhat different in that experiment.
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Figure 77.8: Time behavior of the NO density after switching off the N3 or Oz flow
in Ar plasma with N> and O injected in the background. The argon plasma was
created with a flow of 5000 sccm Ar flowing through the arc. 300 Sccm Na and
300 sccm O3 were injected in the background. The arc current was set at 6o A; the
background pressure was 66 Pa. At ¢ = 0 the O2 flow (A,B) or the N flow (C,D,E)
is stopped.

decay is even faster than exponential, again related to a predominant N, O production
at low O densities. That NO is not observed over long time-scales indicates that
almost no O atoms are present on the surface.

In the opposite experiment, so stopping the Ny injection, again a decrease in
the first ~ 6 seconds is observed. However, this decay is slower than in the case of
stopping the Og flow. Apparently NO is produced from a reservoir. The second part
of the decrease of the NO density to below the detection limit takes has a 1/e time of
15 s for 1 minute of exposure and 30 s for 3 or 10 minutes of exposure. The sharp
decrease after 6o seconds in the NO density for 1 minute of exposure is because the
04 flow was stopped.

The residence time of particles in the reactor is given by:

V x (p/kT)

Tresidence = T (72‘5)
gases

In these experiments, the pressure is 66 Pa at a background gas temperature of
450 K, the volume of the plasma reactor is 268 liters and the total flux of gases is
¢ = 5600 sccm £ 2.3 x 10?! particles/s. Thus the residence time is 1.2 seconds. This
means that the observed behavior of the NO density is not related to processes in the

volume, but must be due to surface processes.
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After exposure times longer than 3 minutes, no change in the trend in the NO
density was observed. That NO is still detected over such long times scales after
the Ny flow was stopped, raises the question where the reservoir of N is, needed to
produce NO over such a long period. It implies that N is not only present on the
wall, but also in the wall of the reactor. This can be elucidated as follows. When
both the O3 and Ny gas flow are applied, 1% of the background is detected to be NO,
which is equal to 24 sccm. Assuming that in stationary state all 6oo sccm of Ny and
O3 molecules are dissociated, only 24/600 = 4% of the dissociated N2 and O are
used to form NO. A fully covered surface with 1 mono-layer of particles corresponds
to 10'° particles m? present at the surface. If all these particles would desorb from
the surface within the residence time of 1 second, while only 4% would be NO, that

would result in 4 x 107 NO molecules m—3

or a flow of only 0.96 sccm. In total
2.4 x 1029 m—3 NO molecules are formed over 200 seconds; with a reactor volume
of 0.27 m? this is equal to a flow of 0.84 sccm on average for 200 seconds. This
requires thus 200 mono-layers for the NO and the Ny and Os production. Such an
amount can never be present on the surface and thus N has to be present in the wall
of the reactor. The slow decrease in NO density is then caused by the reaction of
N diffusing out of the wall with O atoms from the plasma impinging on the wall,
leading to NO. That there is a difference for 1 minute of exposure compared to 3 or
10 minutes of exposure indicates that it takes more than 1 minute to fully saturate

the stainless steel wall with N atoms.

In Fig. 7.9, the time behavior of the N,O density as the O, flow is stopped after
1 minute is plotted for three different arc currents. As the amount of O in the
vessel is decreasing after ¢ = 0, the same transition from NO to N,O generation
occurs as was also observed when in static conditions the amount of O, in mixtures
of nitrogen and oxygen was smaller than 10% (Fig. 7.2 and Fig. 7.3). The N2O
first reaches a maximum, and at even lower O4 presence the N,O density decreases
again. The maximum of the N,O density increased when more current was applied
to the plasma source. The amount of ions and thus of produced O and N radicals in
the plasma (reactions (7.1) — (7.4)) increases with higher arc current, so more radicals
are available to generate NoO. When all the O3 is pumped out of the vessel, the N, O
density decreases according to a second order exponential decay, i.e. exp(t/71) +
exp(t/7mz). This is shown in Fig. 7.9, in which the background level is subtracted.
The relevant time constant 7y decreases with increasing current, from 20 seconds
at 45 A to 10 seconds at 75 A. This short time constant is most likely caused by the
reaction of NO on the wall and N atoms impinging on the wall, leading to N5O.
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Figure 77.9: Time behavior of the N>O density after switching off the O, flow after
I minute for three arc currents in Ar plasma with N2 and O injected in the back-
ground under the same plasma conditions as in Fig. 77.8. The final fast decrease in
the N2O density is caused by stopping the N flow into the vessel, after which the
N2O decreases to below the detection limit. In the right figure the background level

is subtracted.

At higher currents, more N atoms are produced, so the NO at the surface is faster
converted into N2 O, resulting in a shorter 7;. That there is a decrease in NO density
with a different time constant suggests that not only N atoms, but also NO radicals

are stored in the wall.

Summary

When the Oy injection is stopped, the NO density dropped below the detection limit
in ~ 6 seconds, independent of the exposure time of Oy. Furthermore, a transi-
tion from NO to N2O generation is observed, after which the NoO density slowly
decreases below the detection limit. Both effects suggest that O is mainly present
in the form of NO at and below the surface and that NO is stored in the metal wall;
the NO molecules diffuse out of the wall when the O5 flow is stopped. In the oppo-
site experiment, so stopping the Ny injection, a slow decrease of the NO density is
observed, which suggests the presence of N atoms at and in the wall of the reactor.
We note that also the time-behavior of the NO density after the Oy flow was switched
off indicates that almost no O atoms are present on the surface. Moreover, if also
O atoms would have been present on the wall in large amounts, the time-resolved
measurements of NoO after the O, flow was stopped should have shown not two

exponential decay related to NO on the wall and diffusing out of the wall, but also an
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Figure 7.10: Schematic representation of the surface and the surface processes in
three regimes: a): ¢o,/Po.+n, < 0.2, b): 0.2 < ¢o,/Po,+n, < 0.8 and c):
b0,/ P0s+N, > 0.8.

exponential decay, due to the formation of NoO from O atoms present on or in the
wall. From the results of the time-resolved measurements, we conclude that mainly
N and NO radicals are present at the surface and stored in the stainless steel wall.

The generation of molecules in expanding Ar plasmas containing mixtures of
nitrogen and oxygen, in which the oxygen percentage was varied from o — 100%, can
be divided in three regimes. In the first regime, ¢0,/¢0,+n, < 0.2, the surface is
mainly covered with N atoms and some NO molecules. The surface coverage and
the basic surface processes are illustrated in Fig. 7.10a. The few O atoms impinging
at the surface will form adsorbed NO by association with N atoms present on the
surface. Incoming N radicals form Ny molecules by association with N atoms on the
surface or will form NoO by association of N radicals with NO molecules adsorbed
at the surface of the reactor wall; the thus formed N3O molecules will subsequently
desorb. When the O flow is increased the O radical density increases and NO can be
produced by the reaction between NoO and O radicals. The apparent threshold in NO
production at low Os flows is connected to these processes. Next to NO formation
out of N5 O, also the direct desorption of NO formed by the association of N and O
radicals at the surface may become possible at higher O flows.

With increasing O» flow, also the surface processes and surface coverage are
changing. This is the second regime illustrated in Fig. 7.10b, which is valid for
0.2 < ¢0,/b0,+n, < 0.8. With increasing O, flow, the wall is mainly covered
by NO and some N and O atoms. Now, next to NoO and N3 molecules also NO4
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molecules can be formed by association of O atoms impinging on the surface and
the NO adsorbed at the surface. By reactions with N and O atoms, the NO5 can be
converted to NO. Due to the changing surface coverage, i.e. mainly NO at the surface,
also the formed NO can desorb directly, which is most likely the dominant process.
Furthermore, the incoming O radicals can form O3 molecules by association with O
atoms at the surface.

Also, in the third regime, ¢o,/d0,+n, > 0.8, (Fig. 7.10c), we assume that the
surface is mainly covered with N atoms and NO molecules and some O atoms. The
N atoms impinging on the surface adsorb and react with O atoms impinging on the
surface leading to NO on the surface and almost no N3 molecules are formed. Also
here, the incoming O radicals can form O2 molecules by association with O atoms on
the surface. Next, NO2 molecules are formed by the association of O atoms imping
on the surface and the NO adsorbed at the surface. The desorbed NOs molecules
then react with O atoms, leading to NO and O3 molecules. As a result the use of
N in producing NO,,, which is a significant amount of the 50% of the N that is
dissociated.

7.3.2 Ny plasma with O, injected in the background
Steady state molecule densities

To study the effect of the amount of radicals on the NO production, we performed
also experiments with an optimized nitrogen dissociation by operating the plasma
source on nitrogen gas. Oxygen could not be applied through the plasma source,
since injection into the arc would damage the plasma source. Therefore, the plasma
was created with 1800 sccm nitrogen applied through the arc and oxygen injected in
the background. The arc current was set at 6o A and the pressure was kept constant
at 94 Pa. The expanding N plasma is substantially dissociated (~ 30%) and partially
ionized (=~ 5%). The injected O molecules are partially dissociated to O atoms by
charge-transfer reactions of the Nt ions emanating from the plasma source, reac-
tions (7.26) and (7.6), followed by dissociative recombination of the molecular ions,
reactions (7.4) and (7.7). The NO density increased with increasing O, flow and sat-
urated at ~ 3.5 x 10?2 m~3 for Oy flows higher than 2000 sccm (Fig. 7.11). We
note that approximately 9o sccm of the nitrogen flow are Nt ions, so a saturation
was expected at approximately 10 times lower oxygen flows. This implies that the NO

formation is not only related to the dissociation of O by N, but that NO is formed
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Figure 7.11: The NO density as a function of the O2 flow injected in the background
in expanding N2 plasmas (left figure). A blow up of the NO density for relative
oxygen flows up to 500 sccm and the N3O density in the same range (right figure).
The nitrogen plasma was created with a flow of 1800 sccm Nj flowing through the
arc. The arc current was 6o A and the background pressure was 94 Pa. The curve

represents the NO production in the gas phase (see text).

in the expanding plasma beam (7' = 1500 K) via the reaction:

_1s T —3150 _
N+0O, —O+NO £k=32x10 18%@@( T ym3s~!.

We assume that the activation energy of 3150 K for this reaction is overcome in the

(7-26)

supersonic expansion by the high energy of the N radicals in the supersonic expan-
sion. However, the transit time relevant in the supersonic expansion is only 107 s.
Furthermore, the relevant transient time for “forward” kinetics is too short (< 1 ms)
to form significant amount of NO via this reaction in the subsonic expansion, where

3 g1, The reaction could be

the rate constant with activation energy is 2 x 1071¥ m
relevant for the background kinetics, since the residence time, relevant to the back-
ground kinetics, is long (= 3 s). The lifetime of N atoms, 7, in the background can
be estimated to be approximately 75 ms [46]. To estimate the maximum contribution
of this reaction to the NO production, we take a temperature of 1000 K, which is
most probably slightly low for the average temperature of the nitrogen atom during
its lifetime. The rate constant of reaction (7.26) is then 4.5 x 10719 m? s~*. To calcu-
late the NO density, we also have to take into account that NO is easily destroyed in
the background chemistry in the plasma reactor (assuming also T = 1000 K) via the

reaction:

N+NO — No(X,v~3,4)+0 k=33x10""m?s7" (7.27)
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Figure 7.12: NO density as a function of the arc current in expanding N2 plasmas
with O injected in the background. The nitrogen plasma was created with a flow of

1800 sccm N flowing through the arc. The background pressure was 67 Pa.

The density of NO can be written as:

ny-no2 - kn—o, TN

(7.28)

"N Ty EN—no TN
The NO density using this formula and ny = 3x102° m~3 is plotted in Fig. 7.11; with
this choice about 30% of the NO can be attributed to this reaction. Furthermore, the
time-resolved measurements on the NO density, when Oy is injected after exposure
of the wall to N atoms for some time, show that the NO formation process occurred
at time-scales which are typical for wall processes rather than gas phase (example
presented in Sec. 7.3.2). This implies that NO is mainly produced through another
reaction mechanism. The production of NO can also be explained as follows. In both
reactions (7.26) and (7.27) an O atom is produced. The combination of both reactions
plus the dissociation of O atoms by N* ions would results in an O atom density of
~ 3.5 x 10?2 m—3 in the background. Then NO can be produced by association of
N and O radicals and subsequently desorption of NO from the surface.

Also in this plasma a threshold in the NO production is observed and also here
it is related to the generation of N3O. The N2O density and the NO density at low
O, flows are plotted as an insert in Fig. 7.11. As in Sec. 7.3.1, the N3O density
has its maximum at flows were no NO is observed. When NO starts to appear, the
N3O density decreases quickly to below the detection limit of the IRMA system of
1.5 x 10" m~3. Apparently, for higher O, flows N2O is converted by a reaction
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Figure 7.13: Time behavior of the NO density after switching on the O flow (t = 0)
and switching off the O flow (¢ = 104 s) in expanding N2 plasmas with O injected
in the background. The nitrogen plasma was created with a flow of 1800 sccm No
flowing through the arc, while 1000 sccm O2 was injected in the background. The

arc current was set at 60 A; the background pressure was 100 Pa.

with O atoms into NO. But in addition, also the surface coverage and thus processes
could change, leading to direct desorption of NO produced by association of N and O
radicals at the wall.

To study the influence of the N ions and N atoms on the NO formation, the
NO density was measured as a function of the current through the arc for three Oq
flows (Fig. 7.12). As expected, the NO density scales linearly with arc current. The
NO production is determined by the amount of O radicals formed in the plasma and
thus the NO density should have a linear dependence on arc current. Both the N
atom and N ion fluxes from the plasma source scale approximately linear with the

arc current, i.e oxygen atom production roughly increases linearly with arc current

35]-

Time-resolved measurements

Also during these measurements, the surface coverage and the role of surface pro-
cesses was characterized by monitoring the time-behavior of the densities of the NO
and N2 O molecules after switching off the O flow into the plasma reactor. The time
behavior of NO density in a nitrogen plasma with oxygen injected in the background

is plotted in Fig. 7.13 for an O, flow of 1000 sccm. The plasma source was operated
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Figure 7.14: Time behavior of the N2O density after switching off the O2 flow in
expanding N3 plasmas with O3 injected in the background. The nitrogen plasma was
created with a flow of 1800 sccm N flowing through the arc, while 500 sccm O3 was
injected in the background. The arc current was set at 6o A; the background pressure

was 57 Pa. The curves represent fits with a single exponential decay function.

at a current of 60 A and with 1800 sccm N flowing through the arc. When O,
was added the NO density reached a steady state value after 45 seconds. The average
residence time of the gases in the plasma reactor is 3.5 seconds at a pressure of go
Pa. Thus, the long time until the NO density saturates has again to be related to
surface processes leading to the formation of NO. When the O2 flow was stopped,
the NO density decreased to below the detection limit in 12 seconds. In this time,
also a transition from NO to N3O generation is observed under these circumstances
as will be discussed in more detail below. This time is independent of the amount of
O, flow injected. As concluded in Sec. 7.3.1, this time behavior is due to the fact that
it takes roughly 12 seconds to pump down the long O3 gas line behind the mass flow

controllers.

Next the N2 O density was monitored, after the O, flow was stopped. The N,O
density as a function of time is plotted in Fig. 7.14 for a nitrogen plasma to which
500 sccm Og was added for respectively 1, 3, 5 and 10 minutes. After exposure times
longer than 3 minutes, almost no change in the trend of the N,O density is observed.
As the amount of O in the vessel is decreasing, the same transition from NO to
N> O generation occurs as was also observed in static conditions at low O9 flows, see

Fig. 7.11. The N5 O first reaches a maximum, and at even lower O5 presence the NoO
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Figure 7.15: Time behavior of the N>O density after switching off the O» flow after 3

minutes for four Oz flows. The nitrogen plasma was created with a flow of 1800 sccm

N flowing through the arc. The arc current was set at 6o A; the background pressure

was 57 Pa. The curves represent fits with a single exponential decay function.

density decreases againt. Once all O, is pumped out of the vessel, it takes minutes
before the density of N2O is below the detection limit. The time trace of this slow
decrease can be described with a single order exponential decay (see Fig. 77.14). In all
four experiments, the time constant of the decay was 7 =~ 110 s. For such long time-
scale, one can calculate in the same way as done for N,O in Sec. 7.3.1, that at least 21
mono-layers are needed for the measurement in which the O, flow was stopped after
1 minute. For exposures longer than 1 minute, even 30 mono-layers are necessary.
This indicates that N2 O is most probably produced by the reaction of NO diffusing
out of the wall with N atoms from the plasma impinging on the wall.

The time behavior of the N2 O density after switching off the O, flow was also
recorded for 4 different O, flows injected for 3 minutes into the vessel (Fig. 7.15). At
t = 0 the Oy flow was stopped. For Os flows of 100 and 200 sccm, Ny O is already
formed, while the oxygen flow is on, but at higher Os flows, no N5 O is detected. This
is in agreement with measurements on N2 O as a function of the injected O2 flow in
stationary conditions (see Fig. 7.11). When the O, flow was stopped, the N2 O density
increased for the two lowest flows. Again, the NO to N, O transition is observed as

the amount of Og in the vessel is decreasing. The maximum in the NyO density

¥The maximum of N5 O is somewhat lower for 1 minute exposure of O. It was measured in a sepa-
rate measurement campaign with TDLAS and apparently the condition of the vessel wall was somewhat

different in that experiment.
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is independent of the Oy flow, which indicates that there is a limit in the amount
of N3O that can be produced, related to the maximum surface coverage and bulk
storage. The N5 O first reaches a maximum, and at even lower O5 presence the N3O
density decreases again. When all the O is pumped out of the vessel, the N2 O slowly
decreases. The time trace of this slow decrease can be described with a single order
exponential decay (see Fig. 7.15). The time constant increased from 7 = 62 seconds
for ¢, = 100 sccm to 7 = 158 seconds for ¢, = 1700 sccm. The slow decrease is
most likely caused by supply of NO at the surface by NO diffusing out of the metal to
the surface. Now, at least 21 mono-layers are needed to explain the Ny O production
for ¢o, = 100 sccm. At the surface, the NO reacts with N atoms from the plasma
impinging on the wall, leading to N2 O. At higher O flows more NO could be built
into the wall and thus it takes longer before all NO has diffused out of the wall.

Summary

Also in nitrogen plasmas with oxygen injected in the background mainly NO and
N are present at the surface and are built in the surface and their diffusion out of
the wall is observed when the nitrogen flow is stopped. The generation of molecules
in expanding nitrogen plasmas to which oxygen is added in the background of the
vessel can be divided in two regimes. The first regime, low oxygen flows, the same
reasoning is applicable as in Sec. 7.3.1. With increasing Os flow, the NO density is
determined by the combination of two processes. Firstly, NO is produced by besides
reactions between N and O, by the association of N and O radicals at the wall, with
subsequent desorption of the NO molecules. But also, the NO is lost by the reaction
of NO with N atoms. When as much oxygen is injected in the background as Ny is
fed through the plasma source, the NO density saturates.

7.4 Conclusion

We investigated the mechanisms of molecule formation in expanding plasmas con-
taining mixtures of nitrogen and oxygen using time-resolved tunable diode laser
absorption spectroscopy. In the expanding recombining plasma, the generation of
molecules by reactions involving atoms and molecules in excited states can be ex-
cluded. The main primary chemistry is made up by the high fluxes of atomic N and
O radicals created, leading to the formation of mainly NO, but also NoO and NO,
molecules produced in surface processes.
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We have shown that when the nitrogen or oxygen flow is stopped, the generation
of NO and N3O molecules is observed on time-scales long compared to the residence
time. From the results, it is concluded that mainly NO and N are present at the
surface and diffuse in the metal wall as their diffusion out of the wall is observed
after the nitrogen or oxygen flow is stopped. In our low-pressure plasmas, the NO,
N20O, and NO; molecules are primarily formed in wall association processes of N
and O radicals, in combination with subsequent gas phase reactions, i.e. part of the
observed NO is formed out of N3O and NO; by gas phase reactions.

The generation of molecules in expanding argon plasmas containing mixtures of
nitrogen and oxygen, in which the oxygen percentage was varied from o — 100%, can
be divided in three regimes. At low Os flows (around 10%), the surface is mainly
covered with N atoms and some NO molecules. Furthermore, at low Oy flows a
transition from N3O generation to NO generation is observed. This transition is
caused by a change in the surface coverage and thus processes at the reactor wall.
Furthermore, at low Oy flows N2O is produced and the O density is too small to
destruct N2 O. At higher O3 flows NO can be produced by the destruction of N3O by
a reaction with O radicals. The apparent threshold in NO production at low O4 flows
is connected to these processes.

The second regime, oxygen flows between 20% and 80%, the wall is mainly cov-
ered by NO and by N and O atoms. Now, next to NoO and NO, also NO3 molecules
can be formed by the association of O and N atoms impinging at the surface. Due
to the changing surface coverage, also the formed NO can desorb directly, which is
most likely the dominant process.

Also in the third regime, oxygen flow > 80%, the surface is mainly covered by O
atoms and NO molecules and some N atoms. The N atoms impinging on the surface
are used to form NO on the surface and almost no Ny molecules are formed. Then
only NO2 and almost no N3O molecules are formed. The NO2 molecules will react
with O atoms, leading to NO and O3 molecules. We note that the results indicate that
at high O, flows, and thus low Ny flows, almost all N atoms produced in the plasma
are used in the production of NO and NO; molecules.

The generation of molecules in expanding nitrogen plasmas to which oxygen
is added in the background of the vessel can be divided in two regimes. The first
regime, low oxygen flows, again a transition from N,O to NO is observed. With
increasing O, flow, the NO production is determined by the competition between
the generation of NO at the surface by the association of N and O radicals at the wall
and the NO destruction by the reaction of NO with N atoms.
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Chapter 8

General conclusions

Abstract

The subject of the study presented in this thesis has been the generation of
molecules in plasmas characterized by high fluxes of reactive particles. The various
investigations have been presented as separate chapters. The chapters are written in
the form of stand-alone articles with their own conclusion based on the results in
that chapter. Here, the conclusions of each chapter are combined to give a general

conclusion for the two model systems studied.
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8. General conclusions

Diagnostics

For the determination of the density of the molecular radicals and molecules various
diagnostics have been applied. A new diagnostic technique, phase-shift cavity ring-
down technique has been introduced. With this technique, the line intensities of
transitions in the spin-forbidden b3} (v = 0) — X*%; (" = 0) band of molecular
oxygen can be obtained within 4% of values obtained from the HITRAN molecular
spectroscopic database. Absorptions down to 2 x 10~8cm ™! can be recorded in an
integration time of 500 milliseconds. The high sensitivity together with its simplicity
and high duty cycle makes phase-shift cavity ring-down a very promising technique
to accurately measure densities in any type of plasma or gas. Furthermore, a simple
model has been introduced to correct the measured signals for phase shifts intro-
duced by the off-resonance amplified spontaneous emission of the laser used in the

experiments.

To measure the NH, radicals in plasmas of mixtures of nitrogen and hydrogen
a relative new technique, i.e. cavity ring-down spectroscopy has been used. This
technique allows for the detection of absolute NH and NH, radical densities in No—
Hs plasmas. The advantage of this technique is that when the frequency-dependent
absorption cross section is known, absolute densities are obtained with a high sensi-
tivity.

The molar fractions of the molecules have been determined with quantitative
mass spectrometry. The molar fraction is defined as the ratio of measured values
only, i.e. the ratio between measured produced molecules under investigation and the
measured total number of molecules present in the plasma. The advantage of using a
molar fraction is that the calibration of the mass spectrometer signals is always valid,
even if differences in the detection system occur, which would lead to a different
absolute calibration.

In collaboration with colleagues from the INP-Institute in Greifswald in Ger-
many, it was shown that time-resolved tunable diode laser absorption spectroscopy
can also be applied in our plasmas. By directing the laser twice through the plasma,
absorptions as low as 1o ~° with signal averaging of a few seconds or as low as 10~*
with time resolution of a few milliseconds can be obtained. A detection limit of
2 x 107 m~3 has been achieved, which is sensitive enough to study the presence of

newly formed molecules in our low pressure, high-flux plasma expansion.
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8. General conclusions

Plasmas containing mixtures of nitrogen and hydrogen

From the measured densities and spectra of the NH and NHj, radicals it was deduced
that the molecular radicals are produced in the plasma expansion. The difference in
the measured spectra for the two types of plasmas investigated as function of the
position from the plasma source showed that the generation of the NH, radicals is
governed by two different mechanisms. A remarkable result is that in expanding N»
plasma with Hj injected in the background the high rotational levels were overpop-
ulated at a distance of 10 cm from the plasma source. Furthermore, the vibrational
distribution in both types of plasmas is non-Boltzmann.

19 m=3, which

The densities of the NH,, radicals are in the order of 101" 10
is a few percent of the ammonia density in these plasmas. The NHy radicals are
formed by reactions of NH3 molecules, produced at the walls of the plasma reactor,
with H atoms emitted by the plasma source. The NH radicals are also formed via
reactions between nitrogen atoms and Hy molecules in the plasma expansion. It is
concluded that NH, radicals play an important, though indirect, role in the ammonia

production at the surface.

Studies on four different types of expanding plasmas containing mixtures of ni-
trogen and hydrogen showed that the ammonia production is strongly dependent on
the fluxes of N and H radicals to the surface. Furthermore, the ammonia density
was the highest in the plasma reactor with the highest “active” surface to volume
ratio. By using an atomic nitrogen and hydrogen source, ammonia can be formed
efficiently, i.e. more than 10% of the total background pressure is measured to be
ammonia. The maximum ammonia molar fraction that could have been produced
in our experiments determined by the fluxes of N and H radicals would have been
30% for a mixture containing 70% hydrogen. This means that an efficiency in the

ammonia generation of 33% is achieved in our experiments.

Because of the high fluxes of N and H radicals in our experiments, the ammonia
production proved to be independent of wall material, which is in contrast with pre-
vious studies. Thus at high fluxes, it seems that the actual chemistry may take place
in an additional layer at a passivated surface, covered with N, H and NH and NH,
radicals. Then, ammonia is formed via plasma-surface interactions by the stepwise
addition reactions between adsorbed nitrogen and hydrogen containing radicals at
the surface and incoming atomic H radicals, i.e. by the successive hydrogenation of
adsorbed nitrogen atoms and the intermediates NH and NHs at the surface of the

plasma reactor.
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8. General conclusions

Plasmas containing mixtures of nitrogen and oxygen

The visual appearance of an expanding nitrogen plasma with or without oxygen in
interaction with a substrate leads to the appearance of additional light, which is as-
cribed to the formation of excited molecules by association of N and/or O atoms at
the substrate.

Ar-N9—-04 plasmas and Ar-NO plasmas showed a remarkable resemblance in
gas composition. In three different types of plasmas containing mixtures of nitrogen
and oxygen on average 5% NO was formed. In the inverse experiment, NO admixed
to Ar plasmas, up to 92% of the NO was converted into Ny and Os. So, in the
NO-high depletion case, the situation is dynamically similar to the experiment in
which Ny and O, are injected into an argon plasma: in both cases NO molecules
are the minority species and Ny and O; the majority species. Apparently, in both
cases there is enough fragmentation and association of radicals to new molecules
(for NO injection, mainly Ny and Oy molecules), or back to the original molecules
(for N2-Oq injection). Thus the end situation is the same, if substantial dissociation
can be reached within the residence time of the gases in the plasma. Thus, the two
types of plasmas show a strong resemblance in the gas composition, i.e. ~ 5% NO
and ~ 95% Ny and O present in the plasma, although the starting conditions are
completely different. This preference for N3 and O production is in accordance with
the picture that molecules are formed by surface processes determined by binding
energies.

The main primary chemistry in expanding plasmas containing mixtures of nitro-
gen and oxygen is made up by the high fluxes of atomic N and O radicals created,
leading to the formation of mainly NO, but also N2O and NO; molecules, produced
to a large extend in surface processes. Mainly NO and N are present at the surface
and are stored in the metal wall as the generation of NO and N2O molecules is still
observed after the nitrogen or oxygen flow is stopped, on time-scales much longer
than the residence time of the gases in the plasma reactor. In our low-pressure plas-
mas, the NO, N5,O, and NO2 molecules are primarily formed in wall association
processes of N and O radicals, in combination with subsequent gas phase reactions.
The observed NO is mainly generated in the association of N and O radicals at the
wall of the reactor and partly formed out of NoO and NOy by gas phase reactions
with N and O radicals and by a reaction between N atoms and O molecules in the

gas phase.
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Molecules are often synthesized in catalytic processes. A well-known example is am-
monia synthesis from nitrogen and hydrogen gas by the Haber-Bosch process. In
catalysis, a specific surface material is used as a catalyst in order to dissociate the
precursor molecules as well as to enhance the production of a specific molecule. The
subject of this thesis is the generation of molecules in plasma, in which plasma acts
as catalyst to dissociate the precursor molecules already before they come in contact
with a surface. Then the surface is mainly exposed to fluxes of atomic and molecular
radicals rather than molecules. The question investigated is: which molecules are
formed and how? Especially, the role of plasma-surface interactions in the genera-
tion of molecules is investigated. In plasma chemistry, but also in interstellar space
research, a debate on the importance of surface processes besides volume processes

is a central theme.

The generation of molecules in plasmas by association of radicals at a surface
was studied at the hand of two systems. In the first one, surfaces are exposed to
fluxes of atomic nitrogen and hydrogen leading among others to ammonia forma-
tion. In the second one, surfaces are exposed to fluxes of atomic nitrogen and oxygen
resulting in a significant amount of NO molecules besides regenerated Ny and O,
molecules. The importance of plasma-surface interactions is quantified by study-
ing the generated molecules present in the gas phase. The molecules have been
monitored using mass spectrometry and three laser-based diagnostic techniques, i.e.
time resolved tunable diode laser absorption spectroscopy, cavity enhanced absorp-

tion spectroscopy and cavity ring-down spectroscopy.

A new diagnostic has also been introduced, phase-shift cavity ring-down spec-
troscopy (PSCRD). In the PSCRD technique, a narrow band cw diode laser is used
in combination with a high-finesse optical cavity to perform very sensitive high-

resolution, direct absorption spectroscopy in a simple experimental setup using ideas
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from the field of cavity ring-down spectroscopy (CRDS). Furthermore, by quantifying
the role of amplified spontaneous emission (ASE) in CRDS measurements, absolute
line intensities and densities are obtained.

An evaluation of the role of NH and NH; radicals in ammonia producing plasmas
has been performed using cavity ring-down spectroscopy. With this technique, abso-
lute densities of NH and NH, radicals were obtained. The NH, radicals are formed
by reactions between ammonia and H atoms and subsequently the reaction between
NH; and H atoms. The NH radicals are also formed via reactions between nitrogen
atoms and Hy molecules in the plasma expansion. Furthermore, the density distri-
bution of NH over the vibrational levels is non-Boltzmann and the high rotational
levels in the beginning of the expansion are overpopulated.

The experiments on plasmas containing mixtures of nitrogen and hydrogen per-
formed, indicate that the ammonia production occurs at the wall of the plasma re-
actor. It was shown that an efficiency of 33% in the ammonia generation can be
achieved, if the admitted nitrogen and hydrogen gas flows are appreciable dissoci-
ated, resulting in high atomic N and H radical fluxes. It appeared that the efficiency
of the ammonia production is related to the fluxes of the N and H radicals from the
plasma to the surface. There are indications that the amount of molecules formed is
similar for different wall materials. The presence of an additional layer at a passivated
surface could play a role in the formation of these molecules at the surface. Radicals
arriving at the surface adsorb and interact to generate new molecules. For instance,
ammonia is most likely formed by the successive hydrogenation of adsorbed nitrogen
atoms at the surface of the plasma reactor via the intermediates NH and NH,.

Perhaps the most clear indication of the surface production of molecules in an ad-
ditional layer, in which the precursor radicals or molecules are only weakly bonded to
the surface, is the appearance of additional light around a substrate placed in expand-
ing nitrogen plasmas with and without oxygen added. Apparently, excited molecules
are formed by association of N and/or O atoms at the substrate.

The gas composition of plasmas produced from Ar/N /Oy mixtures and Ar/NO
mixtures has been studied. The plasmas show a striking resemblance in the steady
state gas composition, i.e. ~ 5% NO is formed and ~ 95% N, and O are formed in
the plasma, despite the fact that the starting conditions are completely different.

In plasmas containing mixtures of nitrogen and oxygen, besides NO also N3O
and NO; are formed. It appeared that below a certain threshold in the Oy flows,
primarily NoO is formed and almost no NO. This can be explained by a surface
that is primarily covered with N and NO. At higher O, flows, the production of NO
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becomes dominant, but also a finite amount of NOs is measured.

In the course of the investigations presented in this thesis a more detailed view
on the role of atomic radicals and surface processes in the generation of molecules
through plasma-surface processes is established. The obtained knowledge can serve
as a starting point to study more complex systems. The high efficiency in molecule
generation suggests that when a plasma is used to dissociate the precursor molecules,
the surface material, which is no longer selected to dissociate molecules, can be op-
timized to facilitate the formation of specific molecules.
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Samenvatting

Moleculen worden vaak geproduceerd via katalytische processen. Een algemeen be-
kend voorbeeld is de productie van ammoniak uit stikstof en waterstof gas via het
Haber-Bosch proces. In katalyse wordt een specifiek materiaal als katalysator ge-
bruikt om de precursor moleculen te dissociéren alsmede om de productie van een
bepaald soort molecuul te bevorderen. Het onderwerp van dit proefschrift is de gen-
eratie van moleculen in plasma’s, waarbij het plasma fungeert als katalysator om de
precursor moleculen te dissociéren, voordat ze in contact komen met een oppervlak.
In dat geval wordt het oppervlak voornamelijk blootgesteld aan fluxen van atomaire
en moleculaire radicalen, in plaats van moleculen. De vraag die onderzocht wordt
is: welke moleculen worden gevormd en hoe? In het bijzonder, de rol van plasma-
wand interacties in de generatie van moleculen wordt bestudeerd. In plasma chemie,
maar ook in het onderzoek van de interstellaire ruimte, is het belang van processen
aan oppervlakken naast volume processen een belangrijk thema.

De generatie van moleculen in plasma’s door de associatie van radicalen aan
een oppervlak is bestudeerd aan de hand van twee systemen. In het eerste systeem
wordt een oppervlak blootgesteld aan fluxen van atomair stikstof en waterstof, het-
geen onder anderen leidt tot de productie van ammoniak. In het tweede systeem
wordt een oppervlak blootgesteld worden aan fluxen van atomair stikstof en zuurstof,
hetgeen resulteert in een significante hoeveelheid NO en vooral opnieuw gevormde
stikstof en zuurstof moleculen. Het belang van plasma-wand interacties is gekwan-
tificeerd door het bestuderen van de gevormde moleculen aanwezig in de gas fase.
De moleculen zijn gemeten met behulp van massaspectrometrie en drie op lasers
gebaseerde technieken, namelijk tijdsopgeloste verstembare diode laser absorptie
spectroscopie, "cavity enhanced" absorptie spectroscopie en "cavity ring-down" spec-
troscopie.

Ook is er een nieuwe meetmethode geintroduceerd, namelijk "phase-shift cavity
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Samenvatting

ring-down" spectroscopie (PSCRD). In de PSCRD techniek wordt een smalbandige
continue diode laser gebruikt in combinatie met een optische trilholte met een hoge
finesse. Daarmee wordt zeer gevoelige, hoge resolutie, directe absorptie spectro-
scopie mogelijk met een simpele experimentele opstelling, gebaseerd op de principes
van de "cavity ring-down" techniek. Door de rol van spontane gestimuleerde emissie
in "cavity ring-down" metingen te kwantificeren zijn absolute lijnintensiteiten en
dichtheden bepaald.

De rol van NH en NHj, radicalen in ammoniak producerende plasma’s is bepaald
met behulp van "cavity ring-down" spectroscopie. Hiermee zijn absolute dichtheden
van NH en NH; radicalen gemeten. De NH, radicalen worden gevormd via reac-
ties tussen ammoniak en H atomen gevolgd door reacties tussen NH; en H atomen.
De NH radicalen worden ook gevormd via reacties tussen stikstof atomen en Hy
moleculen in de plasma expansie. Verder blijkt dat de dichtheidsverdeling van NH
over de vibrationele toestanden geen Boltzmann verdeling is en dat de hoge rota-
tionele aangeslagen toestanden aan het begin van de expansie overbezet zijn.

Experimenten uitgevoerd aan stikstof en waterstof bevattende plasma’s, laten
zien dat de productie van ammoniak plaatsvindt aan de wand van de plasma reac-
tor. Er wordt aangetoond dat een 33% efficiéntie in de ammoniak productie wordt
bereikt indien een aanzienlijke hoeveelheid van de toegevoerde stikstof en waterstof
gassen gedissocieerd worden, hetgeen resulteert in een hoge atomaire N en H flux.
Het blijkt dat de efficiéntie in ammonia productie is gerelateerd aan de N en H rad-
icalen flux van het plasma naar de wand. Er zijn aanwijzingen dat de hoeveelheid
gevormde moleculen hetzelfde is voor verschillende materialen. De aanwezigheid
van een additionele laag op een gepassiveerd oppervlak zou hierbij een rol kunnen
spelen. Radicalen die in contact komen met het oppervlak worden geadsorbeerd
en vormen nieuwe moleculen. Een illustratie hiervan is dat ammoniak waarschijn-
lijk wordt gevormd door de opeenvolgende hydrogenatie van geadsorbeerde stikstof
atomen en de tussenproducten NH en NHs aan het oppervlak van de plasma reactor.

De meest duidelijke ondersteuning van de productie van moleculen aan een op-
pervlak in een additionele laag waarin de precursor radicalen of moleculen slecht
zwak gebonden zijn aan het oppervlak, is de observatie van extra licht rond een
substraat geplaatst in een expanderend plasma van puur stikstof of van een stik-
stof/zuurstof mengsel. Klaarblijkelijk worden geécxiteerde moleculen gevormd door
de associatie van N en/of O atomen aan een oppervlak.

De gas composities van plasma’s geproduceerd van mengsels van Ar/N3/O2 en

Ar/NO zijn bestudeerd. De plasma’s vertonen een saillante gelijkenis in de station-
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aire gas compositie, d.w.z. ~ 5% NO moleculen en ~ 95% Ny and Oz moleculen
worden gevormd, ondanks dat de begincondities compleet verschillend zijn.

In stikstof en zuurstof bevattende plasma’s wordt naast NO, ook N3O en NOo
gevormd. Het blijkt dat beneden een bepaalde drempel in de zuurstof toevoer, voor-
namelijk N2O wordt gevormd en bijna geen NO. Dit kan verklaart worden met een
oppervlak dat voornamelijk bezet is met N en NO. Met toenemende zuurstof toevoer
wordt de productie van NO dominant, maar wordt ook een beperkte hoeveelheid
NO; gemeten.

Gedurende het onderzoek gepresenteerd in dit proefschrift is een meer gede-
tailleerd beeld van de rol van de atomaire radicalen en de processen aan oppervlakken
in de generatie van moleculen door plasma-wand processen vastgelegd. De verkre-
gen kennis kan als startpunt dienen voor de bestudering van meer complexe syste-
men. De hoge efficiéncie in molecuul generatie suggereert dat wanneer een plasma
wordt gebruikt om de precursor moleculen te dissociéren, het oppervlak niet meer
geselecteerd hoeft te worden om moleculen te dissociéren, maar geoptimaliseerd kan
worden om de vorming van specifieke moleculen te bevorderen.
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