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1
Introduction
1.1 It’s all about the particles . . .
There are many words used to describe particulate systems. Smoke, dust,
haze, fume, mist and soot all refer to various types of particles, which can be
suspended in liquids or gases. Mankind has always shown interest in them,
from the ancient Egyptians, who employed them in ink, and the Chinese, who
discovered their explosive properties, to the Arab physicist Alhazen of Basra,
who explained the blue color of the sky by the presence of particulates in the
air (eight centuries before Lord Rayleigh). Particles, nowadays, play a role
in several key fields, such as the atmospheric sciences and air pollution [1],
the industrial production of pigments or metallic powders [2, 3] and the microelectronic industry [4]. Whether particles are desirable or not in these
applications, an increasing number of high-tech experimental techniques are
used to investigate their dynamics or optimize their properties. Dusty plasmas are among those techniques. Dusty plasmas, also sometimes referred
to as complex plasmas, are low-temperature gases, which are partially or
fully ionized and which contain electrons, ions, charged dust grains (metallic,
conducting, ice-particulates, . . . ) and neutral atoms.
Dusty plasmas were known to our ancestors in the form of zodiacal lights
(described and correctly interpreted by Cassini in the late 17th century) and
noctilucent clouds (discovered about 100 years ago). The study of dusty
plasmas however, historically began in the 20th century when Irvin Langmuir
was analyzing the influence of tungsten vapor droplets in a laboratory arc
discharge [5], while Hannes Alfvén [6] was raising his eyes and trying to determine the physical properties of cosmic dust grains found in the interstellar
and circumstellar media.

Chapter 1.

Figure 1.1: Dynamic spokes on Saturnian rings obtained by Voyager 2 from
a distance of 4 million kilometers. Numerous sharp spoke-like features can be
noticed in the B ring. It is thought that electromagnetic forces are responsible for
them. The Cassini division is visible at upper right, and the A-ring is outside it;
the C-ring is visible at lower right. The Voyager project is managed for NASA by
the Jet Propulsion Laboratory, Pasadena, CA (Published with authorization from
NASA. The Rings Node of the NASA Planetary Data System is acknowledged).

The physics of dusty plasmas received its first major boost in the early
1980s when the Voyager space probes identified nearly radial ghostly-like
”spokes” around the outer portion of Saturn’s B ring (see figure 1.1). It is
thought that gravitational forces alone cannot account for the spokes’ structure, and it has been proposed that electrostatic repulsion between ring particles may play a role. The presence of fine dust seems to be acknowledged
by the probe, which also observed that the spokes’ material was scattering
light more effectively in certain directions [7]. The Cassini-Huygens probe
reached Saturn’s orbit last year and has shown that the Saturnian ”wheels”
were turning but has not spotted the presence of spokes yet.
Dusty plasmas are ubiquitous in the interstellar clouds, in circumstellar
shells and practically everywhere in the solar system [8, 9]. The dusty plasma
field also covers the impact ionization, giving rise to aurora, which are produced when trapped charged particles spiral down to a planet along magnetic
field lines and subsequently collide with gases in the atmosphere.
2
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The second major development in dusty-plasmas research occurred in
the late 1980s in the semiconductor industry, where scientists were struggling with the source of particle contamination of semiconductor wafers.
G. Selwyn, at IBM Yorktown, found that particles, which were forming and
growing in the gas phase, were falling down on the wafer as the plasma was
switched off [10]. The capacity of radio-frequency (RF) plasmas to trap particles and levitate them triggered worldwide interest toward basic laboratory
dusty plasma experiments. The inclusion of nano- or micrometer-sized particles in a controlled industrial process opened a wide range of new possibilities [11–13]. The discovery of liquid and crystalline plasma states a few years
later in the mid-1990s contributed to further growing fundamental research
in the field [14, 15].
Several books and conference proceedings have recently been devoted to
the dusty plasma subject [16–19]. However, a better understanding of the
formation and the distribution of the particles still calls for more detailed
studies. Of particular interest to the community are the investigation of (i)
the dusty plasma environment and of (ii) the motion of charged dust grains
under the combined influence of gravity and other forces.

1.2 Overview of the background
The research which is described in this thesis is based on two seemingly
different subjects. The plasmas are indeed ignited in two contrasting reactors:
(i) an ”industrial” radio-frequency plasma chamber aiming at tailoring silane
plasmas for the production of polymorphous solar cells and (ii) a pulsed
discharge ignited in a rare gas expansion, fed with interstellar molecules
analogs, aiming at the simulation of the interstellar medium.

1.2.1 Dust utilization in the solar cell industry
The contamination of semiconductor surfaces caused by dust particles was
the major concern of the semiconductor industry in the 1980s. The use of
dust-forming plasmas, such as the well-known hydrocarbons or silane-based
plasmas [16, 20–22], in Plasma Enhanced Chemical Vapor Deposition applications (PECVD [23]) had a tendency to affect the topography, the performance, the reliability and, hence, the yield of the devices being processed
(flat panel displays, thin film transistors, solar cells, . . . ).
However, today, the presence of dust particles in PECVD industrial silanebased plasmas might add value to the process and ultimately lead to the development of new products. This is the case for the polymorphous solar cells
3
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(pm − Si) (i.e. amorphous hydrogenated solar cells with embedded nanocrystallites). The latter have been investigated under the H − α program,
sponsored by the European Union, to which the present research belongs.
The team of Roca i Cabarrocas at the Ecole Polytechnique in Palaiseau,
France, managed to produce such cells with enhanced current carrier transport properties [24–26]. Results indicate an improvement in efficiency compared to amorphous hydrogenated (a−Si : H) solar cells, as well as long-term
stability. It has indeed been noticed experimentally that pm − Si solar cells
are less prone to light-induced degradation known as the Staebler-Wronski
effect [27]. Note that large particles formed and grown in the plasma are
nevertheless still regarded as a major threat to the deposition of thin films,
which are only several hundreds of nanometers thick themselves.
The properties of pm − Si films (band gap, hydrogen content, refractive
index, . . . ) are strongly influenced by the discharge parameter settings such
as pressure, radio-frequency, RF-power, gas-mixture and the electrode arrangement. Further uncertainty on the film quality is caused by the complex
silane chemistry, including the deposition process at the substrate and the
inclusion of nano-crystallites. In order to limit this uncertainty and to obtain
pm − Si solar cells with a good energy conversion efficiency without having
to give up on the film’s quality or the deposition speed, control of the particles is required. However, although the behavior of dusty plasmas is rather
well understood for big particles, the early stages of particle formation and
growth is open to investigation. The role played by radicals which result
from the silane dissociation, is particularly to be studied.

1.2.2 Dust utilization in the interstellar medium simulation
In the physics of the interstellar medium, dust grains play a crucial role,
from the thermodynamical and chemical characteristics of the gas to the
dynamics of the star formation process. Interstellar dust is responsible for
the shape of galaxies as well as the behavior of the interstellar medium within
a galaxy. There is still controversy on the composition of the interstellar dust
(meteorite samples being collected cannot be considered as representative of
the interstellar grains). The only direct way to collect information on the
dust compounds is to analyze the absorption, scattering or emission spectral
features of starlight [28].
A certain number of features can be noticed in the stellar spectra when
observed in emission (unidentified infrared bands) or in absorption (diffuse
interstellar bands, or DIBs). Carbon-based molecules are considered to be
possible carriers of those features. Since DIBs can be analyzed in the visible
spectral range, visible absorption spectroscopy of the suspected carbon-based
4
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molecules can be undertaken. Investigations must also be performed in the
laboratory under conditions which match as well as possible the ones existing
in the interstellar medium, i.e. at low temperature and low density. A device
called pulsed discharge nozzle has been developed at NASA Ames and ignites
a plasma in the expansion of a supersonic rare gas jet. The carbon-based
molecular sample is vaporized and carried by the expansion through the
nozzle across the plasma device. It is subsequently probed spectroscopically
and the results are compared to the astronomical data.
Similarly to what is described in section 1.2.1, external parameters are
also expected here to strongly influence the behavior of the plasma and its interactions with the carbon-based dust molecules. However, contrary to dusty
RF plasmas, no research has yet been dedicated to the discharge and very
little is known about its nature, its structure and its behavior. This calls for
a detailed experimental analysis combined with a numerical simulation. Considering the disturbances introduced by dust particles, the plasma has been
studied both experimentally and numerically in a pure rare gas expansion.

1.3 Overview of this thesis
Most of the research presented in this thesis is based on molecular spectroscopy, which is a powerful tool to study the physical conditions in dusty
plasmas. The plasma environments mentioned above can both be spectroscopically probed by real-time optical diagnostic techniques, specifically by
cavity ring-down spectroscopy (CRDS).
This dissertation is divided into two main parts: the first one, covering
chapters 2 to 6, is devoted to the silane-based dusty plasma, which is used
to investigate the particles typically involved in polymorphous silicon deposition; the second part, from chapter 7 to 9, deals with the study of the pulsed
discharge nozzle device.
This work starts in chapter 2 with the description of processes, which are
central to all dusty plasmas and more particularly to the ones generated in
silane-based gas mixtures. Dust grains which are immersed in a plasma are
electrically charged. This has important consequences on their own dynamics
and also on the plasma itself. We briefly present the plasma chamber, where
particles form and grow, before characterizing its power coupling efficiency.
The dust particles influence the discharge impedance and their presence increases the resistivity of the plasma, independently of the carrier gas.
In chapter 3, we investigate the particles generated in-situ by means of
laser light scattering and active/passive optical emission spectroscopy. A
theory is developed to explain the ejection of particles out of the plasma
5
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chamber. It is based on an imbalance of the forces which keep the same particles trapped within the bulk of the plasma. We manage to obtain a spatiotemporal profile of the particles which are trapped in the plasma chamber
or expelled from it. These measurements help us localize the regions where
silane is preferably dissociated and the particles are essentially formed. We
have experimental confirmation of the absence of particles in the center of
the discharge but no information yet on the dust precursors.
Given the strong correlation between the plasma and the particles, a
highly-sensitive optical diagnostic technique is applied in order to identify
those precursors. Chapter 4 is the onset of such a study. We present selected
topics of absorption spectroscopy, which prove useful to the comprehension of
both the Cavity Ring-Down and the infrared Fourier Transform spectroscopy
techniques. It is shown that CRDS is a versatile method, capable of measuring the absolute densities of reactive gas-phase species, be it used in the
visible or the infrared, with continuous wave or pulsed lasers. Chapter 5 goes
one step further into the CRDS technique and studies the nature and the
behavior of a novel method to detune a laser diode. Numerical simulations
concur with experimental ring-down profiles and show that the mode-tuning
technique allows ring-down to occur, independently from external parameters
such as the laser light intensity and the time at which the laser is detuned.
The last chapter in this first part is chapter 6. There, we present the
infrared Fourier transform spectroscopy technique, which is complementary
to all the other optical diagnostics we have used on silane plasmas. We determine the silane dissociation degree after plasma ignition and prove that
it is a slow and persistent process. It is shown that the growth of particles
in the plasma generate solid-state absorption features at wavenumbers which
are characteristic of SiH, SiH2 and SiH3 infrared active bonds.
The second part of this thesis deals with the pulsed discharge nozzle device.
In chapter 7, we provide the necessary background and detailed motivations, justifying the work performed. The experimental set-up is described
and the main characteristics of a supersonic jet (necessary to the comprehension of the following chapters) are introduced.
Chapter 8 studies the nature and the structure of the plasma that is
generated when a pulsed discharge source is coupled to a pulsed free jet expansion. The discharge is thought to be a glow discharge in the abnormal
regime, characterized by a negative glow and dark zones near the electrodes.
We use the CRDS technique on an expansion of pure argon and we demonstrate that the zone probed by the laser is not in local thermal equilibrium.
This suggests that few electrons are transported out of the inter-electrode
region along with the expansion.
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Finally, in chapter 9, a two-dimensional numerical model, developed in
Eindhoven for the pulsed discharge nozzle source, is applied to an argon expansion, i.e. in the absence of dust particles. It provides key insight on the
plasma behavior. Several neutral and charged atomic species are investigated
and it is shown that the device acts as a source of metastable argon atoms.
This has a major influence on the way complex molecules in the plasma are
fragmented and/or ionized.
You are now about to discover my PhD thesis. Let me wish you a pleasant reading. Bonne lecture...
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Dusty silane plasma in a laboratory:
from the theory to the experiments
Abstract. The particle-plasma interaction is studied by surveying the
charging mechanism as well as the various forces acting on the dust. Particles of a certain size are ruled by the electrostatic force while larger ones
are essentially subjected to gravity. Using a plasma impedance monitoring
device, we characterize the main properties of our plasma chamber, namely
the power coupling efficiency as well as its behavior in the presence or absence of dust particles. The experiments performed here also give the clear
evidence of the effect of the particle carrier gas on the plasma.

Chapter 2.

(a)

(b)
Figure 2.1: SEM photographs of particles, which coated the inner walls of
the plasma ring. The coating layer was grown under several plasma conditions
for several tens of hours. The clusters of particles display a fluffy and strongly
inhomogeneous structure.

As described in the introductory chapter, dusty plasmas can be defined
as partially or fully-ionized gases, which contain electrically-charged particles (with sizes up to the micrometer range) of dielectric or conducting solid
material. They are common in astrophysical environments but also play an
important role in laboratory plasmas. Silane plasmas used in the microelectronic industry are among the latter. Dust particles, such as those depicted in figure 2.1, can be considered as having a symbiotic relationship with
the plasma: while their spatial distribution and their charging is influenced
by the plasma, their presence also affects the plasma properties. The interactions of those dust grains with one another and with the plasma depend on
many quantities, among which is the dust size and its electrical charge. This
chapter provides an overview of the parameters in section 2.1. We present in
section 2.2 the basics of the physico-chemistry of RF silane discharges, which
will prove useful in the overall comprehension of the thesis. Section 2.3 briefly
describes the overall RF plasma chamber and its basic theory of operation,
while section 2.4 characterizes our plasma behavior with, and without dust
particles.

2.1 Dust immersed in a plasma
Note that this section considers particles, which are already formed and immersed in a radio-frequency plasma, and does not take into account the
mechanisms that lead to the formation of those dust particles.
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2.1.1 The Debye length
The Debye length is an important physical parameter in a plasma: it provides
the distance over which the influence of the electric field of an individual
charged particle (in our case a surface with a given nonzero potential) is felt
by other charged particles (such as ions) inside the plasma. The charged
particles actually rearrange themselves in order to shield all electrostatic
fields within that Debye distance. In dusty plasmas, the Debye length can
be defined as follows [1, 2]:
λD · λ D i
λD = q e
λ2De + λ2Di

(2.1)

where λDe and λDi are respectively the Debye length associated to electrons
and ions, as defined in equations (2.2) and (2.3). Te , ne , Ti and ni are the
electrons and ions mean temperatures and densities.
  · k · T  21
0
B
e
(2.2)
λD e =
2
ne · e
  · k · T  12
0
B
i
λDi =
(2.3)
2
ni · e
Dust particles of radius rp , separated by a given distance l, can only
be considered as individual isolated grains if the criterion rp  λD  l
is met, i.e. if the physical dimensions of the plasma are large enough for
the shielding to take place. If so, considering that the electrons’ mobility is
higher than that of the ions, shielding is primarily performed by electrons
and equation (2.1) becomes:
λD ' λ De

  · k · T  12
0
B
e
=
2
ne · e

(2.4)

For our typical working conditions in an argon RF capacitively-coupled plasma,
where Te ' 3 eV and ne ' 1015 m−3 [3], λD is in the order of a few hundreds
of micrometers.

2.1.2 The plasma frequency
Another important plasma property is its natural oscillation, also referred
to as the plasma frequency. When the plasma deviates from the equilibrium
condition, where ne = ni (from a macroscopic point of view), space charge
electric fields build up in the plasma and accelerate electrons in order to restore the quasi neutrality. Those electrons, because of their inertia, pass the
13
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equilibrium point, which generates a new electric field in the opposite direction. This collective motion of the electrons occurs at very high frequency
whereas ions which are heavier cannot follow the oscillations.
The oscillation frequency of the charged species is given by:
fpe,i = e

r

ne,i
0 · me,i

(2.5)

where me and mi refer to the electron and argon ion mass, respectively. The
period of these oscillations indicates the time scale required by the charged
particles to react to a variation in time of the electric field. Considering
typical values of ne ' ni in argon, one finds fpe > 1 GHz and fpi < 10 MHz .
Our experimental set-up is based on a 13.56 MHz standard radio-frequency
industrial signal. This means that electrons can oscillate in the RF field and
gain energy through this oscillatory motion, whereas ions and dust particles
will only see the time averaged field.

2.1.3 Charge carried by a dust grain immersed in a plasma
We will first consider particles which are not interacting with each other. Calculating the charge on an isolated dust particle is then similar to calculating
that of a probe immersed in a plasma. In both cases, at the equilibrium, the
immersed objects are floating electrically and do not collect any net current
from the plasma. The time evolution of the charge Qp carried by a grain is
thus determined by:
∂Qp X
=
Is = 0
(2.6)
∂t
s
where Is represents the possible contributions of the species s (electrons and
ions) to the net current. Several other processes might add to the total charge
of a dust particle, such as the photoelectric effect, the thermionic effect or
the secondary electron emission at the dust grain’s surface. Unless stated
otherwise, such effects rarely apply to laboratory plasmas at low temperatures
and low pressures and will be neglected for the purpose of this chapter. In
order to meet (2.6), the electrons and the ions fluxes Φe and Φi are set to be
equal:
∂Qp
= Φe + Φi = 0
∂t
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where Φe and Φi , in a first approximation, can be written as follows, assuming
a Maxwellian energy distribution for electrons and ions [1, 4, 5]:
r
e·V
k B · Te
· e kB ·Te
Φe = 4π · rp2 · ne · e ·
2π · me
r
k B · Ti 
e·V 
· 1−
(2.8)
Φi = 4π · rp2 · ni · e ·
2π · mi
k B · Ti
V is the potential difference between the dust’s surface and the plasma.
Because electrons typically move faster than the positive ions (by a factor
p
mi /me  1), the grain acquires a negative charge, unless the sticking
probability for electrons is very much smaller than for ions. The negative
charge acquired by the dust particles is thought to be responsible for the
trapping of particles inside the plasma and for their longer lifetime [6–8].
Note that the exponential term in Φe represents the electronic repulsion by
the negatively charged particle. The ion current Φi of equation (2.8) takes
into account the ion’s orbital motion (model based on the orbital motion
theory, OML [5]). Note that a radial motion theory also exists, which assumes
ions have no angular momentum around the dust grain [9]. However, its
applicability is limited to particles, which are not subjected to external forces
in the plasma (see following section).
Application of the probe theory to the situation of an isolated charged
grain, i.e. rp /λD  1, suggests that the charge on the grain is the same as
if the grain were located in vacuum at the same potential [9]. If one knows
the potential of the dust grain and its radius rp , it is easy to determine its
charge, assuming the dust grain can be assimilated to a spherical conductor.
This is the Coulomb approach, which leads to:
Qp = (4 · π · 0 · rp ) · V

(2.9)

As seen in equation (2.9), Qp is proportional to the particle’s radius. By
separately considering the rates at which negative and positive charges are
accumulated by the grain, one can express the total rate at which negative
charge is accumulated [10]:
∂(|Zp · e|)
∂|Qp |
=
= |Φe | − |Φi |
∂t
∂t

(2.10)

The charge accumulation is finite in time. As the dust charge reaches
a threshold, the Coulomb repulsion prevails and deflect all but the most
energetic electrons. The ion flux to the dust increases and the charge on the
grain equilibrates. At any time, as seen in equation (2.10), the charge on the
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dust is thus a multiple of the number Zp of electronic charges e at its surface.
A first approximation of Zp can be found in [11]:
h n  m · T  21 i
4π · 0 · rp · kB · Te
i
e
e
· ln
·
Zp = B ·
(2.11)
2
e
ne
mi · Ti

where B is a constant (B = 0.73 for an argon plasma [11]). Equation (2.11)
shows that Zp is proportional to the particle’s radius, when rp  λD . This
may be useful in estimating the average charge of a particle, knowing its
radius.
There is a limit to the above theory. Particles cannot always be considered to be isolated, as the rp  λD  l criterion is not always met in
a dusty plasma. At some point, the particles’ density is so high that they
start interacting with one another. They can then be considered as being
electrostatically coupled and the plasma starts having the properties of a
liquid or a solid. It is thought that charges acquire kinetic energy and ”fly”
from one dust grain to another. Whereas the sphere defined by the Debye
length is empty of any particles when a grain is isolated, it contains several
other grains in such a liquid or a solid dusty plasma. By defining a coupling
ratio Γ, i.e. the ratio of electrostatic energy to kinetic energy, it is possible
to determine whether the plasma is weakly coupled or strongly coupled (as
is the case for stellar interiors for instance):
Γ=

−l
Q2p
· e λD
4π · 0 · l · kB · Tp

(2.12)

where l is the distance between two particles and Tp the kinetic temperature
of the particles. Electrostatic coupling is supported by observations of planar
triangular Coulomb lattices (so-called Coulomb crystals) in [12–14].

2.1.4 Forces acting on a charged dust particle
A detailed comparison of the forces governing the transport of negatively
charged particles suspended in a plasma can be found in the literature [1, 15,
16].
The electrostatic force
Dust particles immersed in a plasma acquire a negative charge to equilibrate
the fluxes of incident electrons and ions. They will therefore be affected by an
electrostatic force F~e in presence of an electric field. In a capacitively-coupled
RF plasma, the most significant electric field is expected in the sheaths regions at the electrodes (because of the high mobility of the electrons compared
16
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to that of the ions). Considering that our plasma is constrained between the
electrodes by a grounded stainless-steel ring, a moderate radial electric field
exists as well, due to the ambipolar diffusion of the charged particles to the
walls. However, because of their inertia, particles only react to the timeaveraged RF field and are thus trapped inside the plasma volume, essentially
at the plasma-sheath boundary (as will be further developed in chapter 3).
A general formulation of F~e is given by:
~
F~e = −Zp · e · E

(2.13)

~ is the electric field applied on the particle.
where E
The neutral drag force
Dust particles can be put into motion when the molecules of the surrounding
neutral gas transfer part of their momentum to them. This happens particularly when the gas flux is unidirectional. In our case, where silane-based
particles are smaller than the mean free path of the neutral gas molecules
(Λ ' 1 mm at 300 K and 150 mTorr ), the force which moves the particles,
i.e. the neutral drag force Fn , is expressed as [4]:
4
F~n = π · rp2 · nn · mn · vth · (~vn − ~vp )
3

(2.14)

where nn and mn are the density and mass of the neutral gas atoms, respectively (argon in our experiments), whose thermal velocity vth is:
vth =

r

8 · k B · Tn
π · mn

(2.15)

Tn is the gas temperature, ~vn the mean neutral gas velocity and ~vp the mean
particle velocity. In the limit of big particles, Stokes’ viscous force must be
considered. Dust particles can acquire velocities which are quite different
from that of the surrounding gas. Assuming a spherical dust particle whose
velocity is subsonic (it is always the case in our experiments), Stokes’ law
gives [17]:
F~n = 6π · rp · νvis · (~vn − ~vp )
(2.16)
where νvis is the gas viscosity.
Note that the neutral drag force has an important effect in flowing lowpressure plasmas since, at a certain particle size, it leads to the ejection of
the dust from the plasma medium (see chapter 3) .
17

Chapter 2.
The gravitation force
Any dust particle is affected by Earth’s gravity to some extent. As shown in
equation (2.17), gravity indeed evolves with rp3 and is thus capable of driving
particles down to the lower electrode (see chapter 3)
4
F~g = π · rp3 · ρg · ~g
3

(2.17)

with g the gravitation constant and ρg the volumic mass of the particle (in
the case of silicium-based particles, ρg = 2 · 103 kg · m−3 ).
The ion drag force
The ion drag force Fi is the ion equivalent of the neutral drag force. It is
the result of a momentum transfer from ions to dust particles, which are
immersed in a plasma and are in the presence of a directed ion flux. Such a
momentum transfer happens when ions reach the dust particle’s surface and
get collected, or, alternatively, when the electric field surrounding the grain
deflects the ions’ trajectory. This momentum transfer generates an ion drag
force, which is opposed to Fe . When the ions’ mean velocity relatively to the
particles is much higher than the ions’ thermal velocity (ui  vi ), a general
formulation of Fi is [2, 15]:
F~i = σmt · ni · mi · |ui | · ~ui

(2.18)

where ni and mi are the ion density and mass, respectively. Note that Fi
is based on the Maxwellian ion velocity distribution function expressed in
the particle’s referential. A detailed derivation of Fi can be found in [1]. As
mentioned previously, the ion drag force consists of two components, namely a
collection force and an orbital force. It is thus possible to define a momentum
transfer cross section σmt , such as σmt = σcoll + σorb , where σcoll and σorb are
the collection and the orbital cross sections, respectively.
The collection cross section has been defined by Barnes in [16] as a function of the ion thermal velocity vi :

2·e·V 
σcoll = π · rp2 · 1 −
mi · vi2

(2.19)

where V is derived from equation (2.9). A numerical first-approximation
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form of σorb was derived by [18] and can be expressed as:

c 2 · λ2 
σorb = c1 · b2 · ln 1 +
b2
2
2e · Zp
with b =
4π · 0 · mi · vi2
r
2 · k B · Ti
and vi '
mi

(2.20)

with c1 = 0.94, c2 = 61, b a characteristic collision length (linked to the ion
deflection) and vi the ion thermal velocity. The effective Debye length λ can
be defined in a first approximation by equation (2.1) [15, 19]. The total ion
drag force along the incident ion direction is thus given by:
F~i = (σcoll + σorb ) · ni · mi · |ui | · ~ui

(2.21)

Since the charge of the particles and the ion distribution function (on
which Fi is based) differ from one location in the plasma to another, it is
rather difficult to quantify Fi without numerical simulations. However, one
can say that, as ions become more abundant, λ decreases but Fi still increases.
Furthermore, σmt varies with b2 , i.e. it is more dependant on the ions deflected by the particle than on the ions collected by the particle [15, 16].
These characteristics of Fi are only valid for rp  λD . If particles start interacting with each other, their charge is not a function of their size any more,
as it is shown previously in this section.
The standard estimation of the orbital cross section σorb , which we have
followed here, has recently been thoroughly addressed. The calculation of
the ion-dust orbital scattering cross-section typically considers that the ion
and the grain only interact over a distance which does not exceed the Debye
length. However, it has been proposed that the range of ion-dust interactions
can be larger than λD , hence justifying a new analytical approach in order
to estimate σorb [20, 21]. By taking into account the additional route of
ion momentum transfer, the ion drag force seems to be larger than what is
expected from the classical approach.
The thermophoresis force
Thermophoresis Fth is a force which is induced by a temperature gradient in
the gas. The momentum of neutrals which originate from the warmer zones
of the plasma exceeds that of atoms or molecules coming from colder regions.
The former thus pushes particles toward the colder areas; in our case, that
would be toward the water-cooled RF electrode. When high RF powers are
19
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used, Fth can also drive particles toward the walls of the plasma chamber
because a temperature gradient is induced by the gas dissipating the plasma
power and hence heating it up.
Considering particles small enough not to disturb the neutrals velocity
distribution function, Talbot et al. have [22] derived Fth , which is:
  r2 
5π
32 
p
~
· 1 + (1 − αth ) ·
Fth =
· κ∇T~
15
32
vth

(2.22)

with vth the neutral thermal velocity and ∇T~ the temperature gradient induced by the gas. κ represents the translational part of the gas thermal conductivity and, in the case of argon at 300 K , κ = 1.7·10−2 W · m−1 · K−1 [15].
αth is an artificial coefficient which accounts for the fact that neutrals adsorbed by particles might not be in thermal equilibrium before being desorbed. If the particle temperature does not exceed 500 K [22], one can
reasonably assume that αth = 1.
The photophoresis force
Particles can also be affected by one last force: the photophoretic force Fph ,
i.e. the momentum transfer from the photons absorbed or simply scattered
by the particles [4].
1
Fph = · (σabs + σsca ) · Ii
(2.23)
c
where σabs and σsca are respectively the particle absorption and diffusion
cross section, Ii is defined as the light source fluence (in W · m−2 ), c is the
velocity of light. For a spherical dust particle of radius rp , we can write the
cross-section for the absorption and the scattering of radiation [10]:
σabs = Qabs · πrp2

σsca = Qsca · πrp2

(2.24)

where Qabs and Qsca are the absorption and scattering efficiencies, respectively, expressed as follows [17]:
 2πr 
p

 n2 − 1 

·= 2
Qabs = −4 ·
λ
n +2
8  2πrp 4  n2 − 1 2
Qsca = ·
·< 2
3
λ
n +2

(2.25)

We define n as the complex refractive index of the particle (< refers to its real
part and = to its imaginary one), and λ as the incident HeN e laser wavelength (λ = 632.8 nm ). (2πrp )/λ is the dimensionless optical size particle
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Table 2.1: Orders of magnitude of the forces acting on an isolated dust particle

Force Formula
(in SI units)
Fe
2.7 · 10−6 · rp
Fn
5.3 · 10−2 · rp2
Fg
9.6 · 104 · rp3
Fi
1.8 · 10−3 · rp2 +
5.7 · 10−2 · rp2
· ln (1 + 10−12 · rp−2 )
−2
Fth
9 · 10 · rp2
Fph
5.2 · 10−5 · rp2
Fph
9.9 · 1023 · rp6 + 62 · rp3

Value (N)
rp = 150 nm
4.1 · 10−13
1.2 · 10−15
3.2 · 10−16
' 5 · 10−15
2 · 10−15
1.2 · 10−18

comment
E = 104 V · m−1 (sheath)
vn − vp = 0.1 m · s−1
ρ = 2.3 · 103 kg · m−3
ui = 104 m · s−1  vi
vi ' 382 m · s−1
∇T = 103 K · m−1
x  1, Ii = 5 kW · m−2
x  1, Ii = 5 kW · m−2
n = 4.23 − 0.461 · i [23]

parameter x. When x  1, scattering of the laser light by dust particles is
in the Rayleigh regime; when x  1, scattering is explained by geometrical
optics. A more complex third regime called the Mie scattering exists when
x ' 1 (see chapter 3 for more details). We have however chosen to ignore its
effects at this stage.
In our laboratory plasma, Fph is neglected with respect to all the other
forces we described previously. However, in the study of interstellar dust, Fph
helps define the albedo parameter $, i.e. the ratio of scattering to extinction
efficiencies [10]:
Csca
Csca
$=
=
(2.26)
Cext
Csca + Cabs
Orders of magnitude of the forces acting on a dust particle immersed in a plasma
The following section summarizes the different forces acting on a dust particle
which is immersed in a plasma. We will derive the algebraic expressions for
the forces and estimate their respective orders of magnitude, considering
a plasma of silane highly diluted in argon. Note that all calculations have
assumed 150 nm -radius particles which are trapped in a plasma at a constant
gas temperature of 300 K and at a pressure of 150 mTorr . We furthermore
assume that the particles’ density is such that they account for about 90 % of
the total amount of negatively charged species in the plasma, i.e. ne /ni = 0.1.
Using equation (2.11) with me /mi = 10−5 and Te /Ti = 102 , one finds an
average number of charges |Zp | ' 1.8 · 109 · rp (or about 270 charges for a
particle of radius 150 nm ).
As can be seen in table 2.1, Fe is the leading force. Note that the chosen E
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field can only be found far inside the sheath. At the plasma-sheath boundary,
it is expected to be smaller. Using E = 104 V · m−1 actually helps show
that Fe is almost always large enough to trap the particles in the plasma.
None of the other forces are able to cancel Fe even if Fi , Fn and Fth are
expected to somewhat influence the particles’ transport. The value obtained
for Fi is a very scarce value, considering the dependence of the force on the
ionic velocity [15] and the assumption that ui  vi . Fth considers that a
single temperature gradient is created from the plasma bulk to the walls of
the chamber because of the inhomogeneous gas heating by high RF power
dissipation. The value of ∇T chosen is in the high end of the gradient range
found in the literature [1, 24, 25].

Figure 2.2: All forces acting on a dust particle which is trapped in the plasma
depend on the particle’s radius. So does the number of negative charges carried
by the particle. There is a clear threshold above which gravity overcomes all other
forces (including Fe ). Fi varies more slowly than rp2 because of the logarithmic
term.

Figure 2.2 shows the evolution of the amplitude of the different forces
which act on the dust particles trapped in the plasma. Figure 2.2 is intended
to provide a quick look-up graph, capable of gauging the importance of a
force with respect to the others. The orders of magnitude are small but
nevertheless indicate two important things. Firstly, there is a threshold in a
particle radius ( rp ' 6 µm ) above which gravity becomes the leading force.
Big particles are expected to be rapidly brought to the grounded electrode’s
sheath level. There, they are thought to neutralize before being evacuated
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from the plasma chamber, because of the low electron density. Secondly, for
particles whose radius is smaller than 6 µm , Fe is the dominant force on
particle transport. Thirdly, the evolution of Fi with rp2 is damped by the
logarithmic term. Note that figure 2.2 can merely be used to analyze the
particles’ transport behavior because the forces acting on the particles are
too sensitive to their spatial location [26].

2.2 A short introduction to physico-chemistry of lowpressure RF silane discharges
As mentioned earlier, dust particles generated in silane-based plasmas are
of interest to the microelectronic industry. It is thought that the formation
of powders goes through four main phases [27]: (i) the formation of nanocrystallites up to a threshold size (2 to 3 nm ); (ii) accumulation of nanocrystallites in the plasma up to a critical density (' 1012 cm−3 ); (iii) phase
of coalescence and formation of macroscopic multiply-charged particles; (iv)
coalescence stops when charge becomes too important but particles keep
growing through radicals depositing at their surface. Owing to their sizes, the
latter macroscopic regime of the dust particles is reasonably well-understood
today. However, the early stages of the powders’ formation, nucleation and
coagulation are still open to experimental and theoretical research. Several
schools still compete and investigate the main routes leading to the clustering
process in silane-based plasmas, i.e. insertion of radicals like SiH2 [28] or
anion-neutrals reactions [15, 29].
Primary reactions in a silane-based plasma are caused by electronic impact and dissociative attachment on SiH4 molecules. The primary decomposition products are positive and negative ion species, optically detectable
neutral emissive species (SiHx∗ , Si∗ or SiH ∗ ) and neutral radicals. In the gas
phase, neutral radicals, such as Si, SiH, SiH2 or SiH3 , as well as charged
particles will react with each other or with the SiH4 parent molecule. Subsequent reactions between these various species lead to the formation of bigger
molecules (and dust particles), which ultimately are transported towards the
grounded electrode. In the case of Plasma Enhanced Chemical Vapor Deposition (PECVD), these species thus migrate towards the surface of the
substrate to be processed. The physico-chemical reactions which occur in a
silane plasma involve five main species:
• The anions Sin Hx− with n = 1, 2, 3 . . .
• The cations Sin Hx+ with n = 1, 2, 3 . . .
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Figure 2.3: Schematic representation of the internal processes in a RF SiH4
dusty plasma. Note that the dashed lines separate the external parameters from
the internal ones (adapted from [30]). ”eedf” refers to the electron energy distribution function, which defines whether the dissociation of the parent SiH4
molecule occurs through excitation, ionization, attachment, etc...

• The electrons
• The neutral molecules and radicals
• The negatively charged dust particles
The internal processes, i.e. the microscopic processes, which occur in
a RF silane-based plasma can be schematically summarized, as depicted in
figure 2.3. Note that radicals are suspected to play an important role in
thin film deposition. As mentioned earlier, they could also polymerize with
negative ionic species present in the plasma and generate the precursors to
the dust particles [24].
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2.3 A short description of the plasma chamber
The experiments described in this work have been performed on a plasma
chamber which was assembled and implemented by Hemerik [31]. This section gives an overview of the set-up configuration. For further technical
details, we would like to refer the reader to the above-mentioned reference.
Note that the entire set-up, including the gas feeding, pumping, the RF
circuitry and the water cooling, is remotely controlled via a Programmable
Logic Controller (PLC) developed in Eindhoven.

2.3.1 The vacuum system
The vacuum system consists of a 135 L cylindrical vessel made of stainlesssteel, accommodated with several windows and apertures for diagnostic purposes (see chapters 3 and 4). The gas flows (He − SiH4 , Ar − SiH4 , Ar,
O2 ) are monitored by mass-flow controllers and range from a few sccm
to 100 sccm while the discharge is being operated. The gas evacuation is
achieved by a triple-stage pumping device based on a primary pumping system (Leybold Trivac rotary pump coupled to a Leybold Ruvac roots blower
pump) and a turbo-molecular pump (Leybold Turbovac). The roughing
pumps attain fore-pressures of about 10−2 mbar whereas the secondary stage
reaches base pressures in the order of 10−6 mbar in the vacuum chamber. The
total pressure is measured inside the chamber by a baratron gauge and, in
standard operating conditions, the backing pressure ranges from 150 mTorr
to a little less than 1 Torr . Upstream flow control (with the mass controllers) and downstream pressure control (by means of a throttling valve)
ensures independent variation of pressure and flow in our vacuum vessel.

2.3.2 The RF plasma
The structure of the discharge chamber can be seen in figures 2.4 and 2.5.
It is based on the plasma box configuration, which was developed at the
GREMI laboratory in Orléans by Boufendi et al. [32]. The RF discharge
(13.56 MHz ) is confined in a cylindrical stainless steel enclosure. The upper
RF-powered electrode is connected to the RF generator through an L-type
matching network via a blocking capacitor (see next section for further details). The plasma ring is grounded, thus making the area of the bottom
grounded electrode bigger than that of the RF-powered electrode. The gas
mixtures flow vertically from the shower head-like top electrode to the gridded
bottom one. Such a design theoretically allows for a homogeneous laminar
flow. Note that a closed water system is used to cool down the RF-powered
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RF electrode

Plasma ring

CRDS cavity
holder

grounded electrode

Figure 2.4: The RF capacitive discharge is confined in a cylindrical enclosure.
Both the upper and the lower electrodes are 13.5 cm in diameter and made of
stainless steel. The inter-electrode distance is 4 cm . The whole structure can be
translated horizontally or vertically under operating conditions.

electrode, allowing safe operation at power levels in excess of tens of Watts
(in some cases up to 100 W ).
In order to accommodate different optical diagnostics, lateral vertical slits
are implemented on the plasma ring, allowing access to the plasma region.
Furthermore, the plasma box can be translated either horizontally or vertically, under plasma operation, adding flexibility to the design. This proves
particularly useful in laser scattering experiments of the dust particles generated in the plasma (see chapter 3).

2.4 Characterization of the RF power source
2.4.1 Understanding the power transfer
The matching network
The RF discharge used in our experimental set-up is based on an alternating
current, whose frequency is 13.56 MHz . The bottom electrode, as described
in the previous section, is directly grounded whereas the top electrode is capacitively coupled to a radio-frequency power source. The latter is designed
to drive a characteristic impedance of 50 Ω . This is typically the charac26
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Figure 2.5: Cross-section of the discharge chamber (after [31]).

teristic impedance of the output cable, which allows the source to deliver an
optimized amount of power at maximum efficiency. If the output impedance
varies from 50 Ω , the circuits in the power source reduce the output power
in order to prevent any damage. An experimental setup such as ours does
not inherently have a characteristic input impedance of 50 Ω ; a device is
thus required to convert the source’s output into the actual load impedance
of the discharge. This is typically done by using a ”matching network”. This
device consists of a network of capacitors and inductors, which can be tuned
to perform the impedance transformation. Several configurations exist, including the L-type, π-type and T-type, depending on the arrangements of
the capacitors and the inductors. As depicted in figure 2.6, our set-up uses a
L-type network, which is reported to be more stable and more efficient than
the other configurations [33].
Measuring the power
The available power measurements which can be easily performed concern
Pinj and Pref , i.e. the forward and the reflected powers. The latter can be
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Figure 2.6: Configuration of the matching network used on our set-up. It
consists of C1 , L and CB . In order to ensure a good matching, C1 and CB must
be variable.

optimized when the matching network is properly tuned so that Pref < 5 % .
Pinj and Pref can be characterized by power meters placed in the RF line, as
displayed in figure 2.7:
• an Amplifier Research (from now on referred to as AR power meter)
P H2000 power meter (with a 50 Ω RF connector impedance) installed
between the RF power source and the matching network measures both
Pinj and Pref ;
• a plasma impedance monitoring (PIM) device from Scientific Systems
(SmartPIMT M ) simultaneously records the fundamental component and
the first four harmonics of the RF current, voltage and phase in real
time (time resolution is 100 ms ). An internal derivation based on those
parameters provide the power dissipated in the plasma (forward and
reflected power cannot be distinguished) and its impedance. The PIM
sensor head is installed in the RF line after the matching network, close
to the RF electrode. The power derived is thus more representative of
the power deposited onto the RF electrode than of the one dissipated
in the plasma.
The measurements of Pinj and Pref with the AR power meter can theoretically provide the total power deposited onto the RF-powered electrode,
assuming a lossless matching system. Unfortunately, the power transmitted
through the line is never the total power which is injected into the discharge.
Impedance matching has been studied by many authors and it is now commonly admitted that the power lost in the matching network and in the
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transmission cables can represent a substantial part of the total transmitted
power [34, 35]. Note that excessive losses lead to a poor discharge excitation,
low electron density and heating of the tuning capacitors.

Figure 2.7: Pinj and Pref are measured in the RF line by the AR power meter,
before the matching network. Measurements of Prf do not take into account the
losses due to the tuning components or induced by the RF transmission cables.
On the contrary, Pi is measured with the PIM closer to the discharge chamber,
i.e. it is affected by the aforementioned losses.

By using the PIM in combination with the AR power meter, it is possible
to accurately estimate the amount of power that is actually dissipated everywhere else but in the plasma. To do so, we base our reasoning on Godyak
and Piejak subtractive theory [34]:
• We measure the power sent to the RF electrode Pi using the PIM.
• We measure the RF source forwarded Pinj and reflected Pref powers.
• Prf = Pinj −Pref corresponds to the power absorbed by the transmission
lines, the matching network and the discharge.
• We define a power loss Ploss in the RF transmission lines and the matching network. Ploss can be considered constant assuming the matching
network is not retuned between the measurements.
• We derive Ploss = Prf − Pi
Figure 2.8 shows the fraction of total power injected into the system
which is lost in the RF transmission lines and in the matching network. One
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can see that, in a vacuum, Prf − Pi is similar to that in an argon plasma
at 150 mTorr . This concurs with our assumption that there is a constant
Ploss which corresponds to a given Prf . For an optimized matching, the
fraction of the lost power to the injected power is 30 % on average. This
is consistent with values found in the literature for RF discharges that are
capacitively coupled [4, 33] or inductively coupled [36]. Note that figure 2.8
indicates that Ploss is a nearly constant fraction of the radiofrequency power.
This means that, at a given tuning, the efficiency coupling of the RF power
into the discharge is around 70 % , independent from the injected RF power.
However, it is thought that the effective coupling efficiency is smaller than the
value measured here experimentally, since it does not account for additional
power losses which might occur between the PIM and the plasma chamber.
For consistency, the power levels indicated here always refer to those which
are measured before the matching network, regardless of the losses in the RF
system.

Figure 2.8: Power dissipated in the RF transmission lines and the matching
network (Prf − Pi ) as a function of the power injected into the entire system
(Prf ). Measurements are performed in the vacuum and for an argon plasma
(150 mTorr , 14 sccm )

2.4.2 Electrical measurements in pure argon
As mentioned in the previous section, the SmartPIMT M probe measures the
plasma impedance at the fundamental frequency and the four higher harmonics. The analysis of the plasma electrical properties based on the anharmonicity of the current and voltage characteristics is widely reported in
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Figure 2.9: Amplitude of the voltage harmonics at the RF electrode for a
pure argon plasma at a pressure of 150 mTorr as a function of time. Note the
logarithmic scale.

Figure 2.10:
Fundamental signal of the phase angle between the current
and the voltage as a function of time for different pressures. The plasma is
mainly capacitive but a deviation from −90◦ can be noticed, indicating a resistive
component.
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the recent literature [37–40]. It has been shown that the presence of dust
particles in a plasma affects its electrical properties [40, 41].
In the following, we use Shen and Korsthagen’s denomination for the
harmonics. We denote the signal at 13.56 MHz as the fundamental, the
signal at twice the frequency as the second harmonic, and so on for the
higher harmonics up to the fifth one.
Figure 2.9 shows the amplitude of the different voltage harmonics as a
function of time at a constant argon flow of 30 sccm , at a steady pressure of
150 mTorr and for Prf = 40 W . For each harmonic, the amplitude remains
constant over time once the plasma is ignited. The ignition corresponds to
the spikes seen on each harmonic profile. Considering that the PIM performs
10 acquisitions per second and that small particles appear in a dusty plasma
a few milliseconds after its ignition (at room temperature), we might not be
able to detect the first stages of their formation. The particle growth rate is
indeed strongly affected by the gas temperature [26, 27, 38, 42].
Further measurements were performed in a plasma of pure argon at a
pressure ranging between 100 and 700 mTorr (the other operating conditions remain unchanged). The phase angle between the current and the
voltage components as a function of time for various pressures is displayed
in figure 2.10. The average phase angle remains constant at a given pressure but slightly increases as pressure gets higher. This indicates that the
plasma is mainly capacitive. However, the deviation from −90◦ (obtained
for a perfect capacitively-coupled plasma) also suggests that some resistive
component exists in the plasma impedance. Furthermore, as the pressure
rises, the resistive part seems to become more important.
Figure 2.11 shows the evolution of the phase angle as a function of Prf
which ranges from 30 to 90 W and as a function of the pressure.
The effects of pressure on the phase angle can be explained by considering
the plasma impedance Zp as the combination of a resistive and a reactive part:
Zp = X p + j · Y p

(2.27)

The resistive term is a function of the electron-neutral collision frequency ν:
ν = Nn · σe−n · v th

(2.28)

with Nn the argon atoms density, σe−n the cross section for electron-neutral
collisions and v th the mean electron thermal velocity. When analyzing equation (2.28), one sees that the higher the pressure, the bigger ν becomes, i.e.
the more resistive the plasma. This is experimentally confirmed and plotted in figures 2.10 and 2.11. This is consistent with other measurements
performed on capacitively coupled plasmas [39]. An estimate of ν in argon
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Figure 2.11: Fundamental signal of the phase angle between the current and
the voltage versus Prf at variable pressures. As the pressure and the power
increase, the plasma becomes less and less capacitive.

can be made by assuming a pressure of 500 mTorr (Nn = 1.6 · 1022 m−3 ),
σe−n = 10−20 m2 , and Te ' 1 eV when there are no particles in the plasma.
We find ν ' 108 Hz .
Figure 2.11 also shows that the phase angle decreases as a function of the
injected power. This confirms the presence of some resistive element between
the PIM and the plasma, which absorbs an increasing fraction of power as
Prf rises. These additional power losses might arise from a bad conceptual
design of the shower head or, more likely, from a faulty RF connection at the
powered electrode.

2.4.3 Electrical measurements in argon-diluted and helium-diluted
silane
The experimental procedure based on the PIM remains the same in these sets
of measurements. We use Ar −SiH4 and He−SiH4 gas mixtures (5 % silane
diluted in 95 % argon and helium, respectively). The time evolution of the
fundamental phase angle for pristine argon and the two dust-forming gases
is displayed in figure 2.12. The gas flows are 30 sccm for Ar and 26 sccm for
both Ar − SiH4 and He − SiH4 ; the difference owes to the flow controllers
calibration. The pressure in the vacuum vessel is 500 mTorr . Prf ' 40 W .
Note that figure 2.12 displays a rise on the He − SiH4 phase angle profile
between t = 0 and t ' 3.5 s . This is due to the high power required to ignite
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a He − SiH4 plasma in our set-up. Once the plasma is on, we decrease the
power back to the 40 W level. He is indeed a gas, whose ionization energy
is larger than that of argon (24.59 eV versus 15.76 eV ).

Figure 2.12:
Fundamental signal of the phase angle between the current
and the voltage versus time for discharges in pure argon, in Ar − SiH4 and
He − SiH4 mixtures. While the fundamental harmonic remains constant in pure
argon, it slightly but regularly increases with time for the gases containing silane.
This indicates the presence of particles, whose negative charges affect the plasma
impedance.

Figure 2.12 shows that the dusty discharges do not behave similarly to
argon discharges. The phase angle constantly increases with time. Similar
trends have been recorded at various pressures down to 200 mTorr . The
effect of the particles on the plasma is similar to that of pressure described
in the previous section. While equation (2.28) only accounts for the electronneutral collision in a pristine argon plasma, it also needs to account for the
electron-particle collisions in a dusty discharge. Hence the new formulation:
ν = v th · (Nn · σe−n + Np · σe−p )

(2.29)

with Np the dust particles concentration and σe−p the cross section for electronparticle collisions. Let us numerically determine ν in a dusty discharge. To
do so, we make the following estimates: Np = 1014 m−3 [43] is the particle
density, σe−p ' π · rp2 with rp = 150 nm (assuming the coalescence phase of
the particles is finished), and Te ' 5 eV . We find ν ' 2.5·108 Hz , which is, as
expected, higher than the collision frequency obtained from equation (2.28).
Detailed calculations show that Np · σe−p ' 7 m−1 , Nn · σe−n ' 160 m−1
and v th ' 1.5 · 106 m · s−1 (while v th ' 6.7 · 105 m · s−1 in the absence of
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particles). This shows that it is the increase in the thermal velocity of the
electrons which essentially causes the overall resistive term of the plasma
impedance to rise (the contribution of Np and σe−p is negligible). The negative charging of the dust particles (see section 2.1) results in a drop of the
mean electron density in the plasma and, consequently, in a rise of the electron temperature [27, 44].
Note that the Ar and Ar−SiH4 discharges both seem to be more resistive
than the He−SiH4 one. This is consistent with equation (2.28), which shows
that νAr ' 108 Hz is two orders of magnitude higher than νHe = 5 MHz .
Assuming similar burning conditions, it can be reasonably assumed that a
He − SiH4 plasma is more capacitive than a Ar one and, consequently is
more capacitive than a Ar − SiH4 plasma (considering our dilution level).

2.5 Conclusion
We have described the main parameters that influence the interaction of
dust particles with a plasma and with one another. We have investigated
the importance of the forces acting on those dust particles when trapped at
the sheath-plasma boundary. For particles with a radius smaller than 6 µm ,
the electrostatic force Fe is the most dominant force. Larger particles will
be more strongly affected by the gravitational force. Our estimation however
does not allow us to predict the particles’ transport inside the plasma.
We have also briefly presented our experimental plasma chamber and we
have investigated the effects of the matching network and the RF transmission cables on the power which is effectively deposited on the RF-powered
electrode. Our measurements indicate a power coupling efficiency on the
order of 70 % .
Based on the monitoring of the plasma impedance, we were able to perform basic but crucial experiments for the characterization of our plasma
chamber. Electrical measurements performed in pristine argon plasmas and
dusty argon-diluted or helium-diluted silane plasmas indicated that the discharge impedance is strongly influenced by pressure and by the presence of
particles. We also managed to experimentally demonstrate that He − SiH4
discharges are less resistive than Ar − SiH4 .
Performing further measurements and using optical diagnostics might enable us to gain more information on the dust particles’ transport in the
plasma.
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D. Möhlmann. Plasma crystal: Coulomb crystallization in a dusty
plasma. Physical Review Letters, 73(5):652–655, 1994.
[14] J.B. Pieper, J. Goree, and R.A. Quinn. Three–dimensional structure in
a crystallized dusty plasma. Phys. Rev. E, 54(5):5636–5640, 1996.
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Particle dynamics in capacitively
coupled dusty plasmas1
Abstract. Dust forming, capacitively-coupled RF plasmas, generated
in argon-diluted or helium-diluted silane at 13.56 MHz , are investigated
using non-intrusive optical diagnostics. Measurements based on laser
light scattering and spatio-temporal optical emission spectroscopy are discussed. These measurements provide valuable insight into the particle
dynamics inside, as well as outside, the discharge chamber. Laser light
scattering is especially suited to the localization of the particles, hence
proving very useful as a process tool. Spatio-temporal optical emission
spectroscopy is used to study the silane’s dissociation. The SiH, He, H 2
and Hα lines have been selected for observation. There are several experimental indications that the particles dynamics are not only dependent on
their size, but also on the geometry of the plasma chamber itself.

1

Part of this chapter is based on: [1]

Chapter 3.

3.1 Introduction
The formation of dust particles can be observed in several plasma processes,
such as etching, sputtering or thin film deposition. The dust powders can
prove beneficial to some processes, and in particular to the solar cell industry [2] when grown under a controlled environment. Experimentally, RF
discharges in SiH4 , diluted or not, have been largely investigated with diagnostic techniques in the optical and the microwave wavelength range [3–7] or
through the analysis of the plasma electrical properties [8, 9]. Some of the
above-mentioned methods were available in our laboratory and are relatively
easy to implement in comparison to other, more sophisticated techniques
such as Cavity Ring-Down spectroscopy (see chapter 4), Fourier Transform
Infrared Spectroscopy (see chapter 6) or laser photodetachment [10, 11].
This chapter aims at studying some aspects of the dynamics of silicon
containing dust particles in capacitively coupled RF discharges. Despite its
strong limitation due to its dependency on the particle size, laser light scattering is a cost-effective and a good process-monitoring tool, providing useful
knowledge on the particle presence and transport inside as well as outside
the plasma reactor. In order to simultaneously track excited species without
perturbing the plasma, optical emission spectroscopy is used. The emission
spectra of SiH, He, Hα and H2 are especially selected for study.
In section 3.2, we describe the different diagnostic techniques and how
we implement them on our RF reactor. In section 3.3, we present the laser
light scattering measurements while the results of our spatio-temporal optical
emission spectroscopy experiments are reported in section 3.4.

3.2 Description of the diagnostics and the experimental
set-ups
The plasma reactor and the vacuum chamber have been described in detail
in chapter 2 of this thesis. Furthermore, we invite the reader to refer to [12]
for a full technical investigation of the device. Particular consideration is
given in this section to the different diagnostic techniques and the way our
measurements were performed.
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Figure 3.1: Illumination of a particle (arbitrary size and shape) by a plane
electromagnetic wave of intensity I0 . dS refers to the spherical surface which
is centered on the particle. The direction of scattering for any value of r is
dependent on the scattering angle θ and the azimuth angle Φ. Note that θ is
measured relatively to the direction of incidence of the radiation (after [13]).

3.2.1 Laser scattering
The theory behind laser scattering
On the one hand, whenever dust particles interact with radiation, the incident
energy can be radiated again by the particle in the same wavelength range.
This process is called elastic scattering. On the other hand, that energy can
also be converted into heat or chemical reactions. This other process is called
absorption.
In order to explain the interaction between a particle and radiation, let
us consider a particle of arbitrary shape and size, illuminated by a plane
electromagnetic wave, as pictured in figure 3.1. The particle disturbs the
wave’s propagation by diminishing its amplitude. The total energy attenuation, when studied at a distance larger than the particle’s diameter, is the
summation of the energy scattered over a 360-degree angle and the energy
that is absorbed by the particle. It is possible to define scattered light by its
intensity [13, 14]. One must consider the amount of energy flowing through
a spherical surface centered on the particle. Let us assume an infinitesimal
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surface element dS on this sphere, whose solid angle in spherical coordinates
is given by:
dΩ = sin θ · dθ · dφ
(3.1)
The energy flowing through the surface element dS, under a solid angle
dΩ, at a distance r from the particle, can be written as:
I(r, θ) · r 2 · dΩ

(3.2)

where I(r, θ) is the intensity of the scattered wave. The expression, usually
used to describe the scattering process, is a refinement of equation (3.2) [13]:
 λ 2
I(r, θ) · r · dΩ = I0 ·
· F (θ, φ, λ) · dΩ
2π
2

(3.3)

where I0 and λ are the intensity and the wavelength of the incident radiation, respectively. F (θ, φ, λ) is the dimensionless scattering function which
depends on λ and on the size, shape and optical properties of the particles
irradiated. Note that F (θ, φ, λ) does not depend on r.
The derivation of equation (3.3) leads to the following expression for the
scattered light:
I0 · F (θ, φ, λ)
(3.4)
I(r, θ) =
k2 · r2
where k = 2π/λ is the wave number. One sees from equation (3.4) that
scattering depends on (i) the orientation of the particle with respect to the
incident wave (we shall here neglect the state of polarization of the incident
wave) and on (ii) the particle’s size. Two cases are usually identified: very
small particles and intermediate sized particles, in comparison with the incident wavelength. We will not treat a third case which considers very large
particles, where scattering can be simply described by geometrical optics.
Let us first consider particles which are much smaller than the incident
wavelength. When irradiated by a plane wave, those particles only see a
uniform electric field at any moment. The latter affects particles which behave like dipoles, thus oscillating in phase with that field and radiating in
all directions. This phenomenon is Rayleigh scattering. The intensity of the
scattered field is [13]:
(1 + cos2 θ) · k 4 · A
r2

2
2
1
3(m − 1)
with A = ·
·
V
2
4π(m2 + 2)
I(r, θ) = I0 ·
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A is a constant, where m is the refractive index of the particle and V its
volume. Note that the intensity of the scattered light is inversely proportional to the fourth power of λ, affecting shorter wavelengths more. Rayleigh
scattering typically affects particles where x  1, x being the dimensionless
optical size particle parameter:
x=

πdp
λ

(3.6)

where dp is the particle’s diameter. It is thus rather difficult to detect a
Rayleigh scattering signal for nano-crystallites (i.e. particles with a size
around 2 or 3 nm ), unless their density is extremely high (> 1015 m−3 [15].)
For particles whose size is on the same order of magnitude as the incident
wavelength range, i.e. x ' 1, light interacts with the particle over a crosssectional area larger than the geometric cross-section of the particle. The
electric field is not uniform over the entire particle volume anymore and
the Rayleigh criterion cannot be applied. The much more complicated Mie
scattering theory is generally used in that case.
Mie scattering addresses all of the electromagnetic quantities which interact with a particle, by applying Maxwell’s equations to an isotropic, homogeneous and dielectric sphere. Mie scattering is a complicated function of
the size, the number density and the refractive index of particles. In a Mie
regime, the scattered light is not uniform. The angular-resolved intensity
distribution caused by Mie scattering nevertheless permits straightforward
inference of the particle size and concentration when the complex refractive
index is known, the dust particles are spherical, and the size distribution is
monodisperse [16, 17].
In a dust forming plasma, such as a discharge in Ar − SiH4 , it is possible
to monitor the particle growth by tracking the evolution of the scattered
light. At a given incident wavelength, the scattered intensity increases rapidly
with the particle diameter. The powders’ dynamics and trajectories are also
rendered visible through this scattering.
Laser scattering experimental set-up
The particles are generated in situ by flowing argon-diluted or helium-diluted
silane (5 % SiH4 , 95 % Ar or He) into our cylindrical aluminum RF discharge chamber. The chamber can be moved horizontally or vertically, with
a spatial resolution of 0.5 mm , using stepper motors. Typical working pressures cover the range of 1 mTorr to 1 Torr . Side-slits in the cylindrical
chamber allow observations of the central region of the plasma. Stainless
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steel wires are used and surround the discharge chamber in order to improve
the homogeneity of the electric field at the slit and thus limit the spreading
of the discharge outside the chamber.
Figure 3.2 shows how the beam of a 5 mW HeN e laser (λ = 632.8 nm )
is directed towards the center of the plasma, parallel to the electrodes. Scattered light indicates the presence of dust particles, the scattering intensity increasing with the particle diameter. HeN e light scattered by particles which
are ejected from the plasma chamber is viewed through an optical window at
a 45-degree angle with respect to the incident laser beam (figure 3.2a). On
the contrary, HeN e light scattered by particles which are trapped inside the
plasma chamber is viewed through an optical window at a 90-degree angle
with respect to the incident laser beam (figure 3.2b). In both cases, the scattered signal is analyzed by an optical multichannel analyzer. More details on
this part of the experimental set-up can be found in the next section.
Note that the photographs displayed later in this chapter have all been
taken with an ordinary digital camera (no filter), which illustrates how easily
dusty plasmas can be visualized.

3.2.2 Optical Emission Spectroscopy
Emission spectroscopy
In emission spectroscopy, energy acquired by a molecule or an atom can be
re-emitted as radiation which is collected and analyzed by a spectrometer.
The emission of specific frequencies can be used to identify the species present
in the plasma under investigation. Quantum theory teaches us that electrons
occupy discrete energy levels. Molecules and atoms, which are characterized
by the energetic configurations of these electrons, emit light whenever an
00
0
electron falls from a higher excited (E ) energy level to a lower (E ) one. We
can then write:
00
0
E − E = ∆E = hν
(3.7)
where h is Planck’s constant and hν the energy of the emitted photon. Conversely, those molecules and atoms can absorb radiation but this process
will be treated later in this work in chapter 4. The emission spectra typically consist of lines whose wavelength can extend from the ultraviolet to the
mid-infrared wavelength.
Excitation and radiative de-excitation phenomena of atoms and molecules
originate from energy exchanges in the various collisions occurring in the
plasma. While electrons possess kinetic energy which they trade-off during
collisions with other species, molecules and ions are mainly characterized by
their internal energy, which they can store. Some typical excitation collisional
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Figure 3.2: Overview of the laser light scattering optical set-up. The laser
beam is sent into the plasma chamber, parallel to the electrodes through a sideslit. The field of view indicates the angle under which light scattering is observed.
Scattering is studied at a 45-degree angle for particles that are ejected from the
discharge chamber (a) and at a 90-degree angle when particles are trapped in the
plasma (b).
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Figure 3.3: Overview of the emission spectroscopy set-up. The emission of the
whole plasma region is collected and studied through an optical multichannel
analyzer. Emission spectra are collected at a 90-degree angle from the central
axis of the electrodes.
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reactions are represented below [18]. This list is not exhaustive and, in
the case of molecules, one must also account for processes such as electron
impact dissociation, dissociative attachment, ionic recombinative dissociation
or polymerization, etc . . . .
• (1): A + Bf ast → A∗ + Bslow
• (2): A + Bf ast → (A+ )∗ + Bslow + e
• (3): A + ef ast → A∗ + eslow
• (4): A + ef ast → (A+ )∗ + eslow + e
• (5): A + Bm → (A+ )∗ + Bground + e
• (6): A + B + → (A+ )∗ + Bground
We denote e the electrons, A and B the particles which are in the ground
(ground), metastable (m), excited (∗), or ionic (+) states. In reactions (1) to
(4), the kinetic energy from B (or the electron) is larger than the excitation
or ionization energy from A. Equation (5) refers to Penning ionization. Note
that the metastable state of species B provides the energy required by A to
be able to ionize. The surplus amount of energy is taken away by the ejected
electron. Penning ionization will particularly be of interest in chapters 8
and 9. Equation (6) is known as charge transfer ionization.
In the low-temperature silane plasma we investigated, the radiative processes we observed originated from various reactions, such as excitation from
the ground state by electron impact and de-excitation of the excited state by
spontaneous emission of a photon: A∗ → A+hν. Excitation from metastable
states to higher levels and cascading processes from higher energy levels must
also be accounted for. Despite the numerous plasma parameters which can
be analyzed by means of Optical Emission Spectroscopy (OES) (i.e. gas
temperature, electron temperature, rotational and vibrational temperature,
species densities and emission rate coefficients [19]), we will restrict its use
in our experiments to the tracking of species which result from the decomposition of silane. The spatial distribution of the light emitted by a species
indeed reflects the distribution of the formation of the species in the plasma.
Further details on the species that have been investigated can be found in
section 3.4.
OES experimental set-up
As depicted in figure 3.3, emission spectroscopy measurements are performed
by collecting the global plasma light emission on a 2 mm diameter quartz
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optical fiber by means of a 200 mm lens. A spectrometer and EG&G OMA
III optical multichannel analyzer with a model 1420 intensified detector, are
used in the range 244 − 855 nm .
All data have been acquired by observing the emission at a 90-degree
angle from the central axis of the electrodes, i.e. parallel to the electrode
surfaces. The spectra have been collected at 90-second intervals so that the
chamber could be pumped down and the dust particles be evacuated. This
allows us to follow the time development of the spectral emission in the same
conditions when the plasma is ignited. Time resolution is 0.5 s .
Note that the plasma emission is collected simultaneously with the He −
N e laser light which is scattered by particles trapped in the discharge.

3.3 Direct observation of powder dynamics in a dust forming plasma
In this section, we report qualitative observations from laser light scattering
on particles formed in Ar − SiH4 or He − SiH4 capacitively coupled RF
plasmas. Light scattering of a HeN e laser is used to illuminate the particles and monitor their sources and dynamics. Note, however, that scattering
intensity is the combination of the effects of the particle size, density, refractive index and the incoming wavelength. It is thus rather difficult to infer
any kind of information about the particles themselves from our scattered
light detection system alone. Empirical statements can nevertheless be made
when observing scattered light.
It is generally accepted that particles are negatively charged with respect
to the plasma due to the higher mobility of the electrons. Furthermore, the
spatial trapping of the particles in the plasma results from an equilibrium of
all the forces acting on them. As described in chapter 2, these forces include
electrostatic, neutral and ion drag, thermophoretic and gravitational forces.
One naturally understands that parameters such as wall or electrode heating
or modifications in the chemistry of the exposed surfaces all have an influence
on the balance of these forces. Among the important changes that perturbate
that balance, there is the particle growth and agglomeration.

3.3.1 Interactions plasma-dust
Figure 3.4 shows that, after plasma ignition, particles escape the discharge
region in the radial direction, through the grid, in spite of the plasma being
contained within the discharge chamber. Similar observations were made in
earlier experimental investigations of particulate clouds in RF plasmas [20,
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21]. This process occurs independently of the power injected into the plasma
(20 to 100 W ), the nature of the gas (Ar − SiH4 or He − SiH4 ) or its flow
(10 to 50 sccm ). This radial flow of particles leaving the plasma can only be
explained by a rupture of the forces’ equilibrium, which typically segregates
them inside the plasma bulk, as explained in the following.
All particles generated in the plasma, and particularly those which have
reached a certain size (presumably larger than 150 nm in diameter [15]),
are sensitive to the neutral drag force and the gravity, which would naturally
carry the particles out of the reactor if it were not for the plasma. The particle
interaction with the plasma has indeed two major effects: (i) particles get
confined in a ring-like region that surrounds a particle-free central zone, also
called ”void” (the ion drag force is thought responsible for this segregation [22,
23]) and (ii) particles get charged negatively during their exposure to the
plasma floating potential, resulting from an attachment of electrons, as seen
in chapter 2.
The ring-like dusty plasma region contains all kinds of particles but especially big ones characterized by large cross-sections. As a consequence, the
latter act as as a sink and collect smaller negatively charged dust particles
which are in the vicinity. This process decreases the overall available electron density in the plasma and simultaneously leads to the rise of the electron
temperature [24]. Furthermore, these particles are thought to preferably agglomerate near the slits of our plasma chamber: the electric field is strongly
inhomogeneous and so weak there that the sheaths that overhang the slits
are distorted outwards the plasma chamber, creating some sort of potential
wells. If we assume that particles of a given size are trapped in those wells
because the electrostatic force balances both the neutral drag force and gravity, we can determine the minimum electric field required for the trapping of
those particles. Recalling the formulae from chapter 2, we obtain:
4
 4

3
2
~ (3.8)
π · rp · ρg · ~g +
π · rp · nn · mn · vth · (~vn − ~vp ) = |Zp | · e · E
3
3
The left side of equation (3.8) refers to F~g and F~n , i.e. gravity and neutral
drag force, whereas the right side refers to the electrostatic force F~e . rp is
the particle radius (150 nm ), ~vp is their velocity (|~vp | = 0 in the well) and
ρ is chosen to be the mass density of amorphous silicon, accordingly to [25]
(ρ = 2.33 g · cm−3 ). nn , mn , vth , are respectively the density of the carrier gas
(assumed to be close to that of pure argon), its atomic mass and its thermal
velocity. As seen in the previous chapter, |Zp | ' 1.8 · 109 · rp is the number
of elementary charges in the field E. The gravity force and the neutral drag
force values are Fg ' 3.2 · 10−16 N and Fn = 1.2 · 10−15 N , respectively. Note
that Fn is only 1 order of magnitude larger than the gravity force that acts
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Figure 3.4: The laser light is scattered by the particles which get ejected laterally from the plasma region. The plasma is confined within the chamber but
agglomerated particles which have reached a certain size and a certain density
perturb the balance of the trapping forces. Particles are expelled, carried by the
neutral gas flow. Note that particles of all sizes are ejected; only the larger ones
scatter the light.

on a 150 nm -diameter particle. The necessary mean value of E for Fe to
balance Fg and Fn is thus E ' 35 V · m−1 .
Particles which get trapped in the well at the slits accumulate as time
passes by, but do not gain much more charges because the number of electrons
available is limited. This means that the confining radial electric field (as
opposed to the vertical one due to the sheaths) is getting weaker and weaker,
whereas Fn and Fg get larger because of the particle growth. As soon as the
particles’ total negative charge is low enough, i.e. as soon as their density
and size reach a given threshold, the well breaks and the particles are ejected
laterally with the gas flow. Once the electrons’ losses are minimal in the
plasma, that is once the particles are lost, the well is reformed and the cycle
starts over. The rupture of the balance of forces acting on the particles is
therefore due to a combined effect of the inhomogeneous electric field near
the slits and the neutral drag force.
Let us conclude this section by emphasizing that the residence time of
the ”to-be-expelled particles” in the plasma is much higher than the 400 ms
calculated from the gas flows (at a pressure of 150 mTorr and a gas flow of
20 sccm ).
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Figure 3.5: Particles scattering laser light are expelled from the plasma after
reaching a critical size and density. (a) once ejected, particles fall down because
of gravity, generating a so-called ”waterfall”, as can be seen on the left side of the
picture. (b) the waterfall pattern displays dark zones corresponding to regions of
low dust densities due the obstruction of the dust particle flow by the stainless
steel wires.

3.3.2 Particle transport outside the chamber
Empirical approach
Contrary to what is depicted in figure 3.4, particles are not only ejected
along the laser’s line of sight, but also in all radial directions. This can be
easily checked visually by expanding the HeN e laser beam vertically with a
dispersive lens. A cylinder of laser light is thus created and directed towards
the slit, as seen in figure 3.5. The volume of laser light that is scattered shows
that particles are everywhere, once ejected, but are only detectable when
illuminated. The continuous aspect of that scattering also seems to indicate
fast dynamics of ejection and, indirectly, large rates of particle formation and
growth.
Once outside the plasma chamber, particles are seen falling down, after
passing what could be defined as ”a safe zone”, i.e. a region where gravity is
balanced, as seen in figure 3.5. Beyond that limit, particles follow a parabolic
trajectory, similarly to projectiles launched under a uniform gravitational
force at a given velocity. Ghidini et al. [26] estimated the latter to be close
to the mean gas velocity, i.e. about 16 cm · s−1 in our present working
conditions.
Note that the stainless steel wires create regions of lower dust densities
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by obstructing the expelled dust flow, thus the regularly spaced dark zones
at the origin of the waterfall-like pattern depicted on figure 3.5. From an
industrial point of view, this phenomenon is to be avoided since it leads to
a higher contamination rate of the discharge: the dust exhaust routes are
partially blocked.
Laser light scattering of particles being ejected from the chamber
The particle size and number density both influence the light-scattering signal
but our experimental set-up cannot separate these contributions. We focus
on determining the spatial distribution of the light scattered by the particles
expelled from the plasma through the slit.
To measure the vertical profile of the scattering signal, we vertically translate the plasma reactor, while the scattered signal is sent to the OMA device.
Remember that the laser, as well as the receiving optics, are kept steady at
all times. This procedure helps maintain the scattered light perfectly parallel to the lower electrode, i.e. it ensures that the line of sight of our optical
fiber remains the same over the entire acquisition. All measurements were
taken in He − SiH4 at a pressure of 400 mTorr , a power of 40 W and a
flow rate of 16 sccm . A small amount of argon (about 2.1 sccm ) is used to
flush our CRDS mirrors and protect them from the dust particles (see chapter 2). Considering the large volume of our vacuum chamber (about 135 L )
and the long distance between the mirrors and the reactor, this argon is not
expected to affect the discharge. In this experiment, the slit is a square of
20 mm side length and is centered in the wall of our plasma reactor. Since
the inter-electrode distance is 40 mm , the bottom of our slit lies 10 mm
above the grounded electrode. Note that this means we are not picturing the
distribution of the scattered light near the electrode sheaths. The scattered
signal is acquired at a resolution of 1.3 mm over the entire length of the slit,
starting from the bottom of the slit (see figure 3.2(a)).
One sees on figure 3.6 that the laser light scattering signal is most intense
for particles which are ejected from the center of the discharge. Scattering
also tends to be lower when particles are expelled from regions which are
closer to the slit’s edges. The particle escape might as well be hindered by
the presence of horizontal confining sheaths in those regions. At that point,
no further information, in particular on the spatial distribution of particles
inside the chamber, can be inferred from the scattering. If one considers that
the slit acts as a nozzle, it is even reasonable to assume that the gas flow
expands as it emerges from the plasma chamber. Particles which are expelled
at the slit’s top edge, can therefore be expected to drift upward. This prevents
any predictions being made about the spatial origin of the particles within
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Figure 3.6: Spatio-temporal distribution of the light scattered by particles
expelled from the plasma chamber as a function of the distance from the top of
the slit (see text for details)

the plasma. The latter is actually investigated in the following section.
Laser light scattering of particles within the chamber
The HeN e light scattering by particles grown in the plasma has often been
reported to be spatially segregated [27, 28]. In this section, we report laser
light scattering results performed on dust particles which are generated in a
He − SiH4 plasma at a pressure of 600 mTorr , a gas flow of 16 sccm and
a power of 45 W (measured before the matchbox). The experimental procedure is similar to that described in the previous section. Note however that
the slit in the plasma ring is now 40 mm high in order to allow for a complete
coverage of the inter-electrode plasma region. Figure 3.7 shows that the scattering signal tends to be higher at the plasma-sheaths boundaries, assuming
that the sheaths correspond to the regions where scattering is extremely low
(i.e. within a few millimeters above both electrodes). This suggests an axial segregation (or confinement) of the particles in the plasma region. The
particles are suspended at given positions because they are submitted to a
balance of different forces. These forces scale with the particle radius rp as
we have shown in chapter 2. Heavy particles are likely to be driven down by
the gravity and the ion drag force towards the grounded electrode. There,
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Figure 3.7: Spatio-temporal distribution of the light scattered by particles
within the plasma as a function of the distance from the bottom of the slit.
Particles are clearly segregated in given regions of the plasma, according to their
size and the scale of the forces acting on them.

particles agglomerate, hence the scattering signal we record. They ultimately
get washed out of the chamber together with the gas, which is pumped down.
On the contrary, particles which scatter light near the RF powered electrode are thought to be smaller and thus carry less charges (see equation (2.11)
in chapter 2). They are easily trapped by the balancing effects of the electrostatic, the ion drag and the thermophoretic forces. This behavior has been
reported earlier in argon-diluted silane RF discharges [29].
The weak scattering signal observed in the bulk of the plasma (up to
about 70 % weaker than what is measured at the sheaths boundaries) is
due to a lower density of particles in the void. Particles are pushed toward
the lateral slits of our plasma ring, as we explained earlier in this chapter.
Simultaneously with the inner-plasma chamber scattering, a persistent outer
scattering can be seen originating from particles which are being expelled
from the plasma region. One can thus consider that the particle dynamics
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Table 3.1: Emission lines selected for OES in this work (compiled after [33, 34]).

Species

Wavelength ( nm )

SiH
Hα
H2
He

414.1
656.2
602
588

Transition

excitation
lifetime ( ns )
energy ( eV )
A 2∆ → X 2Π 3
514
2
2 0
3 D→2 P
12
15
3
3
3p Π → 2s Σ 14
39
3 3 D → 2 3 P 0 23
15

within the plasma is a subtile combination of axial and radial confinement.
Scattering results are strong indications that particles form and undertake
the first stages of their growth mechanisms near the RF powered electrode,
which seems to concur with [30, 31]. In order to verify that hypothesis, let
us investigate the species resulting from silane dissociation which ultimately
leads to the generation of the dust powders.

3.4 Optical Emission Spectroscopy
OES measurements are acquired together with the laser light that is scattered by the particles trapped in the plasma. The experimental conditions
remain identical to those described in the previous section. Species which
can be measured with our spectroscopic set-up are the silane dissociation
products SiH, H2 and Hα . The HeI emission line has also been chosen for
the alleged role of the buffer gas metastables in the silane dissociation [32].
More information about the transitions studied can be found in table 3.1.
Some of the aforementioned emitting species have already been largely investigated in argon-diluted or pure silane plasmas [26, 31–35]. To the best
of our knowledge, very few experimental studies by means of OES have been
made on helium-diluted silane discharges, supporting the work performed
here [36, 37]. Note that the Si transition at 288 nm could not be detected
because the glass window, through which plasma light is collected, has a low
transmission rate at such wavelengths.
Figures 3.8, 3.9, 3.10 and 3.11 show emission profiles from SiH, Hα ,
H2 and HeI, respectively, as a function of time and distance from the RFpowered electrode. The total amount of light emitted from the excited radicals may be due to several processes: electron impact excitation of the ground
state or dissociative electron impact excitation from the silane molecule or
from other molecules, such as SiH3 or SiH2 . In the following we will only
consider dissociative excitation from silane because we assume that the processes involving SiH4 are representative for all the other species. Table 3.2
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Table 3.2:
molecule.

Compilation of dissociative excitation processes of the SiH4

Excitation process
(1) e + SiH4 → SiH + H2 + H + e
(2) e + SiH4 → SiH3 + H + e
(3) e + SiH4 → SiH2 + H2 + e
(4) e + SiH4 → SiH2 + 2H + e
(5) e + SiH4 → SiI + 2H2 + e
(6) e + SiH4 → SiH3+ + H + 2e
(7) e + SiH4 → SiH2+ + H2 + 2e
(8) e + SiH4 → SiH + + H2 + H + 2e
(9) e + SiH4 → Si+ + 2H2 + 2e
(10) e + SiH4 → SiH3− + H
(11) e + SiH4 → SiH2− + 2H
(12) e + SiH4 → SiH4∗ → SiH ∗ + H2 + H
(13) e + SiH4 → SiH4∗ → Si∗ + 2H2
(14) HeI ∗ + SiH4 → SiH3 + H + He
(15) HeI ∗ + SiH4 → SiH2 + 2H + He
(16) hν + SiH4 → SiH2 + 2H
(17) hν + SiH4 → SiH3 + H
(18) H + SiH4 → H2 + SiH3
(19) Si + SiH4 → SiH2 + SiH2

reference
[34, 38]
[34, 38, 39]
[34]
[38, 39]
[34]
[38]
[38]
[38]
[38]
[38, 39]
[38, 39]
[32, 33, 35]
[33]
(adapted from [32, 38, 40])
(adapted from [32, 38, 40])
[33]
[33]
[39]
[38]

summarizes the dissociative excitation processes of the SiH4 molecule.
From table 3.2, it is reasonably easy to identify a few species which seem to
always be produced when silane gets dissociated. Among those by-products
are SiH3 , SiH2 , SiH, H2 and H. Considering that SiH3 and SiH2 do not
emit light, we cannot determine where and when these species are produced
or consumed in the plasma.
Figure 3.8 shows that the SiH emission line rapidly increases to a maximum level within a few seconds after plasma ignition. The signal then falls
down continuously until it reaches a constant value. Similar temporal evolutions can be seen for the Hα and H2 lines on figures 3.9 and 3.10, respectively.
While all other emission lines reach a quasi steady level, the HeI line, on the
contrary, keeps decreasing slowly but continuously, as plotted on figure 3.11.
If one correlates the emission results with the laser light scattering profile
obtained in the previous section in figure 3.7, it is possible to establish a link
between the silane dissociation and the dust particle formation. Figure 3.12
shows the superimposition of the emission lines with the laser light scattering
signal. All measurements have been simultaneously acquired 10 mm from
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Figure 3.8:
Spatio-temporal distribution of the light emitted by the SiH
excited radicals. Measurements are performed at 600 mTorr , with a He − SiH4
flow of 16 sccm . See text for details.

the RF-powered electrode.
A little more than 1 s after the plasma is switched on, the SiH, Hα
and H2 emission lines reach a maximum value. At the same time, one also
notices a peak in the HeI line intensity, suggesting the presence of highly
energetic electrons. It is well known that the electronic temperature rises
immediately after plasma ignition, i.e. during the dust particle nucleation
phase. Further details about that phase can be found in chapter 6. Note that
the emission signals of SiH, Hα and H2 attain a stationary level at the same
time, i.e. about 8 s after their peak values. Assuming that the excited state
of HeI either results from electron-induced excitation or from mutual ion
recombination, it is reasonable to believe that the decay of the helium line
emission intensity corresponds to a decrease of the highly energetic electrons’
density. Furthermore, the silane dissociation occurs prior to the dust particle
formation, as the light scattering signal reaches its peak 3 s later than the
emission lines of SiH, Hα and H2 . That delay is the center of all current
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Figure 3.9: Spatio-temporal distribution of the light emitted by the Hα excited
radicals. Measurements are performed at 600 mTorr , with a He − SiH4 flow of
16 sccm . See text for details.

investigations in dusty plasmas, since it harbors the answer to the particle
formation and first growth stages.
In order to identify the possible precursors to the dust particles, let us
compare the emission profiles with the laser light scattering signal from a
spatial point of view, that is, with respect to the distance from the RF
electrode. Results are depicted in figure 3.13. All the measurements that are
displayed have been acquired 10 s after plasma ignition.
The spatial profiles of the SiH, Hα and H2 emission lines, representing
the corresponding radical production rate, have peak values at the plasmasheath boundary near the RF-powered electrode. It is logical to assume this is
also where silane is dissociated. Taking into account the laser light scattering
signal, and recalling the particle kinetics mentioned earlier in this chapter, it
is also reasonable to assume this is where particles are formed and essentially
grow. There is thus presumably a link between the production of short lived
neutral radicals and the initial growth of particles. This is supported by
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Figure 3.10:
Spatio-temporal distribution of the light emitted by the H2
excited radicals. Measurements are performed at 600 mTorr , with a He − SiH4
flow of 16 sccm . See text for details.

figure 3.13 where one sees that the SiH emission profile is depleted when the
laser light scattering signal reaches a maximum (i.e. at the RF electrode as
well as at the grounded electrode).
As we probe plasma regions which are closer to the grounded electrode,
we notice that the emission intensities regularly decrease. The asymmetry
between the profiles can be linked to a lower particle production rate as well
as to less energetic electrons, owing to the difference of the discharge area
between the powered and the grounded electrodes. This concurs with measurements on HeI emission lines, which are 80 % weaker near the grounded
electrode than near the RF-powered electrode. From figures 3.7 and 3.13
and the spatial position of the emission or scattering peaks, we determine a
maximum sheath thickness of 3 mm .
Let us end this section by emphasizing that we reach the same conclusion
as Watanabe et al. [41], that is that particle growth essentially occurs at the
plasma-sheath boundary near the RF-powered electrode, where the silane
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Figure 3.11: Spatio-temporal distribution of the light emitted by the HeI
excited radicals. Measurements are performed at 600 mTorr , with a He − SiH4
flow of 16 sccm . See text for details.

gets dissociated.

3.5 Conclusion
A radio-frequency capacitively-coupled plasma in He − SiH4 has been investigated by means of laser light scattering and optical emission spectroscopy.
The laser light scattering signal helps identify the routes followed by particles which are expelled from the plasma chamber. An explanation of the
ejection process has been proposed based on the rupture of the forces which
normally keep the particles trapped in the discharge. Dust particles which
are presumably ejected from the center of the plasma scatter light quite intensively. On the contrary, particles in the bulk of the plasma cause the weakest
scattering signal. We have shown that particles are spatially segregated at
the plasma-sheath boundaries, near the RF-powered electrode where they
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Figure 3.12: Temporal evolution of the HeI, SiH, Hα and H2 lines compared
to that of the HeN e laser light being scattered by particles which are trapped
inside the plasma. Data are measured 10 mm from the RF electrode. All emission
signals reach a maximum at the same time, i.e. approximately 3 s before the
scattered signal does. Silane dissociation and particle formation are intimately
linked.

Figure 3.13: Spatial evolution of the HeI, Hα and H2 lines compared to that
of the HeN e laser light being scattered by particles which are trapped inside the
plasma. Data are measured 10 s after the plasma is switched on. Maximum
emission signals are confined at the plasma-sheath boundary, pinpointing the
location of silane’s dissociation. 10 s after plasma ignition, some heavy particles
have already migrated toward the grounded electrode while particles in formation
and enduring the first stages of their growth can be seen at the RF electrode.
See text for details.

are thought to be formed and near the grounded electrode where they are
transported by the gravity and ion drag forces. The sheaths’ thickness at the
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electrodes has been estimated to be less than a few millimeters.
Optical emission spectroscopy performed on the excited states of species,
which result from the silane’s dissociation, explain that confinement. Our
measurements show that radicals are produced at the plasma-sheath boundaries from the silane dissociation and they are likely to play a role in the dust
formation and initial growth.
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4
Cavity Ring-Down Spectroscopy and
the study of dust particles1
Abstract. Cavity ring-down spectroscopy (CRDS) is a laser-based absorption spectroscopy technique which offers a whole range of new possibilities in gas-phase trace spectroscopy because of its high sensitivity compared to other conventional methods. We describe the CRDS principle
and we emphasize two experimental schemes which can provide information on molecules and dust particles in two different plasma environments,
namely a supersonic expansion and a RF capacitively coupled plasma. The
extension of the CRDS diagnostic to the mid-infrared wavelength range
allows for more insight into the ongoing investigations of the dust particles’
formation and growth in a silane-based dusty plasma.

1

Part of this chapter is based on: [1]

Chapter 4.

4.1 Introduction
High-resolution spectroscopy techniques have several applications in industrial process monitoring, particularly for gas-phase measurements [2–4]. Those
techniques are capable of studying the structure and the dynamical properties of molecules which may be in their ground states or in electronically
excited ones. However, traditional spectroscopy is sometimes not capable
of measuring key species which are in very low concentrations. Advances
in optical technology have enabled the development of a new spectroscopic
technique which appears to be accurate and sensitive enough to acquire weak
optical absorption spectra.
In Cavity Ring-Down Spectroscopy (CRDS), monochromatic light is injected into a high finesse optical cavity which contains the medium to be
sampled. After multiple reflections within the cavity, an absolute absorption
rate is recorded which can be linked to the absorbing species density. It is
capable of providing very low extinction coefficients, i.e. it can detect species
at a very low trace concentration [5].
CRDS was proposed about a decade ago to measure the reflectivity of
high-reflectance mirrors (see [6] and references therein for an historical review). Since then, it has proven to be a sensitive diagnostic tool for trace-gas
measurements. CRDS applications now spread well beyond the surface processing industry or the atmosphere monitoring [7–12]. With some pioneering
companies (Vescent Photonics, Picarro Inc., Tiger Optics, Los Gatos Research) already setting foot onto its commercial development, Cavity RingDown Spectroscopy is on its way to democratization [13].
In section 4.2, we first outline the basic concepts which lie behind absorption spectroscopy. Section 4.3 describes what traditional techniques are
commonly used to optically probe and investigate gaseous absorbing media.
Section 4.4 presents the CRDS principle and the two varieties of CRDS arrangements which are used later in this work. Finally, in section 4.5, we
emphasize one particular CRDS field of investigation, that is the formation
of the dust particles trapped in a silane-based plasma.

4.2 Absorption spectroscopy
4.2.1 Beer-Lambert’s law
When an electromagnetic radiation of a given frequency ν encounters atoms
or molecules, it can be absorbed and transformed into heat or excitation
energy. The variation of the light intensity dI, through an absorbing medium
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of length dz, is proportional to the incident light intensity I and to dz:
dI(ν)
= −α(ν) · dz
I(ν)

(4.1)

where α is the attenuation coefficient, also called absorption coefficient, which
depends on the nature of the medium and on the frequency of the incident
radiation. By integrating equation (4.1), one obtains the expression of the
intensity as a function of z, which is the Beer-Lambert law:
z
0
I(ν)
= I(ν)
· e−α(ν) ·z

(4.2)

0
z
with I(ν)
the intensity of the incident light beam at frequency ν and I(ν)
its
intensity after a distance z through the absorbing medium.
An illustration of Beer-Lambert is the filtering of the violet and UV radiation by the Earth atmosphere. The proportion of light which is transmitted
through air is smaller in the violet wavelength range (αv = 4·10−5 m−1 ) than
in the yellow one (αy = 10−5 m−1 ) [14]. A word of caution seems necessary
here as αν not only accounts for the absorption but also for the scattering of
the short wavelengths in the atmosphere (the origin of the blue sky).
From equation (4.2), absorption is defined by estimating the incident and
transmitted light through the sample:
z

I 
1
(ν)
α(ν) = − · ln 0
z
I(ν)

(4.3)

In the literature, absorption is often represented as the product (n · σ(ν) ),
where n is the density of the absorbing species and σ(ν) their absorption
cross-section at frequency ν.

4.2.2 Spectroscopy: a powerful chemical tool
It is well known that electrons in atoms occupy discrete energy levels. Following equation (4.4), atoms can emit or absorb radiations of frequency ν,
and electrons can thus reach lower or higher energy levels, respectively. Con00
sidering an electronic transition from an energy state E to an energy state
0
E at a different quantum number, one can write down:
00

0

E − E = hν

(4.4)

with h Planck’s constant. Because the energy difference involved in the
electronic transition is discrete, one only expects radiation to be emitted or
absorbed at certain frequencies. The radiation associated to those electronic
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Figure 4.1: Molecular vibrations can be classified in stretching modes (symmetric (a) and asymmetric (b)) and in bending modes (scissoring (c)). After [15].

transitions can mainly be found in the UV and visible wavelength regions,
i.e. between 10 and 800 nm .
Molecular species have a more complex energy level configuration than
atoms. Atoms can undergo certain vibrations around their equilibrium positions in the molecule. Therefore, not only do the molecules display singlevalued electronic levels but they also exhibit numerous discrete vibrational
and rotational ones. One can thus define the state of a molecule by determining the distribution of the internal energy over its electronic, vibrational
and rotational levels.
A molecule in its ground state is not capable of emitting photons but can
however interact with an incident radiation by absorbing it. In the case the
latter is in the mid-infrared, the chemical bonds of the material are caused
to vibrate at energies which essentially depend on the atomic mass and the
bond strength. One can identify two distinct classes of molecular vibrations:
stretching vibrations which affect the chemical bond length (see figure 4.1a
and b), and bending vibrations which change the bond angle (see figure 4.1c).
The presence of those chemical bonds is of course a prerequisite for the absorption process to occur. Chemical building blocks within molecules, more
commonly referred to as functional groups, absorb infrared radiation in the
same wavelength range, regardless of the structure of the molecule that the
functional group is embedded in. For instance, the C = O stretch of a carbonyl group occurs at wavenumbers ζ ' 1700 cm−1 in the acetone spectrum
of figure 4.2 as well as in aldehydes or carboxylic acids [15]. What makes
spectroscopy so powerful as a chemical tool is that it is very sensitive to
molecular shape, i.e. to the arrangement of the constituent atoms in space.
Based on this observation, it is thus possible to identify molecules from their
infrared spectrum.
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Figure 4.2: FTIR spectrum of C3 H6 O acetone vapor seen in transmission
at a resolution of 2 cm−1 and a pressure of about 100 mTorr . The figure is
obtained by dividing the spectrum of gaseous C3 H6 O by a reference spectrum
acquired in pure argon gas. The characteristic carbonyl C = O stretching band at
1750 cm−1 is clearly recognizable. The two peaks between 1000 and 1500 cm−1
belong exclusively to ketones while other absorption fingerprints indicate the
presence of water (ζ ' 1600 cm−1 ) and CO2 (ζ = 2300 cm−1 ) in the reactor or
the IR radiation line of sight.

4.2.3 Molecular spectroscopy: a quick review

The silane molecule which is spectroscopically analyzed later in this thesis
is a polyatomic spherical top molecule. Its infrared spectrum displays fine
vibrational and rotational structures, as will be seen in this section. In order
to illustrate the appearance of those structures, each subsection first considers the simple case of a diatomic molecule, using a classical treatment,
before extending the quantization to the polyatomic silane molecule. This
section only aims at providing a brief review of some aspects of molecular
spectroscopy. For a complete and detailed description, we would like to refer
the reader to the work of Herzberg [16].
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The rotation of a rigid-body
As mentioned in the previous section, rotational energy levels are discrete
and thus ruled by quantum mechanics. Assuming a fixed distance between
the nuclei (mass m1 and m2 ) in a diatomic molecule, there are only certain
frequencies νrot at which the ”rigid rotor” can rotate [17]:
J ·h
νrot = 2
(4.5)
4π · I
where J is a positive integer called the rotational quantum number and h
is Planck’s constant. Assuming the motions of the two nuclei are equivalent
to that of a particle with a reduced mass µ, we can define a moment of
inertia I. An accurate way of obtaining the frequencies generated by such a
rigid diatomic molecule is to solve Schrödinger’s wave equation which yields
discrete energy eigen values (in Joules) [17]:
h2
· J(J + 1)
(4.6)
Erot(J) = 2
8π · I
0
When a molecule undergoes a transition between a lower energy level Erot(J)
00
and an upper energy level Erot(J) , the corresponding frequency which has
been absorbed is (in Hertz):
00

ν=

0

Erot(J) − Erot(J)

=

h

00

00

0

0

(4.7)
h
·I
According to the correspondence principle, those frequencies should be equal
00
0
to those expressed in equation (4.5), hence J = J + 1, and:
8π 2

· [J (J + 1) − J (J + 1)]

νrot = 2B(J + 1)

(4.8)

where B is the rotational constant and B = h/(8π 2 · I) (in Hertz). There
00
0
is thus a selection rule for equation (4.8) to be satisfied: J = J + 1 or
∆J = ±1. This indicates that the spectrum of the rigid rotor is a series
of equidistant lines. Note that the ”rigid rotor” is a first approximation
idealization of the molecule, as the interatomic distance and the moment of
inertia tend to increase as Erot(J) increases through centrifugal forces [17].
For polyatomic molecules, though, the classical treatment cannot be followed any more. The simplification to a particle of mass µ is not applicable.
The quantization is treated in terms of various sets of axes which are attached
to the heaviest atom of the molecule and rotate with it. Moments of inertia
are defined along each one of those axes. Silane, with its spherical top geometry, displays four axes (a, b, c and d). Fortunately for us, the corresponding
moments of inertia Ia , Ib , Ic and Id are identical (I = Ia = Ib = Ic = Id ).
The rotational energy then only depends on the rotational quantum number
J, as it would be the case for a rigid rotor [18].
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The harmonic oscillator
Similarly to what is done for a system in rotation, we can also idealize a system which vibrates by approximating it by a one-dimension harmonic oscillator. Recalling the harmonic oscillator expression from classical mechanics,
one can define the vibrational energy νvib at which the system oscillates [16]:
s
1
k
·
(4.9)
νvib =
2π
µ
where k is the force constant and µ the reduced mass of the diatomic molecular oscillator. Since the force acting on the oscillator is the negative derivative
of the system’s potential energy, one can derive Schrödinger’s wave equation
and obtain the vibrational energy discrete eigen values (in Joules) [16]:
s
k
1
1
h
·
· (n + ) = h · νvib · (n + )
(4.10)
Evib(n) =
2π
µ
2
2
0

When a molecule undergoes a transition between a lower energy level Evib(n)
00
and an upper energy level Evib(n) , the corresponding frequency which has
been absorbed is (in Hertz):
00

ν=

0

Evib(n) − Evib(n)
h

1
1
00
0
= νvib · [(n + ) − (n + )]
2
2
00

(4.11)

0

Using the correspondence principle, one finds n = n + 1 and the frequency
of the absorbed radiation is equal to the frequency νvib of the oscillator.
There is again a selection rule such that equation (4.11) is satisfied: ∆n =
±1. The spectrum of the harmonic oscillator appears as equidistant lines.
Note however that diatomic molecules are not exact harmonic oscillators.
They possess some anharmonic character, i.e. weak overtones resulting from
∆n = ±0, 1, 2, 3, . . . transitions. As a consequence, if one starts from n = 0,
transitions to higher terms are all possible (they though occur with decreasing
probabilities).
Whereas a diatomic molecule has only one vibrational degree of freedom,
i.e. also called mode, polyatomic molecules can be distinguished into 3N − 6
vibrational ones, N being the number of atoms in the molecule. Each one of
these modes of vibration is equivalent to that of a simple harmonic oscillator
independent of the other modes and has the quantized energy:
1
Evib(ni) = h · (νvib )i · (ni + )
2

(4.12)
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where ni is the vibrational quantum number of a particular mode. One can
thus express the total vibrational
energy of a polyatomic molecule, and hence
P
of silane, as Evib(tot) =
Evib(ni) [18].
Silane rovibrational FTIR spectra
00

0

00

Rotational transitions (J ← J ) always accompany vibrational ones (n ←
0
n ) in diatomic or polyatomic molecules, giving rise to a rotational fine structure within the vibrational energy levels. Hence a complicated energy diagram which often appears as bands of lines. One can actually treat such
molecules as vibrating rotors or rotating vibrators. The energy levels for a
polyatomic molecule can be written in a first approximation:
1
h2
Eν,J = h · νvib · (n + ) + 2
· J(J + 1)
2
8π · I

(4.13)

Vibrational and rotational motions occur simultaneously in molecules and
are coupled by the selection rules. Since the eigenfunctions of a vibrating rotor are the products of the rotor’s and the vibrator’s eigenfunctions, the
selection rules which apply hold as for these systems individually [16]. Any
vibrational excitement of the molecule thus also induces changes in the rotational state to satisfy ∆J = 0, ±1 and ∆n = 0, ±1, 2, 3, . . .
When a vibrational transition (represented as n + 1 ← n for instance)
occurs, the band structure which consists of ν P , ν Q and ν R , is expressed by:
ν P = νvib − 2BJ
ν Q = νvib
ν R = νvib + 2B(J + 1)

(4.14)

where J changes by +1 for the R branch and −1 for the P branch, as depicted in figure 4.3. A Q-branch (for ∆J = 0) is seen in the silane FTIR
absorption spectrum, which indicates that the absorption of infrared by the
silane molecule induces bending vibrations [16, 18].
The first term of equation (4.13) refers to gas-phase molecular vibrations
which define the position of the absorption peaks on a spectrum. The second
term, on the contrary, depends on J and corresponds to the gas-phase rotational motion which broadens those peaks and adds fine structure to them
(see the FTIR silane spectrum from figure 4.4). Remember that the rovibrational spectrum of a solid-state molecule does not display a fine rotational
structure as the vibrating chemical bonds are attached to other atoms from
the solid state. This will prove to be of importance in the analysis of a dusty
plasma FTIR spectrum in chapter 6.
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Figure 4.3: Energy transition diagram of a rotating vibrator for ∆J = ±1
and ∆n = +1. P -branches occur at ∆J = −1, R-branches at ∆J = +1 and
Q-branches at ∆J = 0 (see text for details).

4.3 The conventional absorption techniques
4.3.1 MDAL and resolution . . .
By means of the Beer-Lambert’s law, gas-phase absorption spectrometric
measurements can be made. Several non-invasive techniques can be applied
for gas monitoring purposes [19] but few of them have become very specific
tools for trace gas detection [12]. Actually, when it comes to define the adequacy and the quality of a spectrometer, two parameters should be considered
in the first place, namely the Minimum Detectable Absorption Loss (MDAL)
and the resolution.
The MDAL is expressed in units of cm−1 and represents the smallest
detectable absorption change in a 1- cm pathlength during a single absorption measurement. By expanding Beer-Lambert’s law to the first order of a
75

Chapter 4.

Figure 4.4:
Fourier Transform infrared absorption spectrum of gas-phase
argon-diluted silane at 600 mTorr with a 0.5 cm−1 resolution. The figure is
obtained by dividing the spectrum of gaseous SiH4 by a reference spectrum acquired in pure argon gas. The absorption band of SiH4 around 2190 cm−1 is
clearly noticeable. The fine structure is induced by the rotational excitation of
the molecule irradiated by infrared light.

Taylor series, one can actually define the MDAL as:
M DAL = α(ν)min =

0
z
I(ν)
− I(ν)

z·

0
I(ν)

=

∆I(ν)
0
z · I(ν)

(4.15)

0
One sees in equation (4.15) that MDAL is limited by fluctuations in I(ν)
or
in the detector, as the change in light intensity ∆I(ν) is always smaller than
0
the initial light source intensity I(ν)
.
The second parameter which characterizes a spectrometer is its spectral
resolution <. This refers to the instrument’s ability to distinguish between
two species absorbing at similar wavelengths, i.e. resolve their spectral lines.
Generally, resolution is defined as follows:

<=

∆λ
λ

(4.16)

where ∆λ is the smallest wavelength difference which can be detected.

4.3.2 . . . used to characterize spectrometers
Conventional absorption techniques, such as Fourier Transform Infrared Spectroscopy (see chapter 6), usually use incoherent broad-band light sources.
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The light emitted passes through the sample to be analyzed and is dispersed
(by a prism or a grating element) to determine the contribution of the absorbing species. The MDAL is thus physically limited by the length of the absorbing medium. The best FTIR spectrometers are reported to have MDAL
in the range from 10−7 to 10−5 cm−1 . Furthermore, their spectral resolution
is rather poor, explaining why some overlapping between absorption lines
can be seen, originating either from the target species or from other components present in the sample. In some cases, this can make quantitative and
qualitative interpretation of the spectral line width and shape particularly
difficult (see chapter 6 and figure 6.12 therein). Using FTIR basically harks
back to compromising between sensitivity, i.e. described in terms of MDAL,
and selectivity which depends on <.
However, laser-based absorption techniques, such as TDLAS (tunable
diode laser absorption spectroscopy) can avoid those problems by exploiting the coherence properties of the laser light [20–22]. Firstly, high spectral
resolution can be obtained owing to the laser narrower line width. Secondly,
the lower spatial divergence of the laser beam combined to its longer temporal coherence length enable long-path approaches. In order to improve the
signal-to-noise ratio, and hence the MDAL, one might increase the absorption path length z. Note however that the advantage of long path lengths is
moderate if noise does not originate from the laser source fluctuations. The
signal-to-noise ratio then only improves with the square root of the number
of passes through the absorbing medium [23]. Otherwise, when noise is induced by the laser fluctuations, it becomes independent from the multipass
configuration. The signal-to-noise ratio is then simply proportional to the
absorption signal and improves linearly with the number of path lengths.
When multipassing cells are used in combination with stable light sources,
MDALs down to 10−9 cm−1 are reported.
To circumvent the problems inherent to absorption spectroscopy, several
other laser-based methods have been developed along the years but they
only provide absorption-like spectra. They actually do not measure absorption directly but only detect the subsequent effects of the excitation processes. Among those alternative techniques, one can name laser-induced fluorescence (LIF), resonance enhanced multiphoton ionization (REMPI), photoacoustic spectroscopy, intercavity laser absorption spectroscopy (ICLAS),
laser-induced photofragmentation or photoionization. Discussion of those
techniques is beyond the scope of this thesis. Let us however mention that
MDALs down to 10−10 cm−1 have been reported for some of those methods. For further details, we refer the reader to the available literature and
references therein [13, 24–26].
This brief review clearly calls for an optical diagnostic technique, capa77

Chapter 4.

Figure 4.5:
Principle of the cavity ring-down technique. A light pulse is
trapped in a resonating cavity. The intensity of light transmitted through the
cavity decays exponentially with time (After [28]).

ble of directly measuring absolute absorption and orders of magnitude more
sensitive and more selective than all the above-mentioned methods.

4.4 The cavity ring-down technique2
4.4.1 CRDS principle
O’Keefe and Deacon [5] were the first to use the cavity ring-down technique
as a spectroscopic tool. Unlike standard absorption techniques that detect
intensity changes (see section 4.2), cavity ring-down measures the intensity
of light which leaks out of an optical resonator, called the cavity, as a function of time. This measurement leads to a time constant for the decay of
the light intensity, also called ring-down time (defined below), and provides
valuable information on the absolute losses occurring within the cavity. The
CRDS technique consists in coupling light into an optical resonator made
of two highly reflecting mirrors. The fraction of the light which is successfully injected into the cavity bounces back and forth between the mirrors, as
depicted in figure 4.5.
When the cavity is empty, the ring-down transient is an exponentially decaying function of time. Let us assume that a pulse of light with an intensity
Iinj is coupled into a resonating cavity of length d, consisting of two highly
reflective mirrors of reflectivity R and transmittance T , such that R + T = 1.
At each one of the mirrors, a small fraction of the light is transmitted (R < 1),
and the first pulse emerges from the cavity with an intensity I0 = Iinj · T 2 .
From then on, each round trip that light performs within the cavity leads to
2

For detailed studies of the CRDS technique and comprehensive discussions, the reader
is referred to some of the existing literature [5, 6, 25–27].
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a decrease of the transmitted intensity by a factor R2 . At the nth light pulse,
the transmitted intensity will be:
I n = I0 · R2(n−1) = I0 · e−| ln (R)|·2(n−1)

(4.17)

Note that I n leaks out of the cavity (2d(n − 1)/c) seconds after the first
pulse. One can derive equation (4.17) and express the transmitted intensity
as a function of time:
c
It = I0 · e− d ·| ln (R)|t
(4.18)
Equation (4.18) explains why the light’s intensity decays exponentially in
time. One can then define the decay time τ0 of the empty cavity:
−

t

I t = I 0 · e τ0
d
with τ0 =
c · | ln (R)|

(4.19)

Mind that the ring-down time τ0 is only defined by the finite losses of the
mirrors and by the cavity length d between the mirrors. Any cavity ring-down
spectrum measured will display this signal.
Whenever the cavity contains a gaseous absorbing medium, light might
be lost through additional routes, such as diffraction, scattering or direct
absorption. The attenuation coefficient ιν accounts for these contributions.
If those extra losses follow equation (4.2), the light intensity within the cavity
still decays exponentially:
I n = I0 · e−2(n−1)·(| ln (R)|+ιν l)

(4.20)

and, consequently:
c

t

It = I0 · e− d ·(| ln (R)|+ιν l)t = I0 · e− τ

(4.21)

where l is the distance over which attenuation takes place. The ring-down
time τ is smaller than τ0 and is given by equation (4.22):
τ=

d
c · (| ln (R)| + ιν · l)

(4.22)

If one assumes that absorption is the only process responsible for the extra
losses inside the cavity, one can write ιν = αν = n · σν , where n is the number
density of the absorbing species and σν the frequency-dependant absorption
cross-section. Note that τ only depends on the geometrical properties of
the cavity and on the absorbing species. It is insensitive to any amplitude
fluctuations in the intensity of the light source.
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From equations (4.19) and (4.22), one can derive the absorbance per pass
(αν ·l) (i.e. the fraction of light absorbed per pass) corresponding to a change
in the ring-down time ∆τ = τ0 − τ [25, 26]:
αν · l = n · σν · l = | ln (R)| ·

∆τ
τ0

(4.23)

Hence the minimum detectable absorbance per pass:
M DAL · l = α(ν)min · l = | ln (R)| ·

∆τmin
τ0

(4.24)

where ∆τmin represents the minimum detectable change in the ring-down
time when absorption occurs. Considering a 1- m long cavity, made of two
99.96 % reflective mirrors, one finds τ0 = 8 µs . If ∆τmin ' 50 ns , equation (4.24) gives α(ν)min · l = 2.5 · 10−6 , or 2.5 ppm , which is equivalent to a
MDAL of 2.5 · 10−8 cm−1 . This is no spectacular MDAL when compared to
the values which are reported in section 4.3. Note however that the reflectivity of our mirrors is not extremely high and that our MDAL can be improved
by at least one order of magnitude by installing higher quality mirrors. Furthermore, a MDAL of 10−14 cm−1 has been reached by Hall et al. (referenced
in [25]) by means of Noise-Immune, Cavity-Enhanced, Optical Heterodyne
Molecular Spectroscopy, i.e. ”NICE OHMS” (a variant of CRDS).
At this stage, a few remarks seem necessary. Firstly, it was assumed in
this section that both mirrors in the CRDS cavity have identical reflectivities.
However, one naturally understands that, due to the substrate coating, two
mirrors never meet this criterion completely. The reflectivity R which was
considered can thus be seen as a geometrical
average of the reflectivities R1
√
and R2 of the two mirrors and R = R1 · R2 [29]. Finally, note that a typical
CRDS absorption spectrum depicts the evolution of the cavity loss 1/(cτ ) as
a function of the injected light frequency ν. Considering equation (4.22), one
sees that the spectrum accounts for a background term which only depends on
the geometrical properties of the ring-down cavity, i.e. (1 − R)/d = 1/(cτ0 ).
Absolute absorption measurements are obtained by subtracting the empty
cavity losses from the cavity losses due to an absorbing species.
As it is shown above, only light already trapped in the cavity contributes
to the signal. The CRDS exclusively depends on time, so it is immune
to laser-related fluctuations. Moreover, the use of high reflectivity mirrors
gives a sensitivity comparable to hundreds of thousands of passes in normal
absorption spectroscopy.
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4.4.2 Pulsed and CW CRDS
Various experimental arrangements can be found for doing cavity ring-down
spectroscopy. Among the abundant literature, one can find phase-shift cavity ring-down spectroscopy, ring-down spectral photography, polarizationdependant cavity ring-down spectroscopy, cavity-enhanced magnetic rotation spectroscopy, Fourier Transform cavity ring-down spectroscopy, cavity enhanced absorption spectroscopy, evanescent wave cavity ring downspectroscopy (a comprehensive review of these techniques can be found in
[6] and references therein). The most common cavity ring-down techniques
can be classified in two categories, whether they use pulsed laser sources or
continuous-wave (CW) ones.
This thesis provides illustrations of both CRDS techniques. Chapter 5
uses a low-power CW tunable laser diode which operates in the mid-infrared
wavelength range, whereas chapters 7 and 8 are based on a tunable, pulsed
dye laser pumped by a Nd:YAG laser. The CRDS configurations used for
both experiments are schematically shown in figures 4.6 and 4.7. This section aims at providing a clear comparison of the apparatus and the detection
stages. Further details on the experimental set-up can be found in the abovementioned chapters. On figure 4.6, the pulsed laser light is coupled into a
stable and non-confocal cavity consisting of two highly reflecting concave
dielectric mirrors (from Los Gatos Research) with a 99.99 to 99.999 % reflectivity coefficient, a 6 m radius of curvature, mounted 55 cm apart. The
high reflectivity coefficient of the CRDS mirrors is limited to about 70 nm
around a central wavelength at 600 nm . The radiation is generated by a
0.1 cm−1 linewidth, tunable, pulsed Continuum N D6000 dye laser, pumped
by the second harmonic of a Nd:YAG Quanta ray DCR 1A, with a repetition
rate of 10 Hz . A 50 to 80 µm -diameter pinhole combined to a two-lens telescope is used to shape the beam profile, i.e. filter the diverging non-Gaussian
beam before it is coupled into the CRDS cavity. The decay transient of the
light leaking out of the CRDS cavity is detected by a photomultiplier tube
(Hamamatsu R955). The photocurrent is amplified by a transimpedance circuit and subsequently digitized using either a 500 MHz 9 bit oscilloscope
(Tektronix TDS 3052) or a 20 MHz 12 bit digital acquisition board (Adlink,
P CI9812 − 2). In order to estimate the baseline of the transient, 10 data
points are sampled before recording the ring-down events. An averaging of 8
to 20 laser pulses is performed in order to reduce the shot-to-shot noise.
Figure 4.7 depicts the set-up based on a multi-mode CW lead-salt laser
diode. The continuous laser radiation is injected into a stable and confocal
cavity, made of two highly reflective concave dielectric mirrors (from II-VI,
Inc.) with a 99.6 to 99.8 % reflectivity coefficient and a 1 m radius of curva81
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Figure 4.6: Schematic of the pulsed-discharge-nozzle cavity ring-down spectrometer experimental apparatus (after [30]). See text for details.
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Figure 4.7: Schematic of the CW cavity ring-down spectrometer experimental
apparatus. See text for details.
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Figure 4.8: Spectral reflectivity of the CW-CRDS mirrors. Reflectivity is
higher than 99.6 % between 4.1 and 5.5 µm .

ture. The high reflectivity coefficient of the CRDS mirrors is limited to about
1.3 µm around a central wavelength at 4.8 µm (see figure 4.8). The flat backside of the mirrors stays at a 3-degree angle to prevent multiple reflections.
The infrared light is generated by low-power (between 0.1 and 1 mW ), tunable, helium-cooled laser diodes (Laser Components FCC type laser diodes).
Note that the CW laser diodes cannot be tuned over large wavelength ranges
(2 cm−1 maximum compared to several thousands of cm−1 for the previous pulsed laser). Since the diodes typically operate at temperatures below
60 K , they require a dedicated closed-cycle helium-based cryogenic device in
combination with a temperature and current source controller [28]. Considering the multiple modes emitted by the diodes, a monochromator is used
as a mode selector. A series of focusing mirrors and lenses set between the
laser cold head and the ring-down cavity help focus the beam in the center
of the cavity and minimize its waist. A few remarks can be made at that
stage. Firstly, prior to any ring-down decay, a reference spectrum needs to be
generated in order to calibrate the wavelength of the laser diode. Measured
with conventional infrared laser absorption spectroscopy, that spectrum is
obtained simultaneously using a 5- inch long reference cell filled with 1 Torr
CO gas and an etalon, as shown in figure 4.9. Figure 4.10 depicts the first
derivative of the absorption signal, obtained at T = 44 K . The etalon signal
helps determine the absolute distance between the absorption lines, whereas
the relative intensities and the handbook of infrared standards [31] help identify the lines. Secondly, in order to observe ring-down decays, the CW laser
83

Chapter 4.

Figure 4.9: CO absorption signal obtained by sending the infrared radiation
of a 0.1 mW CW laser diode through air, through a 1 Torr reference cell and
though an etalon. Using the fact that fringes are ' 0.048 cm−1 apart from
each other, it is possible to calibrate the laser wavelength. This calibration is a
requisite to any CW CRDS measurement.

beam must be switched off or, alternatively, rapidly interrupted when a certain intensity threshold within the cavity is reached (see chapter 5).
Matching a laser mode with one of the cavity longitudinal modes increases the efficiency with which the laser light is coupled. The cavity is thus
piezoelectrically modulated to let the cavity mode oscillate around the laser
frequency. Further details can be found in chapter 5. The decay transient
of the light leaking out of the CRDS cavity is detected by an InSb photodiode (KISDP-0.5-J2 infrared detector from Kolmar Technologies Inc.). The
photocurrent is amplified by a two-stage amplifier and subsequently passes
through a 2 MHz low-pass filter to increase the signal-to-noise ratio. An analog signal recorder digitizes the ring-down when the light intensity leaking
out of the CRDS cavity crosses a triggering threshold. Data acquisition is
performed via a TUeDACS system developed at the University of Technology
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Figure 4.10: First derivative of the CO absorption signal obtained in the
1 Torr reference cell. Three lines can be identified, using the results of figure 4.9
in combination with reference absorption lines of CO in the infrared.

of Eindhoven for data processing purposes. For a detailed description of the
acquisition stage, we would like to refer the reader to [28, 32].
One can notice that the use of pulsed or CW lasers for CRDS strongly
depends on the application. The tuning range, the repetition rates, the interaction of the radiation with the absorbing medium are among the parameters which are to be considered when implementing a CRDS diagnostic. The
following section aims at illustrating the motivation for CRDS in the midinfrared region when investigating the dust particle formation and growth in
an argon-diluted or helium-diluted silane plasma.

4.5 CW-CRDS of SiHx radicals in the mid-IR
While it is relatively easy to detect neutral emissive species (see chapter 3),
it is rather challenging to detect their non-emissive counterparts, i.e. those
in the ground electronic states. Using conventional infrared diode laser absorption spectroscopy (IRLAS), the gas phase kinetics of the SiHx radicals
in SiH4 dusty plasmas have been largely investigated [20–22, 33]. IRLAS
allows for measurements which can be directly related to the ground state of
the species. Fourier Transform Infrared Spectroscopy (FTIR, see chapter 6)
can also be used to obtain information on the rotational and vibrational excitation of those species (see section 4.2). However, both IRLAS and FTIR
suffer from poor signal-to-noise ratios and both techniques require reference
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signals to be acquired. CRDS, on the contrary, is immune against external
disturbances, since all the measurements exclusively take place within the
ring-down cavity 3 .
Transient molecules such as the SiH and SiH 2 radicals have a high reactivity in the plasma and hence a short residence time which makes their
investigation challenging. Cavity ring-down spectroscopy can be relevant in
determining absolute densities of those species with a greater sensitivity than
IRLAS. Moreover, compared to IRLAS, a smaller gas volume is sampled with
CRDS, owing to the beam diameter and thus providing some spatial resolution. By detecting SiHx radicals, CRDS is capable of correlating the SiHx
depletion with the appearance of dust particles or the consumption of the
molecular SiH4 .
Previous studies managed to investigate silane-based plasmas by using
the cavity ring-down technique with pulsed or CW lasers emitting in the visible [36–38]. However, the additional extinction of the laser light due to the
scattering by the macroscopic dust particles present in the plasma dramatically decreases the sensitivity of the diagnostic. CRDS thus has the potential
to detect nanometer-sized particles even at low densities [36] but remains too
sensitive to the particles’ presence to be able to provide information on their
precursors and hence on their first clustering stages.
By moving to higher wavelengths ranges such as the mid-infrared, one
can circumvent most of the scattering problems and improve the resolution
of the technique when applied to silicium-based gas phase species. In the case
of particles whose size is smaller than the incident infrared radiation (diameter in the nm region), Rayleigh scattering occurs. Considering that the
latter varies inversely with the fourth power of λ, it is reasonable to assume
that those small particles will not disturb the CRDS absorption measurements. For bigger particles, whose size is in the same order of magnitude
as the infrared radiation (micrometer-sized dust), absorption is theoretically
subjected to the Mie regime. Mie scattering signals have also been reported
elsewhere in the literature in fluorocarbon-based dusty plasmas [39]; they
can be used to determine the particles’ concentration np . Boufendi et al. [40]
have determined np ' 108 cm−3 at the end of the particles’ coalescence
phase. Considering the polymolecular structure of the particles at that stage
of their growth, that value is expected to be within the molecular detection
limit of our CW-CRD spectrometer, i.e. 3 · 109 cm−3 [28]. This however
plays in our favor since CW-CRDS measurements will be able to visualize
small particles without suffering from any saturation effect.
3
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4.6 Conclusion
In conclusion, cavity ring-down spectroscopy is a versatile technique, capable
of competing with alternative spectroscopic approaches. CRDS can achieve
absolute densities measurements with a remarkably high sensitivity when
very high reflective mirrors are used. Any CRDS measurement is characterized by a ring-down event which is totally immune from the laser source
intensity fluctuations and only depends on the absorbing medium and the geometrical properties of the cavity. Since CRDS samples along a column, all
absorbing or scattering species in the cavity will contribute to the ring-down
time.
CRDS can be performed with pulsed or continuous light sources, even
at very low powers. The laser source to be chosen strongly depends on the
absorbing species to be investigated. The only limitations to CRDS is the
availability of the laser source and the availability of the highly reflecting
mirrors at certain wavelengths. The recent extension of CRDS to the midinfrared region allows for further investigation of silane-based dusty plasmas
in particular. In contrast to previous studies over dusty plasmas, CRDS in
the mid-infrared might give some interesting insight into the first stages of
the dust particles’ growth, without suffering from saturation.
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of ethane in human breath using mid–infrared cavity leak–out spectroscopy. Applied Physics B, 72:971–975, 2001.
[9] E.H. Wahl, T.G. Owano, C.H. Kruger, P. Zalicki, Y. Ma, and R.N. Zare.
Measurement of absolute CH3 concentration in a hot–filament reactor
using cavity ring–down spectroscopy. Diamond and related materials,
5:373–377, 1996.
[10] P. Birza, T. Motylewski, D. Khoroshev, A. Chirokolava, H. Linnartz,
and J.P. Maier. Cw cavity ring down spectroscopy in a pulsed planar
plasma expansion. Chemical Physics, 283:119–124, 2002.
[11] A.J. Hallock, E.S.F. Berman, and R.N. Zare. Direct monitoring of absorption in solution by cavity ring–down spectroscopy. Analytical Chemistry, 74(7):1741–1743, 2002.
[12] P. Hering, J.P. Lay, and S. Stry. Laser in environmental and life sciences.
Springer-Verlag, New Jersey, 2004.
[13] S.M. Tan, E.H. Wahl, A. Kachanov, and B. Paldus. Through the looking glass and what cavity ringdown found there. Photonics Spectra,
38(10):76–84, 2004.
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5
Relevance of a mid-infrared Cavity
Ring-Down Diagnostic in the study of a
dusty SiH4 plasma1
Abstract. We know that cavity ring-down spectroscopy (CRDS) can be
of particular relevance in the study of the optical absorption of dust particles in a radio-frequency silane plasma. Although CRDS has historically
primarily made use of pulsed lasers as light sources, the experimental design described here is based on continuous wave multimode lead-salt laser
diodes emitting in the mid-infrared wavelength range. In order to interrupt the laser beam and reach similar effects to pulsed light sources, we
propose a new method called ”mode tuning”, based on a small detuning
of the incoming laser wavelength. This work shows that CRDS has the
potential to measure the dynamics of all radicals relevant to the particle
nucleation process.

1

Part of this chapter is based on: [1]

Chapter 5.

5.1 Introduction
A capacitively-coupled radio-frequency (RF) argon-silane plasma allows the
study of the chemical reactions which are found in solar cell deposition processes. In particular, radicals inside the plasma volume are found to be very
reactive in the gas phase and do sometimes lead to the formation of dust
particles. In the microelectronic PECVD industry, the influence of those
particles on the deposition processes is twofold: they prove to be harmful to
the depositing device [2] but can also improve the stability of the solar cells
when they are embedded in certain silicon layers [3].
Extensive laboratory studies all over the world [4–7] have been investigating those particles, but little is known about their growth mechanism and
few diagnostics are available for their early detection [8]. Our experiment
therefore aims at enriching the diagnostics panel available in the hope of
ultimately optimizing the solar cell yield.
Cavity ring-down spectroscopy (CRDS) is already in use in a variety of
applications ranging from pollution monitoring [9] to process control [10, 11].
It is an extremely valuable tool for the understanding and the study of gasphase chemical reactions in a RF argon-silane (5 % SiH diluted in 95 % Ar)
plasma discharge. It offers the possibility of absolute density measurements,
common to all absorption techniques, but it has a much better detection
limit [12]. This should allow accurate measurements of reaction products
and radicals which have a low density in the plasma due to their reactive
nature. The clean cavity ring-down decay which is necessary for those measurements requires the incoming laser beam to be interrupted. Instead of
using mechanical devices to deflect the beam [13] or rapidly scan the CRDS
cavity [14], we have developed a new ring-down technique which does not
require a shutter to obtain a decay signal. In order to validate our technique
prior to further silane plasma measurements, more insight into the cavity behavior as well as preliminary tests are required, motivating the work reported
here.
In section 5.2, we describe the experimental set-up and explain the parameters that are associated with the CRDS optical measurements. In section 5.3, a theoretical approach of the detuning process is performed. Finally, in section 5.4, we numerically calculate the coupling efficiency of our
CW-CRDS device with respect to the scanning speed of the cavity and the
reflectivity of the mirrors. We also demonstrate that the novel detuning process is capable of yielding ring-down events, hence its relevance in the study
of RF dusty plasmas.
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Figure 5.1: Schematic view of the plasma box and the CRDS cavity. The
cavity’s entrance mirror is moved through a piezoelectric translator whereas the
cavity’s end mirror remains steady. Both mirrors are in high vacuum. The laser
diode IR beam travels back and forth between the mirrors through the dusty
argon-silane plasma.

5.2 Experiment
The experimental set-up has been described in detail earlier in chapter 2.
We also invite the reader to refer to [15] for a full technical investigation of
the device. Only a brief description of the plasma chamber is provided here,
and more consideration is given to the elements that are necessary for the
discussion of the characteristics of the CRDS.
The discharge chamber for the experiment is shown schematically in figure 5.1. The chamber generates a capacitively-coupled RF discharge. The
chamber configuration is similar to the one described in [4] and consists
of two stainless-steel electrodes mounted in a stainless-steel vacuum vessel.
The RF powered shower-head-like top electrode serves as a gas inlet, whereas
the cylindrical, grounded electrode, at the bottom, serves as the gas outlet.
One would thus expect the gas flow to be homogeneous and laminar in the
plasma chamber. However, the slits which are present on the plasma ring
to permit optical diagnostics of the plasma bulk disturb the gas flow and
its laminar regime (see chapter 3). A three-stage pumping device ensures
a background pressure below 10−6 Torr . Typical working pressures cover
the range 1 mTorr to 1 Torr . Nominal operation of the plasma chamber is
ensured through a programmable logic controller (PLC).
A high-finesse Fabry-Pérot(FP) optical cavity, the CRDS cavity, is coupled to the vacuum vessel. It consists of three basic elements: the continuouswave (CW) diode laser system, the optical cavity, and the data acquisition
device to measure and process the resulting signal coming from the optical
cavity. CW lead-salt laser diodes produce infrared laser light with a wave93
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length range between 1955 and 2150 cm−1 . The laser diodes are tunable,
helium cooled and emit multiple modes, hence the requirement for a mode
selector. After leaving the cold head, the laser light is thus transported, via
some mirrors, through a monochromator before it is focused on the cavity
entrance high reflective mirror. The cavity itself, shown in figure 5.1, is a confocal, stable, and linear 1 m long resonator with two identical high-reflective
concave mirrors, 25 mm in diameter. Based on ZnSe substrates, the mirrors
have a 1 m radius of curvature and a reflection coefficient higher than 99.6 %
for a mid-infrared spectral range (see chapter 4). A continuous flow of Ar
protects the mirrors from the plasma, even if a degradation of the mirror is
unlikely considering that the distance to the plasma is more than 40 cm .
This is much more than the mean free path length which is in the millimeter
range at 150 mTorr. Note that the surface of the mirror exposed to a solid
angle of the plasma is also quite small. However, using a curtain of rare
gas at the mirrors’ surfaces might prevent any water condensation and/or
adsorption from perturbing ring-down events. This adsorption/condensation
phenomenon has been previously reported and leads to ring-down drifts and
limitations of the CRDS sensitivity [16].
The geometry of the cavity ensures it obeys the FP stability criterion:
only light whose frequencies match the resonator modes can be coupled into
the optical resonator and can propagate with minimum losses. In order to
match the cavity modes to the desired laser wavelength, the cavity length
can be adjusted by moving the entrance mirror. In practice, the mirror is
mounted on a piezoelectric tip-tilt translator (Physics Instrumente S−315.10)
so the mirror can periodically and rapidly be scanned over a cavity resonance
mode while the laser wavelength is fixed.
Figure 4.7 shows the data detection and acquisition branch; the laser light
is focused in the optical cavity and the piezoelectric is scanned (through a
sine-wave generator). This results in a periodic matching of the incoming
beam modes with the ones from the cavity. Every time this happens, a
light build-up takes place in the cavity and a measurable quantity of light
starts to emerge from the exit mirror. This light is focused on an InSb
infrared detector whose signal is then amplified and filtered before reaching
an analog signal recorder. When the light coming out of the cavity reaches a
certain intensity, an electronic trigger pulse is generated that starts the signal
recorder and simultaneously prevents the laser from sending any further light
into the cavity. The latter is achieved by detuning the laser for several tens
of microseconds. This results in an exponential decay of the light emerging
from the cavity, as is explained in the next section.
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5.3 Detuning technique
The optical tuning method consists in matching the wavelength of the laser
diode to the optical structure of the FP cavity in order to build up light
inside the cavity. The same specifications apply to the detuning device we
have developed, which aims at unmatching the laser from the cavity.

5.3.1 Approach
The technique we use is based on the optical structure of a resonant FP cavity,
leading to the modification of the laser wavelength sent into our CRDS cavity.
Any FP cavity presents longitudinal and transverse standing-wave patterns, or mode structure, determined by the separation of the two mirrors.
When the laser beam mode matches that structure, there is a resonance. At
resonance, (i) the cavity length is equal to an integer number of half wavelengths; (ii) by tuning the length of the FP cavity, we can thus observe the
different resonances which correspond to different integer numbers of half
wavelengths; (iii) all photons are injected into the cavity and build-up by
bouncing back and forth between the two highly reflective mirrors.
The intensity transmission function of any FP cavity versus its length
consists of a series of narrow transmission peaks separated by a Free Spectral
Range (FSR). A transmission peak can be described with an Airy function
that corresponds to a resonant position.
In order to leave these resonance conditions, i.e. detune the laser, light
must be prevented from further building up. This is experimentally done by
slightly changing the wavelength emitted by the laser diode, i.e. by modifying
the current applied to the laser diode through a pulse generator, as depicted
on figure 4.7.
Figure 5.2 shows that a small detuning, in the order of the laser line width,
typically several tens of MHz , is enough to generate a ring-down event. This
detuning is similar to a change in the current applied to the diode laser of
approximately 2 × 10−5 mA .
The maximum repetition rate of the current change is in the order of
several hundreds of MHz , corresponding to laser switching times in the
order of several nanoseconds. This time scale is far better than what can
be reached with any conventional current control device being modulated or
simply turned off. Furthermore, it ensures that no other modes than the one
selected are coupled to the cavity. Therefore, by using the structure of the
FP resonator, it is possible to accumulate photons and have them leak out
of the cavity without turning the laser off or using mechanical devices.
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Figure 5.2: Simulated Fabry-Pérot fundamental mode structure, with r =
0.9985, L = 1 m and λ = 5 m . The x axis measures the cavity length deviation
from its standard 1 meter value, the y axis measures the relative transmitted
intensity (Ioutmax = 1). Note that the laser line width is not represented at scale
here. The laser mode representation helps explaining the detuning principle.

5.3.2 Model
We have seen in the previous section that the optical cavity characteristics
and behavior strongly influence the mode tuning and detuning process. By
moving the entrance mirror with a piezoelectric tip-tilt translator (see section 5.2), it is possible to periodically sweep the cavity length through one
resonance mode of the CRDS cavity. Theoretical analyses have been previously performed on such cavities [17, 18]. Our model uses similar analytical
equations which express the amplitude of an electric field that is transmitted
through a Fabry-Pérot cavity.
Let us consider the Fabry-Pérot cavity of figure 5.3, consisting of two
plane mirrors facing each other and separated by a distance d. For simplicity,
both mirrors are assumed to have identical amplitude reflection coefficients
r and transmission coefficients κ at a fixed single wavelength λ. Note that
r is related to the intensity reflection coefficient R seen in equations (4.19)
and (4.22) by:
R = r2
(5.1)
The index of refraction outside and inside the cavity is taken as n = 1,
i.e. there is no absorption in the medium between the reflecting surfaces. We
consider a time dependant input field Ein (t) with amplitude E0 (see equation (5.2)), as measured at the input mirror of the cavity. We treat all waves
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Figure 5.3: Fabry-Pérot cavity of variable length d = L + v · t excited by an
incoming beam of monochromatic wavelength λ (see text).

as plane waves and suppose that the incident wave matches the (T EM00 )
mode of the cavity. We can thus treat the problem as one dimensional along
the cavity optical axis:
Ein (x, t) = E0 · ej(ω·t−k·x)

(5.2)

As was previously mentioned, the length of the FP cavity is tuned in
order to scan the resonance position. We can thus write equation (5.3):
d=L+v·t

(5.3)

where L is the standard length of the cavity (L = 1 m ) and v is the piezoelectric translator speed. By assuming a variable cavity length d, we implicitly
define a wave round-trip time tr which changes gradually as the cavity length
is swept:
2·d
tr =
(5.4)
c
where c is the light velocity in the medium between the two mirrors. tr
represents the time needed for a wave to perform a single round-trip in the
FP. The time step increment which has been chosen in our simulation is
described in units of tr .
We now describe to what extent this CRDS derivation differs from the one
presented in chapter 4, apart from the distinction in the approach (chapter 4
considers the light intensity whereas the present model treats the electric
field). Firstly, no absorption process is accounted for in this chapter and
the cavity is assumed to be empty of any absorbing species. Secondly, this
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chapter considers the round-trip time tr and not the intensity decay time τ
as the basic time unit. Last but not least, we assume here that the cavity
entrance mirror is in motion, which generates changes in the output electric
field.
Assuming there is no phase shift induced by a round-trip, we can calculate the electric field of light leaving the FP cavity. To do so, we sum the
individual paths which make n round-trips through the cell and lead to the
output field. The light which only makes one pass (i.e. no internal reflections) and exits the FP cavity at time t entered the cavity (t − t2r ) seconds
earlier. At time t, it displays an amplitude equal to κ2 · Ein · (t − t2r ).
Each time light performs an additional round trip through the cell, its
amplitude changes by a factor r 2 and an additional retardation of tr is introduced. Adding the contributions of the infinite number of round trips leads
to the output electric field’s maximum amplitude measured outside the FP
cavity, as expressed in equation (5.5):
Eout0 (t) = (1 − r 2 ) · Ein (t −

tr
)
2

Eout 1 (t) = r 2 · (1 − r 2 ) · Ein (t − tr −

tr
)
2

tr
Eout2 (t) = r 4 · (1 − r 2 ) · Ein (t − 2 · tr − )
2
...
∞
X
1
2
Eout (t) = (1 − r ) ·
r 2n · Ein (t − (n + ) · tr )
2
n=0

(5.5)

Let us now assume that a phase difference is induced each time light performs
a single round-trip in the FP cavity. We can then derive the complete output
electric field and not only its maximum amplitude:
0

=

0

=

Eout 0 (t)
Eout0 (t)
0

Eout0 (t)

Eout0 (t) · e−j·k·d

tr

2π

Eout0 (t) · e−j·[ λ ·(L+v·(t− 2 ))]
tr

Eout0 (t) · e−j·[l·2π+δ(t− 2 )]
2π
with δ(t) =
·v·t
λ
L
and l =
λ
=

(5.6)

where k is the propagation vector and δ(t) the phase shift over one complete round-trip. Considering that e−j(l·2π+δ(t)) = e−j·δ(t) , one can simplify
equation (5.6):
tr
0
Eout0 (t) = Eout0 (t) · e−j·δ(t− 2 )
(5.7)
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Figure 5.4: The electric field of light leaving the FP cavity can be considered
as a sum of individual shifted light paths which make n passes through the cell
(see text).

One sees that light which passes once through the cavity gets shifted with
respect to the incident light by δ(t − t2r ) at time t (remember that the light
is only subject to half a round-trip in that case).
Each time light performs an additional round trip through the cell, its
phase lies a little more behind by δ(tr ). Adding the phase shifts contributions
of the number of round trips m leads to a total phase shift δtot measured
outside the FP cavity:
δ0 (t) = δ(t −

tr
)
2

tr
)
2
tr
δ2 (t) = δ(t − 2 · tr − )
2
...
∞
X

tr
δtot =
δ(t − − m · tr )
2
m=0

δ1 (t) = δ(t − tr −

(5.8)

We can now combine the amplitude and the phase shifts contributions
expressed in equations (5.5) and (5.8), respectively, which lead to the output
electric field measured outside the FP cavity:


∞
n
tr
X
−j
1
0
m=0 δ(t− 2 −m·tr )
Eout (t) = (1 − r 2 ) ·
r 2n · Ein (t − (n + ) · tr ) · e
(5.9)
2
n=0

In conclusion, equation (5.9) suggests that the transmission of light through
the FP cavity depends on r and on the round-trip time tr defined in equa99
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tion (5.4). When one also considers equation (5.3), one sees that tr itself
varies with the speed of the piezoelectric translator v. A more detailed study
of the simulation results in the following section will help us determine to
what extent r and v influence the FP cavity behavior and its detuning.
Remember that these results are derived for a monochromatic radiation,
that is to say that the laser linewidth of our diode is not taken into account.
In a first approximation, such a reasoning is valid only for cavities with
resonances broader than the laser linewidth [17]. Considering the laser mode
width provided by the data sheets (∆νlaser = 0.0003 cm−1 or about 10 MHz )
and the cavity mode linewidth ∆νcav we derived (∆νcav ' 140 kHz for R =
99.7 % [15]), one could thus say we treat the subject in an inappropriate
way. Experimental results from Hemerik [15] however indicate that, at any
given time, ∆νlaser  ∆νcav in our case. We therefore assume that the
laser linewidth has a very limited influence on the ring-down time when the
detuning process is applied.

5.4 Results and discussion
In order to set-up an efficient and reliable CW-CRDS device, it is crucial to
understand the process of photon dynamics both from a theoretical and an
experimental point of view. We must understand how photons are coupled
to the cavity, how they build-up in intensity and leak out of the cavity as a
function of time.

5.4.1 Modeling results
In this section, we perform a detailed numerical description of the FP cavity
behavior with respect to the mirrors’ reflectivity, speed and laser detuning. This analysis will prove necessary to proceed with further investigations
of the dusty plasmas by means of the CRDS technique. We bring to the
reader’s attention that the FP cavity in our model is always stimulated by
a monochromatic wavelength λ = 5 µm which is close to SiHx absorption
lines, unless mentioned otherwise.
FP cavity behavior as a function of the mirrors’ reflectivity
Once photons have entered the FP cavity, they are trapped inside and start
to bounce back and forth between the two highly- reflective mirrors. Here,
based on equation (5.9), a few cases will be addressed where we record the
evolution of the transmission of the FP cavity versus time for different mirror
field reflectivities, as the entrance mirror moves through resonance.
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Figure 5.5: Transmitted intensity of the FP cavity, normalized to the input
intensity, as a function of the mirrors’ field reflectivity. Photons keep being
injected into the cavity. For high reflectivity, some secondary oscillations appear
in one of the feet of the Airy peaks. We also notice the ring-up time decreases
when the mirrors are more reflective.

The length of the cavity is L = 1 m and the cavity entrance mirror is
moved by a piezoelectric translator at a speed of 0.8 mm · s−1 . We assume
that the input beam is in resonance with the cavity at t = 0 s . Note that
photons keep being injected into the cavity, i.e. no detuning has taken place
yet and the light source is not interrupted. The transmitted intensity profiles
we obtain are reproduced in figure 5.5 for five different values of the mirrors’
field reflectivity.
Figure 5.5 shows the two on- and off-resonance cases mentioned previously. When the laser field which enters the cavity does not stay in phase
with itself after a few reflections by the mirrors, destructive interferences
occur, which leads to a very small signal being transmitted from the FP
cavity. On the contrary, whenever the incoming laser field remains in phase
with itself after a few round-trips, a signal build-up can be seen in the cavity
because of constructive interferences. As displayed on figure 5.5, a typical
transmission profile displays a ring-up, when light builds up inside the cavity
until resonance occurs at t = 0 s , and a decay, when the cavity is moving
away from the resonance. It is to be noted that both ring-up and decay times
decrease as r increases, owing to the higher cavity finesse and the subsequent
smaller width of the cavity modes.
Furthermore, figure 5.5 also exhibits, at a given mirror’s speed and reflectivity r, multiple amplitude oscillations on the cavity’s decay profile, also
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called ringing. Since no laser interruption is used, we are not stopping the
photons from being injected into the cavity. The observed chirped oscillations thus come from destructive interference patterns which are generated
when the built-up intracavity field meets the incoming field from the laser.
In order to account for the oscillations’ amplitude increase as a function of
r, one needs to consider the following: photons that are in resonance with
the cavity modes are subjected to constructive interferences. Though, the
number of those photons decreases at each round-trip due to the mirrors’
transmission. If one increases the mirrors’ reflectivity and keep losses inside
the cavity constant, one decreases that transmission rate. This enlarges the
number of intracavity photons and therefore the intensity of both constructive and destructive interference patterns. A measure of this enlargement
is the rise of the oscillations’ amplitude with r. As photons leave the cavity through the mirrors, of course, their number regularly decreases again,
explaining why oscillations damp out after some time.
Note that similar phenomena were previously reported elsewhere both
analytically and experimentally [13, 14, 18–20]. Such oscillations can seriously affect the performance of a cavity ring-down spectrometer but a clean
exponential decay can be retrieved at lower or higher scanning speeds, as it
will be shown in the coming section.
FP cavity behavior as a function of the piezoelectric translator speed
Using equation (5.9), we simulate our cavity with a field reflectivity assumed
to be r = 0.9995. The length of the cavity remains L = 1 m and its entrance
mirror is moved by the piezoelectric translator.
Figure 5.6, 5.7 and 5.8 show the relative transmitted intensity for various
mirror velocities, as the mirror moves through resonance. The input beam
is in resonance with the cavity at t = 0 s . Notice that photons keep being
injected into the cavity continuously. The light source is not interrupted,
but the rise and fall of the transmitted light is due to the cavity moving
through resonance, as explained in section 5.4.1. Obviously, the ring-up time
decreases whenever the scanning speed increases. Moreover, the slower you
move the mirror, the longer the FP is in resonance, and the more light can
be injected into the cavity before being decoupled so the absolute intensity
also increases with decreasing velocity. On the opposite, the faster the mirror’s motion, the faster the intensity drops. These observations concur with
numerical predictions that were obtained by Poirson et al. [20] in a similar
work.
When looking at the same three figures, one can roughly see three regimes
of oscillations as a function of the cavity entrance mirror’s speed, as Poirson
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Figure 5.6: Relative intensity being transmitted through the FP cavity as
a function of the mirror’s speed (r = 0.9995 and v ∈ [0.04 − 1.6 mm · s−1 ]).
Photons keep being injected into the cavity. There is a speed threshold under
which no oscillations can be noticed (see text).

Figure 5.7: Relative intensity being transmitted through the FP cavity as
a function of the mirror’s speed (r = 0.9995 and v ∈ [0.8 − 2.4 mm · s−1 ]).
Photons keep being injected into the cavity. This is an intermediate regime
where oscillations prevent a clean decay time from being measured (see text).

and Morville defined them in [19, 20]. Low values of v (v < 80 µm · s−1 )
lead to a close picture of what a cavity-mode probably looks like, i.e. a
Lorentzian Airy profile [17]. This is the ”adiabatic” regime. A second zone
is defined by a threshold at v ' 0.16 mm · s−1 , above which the amplitude
103

Chapter 5.

Figure 5.8: Relative intensity being transmitted through the FP cavity as a
function of the mirror’s speed (r = 0.9995 and v ∈ [4 − 32 mm · s−1 ]). Photons
keep being injected into the cavity. This is the high-speed regime where the oscillations’ frequency is so high and their amplitude so low that a clean exponential
decay can be retrieved (see text).

and the frequency of the oscillations reported in section 5.4.1 increase. This
is the ”oscillations” regime. A third region, where the mirror’s speed exceeds
8 mm · s−1 , can be characterized by the oscillations’ high frequency and low
amplitude. This is the ”pulsed” regime, particularly defined by an extremely
low level of signal transmitted through the FP cavity and a small amount
of light being injected into it. Note however that the exponential decay of
high-speed profiles are clean compared to those displayed in figure 5.7.
Although these oscillations are very impractical to determine an accurate
decay time, they can prove useful. As described by Poirson et al. [20], it is
actually possible to exploit them and extract the cavity finesse F , i.e. the
quality of the resolution that can be obtained with the cavity. Based on the
ratio of the first two maxima II12 of each Airy peak and the time delay ∆t
between these maxima (see figure 5.7), the following analytical equation can
be written:

π · c · ∆t
F  I1
= ·
+2−e
(5.10)
L
2
I2
Using the simulated profiles from figure 5.7, we can draw the evolution
of π·c·∆t
as a function of the ratio II21 . This provides with the five cases
L
schematized in figure 5.9:
(a) ∆t = 4.14 µs and II21 = 3.28 > e
(b) ∆t = 3.26 µs and II21 = 2.72 ' e
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Figure 5.9: Simulated evolution of π·c·∆t
as a function of the ratio II21 , which
L
is obtained from the different transmission profiles simulated in figure 5.7. The
solid line leads to Fsim = 3049.

(c) ∆t = 3 µs and II21 = 2.54 < e
(d) ∆t = 2.80 µs and II21 = 2.44 < e
(e) ∆t = 2.26 µs and II21 = 2.13 < e.
A linear fit leads to the solid line from figure 5.9 and provides with a
value Fnum = 3049.
The theoretical finesse Fth of a FP cavity is however more commonly
described as a function of the mirrors’ reflectance R, as written in equation (5.11) [21]:
√
√
R
r2
=π·
(5.11)
Fth = π ·
1−R
1 − r2
Considering r = 0.9995, we obtain Fth = 3140, which is in the same
order of magnitude than Fnum obtained previously. It seems thus reasonable
to assume that our numerical model is self consistent and provides with a
picture of the FP cavity behavior which is very close to reality.
FP cavity behavior as a function of the piezoelectric translator speed when the
laser is switched off
From now on, we simulate our cavity with a field reflectivity r = 0.9985 which
is comparable with that of the mirrors installed in our CRDS experimental
set-up. The length of the cavity remains L = 1 m and its entrance mirror is
still moved by the piezoelectric translator.
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Figure 5.10: Relative intensity being transmitted through the FP cavity as a
function of the mirror’s speed (r = 0.9985). Laser is switched off 1.5 µs after
the light intensity in the cavity reaches its maximum. Logarithmic scale on the
vertical axis shows that the cavity ring-down times are strictly identical.

The cavity entrance mirror moves through resonance at various speeds.
The input beam is in resonance with the cavity at t = 0 s . In terms of
figure 5.2, it means that the laser moves over a resonance at a constant
velocity. We record the evolution of the transmission of the FP cavity versus
time for different mirror speeds. However, the laser is now switched off,
therefore interrupting the field that gets into the cavity.
Figure 5.10 depicts the profiles generated by the simulation. One can
notice there is a maximum signal level when the mirrors have moved out of
resonance. This corresponds to a maximum level of light that can theoretically emerge out of the cavity. This maximum level depends naturally on the
scanning speed of the piezoelectric translator, as explained in the previous
section. The faster the mirror’s motion, the earlier this maximum occurs, as
it can be seen in figure 5.10. We are switching the laser off exactly 1.5 µs
after each maximum. Note that this time delay corresponds to an experimental requirement by the signal recorder. We are then studying how fast
light is leaking out of the cavity.
It is obvious, thanks to the use of a logarithmic scale on the vertical axis,
that the cavity ring-down times, defined earlier in this chapter, are equal
to each other. We can thus conclude that they are independent from all
parameters that are external to the cavity itself, such as the light intensity
within the cavity and/or the time at which the laser is switched off. Moreover,
such a feature helps improve the signal-to-noise ratio by averaging several
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Figure 5.11: Transmitted intensity of the FP cavity as a function of the detuned
laser. Both the piezoelectric translator’s speed and the mirrors’ reflectivity are
kept constant. The laser is detuned at time t = 5.25 µs , i.e. 1.5 µs after the
signal maximum is reached. There is no measurable difference on the transmitted
signal when the laser is switched off or detuned.

measurements (i.e. by simply adding results), even if the intensity fluctuates.

FP cavity behavior as a function of laser detuning
We now model the detuning process. The cavity entrance mirror is moving at
a constant speed of 0.16 mm · s−1 and the mirrors’ field reflectivity remains
r = 0.9985.
Figure 5.11 shows what happens when light is injected into the cavity and
the laser is detuned rather than switched off (see figure 5.2) as in the previous
section. Once light is injected into the FP cavity, a ring-up occurs until the
cavity mirrors are out of resonance. At 1.5 µs after the signal maximum
is reached (see section 5.4.1), the laser is detuned, i.e., a new wavelength is
sent into the cavity, leading to the solid line of figure 5.11. The difference
between switching the laser off and detuning it is a small residual signal that
is five orders of magnitude smaller than the maximum transmitted intensity.
However, our experimental dynamic range is only three orders of magnitude
smaller than the latter maximum, because our system is equipped with a
12-bit ADC converter. Thus, for practical purposes, detuning the laser and
switching it off can be considered as equivalent processes.
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Figure 5.12: Transmitted signal through CRDS cavity (a) without and (b) with
detuning of the laser. The detuned signal displays an abrupt exponential decay
as soon as the detuning takes place. Note that both signals are shifted for clarity
(after [15]).

5.4.2 Experimental results
As it has been explained in section 5.2, once a non-resonant wavelength
is injected into a cavity, the light intensity starts to decay exponentially.
Hemerik measured the transmitted signals from the CRDS cavity with and
without detuning the laser [15]. The cavity is scanned at 0.8 mm · s−1 , L =
1 m and r = 0.998, i.e. comparable with the simulations from figures 5.10
and 5.11. Note that the FP cavity does not contain any absorbing species
(no plasma is generated in the chamber described at section 5.2).
The bottom curve displayed in figure 5.12 corresponds to the detuned
cavity. One notices that the bottom signal clearly shows an exponential
decay as soon as the detuning has taken place. Note that the noise at the
maximum on both profiles is an artifact generated by electronics feedback
between the trigger generator and the detector, due to a faulty connection.
Figure 5.12 validates, a posteriori, the approach of our simulation. On the
one hand, the experimental ring-down time measured is in the order of several
microseconds. This value is consistent with what was obtained in figure 5.10,
where the laser was switched off, or in 5.11, where the laser was detuned.
On the other hand, the FP transmitted intensity simulated in figure 5.6 in
absence of detuning is consistent with the experimental non-detuned signal
from figure 5.12. The time delays required by light to build up in the cavity
and emerge from it are in the same order of magnitude, despite a difference
in the mirrors’ reflectivity.
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5.5 Conclusion
We have analytically simulated a Fabry-Pérot optical cavity and we have
recalled that, for a cavity in which the length is scanned by a piezoelectric
translator, the intensity of the transmitted light increases rapidly as a cavity
mode moves in resonance with the laser wavelength. The temporal profile is
found to be typically asymmetric and to exhibit chirped oscillations. Such a
ringing effect is enhanced whenever the mirrors’ reflectivity or the scanning
speed are increased and can provide with useful information on the finesse
of the cavity without knowing the speed of the cavity’s entrance mirror.
However, at sufficient high speeds, those oscillations tend to be so rapid that
clean exponential ring-down times can be recovered.
We have also particularly studied the nature and the behavior of a novel
method to detune a laser diode and we have applied it to a cavity ring-down
spectroscopy experiment where an FP cavity is linked to an RF capacitivelycoupled plasma. Both simulations and experiments put into evidence that
the mode-tuning technique allows ring-down to occur.
This method permits us to use CRDS without switching the laser off
or/and interrupting the beam, mechanically, for instance. On the one hand,
simulations showed that a non-detuned cavity displayed transmitted signals
which were highly dependant on the mirrors’ speed. On the other hand,
simulations helped us characterize the detuned cavity ring-down times.
Those appear to be independent from any external parameters such as the
light intensity or the time at which the detuning occurs. On the contrary, the
mirrors’ field reflectivity and the presence of absorbing species seem to have
a great impact on the ring-down times. Furthermore, detuning the laser is
particularly convenient in the case of the CRDS experiment with a CW laser
because the results do not differ from switching the laser off. Experimental
measurements validated those remarks.
Both the simulated and the experimental results discussed here suggest
that the CRDS method works as expected and is also well suited to further
investigation of dusty silane plasma. The present diagnostic technique is
likely to be relevant to any application involving dusty plasma, being nonintrusive, direct, and sensitive.

References
[1] J. Remy, M.M. Hemerik, G.M.W. Kroesen, and W.W. Stoffels. Relevance of a mid–infrared cavity ring–down diagnostic in the study of a
109

Chapter 5.
dusty SiH4 plasma. IEEE Transactions on Plasma Science, 32(2):295–
301, 2004.
[2] G.S. Selwin, J.S. McKillop, K.L. Haller, and J.J. Wu. In situ plasma contamination measurements by HeNe laser light scattering: a case study.
J. Vac. Sci. Technol., 8:1726–1731, 1990.
[3] P. Roca i Cabaroccas, P. St’ahel, S. Hamma, and Y. Poissant. Stable
single junction P–I–N solar cells with efficiencies approaching 10 % . In
2nd world conference on photovoltaic solar energy conversion, Vienna,
page 355, 1998.
[4] A. Bouchoule, A. Plain, L. Boufendi, J.Ph. Blondeau, and C. Laure.
Particle generation and behavior in a silane-argon low-pressure discharge
under continuous or pulsed radio-frequency excitation. J. Appl. Phys.,
70(4):1991–2000, 1991.
[5] A. Schwabedissen, A. Brockhaus, A. Georg, and J. Engemann. Determination of the gas–phase Si atom density in radio frequency discharges
by means of cavity ring-down spectroscopy. J. Phys. D: Appl. Phys.,
34:1116–1121, 2001.
[6] W.W. Stoffels and E. Stoffels. Physics and application of low pressure
plasmas. Trends Vacuum Sci. Technol., 4:31–35, 2001.
[7] G.M.W. Kroesen, J.H.G. den Boer, L. Boufendi, F. Vivet, M. Khouli,
A. Bouchoule, and F.J. de Hoog. In situ infrared absorption spectroscopy
of dusty plasmas. J. Vac. Sci. Technol., 14:546–549, 1996.
[8] R. Ghidini, C.H.J.M. Groothuis, M. Sorokin, W.W. Stoffels, and
G.M.W. Kroesen. Electrical and optical characterization of particle formation in argon–silane capacitively coupled radio–frequency discharge.
Plasma Sources Sci. Technol., 13:143–149, 2004.
[9] W.W. Bewley, C.L. Felix, I. Vurgaftman, E.H. Aifer, L.J. Olafsen,
J.R. Meyer, L. Goldberg, and D.H. Chow. Mid–infrared vertical–cavity
surface–emitting lasers for chemical sensing. Applied Opt., 38(9):1502–
1505, 1999.
[10] J.P. Looney, R.F. Berg, and D.S. Green. Development of quantitative
measurements for vacuum process control. In Chemical Sci. Technology
Laboratory, Technical Activities Rep., Process Measurements Division,
2000.
110

Relevance of a mid-infrared Cavity Ring-Down Diagnostic
[11] R.D. van Zee, J.P. Looney, and J.T. Hodges. Measuring pressure with
cavity ring–down spectroscopy. In Proceedings SPIE conference on advanced sensors monitors for process industries and the environment,
Boston, MA, pages 46–56, 1998.
[12] A. O’Keefe and D.A.G. Deacon. Cavity ring–down optical spectrometer for absorption measurements using pulsed laser sources. Review of
Scientific Instruments, 59:2544–2551, 1988.
[13] Z. Li, R.G.T. Bennett, and G.E. Stedman. Swept frequency induced
optical cavity ringing. Opt.Comm., 86:51–57, 1991.
[14] K. An, C. Yang, R.R. Dasari, and M.S. Feld. Cavity ring–down technique
and its application to the measurement of ultraslow velocities. Opt. Lett.,
20(9):1068–1070, 1995.
[15] M.M. Hemerik. Design of a Mid-infrared Cavity Ring Down Spectrometer. PhD thesis, Eindhoven University of Technology, The Netherlands,
EU, 2001.
[16] F. Grangeon, C. Monard, J.L. Dorier, A.A. Howling, C. Hollenstein,
D. Romanini, and N. Sadeghi. Applications of the cavity ring–down
technique to a large area RF plasma reactor. Plasma Sources Sci. Technol., 8:448–456, 1999.
[17] J. Morville, D. Romanini, M. Chenevier, and A. Kachanov. Effects of
laser phase noise on the injection of a high–finesse cavity. Applied Optics,
41(33):6980–6990, 2002.
[18] J.W. Hahn, Y.S. Yoo, J.Y. Lee, J.W. Kim, and H-W Lee. Cavity ring–
down spectroscopy with a continuous–wave laser: calculation of coupling
efficiency and a new spectrometer design. Applied Optics, 38(9):1859–
1866, 1999.
[19] J. Morville. Injection des cavités optiques de haute finesse par laser à
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In-situ investigation of dust particles by
means of FTIR spectroscopy1
Abstract. Capacitively-coupled RF discharges containing silane diluted
in argon have received considerable attention in order to understand the
dust particles’ formation and behavior. The formation mechanism of those
macroscopic particulates needs to be clarified to enhance product control
in the surface processing industry. In situ Fourier Transform Infrared absorption spectroscopy (FTIR) has been performed to monitor their composition during the growth process. Strong absorption bands at 900 and
2180 cm−1 have been observed and attributed to SiH 4 absorption. FTIR
results particularly indicate a time dependency of the solid-state vibrational absorptions of the SiH, SiH2 and SiH3 bands. They also allow us
to track the silane dissociation after plasma ignition and hence prove that
FTIR is a remarkably valuable process-monitoring tool.

1

Part of this chapter is based on: [1]

Chapter 6.

6.1 Introduction
The investigation of particles, in the early phase of their formation in argondiluted silane plasmas, is part of a greater effort made lately to improve
solar cell yields. The in-situ investigations of those particles is therefore of
enormous interest both from a plasma physics and an industrial application
point of view.
The infrared is a spectral region where the vibration-rotation transitions
of SiH4 and other various SiHx species have been previously observed [2].
Considering that the dust particles contain infrared active bonds, in-situ
Fourier Transform Infrared Spectroscopy (FTIR) can help elucidate their
formation process and get more insight into their precursors [3, 4]. FTIR directly allows us to non-intrusively monitor the properties of chemical species
present in a sample medium (a plasma for instance). It is the reason why
Fourier Transform spectroscopy is widely used to identify molecules through
their vibration frequencies and absorption bands in the mid-infrared domain.
Organic as well as inorganic compounds in gaseous, liquid or solid samples
can be probed [5–7]. FTIR offers many advantages over other conventional
absorption spectrometers and more particularly a significantly higher signalto-noise ratio. Note that FTIR nevertheless provide low-sensitivity measurements (M DAL ' 10−7 to 10−5 cm−1 ) and CRDS (Cavity Ring-Down
Spectroscopy) has thus been foreseen for high-sensitivity ones (see chapters 4
and 5).
In the work presented in this chapter, we shall demonstrate that FTIR,
even used in a single-pass configuration, is capable of giving information both
on the silane gas-phase and on the particles. After presenting the FTIR experimental set-up and measurements procedure in section 6.2, we will discuss
in section 6.3 the absorption spectra of both the Ar/SiH4 mixture and the
silicium-based in-situ-generated dust particles. Those measurements can for
instance reveal the silane consumption rate and can be used to derive the
SiH4 gas temperature.

6.2 Implementation of a FTIR spectrometer
We invite the reader to refer to reference [8] for a full technical description of
the FTIR technique. Absorption spectroscopy on which the FTIR principle
is based has been treated in chapter 4. In this section, consideration is
particularly given to the elements that are necessary for the discussion of the
absorption spectra displayed later on in this chapter.
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6.2.1 FTIR’s principle of operation
The heart of any FTIR is the Michelson interferometer schematically shown
in figure 6.1, which is used to measure an absorption spectrum. The infrared
light goes from the glowing source to a beamsplitter placed at a 45-degree
angle. Part of the beam passes through the beam splitter toward a movable
mirror and part is reflected at a right angle toward a stationary mirror. The
beams’ subsequent reflections recombine at the beamsplitter before leaving
the interferometer. It is assumed here that the beamsplitter does not induce
any additional optical retardation, i.e. the optical path length for the light
beams is not affected by the beamsplitter.
If the moving mirror and the fixed one are at the same distance from the
beamsplitter, the distance traveled by light which gets reflected is the same.
There is a zero mirror displacement and wavelengths totally constructively
interfere. Complete constructive interference also takes place when the optical path difference induced by the moving mirror is equal to multiples of the
wavelength:
δ =n·λ
(6.1)
where δ represents the optical path difference and λ one of the wavelengths
which are incoherently emitted by the FTIR broadband thermal light source.
We define n as an integer, such as n = 0, 1, 2, 3, . . . and n = 0 refers to the
zero mirror displacement.
On the opposite, when one of the two mirrors in the Michelson interferometer is displaced, the beams which recombine at the beamsplitter might
be out of phase with each other. Complete destructive interferences occur
when:
1
δ = (n + ) · λ
(6.2)
2
where n = 0, 1, 2, 3, . . .. If δ does not meet any of equations (6.1) or (6.2), the
signal observed at the beamsplitter’s exit is a combination of constructive and
destructive interferences. Assuming the mirror’s velocity is constant, one can
see a modulated cosinusoidal signal which actually corresponds to the plot
of the light intensity as a function of δ at a single wavelength.
Owing to the broadband glowing source in a FTIR spectrometer, all infrared radiations emitted are reflected by the mirrors and recombine simultaneously at the beamsplitter. All those interfering frequencies generate an
interferogram which can be seen as a large number of cosinusoidal signals
added to each other. Each one contains information about the infrared light
amplitude and wavelength.
An interferogram exists in the time domain, i.e. it corresponds to the
energy seen by the detector as the mirror moves through the signal. In order
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Figure 6.1: Schematic view of a Michelson interferometer (see text).

to be able to detect and analyze the absorption as a function of frequency,
that time domain has to be converted into a frequency domain spectrum.
This conversion is performed by means of a standard computer algorithm
called Fourier Transform. When an interferogram is Fourier transformed,
a spectrum is obtained, which is called a background spectrum (when it
is not acquired through a sample) or a sample spectrum (when acquired
through a plasma of silane for instance). In both cases, the interferogram is
collected by a detector whose electrical signal, voltage, resistance or current
is proportional to the amount of infrared radiation that hits it.
In order to generate one complete interferogram, the movable mirror performs one scan, i.e., depending on the spectrometer’s settings, it moves back
and forth once. FTIR measurements, such as the one from figure 4.4, consist
of numerous scans in order to reduce noise. The signal-to-noise ratio (SNR)
of a spectrum has to be as high as possible to be able to resolve weak absorption lines. The SNR√increases as the square root of the sampling time
per data point(SN R ' t). Therefore, in order to reach a similar SNR, a
FTIR measurement at a 0.5 cm−1 resolution lasts 64 times longer than a
measurement with a 4 cm−1 resolution.

6.2.2 Experimental set-up
A schematic diagram of the experimental set-up is shown in figure 6.2. For
optical access to the plasma, BaF2 windows are installed on the vacuum
chamber and new apertures are implemented on the plasma ring (see chapter 2). The absorption spectra are collected using a commercially available
Bruker IF S − 66 FTIR spectrometer with a silicium carbide globar as a con116
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Figure 6.2: Schematic representation of the FTIR implementation onto the
vacuum chamber and the plasma reactor.

tinuous incoherent light source. Figure 6.3 shows the spectral profile of the
globar which is close to that of a black body. Note that the sensitivity of the
detector is optimized for wavenumbers ranging from ' 500 cm−1 to about
3500 cm−1 . Outside this region, the SNR is expected to be quite low. The
infrared beam exiting the spectrometer is directed toward the plasma in a
simple single-pass configuration. Once the beam emerges from the plasma
and leaves the vacuum chamber, it is focused by an off-axis paraboloid goldcoated mirror onto an external nitrogen-cooled mercury-cadmium-telluride
(MCT) detector.
As can be seen in figure 4.2, absorption bands of water and CO2 can
appear in the FTIR spectra, as they are present in the ambient air along
the infrared path. In order to limit the strength of those bands, the infrared
beam is enclosed in plastic pipes which are constantly flushed with nitrogen
gas.
The experiments are performed in the 13.56 MHz capacitively-coupled
plasma described earlier in this thesis. The gas pressure and flow can be varied independently from 10−7 to 0.9 Torr and from 0 to 50 sccm , respectively.
The input power varies between 0 and 100 W . Note that the power required
to ignite our plasma is rather large but one must remember our power coupling efficiency is only about 70 % . The RF power is remotely controlled
though a parallel port of the spectrometer, allowing the data acquisition and
the plasma to be synchronized.
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Figure 6.3: Spectral profile of the silicium carbide globar. The signal-to-noise
ratio is expected to be rather low at wavenumbers lower than 500 cm−1 or higher
than 3500 cm−1 .

Measurement procedure
A typical FTIR measurement is an average over several tens or hundreds
of spectra. One reference scan is always taken immediately before and after the absorption scans, when the plasma is off and while the gas pressure,
temperature and flow are held constant. Acquiring reference spectra twice
does not only improve the SNR but also cancels out drift in the instrument
response during long acquisition times. Drift can actually be induced either
by long-term fluctuations of the globar or by the detector warming up. This
is the reason why liquid nitrogen is also periodically added to the MCT device. When we study the infrared absorption of silane in the gas-phase, the
reference spectra are measured in pure argon gas (monoatomic species, such
as argon or helium, are not infrared active and are thus transparent to the
FTIR diagnostic technique). On the contrary, when we study the infrared
absorption of silane in a plasma, the reference spectra are acquired in the
silane gas, as emphasis is brought onto the changes induced by the discharge.
Dividing a plasma (or a gas) spectrum by a reference spectrum provides information on the species that are created (peak structure pointing downwards)
or consumed (peak structure pointing upwards) inside the plasma or the gas.
One can see that FTIR relies on the availability of strong absorption
transitions in the infrared. Its sensitivity is limited by the sampling time
necessary for a signal to be discriminated from the background noise. As
an argon-diluted silane plasma produces large amounts of dust particles (see
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chapter 2), it is expected that the resulting FTIR absorption spectra are
the combination of the absorptions by the gas-phase and by the solid-state
species [9].

6.3 FTIR experimental results
As has already been said, it is the correlation between the wavenumbers at
which a molecule absorbs the infrared radiation and the molecule’s structure that makes FTIR a useful chemical tool. However, the identification
of a molecule from its absorption spectrum suggests some peak assignment
work has to be done. Table 6.1 aims at facilitating the absorption line identification. The species reported in table 6.1 will not absorb with the same
strength and some might just not be detectable in the FTIR spectrum. Note
that the radicals have densities several orders of magnitude lower than the
SiH4 neutrals. Furthermore, considering that the silane molecule gets dissociated, radicals have high rotational and vibrational temperatures so that
their ground state population is reduced. Hence, it is rather difficult to
measure any absorption from them with FTIR. Other techniques such as
mass spectroscopy or cavity ring-down spectroscopy might be used instead
for the detection of those species [4, 11, 12]. The absorption bands which are
identified as SiH, SiH2 and SiH3 bands thus belong to the corresponding
molecular bonds in the solid-state dust particles, grown in the plasma itself.

6.3.1 Silane gas absorption spectrum and temperature
Figure 4.4 shows that the rovibrational spectrum of silane consists in P , Q
and R branches. At similar experimental conditions, i.e. a resolution of
0.5 cm−1 and a gas pressure of 600 mTorr , it is possible to also identify the
SiH4 ν4 absorption band around 913 cm−1 , as depicted in figure 6.4. Note
that some clearly recognizable absorption bands of H2 O and CO2 cannot be
avoided as their concentration changed in the ambient air during the silane
gas measurement and the background acquisition. Figure 6.4 is obtained
by dividing the argon-diluted silane spectrum by that of the pure argon
background gas. The rotational temperature of the gas can be determined
by simulating the shape of the P and R branches of the silane ν3 absorption
band. One can subsequently fit the simulation shapes to the experimental P
and R branches depicted in figures 4.4 and 6.4.
The positions of the P and R rotational lines (ζP and ζR , respectively)
can be represented by a single formula [13]:
00

0

00

0

ζR = ζP = ζ0 + (B + B ) · m + (B − B ) · m2

(6.3)
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Table 6.1: Assignment of infrared silane main absorption lines (compiled after [3, 4, 9, 10]).

Wavenumbers ( cm−1 ) Molecules and vibration modes
613
SiH3 rocking in Si3 H8
630 − 720
SiH bending, rocking and wagging
SiH2 rocking
SiH2 wagging in Si3 H8
SiH3 rocking
(SiH2 )n rocking
650 and 2010
SiH solid state
780
SiH bending
835 and 843
-(SiH2 )n wagging
triple SiH rocking
SiH3 bending in Si2 H6
850 and 890
SiH bending in SiH2 and SiH3
SiH3 bending in Si3 H8
875 and 2090
SiH2 isolated stretching
913
ν4 absorption band of SiH4
932 − 935
SiH2 scissoring in Si3 H8
940
SiH3 bending in Si2 H6
Si − O − Si isolated stretching
971
ν2 absorption band of SiH4
980
oxygen asymmetrical stretching in Si − O − Si
1030
Si − O − Si stretching
1085
SiO2
1150
SiO surface mode
2080
SiH2 stretching
2154
SiH stretching in Si2 H6
2179
Si2 H6
2185 − 2189
ν1 and ν3 absorption bands of SiH4
2210
Si3 H8

0

which considers a particular transition from a lower vibrational level n to a
00
0
higher vibrational level n = n + 1 (following the transition rules described
0
in chapter 4). In our case, n refers to the ground state, where most of the
00
molecules are likely to be, and n hence corresponds to the first vibrational
level. Note that ζ refers to the absorption lines wavenumbers (in units of
cm−1 ) and is defined as ν/c, where ν is the line frequency and c the velocity
0
00
of light (in cm · s−1 ). B and B are the rotational constants corresponding
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Figure 6.4:
Fourier Transform infrared absorption spectrum of gas-phase
argon-diluted silane at 600 mTorr with a 0.5 cm−1 resolution. Both characteristics absorption profiles of SiH4 are detected. Parasitic water and carbon
dioxide remain.
0

00

0

00

to n and n in units of cm−1 (B 6= B ):
0

B =

h
8π 2 c

(6.4)

·I

m is an integer such as m = J + 1 for the R branch (i.e. m = 1, 2, . . .)
and m = −J for the P branch (that is m = −1, −2, . . .). ζ0 is defined as
the band center wavenumber, i.e. when m = 0, also referred to as pure
vibrational transition earlier in this chapter.
It is known that the intensity of the lines in a rotation band is proportional to the population of the rotational level from which they originate, as
expressed in equation (6.5) [13]:
0

IJ 0 →J 00 ∝ Nrot (J ) · hν

(6.5)

where IJ 0 →J 00 is the intensity of the absorption transition from a rotational
0
00
level J to a higher level J .
0
We define Nrot (J ) as the number density of molecules in the lower state.
Considering a Maxwell-Boltzmann distribution law for the populations of rotational states, one can write down equation (6.6) for the number of molecules
0
0
0
Nrot (J ) in the rotational level J of the lowest vibrational level n [13].
0

0

Nrot (J ) = Nn0 · (2J + 1)2 · e

00

0

0

−B ·J (J +1)· k

hc
B ·Trot

(6.6)
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Figure 6.5: Simulation of the overall shape of the P and R branches of the gasphase SiH4 ν3 absorption band for Trot = 300 K , Trot = 310 K , Trot = 350 K
and Trot = 390 K . Fitting these simulations to the experimental band shapes
from figure 6.4, we estimate that Trot ' 310 K ± 10 K .

where Trot is the temperature of the rotational energy level, kB and h are
Boltzmann’s and Planck’s constants, respectively . We obtain Nn0 by also
applying a Maxwell-Boltzmann distribution to the populations of the vibrational levels [13].
Based on equations (6.3), (6.5) and (6.6), a simulation of the ν3 absorption P and R branches is performed, which can lead to a good estimate of
Trot . Figure 6.5 shows the results of the simulation for four different values of Trot . By fitting the absorption bands’ shapes to our experimental
results, we evaluate Trot ' 310 K ± 10 K . Using equation (6.6) and deriving dNrot (J)/dJ = 0, one can find the rotational numberpJmax which
corresponds to a maximum number of molecules and Jmax ' T /B (B in
cm−1 ). Hence, as the rotational temperature increases, the relative populations of the higher J rotational levels increase as well. This is the reason why
the P and R branches broaden at higher rotational temperatures.

6.3.2 Continuum background and solid state absorption
In order to investigate the nature of the species resulting from the plasma
ignition, a survey FTIR spectrum is acquired during the first seven seconds
after the plasma is switched on at a pressure of 120 mTorr and a Ar/SiH4
flow of 3.5 sccm . The applied RF power is 40 W and is measured before
the matchbox. The spectral resolution of the FTIR spectrometer is 4 cm−1 .
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Figure 6.6: FTIR spectrum of a Ar/SiH4 plasma shortly after ignition. The
weak absorption bands below 1000 cm−1 correspond to solid-state absorption
by dust particles which are generated in the plasma. The SiH, SiH2 and SiH3
infrared active bonds are thought to be responsible.

The spectrum of figure 6.6 has been averaged over 500 scans (each one being
7 s in length) and divided by the average of two reference spectra acquired
in silane gas (without plasma) with an equal measurement time.
Besides the characteristic SiH4 ν3 and ν4 bands and the C = O asymmetric stretching from CO2 around 2330 cm−1 , one can notice some weak
absorption broad bands which are superimposed on the signal between 700
and 800 cm−1 . Considering that these features are absent from the Ar/SiH4
gaseous spectrum of figure 6.4, they are probably due to the infrared absorption by solid-state dust particles. They can be associated with the presence
of various SiH, SiH2 or SiH3 vibrations. As it will be shown later in this
section, the shape of a FTIR spectrum evolves with time, since the particles’
formation and growth is a dynamical process. It is thus rather challenging
to identify characteristic peaks and attribute them to specific species.
Note that figure 6.6 also displays a broad band continuum which increases
at large wavenumbers ζ. When reviewing what has been reported previously
in FTIR measurements of hydrocarbon [14, 15], fluorocarbon [16] or silane
discharges [3], one might mis-interpret that broadband as light scattering
caused by the presence of dust particles in our plasma reactor. If this were
the case, the bands below 1000 cm−1 could not be considered as absorption
bands. This would contradict our measuring procedure, since we defined
absorption as a feature pointing downward.
123

Chapter 6.

6.3.3 Silane dissociation degree
Figure 6.7 shows the measured transmittance spectra of the SiH4 ν3 and
ν4 bands at a pressure of 600 mTorr and a 24 sccm gas flow, with plasma
off (figure 6.7(a)) and plasma on (figure 6.7(b) at a power of 50 W measured before the matchbox). Both spectra have been averaged over 30 scans
(each one being 42 s long) at a resolution of 4 cm−1 . The spectrum from
figure 6.7(a) has been divided by an averaged reference spectrum acquired
in pure argon gas (without plasma), while the one from figure 6.7(b) has
been divided by an averaged reference spectrum measured in gaseous silane
(without plasma). The difference in the transmittance is due to the SiH4
gas dissociation in the plasma. By using the absorption of the ν3 Q branch,
we can estimate the silane dissociation degree at constant pressure, temperature and gas flow, when the discharge is turned on. Hence, it is possible to
determine what percentage of the initial silane is not fragmented during the
42 seconds which follow the ignition of the plasma.
Let us define Iback , Igas and Iplasma as the amount of infrared light which
is transmitted to the detector in the argon background gas, in the silane gas
and in the silane plasma, respectively.
Igas
= 0.90218
Iback

(6.7)

Equation (6.7) is a simple model of the measurement procedure which leads
to the spectrum of figure 6.7(a). It shows the latter is obtained by dividing
the spectrum with silane gas by the reference spectrum, acquired without
silane gas. The resulting peak structure points downward, indicating that
radiation gets absorbed, hence a transmission ratio of 0.90218, i.e. lower
than unity.
Iplasma
= 1.10528
(6.8)
Igas
Equation (6.8) describes how figure 6.7(b) is obtained, i.e. by dividing the
spectrum with plasma by the spectrum without plasma (silane gas only). The
Q branch points upward, indicating that the SiH4 number density decreases
when the plasma is switched on. The infrared absorption thus decreases,
leading to a ratio of radiation being transmitted which is higher than unity.
One can now define the fraction Fabs (gas) of silane which is in the gas and
which absorbs infrared light, considering that absorption+transmission = 1:
Fabs (gas) = 1 −

Igas
= 0.09782
Iback

(6.9)

Following a similar reasoning, one can also determine the fraction of silane
which remains in the plasma after switching it on and which absorbs infrared
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Figure 6.7: FTIR spectrum of a Ar/SiH4 with plasma off (a) and on (b)
(see text for details). Using the Q branch of the ν3 absorption band, the silane
dissociation degree in the plasma is estimated to be around 97 % . Note that the
absorption band at 700 − 800 cm−1 is very weak.

light.

Iplasma
Iplasma Igas
=1−
·
(6.10)
Iback
Igas
Iback
It is then possible to estimate the amount of silane R remaining in the
plasma (after 42 seconds) with respect to the initial amount of silane which
was present before the plasma ignition:
Fabs (plasma) = 1 −

R=

Fabs (plasma)
Fabs (gas)

(6.11)

Numerical application gives R ' 0.03, which corresponds to a silane dissociation degree of about 97 % . This is consistent with dissociation de125
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grees reported in the literature. For plasma durations in the order of a few
tens of seconds, the silane dissociation degree is expected to be higher than
80 % [17, 18].
We would like to draw the reader’s attention to the fact that a resolution
of 4 cm−1 seems sufficient to resolve some of the structure of the rotational
lines.

6.3.4 Silane consumption
The silane concentration in the plasma is proportional to the absorption
strength, and thus to the intensity, of the Q branch absorption peak from
the ν3 band of silane. Any reduction in the absorption intensity of that
band can thus be interpreted as the dissociation, i.e. the consumption, of
SiH4 in the plasma. This section aims at estimating the silane consumption
by tracking the Q branch evolution as a function of the time elapsed since
plasma ignition.
Each FTIR measurement consists of two scans (one scan lasting 350 ms )
and is performed at a resolution of 4 cm−1 . Between two measurements, the
plasma is switched off for 5 seconds to allow the grown particles to be swept
out of the discharge chamber. The discharge is then turned on again and
a new measurement is acquired. This procedure is repeated 50 times at a
pressure of 700 mTorr with a gas flow of approximately 5 sccm . The power
measured before the matchbox is 57 W .
Figure 6.8 shows that the Q branch intensity decreases as the time elapsed
since the plasma ignition increases. A baseline shift can be noticed, which
can be attributed to the detector or to fluctuations in the globar light source.
One can see from figure 6.8 that SiH4 gets consumed in the plasma. After
6 s , the Q branch is lost in the background noise. Figure 6.9 shows that half
of the silane gas is ”burned” in the plasma in the first two seconds which follow
the plasma ignition. Note that the absorption peaks reported on figure 6.9
are normalized with respect to the gas spectrum, i.e. the Q branch intensity
in the gas (at t = 0 s ) is unity. By deriving the relative absorption intensity
from figure 6.9, one can obtain the silane dissociation degree. It can be seen
on figure 6.9 that about 80 % of the total amount of silane initially present is
dissociated in a little less than 6 s . This corresponds to a silane consumption
rate C, C ' 3.4 · 1021 m−3 · s−1 .
Further FTIR measurements depicted on figure 6.10 show that the time
necessary to reach a stationary value of dissociation remains essentially the
same (about 6 s ) for flows at 5 or 26 sccm . We reported in the previous section that 97 % of the silane was dissociated in a 42-second plasma.
A correlation between those results indicates there is a slow but persistent
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Figure 6.8: FTIR spectra of Ar/SiH4 plasma at 700 mTorr as a function of
the time which is elapsed since the plasma has been ignited. The later the FTIR
measurement is performed, the smaller the intensity of the Q branch, indicating
a clear consumption of the silane gas in the plasma.

Figure 6.9: Absorption of the silane Q branch as a function of the time elapsed
since plasma ignition. About half of the silane initially present is consumed in
less than two seconds after the plasma is switched on.

silane depletion with time, in the range between 80 and 97 % . The degree
of dissociation also appears to be independent of the silane flow. In a first
simple approach, this phenomenon shall be explained in relation with the
molecular chemical processes inside the plasma region (we shall neglect dif127
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Figure 6.10: Absorption of the silane Q branch as a function of the time
elapsed since plasma ignition. The silane consumption rate is independent of the
silane gas flow.

fusion of silane in the discharge vessel, since it has been elaborately treated
by Sorokin [19]).
Optical emission spectroscopy performed in an Ar/SiH4 plasma at room
temperature shows that the intensity of the excited SiH ∗ and Hα∗ lines increase rapidly to a maximum value within a few seconds after the discharge
is ignited [20]. This phenomenon indirectly results from an increased electronic temperature, accompanied by a drop in the electronic density down to
a minimum of 1014 m−3 [21]. It is now generally understood that the increase
in the emission intensity corresponds to the growth of dust particles in the
plasma (see chapter 3). The electronic attachment on those particles is the
cause for the electron density to decrease.
Considering that the electron temperature can reach values as high as
5 eV just 2 s after plasma ignition [21], SiH4 can be consumed by electron
impact dissociation. Assuming that the electron energy distribution function
is a Maxwellian, it is possible to find electrons with an energy higher than
the silane dissociation threshold (8 eV [22, 23]). Dissociative excitation of
SiH4 can also be induced by argon metastables [24]. Their density (about
1016 m−3 ) is much smaller in a dusty plasma than in a pristine argon plasma,
as they are involved in chemical reactions with silane molecules and radicals
(see chapter 3). Furthermore, silane consumption is likely to be boosted by
the dust formation, since a high concentration of particles further decreases
the number of electrons and thus leads to higher energies for the remaining
ones. The dissociation of SiH4 generates by-products such as hydrogen and
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silane radicals SiHx (see chapter 4). Some secondary gas-phase reactions
between those radicals and the SiH4 parent molecule can produce more stable
silanes such as Si2 H6 or Si3 H8 , thus enhancing the silane consumption even
more.
On the basis of previous investigations [24–28], the relevant SiH4 dissociation rate can be estimated for the following silane dissociation equations:
• (1): SiH4 + e → SiH3 + H + e
• (2): SiH4 + Arm → SiH3 + Ar + H
where Arm refers to the argon metastable state.
From reaction (1), we estimate the dissociation rate νSiH4 = k1 · ne , with
k1 the dissociation rate constant and k1 = 1.59 · 10−10 cm3 · s−1 [28]; ne is
the electron density and ne ' 1010 cm−3 [21]. We find νSiH4 = 1.59 s−1 , i.e.
the characteristic time of reaction (1) is τSiH4 = (νSiH4 )−1 ' 630 ms .
From reaction (2), we estimate the dissociation rate νSiH 0 = k2 · nArm ,
4
with k2 the dissociation rate constant and k2 = 1.4 · 10−10 cm3 · s−1 [24];
nArm is the argon metastable density and nArm ' 9 · 1010 cm−3 [24]. We
find νSiH 0 = 12.6 s−1 , i.e. the characteristic time of reaction (2) is τSiH 0 =
4
4
0
(νSiH4 )−1 ' 80 ms .
These reaction times are smaller than the typical residence time of a silane
molecule in our discharge chamber, which we estimated to be about 6 s and
1 s for flows at 5 sccm and 26 sccm , respectively. As soon as the plasma
is switched on, it acts as a sink with respect to the SiH4 molecular density.
In order to avoid depletion of the silane molecule, the gas flow should allow for residence times shorter than the reaction times derived above. At
our experimental conditions, this requirement is fulfilled when silane flows
at least at 50 sccm . The fact that our silane flow is too small thus supports the experimental observations of a slow exponential decay in the silane
consumption.

6.3.5 FTIR and the dust particles
This section aims at highlighting the particles’ growth dynamics and their
effect on a FTIR spectrum. We follow the time dependency of the infrared
absorption at a constant pressure of 120 mTorr . The flow is kept steady at
about 3.5 sccm . The power measured before the matchbox is about 45 W ,
70 % of which gets coupled into the plasma.
Figure 6.11 shows that the shape of the FTIR spectrum is strongly time
dependant. Spectrum (a) from figure 6.11 displays the well-known ν3 and ν4
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absorption bands and some additional absorption from 700 to 800 cm−1 . The
latter band is due to the production of particles in the 7 seconds during which
the plasma is probed [9]. It indicates the presence within those particles of
bonds which are infrared active. Referring to table 6.1, the band is likely to
result from the overlap of SiH, SiH2 and SiH3 bonds. As the acquisition
time increases (spectra (b) and (c)), another band caused by SiH2 bonds
in the dust particles is observed between 1950 and 2150 cm−1 . Further
contributions from the particles to the absorption spectra are reported from
850 to 930 cm−1 [9]. They are superposed to the ν4 band of silane, which
makes their detection difficult. Note that Si − O related vibrations around
1200 cm−1 are seen in spectrum (c). They result from the particles’ oxidation
by the oxygen contained in the residual water which degasses at the vacuum
chamber walls. Apparently, the amount of carbon dioxide has fluctuated
quite a bit in the infrared path length during the FTIR acquisition, hence
the changes which can be noticed around 2400 cm−1 .
As it is briefly stated earlier in this section, FTIR spectra acquired in a
dusty plasma evolve with time as particles are generated and grow towards
bigger and heavier silicon clusters. The appearance of the SiH2 absorption
band only several tens of seconds after plasma ignition can be reasonably
related to this growth dynamics. By correlating the time evolution of the
ν3 Q branch of SiH4 with that of SiH2 , Kroesen et al [3] have shown that
the solid-state absorption of SiH2 only occurs once particles have reached a
certain size threshold, which they estimate to be around 50 nm . There is
no SiH2 absorption in the first 7 seconds of our FTIR acquisition. This is
consistent with Kroesen’s results which indicate it only appears after about 5
seconds. Based on these observations, it is retrospectively possible to assign
the absorption band A of figure 6.11a specifically to SiH or SiH3 .

6.3.6 Ex-situ FTIR of a particle sample
The dust formation process is such that one can coat the inner walls of our
plasma reactor after operating a silane plasma for a few hours only. This is all
the more the case as the powers we inject into the system are relatively high
compared to those used in similar experimental dusty plasma devices [20].
The size and the density of the particles generated in the plasma naturally
depend on the plasma conditions [29].
We perform ex-situ FTIR measurements in order to determine the composition of the silicium-based particles which deposit onto the plasma ring.
We use a pellet containing potassium bromide (KBr) mixed with the sample collected from our reactor. We compare the FTIR spectrum with that
of pure KBr. Results are shown in figure 6.12. Note that the particles
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Figure 6.11: FTIR spectra of Ar/SiH4 plasma at 120 mTorr for 7 s (a),
1 min (b) and 5 min (c) acquisition times. Band (A) can be identified as SiH
or SiH3 vibrations. Band (B) is due to SiH2 bonds within the particles while
band (C) is a Si − O-related vibration (see text).

collected are the results of several plasmas and are therefore not generated
under homogeneous operating conditions.
Figure 6.12 mainly displays two additional absorption regions in the KBrsample pellet with respect to the one made of pure KBr. The first region
covers the wavenumbers ranging from about 980 to 1250 cm−1 . Two maxima
can be observed in this absorption band, indicating that it consists of two
overlapping bands which can be attributed to SiO2 (1085 cm−1 ) and SiO
(1150 cm−1 ). It is however impossible to determine whether the particles
reached that level of oxidation after being collected or while they were still
in contact with the plasma. The presence of weaker absorption features
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Figure 6.12: FTIR ex-situ absorption spectra of a pure KBr and KBr-sample
pellet at a 4 cm−1 resolution. Absorption regions in the spectrum of the KBrsample mixture indicate SiO, SiO2 and a − Si : H bonds (see text).

between 600 and 900 cm−1 is more complicated to interpret. The structures
however cannot be mistaken for noise and match the characteristic absorption
wavenumbers of a − Si : H [4] pretty well.

6.4 Conclusion
We have reported the results of single pass in-situ FTIR measurements performed during the growth of dust particles in a Ar/SiH4 RF plasma. Strong
silane absorption bands at 913 and 2189 cm−1 have been observed and used
to infer a rotational temperature of the gas around 310 ± 10 K .
We have shown that particles growing in the plasma generate solid-state
absorption features at wavenumbers which are characteristic of SiH, SiH2
and SiH3 infrared active bonds. Our spectra also reveal that dust particles
trapped in the plasma get apparently oxidized by residual water present in
the vacuum system.
Analysis of the Q branch in the ν3 absorption band of silane reveals that
the consumption of silane is a slow but persistent process independent of the
silane flow, which leads to a dissociation degree ranging from 80 to 97 % .
Powders collected from the plasma reactor and analyzed ex-situ through
FTIR appear to be essentially made of oxidized silicium. Weaker absorption
structures seem to indicate the presence of some hydrogenated amorphous
silicon.
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Although FTIR’s major limitation is its sensitivity to trace components,
it is very flexible and capable of measuring the main species present in the
plasma. Gas temperature and consumption are also easily estimated. The
sensitivity of the device might be improved by increasing the path length or
using a brighter IR source.
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7
The Pulsed Discharge Nozzle: a source
to investigate the spectroscopy of PAHs
Abstract. Diffuse Interstellar Bands (DIBs) and Unidentified Infrared
Emission bands (UIRs) are absorption and emission lines in the optical spectra of the interstellar medium (ISM), respectively, and have been
known for several decades. It is believed that they originate from gas-phase
organic molecules present in abundance in the ISM. However, no consensus
has been reached yet regarding their precise cause. There are strong indications, though, that Polycyclic Aromatic Hydrocarbons (PAHs) which
are abundant in the ISM in their neutral or ion forms may well be the
source of the DIBs and UIRs. Considering that DIBs and UIRs are features in the optical spectral range, absorption or emission spectroscopy
of gas-phase PAHs at low temperature and low density in the laboratory
is a crucial diagnostic to the identification of the DIBs and UIRs carriers. The plasma produced in a pulsed slit discharge nozzle (PDN) source
is a perfectly suited environment for generating high column densities of
astrochemical species analogs such as PAH ions due to the combination
of two factors: the significant ionization yield that can be reached in the
discharge, and a very long slit source which achieves, in the post-discharge
region, thermodynamical properties that are characteristic of the interstellar medium.

Chapter 7.

7.1 Introduction
Dusty plasmas are nowadays a flourishing field of investigation, considering
the exponential trend of related publications. The first community who expressed interest in the subject was the astrophysics community because of the
ubiquity of dust in outer space. Dusty plasmas represent the most general
type of space plasmas. Optical and infrared astronomy reveals that cosmic
dust is one of the predominant phases of matter in the universe besides hydrogen and other noble gases [1, 2]. Astronomers usually define cosmic dust
in a phenomenological way, that is as a function of its extinction, scattering
or polarization features or according to its spectroscopicproperties [3].
Of particular interest in the scope of the rest of this thesis is the gasphase absorption spectroscopy of the carboneous-based polycyclic complexes
(PAHs) that are thought to be the building gaseous molecules of such dust.
Understanding the physical and chemical characteristics of those complex
species is a key step towards assessing their role in the dust’s spectroscopic
signatures. Unfortunately, most of the available information on the spectroscopy of those complexes is either based on astronomical measurements [4]
or obtained indirectly in the gas-phase through photofragmentation [5].
The solution might have been found in an expansion cooled planar plasma,
i.e. ionization of a gas that is expanded supersonically through a long and
narrow slit [6, 7]. This device allows the direct analysis of the PAHs absorption spectra in the visible [8, 9] or in the infrared [10] wavelength range. The
present chapter provides with some astrophysical background information on
the polycyclic complexes in section 7.2. In section 7.3, the supersonic expansion theory is described. Some thermodynamical quantities of the expansion
are also presented for an ideal jet as well as for the PDN source. Finally,
section 7.4 reviews the experimental set-up which is used in the forthcoming
chapters.

7.2 The interstellar medium: clouds, gas and dust1
7.2.1 Made of gas . . .
The interstellar medium (ISM) can be seen as the material filling the space
between stars. Outer space is often believed to be under complete vacuum,
devoid of any material. However, although interstellar regions are normally
1

The detailed physics and chemistry involved in the life cycle of stars, gas and dust are
beyond the scope of this thesis. For background information, we refer the reader to some
of the existing literature on that particular topic (e.g. [4, 11, 12]).
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Table 7.1: Main characteristics of the phases of the ISM [2, 13]:

Phase
Molecular clouds (H2 )

Gas density ( cm−3 ) Gas temperature ( K )
> 1000
10

Diffuse clouds
25
Warm neutral medium (HI) ' 0.25
Ionized HII regions
Warm ionized medium
Hot intercloud

1 − 104
0.03
6 · 10−3

100
8000
10000
8000
5 · 105

more devoid of matter than any laboratory vacuum, there is matter in space.
The material found in the ISM essentially consists of neutral gas and solid
dust grains (1 % of the total interstellar mass). For instance, approximately
15 % of the visible matter in our Milky Way Galaxy is composed of wellmixed interstellar gas and dust.
Approximately 99 % of the interstellar medium is composed of interstellar
neutral gas, and about 75 % of its mass is found in the form of molecular
or atomic hydrogen, with the remaining 25 % as helium. Interstellar gas
can be analyzed through three types of bands: the 21 cm band of atomic
hydrogen (seen in absorption and in emission), the infrared emission bands
(indicating the cooling ISM regions) and the interstellar absorption bands
(indicating the ISM chemical composition). Note that interstellar gas can
also be ionized under strong ultraviolet or X-ray radiations (from hot stars
for example). HII regions are, for instance, areas where hydrogen mainly
exists in its ionized form. Gaseous nebulae such as the Orion nebulae or the
arms of the M 51 and M 33 galaxies are another form of ionized interstellar
gas.
In the first approximation, we can thus define several phases of the ISM,
each one being characterized by the chemical form and the temperature of
the hydrogen element. Based on table 7.1, one can identify: (i) molecular
clouds which, due to their low temperature and high density, permit the
formation of molecular hydrogen and are, to our current knowledge, the place
where newborn stars are created; (ii) diffuse clouds which are less dense
than molecular clouds and primarily contain cold atomic hydrogen; (iii) the
warm medium which consists of neutral or ionized gas at very low density
and relatively high temperature; (iv) HII regions which are warm clouds of
ionized hydrogen; (v) the hot intercloud medium which represents the warm
and rarefied gas lying between clouds of atomic hydrogen.
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Broadly speaking, one sees that interstellar gas partly consists of neutral
atoms and molecules as well as charged particles, such as ions and electrons.
It is extremely diluted, with an average density of about 1 atom per cubic
centimeter.

7.2.2 . . . and dust
Dust grains are very well mixed with the interstellar gas. They are basically
formed in the atmosphere of cold evolved stars [14] but also within novae
and supernovae (i.e. loosely defined as exploding stars). Even if interstellar
dust particles only account for a small fraction of the total interstellar mass,
they play an important role in the physical and chemical processes of the
ISM, in the energetic balance of our Galaxy as well as in the evolution of
stars [15, 16] and interstellar clouds. Dust grains interact with the ISM by
absorbing, re-emitting or scattering radiation, hence displaying cooling or
heating properties [17]; they also particularly act as catalytic surfaces.
They were first observed from extinction measurements, i.e. the combined
effect of the scattering and absorption of starlight by solid particles [18].
This extinction is a function of the chemical composition, the size and the
shape of the grains. Interstellar dust particles typically display irregular
elongated or rod-like shapes and their size ranges from the nanometer to the
micrometer scale (based on the MRN numerical model by Mathis, Rumpl
and Nordsieck [19]). The extinction-curve actually represents a superposition of the wavelength-dependent extinction properties of different particles
(or large gas-phase molecules) originating from several regions of the ISM. In
particular, it appears that one category of molecules, found in diffuse interstellar clouds (i.e. clouds thin enough that stars can be seen through them),
largely contribute to that general extinction. Those are the molecules which
give rise to a number of absorption features called diffuse interstellar bands
(DIBs), seen along different lines of sight. Note that such bands are referred
to as diffuse because they display broad and shallow profiles in comparison
to the typical narrower interstellar atomic lines.
Interstellar gas-phase molecules also seem to be closely related to another
astronomical feature, called the unidentified infrared bands (UIRs). These
are emission bands which are observed along many line of sights toward several celestial objects, such as reflection nebulae, HII regions, protoplanetary
nebulae or diffuse clouds, in our Galaxy and beyond.
Curiously, astronomers know the size and shape of these interstellar grains
better than their composition, mainly because of the polarization they induce
on the light emitted from stars. Recent investigations nevertheless show that
dust is expected to carry mixtures of ordinary water ice contaminated with
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traces of ammonia or methane, among other species [20]. Some infrared
evidence also exists for silicate-based and carbon-based compounds but no
undeniable fingerprints which could explain both the DIBs and the UIRs,
have been discovered yet. Hence the PAHs’ hypothesis introduced in the
coming section.

7.2.3 PAHs: the missing link for DIBs and UIRs?
Despite their early detection (1922 for DIBs and 1973 for UIRs), both interstellar features’ origins remain unclear. Many suggestions have been put
forward along the years ( [21] and references therein for a review) but identifying the carriers of those spectroscopic features still remains one of the
classical problems in astrophysical spectroscopy nowadays.
On the first hand, more than 250 confirmed DIBs have been recorded up
to now in the ultraviolet, visible and near infrared regions of the spectrum
(between 350 and 1000 nm [22]). Several of them have been identified in
carbon-rich regions, more particularly in circumstellar environments, implying that the carrier of those DIBs is carbon-based. Recent observations also
imply that any DIB spectrum is based on one single strong absorption band
coupled to weaker features [23]. This typical association of strong and weak
bands can also be found in the spectra of gas-phase PAH ions [22].
On the other hand, UIR bands are usually found in the 3 − 16 µm
wavelength range, with particularly bright bands emitted from regions under
intense ultraviolet radiation. Considering several of their physico-chemical
properties (non-thermal nature, non-continuous spectrum, close association
with ultraviolet radiation), it has been shown that UIRs actually originate
from gas phase molecules excited by the absorption of single ultraviolet
and visible photons. Observations of planetary nebulae have also suggested
that the UIRs’ carrier is a stable carbon-rich gas-phase molecule. Since the
carbon-rich carriers must survive under remarkably harsh conditions, they
also must remain particularly stable. The number of carriers is then more
limited than in the DIBs’ case and PAHs and their associated ions seem to
be the only ones to accommodate all these constraints [24].
Among the arguments in favor of the PAHs and in particular of their
cations, is their high abundance in the ISM: they have been detected in
meteorite samples and interstellar dust particles. Observational, laboratory,
and theoretical studies have shown that PAHs in their neutral and ionized
forms are an important and ubiquitous component of the ISM. Furthermore,
it is a well established fact that PAH ions of all sizes absorb in the visible
and near infrared, and such molecules are expected to be ionized by the
intense ultraviolet field present in much of the ISM [25–29]. A more thorough
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Table 7.2: List of some representative PAHs (note that some the PAHs listed
are isomeric substances)

PAH name
Coronene
Benzo(ghi)perylene
Tetracene
Phenanthrene
Anthracene
Naphthalene
Benzene
4-methylpyrene
1-methylpyrene
Pyrene

Chemical Formula1
C24 H12
C22 H12
C18 H12
C14 H10
C14 H10
C10 H8
C 6 H6
CH3 − C16 H9
CH3 − C16 H9
C16 H10

1: after www.astrochem.org

discussion of the widespread evidence for PAHs can be found in reference [30].
PAHs are a class of very stable organic molecules consisting exclusively
of carbon and hydrogen atoms. The formulae of some representative PAHs
molecules are listed in table 7.2. Note that those formulae do not automatically reflect the structural properties of the molecules, all the more when
they are isomers. PAHs all contain two or more rings of carbon atoms, but
some of them are planar, while other are circular. The structures of a variety
of PAHs can be found in [28]. Their dimensions particularly depend on the
nature of the molecule and its geometrical configuration.
The polycyclic aromatic molecules proposal still remains unconfirmed because of the difficulties in a laboratory to recreate and spectroscopically analyze such molecules under conditions that come close to the conditions that
reign in the ISM. In the diffuse clouds where DIBs are observed, PAHs are
actually expected to be primarily present at a low temperature (less than
100 K ) and density regime (25 to 100 particles per cubic centimeter), with
significant dissociation and ionization yields.
In order to assess the PAHs proposal, we are constrained to compare
astronomical data with laboratory data. Until very recently, Matrix Isolation Spectroscopy (MIS) was used to simulate in the laboratory the ISM
conditions [31, 32]. In MIS, the neutral and ionized PAHs are isolated at
temperatures lower than 5 K . It is well-known that, owing to the solvation
of the PAHs in a condensed rare gas (N e for instance), the absorption bands
are shifted and randomly broadened, which makes their assignment to DIBs
very challenging. Measuring the gas-phase spectra of PAHs can overcome
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this deformation but is difficult to implement: these PAHs analogs are large
and non-volatile molecules that need to be vaporized and ionized. The study
of cold and ionized PAHs analogs in the gas phase thus remained an unexplored area until 1999 [5, 6], when supersonic plasma sources opened new
possibilities for the generation of astrochemical species.

7.3 Plasma in a supersonic expansion
7.3.1 Creating an astronomically relevant environment
Supersonic plasma sources have been intensively used to produce isolated gasphase carbon chains which are cooled down and stabilized in the supersonic
expansion, thus facilitating mass or optical detection [33]. Recently, supersonic plasma sources have been used to generate cold PAH cations in the gas
phase in number densities high enough to enable the measurement of their
optical absorption spectra by Cavity Ring Down Spectroscopy [7–9, 34, 35].
Such sources offer a powerful tool to produce and investigate translationally and rovibrationally cold and vibrationally excited radicals and ions [36,
37]. They combine a nearly Doppler-free environment with high molecular
densities and low temperature. Supersonic expansion sources with long-slit
orifices have especially proven to be efficient in obtaining high column densities of molecular ions and radicals because of the increase in the absorption
pathlength [38, 39].

7.3.2 Supersonic slit jet expansion
A detailed description of the dynamics of a gas expansion can be found in [40].
In the following section, we will provide the reader with some basic features
which will help in the understanding of the plasma source studied in the rest
of this work.
One could define a gas expansion as a free flow of gas from a high-pressure
region (ph ) into a low-pressure background zone (pl ) through a converging or
a diverging nozzle, as it is sketched in figure 7.1. The gas velocity is originally
very small but rapidly accelerates toward the exit due to the pressure difference. When the ratio ph /pl reaches a given critical value, the gas emerges at
the source’s exit with a Mach number M equal to 1, i.e. a speed equal to
the local speed of sound. From then on, the gas keeps flowing downstream
and reaches supersonic velocities. This expansion out of the nozzle leads to
the conversion of thermal energy into directed kinetic energy, i.e. to a gas
cooling. The flow then collides with the background residual gas at some dis143
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Figure 7.1:
Free-jet expansion (after [40]). The expansion displays three
particular zones, characterized by their respective Mach numbers (sonic, subsonic
or supersonic). Note that the Mach disk is the zone of the expansion where
transition between M > 1 and M < 1 takes place.

tance from the nozzle, generating a stationary shock wave which reduces M
and helps the flow adapt to the new local subsonic conditions (M < 1). This
shock wave, also called Mach disk, is located at the position where the average momentum of the supersonic flow equals that of the background gas [41].
Therefore, it acts as a transition regime between the supersonic and the subsonic flows [42]. In the shock wave’s vicinity, kinetic energy is converted back
into thermal energy, leading to an increase of the gas temperature. Note that
there is a zone of silence that exists between the expansion nozzle and the
shock wave, where the background conditions do not affect the gas flow (see
figure 7.1).
The ideal thermodynamical properties of such a supersonic jet can be
estimated by considering a continuum fluid mechanics description of the flow
and a monoatomic gas (such as argon) characterized by a given molecular
weight and a constant specific heat ratio Γ (Γ = 35 for Ar). The expansion is
furthermore assumed to be two-dimensional.
Considering the nozzle characteristics (for the dimensions of the slit, the
background pressure and the initial gas temperature, refer to section 7.4),
several flow properties can be identified (after [43]):
• The argon gas temperature gradient as a function of the distance to
the slit x, in figure 7.2a
• The Mach number evolution as a function of x, in figure 7.2b
• The jet pressure gradient as a function of x, in figure 7.2c
• The argon gas concentration gradient as a function of x, in figure 7.2d
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Figure 7.2: Thermodynamics properties of a slit jet expansion in pure vacuum
as a function of the distance to the nozzle (obtained for a Ar backing pressure of
760 Torr ): (a) temperature, (b) Mach number, (c) pressure, (d) argon number
density. The vertical line refers to x = 1.5 mm , i.e. the cathode position in the
experimental set-up. Anode is at position x = 0. Background pressure in the
vacuum chamber is 150 mTorr . Mind that (b), (c) and (d) display logarithmic
vertical scales.

The results plotted in figure 7.2 provide the most important thermodynamic
properties along the central streamline where we have assumed expansion
into perfect vacuum, i.e. no Mach disk is present. A rapid and continuing
decrease in the temperature, the density and the pressure with distance from
the nozzle particularly illustrate the structure of the free jet and helps understand the concept of free molecular flow. Those results however only give
a first approximation of what can be expected in the inter-electrode and in
the expansion regions. A more advanced flow modeling was performed by
Biennier et al. in [44] and it is shown that the behavior of the temperature, pressure and density in the PDN source differ quite a bit from what is
obtained when using the ideal expansion theory.
Figure 7.3 clearly shows that the PDN geometry has a major influence
on the thermodynamical properties. As it is also the case in figure 7.2, the
temperature, pressure and density profiles all follow a similar pattern. Three
zones can however be distinguished in Biennier’s results: (1) a first zone which
corresponds to the gas injection channel (see section 7.4), (2) a second zone
matching the inter-electrode region and (3) a third one being the expansion.
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Figure 7.3: Key thermodynamic parameters’ profiles along the flow axis centerline of the PDN source (obtained for a Ar backing pressure of 760 Torr ): (a)
temperature, (b) axial speed, (c) pressure, (d) argon number density. The PDN
flow is modeled by the computer program MB-CNS that can handle transient
compressible flows in two-dimensional geometries. Anode is at position x = 0.
Mind that (c) and (d) display logarithmic vertical scales (after [44]).

When looking at figure 7.3c, it is obvious that the pressure gradient between
cathode and anode is less steep than what is inferred from figure 7.2c. Furthermore, one can easily notice that the flow velocity regularly increases in
the injection channel but remains at subsonic levels (Mach number M < 1).
The supersonic speeds are only reached once the expansion develops in the
second region. The sudden growth of the Mach number in the first 200 µm
is followed by a drop off in the next 200 µm caused by the limitation of
the expansion by the walls of the inter-electrode region (separated by only
400 µm , see section 7.4). From then on, the Mach number gradually rises
in the remaining 1.1 mm to achieve Mach 2 at the tip of the cathode. In
the expansion region, we recover the typical behavior of a planar expansion
which is displayed in figure 7.2.
The PDN thermodynamical results will prove remarkably useful in the
qualitative analysis of the plasma source, which is described both in chapters 8 and 9. Note that the Mach number evolution is totally independent
from the background conditions (pressure or temperature) and molecular
weight until the shock which is not modeled here.
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7.4 Experimental
Despite the potential of supersonic plasma expansions for producing exotic
and/or astrochemical species, few studies have been carried out on the characteristics of the plasma generated. The research described in the forthcoming
pages is based on a pulsed planar expansion discharge source, called pulsed
discharge nozzle (PDN), that has been developed at NASA Ames to generate
PAH cations [7].

7.4.1 Producing the PAHs
As emphasized in section 7.1, the PDN design aims at investigating carboneous nano-particles (analogs of interstellar dust). Those are generated in
significant quantities in the plasma from the PAH molecules seeded in the
expansion. The latter fly free in the supersonic jet experiment in a gas phase
once they’ve been injected. In order to vaporize the PAHs, a 25 cm3 heated
copper reservoir is incorporated to the source body and acts as an oven (temperature can reach 250 ◦ C ), as depicted in figure 7.4. A temperature gradient
(∆T = 2 ◦ C ) between the top and the bottom of the PDN is also constantly
applied when PAHs are to be fed into the source in order to prevent their
condensation inside the nozzle.
Note however that accumulation of soot on the electrodes is observed
minutes after plasma ignition (see section 7.6). It indicates that complex
chemistry (fragmentation, aggregation of precursors, dehydrogenation, formation of large particles) is taking place in the source. A more detailed analysis of some physico-chemical processes involving the PAHs can be found in
sections 8.4 and 9.4.

7.4.2 The PDN assembly
The PDN source is based on a work initiated by Saykally and co-workers
almost 10 years ago [45]. A full detailed description of the set-up can be
found in [7].
The source consists of a slit jet mounted in a vacuum chamber (see figures 7.4 and 7.5). A pulsed valve is mounted on the slit and produces an
intense gas pulse of 1.2 ms duration with a 10 Hz repetition rate, injecting
flow rates of 8 cm3 per pulse into the PDN. Two negatively biased jaws forming the cathode are mounted on each side of the 200 µm wide and 10 cm
long slit and are 400 µm apart. They are insulated from the PDN assembly
(anode) by a 1.5 mm thick insulator plate (Macor R plate). On the left
hand side, neutral gas enters with a pressure of approximately 760 Torr . At
147

Chapter 7.

Figure 7.4: Cutaway view of the pulsed slit nozzle source design. Clearly
visible is the oven that vaporizes the PAHS. One can also recognize the solenoids
used to inject pulses of gas into the source (adapted from Liu et al. [45]).

such backing pressure, the gradient within the expansion leads to a pressure
of about 70 Torr near the cathode, 1.5 mm from the nozzle. The right
hand side opens in a vacuum chamber which is pumped to a pressure of
150 mTorr by a mechanical booster pump that is backed by a dry pump
(Edwards EH-1200/GV-250, 250 L · s−1 pumping capacity). Because of the
pressure gradient, the gas flows through the discharge region and expands
supersonically in the vacuum chamber, as it is explained in section 7.3.2.
The voltage (−400 to −600 V through two 1 kΩ ballast resistors) which
is applied for 500 µs while the gas is pulsed ensures that electrons flow
against the supersonic stream and that the discharge remains confined as
well as uniform within the slit . The decrease in the magnitude of the voltage
measured at the cathode’s jaws represents the voltage drop across the ballast
resistors and thus indirectly provides a way to determine the current through
the discharge (see figure 7.6). Note that the source body is independently
grounded via a small 50 Ω resistor to provide a current return path and a
way to measure it. The plasma is thus generated in the expanding gas. The
geometry of the source leads to a residence time of a few microseconds for
the molecules in the active region of the discharge.
The confinement of the discharge to a small upstream region of the expansion leads to efficient rotational cooling of the ions and radicals generated in
the plasma, since no further energy is injected into the expansion [36, 38, 45].
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Figure 7.5: A schematic drawing of the pulsed discharge nozzle. The gas enters
at atmospheric pressure on the left side and subsequently expands through the
region between anode and cathode, where the discharge is generated (after [46]).

7.4.3 The PDN’s optical diagnostics
The plasma expansion generated by the PDN is studied either in emission or
in absorption.
In emission mode, the plasma expansion is probed frontally in the plane
of expansion by Optical Emission Spectroscopy.
In absorption mode, the plasma expansion is probed transversally several
mm downstream by Cavity Ring-Down Spectroscopy (CRDS). We invite the
reader to refer to chapter 4 for a detailed explanation of the cavity ringdown measurement technique. The CRDS sensitivity ranges from sub-ppm,
without gas expansion, to ppm levels, when the plasma is present. The
spectrometer is based on a Nd :YAG pumped 0.2 cm−1 linewidth, tunable
pulsed dye laser for the injection of visible photons into the high-finesse cavity.
The incident laser pulse is mode matched with the longitudinal cavity modes,
using lenses and 50 to 80 µm pinholes. This process contributes to the
detection of single exponential decays by avoiding the excitation of transverse
modes.
The ringdown cavity itself is made of two concave, high-reflective mirrors
(99.99 to 99.999 % reflectivity coefficient, Los Gatos Research) with a 6 m
curvature radius that are mounted 55 cm apart. The typical ring-down time
which is measured for that cavity lasts between 20 and 100 µs , depending
on the reflectivity of the mirrors. This is equivalent to 1 to 5 km effective
absorption path lengths, considering that the photons interact with the expanding gas over a 10 cm - long column. Mind that the laser’s beam waist
has been found to be rather constant along these 10 cm (≥ 500 µm ). It
is the demonstration that our laser is properly mode matched to our cavity
since its divergence is spatially limited.
A photodetector connected to a high-speed scope or A/D board is used
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Figure 7.6: High voltage electrical circuit (adapted from [7]). Typical operational conditions are −400 to −600 V for the voltage and 50 mA for the
current.

for the detection of the visible photons leaking out of the rear mirror of the
cavity. The data processing is handled by a self-developed Labview program
which treats the CRDS signals.
In order to ensure that the laser samples the plasma expansion properly,
the ring-down time has to coincide with the plasma pulse. An appropriate
triggering sequence, also sketched in figure 7.7, has thus to be applied. The
sequence used in our CRDS measurements is based on the one developed by
Linnartz et al. and reported in [34, 35]. A pulsed generator controls the gas
admission in the source, the high-voltage discharge circuit as well as the laser
pulse. In normal operating conditions, gas is pulsed for 1 to 1.2 ms . The
high-voltage is activated 500 µs after the pulsed valve injects gas into the
PDN. A short time afterwards, i.e. midway through the gas pulse duration,
the laser is shot inside the CRDS cavity.

7.5 Conclusion
PAHs play a major role in the spectroscopic fingerprint one gets from the
ISM.
There is a proposal which states that PAHs and related materials might be
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Figure 7.7: CRDS experimental time sequence: The gas pulse duration is
between 1000 and 1200 µs , the HV discharge is applied for 500 µs , the ringdown
is between 20 and 100 µs and starts midway through the gas pulse duration.
Sketch is based on experimental results reported in [7].

responsible for unidentified spectroscopic bands observed in the ISM. Assessing the PAHs responsibility however requires laboratory data to be compared
with astronomical data. Despite the technical challenge lying underneath the
simulation of cosmic materials in a laboratory, a solution might have been
found in gas-phase experiments. The latter allow the PAHs to fly free under conditions that are close to the interstellar environment, thus offering a
sensitive check of the astronomical bands.
A Pulsed Discharge Nozzle (PDN), i.e. a plasma generated in a supersonic expanded gas, is based on a very long slit source. The efficient cooling
and the low neutral gas density achieved in the gas expansion region, combined to the large absorption path lengths, provide the ideal conditions for
high-resolution absorption spectroscopy. A highly-sensitive optical diagnostic technique called Cavity Ring-Down Spectroscopy is applied to the PDN
source to provide high resolution absorption spectra of the gas and PAHs
mixture expansion.
A prerequisite to those measurements is however a better understanding
of the discharge which is generated in the PDN source, justifying the work
undertaken in chapter 8.
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7.6 Appendix: Plasma in a Pulsed Discharge Environment2
Abstract
The plasma generated in a pulsed slit discharge nozzle is used to form molecular ions in an astrophysically relevant environment. The plasma has been
characterized as a glow discharge in the abnormal regime. Laboratory studies
help understand the formation processes of polycyclic aromatic hydrocarbon
(PAH) ions that are thought to be the source of the ubiquitous unidentified
infrared bands.
The motivation
Polycyclic aromatic hydrocarbons (PAHs) play an important role in astrophysics. PAHs are found in meteorites and interplanetary dust particles and
they are thought to carry some of the 300 diffuse interstellar bands seen in
absorption in diffuse interstellar clouds as well as the ubiquitous unidentified infrared emission bands. The plasma produced in a pulsed slit discharge
nozzle (PDN) source, see figure 7.8, is a perfectly suited environment for
generating high column densities of astrochemical species, such as PAH ions,
due to the combination of three factors: the significant ionization yield that
can be reached in the discharge, a very long slit source and the low temperature achieved in the post-discharge region, characteristic of the interstellar
medium.
The plasma source
The experimental set-up has been described in detail elsewhere [7]. The PDN
source consists of a supersonic slit free jet mounted in a vacuum chamber and
two knife-edge electrodes that create a discharge in the stream of the planar
expansion. The plasma is thus generated after the gas, which is composed
of highly diluted PAHs in Ar or N e, expands. Two negatively biased jaws
forming the cathode are mounted on each side of the slit and insulated from
the PDN assembly (anode). The applied voltage (−400 to −600 V through
1 kΩ ballast resistors) ensures that electrons flow against the supersonic
stream and that the discharge remains confined as well as uniform within
the 10 cm -long slit. At typical backing pressure of 760 Torr , detailed flow
simulations show that the average pressure within the thin plasma region is
of the order of 80 Torr [44]. Note that all photographs are static images
2
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Figure 7.8: Cross-section of the PDN source. A solenoid-activated armature
injects a 1.2 ms pulse of gas into the plasma source. (1) points to the 200 µm ·
10 cm slit; (2) 400 µm gap between the two jaws forming the cathode. Note
that the distance between anode and cathode is 1.5 mm .

captured with an ordinary digital camcorder (no filter), which shows how
easily the PDN plasma expansion can be visualized.
The empirical analysis
The discharge generated in the PDN has been identified as an abnormal glow
discharge, characterized by the sole presence of a negative glow and sheaths
at the source’s boundaries [48]. The typical light emitted by the plasma
source, with argon as the carrier gas, is shown in figure 7.9.
As expected, a blue-purplish light emerges from the slit in the expansion
plane, confirming the absence of a positive column in the glow discharge. The
light originates from photons emitted by radiative relaxation of the excited
metastable Arm atoms and from excited Ar + ions. Electrons are accelerated
in the cathode’s sheath and gain enough energy to excite high energy levels
of Arm and Ar + near the cathode jaws [46]. Figure 7.9 not only displays a
very bright active plasma, confirming our previous statement, but also shows
that light is uniformly generated along the slit.
Shortly after plasma ignition, accumulation of PAH soot can be noticed
on the electrodes for high voltages, leading to a loss of the emission uniformity at the slit’s exit, as seen in figures 7.10(a) and 7.10(b). This indicates
that chemistry is taking place in the plasma, despite the small size of the
active region. More importantly, figure 7.10(a and b) also shows that the
plasma is strictly confined in the vicinity of the slit, indicating the presence
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Figure 7.9:
Picture of an Ar plasma generated in the PDN source. The
plasma is generated uniformly along the slit, allowing for high column densities
of PAH ions. The variation of the Arm and Ar+ densities in the vicinity of the
cathode helps explain the brightness difference that is seen between the slit and
the expansion itself.

of a very high background gas density in that region. The weaker brightness of the plasma expansion in the vacuum chamber points to a chemically
less active zone (with lower Arm and Ar + densities), concurring with the
thermodynamic properties of a supersonic expansion.
Recent numerical simulations of the source operation [46] have confirmed
the empirical approach used in this work.
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8
Plasma structure in a pulsed discharge
environment1
Abstract. A pulsed slit discharge nozzle (PDN) has been developed at
NASA Ames laboratory to generate molecular ions in an astrophysically
relevant environment. The free cold molecular ions are formed through
Penning ionization of the neutral precursor molecules seeded in a supersonic free jet and are probed with cavity ringdown spectroscopy. An attempt is made to characterize the nature and the structure of the plasma
that is generated in these experiments, based on classical discharge theory.
The experimental conditions are characterized by a pressure gradient in
a short discharge zone. We find that the plasma generated in the PDN
source is best described as an intense abnormal glow discharge and that
its structure is reduced to a negative glow and to dark zones near the electrodes. We have calculated the parameters (length and thickness) that
are associated with the Crookes dark space and the negative glow in the
plasma. We have also estimated the electron temperature (T e ) and density
(ne ) in the plasma. These parameters may help us understand the plasma
processes in the discharge. This is a key requirement in our experiments
in order to correctly assess the cavity ring-down spectra and also validate
the PDN experimental approach.

1

Parts of this chapter have previously been published as: [1] and [2].

Chapter 8.

8.1 Introduction
In the Pulsed Discharge Nozzle (PDN) which has been developed at NASA
Ames, a supersonic expansion is coupled to an electronic discharge. Supersonic expansion nozzles have become very popular because of the low collision
energies in the expansion. They thus represent an extremely valuable tool for
the synthesis and the spectroscopic analysis of transient molecular radicals
and ions [3, 4].
The low internal energies combined to rotational and vibrational cooling
reduce the complexity of the spectra, making them highly resolvable. This
type of molecular source therefore provides the proper environment to perform spectroscopy measurements on complex molecular species found in the
interstellar medium (ISM).
The electronic absorption spectra of PAHs ions in a free jet discharge
have recently been measured [5]. These experiments have led us to study the
nature of the plasma environment in which the molecular ions are generated
in the hope of optimizing the ionization yield. A quantitative and qualitative
description of the properties of the plasma is also a key requisite to correctly
assess the relevance of the ion formation mechanisms to the astrophysical
application.
A plasma environment is typically characterized by the density of charged
particles (ions and free electrons) in the gas and the electronic temperature.
While detailed information is available for plasmas used in industrial applications (e.g. lighting, gas discharge lasers, pollution control and reduction,
material processing, [6]), little seems to be known – as far as we can say – on
plasmas that are generated in free jet expansions coupled to a discharge (i.e.
”cold” plasmas), motivating the work described here. Note that we differentiate such a discharge from an expanding plasma (i.e. generated before the
expansion) which has been reported in details in [7–9], among many other
references.
In section 8.2, we describe the classical approach we follow in order to
get some insight into the PDN. In section 8.3, a step-by-step modeling of the
plasma is attempted and, finally, in section 8.4, we present the measurements
made on the electrons’ density ne and temperature Te and we discuss their
implications. Note that a description of the experimental set-up can be found
in figure 7.5 of chapter 7.
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8.2 Approach
Even if the PDN source is widely used to analyze molecular transients relevant to atmospheric and interstellar chemistry (see chapter 7 and references
therein), there is little knowledge available on how the plasma really works.
We have therefore chosen to start our investigations by following a classical
plasma physics approach, more particularly based on the breakdown theory.
We are aware that this approach might be questionable in the first place, all
the more after considering what is said in chapter 7 on the thermodynamical properties of the PDN source. We nevertheless also think that following
such an approach can help us obtain a reasonable approximation of the PDN
discharge properties.
Note that, although the expanded gas is a mixture of highly diluted
gaseous PAHs in Ar (typically 0.3 % PAHs), throughout this chapter, we
have assumed that the properties of the plasma are defined by the nature
and the properties of the carrier gas Ar. Furthermore, the typical HV discharge pulse length of 500 µs is much smaller than the gas pulse. It is
thus reasonable to consider a DC-operated discharge only in the rest of this
chapter.

8.2.1 Classification
Plasmas are commonly classified according to the density of the charge carriers and the thermal energy (temperature) of the electrons. The measurement
of the current density is an expression of these intrinsic properties. Table 8.1
lists the characteristics (gas pressure, applied voltage and discharge current)
of two classes of plasma that are close to the characteristics of the plasma generated in the PDN experiments. According to this classification, the plasma
generated in the PDN source is close to a glow discharge.

8.2.2 Breakdown voltage and elementary processes
If we apply a low DC voltage V across two parallel electrodes, small currents
can be observed, originating from the electrons that are multiplying in the gas
through ionization collisions. The smallest value of this current is that due to
cosmic radiation, temperature and natural radioactivity (∼ 10−19 A · cm−2 ),
giving rise to a few electrons per second. All randomly-created charged particles reach the electrodes, generating a current across the inter-electrode gap.
Since the current only depends on the rate at which the outside sources create the charges, the discharge is not self-sustained yet. If the potential V is
increased, the electric field increases, i.e. electrons travel faster toward the
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Table 8.1: Typical parameters of plasmas.

Low pressure glow
discharge1
P = 1 mTorr − 1 Torr
Te = 1 − 10 eV
ne = 108 − 1013 cm−3
I = 10−4 − 1 A
V = −400 to −800 V

PDN plasma2
P = 70 − 250 Torr 3
Te = 0.8 − 1.3 eV
ne = 1012 cm−3
I < 10−1 A
V = −500 V

1: Adapted from [10];
2: Values of this work;
3: Pressure range within the 1.5 mm discharge region

High pressure arc
discharge1
P = 760 Torr
Te = 0.1 − 2 eV
ne = 1014 − 1019 cm−3
I>1A
V < −100 V

anode and electron impact ionization of the neutral gas atoms starts. This
is the moment when the current due to the outside sources is amplified. As
V grows further, particles which were created by previous electron impact
ionization generate more electrons at the cathode by secondary processes.
From then on, one electron emitted at the cathode creates more ions than an
electron which appeared randomly in between the two electrodes. As soon as
the current flows across the inter-electrode gap, independently of an external
source of electrons, the discharge is self-sustained. The minimum voltage at
which this phenomenon occurs is called breakdown voltage and is commonly
noted Vb . Vb marks the transition between insulation and conduction by the
gas.
It is possible to characterize the PDN’s regime of glow discharge by measuring that breakdown voltage as a function of the current flowing through
the plasma, as shown in figure 8.1(b): I = f (U ). The current is derived by
measuring the voltage drop across the 1 kΩ ballast resistors, as we already
mentioned in chapter 7 (see also figure 7.6). The typical working voltage and
current values we find (−500 V and 30 mA , respectively) correspond to a
glow discharge in the abnormal regime [11] where the current increases proportionally to the applied voltage (compare figure 8.1(a) and figure 8.1(b)).
Two elementary processes actually give rise to the large electron current
which corresponds to a self-sustained discharge (i.e. V = Vb ):
(i) electrons which are created in the volume of the plasma and which are
related to Townsend’s first ionization coefficient α and
(ii) electrons which are released at the surface of the stainless-steel cathode
and which are related to the secondary electron emission coefficient γ.
Both coefficients are at the heart of the breakdown process and the Paschen’s
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Figure 8.1: (a) Theoretical voltage-current characteristics of a DC discharge
and (b) experimental measurements of the current flowing through the discharge
as a function of its breakdown voltage.

law, as it will be described in the following section.

8.2.3 Paschen’s law and the PDN
A glow discharge breakdown at room temperature, at a constant pressure and
between parallel electrodes displays a pattern which is generally described by
Paschen’s law Vb = f (p, d) (equation (8.1)). The electrodes in our experiment
are configured differently but the law still gives a reasonable estimate for when
breakdown is to be expected. The breakdown voltage Vb is a function of the
product of the gas pressure p and the inter-electrode distance d [12]:
Vb =

B·p·d
ln (A · p · d) − ln [ln (1 + γ1 )]

(8.1)

where A and B are phenomenological constants associated with argon-type
discharges and are equal to 1360 m−1 Torr−1 and 23500 V m−1 Torr−1 ,
respectively [10].
As mentioned earlier, γ is the secondary emission yield of stainless steel
and can be associated with various particles produced in the gas (photons,
electrons, ions, neutral species, excited atoms...), which bombard the cathode. A rapid overview of the available literature shows that secondary electron emission at the PDN’s cathode is mainly due to the bombardment by
ions and that the contribution of other particles is negligible [13–16]. The
secondary electron yield which depends on the ion’s energy but also on the
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Figure 8.2: Breakdown voltage measured for the two stainless steel planeparallel plates in the Ar jet expansion. The pressure at which Vb occurs is the
Ar backing pressure.

cathode’s surface quality increases as the work function Θ of the electrode’s
material decreases [12]:
γ = 0.016 · (Ei − 2 · Θ)

(8.2)

where Ei is the ionization energy of the electrode metal’s atoms. There are
significant variations in measured work functions, especially for elements with
low ionization potentials. Hence the estimates for γ are indicative only of
general trends. A review of the secondary electron literature shows that it is
very challenging, almost impossible, to define a value that could be considered
as representative of the secondary emission in the case of a stainless steel
electrode in an argon plasma [16–19].

8.2.4 The Paschen p · d approach

We have measured the breakdown voltage Vb at various values of the gas
backing pressure, as displayed in figure 8.2. This figure shows an estimate of
the minimum voltage required to generate a discharge in the jet at a given
gas backing pressure.
As mentioned previously, breakdown is however usually described by
Paschen’s law Vb = f (p, d) where d is the inter-electrode distance (set at
1.5 mm in our case) and p the pressure at which breakdown occurs. In order
to obtain a realistic Paschen curve, the gas backing pressure cannot be used
as such. We have thus derived the pressure which we expect to find at the
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cathode for a given backing pressure by computing the ideal properties of a
slit supersonic expansion. For that purpose, we followed the same reasoning
as that leading to figure 7.2. The model which takes into account the PDN
geometry (see figure 7.3) requires significant computing times. We moreover
think that, from an analytical point of view, a first approximation is sufficient
at that stage. The results are reported in table 8.2.
Table 8.2: Pressure expected at the cathode for a given PDN backing pressure
(based on the ideal expansion theory).

Experimental Ar
Pressure computed at the cathode
backing pressure (Torr)
using ideal jet model (Torr)
472
1.10
500
1.16
550
1.28
600
1.40
650
1.51
700
1.63
725
1.69
750
1.75
775
1.81
800
1.86
825
1.92
850
1.98
900
2.10
950
2.22
1000
2.33
It is now possible to draw the Paschen curve, as shown in figure 8.3.
This results in a single minimum breakdown potential (Vb )min = −388 V
and in a minimum product (p · d)min ' 0.227 Torr · cm , as expected for a
glow discharge mode. For the typical backing pressure used in this paper
(650 to 800 Torr ), (p · d) ranges between 0.2 and 0.3 Torr · cm (in a first
approximation) and (Vb ) ranges from −388 to −391 V . Note that these
are the conditions sufficient to generate a glow discharge in the PDN. They
are not sufficient, however, to generate enough metastable Ar atoms to lead
to the Penning ionization of the seeded PAH molecules [5] at detectable
levels. Figure 8.3 also shows that under our working pressure conditions,
(p · d)exp ≥ (p · d)min . Under these conditions, the discharge zone is almost
entirely occupied by the cathode region as it is discussed in section 8.3.
The Pachen’s curve applied to the PDN source thus leads (i) to an es167
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Figure 8.3: Breakdown voltage measured for the two stainless steel planeparallel plates in the Ar jet expansion. The pressure is corrected for the gradient
and represents the pressure at the PDN’s cathode. Zone (A) indicates the region
where the density of Ar metastables becomes large enough to produce PAH ions
at a detectable level (see text).

timate of the minimum voltage required to generate a discharge in the jet
at a given gas pressure and (ii) to information on the structure of the glow
discharge (see further discussion in section 8.3).

8.2.5 The Paschen n · d approach
Pressure might not be seen as the proper relevant quantity to use. This can
be easily justified when looking at the physics that lies behind Paschen’s
law. At a fixed inter-electrode distance and at a constant low pressure, given
the limited number of molecules present in the gas, the ionizing avalanche
is constrained, which leads to a very high breakdown voltage. The same
happens at high pressure, for different reasons though: the molecular density
is so high that the mean free path of the ionizing particles is too low to ignite
the avalanche easily. Between these two regimes lies an optimum for the
current to flow, thus the product (p · d)min .
We use Townsend’s empirical formula (8.3) [12]:
α =A·p·e

−B·p
E

(8.3)

where E is the electric field (supposed constant) across the two electrodes,
A and B are the same phenomenological constants as those used in equa168
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tion (8.1). We set the breakdown voltage at:
E
Vb
=
p
p·d

(8.4)

By introducing equations (8.3) and (8.4) into the breakdown equation (8.1),
we can write down the following approximation which links the coefficients
α and γ:
1
(8.5)
α · d = ln (1 + )
γ
This form is the usual form of the breakdown condition in a DC glow discharge. Equation (8.5) can be rewritten, taking into account the argon gas
density n:
α
1
e n ·n·d = 1 +
(8.6)
γ
Equation (8.6) shows that one electron emitted at the cathode produces
α
e n ·n·d − 1 ions which hit the cathode back and release γ electrons each.
The argon gas density n is one of the parameters which is required to have
a realistic representation of the jet expansion inside the PDN source (see section 7.3). Its evolution with the progression of the flow in the inter-electrode
region of the PDN is displayed in figure 8.4. The evolution of n along the
flow axis centerline is identical to what is shown in figure 7.3(d). However, it
is appropriate to mention, at this point, that the centerline density evolution
(from now on referred to as ncenterline ) is not representative of the gas density
in which breakdown is likely to happen. Breakdown will follow the shortest
route between the cathode, where electrons are generated, and the anode,
where they are lost. Therefore, based on [20], we computed nwall which is
the density of the argon gas at the wall between cathode and anode.
Assuming there are no electrons lost at the wall, it is possible to integrate
α over the entire inter-electrode region and obtain the minimum number of
electrons which are necessary to lead to the breakdown in the PDN discharge ,
as [21]. We rewrite equation (8.6) by integrating over x = [0 · · · d], with
d = 1.5 mm :
d
α
·n
(x)·dx
(8.7)
e 0 nwall wall
We use the Bolsig Boltzmann solver [22] to obtain the reduced first ionization coefficient which is a function of the reduced electric field, α/nwall =
f (E/nwall ). By assuming our electric field within the discharge is homogeneous at 3333 V · cm−1 and by combining this value with nwall = f (x), we
get the ratio E/nwall = f (x) which indirectly leads to α/nwall = f (x). We
numerically approximate equation (8.6), stating that it is equivalent to:
e

N
α
i=0 nwall ·nwall (xi )·∆xi

(8.8)
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Figure 8.4: Density of the argon gas along the flow axis centerline and at the
wall of the inter-electrode region. Electrons are expected to follow the shortest
path between cathode and anode when they initiate breakdown.

with ∆x = d/N , N being the number of discretisations in our approximation
(xN = d). The number we obtain is the electron yield in the PDN’s volume.
By plotting its evolution as a function of the absolute voltage applied on
the PDN’s cathode (between 0 and 1000 V ), we obtain figure 8.5 (note the
logarithmic scale).
The plot displayed on figure 8.5 corresponds to eα·d − 1 (please refer to
equation (8.6)). Breakdown was measured experimentally at −388 V for
an Ar backing pressure of 760 Torr (see figure 8.2). On the other hand,
equation (8.5) states that the discharge is self-sustained when γ electrons
are released at the cathode for each electron lost at the anode. Figures 8.5
and 8.6 respectively show that this condition is met when ' 18 ion-electron
pairs are created in the volume, i.e. 1/γ ' 18 or, in other words, γ ' 0.05.

8.3 Structure of the glow discharge
Figure 8.7 contrasts the sequence of glowing and dark zones that commonly
appear in normal glow discharges (figure 8.7(a), e.g. [23]) to the glow structure resulting from our experimental conditions (figures 8.7(b)-(d)). Here,
two factors are primarily responsible for the formation of an abnormal glow
discharge: the pressure regime and the short (d = 1.5 mm ) inter-electrode
distance. There is a discharge pressure gradient in the free jet that ranges
from 250 Torr at the anode to about 70 Torr at the cathode (see figure 7.3(c)). Although the Crookes dark space located at the cathode and
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Figure 8.5: Number of electrons created in the inter-electrode volume as a
function of the voltage applied to the cathode. This plot shows that the avalanche
condition is met for γ ' 0.05 (see text).
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Figure 8.6: Number of electrons created at the cathode’s surface as a function
of the voltage applied to the PDN’s cathode.

the negative glow seem to be unaffected by this environment, the positive
column, the Faraday dark space, the Aston zone, the cathode layer and the
anode glow all disappear. This only leaves the negative glow and dark spaces
between the two electrodes, as predicted by the glow discharge theory [18].
We have observationally confirmed the absence of a positive column in the
glow discharge (see section 7.6). The color of the emitted radiation matches
the color of the negative glow which changes from gas to gas (blue for Ar,
orange-red for N e and green for He), indicating the sole presence of a negative
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glow preceded by a Crookes (dark) zone where electrons are accelerated [24].

Figure 8.7: Glow discharge structure: (a) general case, (b)-(d) expected structures at constant pressures of 70 Torr , 100 Torr and 250 Torr , respectively.

Note that the pressure variation within the discharge zone makes it difficult to picture the glow discharge structure contrary to the case of a typical DC discharge where the pressure remains constant over the entire interelectrode distance. Considering figure 7.3(c), we have chosen to depict the
glow structure at three representative pressure regimes: (i) at a high-pressure
regime (250 Torr corresponds to the pressure found at the anode), (ii) at an
intermediate pressure (100 Torr ) that corresponds to the pressure at middistance in between the electrodes (0.75 mm downstream) and (iii) at a
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lower pressure regime (around 70 Torr ) that corresponds to the pressure at
the cathode (1.5 mm downstream). The characteristics of the discharge features that are associated with each of these pressure regimes are illustrated
in figures 8.7(b)-(d).

Figure 8.8: Structure of the plasma: Crookes dark space and negative glow
lengths as a function of the pressure which is assumed constant within the PDN
source. Note that the negative glow length values are estimated graphically.
Hence their rather large error bars.

8.3.1 Negative glow length (L)
The length, L, of the negative glow was graphically determined from Brewer
and Westhaver [25] who have measured L as a function of the Crookes dark
zone potential drop (the abnormal cathode fall, Vf all ) for various gases. The
cathode voltage fall Vf all was calculated at each of the three pressure regimes
defined above according to Aston’s abnormal glow equation [26]:
Vf all

√
F· j
=E+
p

(8.9)

where E = 240 V and F = 2940 kΩ · Torr · cm−2 are phenomenological
constants associated with Ar. The pressure p is expressed in hundredth
of Torr and j, the current density, in tenths of a milliampere per square
centimeter of the cathode. j = 125 mA · cm−2 for a current i = 50 mA and
a plasma cross-section of 40 mm2 .
173

Chapter 8.

8.3.2 Crookes dark zone
The thickness of the Crookes dark zone is similarly calculated at the three
pressure regimes following the equation:
D
C
dCrookes = + √
(8.10)
p
j
where C = 5.4 Torr · cm and D = 0.34 mA · cm−1 are phenomenological
constants associated with Ar. Note that the units of D and F are artificial
units, i.e. do not have any physical meaning. The evolutions of the negative glow and the Crookes dark space lengths with pressure are depicted in
figure 8.8.
In summary, an abnormal glow discharge is generated by the PDN source.
The very short distance between the electrodes (1.5 mm ) combined with
the nature of the expanded carrier gas leads to a discharge where only two
physical zones are present, namely, the Crookes dark zone and the negative
glow.
The Crookes dark space is not completely dark, but it is much less luminous than the negative glow. In the abnormal glow regime, the glow extends
over the entire surface of the cathode. Most of the potential difference between the two electrodes is concentrated in the Crookes dark zone, owing to
the space charge of the positive ions. The negative glow is a plasma (i.e.
virtually a field-free space) and electrons and positive ions are present in
approximately the same numbers per cubic centimeter.
The potential difference across the dark space is large because the discharge itself has to extract electrons from the cathode. These electrons generate positive Ar ions along their path in the glow region. Argon ions will in
turn strike the cathode and release secondary electrons. The strong electric
field in the Crookes dark space region causes the major part of the electrons’
path to be straight across the dark space along the field lines. The mean
free path ΛAr+ of the Ar ions near the cathode, where the pressure is about
70 Torr , is approximated by:
√
k·T
ΛAr+ = 2 · ΛAr =
(8.11)
π · d2 · p
with ΛAr the mean free path of argon neutrals, d the argon atom diameter
(d = 181 pm ), T the gas temperature (T = 146 K at the cathode: see
figure 7.3) and k Boltzmann’s constant. The numerical application of equation (8.11) gives ΛAr+ = 2 µm . The mean free path of the electrons in the
same region can be derived using equation (8.12):
√
4·k·T
Λe = 4 2 · ΛAr =
(8.12)
π · d2 · p
174

Plasma structure in a pulsed discharge environment

Figure 8.9: Collision processes in a DC discharge.

It is found that Λe = 8 µm . Some of the electrons enter the negative glow
with high velocities. There, they lose their energy in collisions producing a
mixture of ionized and metastable Ar atoms. This excitation is responsible
for the negative glow. The electrons continue on their way towards the anode
with lower velocities, which makes the anode side of the negative glow appear
darker. The basic collision processes occurring in the discharge are depicted
in figure 8.9.

Figure 8.10: Overview of the voltage distribution in the DC discharge (after
Chapman [18]).

The assumption that the negative glow is almost field-free requires the
presence of a dark, negatively charged, sheath between the negative glow
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and the anode so that the anode remains grounded. This anode dark space
is normally found to be thin, about one or two orders of magnitude less
than the Crookes dark space [27]. Since the mean free path of the particles
near the anode is in the micrometer range (0.9 µm for the Ar + ions and
' 4 µm for the electrons), the anode sheath is essentially collisionless and,
in particular, not a source of ionization. Note that Λi and Λe are smaller at
the anode than at the cathode because of the pressure gradient in the PDN
source. The electric fields in the discharge are restricted to sheaths at each
of the electrodes, as depicted in figure 8.10.

8.4 Plasma properties
8.4.1 Excitation temperature (Texc ).
Spectroscopic diagnostics can be used to determine the electron temperature
(Te ) in low temperature plasmas [27]. The absorption spectra of metastable
ArI ∗ lines provide information on the excitation temperature of the expanded
Ar gas. We have measured the intensities of a series of metastable ArI ∗ lines
with Cavity Ring-Down Spectroscopy (CRDS). Note that the experiments
were performed without any PAHs diluted in the gas. As stated in chapter 4,
CRDS is a powerful technique which is well adapted to the observation and
analysis of very weak absorption signals, usable both in the infrared and
in the visible wavelength range and applicable to several different fields of
investigation.
Table 8.3: ArI ∗ transition atomic configurations.

Wavelength
λ( nm )
706.72
706.87
714.70
720.70
727.29

Lower level configuration Upper level configuration

2
3s2 3p5 p 3 4s
2
2
3s2 3p5 p 3 4p
2
2
3s2 3p5 p 3 4s
2
2
3s2 3p5 p 1 4p
2
2
3s2 3p5 p 3 4s
2


2
3s2 3p5 p 1 4p
2
2
3s2 3p5 p 3 6s
2
2
3s2 3p5 p 1 4p
2
2
3s2 3p5 p 1 6s
2
2
3s2 3p5 p 1 4p
2

We applied the Boltzmann plot method to the resulting data (see [27] for a
detailed discussion of the Boltzmann plot method). The measured laboratory
spectra are shown in figure 8.11. The associated Boltzmann function,
h α · g · 8π · c i
−E1
12
1
(8.13)
ln
=
4
k · Te
λ12 · g2 · A21 · l
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Table 8.4: ArI ∗ transition lines (from NIST http://www.nist.gov).

Wavelength
λ( nm )
706.72
706.87
714.70
720.70
727.29

Transition Statistical Lower energy
probability weights
E1 ( cm−1 )
−1
A12 ( s )
g 1 g2
6
3.80 × 10
5 5
0.9314 × 105
2.00 × 106 5 3
1.0562 × 105
5
6.25 × 10
5 3
0.9314 × 105
2.48 × 106 5 3
1.0729 × 105
6
1.83 × 10
3 3
0.9375 × 105

Lower energy
E1 ( eV )
11.55
13.09
11.55
13.30
11.62

is plotted in figure 8.12 where g2 and g1 are the statistical weights of the
upper level 2 and the lower level 1 of the transition, respectively, A21 is
the transition probability from level 1 to level 2, λ12 is the wavelength for
the transition 1-2, c the velocity of light and l the absorption path length
(equal to the expansion slit length: l = 10 cm ). α12 is the experimental
absorption line integrated across the full line profile by fitting to a Gaussian
function (see figure 8.11 for the CRDS spectra), E1 is the excitation energy
of the ground state (see tables 8.3 and 8.4), k is the Boltzmann constant and
Te the electron temperature we are looking for. The scattering seen in the
plot may be inferred from the low accuracy of the atomic transition value
A12 . ArII lines are not observed under the current experimental conditions.
This is probably due to the weaker absorption cross-sections of ArII lines
in the wavelength range of observation and to a low population of Ar ions.
This results in a smaller number of lines that are available for a Boltzmann
plot diagnostic and to a decrease in the accuracy of the temperature that is
derived from the measurements [28]. The linear fit applied to the Boltzmann
plot provides, nonetheless, an estimated excitation temperature Texc that
ranges between 8800 K (0.76 eV ) and 12000 K (1.03 eV ). Considering the
region that is probed with the laser as well as the properties inherent to the
supersonic expansion, argon is likely to be excited through electron impact
only. Alternative excitation processes such as collisions with other species
are not expected to exist. It is thus reasonable to derive Te = Texc .

8.4.2 Departure from the thermodynamic local equilibrium: the b
factor
Thermodynamic equilibrium (TE) describes stationary (no evolution in time)
and uniform (no gradient) microscopic systems. Microscopic elementary processes induce forward reactions which are then perfectly balanced by their
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Figure 8.11: (a) PDN-CRDS absorption spectrum of pure Ar gas, (b) close-up
of the 706.72 and 706.87 nm absorption lines of ArI ∗ . Note that the baseline of
the spectrum has not been corrected for the response curve of the mirrors and
for the additional losses due to scattering by the plasma. Considering a CRDS
absorption path length equal to the slit length (1 pass = 10 cm ), 1 ppm/pass =
1 · 10−5 m−1 .
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Figure 8.12: Boltzmann plot for ArI ∗ lines: (a) 706.72 nm , (b) 714.70 nm , (c)
727.29 nm , (d) 706.87 nm , (e) 720.70 nm . The atomic configurations and the
transition lines are detailed in tables 8.3 and 8.4.

backward inverses. The global balance of those processes is thus zero. Such
an equilibrium is only determined by two parameters: pressure p and temperature T . It is therefore a pure ideal case which is also impossible to
implement, unless the universe would not evolve.
Five main balanced laws rule thermodynamic equilibrium:
• Maxwell-Boltzmann which concerns the kinetic energy transfer of the
plasma species
• Boltzmann which tells how the electronic, vibrational and rotational
excitation energies are partitioned
• Guldberg-Waage which treats the chemical composition equilibrium
• Saha which explains how the different ionization levels of one species
are balanced
• Planck which concerns the spectral density of an electromagnetic radiation
In laboratory or industrial plasmas, the constrained dimensions of the
plasma limit the radiation density which is then lower than what Planck’s
law predicts (Planck is only valid for dense and large astrophysical plasmas).
As a direct consequence, the losses through excitation or ionization are not
fully compensated by absorption or photoionization. The excited species
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densities are thus lower than what they would be in perfect TE. If one can
neglect the radiation processes and if all other elementary processes remain
in equilibrium, then we are in a local thermal equilibrium (LTE). LTE is
defined by a criterion stating that collisional de-excitation must prevail over
radiative de-excitation. That criterion is particularly easy to meet for highly
excited species since collisional de-excitation by electron impact increases as
the energy of the excited states increases. It is on the contrary more difficult
to reach LTE when low excited states or fundamental states are concerned.
Sometimes, there are cases where highly excited states are in LTE whereas
lower states are not. In that case, there is a deviation from the LTE, which
can be tracked and quantified by the b factor [29, 30]:
n0
b= B
(8.14)
n0
with n0 = p/(k ·Tgas ). nB
0 is the ground state energy which is defined through
Boltzmann’s law.
As explained above, when some of the balances are out of equilibrium,
the densities of the corresponding species vary. This naturally reflects on
the atomic state distribution function (ASDF) which describes how atoms
and ions are distributed over their internal states. By performing CRDS
measurements in the PDN expansion on excited ArI ∗ lines, we measure the
ASDF. If we now assume that this ASDF is ruled by Boltzmann’s law in
LTE, it is possible to obtain a value for nB
0 . Figure 8.13 shows how we
average the two excitation temperatures of figure 8.12 and extrapolate the
weight of
linear fit to get nB
0 . The linear regression takes into account the √
each measurement’s error bar. The latter was derived, based on 1/ α12 . We
19
m−3 , whereas n0 ' 9 · 1022 m−3 (for Tgas ' 16 K and
find nB
0 ' 5.5 · 10
p = 150 mTorr : see figure 7.3), leading to b ' 103 . Considering the high
value of b, i.e. n0  nB
0 , the CRDS probing zone is not in a local thermal
equilibrium.

8.4.3 Electronic density (ne)
The electronic density is derived from the current density measured for the
discharge. Using the plasma resistivity, figure 8.1(b) provides an estimate of
the electron density within the discharge region itself. Because of the absence
of magnetic field, the steady state Langevin equations for the electrons can
be written as:
−e · E − me · νc · ue = 0
(8.15)

where E is the constant and uniformly applied electric field (E = V /d =
3333 V · cm−1 ), e and me are the electron charge and mass, respectively, νc
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Figure 8.13: Linear fit of the excitation temperature and extrapolation of nB
0 .
We are in the situation where the high value obtained for b indicates there is a
clear departure from thermal equilibrium.

the collisional frequency and ue the electron drift velocity.
We can solve equation (8.15) for ue :
ue =

−e
· E = −µe · E
me · ν c

(8.16)

J = −e · ne · ue

(8.17)

where µe = e/(me · νc ) is the electron mobility.
Assuming that all electrons move with the velocity ue and that the neutrals involved in the collisions are at rest, electron-neutral collisions balance
the applied electric field. If the inertia of the relatively light electrons is
neglected, the electron motion can be written as:

where ne is the electron density.
The gas is not fully ionized and most collisions occur between the electrons
and the neutral Ar atoms. Therefore, combining equations (8.16) and (8.17)
gives:
J = e · n e · µe · E
(8.18)

The electric field, E, and the current density, j, are experimental values
derived from figure 8.1(b), considering a plasma cross-section of 40 mm2 .
The electron mobility µe depends on the density of neutrals (not electrons,
see [18]) through the relation:
nL
µe = µ e 0 ·
(8.19)
n
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where µe0 is the reduced electron mobility which depends on the reduced
electric field E/p. Loschmidt’s number, nL , is defined as the number of
atoms in a gram-atom or the number of molecules in a gram-molecule. The
density n refers to that of Ar atoms in the supersonic jet. The electron
density can now be derived from equation (8.18) and gives:
ne =

j
e · µe0 · ( nnL ) · E

(8.20)

Numerically, µe0 ' 50 cm2 · V−1 · s−1 at a pressure of 250 Torr and
µe0 ' 20 cm2 · V−1 · s−1 at a pressure of 70 Torr [31]; nL = 2.69 · 1019 cm−3 ;
n = 4.6 · 1018 cm−3 at 70 Torr and n = 1.0 · 1019 cm−3 at 250 Torr [20].
Both in the case of the low- and high-pressure regimes, electron density
values are in the order of 2 · 1012 cm−3 , which is in the high end of the values
typical of a glow discharge (see table 8.1).

8.4.4 Discussion
On the one hand, the low excitation temperature not only assesses the relevance of the CRDS spectroscopic technique combined with the PDN source,
it also validates the PDN experimental approach to simulate interstellar conditions. It indicates that there are few collisions in the post-discharge region,
thus confirming the adiabatic cooling that occurs in the PDN expansion. This
is furthermore strengthened by the important b factor value. The latter shows
a strong disturbance in the Boltzmann balance, which can be associated to
a clear departure from the thermodynamic equilibrium in the post-discharge
zone where the CRDS measurements were made. If one considers that electrons are the species that regulate the Boltzmann balance, one can logically
conclude that very few electrons are likely to be transported out of the active
plasma. Hence, excitation and de-excitation of the ground state atoms do not
occur any more once those atoms have left the inter-electrode zone. Yet, due
to the geometry of the cathode’s jaws, it is expected that the collision rates
are rapid, close to the slit exit plane. CRDS measurements, if performed in
that region, could help assess whether equilibrium is already lost there or
not. In any case, measurements at closer distances from the slit’s exit are
important and could provide valuable information on the processes that lead
to the conditions downstream in the expansion.
Furthermore, the results obtained for ne and Te support, a posteriori, the
conclusion drawn in section 8.2 that the discharge generated in the PDN
source is close to a glow discharge.
On the other hand, however, no clear indications are provided by Te or
ne with respect to the production mechanism of the aromatic P AH + ions.
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Among the three main PAH ionization paths that have been reported and
that are listed below, Penning is thought to be the most important [5].
• Electron impact ionization : PAH + e → PAH+ + 2e
• Charge transfer: Ar + e → Ar+ + 2e and Ar+ + PAH → Ar + PAH+
• Penning ionization: Ar+e → Arm +e and Arm +PAH → Ar+PAH+ +e
Without a quantification of the Ar metastables inside the PDN discharge, it is
rather difficult to say whether or not their number density is high enough for
the Penning ionization of PAHs to actually take place. It is also challenging
to rule electron impact ionization out without an estimation of the electron
mean energy in the plasma. The latter could also provide useful information
on the importance of the PAH dissociation in the PDN source. There is
experimental evidence that dissociation limits the PAH ionization yield (the
ionization yield is reported to be in the order of 10−5 [5]), since some carbonbased soot deposit at the PDN cathode’s surface (see section 7.6).
Having exploited the classical theory of discharges to its limits, further
understanding of the PDN plasma processes definitely requires numerical
simulations.

8.5 Conclusion
We have studied the nature and the structure of the plasma that is generated
in our experiments where a pulsed discharge source is coupled to a pulsed
free jet expansion.
For the first time, the plasma generated in the PDN source is characterized as a glow discharge in the abnormal regime. The detailed structure of
the glow discharge under such working conditions seems to be reduced to a
negative glow and to dark zones near the electrodes. We have calculated the
parameters (length, thickness and cathode voltage fall) that are associated
with the two major zones (the Crookes dark space and the negative glow) in
the plasma.
Our work clearly shows that the combination PDN-CRDS is relevant to
simulate an interstellar environment and analyze its spectroscopic properties.
We have determined a density ne ' 1012 cm−3 for the electrons in the plasma.
Based on CRDS ArI ∗ absorption spectra acquired in the PDN expansion
zone, we have also managed to estimate the electron temperature Te ' 1 eV
and we have demonstrated that the zone probed by the laser is not in local
thermal equilibrium. This suggests that few electrons are transported out of
the inter-electrode region along with the expansion.
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Our experiments, however, do not provide any clear indications over the
PAH cations formation mechanism. Thus, a numerical simulation which
would report the densities and energies of the main species found in the
plasma would surely help to progress in the overall understanding of the
PDN as a source of PAH ions.
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9
First numerical study of the plasma
generated in the Pulsed Discharge
Nozzle source1
Abstract. A self-consistent, two-dimensional fluid model is used to describe, both qualitatively and quantitatively, the electrical behavior of the
discharge which is generated in the Pulsed Discharge Nozzle (PDN) source
in argon. We confirm that the plasma’s properties and behavior are characteristic of that of a glow discharge. We model several key parameters of
the discharge, namely the electron density and energy, as well as the argon
ion and metastable atom number densities. All results indicate that the
discharge is most active near the cathode tip. They also reveal a high abundance of metastable argon atoms in the expansion region. This confirms
that large PAH molecular ions are formed through the Penning ionization process of the neutral precursors seeded in the supersonic expansion.
These simulations will help optimize the yield of formation of molecular
ions and radicals in the PDN source. They will also ultimately provide
physical insight into the mechanisms involving interstellar molecules and
ions in the laboratory experiments.

1

Part of this chapter is based on: [1]
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9.1 Introduction
Supersonic plasma sources have been the subject of an intense laboratory activity in the past few years [2, 3], more particularly due to their astrochemical
potential. They have been used to produce isolated gas-phase carbon chains
which are cooled down and stabilized in the supersonic expansion, thus facilitating mass or optical detection [4, 5].
Such sources offer a powerful tool to produce and investigate radicals and
ions which are translationally and rovibrationally cold and vibrationally excited [4, 6]. Supersonic expansion sources with long-slit orifices in particular
are an important development in gas-phase spectroscopy: they produce planar beams and thus offer high column densities of molecular ions and radicals
because of the increase in the absorption pathlength [7].
Recent experiments managed to characterize the plasma generated in a
pulsed planar expansion discharge source, called Pulsed Discharge Nozzle
(PDN) [8, 9]. The plasma was identified as a glow discharge in an abnormal regime. Unfortunately, as it is often the case for similar sources, the
experimental measurements were performed at a certain distance from the
nozzle slit exit due to the PDN’s geometry. At this point, in order to obtain
a realistic representation of the PDN physical properties, a model is proved
necessary.
The novel work performed here continues the research outlined previously.
Although some models of glow discharges have been published earlier [10–
12], we have found no numerical investigations of a Pulsed Discharge Nozzle
(PDN) source. We use a two-dimensional (2D) fluid model to gain insight into
the physico-chemical processes occurring in the PDN source. Such models
are marked by their low computational costs and have proven their efficiency
in other breakdown investigations [13, 14].
It will be shown that the model is capable of generating a picture which
is in reasonable agreement with the experimental data from [8, 9].
Section 9.2 briefly describes the model, the input data and the geometry
that have been chosen. In section 9.3, the simulation results on the spatial
profile of relevant quantities are presented. The influence of these results on
the PAHs’ behavior is given in section 9.4. In section 9.5, we summarize the
model’s results and present the several opportunities which exist for possible
future investigations.
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9.2 The 2D fluid model
The 2D fluid model we use in this work is based on an existing md2d microdischarge model. It has been described in detail elsewhere [15–17] and
only a brief description is given here, providing the information necessary
for discussion. Mind that the modeling of the PDN source is the result of
the invaluable work done by Bart Broks and Wouter Brok in the group ”Elementary Processes in Gas discharges” at the University of Technology in
Eindhoven. Their time and commitment is deeply acknowledged.

9.2.1 Model
The aim of the simulation is to provide information that is of interest both
to the analytical chemists and to the plasma physicists. We therefore use
a model which manages to give a complete description of several different
aspects of the discharge: the particles’ transport, the energy and momentum
transport as well as the plasma chemistry and the space charged electric
fields.
The equations at the core of the model consist of the transport equations
(conservation of continuity of particle species, momentum and energy) coupled with Poisson’s equation. In a fluid model, one often considers that the
plasma species are in equilibrium with the local electric field. The transport
and reaction coefficients (drift velocity, diffusion coefficient and the reaction
rate coefficient) are thus similar to those which would be measured under a
uniform electric field. In the case of electrons however, this approximation
gives poor modeling results. The reason is that electrons are actually lighter
but much more energetic than the rest of the species present in the plasma
(ions and electronically excited species). They also retain more information
about the field where they originate from. We thus consider in this work that
the coefficients in the balance equations are dependant on the mean electron
energy (see [15] for a more complete overview).
As it has been described in chapters 7 and 8, the PDN source displays a
pressure gradient between the anode (where p ' 250 Torr ) and the cathode
(where p ' 70 Torr ). Knowing that Ar flows towards the cathode and that
the power dissipated in the PDN does not heat the gas significantly, the bulk
flow of the background gas can be described independently of the discharge.
It is therefore possible to implement into the model’s balance equations some
pre-calculated flow density and velocity fields. The flow term is shown to
contribute to a large extent to the fluxes of the simulated species.
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9.2.2 Input data
Input data to the fluid equations assume that PAHs which are highly diluted
in the Ar carrier gas (around 0.3 % ) do not appreciably alter the PDN
chemistry. The model takes the following species into account: electrons,
two effective excited states of argon (Ar ∗ and Ar ∗∗ ) and the Ar + argon first
ion state. Ar ∗ refers to the first effective excited state which represents the
multiple 4s levels of argon. Ar ∗∗ is defined as the second excited state and
represents the multiple 4p (and higher) levels. Various reactions are expected
to play a role in the PDN discharge, such as excitation, electron ionization,
ionization by excited atoms (Penning) and collisional de-excitation. All these
reactions and the corresponding rate coefficients are listed in [1].
We do not consider the electron-electron collisions in the simulation, for
the reaction’s rates are not expected to be of influence on the discharge
behavior [1]. Photoemission is not considered either.
The above set of reactions is solved with a certain number of boundary
conditions on the fundamental variables which are fully described in [13].
Note that the dc voltage on the cathode is set to −500 V through a 10 kΩ
resistor to allow for a steady state solution, while the voltage on the anode is
zero. The secondary electron emission coefficient at the cathode is assumed
to be the result of ion bombardment with a yield of 0.01.

9.2.3 Geometry
A cross section of the PDN geometry which we simulate is schematically
shown in figure 9.1. As described in chapter 7 and references therein, the
PDN source consists of two stainless-steel electrode plates which are separated by a Macor R insulator ceramic. The complex electrode configuration
and the geometry of the electrodes itself play an important role in the discharge characteristics.
The results presented in section 9.3 are based on a 2D Cartesian (x, y)
geometry, x and y describing the direction from anode to cathode and the
direction perpendicular to this respectively, in the plane of the cross section of
the device. The discharge is furthermore assumed uniform along the infinite
z direction which is perpendicular to the (x, y) plane. The simulation only
describes half of the discharge, the device being symmetric with respect to
the x axis. Further details on the model’s geometry are found in [1].
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Figure 9.1: A schematic drawing of the PDN geometry. The size of the central
plasma channel is exaggerated for clarity. The dashed square is the part of the
device that is simulated. The gas flows from a high-pressure source on the left to
a vacuum chamber on the right(after [1]).

9.3 Results
2D distributions of the electron density ne , the argon ion density nAr+ , the
argon atom metastables density nAr∗ , the electric potential V and, last but
not least, the average electron energy  are calculated using the fluid model
described above and are reported here for discharges in argon.

9.3.1 The electron density
Figure 9.2 shows that the electron number density ne is very low (less than
1017 m−3 ) in the cathode fall. The electric field is in fact so important there
(see figure 9.5) that the energy gained by the electrons is not compensated by
losses through collisions. This has two major consequences: (i) the cathode
fall acts as a rocket launcher for the electrons; (ii) there is a positive space
charge that remains behind. ne is also very low in the sheath which overhangs
the insulator plate because of a diffusion phenomenon. Since the diffusion
coefficient is inversely proportional to the particle mass, electrons diffuse
faster than ions, which leaves the rest of the plasma more positive and sets a
space charge electric field. This field is restraining in the sense it accelerates
the ion diffusion but slows that of the electrons down. Both charged particles
thus reach an average diffusion rate so that, in a good approximation, they
diffuse together. This process, called ambipolar diffusion, combined with
the recombination at the ceramic surface is responsible for the low ne in the
sheath.
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Figure 9.2: The steady-state electron density of the PDN for a source voltage
of −500 V . The isolines represent steps in the density of 5 · 1017 m−3 . The bold
lines indicate the different parts of the device.
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Figure 9.3: The steady-state Ar + density of the PDN for a source voltage of
−500 V . The isolines represent steps in the density of 5 · 1017 m−3 . The bold
lines indicate the different parts of the device.
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From figure 9.2, the sheath’s thickness at the discharge’s wall is estimated
to range from 25 µm near the anode to approximately 100 µm near the
cathode. Calculations of the theoretical Debye length, based on [18], gives
a value λD = 8 µm , confirming that it is several times smaller than the
sheath’s thickness at the cathode. However, it is not the case at the anode,
where the gas flow compresses the plasma to the wall, making the sheath
thinner. These findings already indicate the importance of the gas flow and
also show that our model is reasonably accurate and self-consistent.
The spatial dependency of the electron density in the rest of the plasma
is very interesting and gives new insight into the PDN source: one easily
notices that ne is the highest in the vicinity of the cathode’s tip (ne = 3.4 ·
1018 m−3 ) and decreases continuously when traveling away from it. This
behavior is to be correlated with the argon gas density whose variations
follow a similar pattern. Whenever the gas density decreases, the number of
collisions between electrons and ions decreases as well, thus a lower ionization
degree. This also implies that the electrode’s tip is solely responsible for the
high ionization rate near the cathode and, therefore, for the existence of the
negative glow.
As mentioned in the introductory section, the jet was experimentally
probed by a laser several mm downstream the cathode [8, 9]. If one extrapolates the electron density in this region by looking at figure 9.2, one
finds ne is in the order of a few 1018 m−3 . Such a value is in the same order
of magnitude than the PAH ion density that was experimentally obtained
in [19].

9.3.2 The argon ion density
Figure 9.3 presents the steady-state density of argon ions and displays a zone
under the ceramic isolator, near the cathode, where the ion density is very low
(< 1 · 1018 m−3 ), because of the sheath that exists there (see section 9.3.1).
This density however increases along the wall as the sheath becomes thinner.
This can be related to the gas expanding between the two electrodes. As gas
emerges from the injection channel, it pushes the heavy argon ions toward
the insulating plates and segregates them there. In the zone where the gas
originates, nAr+ reaches minimum values (< 5 · 1017 m−3 ). In order to keep
quasi-neutrality in that region, the electron density decreases also, as it can
be noticed in figure 9.2.
Several remarks can also be immediately drawn when comparing the ne
and the nAr+ spatial distributions. Electron and ion densities are almost
equal in the center of the inter-electrode region, indicating that the negative glow is a quasi-neutral plasma, as predicted in [8, 9]. Furthermore, the
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Figure 9.4: Steady-state Ar + and electron densities of the PDN for a source
voltage of −500 V in the center at y = 0 mm and at the wall at y = 0.1875 mm .
The anode is at position x = 0.5 mm and the cathode 1.5 mm further downstream. The glow structure is clearly visible via the charged species densities
distribution

electron density is negligible with respect to the ion density in the cathode
sheath, which reaches its maximum at around 4.5 · 1018 m−3 . The cathode
fall is thus positively charged. Note however that the ion density in that
region is not uniform and that the maximum can be seen near the sheath’s
boundary, that is on the cathode’s tip. This concurs with observations made
in section 9.3.1. The high ionization rate near the tip is probably related
to the curvature of the field lines due to the PDN’s geometry in this region (see figure 9.5). This has been formerly observed in a glow discharge
simulation [12], though with a substantially different geometry.
Figure 9.3 gives us the opportunity to come back to the nature of the
PDN plasma, identified as a glow discharge in an abnormal regime. When
one focuses on the non-uniformity of nAr+ in the cathode fall, one notices
a distinctive density ”gradient” all along the electrode’s surface. nAr+ varies
by eight isoline steps over about 800 µm . In a typical abnormal glow, the
discharge is expected to cover the whole electrode uniformally. According to
our model, this is the case along the z axis but not along the y one. This
observation shows that the discharge generated in the PDN source is much
more complex than what was previously thought: the discharge’s abnormal
behavior does not actually hold in all dimensions.
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9.3.3 The discharge structure
Figure 9.4 presents the spatial distribution of ne and nAr+ along the wall and
the centerline of the discharge. Four very distinct zones can be identified.
Firstly, a plasma bulk which is quasi-neutral. Mind that electrons diffuse
more easily than ions. Therefore, the number densities for ne are slightly
higher than those for nAr+ in the center of the discharge. Three sheaths can
also be seen: one at the wall just above the insulator, the anode dark space
and the cathode fall. The anode dark space displays a positive space-charge
on the wall due to the convection cell generated by the flow expansion. There
is an excess of heavy argon ions in that zone, compared to the electrons. Note
that any electron emitted by the anode through secondary emission is very
likely to drift back and strike the anode. The cathode fall is also a positive
space-charged zone, where ne is negligible compared to nAr+ . nAr+ reaches its
maximum at the cathode’s tip and then decreases gradually, as emphasized in
the previous section. The effect of the tip on both charged particles’ densities
is striking. Figure 9.4 actually shows that this effect is not only localized to
the tip’s vicinity but also appears to extend further towards the centerline.
Please mind that, both at the wall and along the centerline, the electron
and the argon ion densities drop after the cathode, indicating that charged
particles do not play an important role downstream the expansion. This is
to be expected, given the pressure gradient there (see section 7.3).

9.3.4 The voltage
Figure 9.5 depicts the voltage across the discharge. The cathode is at a
potential of about −476 V , which differs from the source potential because of
the voltage drop over the electrode ballast resistor. As expected, the voltage
drop is high in the cathode fall and weak in the negative glow. The isolines
also show that the electric field is large in the cathode fall and decreases
almost linearly, acting as an electron accelerator. The intensity of the field
and the curvature of its lines near the cathode’s tip might explain why this
region of the discharge displays the highest net space charge.

9.3.5 The electron energy
In figure 9.6, the average electron energy  is shown on a logarithmic scale. If
one looks carefully to the spatial distribution in the cathode fall, one sees a
gradient ranging from high energy values close to 60 eV (near the cathode’s
surface) down to values in the order of 5 eV or lower (on the very edge of the
sheath). In average, though,  displays values which are much higher than
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Figure 9.5: The steady-state voltage of the PDN for a source voltage of −500 V .
The isolines represent steps in the density of 50 V . The bold lines indicate the
different parts of the device.
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Figure 9.7: The steady-state Ar ∗ density of the pulsed nozzle discharge for
a source voltage of −500 V . The isolines represent steps in the density of 1 ·
10−19 m−3 . The bold lines indicate the different parts of the device.

the 15.76 eV ionization energy or the 11.5 eV excitation energy of argon.
In other words, there is a significant fraction of the electrons which can
ionize or excite the argon atoms through direct collisions. Near the anode, 
reaches values ( = 6 eV ) which are significantly higher than the ones found
in the inter-electrode region (where  does not exceed 4 eV ). The plasma
gets actually compressed because of the gas expansion which decreases the
energy dissipation and thus increases . In the rest of the plasma, on the
contrary, the electrons are heated very little, as seen in the drop of their
temperature. When looking at the distribution of the electron energy in the
whole discharge, it is thus obvious that the cathode’s neighborhood is the
most active region from an electron kinetics point of view. This is consistent
with the observations made in figures 9.2 and 9.3.
Furthermore, it is clearly noticeable that  which follows the electric field
pattern is much lower in the expansion zone than across the discharge itself
( < 5 eV ). Electrons are not heated as much in the expansion as they are
in the cathode fall or even at the anode. This results in a drop in the electron temperature. These findings are corroborated by former experimental
studies showing an electron temperature ranging between 0.76 and 1.03 eV
in the downstream region (see chapter 8). The electron chemistry in the
expanding gas is therefore less active than in other parts of the discharge.
As a matter of fact, collisions that involve electrons in the expansion zone
can be neglected, the expansion being far from LTE (see 8.4.2). This is a
well-known result [20] that has consequences on the comprehension one gets
from the PAHs chemistry within the PDN source (see section 9.4).
197

Chapter 9.
2.5

Measured
Simulated

-2

J [mA mm ]

2

1.5

1

0.5

0
-350

-400

-450

-500

-550

-600

-650

Cathode voltage[V]
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9.3.6 The argon metastable density
Figure 9.7 depicts the Ar ∗ density across the discharge. One immediately
sees that the mean Ar ∗ density is one order of magnitude higher than ne
or nAr+ . This is consistent with the number densities of electrons with an
energy higher than 11.5 eV and the large Ar excitation cross section. These
densities indicate that the −500 V voltage applied to the source is sufficient
to generate enough metastable atoms and have Penning ionization of the
seeded PAH molecules, as it was already experimentally noticed in chapter 8.
Note that two main Ar ∗ production centers can be seen in the PDN source:
one is located near the anode and the second at the cathode’s tip. Since Ar ∗
atoms are not subject to the electric fields, they are more sensitive to the
bulk gas flow which exceeds 350 m · s−1 (see figure 7.3). Once Ar ∗ atoms
are created, they can be easily transported downstream along with the flow,
generating the ”plume-like” profile seen in figure 9.7. The abundance of Ar ∗
in the plasma, as well as its transport properties, are of importance to the
formation mechanism of the PAH ions and radicals.

9.3.7 Voltage-current
The pulsed discharge nozzle is simulated for a variety of input voltages. Figure 9.8 provides with the current density evolution as a function of the applied
voltage. It can be seen that, for voltages lower than −380 V , the simulation
does not give any stable solution.
As shown previously, there is no uniformity of the background gas den198
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sity on the cathode’s surface and, therefore, no uniformity in the number of
electrons emitted per cathode’s unit of surface. The cathode is hence almost
completely covered by the discharge glow. In such cases, the discharge acts
”abnormally” and the potential starts rising with an increasing current, which
explains the positive voltage-current curve seen in figure 9.8. Note that the
simulation and the experimental results from [8] coincide particularly well.
The measured current is 30 % lower, in average, than the simulated data,
whereas the breakdown voltages concur within 2 % . Considering the amount
of parameters in the simulation (reaction cross sections, secondary electron
coefficient, among others), figure 9.8 can be considered as extremely satisfying. The remaining discrepancy between the simulation and the experiments
data can be exploited to assess the accuracy of our model. More specifically,
the computed values of ne and nAr+ on which the conductivity depends might
be overestimated.

9.4 The mechanisms involving PAHs
While our model provides with useful knowledge about the PDN plasma
chemistry and the charged species, it also helps identify collisional processes
that involve PAHs molecules, such as ionization and dissociation . The understanding of the PAHs aromatic ions production mechanism is in particular
a crucial step towards (i) optimizing the ion source and (ii) gauging the relevance of the PDN’s experimental method. This section addresses what we
think is happening in the PDN source.

9.4.1 PAHs dissociation
Most PAHs are known to have a dissociation energy that is usually lower
than their ionization energy. Photophysical experimental studies indicate for
instance that it takes about 2.8 eV photons to remove one H atom from a
typical PAH and 6 to 8 eV photons for its photoionization [21]. Considering the simulation’s results that are displayed from figure 9.2 to figure 9.7,
electrons from the plasma (with an energy of the order of several eV ) are
thus capable of dissociating the PAH molecules. Electrons are however not
the only species that might dissociate PAHs.
Metastable state formation is principally by electron impact on ground
state argon atoms. Such a reaction can only occur for the high-energy electrons of the plasma (excitation energy 11.55 eV ). As shown by our simulation, those metastables are generated in large quantities near the cathode’s
tip as well as in the anode’s vicinity through the combined effect of the high
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argon cross section and the high electron energy present in those regions of
the discharge. They are then carried along with the gas flow toward the
slit. Note that the argon metastables’ threshold energy is higher than the
PAHs dissociation and ionization thresholds. This indicates that those excited atoms may lead to fragmentation as well as to ionization of the PAHs
molecules present in the downstream zone. Fragmentation is thus definitely
one process that affects the PAHs that are seeded into the PDN source. This
is supported by the observations of carbon-based soot deposit at the PDN
cathode’s surface. Those form conducting layers which alter the uniformity of
the PDN discharge along the slit (see section 7.6) and ignite sparks between
the cathode’s jaws (at high voltages).

9.4.2 PAHs Penning ionization
Several absorption spectra obtained experimentally by cavity ring-down spectroscopy [8, 19] of the PDN expansion suggest that argon metastables are of
importance in the PAHs ionization process. Penning ionization, that is the
collision between a neutral and a metastable atom, is thus suspected to be
the route for the aromatic ion production [2, 19]. The probability of Penning
ionization highly depends on the metastables’ density. It requires (i) an important fraction of electrons with an energy higher than 11.55 eV and (ii)
the ionization energy of the PAHs to be lower than the excitation energy of
the metastables that are generated.
When looking at the simulations that are carried out in this chapter, one
can see that the metastable argon atoms are much more abundant in the
discharge than electrons with an energy above the PAH ionization potential (about one order of magnitude higher). This is a clear indication that
Penning ionization is the leading mechanism that generates the aromatic ions
seen experimentally.
Considering what has just been pointed out, one also understands that a
given carrier gas (Kr, Xe, Ar, He,. . .) can ionize PAH molecules of a given
size. Given the fact that the size of a PAH molecule influences its ionization potential threshold (see equation (9.1) [21]), one sees that, by choosing
heavier gases, Penning ionization might occur preferably to dissociation.
IP = 4.8 +

10.9
a

(9.1)

with a the radius (in Å) of the PAH molecule, assumed to be compact and
IP its ionization potential.
As a consequence, the PDN source can be seen as a selective molecular
source, capable of producing cold ions on demand.
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This is the confirmation that the carrier gas (through its metastables), in
the PDN discharge as well as in other plasmas [22], is not only a buffer gas
but also a major player in the dissociation/ionization processes.

9.5 Conclusions
A two-dimensional model of the discharge generated in the PDN source has
been presented. Key plasma parameters and particle kinetics have been
studied and provide with a new insight in the source behavior.
Our simulation confirms that the plasma in the pulsed discharge nozzle is
a glow discharge characterized by a quasi-neutral bulk and sheaths separating
it from the electrodes and the floating wall. The electron density is in the
order of 3 · 1018 m−3 , which is at the high end of the value that is typical for
a glow discharge.
The complex electrode configuration and the non-uniform background gas
density lead to a highly active region in the cathode’s tip vicinity, which is
responsible for most of the argon ion production and thus for the existence
of the glow itself. This also means that the glow covers most of the cathode,
though not uniformally, as one would expect in such cases. The glow is not
in a full abnormal regime.
The argon metastables which are formed in the PDN source are easily transported downstream since they are not affected by the electric field.
This strongly enhances the metastables to ions ratio and causes the PDN to
operate as a source of metastable argon atoms. The low electron temperature
in the expansion zone causes PAH ionization by electron impact to be of less
importance. The flux of cold, argon metastables which have a well-defined
energy makes it possible to ionize PAHs with a limited but non-negligible
fragmentation. By choosing a suitable noble carrier gas, the reaction energy can be chosen. These traits make this source particularly suitable for
generation of astrochemical species.
Using this model, a controlled parameter study can now be undertaken
by varying the background gas mixture and/or the geometry of the source
to optimize the yield of metastable carrier gas atoms and, hence, the yield of
interstellar analogs in the laboratory.
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Summary
The central topic of this thesis is dusty plasmas, in which particles are generated or injected. Such plasmas, when ignited in silane-based gas mixtures, are
widely used in the semiconductor industry for depositing silicon layers (amorphous, micro-crystalline or polymorphous). These layers have applications
in flat panel displays, sensors, and solar cells for instance. The inclusion of
nano-crystallites in the amorphous silicon layer produces cells with enhanced
properties but calls at the same time for a better comprehension and control of the particles’ formation and growth. The role played by silicon-based
radical species in these processes more particularly prompts detailed studies.
Dusty plasmas are also a field of enduring interest to the astrophysics community. The interstellar medium can be simulated in a laboratory plasma to
identify the carbon-based molecular complexes (Polycyclic Aromatic Hydrocarbons or PAHs) whose ions are thought to be responsible for unidentified
emission and absorption bands seen in the spectra of starlight. This thesis covers some aspects of both industry-oriented and astrophysical dusty
plasmas.
The experimental study on silane-based plasmas includes optical measurements performed in emission, absorption, and by analyzing the light
scattered by particles grown in-situ. The negative charge acquired by the
particles while immersed in the plasma disturbs their dynamics but also the
electrical properties of the discharge. Based on the monitoring of the plasma
impedance, it is shown that the plasma is affected by the particles’ presence,
independently from the nature of the silane carrier gas. Optical emission
spectroscopy performed on SiH, Hα and H2 excited states indicates that
the silane dissociation occurs in the vicinity of the RF-powered electrode.
A Fourier Transform Infrared (FTIR) time-dependent analysis of the silane
consumption after plasma ignition demonstrates that the silane dissociation
is actually a slow but continuous process which increases with the occurrence
of dust particles and leads to a dissociation degree between 80 and 97 % .
Short lifetime radicals resulting from dissociation are suspected to play some
role in the particles’ formation and first growth stages near the RF electrode.
In order to identify those radicals and determine their spatio-temporal properties, Cavity Ring-Down Spectroscopy (CRDS) in the infrared wavelength
range is used for its ability to measure absolute densities of transient gasphase reactive species. The CRDS in this work is based on a novel detuning
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method which does not require switching the laser off or interrupting the
beam. The agreement of the detuning’s numerical modeling with experimental results assesses the technique’s relevance and shows it is well suited to
further investigation of dusty silane plasmas.
After the particles are formed in the plasma, a subtile balance of axial
and radial forces traps them in the plasma bulk, mainly at the sheath boundaries, as it is experimentally proven by means of laser light scattering. FTIR
measurements performed on particles growing in the plasma shows they generate solid-state absorption features at wavenumbers which are characteristic
of SiH, SiH2 and SiH3 infrared active bonds. FTIR spectra also reveal that
dust particles trapped in the plasma apparently get oxidized by residual water present in the vacuum system. However, particles are expelled from the
discharge and carried away by the neutral gas flow when the forces are not
balanced any more. This explains the scattering of laser light, that can be
observed outside the plasma chamber.
In addition to the above work, an experimental and theoretical study is
performed on the nature, the structure and the behavior of a plasma generated in a supersonically expanded gas. That device, also referred to as
pulsed discharge nozzle (PDN), has been developed to investigate the absorption spectroscopy of interstellar dust analogs in an astrophysically relevant medium. The plasma is defined as a glow discharge operating in an
abnormal regime, and its structure is reduced to a negative glow and dark
spaces at the electrodes. Cavity Ring-Down Spectroscopy is used to probe
the plasma in pristine argon as it expands into the vacuum chamber. The
electron temperature is found to be very low and it is shown that the zone
probed by the laser is not in local thermal equilibrium. This suggests that
few electrons are transported out of the inter-electrode region along with the
expansion. Confirmation is given by two-dimensional numerical modeling of
the discharge generated in the PDN. The most active region is indeed located near the cathode where argon is primarily ionized. Argon metastables,
produced at both electrodes, are not affected by the electric field across the
PDN and are thus transported downstream along with the neutral gas flow.
This makes the PDN a particularly efficient source of cold metastable argon
atoms. The latter are capable of ionizing the PAHs molecules, normally fed
into the PDN device, with a limited but non-negligible fragmentation.
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Résumé
Le sujet principal de cette thèse est l’étude des plasmas poussiéreux, dans
lesquels des particules solides sont créées ou injectées. De tels plasmas, dès
lors qu’ils sont à base de silane, sont utilisés pour la croissance de couches
minces de silicium amorphe, micro-cristallin ou polymorphe pour des applications micro-électroniques ou photovoltaiques. La présence de nano-cristaux
dans les films de silicium amorphe permet d’améliorer les propriétés optoélectroniques en terme de mobilité et de durée de vie des porteurs de charges.
Ceci a conduit à la fabrication de cellules photovoltaiques présentant un
meilleur rendement et une meilleure stabilité au vieillissement. Cela requiert
cependant une meilleure compréhension et un meilleur contrôle des processus
de formation et de croissance des particules. C’est pourquoi de plus amples
études doivent être entreprises afin, notamment, de déterminer le rôle exact
joué par les radicaux de silicium dans ces processus.
Les plasmas poussiéreux intéressent également la communauté astrophysicienne. Le milieu interstellaire peut en effet être simulé en laboratoire, l’objectif étant d’identifier certains complexes moléculaires carbonés (carbures
aromatiques polycycliques hydrogénés ou PAHs) dont les ions sont présumés
responsables de la présence de bandes spectroscopiques non-identifiées dans
les spectres d’émission ou d’absorption des étoiles.
Ce mémoire traite de certains aspects des plasmas poussiéreux qui sont
destinés à des applications industrielles et astrophysiques.
L’étude expérimentale des plasmas de silane est basée sur des diagnostics
optiques qui ont été réalisés en émission, en absorption ou bien via l’analyse
de la diffusion de la lumière par les particules synthétisées dans le plasma. La
charge électrique négative portée par les particules, qui sont immergées dans
le plasma, affecte leur dynamique de transport ainsi que les propriétés électriques de la décharge. Les effets de la présence de poudres sur le plasma ont
été mis en évidence par des mesures électriques. L’impédance de la décharge
est en effet affectée par les particules, et ce, indépendamment de la nature du
gaz dans lequel le silane est dilué. La spectroscopie optique d’émission réalisée sur les états électroniques excités des espèces SiH, Hα et H2 indique que
la dissociation de la molécule de silane se produit à proximité de l’électrode
RF. Une analyse temporelle par spectroscopie infrarouge à transformée de
Fourier (FTIR) de la consommation du silane démontre que la dissociation
est un processus long mais persistant, qui s’intensifie en présence de poudres
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jusqu’à atteindre un degré de dissociation compris entre 80 et 97 % . Les
radicaux de silicium, dont la durée de vie est courte (SiH2 ), résultent de
cette dissociation et sont suspectés de jouer aussi un rôle dans la formation
des particules ainsi que dans les premières étapes de leur croissance. Afin
d’identifier ces radicaux et de déterminer leur distribution spatio-temporelle,
on envisage l’utilisation de la méthode spectroscopique dite de ”mesure des
pertes d’une cavité optique” (CRDS). Cette technique est en effet capable
de mesurer les valeurs absolues des densités d’espèces chimiquement très réactives présentes dans le plasma. La technique CRDS utilisée ici est basée
sur un procédé novateur de ”décrochage des modes de la cavité”, ou ”detuning”. Ce procédé ne nécessite ni l’arrêt du laser ni l’interruption du faisceau
lumineux. La concordance entre la simulation numérique du décrochage et
les résultats expérimentaux prouve l’applicabilité de la méthode aux plasmas
poudreux de silane.
Une fois les particules formées, un équilibre fragile s’instaure entre les
forces déterminant le piégeage des particules, particulièrement en lisière de
gaines. Cela est confirmé expérimentalement par des mesures de diffusion de
la lumière laser. D’autres mesures FTIR, réalisées sur des particules en phase
de croissance, montrent des bandes d’absorption infrarouge caractéristiques
de la présence des liaisons chimiques SiH, SiH2 et SiH3 à l’état solide. Les
spectres FTIR révèlent aussi que les particules piégées dans le plasma sont
oxydées par la vapeur d’eau résiduelle présente dans la chambre à vide. Néanmoins, si l’équilibre des forces mentionné plus haut est rompu, les particules
sont expulsées de la décharge et évacuées par le flux de gaz. D’où la diffusion
de lumière laser observée à l’extérieur de la chambre à plasma.
En plus des travaux décrits précédemment, une étude expérimentale et théorique est effectuée sur la nature, la structure et le comportement du plasma
généré dans la détente supersonique d’un gaz. Ce système, qui combine une
tuyère à une décharge pulsée (PDN), a été développé afin (i) de recréer en
laboratoire un environnement astrophysique et (ii) d’analyser les spectres
d’absorption de molécules génériques des poudres interstellaires. Le plasma
est défini comme étant une décharge luminescente, opérant en régime anormal obstrué. Sa structure se réduit à une lueur négative ainsi qu’à des zones
sombres près des électrodes. La méthode CRDS est, là aussi, utilisée et permet de caractériser un plasma d’argon lors de sa détente dans la chambre à
vide. La température électronique est très faible et la zone du plasma diagnostiquée n’est pas à l’équilibre thermodynamique local. Cela suggère qu’un
nombre très limité d’électrons est transporté hors de la zone inter-électrode.
Cette hypothèse est confirmée par la simulation numérique en deux dimensions du plasma. La région la plus active, où la majeure partie des ions argon
est créée, est identifiée aux abords de la cathode. Les espèces métastables
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d’argon, qui sont produites aux deux électrodes, ne sont pas affectées par le
champ électrique généré dans la source PDN et sont donc évacuées par le
flux gazeux dans la direction de l’expansion. Ces caractéristiques font que la
source PDN se comporte comme une source d’atomes d’argon métastables,
refroidis par la détente supersonique. Ces atomes sont alors capables d’ioniser
les complexes moléculaires PAHs tout en maintenant un taux de dissociation
limité.
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Samenvatting
Dit proefschrift gaat over stoffige plasma’s, waar macroscopische deeltjes in
worden gefabriceerd of aan worden toegevoegd. Silaan bevattende stoffige
plasma’s worden veelvuldig gebruikt voor de depositie van dunne siliciumlagen met een amorfe, micro-kristallijne of polymorfe structuur. Deze lagen
hebben verschillende toepassingen, zoals bij geı̈ntegreerde schakelingen of
zonnecellen. Wanneer nanokristallen in amorfe siliciumlagen aanwezig zijn,
hebben de geproduceerde zonnecellen betere opto-elektronische eigenschappen en een hogere efficiëntie. Om dit te bereiken is het nodig een beter begrip
van en controle over de stofdeeltjes te krijgen, in het bijzonder op hun vorming en groeiprocessen. De rol die siliciumradicalen in deze processen spelen
dient onderzocht te worden.
Er is ook een voortdurende interesse van de astrofysische gemeenschap
voor deze stoffige plasma’s. Het is mogelijk de interstellaire omgeving in
een laboratoriumplasma te simuleren. Daarmee kunnen complexe organische
moleculen (Polycyclische Aromatische Koolwaterstoffen, ofwel PAHs ) geı̈dentificeerd worden. De ionen hiervan zijn waarschijnlijk verantwoordelijk
voor bijzondere en tot nu toe onverklaarde emissie- en absorptiebanden in
het spectrum van sterrenlicht.
Dit proefschrift behandelt enkele aspecten van stoffige plasma’s met industriële en astrofysische toepassingen.
Het experimentele onderzoek aan silaanplasma’s is gebaseerd op verschillende optische diagnostieken: emissie, absorptie en lichtverstrooiingsmetingen aan de groeiende stofdeeltjes. De negatieve lading van de stofdeeltjes in
het plasma beı̈nvloedt zowel hun transportdynamica als het gedrag van de
ontlading. Elektrische metingen aan de plasma-impedantie laten zien hoe de
stofdeeltjes de eigenschappen van het plasma wijzigen, onafhankelijk van het
gasmengsel. Emissiespectroscopie van de aangeslagen toestanden van SiH,
Hα en H2 geeft aan dat de silaandissociatie vlakbij de RF-elektrode plaatsvindt. Een tijdsafhankelijk onderzoek van de silaanconsumptie na de start
van het plasma met behulp van infrarood Fourier-transformatie absorptie
spectroscopie (FTIR) laat zien dat de silaandissociatie een langzaam maar
aanhoudend proces is. De dissociatiegraad neemt toe in aanwezigheid van
stofdeeltjes en bereikt waarden van 80 tot 97 % . Radicalen met een korte levensduur, die bij de dissociatie van het silaan ontstaan, zijn waarschijnlijk bij
de vorming en groei van de stofdeeltjes betrokken. Om deze radicalen te kun211

nen identificeren en om hun tijds- en ruimteafhankelijke gedrag te bepalen,
wordt de ultragevoelige ”cavity ring–down” spectroscopie (CRDS) methode
in het infrarood ontwikkeld. CRDS is een diagnostiek die de absolute dichtheid van moleculen met een hoge reactiviteit in de gasfase kan meten. De
CRDS-methode die in dit proefschrift wordt gebruikt is gebaseerd op een
innovatieve verstemmingstechniek, die een ring-down signaal geeft zonder de
laser uit te schakelen of de laserbundel te onderbreken. De experimentele
resultaten komen overeen met numerieke simulaties van de detuning en bevestigen de geschiktheid van deze methode voor verder onderzoek van stoffige
silaanplasma’s.
Nadat de stofdeeltjes zich in het plasma hebben gevormd, bouwt zich
een evenwicht tussen axiale en radiale krachten op, die de stofdeeltjes aan
de rand van de plasmagrenslaag vasthoudt. Dit wordt bevestigd door laserlichtverstrooiing. FTIR-metingen aan groeiende stofdeeltjes laten vaste
stof-absorptiebanden zien, die karakteristiek zijn voor de SiH3 -, SiH2 - en
SiH-bindingen. FTIR spectra wijzen er ook op dat stofdeeltjes in het plasma geoxideerd worden, waarschijnlijk door water dat in de plasmakamer
achter is gebleven. Als er geen evenwicht meer is tussen de krachten op de
stofdeeltjes, kunnen ze uit het plasma ontsnappen en worden ze met het gas
afgevoerd. Dit wordt gevisualiseerd door de laserlichtverstrooiing buiten de
plasmakamer.
Naast het bovengenoemde werk is er ook experimenteel en theoretisch onderzoek gedaan naar de aard, de structuur en het gedrag van het plasma dat
in een supersonische gasexpansie ontstaat. Dit systeem wordt een ”pulsed
discharge nozzle” (PDN) genoemd en is ontwikkeld om (i) een astrofysische
omgeving in het laboratorium te construeren en (ii) om de absorptiespectra
van moleculen die lijken op interstellaire stofdeeltjes te bestuderen. Het plasma is gekarakteriseerd als een anormale glimontlading. De structuur beperkt
zich tot een negative glim en donkere gebieden aan de elektroden. Met behulp
van de CRDS-methode is de expansie van een argonplasma in de vacuumkamer onderzocht. De elektronentemperatuur is heel laag en het onderzochte
expansiegebied is niet in lokaal thermisch evenwicht. Dit betekent dat er weinig reactieve elektronen in de expansiezone komen. Tweedimensionale numerieke simulaties van de PDN-ontlading bevestigen deze conclusies. Vlakbij
de kathode bevindt zich het meest actieve gebied met de hoogste ionen- en
elektronendichtheid en temperatuur. Het elektrisch veld heeft geen invloed
op de metastabiele argonatomen, die vooral bij beide elektroden worden geproduceerd. Deze atomen verplaatsen zich dus samen met het achtergrond
gas. De PDN-ontlading gedraagt zich als een bron van koude en metastabiele atomen. Deze kunnen vervolgens PAH-moleculen ioniseren, terwijl de
dissociatiegraad beperkt blijft.
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