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Symbols

Table 1 List of constants

Symbol Meaning Value

h Planck's constant 6.626 · 10−34 Js
ε0 vacuum permittivity 8, 854 · 10−12 AsV−1m−1

kB Boltzmann's constant 1, 38066 · 10−23 JK−1

me electron mass 9, 10938 · 10−31 kg
NA Avogadro's Number 6.022 · 1023

e elementary charge 1, 602176 · 10−19 As
c velocity of light 2, 99792 · 108 m · s−1

e Euler's number 2.71828
π mathematical constant Pi 3.14159

Table 2 List of symbols

Symbol Description Dimension

p pressure mbar
P plasma power W
RC conversion e�ciency molecules J−1

RF fragmentation e�ciency molecules J−1

S absorption line strength cm−1/(molecule cm−2)
Tgas gas temperature K
Trot rotational temperature K
Tvib vibrational temperature K
Te electron temperature K
κD degree of dissociation %
λ wavelength nm
ν frequency Hz
φP gas �ow of the precursor cm3 min−1

φtot total gas �ow cm3 min−1
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Table 3 List of abbreviations

Acronym Meaning

AS absorption spectroscopy
EC-QCL external cavity quantum cascade laser
ECR electron cyclotron resonance
FTIR Fourier transform infrared spectroscopy
HMDSO Hexamethyldisiloxane
IRAS infrared absorption spectroscopy
IRLAS infrared laser absorption spectroscopy
IRMA infrared multi-component acquisition system
MIR mid infrared
MIR-LAS mid infrared laser absorption spectroscopy
MS mass spectrometry
MW microwave
OES optical emission spectroscopy
PECVD plasma enhanced chemical vapor deposition
QCLAS quantum cascade laser absorption spectroscopy
SEM scanning electron microscope
SC standard condition
TDLAS tunable diode laser absorption spectroscopy
XPS X-ray photo-electron spectroscopy
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1 General introduction

In the past few decades, the engineering of thin �lms has become one of the most innova-
tive �elds of research. This proli�c research activity is mainly due to the wide variety of
applications ranging from cellphone microchips, to impermeable �lms on plastic bottles,
to harder �lms protecting rocket engines and to the anti-re�ective coatings on windows
and camera lenses. These broad distinct applications are made possible by the wide
variety of properties of the deposited layers which can be mechanical, optical, chemical,
thermal or electrical in nature. The surface modi�cations induced by these �lms are
tailored to enhance certain characteristics of the material facilitating novel applications.
For example, an anti-re�ective coating is achieved by deposition of layers of successively
decreasing refractive index thus attenuating the incident light into the material, hence
improving the material transmission properties.
The deposition of thin �lms comes about through species transfer from a liquid or

a gas medium adjacent to the substrate surface exploiting various chemical or physical
phenomena. In the liquid case, a polymer or an ionic species in a dilute solution reacts
and attaches to form layers of the species on a submerged substrate. However, species
are not always reactive toward the substrate and, therefore, some form of "activation" is
needed to stimulate the species to deposit on the substrate surface. A speci�c example
is the electroplating technique which facilitates the dilution of a noble metal and its
transport to a substrate surface by applying an electrical current between them. Other
methods exploit electron beam, electric arc, heater or laser pulse to vaporize a material
o� a solid target enabling the transport of the vaporised species to the substrate surface
in the gas phase [1, 2].
Plasma enhanced chemical vapour deposition (PECVD) enables the deposition of thin

�lms by igniting a plasma in a gas. The term plasma refers to an ionized state of matter
consisting of a mixtures of free electrons, ionic and neutral species. A common method of
igniting a plasma in the laboratory and in industry, is to provide electromagnetic energy
to a gas maintained at low pressure. Diverse forms of electrical discharges are employed
to achieve this, notably, direct current (DC), radio frequency (RF) or microwave (MW).
The electric �elds induced in these electric discharges can accelerate the few electrons,
constantly present due to cosmic radiation, causing an avalanche process by colliding
with neutral species and producing additional charged species. The temperature and
charge of these species can eventually cause the fragmentation of the stable molecular
species, thus generating reactive unstable radical and atomic species. See [3�6] and table
1.1 for a summary of the predominant processes in reactive plasmas. Ultimately, these
species can reach and be adsorbed onto the substrate surface, forming chemical bonds
with the substrate and other adsorbed species and then organized in crystals and layers.
An introduction on these molecular plasmas is provided in chapter 2 [7�11].

1



1 General introduction

Table 1.1 Atomic and molecular processes in reactive plasmas ([12]).

Reaction Reaction process

AB + e− → A+B + e− electron impact dissociation
AB + e− → AB+ + 2e− electron impact ionization
AB + e− → AB∗ + e− electron impact excitation

AB+ + CD → AB + CD+ charge transfer
AB + C∗ → A+B + C Penning dissociation

AB + C∗ → AB+ + e− + C Penning ionization
AB + C∗ → AB∗ + C Penning excitation
AB∗ → AB + hν de-excitation by spontaneous photon emission
A+ +B− → AB ion-ion recombination

A+B +M → AB +M wall recombination

In industry, the optimisation of �lm properties and growth-rates is essential for improv-
ing their quality while minimizing production costs. A prevailing approach consists of
measuring the properties of the deposited �lms by modifying the reactor parameters, e.g.
pressure, discharge power, substrate temperature and gas mixture. Numerous techniques
are employed to determine �lm properties, notably ellipsometry for �lm thickness, Raman
scattering to study �lm composition, X-ray di�raction to survey �lm lattice structure and
atomic force microscopy and scanning electron microscopy to examine �lm roughness.
Although this empirical method can give satisfactory results and satisfy the industrial
needs; in certain cases, it can be excessively iterative and provides sparse information
about the processes leading to the deposition of the required layers.
Investigations of the plasma parameters combined with computer simulations of the

plasma can provide a comprehensive understanding of the deposition mechanisms guiding
the choice of the optimal reactor parameters for producing the desired �lms. Modelling
of plasmas is a complex task which requires approximations to reduce the computing
time to reasonable limits; for instance, a number of parameters might be simply omitted
and equations written in simpler form. For that reason, a model has to be validated
before it can be adopted as a satisfactory description of a reactor. The outcomes of
a model can, for example, be compared to benchmark measurements. Various diag-
nostic techniques have been applied to the study of plasmas, Langmuir probes being
undoubtedly the most frequently employed enabling the determination of the plasma
potential as well as the electron density and temperature through analysis of the mea-
sured I-V characteristics [13�16]. Moreover, molecular plasmas are characterized by a
complex chemistry, as show in table 1.1, with a variety of stable and unstable species
involved. Therefore, the measurement of these properties (e.g. temperature and density)
is fundamental to the understanding of the chemical phenomena leading to the deposi-
tion process. The detection and monitoring of these species and their properties can be
achieved by employing various techniques, e.g. mass-spectrometry (MS), gas chromatog-
raphy (GC), laser-induced �uorescence (LIF), absorption spectroscopy (AS) and optical
emission spectroscopy (OES).
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In chapter 2, important aspects of the state of the plasma as well as its interactions
with surfaces are introduced. The three distinct deposition processes involved in this
work are presented: silicon oxide species (SiOx) on plastic surfaces to improve imperme-
ability (chapter 4), nano-crystalline diamond (NCD) on silicon substrates to enhance heat
conductivity (chapter 5) and hydrogenated amorphous silicon (a-SiH) used to produce
solar cells (chapters 6,7 and 8).
In chapter 3, the various diagnostic techniques employed to investigate plasma deposi-

tion processes are introduced. Furthermore, the principal diagnostic techniques employed
in this thesis to investigate deposition processes of thin �lm, namely AS and OES, as
well as basic elements of atomic and molecular spectroscopy are presented. Finally, as-
pects for determining translational, rotational and vibrational temperatures, particularly
relevant to chapter 5, are also introduced.
In chapter 4, the OES and AS techniques are employed to investigate the chemistry

of a MW plasma employed to deposit silicon oxide thin �lms. These techniques were
used to determine the rotational temperature of N2 and translational temperatures of
CH3 and CO, respectively. Moreover, the AS measurements enabled the determination
of the absolute concentration of the methyl radical, CH3 , and of seven stable molecules,
HMDSO, CH4 , C2H2 , C2H4 , C2H6 , CO and CO2. These species concentrations were
monitored for various discharge parameters, i.e. power, pressure and gas mixture.
In chapter 5, a MW plasma employed to deposit nanocrystalline diamond layers is

similarly investigated. An exhaustive study of H2, CH3, CH4 and CO ground state
temperature as well as their �rst second and third vibrationaly excited states allowed an
improved energetic analysis of the plasma. Subsequently, the absolute concentrations of
the methyl radical, CH3 , and of �ve stable molecules, CH4 , CO2 , CO, C2H2 and C2H6

were monitored for variations of the power and pressure of the plasma.
In chapter 6, the AS technique is used to determine the line strengths of lines in the P-

branch ν3 fundamental band of the silane molecule between 2096 and 2178 cm−1. Besides,
the spectroscopic interest in such a study, it was primarily performed to determine the
absolute concentrations of silane in plasma reactors.
In chapter 7, the AS technique is employed to investigate the spectroscopic properties

of the ν3 fundamental band of the silyl radical which is consider to be a key species to
monitor in the deposition of hydrogenated amorphous silicon. The silyl radical rQ3(6)
and pP6(9) transitions were detected in a hydrogen/silane plasma at 2169.3 cm−1 and
2119.95 cm−1, respectively. However, work is still in progress to determine their actual
line strengths.
Finally in chapter 8, a novel AS diagnostic technique is introduced for the study of

chemical phenomena at the plasma-surface interface. This novel AS technique has been
proven to enhance the sensitivity of an evanescent-wave experiment by incorporating it
within an optical cavity. This work is still in progress. Nevertheless, it is planned to
interface this novel diagnostic at the bottom of a RF plasma reactor enabling the in-situ
study of hydrogenated amorphous silicon deposition processes.
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2 Plasma enhanced chemical vapour
deposition (PECVD)

This thesis describe how plasma enhanced chemical vapour deposition (PECVD) is em-
ployed to deposit �lms on solid substrate. Important aspects concerning the plasma state
as well as its interactions with the surfaces are introduced in section 2.1. The PECVD
processes relevant in the framework of this thesis are presented namely the deposition
of silicon oxide (section 2.2), deposition of nano-crystalline diamond (section 2.3) and
deposition of hydrogenated amorphous silicon (section 2.4).

2.1 General concepts on plasmas and plasma-surface
interactions

The term "plasma" was �rst introduced by Irving Langmuir in 1928 [1] to describe ionized
gases produced by exciting electric discharges in low-pressure gases. Plasma is considered
to be the most abundant state of visible matter in the universe with estimations claiming
that it constitutes 99 % of its content; for instance, the sun contains 99.85 % of our solar
system matter. On the surface of earth, the pressure and temperature conditions prohibit
sustainability of this state of matter. Nevertheless, plasmas can be observed on storm
lightnings and in contemporary objects, e.g. neon signs. Nowadays, plasmas are of
increasing interest to produce energy and materials and, therefore, are a major �eld of
research.
Plasmas are commonly distinguished between thermal and non-thermal. In the case

of a thermal plasmas, the electrons and heavy species (charged or neutral species) are in
thermal equilibrium (Te = Tn). On the other hand, non-thermal plasmas are character-
ized by a much higher electron temperature than ionic and neutral species temperatures
(Te � Tn). Moreover, the degree of ionisation, κi (2.1), of thermal plasmas are typically
close to unity with a neutral density, nn, negligible compared to its electron density, ne,
whereas non-thermal plasmas degree of ionization are generally signi�cantly lower.

κi =
ne

nn + ne
(2.1)

Thermal plasmas are mainly operated in the attempt to generate energy through the
fusion reaction of a deuterium and tritium nuclei. This reaction requires such intense
temperature that no material is capable of withstanding it; hence, this type of plasma is
con�ned in "magnetic boxes" called "Tokamak" or "Stellarator". Moreover, in research
�elds related to metal welding and switches, the observed plasma arcs are also often
identi�ed as thermal plasma. On the other hand, non-thermal plasmas are exploited in
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2 Plasma enhanced chemical vapour deposition (PECVD)

industry for their interesting chemical properties. Indeed, the high electron temperature
empowers chemical processes that require extremely high activation energy through the
ionisation and fragmentation of molecular species; while, the cold heavy species prevent
damage of the reactor wall and of the treated surfaces. For this reason, these molecular
plasmas are applied in a broad range of processes, e.g. to decontaminate water through
ozone generation, to etch �lms using electronegative species (e.g. chlorine and �uorine),
to clean surfaces using nitrous oxide species and to deposit silicon or diamond �lms.
A plasma consists of an adequate quantity of charged and neutral species conforming to

the quasi-neutrality and collective behaviour principles [2, 3]. Quasi-neutrality describes
a balanced amount of positively and negatively charged species, i.e. the plasma has a
total charge of 0, as expressed in: ∑

zki en
k
i − ene ≈ 0 (2.2)

where e is the elementary charge, nki is the density of certain k atomic or molecular
ionic species and zki its associated charge. Collective behaviour of a plasma is induced
by the electromagnetic forces of the charged and neutral species which in�uence each
others.
A critical concept for assessing the nature of a plasma is the Debye length, λD. For a

non-thermal plasma, where heavy species are considered static relative to electrons, λD
can be written:

λD =

√
ε0kTe
e2ne

(2.3)

where ε0 corresponds to the vacuum permittivity and k to the Boltzmann constant. λD
represents the radius of a charged species sphere of in�uence into which the coulomb force
is dominant over other forces [4]. These implies that outside this sphere the potential of
the central species is screened by other charged species and that inside it, quasi neutrality
may not be satis�ed. Nevertheless, the most important outcome of the Debye length is
that for certain electron density and temperature, a plasma has to have a su�ciently
large volume that collective behaviour is respected.
As seen in equation 2.3, electron density and temperature are critical to determine

basic parameters such as the Debye length, enabling the characterisation of a plasma.
Similarly in the case of a molecular plasma, the variety of atomic and molecular species are
important parameters to further characterize the chemical processes within the plasma
and at the plasma-surface interface. n this thesis the diagnostic techniques employed
to measure the atomic and molecular species density and temperature are presented in
chapter 3.
Nowadays, the technological relevance of low-temperature plasmas for chemical pro-

cessing of materials is growing rapidly. This is due to the unique capabilities of plasmas
for transmitting charge, momentum and energy and, thereby, to drive transport and op-
tical processes and to initiate atomic excitations and chemical reactions. In particular,
the processes occurring at the plasma boundary, i.e. where the plasma comes into con-
tact with condensed matter, are of crucial importance in mechanisms of plasma induced
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2.1 General concepts on plasmas and plasma-surface interactions

surface modi�cations. Nevertheless, the behaviour of the plasma at the plasma-surface
interface is subject to various complex phenomena.
One of these phenomena is the formation of a positively charged sheath at the plasma-

surface interface, where the ion density largely exceeds the electron density; as a result,
this sheath leads to a shielding of the plasma from the surface and implies that the
quasi-neutrality principle breaks down. The formation of this sheath is due to the higher
electron temperature which permits, on plasma ignition, more electrons to reach the
material surface, inducing a negative electrical charge at the surface. Consecutively due
to Coulomb interaction, positively charged species are attracted and accelerated toward
the surface while electrons are repelled and decelerated. Eventually, an equilibrium
between the �uxes of electrons and of ionic species is reached �xing the electric potential
of the surface. In �gure 2.1, the electrical potential, V(r), is plotted at the plasma-surface
interface as a function of the distance from the surface. We observe the fast decline of the
electrical potential from, Vplasma, the plasma potential to, Vsurface, the surface potential.

Figure 2.1 Representation of the electric potential, V(r), at the plasma boundary
layer,"sheath", as a function of the distance to the surface.

The prevailing approach for treating the complex phenomena occurring at the plasma-
surface interface consists of introducing empirical parameters such as the electron and
ion sticking probabilities Se, Si, the secondary electron and ion emission coe�cients, γe,
γi and so on, for a given combination of plasma gas and surface material. However,
many of these coe�cients carry a large uncertainty or are unknown, as neither exper-
imental techniques nor reliable theoretical models have been developed. Additionally,
this concept of universal parameters for a given material is questionable since a large
variety of surface properties can in�uence the plasma-surface interaction; as for example,
the atomic and electronic structure of the solid and the surface extension, geometry and
roughness. Furthermore, the plasma induced surface modi�cation may in�uence these
surface properties which may evolve due to surface alteration of its chemical composition,
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2 Plasma enhanced chemical vapour deposition (PECVD)

morphology reactivity and sticking probability. Finally, due to the dynamical nature of
the surface properties, the plasma properties are changing as well. This complex time-
evolving interplay shows the limit of this traditional approach where the descriptions of
the plasma and the surface of the solid are separated.
A novel approach is currently under development that considers the plasma-surface

system as a single entity making it possible to fully capture the mutual in�uences of
both components. This method consists in developing a comprehensive model of the-
near surface region of the plasma, the plasma sheath and the active layer of the solid
surface. Hence, state of the art plasma diagnostics capable of retrieving information
at the plasma-surface interface are an important step in order to resolve contradictory
theoretical predictions. Such a diagnostic technique based on a cavity-enhanced ATR
experiment, is presented in chapter 8.

2.2 Deposition of silicon oxide (SiOx) �lms on plastic
material

Plastic (polymer) materials such as polyethylene terephthalate (PET) and polypropylene
(PP) o�er various advantages over glass or metal containers and dominate the �eld of
packaging world wide. The properties of these materials, e.g. low-weight and high resis-
tance, as well as their cost-e�ective production techniques make them ideal for the pack-
aging of food and beverages. However, they su�er from relatively low-barrier properties
against oxygen and water-vapour permeation; therefore, the shelf-life of plastic-packaged
food is limited and prevents their application in the �eld of pharmaceutical packaging
and encapsulation of electronics where the requirement for robust barrier properties is
much higher, see �gure 2.2.
One approach for improving the permeation barrier of these materials is through the

deposition of silicon oxide (SiOx) �lms. Silicon oxide �lms on plastics are typically
deposited in an oxygen-rich plasma with an admixture of a silicon containing precursor
[7]. In addition to the hexamethyldisiloxane precursor (HMDSO, Si2OC6H18, structural
formula depicted in �gure 2.3) employed in this thesis, chapter 4, various other precursors
are available as for example silane (SiH4), tetraethyl orthosilicate (TEOS, SiO4C8H20)
and hexamethyldisilazane (HMDS, Si2NC6H19). Nevertheless, the stability and non-toxic
properties of HMDSO are tailored to laboratory handling.
In chapter 4, the deposition of SiOx �lms is performed in a low-pressure plasmas ves-

sel fed through evaporation of HMDSO. HMDSO is subsequently fragmented through
collisional processes and may undergo further dissociation, ionization, oxidization and
agglomeration as represented in �gure 2.4. The production of various species, e.g.
fragments, ions and agglomerate, enables di�erent deposition paths of organosilicone
(SiOxCyHz) �lms, while the formation of oxidized species, such as carbon monoxide
(CO) and hydroxide (OH), induce the oxidization and etching of the growing �lm which
leads to carbon and hydrogen free SiOx �lms. This balance between deposition and etch-
ing processes is tuned through the selection of the gas mixture allowing the selection of
the �lm properties.
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2.2 Deposition of silicon oxide (SiOx) �lms on plastic material

Figure 2.2 Requirements for barrier properties in packaging with respect to oxygen transmis-
sion rate (OTR) and water vapour transmission rate (WVTR) [5, 6]

Figure 2.3 Structural formula of hexamethyldisiloxane (HMDSO)

In addition, the plasma is pulsed to avoid the formation of powder and dust which
would decrease the purity of the grown �lm. The short pulse duration of one to four
milliseconds impact the species life-time hence limiting the agglomeration processes and
the particle size. Furthermore, the long pause between pulses of a tens of milliseconds
allows a complete gas exchange in the plasma chamber before re-ignition. Investigation by
Deilmann [8] proved this concept by detecting no powder on the surfaces of the produced
�lms. This was further studied by employing mass-spectrometry and optical emission
spectrometry to follow the yield of lower mass fragments and ions of HMDSO. It was
observed that the relative concentration of CO2, HO2 and OH were increasing with the
partial pressure of O2 and not the partial pressure of HMDSO [8]. This indicates that
the deposition of SiOx �lms is the result of surface reactions, i.e. oxidation and etching
of carbon and hydrogen rather than the deposition of oxidised HMDSO fragments.
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Figure 2.4 Deposition pathways for SiOxCyHz �lms through fragmentation of hexamethyld-
isiloxane (HMDSO) [8�12]

2.3 Deposition of nano-crystalline diamond (NCD) on
silicon substrates

The exceptional properties of diamond, such as structural, electrical, optical or mechan-
ical, are often designated as extreme. This is due to the value of these properties which
almost always represents an extreme position among all other materials considered for
that property. These properties arise from the nature of diamond crystals which con-
sists of relatively light carbon atoms tetrahedrally bonded with sp3 hybrid bonds with
small internuclear distances (≈ 0.15 nm) and high strength of the covalent bonds (≈
347 kJ.mol−1). This large amount of energy required to remove a carbon atom from the
diamond lattice explains, for instance, the hardness and abrasion-resistance of diamond
[13].
The �rst synthesis of arti�cial diamond converted from graphite was achieved by high-

pressure high-temperature (HPHT) methods in 1955 [14]. Due to its complexity the
synthesis of diamond through enhanced-CVD was only achieved two decades later [15].
This technique involves the deposition of carbon atoms that originate from the dissoci-
ation of a carbon-containing gas precursor on a solid substrate. Consequently, various
carbon con�gurations, notably graphite (sp2) and diamond (sp3) are deposited. A major
breakthrough was the growth of the �lms in the presence of atomic hydrogen, based on the
realisation that diamond is more stable towards atomic hydrogen than towards graphite.
The replacement of two neighbours of a carbon atom in the diamond structure by hy-
drogen maintain its sp3 hybridisation, while a similar modi�cation for a graphite carbon
atom alters the electron bonds in the whole graphite ring. As a result, diamond deposi-
tion through enhanced-CVD is a consequence of two competing processes, i.e. the carbon
deposition in the graphite and diamond forms, and the selective etching of graphite by
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2.3 Deposition of nano-crystalline diamond (NCD) on silicon substrates

Figure 2.5 SEM micrograph of NCD layers deposited on a silicon substrate by PECVD [16].

atomic hydrogen. In the case of a non-diamond substrate, an extra nucleation step is
necessary since diamond does not grow spontaneously on non-diamond materials. Hence,
silicon substrates are typically seeded by spin coating with nano-diamond solution.
Nowadays, various techniques are employed to deposit diamond layers such as �lament-

assisted thermal CVD [17, 18], combustion-�ame assisted CVD [19], DC plasma jet CVD
[20] or, as in chapter 5, plasma-enhanced CVD [21, 22]. The resulting �lms are classi�ed
depending on the average grain size obtained as poly, micro, nano or ultra-crystalline
diamond �lms and their macroscopic properties depend on parameters such as grain size
and sp3 to non-sp3 ratio.
Nano-crystalline diamond (NCD) �lms, see �gure 2.5, grown by plasma enhanced

chemical vapour deposition (PECVD) are outstanding material candidates for optical,
electronic, biomedical and tribological applications [23, 24]. Although the relatively large
fraction of grain boundaries containing non-diamond phases may decrease some of the
desirable diamond properties, it also creates new interesting features [25]. NCD �lms
are then well adapted, notably due to their small roughness (typically below 10 nm), for
nano-technological applications, micro- and nano-electrical mechanical systems (MEMS,
NEMS), surface acoustic wave (SAW) devices, and for electrochemistry, superconductiv-
ity, and �eld emission applications [26, 27]. However, low diamond adhesion to substrates
and substrate damage during PECVD at high temperature are limiting factors for wider
commercial use [13, 28].
In chapter 5 and �gures 2.6 and 2.7, a distributed antenna array (DAA) PECVD

reactor is presented which enabled the deposition of NCD �lms at substrate temperature
in the range of 300-500 ◦C by using a H2/CH4/CO2 gas mixture. Brie�y, this reactor
relies on 16 MW coaxial plasma sources arranged in a 2D matrix. This arrangement can
be seen on the top of the reactor in �gure 2.6, and the typical plasma that these sources
produces is shown in �gure 2.7. The low operating pressure of this reactor (<1 mbar)
and the CO2 add-mixture are considered to be the predominant reason which enabled
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Figure 2.6 Photograph of the distributed
antenna array (DAA) PECVD reactor located
at the LSPM, University Paris 13.

Figure 2.7 Photography of a microwave dis-
charges in the DAA reactor. The plasma is ig-
nited from the top of the reactor via 16 coaxial
sources arranged in a 4 × 4 matrix whose lat-
tice separation is 4 cm. The substrate holder
shown in the centre of the reactor is 4 inches
in diameter.

the NCD deposition at this temperature. Although, the low pressure limits substrate
heating by the plasma discharge, it also limits the growth rate of the NCD �lms. As for
CO2, it has been speculated that its dissociation can provides additional etching species,
such as carbon monoxide (CO), hydroxide (OH) and atomic oxygen (O), which can lead
to a signi�cant decrease of the activation energy needed for diamond growth [27].

2.4 Deposition of hydrogenated amorphous silicon (a-Si:H)
�lms

Hydrogenated amorphous silicon (a-Si:H) is a versatile material with properties that are
interesting for application in devices such as solar cells, detectors and optoelectronic
devices. For example, a-Si:H is used in liquid crystal displays (LCDs) and scanner arrays
as the channel material that enables communication between each pixel of the device.
It is, also, used as a light sensor and as a photoreceptor in photocopiers. a-Si:H is also
used in light emitting diodes (LEDs), where its photo-luminescence leads to emission
in the near-infrared [29]. These many applications set di�erent requirements from the
properties of a-Si:H material in comparison to its dominant application in solar cells.
Solar cells convert solar energy into electricity by absorbing the incident photons and

consequently exciting electrons from their occupied orbitals to higher energy levels. For
example, in a a-Si:H solar cell, the layers are arranged in a so-called P-I-N junction
consisting of three active layers: a "positively" doped layer, an intrinsic layer and a
"negatively" doped layer, see �gure 2.8. The incoming photons are absorbed in the
a-Si:H layer creating an electron-hole pair. The electron and hole are, consecutively,
separated as a result of the internal electric �eld generated by the p- and n-type layers.
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Figure 2.8 Schematic representation of a
typical thin �lm a-Si:H solar cell on glass. The
typical thickness of the intrinsic a-Si:H layer
of this P-I-N junction is around 400 nm and
for the p- and n- doped layers is in the range
of 10-30 nm. The metal electrode is usually
silver which also acts as a back re�ector. [29]

Figure 2.9 Typical reactor scheme em-
ployed for plasma enhanced chemical vapour
deposition (PECVD) of hydrogenated amor-
phous silicon (a-Si:H).

Hence, the created excited electron can either dissipate the energy as heat or reaches the
electrode, producing an electrical current.
Solar cells based on thin �lms (0.1-5 µm) such as cadmium telluride, copper indium

gallium selenide and especially hydrogenated amorphous silicon are regarded as of high
potential for competing with grid electricity prices. This is mainly due to lower raw
material needs and lower production costs but also because these cells are easier to
implement and to integrate in building materials. The main advantage of a-Si:H over
other materials such as crystalline silicon (c-Si) is its higher optical absorption in the
visible range of the spectrum. Furthermore, a-Si:H leads to much smaller thickness to
absorb the same amount of light as c-Si. In practice, due to the amorphous nature of
a-Si:H a complete relaxation of the selection rules for optical absorption is observed.
Finally, its optical band-gap of 1.6-1.8 eV leads to less thermal losses and better use
of the energy of the photon within the solar spectrum. On the other hand, a-Si:H is
characterised by higher amounts of defects, notably dangling bonds, which lead to small
di�usion lengths of the charge carriers. This e�ect is explained by the formation of
recombination centres for the electrons and holes pairs around the �lm defects. Hence,
solar cells based on a-Si:H are still less e�cient than c-Si based solar cells [30].
Several deposition techniques were evaluated for the growth of a-Si:H �lms as the active

layer of solar cells such as plasma spray [31], reactive chemical vapour deposition [32], ion-
beam-assisted evaporation [33], electron cyclotron resonance [34], sputtering [35], high
pressure chemical vapour deposition [36], expanding thermal plasma deposition [37, 38]
or hot-wire deposition [39�42]. However, the di�culty to scale-up these techniques, has
so far prevented their application for the industrial scale deposition of a-Si:H. Hence, the
predominant technique employed to deposit a-Si:H �lms is by plasma enhanced chemical
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Figure 2.10 Simpli�ed representation of the silyl radical processes toward adsorption on the
hydrogenated amorphous silicon surface, adapted from [43].

vapour deposition (PECVD) which is typically operated by igniting a RF discharge in a
gas containing silane (SiH4) between two parallel electrodes, see �gure 2.9.
The growth of a-Si:H �lms consists of three stages: the creation of reactive species

in the plasma, the interaction of the species with the growing �lm surface, and the
conversion of the surface growth layer into the bulk solid [43]. It is generally accepted
that for higher quality a-Si:H from PECVD, the growth species is the SiH3 radical [44�
46]. The a-Si:H surface is almost fully terminated by hydrogen atoms and therefore the
growing surface is very hydrogen rich compared to bulk a-Si:H. The SiH3 is thought to
physisorb on this surface, and di�use over the surface, before being incorporated into the
�lm [47�49]. The adsorption of the SiH3 radical occurs through the abstraction of a H
atom to create a surface dangling bond which enables the subsequent addition of SiH3

to the surface dangling bond site. The possible reactions of SiH3 on the a-Si:H surface
are shown in �gure 2.10.
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3 Physico-chemical diagnostics of
PECVD processes

3.1 Diagnostics of molecular plasmas

The investigation of plasma physics and chemistry requires detailed knowledge of plasma
parameters. Diagnostic techniques enabling density and temperature measurements of
chemical species to be made are therefore crucial for characterising plasmas. An ideal
diagnostic technique should be capable of measuring all plasma parameters simultane-
ously in-situ and without the need for calibration on the smallest possible time scale
and with good spatial resolutions [1, 2]. Because no single technique is available, usually
various techniques are employed together to study the properties of the plasma. In this
section, the main diagnostic techniques used to investigate molecular plasmas are brie�y
presented.
One of the most established techniques is the Langmuir probe [3] which allows the

measurement of the electron and ion densities, electron temperature, electron energy
distribution functions and plasma potential [4]. The role of electrons in PECVD pro-
cesses is fundamental as shown in the previous chapter; indeed, electron impact is the
main transfer channel between electrical energy and chemical energy through excitation
and dissociation of molecules. The Langmuir probe is relatively simple to operate and
o�ers a means to determine the time and spatial distributions of the indicated plasma
properties. However, the insertion of the probe can cause alterations of the measured
plasma properties. For example, the electrical �eld of the plasma can change due to the
voltage applied to the probe and, additionally, due to the reactive species of the plasma
the surface of the probe can be sputtered or coated causing this e�ect to be unstable
in time. Hence, data processing the measured probe current-voltage characteristics to
retrieve the plasma properties can be challenging.
Mass spectrometers (MS) are amongst the most common tools used to analyse gas

composition in the �eld of molecular plasma [5]. A mass spectrometer typically consists of
an ion source, a mass analyser and an ion detector. The ion source causes the ionisation of
the neutral species in the gas sample. Subsequently, the mass analyser, e.g. quadrupole,
ion trap or time-of-�ight analysers, separates the ions according to their mass-to-charge
ratio. Finally, the ion detector provides quanti�cation of the number of the separated
ions. MS is a useful technique for the analysis of the gas composition, velocity distribution
and �uxes to the wall. Moreover, time resolution down to some tenth of a second can
be achieved for single mass numbers. Although the sensitivity is rather high, absolute
concentration determination is rather di�cult and requires calibration of the instrument.
Furthermore for the measurement of radicals, MS has to be improved and for this purpose
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3 Physico-chemical diagnostics of PECVD processes

the level of threshold ionisation mass spectrometry (TIMS) and photo ionisation mass
spectrometry (PIMS) [6] need to be used.
Analagously to MS, gas chromatography (GC) extracts gas from the plasma volume.

However, GC provides qualitative and quantitative analysis of more complex gas mixture
with a sensitivity down to ppm [7]. GC is based on the species distribution between two
immiscible phases caused by the di�erent velocities of the species in a separation column.
The identi�cation of the molecular species is established using other methods such as MS.
The disadvantages of GC are the requirement for calibration due to pressure di�erences
between the plasma and the detector, the impossibility of measuring transient species
such as radicals or ions and the poor time resolution of the order of minutes.
Laser induced �uorescence (LIF) employs the radiation of a laser tuned to a speci�c

transition wavelength to excite a species from a lower to a higher energy level [8]. The
�uorescence emitted by the species in the de-excitation process is then spectroscopically
resolved and measured. The concentration of the lower level of the target species can be
deduced when collisional relaxation e�ects can be neglected and the plasma is optically
thin. LIF can provide high spatial (millimetre) and temporal (nanosecond) resolutions.
Coherent anti-Stokes Raman scattering (CARS) is based on inelastic Raman-scattering

of photons by a molecule [8]. This technique is employed to determine the density, ro-
vibrational population or temperature of a molecular species. In a typical con�guration
three laser beams are used, one pump and one probe laser with the same frequency
and one laser with the Stokes-frequency of the molecule of interest. The frequency
di�erence of the pump and Stokes lasers is tuned to the Raman resonance of the target
molecule. Furthermore, the scattering of the probe laser is used to shift the anti-Stokes
wave to shorter wavelengths. As a result, a scattered anti-Stokes laser-like beam is
emitted from the interaction volume. However, the detected CARS-signal is usually
quite low in intensity; therefore, its application is mainly restricted to the major plasma
species.
Absorption spectroscopy (AS) describes the intensity decay of a light beam when

passing through a volume containing an absorbing species [9]. AS has been applied across
the electromagnetic spectrum from the vacuum-ultraviolet (VUV) to the far-infrared
(FIR) employing various external light sources such as continuous lamps (e.g. Xe-lamp
for the VIS and NIR or D2-lamp for the UV) or tunable lasers (e.g. dye lasers, diode
lasers, quantum cascade laser). In contrast to other techniques, AS techniques are well-
suited for determining absolute concentrations because only relative intensities need to be
measured, therefore no calibration is needed. Moreover, high temporal and high spatial
resolution can be achieved by employing fast, continuously tunable and collimated light
sources such as tunable lasers. Furthermore, absorption line positions provide species
identi�cation while line pro�les are often connected with gas temperature. The main
restriction of tunable lasers is their rather small spectral tuning range (∼= 100 cm−1)
compared to AS techniques employing broadband light sources.
A Fourier transform infrared (FTIR) spectrometer is a common AS laboratory instru-

ment consisting of a light source, a Michelson interferometer and a photo-detector [10].
Typically, the light sources employed are broadband emitters such as a heated silicon
carbide element which provides access to the entire mid-infrared range (from 400 to 4000
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3.1 Diagnostics of molecular plasmas

cm−1). Subsequently, light is collimated using an o�-axis parabolic mirror and directed
toward a Michelson interferometer where the beam is split into two arms by a beam
splitter (BS) and re�ected back toward the BS by movable and �xed mirrors. After the
BS, both beams are reunited and focused onto the photo-detector where the interfer-
ence signal of the re-combined beams is detected. The interference signal is governed
by the oscillation of the movable mirror which induces a path-length di�erence between
the two arms resulting in an intensity di�erence of the sinusoidal electrical �eld of the
re-combining light beams at the BS. The oscillation of the interference signal provide
spectral calibration. This instrument enables wide spectral analysis in the mid-infrared
region where strong ro-vibrational features of most molecules can be found; hence, this
instrument is particularly convenient to analyse the gas composition of a sample. How-
ever, its low time resolution (seconds to minutes) and the very poor coherence of its light
source are serious limitations implying low sensitivity and selectivity.
In most cases the sensitivity of AS measurements is limited by intensity �uctuations

of the light sources. Various optical devices enabling multi-pass can be employed to
increase the absorption path length through the sample of interest. Nevertheless, the
poor coherence of broadband light sources make their alignments di�cult in such multi-
pass optics. The development of highly coherent, narrow band light sources, such as
lasers, greatly facilitates the use of these optical devices.
Another technique employed to improve the sensitivity of AS measurements is cavity

ring-down spectroscopy (CRDS). First implemented by O'Keefe and Deacon [11] in 1988,
this method is based on the measurement of the decay rate of short laser pulse injected
into an optical cavity formed by two highly re�ective mirrors. This technique greatly
improves sensitivity due to the many thousands of round trips accomplished by the light
trapped inside the cavity resulting in e�ective optical path-length in the kilometre range.
Absorption as low as 10−9 can be measured with an acceptable signal-to-noise ratio.
Optical emission spectroscopy (OES) investigates the electromagnetic radiations emit-

ted from molecular plasmas over a wide spectral range from the ultraviolet (UV), through
the visible region to the infrared (IR) [9]. Modern OES spectrometers features high spec-
tral resolution (up to picometers), with a sensitivity near to the single photon detection
limit and time resolution as short as nanoseconds. The generation of photons is governed
by the de-excitation of atomic, molecular, radical and ionic species which were excited
due to a variety of processes such as electron collisions, ion-molecule reactions and charge
exchange. The measured spectral distribution of the emitted light contains information
about the various plasma species densities and temperatures as well as the strength of
the internal and external electrical �elds.
In this thesis, laser absorption spectroscopy (LAS) and optical emission spectroscopy

(OES) are employed to measure atomic and molecular species densities and tempera-
tures and, therefore, these techniques are presented in more detail in sections 3.3 and
3.4. However, basic aspects of atomic and molecular spectroscopy are fundamental to
the understanding of the LAS and OES techniques so these aspects are presented in
section 3.2. The determination of gas, rotational and vibrational temperatures through
analysis of line pro�le or evaluation of rotational or vibration population distributions
are presented in section 3.5. Finally in support of chapter 5, the equations employed for
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3 Physico-chemical diagnostics of PECVD processes

the determination of the rotational and vibrational temperatures of the CO molecule are
presented in section 3.5.

3.2 Basic aspects of atomic and molecular spectroscopy

Spectroscopy is the study of the interaction between light and matter. In 1815 the
German physicist Joseph Fraunhofer discovered upon examining the solar spectrum that
the colours were not entirely continuous but some shades were missing, appearing as dark
lines in the spectrum. Nowadays, these lines are known as the Fraunhofer lines and are
known to be caused by the chemical elements in the solar and earth atmospheres. This
was con�rmed by discovering that any chemical element has its own distinct set of lines
and later explained by the Bohr atomic model where electrons can only occupy orbits
around a positively charge nucleus at a de�ned set of distances. These distinct orbits are
associated with de�ned energy levels. The transition of an electron from an energy level
to a lower or higher energy level is accomplished through the emission or absorption of
a photon at a speci�c frequency:

hν = E1 − E2 (3.1)

where h corresponds to the Planck constant, ν the frequency of the emitted of absorbed
photon, E1 the initial energy level and E2 the �nal energy level.
The transitions are governed by three main mechanisms: absorption, spontaneous

emission and stimulated emission [12, 13]. Absorption take place when a photon is
absorbed providing the energy for an electron to raise to a higher energy state. The rate
of absorption can be written as the rate of population variation between a lower state,
N1, and an upper state, N2, as follows:

dN2

dt
= −dN1

dt
= B12 · ρ(ν) ·N1 (3.2)

where B12 (J−1 m3 s−2) is the Einstein coe�cient corresponding to the probability
that an electron in an energy state 1 will absorb a photon with an energy, ∆E = E2 -
E1, to transition to a state 2 and ρ(ν) is the energy radiation density at a frequency ν.
Spontaneous emission is the process by which an electron in an upper state spontaneously
decay to a lower level, its rate can be written as:

dN2

dt
= −A21 ·N2 (3.3)

where A21 (s−1) is the Einstein coe�cient corresponding to the probability that an
electron in an energy state 2 will emit a photon with an energy, ∆E = E2 - E1, to
transition to a state 1. Finally, stimulated emission is the decay of an electron from an
upper state caused by an incident photon. Its rate can be written as:

dN2

dt
= B21 · ρ(ν) ·N2 (3.4)
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3.3 Laser absorption spectroscopy

where B21 (J−1 m3 s−2) is the Einstein coe�cient corresponding to the probability
that an electron in an energy state 2 will decay due to an incident photon and, therefore,
emit a photon with an energy, ∆E = E2 - E1, to transition to a state 1. The Einstein
coe�cients, A21, B12 and B21, are �xed intrinsic properties of a species and at thermal
equilibrium they are related as follow:

g1

g2
·B12 = B21 =

c3

8πhν3
·A21 (3.5)

where g1 is the degeneracy of state 1, g2 is the degeneracy of state 2, c is the speed of
light, h is the Planck constant and ν is the absorption frequency.
In thermal equilibrium, Ni the population of state i is expected to follow the Boltzmann

distribution as:

Ni

N
=
gi · exp(− Ei

k·T )

Q
(3.6)

where N is the total density of the relevant species, gi is the degeneracy of state i, Ei
the energy of state i, k is the Boltzmann constant, T is the temperature and Q is the
partition function.

3.3 Laser absorption spectroscopy

3.3.1 Tunable infrared lasers

In 1960, the development of the �rst laser revolutionised the �eld of high resolution
spectroscopy [14]. Lasers are considered to be ideal light sources because of their prop-
erties namely small spectral line-width, high spatial and temporal coherences and high
intensity. In the domain of AS, lasers are extensively employed to detect and monitor
molecular, radical, ionic and atomic species. While, their spacial coherences enabled the
spectral resolution of single ro-vibrational feature of small molecules, their high intensity
and spatial coherence improved by several orders of magnitude their absorption sensi-
tivity. Notably, the small divergence of these sources greatly facilitate their alignments
in optical cavities and in multiple re�ection optics such as White and Herriot cells. In
this thesis, the species were measured through continuous tuning of the wavelength of
the laser across transitions; two types of such tunable lasers were employed.
The �rst type, shown in �g. 3.1, is based on a lead-salt semiconductor crystal, a

p-n junction diode, with its two opposite ends polished to form the laser cavity. The
two opposite sides of such p-n junction diodes are manufactured by doping each sides
either with an electron acceptor or a donor. Hence, the large electro-negativity di�erence
between the two opposite sides causes the electrons and holes to recombine and to emit
the recombination energy. Moreover, the emitted light is ampli�ed by multiple re�ections
inside the cavity.
These lasers cover the mid-infrared spectral range where strong ro-vibrational features

of most molecules are present. The typical spectral coverage of a single laser is around
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Figure 3.1 Photo of a tunable lead-salt
diode laser in its mounting and of a one cent
coin for scale [19].

Figure 3.2 Photo of a continuous-wave
external-cavity quantum cascade laser pack-
age.

100 cm−1. The laser central wavelength, or mode, is adjusted by modifying its operating
temperature or junction injection current. The wavelength of these lasers is tuned over
the transition of interest in a controlled manner by varying the current. These lasers
are characterised by an output power of several hundreds of µW and low-noise enabling
highly sensitive measurement. Their main disadvantages is that they are not continuously
tunable due to mode gaps and operate at cryogenic temperature (below 120 K) which
requires expensive and cumbersome systems.
Diode lasers have proven their applicability to the plasma environment where their

stability and coherence greatly improved the sensitivity of absorption measurements [15,
16]. They not only increased the accuracy of density and temperature measurements of
stable species but also provided a means of detecting and monitoring short-lived species
such as radical and atomic species [17, 18] that are key players in plasma deposition
processes.
The second laser type is based on quantum cascade laser (QCL) technology, �rst

introduced by Kazarinov and Suris [20] and subsequently realised by Faist et. al. [21] in
1994. They are, now, recognised as the light sources of choice for plasma diagnostics in the
mid-infrared. Although, the �rst QCL devices could only be used at room temperature
in pulsed mode with low duty cycles, the successful resolution of the heat dissipation
problem enabled the use of these devices at room temperature in continuous-wave (cw)
mode.
QCLs are made of successive layers of conducting and insulating materials with their

thickness carefully selected to enable electrons to tunnel through the insulating barrier
into the next conductive layer. The laser emission is due to the energy loss of the
electrons provoked by the potential di�erence of two successive conductive layers. Hence,
the wavelength of the radiation is controlled by the layer thickness of each successive
conducting layer which, in turn, determines their energy level separation.
The development of distributed feedback (DFB) QCLs enabled the tailoring of the

emission wavelength over a wide range throughout the IR molecular �ngerprint region.
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3.3 Laser absorption spectroscopy

Compared with lead-salt lasers, DFB-QCLs provide continuous mode-hop free (MHF)
wavelength tuning, high output power, near room temperature operation and narrow
line-width radiation in the case of cw-DFB-QCLs. However, their total emission range
is usually restricted to less than 7 cm−1 [22].
Recently, the commercial availability of water-cooled continuous-wave external-cavity

(EC)-QCLs, see �gure 3.2, enabled tunability over much broader spectral range than
with lead-salt lasers or DFB-QCLs. EC-QCLs operating in pulsed or cw modes provide
MHF tuning ranges as large as 80 cm−1, narrow line-width of about 10−3 cm−1 and
power up to 350 mW. EC-QCLs are state of the art devices which are already in use in
an increasing number of applications including high resolution isotope analysis, explosive
detection and trace gas monitoring [23�31]

3.3.2 Fundamentals of absorption spectroscopy

In this thesis several diode lasers and an EC-QCL were employed to measure the density
and temperature of stable and short-lived species. The absorbing species densities are
calculated using the Beer-Lambert law for the measured area under the absorption line,
see �gure 3.3. The Beer-Lambert law is derived from the radiative transfer equation, see
�gure 3.4, where the light intensity variation, dI, over an in�nitesimal distance, dz, is
equivalent to the di�erent in�uences of ampli�cation and attenuation on an intermediate
intensity, Iin,:

dI(ν) = (j(ν)− k(ν)) · Iin(ν) · dz (3.7)

where j(ν) is the ampli�cation coe�cient caused by spontaneous and stimulated emis-
sion and k(ν) is the attenuation coe�cient due to light scattering and absorption, pro-
vided that emission can be neglected, equation 3.7 can be integrated as follow:∫ I

I0

1

Iin(ν)
· dI =

∫ L

0
k(ν) · dz (3.8)

where I0 is the initial intensity, I is the �nal intensity and L the length through the
sample. Therefore, in the case of a homogeneous sample, where k(ν) is constant over the
length of the sample, equation 3.8 becomes:

ln(I(ν))− ln(I0(ν)) = k(ν) · L (3.9)

Finally, provided that scattering e�ects can be neglected, the attenuation coe�cient,
k(ν) can be written as a function of absorption e�ect, i.e. k(ν) = n · S(ν,T), where n
and S(ν,T) are, respectively, the density and the line strength of the absorbing species.
As a result the Beer-Lambert law becomes:

ln(
I0(ν)

I(ν)
) = n · S(ν, T ) · L (3.10)

where ln( I0(ν)
I(ν) ) is equivalent to the area under the absorption line, A, see �gure 3.3.

29



3 Physico-chemical diagnostics of PECVD processes

Figure 3.3 Absorption line example, P(13)
of the CO molecule, the area, A, the full width
at half maximum, FWHM, and the line shape,
Φ(ν), are graphically presented.

Figure 3.4 Representation of the exponen-
tial behaviour of the Beer-Lambert law and 2
dimensional illustration of the radiative trans-
fer equation.

The line strength, S(ν,T), is related to the Einstein coe�cient, A21, as follows:

S(ν, T ) = g2 ·
3ε0hc

3

16π3ν3
·A21 (3.11)

where g2 is the degeneracy of state 2, ε0 is the vacuum permittivity, h the Planck's
constant, c is the speed of light and ν is the absorption frequency.

3.4 Optical emission spectroscopy

Optical emission spectroscopy (OES) is an in-situ technique which exploits the electro-
magnetic radiations emitted by the plasma to investigate the plasma composition and
to measure the temperature and density of the atomic and molecular species present in
the plasma. In non-equilibrium plasmas, the excitation of atomic, ionic and molecular
species by electron impact from a lower energy level, E1, to a higher energy level, E2, and
the subsequent decay through spontaneous emission is the main process responsible for
the radiation emitted by the plasma. Hence, the central wavelength, λ0, of the emitted
photon corresponds to the energy di�erence between the higher and lower levels, ∆E =
E2 - E1, and is given by:

λ0 =
hc

∆E
(3.12)

where h is Planck's constant and c the speed of light. Energy levels of a species
are intrinsic properties of a species; therefore, the measured λ0 is used to identify the
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3.5 Temperature determination

radiating species. Moreover, the intensity of the spectral line, I21, is correlated with the
spontaneous emission probability of the relevant species given by the Einstein coe�cient,
A21, and the higher level density, N2, as follow:

I21 = N2 ·A21 (3.13)

Atomic or molecular transitions may occur between di�erent electronic, vibrational or
rotational levels; accordingly, a more rigorous version of equation 3.13 can be written as:

In
′
,ν
′
,J
′

n′′ ,ν′′ ,J ′′
= Nn

′
,ν
′
,J
′
·An

′
,ν
′
,J
′

n′′ ,ν′′ ,J ′′
(3.14)

where n
′
, ν
′
, J
′
are, respectively, the electronic, vibrational and rotational quantum

numbers of the higher level and n
′′
, ν
′′
, J
′′
are, respectively, the electronic, vibrational

and rotational quantum numbers of the lower level [9].
Spectrally resolved intensity distribution of the light emitted by a plasma is acquired

by employing a spectrometer. Nevertheless, to correlate the measured intensity to the
plasma properties such as density and temperature is a complex task. For example, the
calculation of species density in the ground state from line intensities is often a complex
problem. Due �rst, to the intensities of emission lines which are integrated along a line of
sight and within a certain solid angle. Therefore, the local value of the intensity can only
be determined if the plasma is homogeneous. Otherwise, theoretical inversion methods
have to be used such as Abel inversion in the case of cylindrical symmetry. Secondly,
because it requires a theoretical model for the excitation and de-excitation processes,
gathering all cross-sections, transition probabilities as well as information about the
electron energy distribution function (EEDF) is necessary.
In this work, the collected spectra were recorded in the visible range, 200 to 900 nm,

where the OES technique can be used in its simplest form and avoiding atmospheric
absorption. In chapter 4, the emitted light from the (C-B,0-0) transition of N2 between
334 and 337 nm was used to determine its rotational temperature by comparison to a
distribution model of the rotational population. In chapter 5, the OES technique is em-
ployed to determine the rotational temperature and degree of dissociation of molecular
hydrogen. The rotational temperature is determined by measuring and plotting a Boltz-
mann distribution curve of the (2-2) band of the Fulcher-α system, by analogy to the
method described in [32]. The degree of dissociation of molecular hydrogen is determined
from the measured intensity ratio of the Hα and the Hβ lines of the Balmer series and of
the Q1 line of the (2-2) band of the Fulcher-α system, as explained in [33].

3.5 Temperature determination

Temperature determination is crucial for investigating plasma processes; since the Ar-
rhenius' equation tells us that the reaction rate of a chemical species is exponentially
dependent on temperature. Moreover in the framework of this thesis the calculation of
a species density determined by AS is contingent on the line strength values which are,
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in turn, temperature dependent. Hence in this thesis, various methods were employed to
measure the temperature of the various species composing the plasma.

3.5.1 Translational temperature

The translational temperature, Ttrans,(also known as the gas or kinetic temperature) of
a species can be deduced from the measurement of the Doppler broadening of a measured
spectral line. The main mechanisms responsible for the measured line pro�les are: natural
broadening, pressure broadening and Doppler broadening. First, the natural broadening
is caused by the well-known Heisenberg uncertainty principle which can be written as:

∆τ ·∆E ≥ h

2π
(3.15)

where it can be considered that ∆τ is the lifetime uncertainty of a certain energy level
and ∆E is corresponding energy uncertainty. Therefore, the shorter the lifetime of a
certain energy level, the higher is the uncertainty on its energy. This energy uncertainty
leads to a spread of the energy of the absorbed photon, resulting in a broadening of
the absorption line. Secondly, the pressure broadening is a consequence of collisions
shortening the e�ective lifetime of a certain energy level; hence, increasing the uncertainty
of its energy, similarly to natural broadening.
Nevertheless, in the low-pressure plasmas investigated in this thesis the main mecha-

nism which governed the species line pro�les is the Doppler broadening. The Doppler
broadening arises from the translational motion of the absorbing species while interacting
with light. Species moving in the same or the opposite direction from a electromagnetic
radiation can absorb higher or lower light frequency. This Doppler broadening leads to
a Gaussian line pro�le, φ(ν), which can be expressed as:

φ(ν) =
2
√
ln(2)√

π∆νD
· exp[−(

2
√
ln(2)

∆νD
· (ν− ν0))2] (3.16)

where ν0 is the frequency at the transition centre and ∆νD is the Doppler broadening:

∆νD = 2 · ν0

√
2kT ·NA · ln(2)

Mc2
= 7.1× 10−7 · ν0 ·

√
T

M
(3.17)

where NA is the Avogadro's number and M is the molecular weight of the species.
Hence, in the case of a line pro�le mainly induced by the Doppler e�ect, the full width
at half maximum (FWHM) of the species spectral line can be correlated with its trans-
lational temperature.
It should be noted that in the case of LAS measurement, another important broadening

mechanism is due to the laser line-width. Hence, the narrow line-width of the EC-QCL
employed in this thesis (10−3 cm−1) is a great advantage of this type of laser enabling
precise translational temperature measurements.
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3.5.2 Rotational temperature

Provided that the population density of the rotational levels of a de�ned vibrational and
electronic state corresponds to a Boltzmann distribution, the rotational temperature,Trot,
can be de�ned as [13]:

N(J) ∝ (2J + 1) exp(−Erot(J)

k · Trot
) (3.18)

where J is the rotational quantum number, k the Boltzmann constant, N(J) the density
of the rotational state J and Erot(J) the energy level of the rotational state J.
The rotational temperature of rotational levels is obtained experimentally from the

measured area of the corresponding ro-vibrational transitions logarithmically plotted as
a function of the energy of the lower state. If the Boltzmann distribution is valid, the
resulting curve results in a linear decrease whose slope can be used to deduce Trot.
In chapter 5 the rotational Boltzmann plots of CO, see �gure 5.13, were derived from

equation 3.18. The densities of the lower rotational state N(J) are calculated using:

N(J) =
A(J)

σ(J) · L
(3.19)

where A(J) is the area of the measured absorption line and L is the absorption path
length. The cross-sections σ(J) for each of the measured lines are calculated using [34]:

σ(J) =
gk
gi
· c2

8π · ν2
·Aki (3.20)

where gi and gk are the degeneracies of the lower level i and upper level k, ν is the
absorption frequency and Aki is the Einstein coe�cient.
In most cases, the relaxation times of the excited rotational levels are smaller in com-

parison to the quenching and radiative processes leading to the redistribution of the
rotational levels. Hence, the rotational temperature is, then, generally equal to the
translational temperature.

3.5.3 Vibrational temperature

Usually in non-thermal plasmas, population densities over vibrational levels di�er from
a Boltzmann distribution. This is largely due to the relatively slow radiative decay
processes of the excited vibrational levels in comparison to the faster excitation processes.
Nevertheless, the vibrational temperature, Tvib can be used for rough estimations of the
population distributions or to estimate the electron energy distribution function. Tvib is
deduced by employing [13]:

N(v) ∝ exp(− G0(v)

k · Tvib
) (3.21)

where v is the vibrational quantum number, N(v) the density of the vibrational state
v and G0(v) is the "zero-point energy" of the anharmonic oscillator of the vibrational
state v, see [13].
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3 Physico-chemical diagnostics of PECVD processes

In chapter 5, the vibrational Boltzmann plot of CO, see �gure 5.14, was derived from
equation 3.21. The densities of the vibrational levels N(ν) are determined using:

N(J)

N(v)
=

2J + 1

Qr
· exp(−B(v) · J(J + 1) · hc

k · Trot
) (3.22)

where B(v) is the rotational constant of the vibrational state v and Qr is the rotational
partition function calculated using [13]:

Qr =
k · Trot

h · c ·B(ν)
(3.23)
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4 Spectroscopic studies of microwave
plasmas containing
hexamethyldisiloxane*

4.1 Introduction

Since several decades plasmas at low and at atmospheric pressures containing organosil-
icon precursors have been used in a variety of plasma enhanced chemical vapour depo-
sition (PECVD) processes to produce thin �lms with advantageous optical, electrical or
mechanical properties, for still increasing numbers of industrial applications. Hexam-
ethyldisiloxane (HMDSO), (CH3)3-Si-O-Si-(CH3)3 has been widely applied as precursor
for plasma assisted polymerization and thin �lm deposition [1, 2]. The development of
new coatings providing speci�c properties, e.g. gas di�usion barriers, for applications
in thin �lm technology requires an improved understanding of the fundamental physical
and chemical phenomena. This includes the plasma chemical kinetics in the discharge
volume and also interactions of reactive species with solid surfaces. Therefore, the in-
vestigation of fragmentation of the molecular precursor including the plasma initiated
dissociation and the formation of stable and transient reaction products is the key ap-
proach for the diagnostics of such complex plasmas. The study of properties of various
discharges containing HMDSO and of the mechanical and chemical characteristics has a
long and interesting history. Already in 1973 Schmidt described stability phenomena of
glow discharges containing HMDSO and used mass spectrometry to analyse molecular
plasma products [3].
In the past a great variety of studies have been performed analysing the fragmenta-

tion of HMDSO in plasmas by di�erent experimental and theoretical approaches. In the
literature focused on the analysis of plasma chemical processes including the fragmen-
tation of the precursor three experimental methods based on spectroscopic techniques
have been mainly used. The �rst one, mass spectrometry (MS), provides comprehensive
information about the HMDSO dissociation products. With MS a variety of smaller and
higher weight molecular reaction products including neutral and charged species have
been identi�ed leading to an essential improved understanding of gas phase reactions
under these complex plasma conditions [4�14]. For improved sensitivity sometimes MS
has been combined with gas chromatography [15, 16].
In addition to MS optical emission spectroscopy (OES) has been frequently employed

to identify several smaller neutral and charged fragmentation products, e.g. H, SiH, CH,

*based on: A. S. C. Nave, F. Mitschker, P. Awakowicz and J. Röpcke 2016 Journal of Physics D:
Applied Physics 49 395206 URL http://dx.doi.org/10.1088/0022-3727/49/39/395206
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C2, CO+, CO+
2 and others under low pressure conditions [13, 14, 17, 18]. Using directly

relative radiative intensities or the more elaborate method of actinometry trends of the
concentration behaviour depending on plasma conditions like power, pressure and gas
mixture have been monitored [18�20]. OES has been proven also as an useful method to
study atmospheric pressure discharges containing HMDSO [21, 22].
In the past two decades an increasing number of studies of HMDSO containing plas-

mas using optical absorption techniques have been performed. Fourier transform infrared
(FTIR) spectroscopy often in combination with other spectroscopic methods as MS and
OES provides a multiple components detection approach combined with information
about, mostly relative concentrations of detected molecular species. Already in 1997
Raynaud et al published �rst results about FTIR in situ measurements in electron cy-
clotron resonance (ECR) plasmas describing qualitatively the concentration behaviour of
the precursor molecule and of the reaction products CH4, C2H2 and C2H4 [23]. In 2005
the same team applied again the FTIR technique to study the gas phase in microwave
plasma containing HMDSO at relatively low pressure values of about 10−3 mbar [9]. The
detection sensitivity of the FTIR set-up could be increased to the impressive value of 5
x 1010 molecules cm−3 based on a multi-pass approach providing an absorption length
of more than 40 m. But the identi�cation of molecular species and in particular the
determination of their absolute concentration su�ered from the relatively low spectral
resolution of about 0.5 cm−1, which allowed only to detect molecular band structures
and no single absorption lines [9].
In a combined mass spectrometry and IR absorption study Theirich and co-workers

used a FTIR spectrometer to receive information about the relative concentrations of
intermediate gas phase precursors in HMDSO-O2 MW plasmas [10]. In several other
spectroscopic studies of plasmas containing HMDSO, the FTIR method has been used
to obtain information about relative concentration trends of the precursor and plasma
chemical reaction products [5, 12, 18, 22, 24].
Following the analysis of the gas phase frequently the relationship to properties of

deposited �lms has been studied using in situ or ex situ methods, as e.g. XPS, SEM
or FTIR [16, 21, 22, 25�30]. In recent years an increasing number of applications of
atmospheric plasmas has to be stated [2, 16, 21, 22, 27�30].
Compared to the great variety of experimental studies focused on the analysis of prop-

erties of various types of discharges containing HMDSO published in the last decades,
theoretical approaches for modelling these plasmas are rather rare. One of the �rst
attempts of a theoretical description was the modelling of the positive column in an
Ar-HMDSO DC glow discharge by Schmidt and Maas in 1989 [31]. In 1998 Basner et
al reported a comprehensive study of the absolute total and partial electron impact ion-
ization cross sections of HMDSO [32]. Theoretical aspects were included in the analysis
of the ion chemistry in HMDSO by Jiao et al [33]. Recently the in�uence of HMDSO
admixtures on the discharge characteristics of an atmospheric pressure barrier discharge
in Ar used for thin �lm deposition has been studied experimentally and by numerical
calculations [34].
In 2002 tunable diode laser absorption spectroscopy (TDLAS) has been used to ob-

tain absolute concentrations of reaction products in Ar-HMDSO radio frequency (Rf)
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plasmas. In this early study the concentrations of the methyl radical, CH3, and of three
stable molecules, CH4, C2H2 and C2H6, were monitored depending on discharge param-
eters as power, pressure and gas �ow rate. Ethane was found to be dominant in pure
HMDSO plasmas, while methane was produced at considerable higher amounts in case
of an increasing Ar content. Aspects of gas phase fragmentation could be correlated to
deposition experiments [35].
In the present study infrared laser absorption spectroscopy (IRLAS) in the mid-infrared

spectral range has been combined with OES. For IRLAS two di�erent radiation sources
have been used. Firstly, the TDLAS method has been utilized, see [36] and references
therein. Secondly, a relatively new laser class, external-cavity quantum cascade lasers
(EC-QCLs), which up to now has only been used in limited cases in plasma diagnostics
[37�41]. In contrast to lead salt lasers used in TDLAS, EC-QCLs can be tuned over a
spectral range greater than 150 cm−1 with a mode-hop free tuning range of the order of
100 cm−1 [37, 39]. In general, QCLs and inter-band cascade lasers (ICLs) for wavelengths
shorter than 3.4 µm are considered as substitutes for cryogenically cooled lead salt lasers
in the �eld of laser absorption spectroscopy in the mid-infrared spectral range.
The OES method was used to derive information about the gas temperature inside

the microwave plasma. Using IRLAS, the absolute concentrations of the methyl radical,
CH3, and of seven stable molecules, HMDSO, CH4, C2H2, C2H4, C2H6, CO and CO2,
were monitored in the microwave reactor. The in�uence of the discharge parameters
power, pressure and gas mixture on the molecular concentrations of the various species
is the focus of interest. An additional target was to derive fragmentation rates of the
HMDSO precursors and the conversion rates to the reaction products.

4.2 Experiment features

4.2.1 Experimental arrangement

The experimental arrangement of the microwave-driven low-pressure plasma reactor used
for the deposition of SiOx and SiOxCyHz coatings together with the optical diagnostics
systems is shown in �gure 4.1. Further details of the design and operating principles
of the reactor can be found elsewhere [25, 42]. Only a brief summary is given here.
The MW reactor system has been designed for the deposition of silicon containing �lms
that work as a gas permeation barrier on plastics. HMDSO with a certain admixture
of oxygen allows to deposit silicon oxide coatings with a tailored carbon content. The
reactor consists of a cylindrical vacuum chamber made of stainless steel with a volume
of 6 dm3 at a diameter of 140 mm. Combined with a pumping system a base pressure of
10−2 Pa can be reached. Into the reactor, microwave power with a frequency of f = 2.45
GHz is coaxially irradiated by means of a redesigned Plasmaline antenna [25, 42, 43]. A
maximum power of Pcw = 2 kW can be achieved. Gas mixtures, containing HMDSO,
oxygen and nitrogen can be fed into the chamber through the Plasmaline antenna. A
grounded substrate holder in form of a metallic cage used for plastic bottles, foils or
�at substrates is positioned concentrically around the Plasmaline antenna. The cage is
formed by a wire mesh of 1.5 mm size using metallic wire with a diameter of 0.3 mm.
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Figure 4.1 Side view of the microwave-driven low-pressure plasma reactor used for the depo-
sition of SiOx and SiOxCyHz coatings and scheme of the experimental arrangement.

The oxygen to HMDSO ratio was varied from 2 to 200. The pressure is controlled by a
butter�y valve and was chosen in the range p = 25 - 50 Pa. The power values were varied
between P = 0.5 to 2 kW. The �ows of the gases are determined using three separate
mass �ow controllers. The total �ow rate was chosen between φ = 50 sccm and 340
sccm. The residence time of the gas mixture in the reactor was in the range of 2 min up
to few seconds depending on the used �ow rate.

4.2.2 Optical measurements

The OES and IRLAS measurements were performed separately. The optical axis for both
experimental investigations was chosen at 245 mm from the bottom of the cylindrical
reactor. For the analysis of the optical emission of the MW plasma an echelle spectrom-
eter (ESA-3000, LLA GmbH, Berlin) was used. This spectrometer provides a spectral
resolution of ∆λ = 0.015 − 0.6 nm in the range from λ = 200 − 800 nm. A tungsten
ribbon lamp and the branching ratios in emission spectra of nitrogen and nitrogen oxide
were used for absolute and relative calibration [44].
In order to quantify plasma parameters by OES an amount of 10 % of nitrogen was

ad-mixed to the process gas. This speci�c quantity of nitrogen was chosen as compromise
between measurable intensities of nitrogen bands and minor in�uences on plasma param-
eters caused by this additional admixture. The latter was proven by the measurement
of the emission intensity of the atomic oxygen line at 777.2 nm (O(5P-5S)) with and
without admixture of nitrogen. At an admixture of 10 % of nitrogen the changes of the
line intensity re�ecting related plasma conditions was negligible. The validity of applying
this method combined with a speci�c collisional-radiative model has been proven in a
former study [42]. In the present investigations as an additional test, the concentrations
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of the relevant molecular species have been measured by IRLAS also without any nitro-
gen admixture. The di�erences related to the concentrations with nitrogen admixture
were found to be below 10 %, i.e. within the errors of the experiment.
An optical �bre was used to observe the optical emission through a quartz window.

For an unimpeded observation of the plasma region a gap was cut into the substrate
holder in the line of sight. The observed plasma volume was de�ned by an aperture
mounted to the �bre head that determined the acceptance angle. The plasma volume
was determined considering a geometrical factor [42]. The spatial resolution was about
0.6 cm. Corrections of measured emission intensities were performed by application of the
spectral sensitivity of the used spectrometer. Figure 4.2 depicts an example of an optical
emission spectrum with identi�ed spectral features of the MW plasma in a HMDSO-O2-
N2 gas mixture, including a variety of Si and SiO lines, the Hβ and Hγ lines of the Balmer
series, and emissions of OH, N2, N+

2 and CH bands. The inset of �gure 4.2 shows the
spectral range between 334 and 337 nm in more detail with the N2 band of the (C-B,
0-0) transition used for determining the rotational temperature comparing experimental
and simulation data [45].
The error for the determination of the temperature is strongly dependent on the spec-

tral resolution of the optical system. Low optical resolution would lead to a relatively
high error. Nevertheless, the error also depends on matching between simulation and
experiment. Therefore, the con�dence interval is determined individually by means of
the �tting procedure for each spectrum. It was found to be in the range ±20−±100K.
For the TDLAS measurements a compact and mobile infrared component acquisition

(IRMA) system has been used. The IRMA system allows to monitor multiple species
because four lead salt lasers can be driven simultaneously. Further details about the
IRMA system have been reported elsewhere [46]. To increase the accessible spectral
range of the whole set-up the IRMA system has been optically combined with an EC-
QCL (Daylight Solutions, MHF-21047-01). This EC-QCL could be scanned over about
100 cm−1 without any mode hops.

Table 4.1 Species, spectral positions and line strengths at 296 K used for the absorption
spectroscopy measurements.

Species Spectral position Line strength at 296K Detection limit Ref.
(cm−1) (cm−1/(molecule cm−2)) (molecules cm−3)

HMDSO 1049.60→ 1049.70 6.320× 10−19 1× 1013

C
2
H
4

1049.75 1.707× 10−21 8× 1013 [47]
CH

4
2998.99 4.570× 10−20 1× 1013 [47]

C
2
H
6

2996.87→ 2996.90 4.254× 10−19 5× 1012 [47]
C
2
H
2

656.20 1.104× 10−20 1× 1012 [47]
CO

2
656.25 4.262× 10−21 2× 1013 [47]

CH3 606.12 4.637× 10−19 5× 1011 [48]
CO 2147.08 9.284× 10−20 1× 1012 [47]

Using this complex spectrometer arrangement, the concentrations of the precursor gas
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HMDSO and of the reaction products CH3, and of six stable molecules, CH4, C2H2,
C2H4, C2H6, CO and CO2, depending on power and pressure of the discharge at varying
gas mixtures could be determined. The spectral positions of the molecular ground state
lines used in the present study together with their line strengths and detection limits can
be found in table 4.1.

Figure 4.2 Overview optical emission spec-
trum with identi�ed spectral feature of the
MW plasma at p = 0.25 mbar, P = 1.5 kW, φ
= 50 sccm HMDSO + 100 sccm O2 + 15 sccm
N2. The inset shows the spectral range be-
tween 334 and 337 nm in more detail with the
N2 band of the (C-B, 0-0) transition used for
determining the rotational temperature com-
paring experimental and simulation data.

Figure 4.3 Methyl radical absorption spec-
trum in the range of 606 cm−1 at P = 1.5
kW, p = 35 Pa, φ = 50 sccm HMDSO + 100
sccm O2 + 15 sccm N2. The dotted line cor-
responds to a CO2 reference gas cell used for
calibration.

The infrared laser beam used to probe the plasma had a diameter of about 1 cm.
The beam was guided into an optical multi-pass cell. This White cell equipped with
infrared transparent KBr windows was mounted on the plasma chamber to achieve higher
detection limits at a distance of 0.462 m between them [49]. The two cylindrical arms of
the White cell were slightly tilted by an angle of 3 degrees to avoid any shadowing e�ect of
the Plasmaline antenna in the middle of the reactor. The number of passes of the White
cell was chosen to be 16 leading to an optical length of 7.392 m. The plasma experiments
have been performed with an additional �ow of two times φO2,buffer = 50 sccm of O2

bu�er gas through both arms of the multi-pass optics to avoid the coating of the mirrors
by silicon-oxide species. The precursor gas mixture, inserted by the Plasmaline antenna
at the top of the reactor and pumped out at the bottom, is dominating the chemical
processes in the reactor volume, where the plasma is con�ned. Therefore, inside the
plasma region the e�ective optical path length is assumed to be a reduced value of 2.24
m.
Using an o�-axis parabolic mirror the laser beam leaving the cell was focused onto a

liquid nitrogen cooled HgCdTe infrared detector (EG&G JUDSON, bandwidth 1 MHz),
see �gure 4.1. Well-documented reference gas spectra [47, 48] and an etalon of known
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free spectral range have been employed to identify the lines used for the determination
of molecular concentrations. The dependence of the line strengths of the monitored
molecular species on the temperature has been calculated based on the molecular data
in the literature [47, 48].
Since in the case of HMDSO the partition function is unknown the evolution of the

absorption as a function of temperature in the range between 300 and 550 K has been
determined in a separate experiment. This was performed using a heated gas cell (LOT
Quantum design 35670-OT) combined with a FTIR spectrometer (Bruker 9000). As an
example of the absorption measurements, �gure 4.3 shows an absorption spectrum of the
methyl radical in the range of 606 cm−1 at P = 1.5 kW, p = 35 pa, φ = 50 sccm HMDSO
+ 100 sccm O2 + 15 sccm N2.

4.2.3 Determination of the gas temperature

Along the radial axis, the plasma of the MW reactor is characterized by considerable
gradients of the gas temperature Tgas. In the plasma bulk near to the Plasmaline antenna,
the gas temperature can reach relatively high values, see below. The walls of the reactor
are maintained near room temperature caused by cooling of the surrounding air. In
addition, it has to be considered, that the optical observation of the plasma is performed
through two side arms of a length of 16 cm each surrounded by a metallic tube at about
room temperature.

Figure 4.4 Gas temperature of N2 in de-
pendence on power for p = 25, 35 and 50 Pa
in MW plasma, φ = 50 sccm HMDSO + 100
sccm O2 + 15 sccm N2.

Figure 4.5 Experimental data of the Q(3,3)
absorption line of the methyl radical at
606.120 cm−1, together with a Gaussian �t for
temperature determination, P = 1.5 kW, p =
35 Pa, φ = 50 sccm HMDSO + 100 sccm O2

+ 15 sccm N2.

To achieve reliable values for the gas temperature inside and outside the plasma bulk
which are of great importance for calculation of species concentrations, three di�erent
methods have been used in the present study:
Method (i):
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The rotational distribution of the emission spectrum of the (C-B, 0-0) vibrational band
of molecular nitrogen was used for the determination of the gas temperature. Applying
this approach, it is assumed that the population of the rotational levels in the relevant
excited nitrogen states are in accordance with the gas temperature due to an equilibrium
between rotational and translational degrees of freedom. The use of nitrogen as a sensor
gas is based on an underlying collisional-radiative model. The (C-B, 0-0) emission tran-
sition is excited by direct electron impact of the nitrogen molecules in the ground state
and by stepwise excitation via metastable states of the neutral molecule and the ground
state of the molecular ion. In the present plasma conditions, the nitrogen molecules
have su�ciently long lifetimes to ensure this equilibrium. Further, the electron-impact
excitation has only a minor in�uence on the nuclear angular momentum of molecular
nitrogen, see ref. [42]. For di�erent gas temperatures, a simulation of the N2 (C-B, 0-0)
vibrational band has been performed. The comparison with the observed emission bands
has led to the determination of the values of the gas temperature [42, 45]. In �gure 4.4
the gas temperature of N2 in dependence on the power for three di�erent pressure values,
p = 25, 35 and 50 Pa, in the MW plasma for a �ow of φ = 50 sccm HMDSO + 100
sccm O2 + 15 sccm N2 is presented. The gas temperature increases with the power from
about 500 K at a power value of P = 0.5 kW to 1200 K at P = 2 kW. A clear in�uence
of the pressure cannot be observed.
Method (ii):
The Doppler broadening of selected CH3 fundamental lines of the ν2 band, Q(2,2),

Q(3,3) and Q (4,4) was used for the gas temperature determination. Figure 4.5 shows
experimental data of the Q(3,3) absorption line of the methyl radical at 606.120 cm−1,
together with a Gaussian �t for temperature determination for P = 1.5 kW, p = 35
Pa and φ = 50 sccm HMDSO + 100 sccm O2 + 15 sccm N2. In �gure 4.6 the gas
temperature Tgas determined from the Doppler broadening of CH3 absorption lines as a
function of the power for three pressure values and for a �ow of φ = 50 sccm HMDSO +
100 sccm O2 + 15 sccm N2 is depicted. Within the errors of the measurement no clear
dependence of the temperature, which has an average value of about 630 ± 100 K, on
power could be found.
Method (iii):
For reasons of comparison also the Doppler broadening of a CO fundamental line at

2147.08 cm−1 was analysed in dependence on power. These measurements have been
performed with an EC-QCL as radiation source in the IRLAS spectrometer. Figure 4.6
shows the gas temperature as a function of power for three pressure values. Within
the errors of the measurement no obvious dependence of the temperature, which has an
average value of about 350 ± 50 K, on power and pressure could be found.
Analysing the results of these three di�erent approaches for determining the neutral

gas temperature it becomes clear that this type of non-equilibrium plasma cannot be
fully described with only one speci�c value for the temperature. It has to be considered,
that (i) the plasma contains multiple atomic and molecular species including precursor
molecules and products in ground and excited states, (ii) based on the construction
principle of the reactor using a single Plasmaline antenna in the middle of the reactor, the
plasma generation is characterized by a certain degree of inhomogeneity with hottest, hot
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Figure 4.6 Gas temperature Tgas determined from the Doppler broadening of CH3 and CO
absorption lines as a function of power for three pressure values, φ = 50 sccm HMDSO + 100
sccm O2 + 15 sccm N2.

and colder zones and (iii) although OES and IRLAS are both line of sight methods, OES
probes only the plasma region while IRLAS detects transient species mainly in the plasma
region and stable species in both, the plasma and the remote regions of the reactor. In
a former study using Langmuir probes, the typical average electron temperatures were
found to reach the highest values of about kBTe = 3.0 eV directly near to the Plasmaline
antenna. The electron temperature decays about exponentially within the �rst 10 mm
from the antenna reaching a constant value of about 1.5 eV at bigger distances [50].
Consequently, the hottest plasma zone, where the molecular emission of the (C-B, 0-0)
vibrational band of N2 has been monitored, is directly located only few mm around the
antenna. CO as a stable molecule is present in the whole volume of the reactor and also
in the side arms of the multi pass optics. Therefore, it shows the lowest temperature of
all proven species. The methyl radicals are produced mainly in the plasma zone and can
di�use a distinct distance, limited by its life time which is in the range of ms, into the
more remote regions [48]. This e�ect causes an increased temperature compared to CO,
see Figure 4.6.

4.2.4 Fragmentation and conversion e�ciency

The analysis of energetic aspects of the chemical phenomena in the used complex molecu-
lar multi-component plasmas, a method already proposed in 2001 [51], can lead to further
insights into main reaction pathways and allows, in addition, a comparison with chemical
conversions of studies performed under di�erent conditions and plasma types. Therefore,
the experimental data concerning the HMDSO dissociation were used to calculate ab-
solute fragmentation e�ciencies of this precursor gas and conversion e�ciencies to the
observed main products. The e�ciencies are normalized for the discharge power. The
fragmentation e�ciency, RF , of HMDSO is calculated by analogy to ref. [51�53]
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RF = ΦP ·
1

60
· κD

100
· N0

P
, (4.1)

where RF has units of molecules J−1, φP is the precursor �ow rate in sccm, κD is
the percentage degree of dissociation of the precursor molecules, N0 is the number of
molecules per cm−3 at STP (2.69 x 1019 molecules) and P is the power in W. The
conversion e�ciency, RC , to plasma product molecules is expressed analogously as

RC = nmolecule · Φtot ·
1

60
· 103

p
· 1

P
(4.2)

where RC has units of molecules J−1, nmolecule is the measured molecular concentration
in molecules cm−3, φtot is the total gas �ow rate in sccm, p is the pressure in mbar and
P is the power in W.

4.3 Results and discussion

4.3.1 On the fragmentation of the precursor molecule

Information about the degree of dissociation of the precursor gas, HMDSO, used in this
study is of great importance in order to analyse the conversion of the feed gas mixture into
products and to support the understanding of the plasma chemistry in the reactor volume
and the related deposition processes. In �gure 4.7a and 4.7b, the degree of dissociation
of HMDSO in the O2-HMDSO-N2 plasma is given in dependence on two parameters: (i)
the discharge power and (ii) the gas mixing ratio, O2/HMDSO, for three pressure values,
p = 25, 35 and 50 Pa. In general, the N2 admixture was at 10 % of the �ow rate. The
degree of dissociation of HMDSO increases continuously with power independent on the
pressure at a ratio of O2/HMDSO = 2. It can be seen, that the dissociation of HMDSO
is relatively low at lower power values, e.g., about 10 % at P = 0.5 kW, but reaches a
high value of about 90 % at 2 kW discharge power.
In contrast, no clear dependence of the degree of dissociation of the HMDSO precursor,

κD, on the gas mixing ratio, O2/HMDSO, at P = 1.5 kW has been found. The values of
κD ranges between 50 and 90 %, slightly depending on the pressure, i.e. increased values
of κD were measured for higher pressures.
The values of the fragmentation e�ciency, RF , for the HMDSO precursor depending

on power and on the gas mixing ratio, O2/HMDSO, are given in �gure 4.8a and 4.8b.
Compared to former studies in MW plasmas of higher pressures using smaller molecular
precursor gases, here in general RF was found to be essential higher in the range 0.5 -
1.3 x 1016 molecules J−1 [51, 52]. It is interesting to note, that a maximum of RF was
found at a power value of P = 1 kW for p = 50 Pa. Reduced pressures and increasing
oxygen admixtures tend to reduced values of RF .
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(a) (b)

Figure 4.7 Degree of dissociation, κD, as a function of the power at a ratio of O2/HMDSO =
2, p = 25, 35 and 50 Pa (a) and as a function of the O2 admixture at P = 1.5 kW, p = 25, 35
and 50 Pa (b).

(a) (b)

Figure 4.8 Fragmentation e�ciency, RF , as a function of the power at a ratio of O2/HMDSO
= 2, p = 25, 35 and 50 Pa (a) and as a function of the O2 admixture at P = 1.5 kW, p = 25, 35
and 50 Pa (b).

4.3.2 Qualitative features of species concentrations and mass balance

Figures 4.9 and 4.10 give an overview of the concentrations of 8 di�erent molecular
species, the precursor HMDSO and the products CO, CO2, CH4, C2H2, C2H4, C2H6 and
CH3, in dependence on the discharge power and on the gas mixing ratio, O2/HMDSO.
These concentrations have been monitored inside the plasma region as integrated absorp-
tion over the radial axis, see chapter 4.2.1 and 4.1. Some useful generalizations follow
from these experimental results based on mid-infrared absorption spectroscopy. The con-
centrations range over about four orders of magnitude from 1011 to 1015 molecules cm−3.
The highest concentration was found for CO followed by the remaining HMDSO and, at
higher O2 admixtures, by CO2. The species with the lowest concentration of all those
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studied was the methyl radical between 1011 to 1013 molecules cm−3. C2H2 and CH4 can
be considered as �nal products of the chemical conversion in the plasma reaching con-
centrations with increasing power of about 1014 molecules cm−3, �gure 4.9. Considering
the power dependent measurements, C2H4 and C2H6 can be considered as intermediate
products. C2H6 is mainly produced by the recombination of two CH3 radicals in a three
body reaction or at low pressure values at the inner surfaces of the reactor. A main path
to create C2H4 is the H2 abstraction from C2H6 [52, 54�56].
It should be underlined that an increasing admixture of oxygen to the feed gas leads,

in general, to a strong decrease of the concentrations of all hydrocarbon products, see
�gure 4.10. In contrast, the concentration of CO remains nearly constant while the
density of CO2 slightly increases. This plasma chemical behaviour is also re�ected in
the dependence of the conversion e�ciencies, RC , presented in �gures 4.11 and 4.12.
Depending on power RC decreases for all molecular species except for CH3, �gure 4.11.
This underlines that the destruction of HMDSO with its six CH3 groups or its bigger
fragments is a dominant process at relatively low oxygen admixture. With increasing
oxygen content in the feed gas, the production of CO followed by CO2 becomes of great
importance compared to all other detected species, see �gure 4.12.

Figure 4.9 Concentration of 7 species,
HMDSO, CO, CH4, C2H2, C2H4, C2H6 and
CH3, in dependence on power at a ratio of
O2/HMDSO = 2, p= 35 Pa. The introduced
amount of HMDSO is shown by the dashed
line.

Figure 4.10 Concentration of 8 species,
HMDSO, CO, CO2, CH4, C2H2, C2H4, C2H6

and CH3, in dependence of the O2 admix-
ture, P = 1.5 kW. The introduced amount of
HMDSO is shown by the dashed line.

In 2001 based on an in situ Fourier transform infrared absorption spectroscopy and
mass spectrometry study analysing normalized neutral mass intensities, a comparable
e�ect was already reported by Magni and co-authors [12]. In their RF plasmas they
found, that a dilution of HMDSO with oxygen led to a reduction of all carbon containing
products except of CO2. It was deduced that for CO2 an additional source of carbon must
exist, namely depositions at the reactor surface. It was shown that high mass carbonated
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radicals �rst di�use to the surface, and then the carbon is removed by oxygen etching
forming CO2 [12]. In the present investigations, it is also of high probability that carbon
containing species �rst deposited on reactor surfaces are being increasingly removed with
higher O2/HMDSO ratios by oxygen etching producing CO and CO2.

Figure 4.11 Conversion e�ciency of
HMDSO, CO, CH4, C2H2, C2H4, C2H6 and
CH3, in dependence on power at a ratio of
O2/HMDSO = 2, p= 35 Pa.

Figure 4.12 Conversion e�ciency of
HMDSO, CO, CO2, CH4, C2H2, C2H4, C2H6

and CH3, in dependence of the O2 admixture,
P = 1.5 kW.

The carbon mass balances of the plasma chemical processes versus discharge power and
O2/HMDSO feed gas ratio are shown in �gure 4.13 and 4.14, respectively. The carbon
mass balance, CM , is the percentage of measured carbon in comparison to the introduced
amount of carbon. In the �gures, the upper lines represent the sum of the concentrations
of all carbon containing species detected in the plasma. It can be seen, that the carbon
mass balance, CM , is mainly dominated by the remaining HMDSO, �gure 4.13, and with
higher oxygen admixture to the feed gas by CO and HMDSO, �gure 4.14.
Depending on the discharge conditions CM ranges between about 20 and 70 %. Only

few per cent of the available carbon in the gas phase appears as CO2, C2H2 and CH4.
The contribution of C2H6, C2H4 and CH3 is even less important. As already discussed
above, these types of plasma tend to produce surface �lms very e�ectively not only on
the substrate. Therefore, it is reasonable to suppose that the deposition at all surfaces
which are in contact with the plasma and also the production of a variety of higher
hydrocarbons act as sinks for carbon.

4.3.3 Detailed view on species concentrations

In the following set of �gures, a more detailed view on the concentration behaviour of
the HMDSO precursor and of the reaction products depending on power with the gas
pressure as additional parameter is given over more than three orders of magnitude. Two
species with the highest concentration in the multi component plasma are HMDSO and
CO, although both show an opposite dependence on power. As shown in �gure 4.15,
the concentration of HMDSO decreases strongly with increasing power from 2.5 x 1015
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Figure 4.13 Carbon mass balance (CM )
and carbon contribution to CM in dependence
on power, p = 35 Pa, for 7 species, HMDSO,
CO, C2H2, CH4, C2H6, C2H4 and CH3.

Figure 4.14 Carbon mass balance (CM )
and carbon contribution to CM in dependence
on O2 content, P = 1.5 kW, for 8 species,
HMDSO, CO, CO2, C2H2, CH4, C2H6, C2H4

and CH3.

Figure 4.15 Concentration of HMDSO in
dependence on power for three di�erent pres-
sure values at a ratio of O2/HMDSO = 2.

Figure 4.16 Concentration of CO in depen-
dence on power for three di�erent pressure val-
ues at a ratio of O2/HMDSO = 2.

to about 0.4 x 1015 molecules cm−3. Higher values of the gas pressure lead to higher
concentrations of HMDSO, in particular at lower power values.
The concentrations of CO, which is in the range of 0.5 x 1015 to 1.5 x 1015 molecules

cm−3 increases with power up to a maximum at about P = 1 kW, see �gure 4.16.
Figure 4.17 shows a comparable behaviour with a maximum at lower power values for
the evolution of the concentrations of CH4, which are essential lower than that from CO
ranging between 1 to 4 x 1014 molecules cm−3. In contrast, the concentration of C2H2

increases clearly with the discharge power, �gure 4.18. Higher pressure leads to higher
concentrations in the range 0.8 to 2.7 x 1014 molecules cm−3. C2H2 appears as a main
�nal product of the plasma chemical conversion in the gas phase. The opposite behaviour
has been found for C2H4 namely a decreasing concentration with power between 0.5 and
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2 kW, see �gure 4.19. Again higher discharge pressure results in higher concentrations
between 8.4 and about 3.7 x 1014 molecules cm−3. Since C2H4 is produced in the plasma
a maximum of the concentration is supposed to be reached at power values below 0.5 kW.
In the case of C2H6 a small maximum in concentration was found for pressure values of p
= 35 and 50 Pa between 0.75 and 1 kW in the range between 0.4 to 1.5 x 1014 molecules
cm−3, �gure 4.20. Figure 4.21 shows, the concentration of the methyl radical increases
with power up to about 6 x 1014 molecules cm−3 up to P = 1.5 kW. It is interesting to
note, that this maximum value was reached at the lowest pressure of p = 25 Pa. This
behaviour may be caused by the essentially reduced probability of three body reactions
of CH3 producing C2H6 at lower pressures.

Figure 4.17 Concentration of CH4 in de-
pendence on power for three di�erent pressure
values at a ratio of O2/HMDSO = 2.

Figure 4.18 Concentration of C2H2 in de-
pendence on power for three di�erent pressure
values at a ratio of O2/HMDSO = 2.

Figure 4.19 Concentration of C2H4 in de-
pendence on power for three di�erent pressure
values at a ratio of O2/HMDSO = 2.

Figure 4.20 Concentration of C2H6 in de-
pendence on power for three di�erent pressure
values at a ratio of O2/HMDSO = 2.

The increasing admixture of oxygen in relation to HMDSO has found to lead in gen-
eral to a strong, nearly exponential decay of the concentrations of HMDSO and of all
monitored hydrocarbon products for all three studied pressure conditions, not shown.
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Figure 4.21 Concentration of CH3 in dependence on power for three di�erent pressure values
at a ratio of O2/HMDSO = 2.

Figure 4.22 Concentration of CO in depen-
dence on the O2 content for three di�erent
pressure values, P = 1.5 kW.

Figure 4.23 Concentration of CO2 in de-
pendence on the O2 content for three di�erent
pressure values, P = 1.5 kW.

This e�ect has already been discussed in relation to �gure 4.10. Only in the cases of
CO and CO2 an essentially di�erent behaviour has been observed. Figure 4.22 gives the
concentration of CO in dependence on the O2 content for three di�erent pressure values
at P = 1.5 kW.
The concentrations were found to be nearly constant for the studied oxygen content

in the feed gas. The higher discharge pressure values show also higher concentrations of
CO between 0.5 and 1.5 x 1015 molecules cm−3. In the CO2 case, the concentrations,
although about one order of magnitude lower than for CO, tend to stay constant for the
lower pressure value of p = 25 Pa, while increasing with the O2 admixture at p = 35 and
50 Pa. These observations support the importance of carbon containing depositions at
the inner surfaces of the reactor system, as already described by Magni et al. [12]. With
increasing oxygen admixture heterogeneous reactions with deposited material produce
CO and CO2. This e�ect has been proven by additional experiments only ad-mixing O2
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and N2 in the gas phase of the plasma after using HMDSO. We found the concentrations
of CO ranging between 25 and 50 % of that measured in gas mixtures containing HMDSO.

4.4 Summary and conclusions

The present study is mainly focused on experimental investigations in low-pressure, low
temperature HMDSO-O2-N2 plasmas used for deposition of SiOx and SiOxCyHz coat-
ings. OES in the visible spectral range has been combined with infrared laser absorption
spectroscopy (IRLAS). The evolution of the concentration of the methyl radical, CH3,
and of seven stable molecules, HMDSO, CH4, C2H2, C2H4, C2H6, CO and CO2, was
monitored in the plasma processes by in situ IRLAS using tunable lead salt diode lasers
(TDL) and external-cavity quantum cascade lasers (EC-QCL) as radiation sources. The
gas temperatures in the hot and colder zones of the plasma, which are of great impor-
tance for calculation of species concentrations, have been determined using three di�erent
methods based on emission and absorption spectroscopy data of N2, CH3 and CO. This
information has been utilized to derive the concentrations of the various stable and unsta-
ble plasma species, which were found to be in the range between 1011 to 1015 cm−3. The
in�uence of the discharge parameters power, pressure and gas mixture on the molecular
concentrations has been studied. Based on the construction principle of the reactor, the
plasma generation is characterized by a certain degree of inhomogeneity with di�erent
temperature zones, i.e., hottest, hot and colder zones. This complexity is character-
ized by the multiple molecular species including the HMDSO precursor and products
in ground and excited states existing in the plasma. Appropriate diagnostics methods,
as in the present case, infrared absorption spectroscopy and OES, are able to provide
quantitative information as basis for future theoretical descriptions of these important
technological deposition plasmas. The comprehensive description of the plasma chemical
and kinetic phenomena occurring in the complex plasmas under study would require a
detailed modelling approach, which should include also surface processes.
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5 Spectroscopic study of low pressure,
low temperature H2-CH4-CO2

microwave plasmas used for large area
nanocrystalline diamond �lms*

5.1 Introduction

Although already more than two decades ago the feasibility of the deposition of nanocrys-
talline diamond (NCD) has been shown [1], the further development of this technology
is still of great importance, in particular, concerning the treatment of large substrates at
relatively low substrate temperatures. Some physical properties of NCD are comparable
to polycrystalline diamond (PCD), however, compared to PCD, NCD �lms are charac-
terized by a very low roughness, which is independent on the thickness of the layers,
and higher non-diamond impurities. The roughness is typically below 25 nm and is com-
bined with a very small nanometre grain size. These properties are making NCD �lms
favourable for tribological and speci�c electronic applications, where smooth layers are
required [2�4]. Nevertheless, a wider commercial use of NCD �lms has been limited so
far by (i) insu�cient adhesion properties to substrates due to residual stress and (ii) the
requirement of high substrate temperatures above 800 °C leading to sensitive substrates
being damaged in the deposition process [5].
In 2007, Latrasse and co-workers developed a new approach to provide high density

microwave plasma (MW) sources for large area depositions while ensuring relatively
low substrate temperatures below 400 °C. This new concept to realize a planar reactor
comprises a 2-dimensional matrix of several single microwave plasma source elements
without using magnetic �elds [6, 7]. For characterizing these plasma sources Latrasse
started with Ar as a feed gas and used Langmuir probes to study electric parameters of the
microwave source and absorption spectroscopy for density determination of metastable
Ar atoms. Hydrogen was employed as reactive molecular gas in a second step in 2009 [8].
In that study, in addition to Langmuir probe measurements optical emission spectroscopy
(OES) was applied to determine the gas temperature and the degree of dissociation of
the precursor gas.
Based on this 2-dimensional matrix approach of microwave antennas a 4 x 4 con�g-

*based on: A S C Nave, B Baudrillart, S Hamann, F Bénédic, G Lombardi, A Gic-
quel, J H van Helden and J Röpcke 2016 Plasma Sources Science and Technology 25
065002 (Part I) URL http://dx.doi.org/10.1088/0963-0252/25/6/065002 and 065003 (Part II) URL
http://dx.doi.org/10.1088/0963-0252/25/6/065003
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uration has been successfully used to deposit uniform NCD �lms with very low surface
roughness between 5 - 10 nm and a grain size in the range of 10 - 20 nm on a 4 inches
wafer in 2014. Moreover, it was possible to ensure substrate temperatures below 300 °C
[9]. For the deposition of the �lms a few per cent of CH4 and, in particular, of CO2 were
ad-mixed to the H2 feed gas. Recent works reported that the addition of small amounts
of CO2 in the gas mixture provides additional etching species and leads to a signi�cant
decrease of the activation energy needed for diamond growth [10]. Thus, the admixture
of CO2, even at a very low level, has been important to be able to deposit NCD at very
low substrate temperatures. As the properties of the NCD �lms were in the centre of
interest, investigations based on a variety of surface and solid state analysis techniques
such as scanning electron microscopy (SEM), atomic force microscopy (AFM), transmis-
sion electron microscopy (TEM) and Raman spectroscopy have been performed [9]. In a
successive parameter study the deposition conditions have been optimized regarding the
gas pressure and the substrate position below the microwave antennas [11]. Recently, a
self-consistent two-dimensional model has been applied to describe the discharge in this
new type of plasma reactor to provide a link between local plasma parameters and the
uniformity of the NCD �lms. For simplicity, in this �rst step only hydrogen was used as
precursor gas [12].
The deeper understanding of the complex chemistry in H2-CH4-CO2 microwave plas-

mas will be a crucial step for the further improvement of large scale NCD deposition at
low substrate temperatures. The literature containing information about chemical and
kinetic processes in hydrogen microwave plasmas with admixtures of multiple carbon
containing species, as in the present case CH4 and CO2, at working pressures below 1
mbar is relatively limited.
The addition of CO2 to the standard hydrogen-methane precursor gas mixture causes

a higher complexity of the plasma. Furthermore, understanding how the interaction
between substrate surfaces and the plasma changes with surface temperature is also
of great importance for the deposition processes, in particular, to achieve speci�c �lm
properties. For better insight into these phenomena and for the validation of theoretical
models quantitative information about the concentrations of stable and transient atomic
and molecular species in ground and excited states should be provided. Methods based
on emission and absorption spectroscopy are appropriate non-intrusive in situ plasma
diagnostic techniques for this purpose.
In the present study optical emission spectroscopy (OES) in the visible spectral range

has been combined with absorption spectroscopy (AS) in the mid-infrared spectral range.
For the latter one, two di�erent radiation sources have been used. Firstly, traditional lead
salt lasers, since several decades employed in tunable diode laser absorption spectroscopy
(TDLAS), were utilized, see [13, 14] and references therein. Secondly a relatively new
laser class, external-cavity quantum cascade lasers (EC-QCLs), which up to now have
only been used in limited cases in plasma diagnostics [15�18]. In contrast to lead salt
lasers, EC-QCLs can be tuned over a spectral range greater than 150 cm−1 with a mode-
hop free tuning range of the order of 100 cm−1 [16, 19]. In general, QCLs and inter-band
cascade lasers (ICLs) for wavelengths shorter than 3.4 µm are considered as substitutes
for cryogenically cooled lead salt lasers in the �eld of laser absorption spectroscopy in
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the mid-infrared spectral range.
The OES method was mainly used to derive information about the gas temperature

and the degree of dissociation of the hydrogen molecules inside the microwave plasma.
Using AS, the temperature of the CH3 radicals and of the stable molecules CO and CH4,
as well as, the absolute concentrations of the methyl radical, CH3, and of �ve stable
molecules, CH4, CO2, CO, C2H2 and C2H6, were monitored in the reactor.
Reliable information about not only the neutral gas temperature, but also about the

rotational and vibrational temperatures is a crucial precondition for the determination
of concentrations of molecular species. Therefore, the results are presented into two
separated sections 5.3 and 5.4. The �rst section 5.3 will be focused on the measurements
of the gas, rotational and vibrational temperatures of the various species in the plasma.
Monitoring a variety of CO lines in the ground state and in three hot bands enabled an
extensive temperature analysis providing new insights into energetic aspects of the multi-
component plasma. In the second section 5.4, the concentrations of the various species
taking into account the temperatures determined in the �rst section 5.3 are in the focus of
interest. The in�uences of the discharge parameters power and pressure on the molecular
concentrations were studied. To achieve insight into general plasma chemical aspects,
the carbon precursor gases (CH4 and CO2) degree of dissociation, fragmentation rate
and conversion e�ciency to the reaction products was analysed in detail.

5.2 Experimental features

5.2.1 Experimental arrangement

The experimental arrangement of the distributed antenna array (DAA) chemical vapour
deposition (CVD) reactor for depositing NCD �lms together with the optical diagnostics
systems is shown in �gure 5.1a. A detailed view of the DAA reactor is given in �gure
5.1b. Further details of the design and operating principles of the reactor can be found
elsewhere [6�9, 11].
Only a brief summary is given here. The water cooled cylindrical reactor with an inner

diameter of 35 cm and a height of 30 cm is made of stainless steel. The microwave power
at the frequency of f = 2.45 GHz and with maximum power of P = 3 kW is coupled
from the top into the reactor volume using a matrix of 4 x 4 antennas. The 16 coaxial
antennas are inserted in a square metallic �ange. Every antenna can be tuned to achieve
a minimum of re�ected power. Typically, the pressure values were chosen to be below 1
mbar. The components of the precursor gas, H2, CH4 and CO2, are premixed and are
inserted via a shower head, which is combined with the antenna matrix.
At low power values, relatively localized discharge regions are excited below each sin-

gle source inside the vacuum chamber. With increasing power, the plasmas show an
expansion leading to an increased homogeneity at greater distances from the sources.
The diameter of the whole plasma zone is in the range of about 26 cm. Considering the
plasma excitation via the antenna matrix, certain temperature gradients between hot
and hottest zones can be expected. In the work of Mehedi et al. a photo of the interior
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(a)

(b)

Figure 5.1 Figure 1a. Experimental arrangement of the DAA microwave reactor combined
with the AS spectrometer consisting of the IRMA system and an EC-QCL and the OES unit.
For better illustration, the plane of the White cell is depicted with an angle of 90° relative to
the actual experimental arrangement. Figure 1b. Detailed view of the distributed antenna array
(DAA) reactor.
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of the DAA reactor, used in the present study, is presented showing ignited single plasma
sources with clear gradients around them [9].
For the present study focused on the plasma chemical phenomena, the in�uences of

wafer surfaces were avoided by locating the circular substrate holder with a diameter of
10 cm (4 inches) at a distance of 15 cm from the microwave sources, a larger distance
than normally used in NCD deposition processes. A bare silicon wafer was placed on the
substrate holder to avoid unspeci�c in�uences on the plasma phase.
The experiments were performed over a relatively narrow pressure and power ranges.

The pressure was regulated by a butter�y electro valve and was varied between p = 0.25
and 0.55 mbar. The power was varied in the range of P = 2 to 3 kW. To achieve a
high level of reproducibility the chamber was evacuated to a base pressure of 10−6 mbar
before every series of measurements. The �ows of the gases are determined using three
separate mass �ow controllers. The admixture of CH4 was chosen to be 2.5 % and 1 %
in the case of CO2 of the total gas �ow. The total gas �ow rate was φ = 50 sccm. These
parameters of the gas mixture and the gas �ow have been the standard conditions (SC)
of the experiments. The residence time of the gas mixture in the reactor was in the range
of 2 min.

5.2.2 Optical measurements

The OES and AS measurements were performed separately. The optical axis for both
experimental investigations was chosen at 97 mm below the microwave sources, which
corresponds to a consistent position for the substrate when growing diamond in the DAA
reactor [11]. For the analysis of the optical emission of the MW plasma a spectrograph
with a focal length of 0.5 m (Acton 500) with gratings of 600 and 2400 grooves mm−1 was
used with an ICCD unit (Andor iStar, DH734-18F-03) as optical detector. The optical
coupling of the spectrograph with the reactor was performed with the help of a quartz
�bre combined with an achromatic lens (f = 150 mm) imaging the selected region of the
plasma. The spatial resolution was about 1.5 cm. With the grating of 600 grooves mm−1

overview spectra in the spectral range λ = 300 - 900 nm were recorded. In addition, the
H2 emission lines of the Fulcher-α band were detected with higher resolution of 0.03 nm
using the grating of 2400 grooves mm−1. The sensitivity of the OES system has been
intensity calibrated. Figure 5.4 depicts an example of an optical emission spectrum with
identi�ed spectral features of the MW plasma in a H2-CH4-CO2 gas mixture, including
a variety of H2 lines, the Hα, Hβ and Hγ lines of the Balmer series, and a CH band.
The inset of the �gure shows the spectral range between 622 and 627 nm in more detail
with the �ve H2 lines of the Fulcher-α (2-2) transition used for determination of the gas
temperature.
For the TDLAS measurements a compact and mobile infrared component acquisition

(IRMA) system has been used. The IRMA system allows to monitor multiple species
because four lead salt lasers can be driven simultaneously. Further details about the
IRMA system have been reported elsewhere [20]. To increase the accessible spectral
range of the whole set-up the IRMA system has been optically combined with an EC-
QCL (Daylight Solutions, MHF-21047-01). This EC-QCL could be scanned over about
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100 cm−1 without any mode hops. Even outside of the mode hop free spectral range
selected CO absorption lines could be detected. Therefore, this radiation source allowed
the monitoring of 44 CO lines of the ground state and of three hot bands. Using this
complex spectrometer arrangement, gas, rotational and vibrational temperatures were
determined depending on power and pressure of the discharge, see 5.3. Based on this
detailed temperature analysis the concentrations of the precursor gases CH4 and CO2

and of the reaction products CH3, CO, C2H2 and C2H6 were determined, see 5.4. The
spectral positions of the molecular ground state lines and, in case of CO, also of lines of
the �rst, second and third hot band used in the present study can be found in tables 5.1
and 5.2.

Table 5.1 Species, spectral positions and line strengths at 296 K used for the absorption
spectroscopy measurements.

Species Spectral position Line strength at 296K Detection limit Ref.
(cm−1) (cm−1/(molecule cm−2)) (molecules cm−3)

CH3 606.12 4.637× 10−19 1× 1011 [21]
CH3 612.413 6.190× 10−20 1× 1011 [21]
CH

4
2988.795 1.075× 10−19 5× 1011 [22]

CO
2

638.339 2.967× 10−20 2× 1012 [22]
C
2
H
2

675.002 9.806× 10−20 5× 1011 [22]
C
2
H
6

∼= 2990.090 4.070× 10−19 1× 1011 [22]
CO,ν = 0 2196.664 2.012× 10−19 2× 1011 [22]
CO,ν = 1 2169.659 1.205× 10−23 2× 1011 [23]
CO,ν = 2 2170.140 3.710× 10−30 4× 1011 [23]

The infrared laser beam used to probe the plasma had a diameter of about 1 cm. The
beam was guided into a horizontally installed optical multi pass cell, see �gure 5.1b. This
White cell equipped with infrared transparent KBr windows was mounted on the plasma
chamber to achieve higher detection limits [24]. The number of passes of the White
cell was chosen to be between 8 and 20 depending on the required sensitivity leading
to optical lengths of up to 10.4 m in maximum. The plane of the White cell being
parallel to the plasma sources provides a spatial resolution of the AS measurements
lower than 1.2 cm in height and lower than 4 cm in width, de�ned by the mirrors sizes.
The beam is probing the plasma under 2 rows of 4 sources. Using an o�-axis parabolic
mirror the laser beam leaving the cell was focused onto a liquid nitrogen cooled HgCdTe
infrared detector (EG&G JUDSON, bandwidth 1 MHz) or onto a thermoelectrically
cooled detector HgCdTe infrared detector (VIGO PVMI-4TE-10, bandwidth 20 MHz),
see �gure 5.1a.
Well-documented reference gas spectra [21�23] and an etalon of known free spectral

range (FSR = 0.01615 cm−1) have been used to identify the lines used for the determi-
nation of molecular concentrations. As examples of the absorption measurements, �gure
5.2 shows an EC-QCL absorption spectra of CO with lines of the ground state P(1) and
of the �rst R(5) and second R(13) hot band, and �gure 5.3 shows a TDL absorption
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Table 5.2 The line positions and assignments for the CO lines of the 4 vibrational bands used
in the temperature analysis of CO [22, 23].

Spectral position (cm−1) Vibrational transition Rotational transition

2082.002 1 ← 0 P(15)
2090.609 1 ← 0 P(13)
2107.423 1 ← 0 P(9)
2111.543 1 ← 0 P(8)
2115.629 1 ← 0 P(7)
2123.699 1 ← 0 P(5)
2131.632 1 ← 0 P(3)
2139.426 1 ← 0 P(1)
2147.081 1 ← 0 R(0)
2150.856 1 ← 0 R(1)
2154.596 1 ← 0 R(2)
2158.300 1 ← 0 R(3)
2165.601 1 ← 0 R(5)
2172.759 1 ← 0 R(7)
2179.772 1 ← 0 R(9)
2196.664 1 ← 0 R(14)
2081.258 2 ← 1 P(9)
2089.394 2 ← 1 P(7)
2097.394 2 ← 1 P(5)
2105.257 2 ← 1 P(3)
2109.136 2 ← 1 P(2)
2112.981 2 ← 1 P(1)
2124.306 2 ← 1 R(1)
2131.680 2 ← 1 R(3)
2138.911 2 ← 1 R(5)
2146.000 2 ← 1 R(7)
2149.489 2 ← 1 R(8)
2152.942 2 ← 1 R(9)
2159.739 2 ← 1 R(11)
2166.389 2 ← 1 R(13)
2172.891 2 ← 1 R(15)
2179.244 2 ← 1 R(17)
2105.126 3 ← 2 R(3)
2108.724 3 ← 2 R(4)
2112.287 3 ← 2 R(5)
2115.814 3 ← 2 R(6)
2139.485 3 ← 2 R(13)
2145.917 3 ← 2 R(15)
2158.332 3 ← 2 R(19)
2170.140 3 ← 2 R(23)
2089.222 4 ← 3 R(6)
2112.649 4 ← 3 R(13)
2115.849 4 ← 3 R(14)
2131.286 4 ← 3 R(19)
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spectrum of CH4 and C2H6. Both spectra were measured in a H2-CH4-CO2 microwave
plasma, the gas pressure was p = 0.55 mbar, at SC and at a power value of P = 3 kW
for �g. 5.2 and of P = 2 kW for �g. 5.3.

5.2.3 Determination of the degree of dissociation of the hydrogen
precursor gas

The degree of dissociation of the hydrogen precursor gas has been determined using a
method proposed and tested by Lavrov and co-workers in 2006 [25, 26]. Only a brief
overview is given here. The method is based on the measurements of the intensity
ratios of the Hα and the Hβ lines of the Balmer series and of the Q1 line of the Q(2-2)
Fulcher-α system of molecular hydrogen. These intensities ratios are depending on three
parameters: (i) the density ratio of atomic and molecular hydrogen, i.e. [H]/[H2]; (ii) the
e�ective parameter Teffe , which describes the relevant part of the high energy tail of the
EEDF; (iii) the gas temperature Tg [25, 26]. This approach correlates the [H]/[H2] ratio
with the measured intensity ratios IHα/IHβ

, IHα/I2−2Q1 and IHβ
/I2−2Q1 by the following

equations:

[H]

[H2]
=
Kem
dis (T effe | Hα)− (

IHα
IHβ

)Kem
dis (T effe | Hβ)

(
IHα
IHβ

)Kem
dir (T effe | Hβ)−Kem

dir (T effe | Hα)
(5.1)

[H]

[H2]
=

IHα

I2−2Q1

Ad
−21
a21 τd−21K

ex
mol(T

eff
e | d−21← X01)

Kem
dir (T effe | Hα)

η(Tg)−
Kem
dis (T effe | Hα)

Kem
dir (T effe | Hα)

(5.2)

[H]

[H2]
=

IHβ

I2−2Q1

Ad
−21
a21 τd−21K

ex
mol(T

eff
e | d−21← X01)

Kem
dir (T effe | Hβ)

η(Tg)−
Kem
dis (T effe | Hβ)

Kem
dir (T effe | Hβ)

(5.3)

where the gas temperature depending function η(Tg) describes the in�uence of the
rotational structure of the energy levels of molecular hydrogen (for more details see
[25]). Kem

dis (T
eff
e | Hα/β) and Kem

dir (T
eff
e | Hα/β) are the emission rate coe�cients of the

dissociative and direct excitation of the Hα and the Hβ lines by electron impact. Kex
mol

(Teffe | d−21← X01) is the rate coe�cient for the electron impact excitation of the d3Π−
u ,

ν = 2, N = 1 level of molecular hydrogen. τd−21 is the radiative lifetime of the d3Π−
u , ν

= 2, N = 1 level and Ad
−21
a21 is the probability of the d3Π−

u , ν = 2, N = 1 → a3 d3Σ+
g , ν

= 2, N = 1 radiative transition [25, 26].
The solution of the system of equations 5.1 to 5.3 has to be obtained graphically, as

described by Lavrov et al., i.e., by the intersections of the related curves. An example
is given in �gure 5.5. As is shown, there are two solutions possible, one for a low value
of Teffe (about 1 eV), one for a higher value of Teffe (about 45 eV), leading to [H]/[H2]
values with a quantitative di�erence of a factor 2. Following the argumentation of Lavrov
et al., the solution for higher values of Teffe is more reliable because of the considerable
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Figure 5.2 EC-QCL absorption spectrum
of CO measured in a H2-CH4-CO2 microwave
plasma with lines of the ground state P(1) and
of the �rst R(5) and second R(13) hot band to-
gether with an etalon spectrum with a FSR=
0.01615 cm−1, p = 0.55 mbar, P = 3 kW, stan-
dard conditions (SC).

Figure 5.3 TDL absorption spectrum of
CH4 and C2H6 measured in a H2-CH4-CO2

microwave plasma combined with an etalon
spectrum with a FSR = 0.048 cm−1, SC, p
= 0.55 mbar, P = 2 kW.

Figure 5.4 Calibrated optical emission
spectrum with identi�ed spectral features of
the MW plasma in a H2-CH4-CO2 gas mix-
ture. p = 0.55 mbar, P = 3 kW, standard
conditions (SC). The inset shows the spectral
range between 622 and 627 nm in more detail
with the �ve H2 lines of the (2-2) transition of
the Fulcher-α band used for determining the
gas temperature.

Figure 5.5 Example of the density ratio
[H]/[H2] deduced from the measured intensity
ratios of spectral lines for p = 0.55 mbar and
P = 3 kW standard conditions (SC).

71



5 Spectroscopic study of low pressure, low temperature H2-CH4-CO2 microwave

plasmas used for large area nanocrystalline diamond �lms

dependence of the solution for low Teffe values on the behaviour of the cross sections in
the threshold region, which is unknown [26].
The ratio [H]/[H2] is related to the degree of dissociation as follows:

κD[%] =

[H]
[H2]

[H]
[H2] + 2

× 100 (5.4)

In 2009, Rayar and co-workers used this method to calculate the degree of dissociation
of hydrogen in a comparable type of DAA reactor system [8]. Due to the limited range
of Teffe of 100 eV, Rayar et al. used the �rst intersection for the determination of the
degree of dissociation in the example which is given in their work. This led to quite high
values of the degree of dissociation of up to 50%. In their given example, the second,
and more reliable, intersection point which could be estimated by extrapolation of the
curves would have given a degree of dissociation of about 5 times lower. Due to the fact
that the reactor walls between and beside the plasma sources consists of stainless steel
[7] the recombination rate of the hydrogen atoms to molecules at the wall may be very
high which should result in a degree of dissociation of much lower than 50% also near
the MW sources.

5.2.4 Fragmentation and conversion e�ciency

The analysis of energetic aspects of the chemical phenomena in the used complex molec-
ular multi-component plasmas can lead to further insights into main reaction pathways
and allows, in addition, a comparison with chemical conversions of studies performed un-
der di�erent conditions and plasma types. Therefore, the experimental data concerning
the methane and carbon dioxide dissociation were used to calculate absolute fragmenta-
tion e�ciencies of these precursor gases and conversion e�ciencies to the observed main
products. The e�ciencies are normalized for the discharge power. The fragmentation ef-
�ciency RF of molecular hydrogen, methane and carbon dioxide is calculated by analogy
to ref. [14, 27]:

RF = ΦP ·
1

60
· κD

100
· N0

P
, (5.5)

where RF has units of molecules J−1, φP is the precursor �ow rate in sccm, κD is
the percentage degree of dissociation of the precursor molecules, N0 is the number of
molecules per cm−3 at STP (2.69 x 1019 molecules) and P is the power in W. The
conversion e�ciency, RC , to plasma product molecules is expressed analogously as
The conversion e�ciency, RC, to plasma product molecules is expressed analogously

as:

RC = nmolecule · Φtot ·
1

60
· 103

p
· 1

P
(5.6)

where RC has units of molecules J−1, nmolecule is the measured molecular concentration
in molecules cm−3, φtot is the total gas �ow rate in sccm, p is the pressure in mbar and
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P is the power in W.

5.3 Results and discussion (I): Temperature determination
and energetic aspects

Along the radial axis, the plasma of the DAA CVD reactor is characterized by consid-
erable gradients of the gas temperature Tgas. In the plasma bulk, the gas temperature
can reach relatively high values, see below. The walls of the reactor are maintained at
room temperature, because of the permanent water cooling. In addition, it has to be
considered, that the optical observation of the plasma is performed through two side
arms of a length of 6 cm each surrounded by a metallic tube at about room temperature.
In a diagnostic study on a comparable type of DAA reactor con�guration as used in

the present case, Rayar and co-workers reported values of the gas temperature in pure
H2 gas mixtures between 600 and 830 K depending on pressure and power, see �gure 5.7
[8]. The highest value of Tgas was found at the maximum of the applied power of 1.8
kW at a gas pressure of 0.5 mbar.
To achieve reliable values for the gas temperature inside and outside the plasma bulk

as well as for the rotational and vibrational temperatures in the plasma hot zones, which
are of great importance for calculation of species concentrations, �ve di�erent methods
have been used in the present study: (i) the intensity of �ve H2 emission lines of the
Fulcher-α band ν = 2-2 transition have been used for determination of the rotational
temperature of this molecule, (ii) Using an EC-QCL, the Doppler broadening of several
P- and R- branch absorption lines of the fundamental and of the �rst, second and third
hot band of CO has been analysed for a direct access to the gas temperature, (iii) in
addition using a TDL of the Doppler broadening of selected CH4 fundamental lines was
used, (iv) the rotational temperatures of the P- and R-branches of the ground, and of
the �rst, second and third excited state of CO have been determined using an EC-QCL,
and (v) Using a TDL, the ratio of two CH3 absorption lines in the ν2 band, Q (3-3) and
Q (12-12) was studied to determine the rotational temperature taking into account the
temperature dependence of the respective line strengths.

5.3.1 Rotational temperature of H2

The spectroscopic methods using lines of the emission bands of H2 have been developed
over several decades [8, 25, 26, 28�34]. Nowadays, the gas temperature determination
using H2 bands can be considered as well developed providing reliable results for low-
pressure plasmas of hydrogen and its mixtures with rare or molecular gases in a wide range
of plasma conditions. The applicability of these methods has been proven and con�rmed
by comparisons of the values of the obtained gas temperature of the ground X1Σ+

u , ν
= 0 electronic-vibrational state with values of translational and rotational temperatures
derived (a) from various Doppler broadening of atomic and molecular species [29, 31, 32],
(b) from N2 bands and by CARS methods at H2 [35], (c) from Fulcher-α bands of
various isotopomers as H2, HD and D2 [36, 37] and (d) from various band systems of
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H2 [28, 31, 34, 37]. For the discharge conditions in the present study, i.e. at relatively
low pressure values, the (2-2) band of the Fulcher-α band system, the d3Π−

u , ν
′
= 2, N

→ a3Σ+
g , ν

′′
= 2, N electronic-vibro-rotational transition, is suitable for measuring the

gas temperature [31�33]. Brie�y, the method has been developed in a framework of a
relatively simple excitation-de-excitation model on the basis of two main assumptions:

(a) the excited state d3Π−
u is mainly populated by electron excitation from the ground

state with ∆N ≤ 1, with a rate coe�cient obtained from an adiabatic approximation,

(b) the distribution of the population of the ground X1Σ+
u , ν = 0 electronic-vibrational

state can be described by Boltzmann's law, and the rotational temperature of the ground
state is equal to the neutral gas temperature.

For further details of the method see refs. [31�33]. For measuring purposes, the
identi�cation of the �rst �ve lines of the (2-2) Q branch is relatively straightforward, as
shown in the inset of �gure 5.4. Here, the intensity alternations between odd and even
Q lines corresponding to the statistical weights caused by the nuclear spin can be seen
as expected in the case of homonuclear molecules.

To illustrate this method of gas temperature determination, as an example, in �gure
5.6 a semi logarithmic plot of the population densities versus the rotational energy of
H2 of the MW plasma in a H2-CH4-CO2 gas mixture is shown. From the slope of the
curve for the ground vibronic states X1Σ+

u , ν = 0 a rotational temperature of Trot =
950 ± 100 K has been derived, p = 0.55 mbar, P = 3 kW. This rotational temperature
is in coincidence with the gas temperature, see [31�33] and references therein. Using
this method the gas temperature has been measured depending on power and pressure,
as shown in �gure 5.7. In this �gure the experimental results achieved by Rayar and
co-workers in pure H2 plasmas in a comparable type of DAA reactor system are added
for comparison reasons [8]. It should be recalled here that the DAA reactor investigated
by Rayar and co-workers is composed of 12 elementary plasma sources, whereas the DAA
reactor considered here is formed of a 4 x 4 matrix. Thus global comparisons are allowed
for the total microwave power injected into the reactor, keeping in mind that the power
applied on each individual source is signi�cantly di�erent. It is interesting to note, that
within the errors of the two experiments the temperature values �t very well to each
other depending on both parameters power and pressure. For the present study the
temperature values range between 780 and 1000 K and increase clearly with power. It
is interesting to note, that at a pressure of p = 0.25 mbar the temperature values were
found to be in general about 100 K lower than at higher pressures of p = 0.35, 0.45 and
0.55 mbar. These observations are in well accordance with the results reported by the
Rayar group [8]. Although in their study only power values between 1 and 1.8 kW were
used, they also observed two groups of temperature values, a lower one for a pressure of
0.2 mbar and a group with about 100 K higher temperatures for pressures of up to 0.5
mbar, see �gure 5.7. This behaviour may be caused by a peculiarity of this type of DAA
CVD reactor. In the same work, Rayan et al. performed Langmuir probe measurements
and found strong pressure related dependencies of the plasma density and of the electron
temperature [8].
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Figure 5.6 Semi logarithmic plot of the
population densities of the rotational states
versus rotational energy of H2 recalculated for
the ground vibronic states X1Σ+

u , ν = 0 of the
MW plasma, SC, p= 0.55 mbar, P= 3 kW.

Figure 5.7 Gas temperature of H2 in de-
pendence on power for four pressure values (i)
of the present study, open symbols, and (ii)
published by Rayar and co-workers, measured
in a comparable type of a DAA reactor system
in pure H2, closed symbols [8].

Figure 5.8 CO band stick spectrum con-
taining 31 ground and hot band lines mea-
sured with an EC-QCL spectrometer. The in-
tensities of the lines are normalized. In general
the intensities of the hot band lines are about
20 times smaller than the ground state lines,
p = 0.35 mbar, P = 3 kW.

Figure 5.9 Experimental data of absorp-
tion lines of CO, R(1) of the ground state
and R(17) of the �rst hot band, together with
Gaussian �ts for temperature determination.
The lines are superposed in position and nor-
malized in intensity in order to compare their
relative broadening, SC, p= 0.35 mbar, P = 3
kW.

75



5 Spectroscopic study of low pressure, low temperature H2-CH4-CO2 microwave

plasmas used for large area nanocrystalline diamond �lms

5.3.2 Translational temperature of CO

Based on the small laser line width of the EC-QCL, which is in the range of 35 MHz
(∼= 1 x 10−3 cm−1) [16], line pro�le analysis could be performed with high precision
with a typical uncertainty of ± 30 K for ground state lines. In addition, this method
could be applied for a variety of lines of the �rst, second and third hot band. In �gure
5.8, the CO band stick spectrum containing 31 ground and hot band lines of the �rst
excited level measured with an EC-QCL spectrometer in a H2-CH4-CO2 MW plasma is
presented. Figure 5.9 shows experimental data of absorption lines of CO, R(1) of the
ground state and R(17) of the �rst hot band, together with Gaussian �ts for temperature
determination.
The lines are superposed in position and normalized in intensity in order to compare

their relative broadening. It has to be considered, that the intensity ratio of lines of the
ground state and the �rst hot band is in the range of 20 leading to di�erent signal to noise
ratios and therefore to di�erent errors in the accuracy of the obtained temperatures. The
calculated values of the gas temperature based on the Doppler broadening of CO lines as
a function of their rotational quantum number for the R and P branches for the ground
(ν = 0), the �rst (ν = 1), second (ν = 2) and third (ν = 3) excited vibrational levels are
presented for two pressure values, p = 0.25 and 0.35 mbar, in �gures 5.10a and 5.10b,
respectively. It is interesting to note, that the obtained gas temperatures are di�erent
for the four vibrational levels. For the ground state the gas temperature is 350 ± 30
K. The temperatures based on the analysis of lines of the �rst hot band range between
430 ± 50 K and 570 ± 50 K, while the broadening of lines of the second hot band gives
temperatures of about 650 ± 120 K at p = 0.35 mbar. The temperatures based on line
pro�les of the third hot band, although connected with higher errors, seem to tend to
higher values.
In addition, there is a slight hint that for the CO lines of the �rst hot band, the

Doppler broadening and therefore the gas temperature seems to increase slightly with
the rotational quantum number. This is especially pronounced for the R branch. At lower
rotational quantum numbers in the R branch, J = 1-5, the neutral gas temperature was
found to be near to 450 ± 50 K and increases up to 600 ± 50 K for J = 17. The errors of
the measurement are typically in the range of 10 % caused by reduced intensities causing
smaller signal to noise ratios compared to ground state lines and also by in�uences of
�uctuations mainly in the hot zones of the plasma region. Since the intensities of the
lines of the second hot band are even much lower here, the signal to noise ratio is further
reduced. Therefore, the �tting of the line pro�le is less precise leading to increased errors
of up to ± 120 K. For the ground state transition, a clear dependence of the neutral gas
temperature on the rotational quantum number has not been found, see �gures 5.10a
and 5.10b. The temperatures derived for the hot bands of CO seem to be higher for p =
0.35 mbar. In general, it has to be stated, that the population of the di�erent vibrational
levels is characterized by a non-Boltzmann distribution, see section method (iv).
In �gure 5.11, the gas temperature determined via the Doppler broadening of the CO

hot band line, R(14) at 2169.6589 cm−1, is depicted as a function of power for four
pressure values. The temperature increases clearly with power and ranges between 400
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(a) (b)

Figure 5.10 Gas temperature Tgas determined from the Doppler broadening of CO lines as a
function of their rotational quantum number for the R and P branches for the ground and the
�rst, second and third excited vibrational levels, SC, P= 3 kW, p = 0.25 mbar for (a) and p =
0.35 mbar for (b).

and 650 K. It should be noted, although the absolute values of the temperature are lower
compared to the gas temperature of H2, see �gure 5.7, again the lowest temperature
values were found for a pressure of p = 0.25 mbar.

5.3.3 Translational temperature of CH4

For reasons of comparison also the Doppler broadening of a CH4 fundamental line at
2988.795 cm−1 was analysed in dependence on power and pressure. These measurements
have been performed with a TDL using the IRMA system. Figure 5.12 shows the gas
temperature as a function of power for four pressure values. Within the errors of the
measurement no obvious dependence of the temperature, which has an average value of
about 350 ± 50 K, on power or pressure could be found. At power values of P = 2 and
3 kW temperatures derived from the CO fundamental line R(14) at 2196.664 cm−1 have
been inserted, showing well accordance with the methane based temperatures.

5.3.4 Rotational and vibrational temperature of CO

For the calculation of the rotational temperature of CO the measured lines of the ground
and �rst, second and third excited vibrational state have been analysed. In �gures 5.13a,
5.13b, 5.13c, and 5.13d the related Boltzmann plots of the P and R branch lines for two
pressure values, p = 0.25 and 0.35 mbar, are given. For the ground state a temperature
of Trot = 360 ± 20 K for both pressures was determined. For the �rst hot band Trot
= 460 ± 50 K and Trot = 525 ± 50 K for p = 0.25 and 0.35 mbar, respectively, have
been derived. In the second hot band the rotational temperatures were found to be Trot
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Figure 5.11 Gas temperature, determined
via the Doppler broadening of the CO hot
band line R(14) at 2169.659 cm−1 as a func-
tion of power for 4 pressure values, SC, p =
0.25, 0.35, 0.45 and 0.55 mbar.

Figure 5.12 Gas temperature, determined
via the Doppler broadening of the CH4 line
at 2988.8 cm−1 as a function of power for 4
pressure values, p = 0.25, 0.35, 0.45 and 0.55
mbar. The solid symbols at P = 2 and 3 kW
represent temperature values derived from the
CO fundamental line R(14) at 2196.664 cm−1.

= 570 ± 50 K and Trot = 630 ± 50 K for p= 0.25 and 0.35 mbar, respectively. For the
third hot band the signal to noise ratio of the measured data is reduced signi�cantly.
The analysis of four lines are presented in �gure 5.13d leading to temperatures of Trot =
455 ± 200 K and Trot = 905 ± 200 K for p = 0.25 and 0.35 mbar, respectively.

All these values are in very good accordance to the gas temperatures derived from CO
and CH4 Doppler broadening analysis of lines of the ground state and of the �rst and
second hot band of CO. In �gure 5.14, a Boltzmann plot of the population density of all
monitored vibrational levels, ν = 0 - 3, of CO to determine the vibrational temperature
for two pressure values, p = 0.25 and 0.35 mbar, is given. The vibrational temperature
calculated from the hot bands was found to be in the range of Tvib = 2200 ± 500 K, which
clearly show the non-Boltzmann distribution between the vibrational levels ν = 0 and of
ν = 1 - 3. It can be supposed that ν = 0 has di�erent population characteristics leading
to a di�erent vibrational temperature, which is due to being measured in the outer and
therefore colder regions of the plasma. That Tvib is not equal to Trot, and that Trot
is di�erent for each vibrational level indicates a non-Boltzmann population distribution
over the rotational-vibrational states of CO under the present plasma conditions. This
indicates that in each vibrational level the number of related collisions is not high enough
to reach equilibrium between the vibrational levels. This e�ect is more pronounced for
increasing vibrational quantum numbers, because the lifetimes of the excited vibrational
level of CO decrease with ν. The radiative lifetimes are about τ = 25 ms for ν = 1, τ =
12.5 ms for ν = 2 and τ = 8 ms for ν = 3 [22, 23]. It can be expected that these values
are even reduced caused by collisions in the plasma region.

Figure 5.15 presents a compilation of the data related to the gas and rotational tem-
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(a) (b)

(c) (d)

Figure 5.13 Boltzmann plot of the P and R branch of CO lines of the ground state (a) and
of the �rst (b), the second (c) and the third (d) hot band for two pressure values p = 0.25 and
0.35 mbar, SC, P = 3 kW.
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Figure 5.14 Boltzmann plot of the popula-
tion density of all monitored vibrational levels
ν = 0 - 3 of CO to determine the vibrational
temperature for two pressure values, SC, p =
0.25 and 0.35 mbar, P = 3 kW.

Figure 5.15 Dependence of the gas and
rotational temperatures on the vibrational
quantum number of CO for two pressure val-
ues, SC, p = 0.25 and 0.35 mbar, P = 3 kW.

peratures of CO depending on the vibrational quantum number for two pressure values,
p = 0.25 and 0.35 mbar. It is interesting to note again that the values of the gas and
rotational temperatures of CO (i) increase clearly with the vibrational quantum number
and (ii) show a good coincidence up to ν = 2. Caused by a considerably reduced signal
to noise ratio for ν = 3 these e�ects are less clear here.
In �gure 5.16, the vibrational temperature of CO determined via Boltzmann plot of

the R(14) line of the �rst hot band and of the R(23) line of the second hot band as a
function of power for 4 pressure values is given. Although the error of the measurements
is relatively high, the clear tendency that at lower pressure values, higher vibrational
temperatures can be found is con�rmed. This e�ect is the result of the reduced number
of collisions at lower pressures.

5.3.5 Rotational temperature of CH3

The analysis of the amplitude of two CH3 absorption lines of the ν2 band, Q (3-3) and Q
(12-12), to determine the rotational temperature based on the dependence of their line
strengths, although of lower precision caused by lower signal to noise ratios, additionally
con�rmed a mean rotational temperature near to 640 ± 180 K, see �gure 5.17. Even so
the data may suggest a decrease in rotational temperature with increasing power, this
trend is statistically insigni�cant.

5.3.6 Discussion on temperature and energetic aspects

Analysing the results of these �ve di�erent approaches for determining the neutral gas
temperature it becomes clear that this type of non-equilibrium plasma cannot be fully
described with only one speci�c value for the temperature. It has to be considered,
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Figure 5.16 Vibrational temperature of CO
determined via Boltzmann plot of the R(14)
line of the �rst hot band and of the R(23) line
of the second hot band as a function of power
for 4 pressure values, SC, p = 0.25, 0.35, 0.45
and 0.55 mbar.

Figure 5.17 Rotational temperature of
CH3 as a function of power for 4 pressure val-
ues, SC, p = 0.25, 0.35, 0.45 and 0.55 mbar.
Absorption lines of the ν2 band, Q (2-2) and
Q (12-12).

that (1) the plasma contains multiple atomic and molecular species including precursor
molecules and products in ground and excited states, (2) based on the construction prin-
ciple of the reactor using 16 single plasma sources the plasma generation is characterized
by a certain degree of inhomogeneity with a variety of hottest, hot and colder zones and
(3) although OES and AS are both line of sight methods, OES probes only the plasma
region while AS detects transient species mainly in the plasma region and stable species
in both, the plasma and the remote regions of the reactor.
The typical average electron energy in the MW plasma of the DAA reactor is about

1.2 eV [8]. Consequently, the dissociation of CO2 predominantly proceeds by electron
impact vibrational excitation of the lowest vibrational levels, followed by vibrational-
vibrational (VV) collisions, gradually populating the higher vibrational levels, which
then leads to dissociation of the CO2 molecule resulting in a CO molecule [38]. This
stepwise vibrational excitation process is also called as "ladder-climbing" process. In
this way, also the high dissociation degree of CO2 can be explained, see section 5.4. Al-
though the higher gas temperature in the plasma hot and hottest zones gives rise to more
vibrational-translational relaxation collisions of the CO2 vibrational levels, which is the
most important loss mechanism for the vibrational population [38], this is compensated
by the very low working pressure, resulting in a high dissociation degree of 90% for CO2,
further discussed in section 5.4. The overpopulation of the CO vibrational levels in the
hot and hottest zones of the plasma may be caused by the fast VV energy exchange
between CO2 and CO molecules. The vibrational excited CO molecules will di�use to
the outer regions of the plasma and due to long residence time of the gas mixture in the
reactor e�cient VT relaxation outside the hot plasma zone will occur, which depopulates
the vibrational levels, resulting in almost no observed hot CO in the outer regions.
The gas temperature of the H2 molecule was found to range between 780 and 1000 K

81



5 Spectroscopic study of low pressure, low temperature H2-CH4-CO2 microwave

plasmas used for large area nanocrystalline diamond �lms

Table 5.3 Example of species dependent temperatures for a speci�c plasma condition of p
= 0.35 mbar and P = 3 kW together with lifetimes and estimated zones of detection. The
uncertainties of the temperatures are given in brackets.

Species Temperature (K) Lifetime Zone of detection Ref.

CH4 Tgas = 403 (±50) stable cold zone [22]
CH3 Trot = 549 (±180) 1-5 ms hot zone [21, 42]
CO,ν = 0 Trot = 360 (±30), stable cold zone [22]

Tgas = 345 (±30)
CO,ν = 1 Trot = 525 (±50), 25 ms hot zone [22, 23]

Tgas = 480 (±50)
CO,ν = 2 Trot = 630 (±50), 12.5 ms cold zone [22, 23]

Tgas = 635 (±100)
CO,ν = 2 Trot = 905 (±200), 8 ms hottest zone [22, 23]

Tgas = 685 (±200)
H2 (d3Π−

u ) Trot = 1030 (±100) 40 ns hottest zone [39, 43]

depending on power in the present study, see �gure 5.7. These relatively high temperature
values indicate that the emission of the used lines of the Fulcher-α band comes from the
hottest regions inside the plasma bulk, because the excitation of the involved rovibronic
levels requires electron energies of at least 14.4 eV [39, 40]. Since the lifetime of the
excited H2 is in the range of τ = 40 ns the in�uence of di�usion can be neglected [31].
To further illustrate the complex plasma conditions in the used DAA reactor, in table

5.3 an example of species dependent temperatures for a speci�c plasma condition of p
= 0.35 mbar and P = 3 kW together with lifetimes and estimated zones of detection
is given. Already in 2006 Cheesman and co-workers described the in�uence of di�erent
temperature zones on plasma chemical phenomena in the MW plasma they used for
diamond deposition [41]. In the determination of the densities it is generally assumed
that equilibration between translational, rotational, and vibrational degrees of freedom
exists, which is not always necessarily the case as is clearly evident in the present work.
For further details see section 5.4.

5.4 Results and discussion (II): Plasma chemical processes

Firstly, it is noted, the presented OES and AS results are based on integrated line of
sight measurements. Therefore, the temperatures and densities of the species measured
are averaged values. In other words, the obtained species properties are an average of the
temperature and density pro�les caused by the di�erent temperature zones within the
reactor, see section 5.3. As a consequence, the path length per pass used for determination
of the density of the stable molecules (CO ν = 0, CH4, CO2, C2H6, C2H2) in the AS
measurements was the mirror to mirror distance of 52 cm. On the other hand, for the
excited molecules (CO ν = 1, CO ν = 2, CH3) a path length per pass was taken as 26 cm,
the estimated length of the hot plasma column directly below the sources. Moreover,
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Figure 5.18 Degree of dissociation, κD, of H2, CH4 and CO2 in dependence on power for four
pressure values, SC.

for the determination of the densities from both the OES and AS measurements the
dependence of the various temperatures on pressure and power, as seen in section 5.3,
has been taken into account.

5.4.1 On the fragmentation of the precursor molecules

Information about the degree of dissociation of the three precursor gases, H2, CH4 and
CO2, used in this study is of great importance in order to analyse the conversion of the
feed gas mixture into products and to support the understanding of the NCD deposition
process. In �gure 5.18, the degree of dissociation of H2, CH4 and CO2 in dependence on
power for four pressure values, p = 0.25, 0.35, 0.45, and 0.55 mbar, in the H2-CH4-CO2

MW plasma at SC is given. In general, the degree of dissociation of all three molecules
increases continuously with power. It can be seen that the dissociation of CO2, κD (CO2),
ranging between 90 and 97%, is the most e�cient process compared to that of CH4 and
H2. In addition, it should be noted, that the value of κD (CO2) shows only a very small
dependence on the gas pressure but reaches its maximum value for p = 0.35 mbar. It
is interesting to note that for the same pressure value, also for the CH4 dissociation the
highest degree of dissociation was detected, although with a lower value of just below
90%. In contrast to the carbon containing precursors, the degree of dissociation of H2,
κD (H2), was found to range only between 2 and 6%. Figure 5.18 shows that κD (H2)
clearly decreases with the gas pressure, which could be due to the decrease of the electron
temperature.
The values of the fragmentation e�ciency, RF , for the precursor gases depending on

power for p = 0.55 mbar and on pressure for P = 3 kW are given in �gure 5.19 and
5.20, respectively. Compared to former studies in MW plasmas at higher pressure, here
in general RF was found to be essential higher in the range of 1 - 4 × 1014 molecules J−1

[14]. For all three molecular precursors RF decreases slightly with power. As already
indicated by the values shown in �gure 5.18, a remarkable decrease of RF with pressure
was only detected for H2, �gure 5.20. Opposite to the dissociation process the highest
values of the fragmentation e�ciency were calculated for H2, followed by CH4 and CO2.

83



5 Spectroscopic study of low pressure, low temperature H2-CH4-CO2 microwave

plasmas used for large area nanocrystalline diamond �lms

Figure 5.19 Fragmentation e�ciency, RF ,
of H2, CH4 and CO2 in dependence on power,
p = 0.55 mbar, SC.

Figure 5.20 Fragmentation e�ciency, RF ,
of H2, CH4 and CO2 in dependence on pres-
sure, P = 3 kW, SC.

5.4.2 General features of species concentrations and mass balance

Figures 5.21 and 5.22 give an overview of the concentrations of 10 di�erent atomic and
molecular species, the precursors H2, CH4 and CO2, the products H, CH3, C2H6, C2H2,
CO, and of vibrationally excited CO in the �rst and second hot band, in dependence on
power for p = 0.55 mbar and on pressure for P = 3 kW. The concentrations range over
more than four orders of magnitude from 1011 to 1015 cm−3.
The highest concentration was found for H2 followed by H and CH4. In the plasma

C2H2 can be considered as a �nal product of the chemical conversion of CH4 explaining its
high concentration in the range of 2 × 1013 molecules cm−3. The species with the lowest
concentration of all those studied were the methyl (CH3) radical and ethane (C2H6) at
about 1011 to 1012 molecules cm−3. Ethane is the product of the recombination of two
CH3 molecules. At low pressure conditions, as in the present case, this recombination
mainly occurs at the wall of the reactor. The concentration of CO in ν = 0 was found
to be in the range of 1014 molecules cm−3. This concentration values are slightly higher
even as the introduced amount of CO2, what indicates, that in addition to CO2 also the
carbon of CH4 acts as source for the CO production. With higher vibrational quantum
number, i.e. in ν = 1 and ν = 2, the concentrations are reduced by about one and two
orders of magnitude, respectively. It should be underlined that the concentrations of the
stable species increase with pressure, see �gure 5.22. No clear trend is observed for CH3

and CO, ν = 1. In contrast, for CO molecules in ν = 2 a decrease of the concentration
with higher pressure values has been observed, see �gure 5.22b. Obviously, the higher
number of collisions causes an e�ective de-excitation through V-T relaxation. The power
dependence of the concentrations is more complicated and follows no general trends, see
�gure 5.21.
Figures 5.23 and 5.24 show the conversion e�ciencies of the precursor molecules into

H, CH3, C2H6, C2H2 and CO in the H2-CH4-CO2 MW plasma depending on power and
pressure, respectively. They range between 1011 and 1014 species J−1. In general, the
conversion e�ciency of H and CO is about one order of magnitude higher than that of
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(a) (b)

Figure 5.21 (a) Concentration of 6 species, H2, H, CH4, CH3, C2H6 and C2H2, in dependence
on power, p = 0.55 mbar, SC. The introduced amount of CH4 is shown by the dashed line. (b)
Concentration of CO2 and of CO and of vibrationally excited CO in the �rst and second hot
band, ν = 1, ν = 2, in dependence on power, p = 0.55 mbar, SC. The introduced amount of
CO2 is shown by the dashed line.

(a) (b)

Figure 5.22 (a) Concentration of 6 species, H2, H, CH4, CH3, C2H6 and C2H2, in dependence
on pressure, P = 3 kW, SC. The introduced amount of CH4 is shown by the dashed line. (b)
Concentration of CO2 and of CO and of vibrationally excited CO in the �rst and second hot
band, ν = 1, ν = 2, in dependence on pressure, P = 3 kW, SC. The introduced amount of CO2

is shown by the upper dashed line
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Figure 5.23 Conversion e�ciency, RC , of
H, CH3, C2H6, C2H2 and CO in dependence
on power, p = 0.55 mbar, SC.

Figure 5.24 Conversion e�ciency, RC , of
H, CH3, C2H6, C2H2 and CO in dependence
on pressure, P = 3 kW, SC.

Figure 5.25 Carbon mass balance (CM )
and carbon contribution to CM in dependence
on power, p = 0.55 mbar for 6 species, CH4,
CO2, CH3, C2H6, C2H2, and CO, SC.

Figure 5.26 Oxygen mass balance (OM )
and oxygen contribution to OM in dependence
on power, p = 0.55 mbar for 2 species, CO2

and CO, SC.

C2H2 and even two orders of magnitude bigger than in the case of CH3 and C2H6. A
very low conversion e�ciency of C2H6 has also been found in other types of microwave
plasmas [14].
The carbon and oxygen mass balances of the plasma chemical processes versus dis-

charge power are shown in �gures 5.25 and 5.26, respectively. The upper line (CM and
OM ) represents the sum of all carbon, �gure 5.25, and oxygen, �gure 5.26, containing
species. It can be seen, that in the carbon case the mass balance is only of about 50 to 60
% ful�lled based on the measured carbon containing species. Between 10 % and 30 % of
the available carbon in the gas phase appears as C2H2, CH4 and CO. The contribution of
CO2, C2H6 and CH3 is much less important. The oxygen mass balance ranges between
50 and 70 %, �gure 5.26. The main contribution comes, as in the carbon case, from CO.
Since generally, these plasmas tend to produce surface �lms not only on the substrate, it
is reasonable to suppose that the deposition on the reactor walls and the production of
higher hydrocarbons act as sinks for carbon and oxygen. It should be noted that within
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this spectroscopic study it has been attempted also to detect C2H4 and H2CO in the
multi-component plasma. Although the limit of detection for C2H4 was in the range of 5
× 1012 molecules cm−3 and in the case of H2CO even lower at about 5 × 1011 molecules
cm−3, both molecules could not be monitored.

5.4.3 Detailed view of species concentrations

In the following set of �gures, a more detailed view on the concentration behaviour of
the precursor molecules and of the reaction products depending on power with the gas
pressure as additional parameter is given. One species with the highest concentration
in the multi-component plasma is the H atom. As shown in �gure 5.27 the H atom
concentration increases slightly with power in the range of 2 × 1014 atoms cm−3. The
dependence on the gas pressure is less pronounced.
The H atom is followed by CO considering the species in decreasing observed con-

centrations. In the case of CO no considerable dependence on power has been found,
while the pressure in�uence can be clearly seen in the range between 0.5 to of 1.5 × 1014

molecule cm−3, �gure 5.28. The concentration of C2H2 was found to be about one order
of magnitude lower in the range of 1-2 × 1013 cm−3, �gure 5.29. The concentration of
this product molecule slightly increases with power. It is interesting to note, that two
clearly distinguishable groups of concentrations have been detected: (i) a group of higher
concentrations for pressure values of p = 0.45 and 0.55 mbar and (ii) a group of lower con-
centrations for values of p = 0.25 and 0.35 mbar. This is also observed for the molecules
CH4, CO2 and C2H6. This group shows a comparable concentration behaviour, although
in di�erent absolute scales, as far as power and pressure are concerned, see �gures 5.30,
5.31 and 5.32. The concentrations of all three molecular species decrease with power,
while the above mentioned two groups of concentrations, characterized by higher and
lower pressure values, can be clearly identi�ed. This behaviour can be caused by speci�c
peculiarities of the DAA CVD reactor and will need further investigations.
The concentration of the methyl radical was found to be in the range of 1012 molecules

cm−3. Since the spectroscopic measurement of CH3 su�ered from a relatively high fringe
level in the spectra, the signal to noise ratio was relatively low. Therefore, no clear
dependence on the parameters power or pressure has been identi�ed, what also may be
caused by the relatively big distance of the area of observation to the hot plasma zone
at the top of the reactor, see �gure 5.35.
It is interesting to note, that the concentration of CO in the �rst hot band, found to be

about 1013 molecules cm−3, also does not show any clear dependence on both parameters,
power and pressure, �gure 5.33. In contrast, as already discussed with �gure 5.22b, the
concentration of CO excited into the second hot band, although only about at values of
1-2 × 1012 molecules cm−3, strongly decreases with pressure, see �gure 5.34.

5.4.4 Some aspects of the plasma chemistry and kinetics

The comprehensive description of the plasma chemical and kinetic phenomena occurring
in the complex plasmas under study would require a detailed modelling approach, which
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Figure 5.27 Concentration of H in depen-
dence on power for four di�erent pressure val-
ues, SC.

Figure 5.28 Concentration of CO in depen-
dence on power for four di�erent pressure val-
ues, SC.

Figure 5.29 Concentration of C2H2 in de-
pendence on power for four di�erent pressure
values, SC.

Figure 5.30 Concentration of CH4 in de-
pendence on power for four di�erent pressure
values, SC.
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Figure 5.31 Concentration of CO2 in de-
pendence on power for four di�erent pressure
values, SC.

Figure 5.32 Concentration of C2H6 in de-
pendence on power for four di�erent pressure
values, SC.

Figure 5.33 Concentration of CO ν = 1 in
dependence on power for four di�erent pres-
sure values, SC.

Figure 5.34 Concentration of CO, ν = 2, in
dependence on power for four di�erent pres-
sure values, SC.
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Figure 5.35 Concentration of CH3 in dependence on power for four di�erent pressure values,
SC.

should include also surface processes. This would be outside of the scope of this study.
Therefore, only some aspects of plasma chemistry and kinetics are discussed brie�y here.
The high degree of dissociation of CO2 measured and presented in �gures 5.18, 5.21b

and 5.22b can be considered as be due to several e�ective processes which occur within
the plasma, at high electron density and electron temperature, especially (with Eth the
reaction threshold energy):
- dissociation into CO and O species by electron impact (Eth = 12 eV) [44]:

e+ CO2 ⇒ e+ CO +O (5.7)

whereas other excitation processes requiring lower electron energy lead to a decrease
of the measured CO2 ground state density:
- vibrational excitation by electron impact (Eth = 0.083 to 2.5 eV depending on ν)

[45]:

e+ CO2 ⇒ e+ CO2(ν) +O (5.8)

- vibrational-vibrational (VV) collisions to gradually populate higher ν levels leading
to CO2 dissociation [38]:

CO2(νi) + CO2(νj) 
 CO2(νi−1) + CO2(νj+1) (5.9)

Both electron impact [46, 47] and thermal processes [48] can be seen to be involved
in the strong conversion of CH4, leading to the production of CH3, C2H4 and C2H6,
according to the simpli�ed following consecutive reaction scheme:

e+ CH4 ⇒ e+ CH3 +H(Eth = 10eV ) (5.10)
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CH4 +H 
 CH3 +H2 (5.11)

CH3 + CH3 
 C2H6 (5.12)

e+ C2H6 ⇒ e+ C2H4 + 2H(Eth = 10eV ) (5.13)

e+ C2H4 ⇒ e+ C2H2 + 2H(Eth = 10eV ) (5.14)

H + C2H6 
 C2H5 +H2 (5.15)

H + C2H5 
 C2H4 +H2 (5.16)

H + C2H4 
 C2H3 +H2 (5.17)

H + C2H3 
 C2H2 +H2 (5.18)

Finally, concerning the dissociation of the main precursor gas H2, H atoms are mainly
produced by dissociative excitation via the b3Σ+

u electronic state in the plasma bulk
according to [49]:

e+H2 ⇒ e+H2(b3Σ+
u )⇒ e+H +H(Eth = 8.9eV ) (5.19)

Considering �gure 5.25, it should be noted that the carbon mass balance is not ful�lled
with respect to CH4 and its dissociation by-products, CH3, C2H2, C2H6. Thus, other
carbon-containing species, not measured in the present work, such as C2H5, or CHx (x =
0-2), should also be considered. Molecules and radicals containing more than two carbon
atoms can be neglected as long as no heavy carbon-containing species such as soot is
observed for the plasma conditions investigated here. In addition, as discussed above,
the reactor walls may act as sink for hydrocarbon species.
In addition, the CH4 ground state can also be depopulated by electron impact via

vibrational excitation requiring low threshold energies [50]:

e+ CH4 ⇒ e+ CH4(2, 4)(Eth = 0.162eV ) (5.20)

e+ CH4 ⇒ e+ CH4(1, 3)(Eth = 0.361eV ) (5.21)

As a result, the CH4 total density estimated from IR measurement, carried out on CH4

ground levels, would be underestimated.
CO is the main carbon-containing species in the plasma, with 8 × 1013 - 2 × 1014

cm−3 depending on plasma conditions, created from CO2 according to reaction 5.7. For
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high enough values of the electron density and temperature, CO can be dissociated in C
and O as follows [51]:

e+ CO ⇒ e+ C +O(Eth = 14eV ) (5.22)

Thus oxygen atoms may be formed principally by reactions 5.7 and 5.22 in the mi-
crowave discharge. Atomic oxygen (i) leads to an improved etching of carbon �lms,
especially of non-diamond phases [52], (ii) enhances the abstraction of hydrogen atoms
from surfaces [53], (iii) increases the H-atoms density [54] and (iv) improve the formation
of OH groups, which removes the non-diamond carbon phases at a rate comparable to
that of the diamond growth [55], for example according to the following scheme occurring
in the gas phase [56]:

CH4 +O 
 CH3 +OH (5.23)

CH3 +O 
 H2CO +H (5.24)

H2CO +O 
 HCO +OH (5.25)

At a pressure ranging from 0.25 to 0.55 mbar, the dissociation of hydrogen molecules
mainly occurs via electronic dissociation (reaction 5.19). As measured by OES, dissocia-
tion degrees of 2 to 6% are obtained, see �gure 5.18, which corresponds to H atom density
values of about 2 × 1014 cm−3 (�gures 5.21a and 5.22a). The plasma zone, in which the
electronic dissociation takes place, located below the coaxial sources, is shaped like a
square parallelepiped of around 3 dm−3 of volume. With respect to the injected power
(maximum 3 kW), this corresponds to a power density of about 1 W cm−3. The observed
degree of dissociation is comparable to alternative diamond deposition processes relying
on approaches using a microwave cavity in CH4-H2 gas mixtures, for which equivalent
degrees of dissociation are obtained via thermal or vibrational processes [57], but for
one order of magnitude higher power density, as described in the literature [42, 58, 59].
Therefore, the reactor studied here is characterized by interesting features related to hy-
drogen dissociation processes, but with a larger volume with respect to cavity reactors,
which is an important advantage for diamond deposition on wafers of up to 4 inches size.
As described above, the plasma reactor utilized in the present study uses microwave

discharges at relatively low pressure values, which basically relies on a combination of
several plasmas ignited at the free-end of an interrupted co-axial line. The combination
of several single sources generates a relatively homogeneous discharge for deposition on
large substrates. In the past, other microwave reactor geometries have been designed
for diamond deposition, for di�erent grain morphology using carbon precursor gases, but
roughly in similar plasma conditions as in the present case. If one takes, as an example,
a microwave planar reactor used for polycrystalline diamond deposition in which carbon-
containing species have been quanti�ed [59], one can make a focus on one of the key
species, the CH3 radical. In this former work, a plasma in a mixture of H2 with some
per cents, 0.9 to 7.2%, of CH4 or CH3OH at pressure of 1.5 mbar and power of 1.5 kW
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was generated [59]. CH3 was detected by both UV BAS and IR TDLAS and was found
at concentrations of about 1-2 × 1013 cm−3 whatever the precursor was. In the present
paper, at a position of 97 mm below the co-axial plasma sources, a CH3 concentration
of 1-2 × 1012 cm−3 was found at a pressure of 0.55 mbar, which is in accordance with
the value obtained in the planar reactor [59], when one takes into account the distance
to the plasma sources.
Finally, in addition to homogeneous mechanisms, heterogeneous chemistry can also

play a signi�cant role in this deposition plasma, not only at the growing diamond layer,
but also at the reactor walls, by producing C2H6 and OH molecules:

2CHads
3 ⇒ C2H

gas
6 (5.26)

CHads
3 + CHgas

3 ⇒ C2H
gas
6 (5.27)

Ogas +Hads ⇒ OHgas (5.28)

5.5 Summary and conclusions

To obtain further fundamental insights into physical and chemical phenomena in low-
pressure MW H2 plasmas with small admixtures of methane and carbon dioxide which
are used for the deposition of nanocrystalline diamond at relatively low temperatures,
infrared absorption spectroscopy has been used in combination with optical emission
spectroscopy.
The OES method provided information about the gas temperature and the degree

of dissociation of H2 inside the MW plasma. Using traditional lead salt diode lasers,
rotational temperature of the methyl radical, CH3, and gas temperature of methane
molecule, CH4, was measured. Using an EC-QCL a relatively wide spectral range with a
variety of CO lines in the ground and in three excited states has been analysed. These �ve
methods enabled an extensive temperature analysis, providing new insights into energetic
aspects of the multi component non-equilibrium plasma. Based on the construction
principle of the DAA reactor using 16 single plasma sources the plasma generation is
characterized by a variety of hottest, hot and colder zones.
Extensive measurement of this various species temperatures in the complex plasma en-

abled the concentrations determination of the various stable and unstable plasma species,
which were found to be in the range between 1011 to 1015 cm−3. The in�uence of the
discharge parameters, power and pressure, on the molecular concentrations has been
studied. To achieve insight into general plasma chemical aspects, the dissociation of
the carbon precursor gases including their fragmentation and conversion to the reaction
products was analysed in detail. The evolution of the concentration of the methyl radi-
cal, CH3, of �ve stable molecules, CH4, CO2, CO, C2H2 and C2H4, and of vibrationally
excited CO in the �rst and second hot band was monitored in the plasma processes by
in situ infrared laser absorption spectroscopy using lead salt diode lasers (TDL) and an
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external-cavity quantum cascade laser (EC-QCL) as radiation sources. OES was applied
simultaneously to obtain complementary information about the degree of dissociation of
the H2 precursor gas. The analysis of the carbon and oxygen mass balances show that
the deposition on the reactor walls and the production of other hydrocarbons species
may act as sinks for carbon and oxygen.
To conclude appropriate diagnostics methods, as in the present case, infrared absorp-

tion spectroscopy and OES, are able to provide quantitative information as basis for
future theoretical descriptions of these important technological plasmas.

94



Bibliography

[1] Gruen D M, Pan X, Krauss A R, Liu S, Luo J and Foster C M 1994 Deposition
and characterization of nanocrystalline diamond �lms Journal of Vacuum Science &
Technology A: Vacuum, Surfaces, and Films 12 1491�1495 URL http://dx.doi.

org/10.1116/1.579343 63

[2] Hu J, Chou Y, Thompson R, Burgess J and Street S 2007 Characterizations of
nano-crystalline diamond coating cutting tools Surface and Coatings Technology
202 1113�1117 URL http://dx.doi.org/10.1016/j.surfcoat.2007.07.050 63

[3] Williams O 2011 Nanocrystalline diamond Diamond and Related Materials 20 621�
640 URL http://dx.doi.org/10.1016/j.diamond.2011.02.015

[4] Cervenka J, Dontschuk N, Ladouceur F, Duvall S G and Prawer S 2012 Dia-
mond/aluminium nitride composites for e�cient thermal management applications
Applied Physics Letters 101 051902 URL http://dx.doi.org/10.1063/1.4742736

63

[5] Gracio J J, Fan Q H and Madaleno J C 2010 Diamond growth by chemical vapour
deposition Journal of Physics D: Applied Physics 43 374017 URL http://dx.doi.

org/10.1088/0022-3727/43/37/374017 63

[6] Latrasse L, Lacoste A, Sirou J and Pelletier J 2006 High density distributed mi-
crowave plasma sources in a matrix con�guration: concept, design and performance
Plasma Sources Science and Technology 16 7�12 URL http://dx.doi.org/10.

1088/0963-0252/16/1/002 63, 65

[7] Latrasse L, Sadeghi N, Lacoste A, Bès A and Pelletier J 2007 Characterization
of high density matrix microwave argon plasmas by laser absorption and electric
probe diagnostics Journal of Physics D: Applied Physics 40 5177�5186 URL http:

//dx.doi.org/10.1088/0022-3727/40/17/024 63, 72

[8] Rayar M, Quoc H L, Lacoste A, Latrasse L and Pelletier J 2009 Characteri-
zation of hydrogen microwave plasmas produced by elementary sources in ma-
trix con�guration Plasma Sources Science and Technology 18 025013 URL http:

//dx.doi.org/10.1088/0963-0252/18/2/025013 63, 72, 73, 74, 75, 81

[9] Mehedi H A, Achard J, Rats D, Brinza O, Tallaire A, Mille V, Silva F, Provent C
and Gicquel A 2014 Low temperature and large area deposition of nanocrystalline
diamond �lms with distributed antenna array microwave-plasma reactor Diamond

95

http://dx.doi.org/10.1116/1.579343
http://dx.doi.org/10.1116/1.579343
http://dx.doi.org/10.1016/j.surfcoat.2007.07.050
http://dx.doi.org/10.1016/j.diamond.2011.02.015
http://dx.doi.org/10.1063/1.4742736
http://dx.doi.org/10.1088/0022-3727/43/37/374017
http://dx.doi.org/10.1088/0022-3727/43/37/374017
http://dx.doi.org/10.1088/0963-0252/16/1/002
http://dx.doi.org/10.1088/0963-0252/16/1/002
http://dx.doi.org/10.1088/0022-3727/40/17/024
http://dx.doi.org/10.1088/0022-3727/40/17/024
http://dx.doi.org/10.1088/0963-0252/18/2/025013
http://dx.doi.org/10.1088/0963-0252/18/2/025013


Bibliography

and Related Materials 47 58�65 URL http://dx.doi.org/10.1016/j.diamond.

2014.05.004 64, 65, 67

[10] Izak T, Babchenko O, Potocky S, Remes Z, Kozak H, Verveniotis E, Rezek B and
Kromka A 2014 Nanodiamond RSC Nanoscience & Nanotechnology ed Williams
O A (Royal Society of Chemistry (RSC)) URL http://dx.doi.org/10.1039/

9781849737616 64

[11] Baudrillart B, Bénédic F, Brinza O, Bieber T, Chauveau T, Achard J and Gicquel A
2015 Microstructure and growth kinetics of nanocrystalline diamond �lms deposited
in large area/low temperature distributed antenna array microwave-plasma reactor
physica status solidi (a) 212 2611�2615 URL http://dx.doi.org/10.1002/pssa.

201532276 64, 65, 67

[12] Baudrillart B, Bénédic F, Achard J and Gicquel A 2016 privatecommunication 64

[13] Röpcke J, Lombardi G, Rousseau A and Davies P B 2006 Application of mid-infrared
tuneable diode laser absorption spectroscopy to plasma diagnostics: a review Plasma
Sources Science and Technology 15 S148�S168 URL http://dx.doi.org/10.1088/

0963-0252/15/4/S02 64

[14] Hamann S, Rond C, Pipa A V, Wartel M, Lombardi G, Gicquel A and Röpcke J 2014
Spectroscopic study of H2 microwave plasmas with small admixtures of CH4 and
B2H6 used for doped diamond deposition Plasma Sources Science and Technology
23 045015 URL http://dx.doi.org/10.1088/0963-0252/23/4/045015 64, 72, 83,
86

[15] Röpcke J, Davies P B, Lang N, Rousseau A and Welzel S 2012 Applications of quan-
tum cascade lasers in plasma diagnostics: a review Journal of Physics D: Applied
Physics 45 423001 URL http://dx.doi.org/10.1088/0022-3727/45/42/423001

64

[16] Lopatik D, Lang N, Macherius U, Zimmermann H and Röpcke J 2012 On the ap-
plication of cw external cavity quantum cascade infrared lasers for plasma diagnos-
tics Measurement Science and Technology 23 115501 URL http://dx.doi.org/10.

1088/0957-0233/23/11/115501 64, 76

[17] Hamann S, Börner K, Burlacov I, Spies H J, Strämke M, Strämke S and Röpcke
J 2015 Plasma nitriding monitoring reactor: A model reactor for studying plasma
nitriding processes using an active screen Review of Scienti�c Instruments 86 123503
URL http://dx.doi.org/10.1063/1.4936844

[18] Lopatik D, Niemietz S, Fröhlich M, Röpcke J and Kersten H 2012 Plasma chemical
study of a RF discharge containing aluminum tri-isopropoxide using MIR absorp-
tion spectroscopy based on external-cavity quantum cascade lasers Contributions to
Plasma Physics 52 864�871 URL http://dx.doi.org/10.1002/ctpp.201200044

64

96

http://dx.doi.org/10.1016/j.diamond.2014.05.004
http://dx.doi.org/10.1016/j.diamond.2014.05.004
http://dx.doi.org/10.1039/9781849737616
http://dx.doi.org/10.1039/9781849737616
http://dx.doi.org/10.1002/pssa.201532276
http://dx.doi.org/10.1002/pssa.201532276
http://dx.doi.org/10.1088/0963-0252/15/4/S02
http://dx.doi.org/10.1088/0963-0252/15/4/S02
http://dx.doi.org/10.1088/0963-0252/23/4/045015
http://dx.doi.org/10.1088/0022-3727/45/42/423001
http://dx.doi.org/10.1088/0957-0233/23/11/115501
http://dx.doi.org/10.1088/0957-0233/23/11/115501
http://dx.doi.org/10.1063/1.4936844
http://dx.doi.org/10.1002/ctpp.201200044


Bibliography

[19] Hancock G, van Helden J H, Peverall R, Ritchie G A D and Walker R J 2009 Direct
and wavelength modulation spectroscopy using a cw external cavity quantum cas-
cade laser Applied Physics Letters 94 201110 URL http://dx.doi.org/10.1063/

1.3141521 64

[20] Röpcke J, Mechold L, Kaäing M, Anders J, Wienhold F G, Nelson D and Zahniser
M 2000 IRMA: A tunable infrared multicomponent acquisition system for plasma
diagnostics Review of Scienti�c Instruments 71 3706 URL http://dx.doi.org/10.

1063/1.1290041 67

[21] Stancu G D, Röpcke J and Davies P B 2005 Line strengths and transition dipole
moment of the ν2 fundamental band of the methyl radical The Journal of Chemical
Physics 122 014306 URL http://dx.doi.org/10.1063/1.1812755 68, 82

[22] Rothman L, Jacquemart D, Barbe A, Benner D C, Birk M, Brown L, Carleer M,
Chackerian C, Chance K, Coudert L, Dana V, Devi V, Flaud J M, Gamache R,
Goldman A, Hartmann J M, Jucks K, Maki A, Mandin J Y, Massie S, Orphal
J, Perrin A, Rinsland C, Smith M, Tennyson J, Tolchenov R, Toth R, Auwera
J V, Varanasi P and Wagner G 2005 The HITRAN 2004 molecular spectroscopic
database Journal of Quantitative Spectroscopy and Radiative Transfer 96 139�204
URL http://dx.doi.org/10.1016/j.jqsrt.2004.10.008 68, 69, 78, 82

[23] Rothman L, Gordon I, Barber R, Dothe H, Gamache R, Goldman A, Perevalov V,
Tashkun S and Tennyson J 2010 HITEMP, the high-temperature molecular spectro-
scopic database Journal of Quantitative Spectroscopy and Radiative Transfer 111
2139�2150 URL http://dx.doi.org/10.1016/j.jqsrt.2010.05.001 68, 69, 78,
82

[24] White J U 1942 Long optical paths of large aperture Journal of the Optical Society
of America 32 285 URL http://dx.doi.org/10.1364/JOSA.32.000285 68

[25] Lavrov B P, Pipa A V and Röpcke J 2006 On determination of the degree of dissoci-
ation of hydrogen in non-equilibrium plasmas by means of emission spectroscopy: I.
the collision-radiative model and numerical experiments Plasma Sources Science and
Technology 15 135�146 URL http://dx.doi.org/10.1088/0963-0252/15/1/020

70, 73

[26] Lavrov B P, Lang N, Pipa A V and Röpcke J 2006 On determination of the degree
of dissociation of hydrogen in non-equilibrium plasmas by means of emission spec-
troscopy: II. experimental veri�cation Plasma Sources Science and Technology 15

147�155 URL http://dx.doi.org/10.1088/0963-0252/15/1/021 70, 72, 73

[27] Hempel F, Davies P B, Lo�hagen D, Mechold L and Röpcke J 2003 Diagnostic stud-
ies of H2-Ar-N2 microwave plasmas containing methane or methanol using tunable
infrared diode laser absorption spectroscopy Plasma Sources Science and Technology
12 S98�S110 URL https://doi.org/10.1088%2F0963-0252%2F12%2F4%2F025 72

97

http://dx.doi.org/10.1063/1.3141521
http://dx.doi.org/10.1063/1.3141521
http://dx.doi.org/10.1063/1.1290041
http://dx.doi.org/10.1063/1.1290041
http://dx.doi.org/10.1063/1.1812755
http://dx.doi.org/10.1016/j.jqsrt.2004.10.008
http://dx.doi.org/10.1016/j.jqsrt.2010.05.001
http://dx.doi.org/10.1364/JOSA.32.000285
http://dx.doi.org/10.1088/0963-0252/15/1/020
http://dx.doi.org/10.1088/0963-0252/15/1/021
https://doi.org/10.1088%2F0963-0252%2F12%2F4%2F025


Bibliography

[28] Lavrov B P and Otorbaev D K 1978 Relation between the rotational temperature
and gas temperature in a low-pressure molecular plasma. Sov. Tech. Phys. Lett. 4
574 73, 74

[29] Lavrov B P 1980 Determination of the gas temperature of a low-pressure plasma
from the intensities of the H2 and D2 molecular bands. relationship between the
intensity distribution in a band and the gas temperature. Opt. Spectrosc. 48 375 73

[30] Lavrov B P and Tyutchev M V 1984 Gas temperature measurements in non-
equilibrium plasma from the intensities of H2 molecular bands. Acta Phys. Hung.
55 411 URL http://link.springer.com/article/10.1007/BF03155952

[31] Astashkevich S, Käning M, Käning E, Kokina N, Lavrov B, Ohl A and Röpcke
J 1996 Radiative characteristics of 3pΣ, Π; 3dΠ−, ∆− states of H2 and deter-
mination of gas temperature of low pressure hydrogen containing plasmas Jour-
nal of Quantitative Spectroscopy and Radiative Transfer 56 725�751 URL http:

//dx.doi.org/10.1016/S0022-4073(96)00103-3 73, 74, 82

[32] Osiac M, Lavrov B and Röpcke J 2002 Intensity distributions in r and p branches
of (0-0) band of the A1Π→X1Σ+ electronic transition of the BH molecule and
determination of gas temperature in non-equilibrium plasmas Journal of Quantita-
tive Spectroscopy and Radiative Transfer 74 471�491 URL http://dx.doi.org/10.

1016/S0022-4073(01)00268-0 73

[33] Lavrov B P, Osiac M, Pipa A V and pcke J R 2003 On the spectroscopic detection
of neutral species in a low-pressure plasma containing boron and hydrogen Plasma
Sources Science and Technology 12 576�589 URL http://dx.doi.org/10.1088/

0963-0252/12/4/309 74

[34] Majstorovi¢ G L and �i²ovi¢ N M 2012 On the use of two hydrogen bands for spectro-
scopic temperature measurement in a low-pressure gas discharge Journal of Research
in Physics 36 1�12 URL http://dx.doi.org/10.2478/v10242-012-0008-9 73, 74

[35] Sobolev N N 1989 Electron-Excited Molecules in Non-Equilibrium Plasma. (New
York: Nova Science Publishers) URL https://www.osti.gov/scitech/biblio/

6508537 73

[36] Lavrov B P, Solov'ev A A and Tyutchev M V 1980 Populations of the rotational
levels of the d3Π−

u levels of H2, HD and D2 in an rf discharge Journal of Applied
Spectroscopy 32 316�320 URL http://dx.doi.org/10.1007/BF00611004 73

[37] Majstorovi¢ G L and �i²ovi¢ N M 2015 Rotational and gas temperatures of molecular
deuterium in a hollow cathode glow discharge Journal of Research in Physics 38-39
URL http://dx.doi.org/10.1515/jrp-2015-0002 73, 74

[38] Kozák T and Bogaerts A 2014 Evaluation of the energy e�ciency of CO2 conversion
in microwave discharges using a reaction kinetics model Plasma Sources Science

98

http://link.springer.com/article/10.1007/BF03155952
http://dx.doi.org/10.1016/S0022-4073(96)00103-3
http://dx.doi.org/10.1016/S0022-4073(96)00103-3
http://dx.doi.org/10.1016/S0022-4073(01)00268-0
http://dx.doi.org/10.1016/S0022-4073(01)00268-0
http://dx.doi.org/10.1088/0963-0252/12/4/309
http://dx.doi.org/10.1088/0963-0252/12/4/309
http://dx.doi.org/10.2478/v10242-012-0008-9
https://www.osti.gov/scitech/biblio/6508537
https://www.osti.gov/scitech/biblio/6508537
http://dx.doi.org/10.1007/BF00611004
http://dx.doi.org/10.1515/jrp-2015-0002


Bibliography

and Technology 24 015024 URL http://dx.doi.org/10.1088/0963-0252/24/1/

015024 81, 90

[39] Pipa A V 2004 On Determination of the Degree of Dissociation of Hydrogen
in Non-Equilibrium Plasmas by Means of Emission Spectroscopy (Logos Ver-
lag) ISBN 3832506454 URL http://www.logos-verlag.de/cgi-bin/engbuchmid?

isbn=0645&lng=eng&id= 82

[40] Dieke G 1958 The molecular spectrum of hydrogen and its isotopes Journal of Molec-
ular Spectroscopy 2 494�517 URL http://dx.doi.org/10.1016/0022-2852(58)

90095-X 82

[41] Cheesman A, Smith J A, Ashfold M N R, Langford N, Wright S and Duxbury G
2006 Application of a quantum cascade laser for time-resolved, in situ probing of
CH4/H2 and C2H2/H2 gas mixtures during microwave plasma enhanced chemical
vapor deposition of diamond The Journal of Physical Chemistry A 110 2821�2828
URL http://dx.doi.org/10.1021/jp056622u 82

[42] Ikeda M, Ito H, Hiramatsu M, Hori M and Goto T 1997 E�ects of H, OH and CH3

radicals on diamond �lm formation in parallel-plate radio frequency plasma reactor
Journal of Applied Physics 82 4055�4061 URL http://dx.doi.org/10.1063/1.

365715 82, 92

[43] Mu-Tao L, Machado L E, Brescansin L M and Meneses G D 1991 Studies of vibronic
excitations of H2 by electron impact Journal of Physics B: Atomic, Molecular and
Optical Physics 24 509�518 URL http://dx.doi.org/10.1088/0953-4075/24/2/

017 82

[44] Itikawa Y 2002 Cross sections for electron collisions with carbon dioxide Journal
of Physical and Chemical Reference Data 31 749�767 URL https://doi.org/10.

1063%2F1.1481879 90

[45] Kie�er L 1973 A compilation of electron collision cross section data for modeling
gas discharge lasers JILA Rep. URL https://jila.colorado.edu/sites/default/

files/assets/files/publications/JILA_RedBooks_13_0.pdf 90

[46] Nakano T, Toyoda H and Sugai H 1991 Electron-impact dissociation of methane
into CH3 and CH3 radicals II. absolute cross sections Japanese Journal of Applied
Physics 30 2912�2915 URL https://doi.org/10.1143%2Fjjap.30.2912 90

[47] Alman D A, Ruzic D N and Brooks J N 2000 A hydrocarbon reaction model for
low temperature hydrogen plasmas and an application to the joint european torus
Physics of Plasmas 7 1421�1432 URL https://doi.org/10.1063%2F1.873960 90

[48] Heintze M, Magureanu M and Kettlitz M 2002 Mechanism of C2 hydrocarbon for-
mation from methane in a pulsed microwave plasma Journal of Applied Physics 92
7022�7031 URL https://doi.org/10.1063%2F1.1521518 90

99

http://dx.doi.org/10.1088/0963-0252/24/1/015024
http://dx.doi.org/10.1088/0963-0252/24/1/015024
http://www.logos-verlag.de/cgi-bin/engbuchmid?isbn=0645&lng=eng&id=
http://www.logos-verlag.de/cgi-bin/engbuchmid?isbn=0645&lng=eng&id=
http://dx.doi.org/10.1016/0022-2852(58)90095-X
http://dx.doi.org/10.1016/0022-2852(58)90095-X
http://dx.doi.org/10.1021/jp056622u
http://dx.doi.org/10.1063/1.365715
http://dx.doi.org/10.1063/1.365715
http://dx.doi.org/10.1088/0953-4075/24/2/017
http://dx.doi.org/10.1088/0953-4075/24/2/017
https://doi.org/10.1063%2F1.1481879
https://doi.org/10.1063%2F1.1481879
https://jila.colorado.edu/sites/default/files/assets/files/publications/JILA_RedBooks_13_0.pdf
https://jila.colorado.edu/sites/default/files/assets/files/publications/JILA_RedBooks_13_0.pdf
https://doi.org/10.1143%2Fjjap.30.2912
https://doi.org/10.1063%2F1.873960
https://doi.org/10.1063%2F1.1521518


Bibliography

[49] Janev R K, Langer W D, Post D E and Evans K 1987 Elementary Processes
in Hydrogen-Helium Plasmas (Springer Nature) URL https://doi.org/10.1007%

2F978-3-642-71935-6 91

[50] Morgan W L 1992 A critical evaluation of low-energy electron impact cross sections
for plasma processing modeling. II: Cl4, SiH4, and CH4 Plasma Chemistry and
Plasma Processing 12 477�493 URL https://doi.org/10.1007%2Fbf01447255 91

[51] Cosby P C 1993 Electron-impact dissociation of carbon monoxide The Journal of
Chemical Physics 98 7804�7818 URL https://doi.org/10.1063%2F1.464588 92

[52] Vescan A, Ebert W, Borst T and Kohn E 1996 Electrical characterisation of diamond
resistors etched by RIE Diamond and Related Materials 5 747�751 URL https:

//doi.org/10.1016%2F0925-9635%2895%2900500-5 92

[53] Ihara M, Maeno H, Miyamoto K and Komiyama H 1992 Low-temperature deposition
of diamond in a temperature range from 70 °C to 700 °C Diamond and Related Ma-
terials 1 187�190 URL https://doi.org/10.1016%2F0925-9635%2892%2990022-g

92

[54] Harris S J and Weiner A M 1989 E�ects of oxygen on diamond growth Applied
Physics Letters 55 2179�2181 URL https://doi.org/10.1063%2F1.102350 92

[55] Stiegler J, Lang T, Nyga�rd-Ferguson M, von Kaenel Y and Blank E 1996 Low tem-
perature limits of diamond �lm growth by microwave plasma-assisted CVD Diamond
and Related Materials 5 226�230 URL https://doi.org/10.1016%2F0925-9635%

2895%2900349-5 92

[56] Marinov N M 1999 A detailed chemical kinetic model for high tempera-
ture ethanol oxidation International Journal of Chemical Kinetics 31 183�
220 URL https://doi.org/10.1002%2F%28sici%291097-4601%281999%2931%3A3%

3C183%3A%3Aaid-kin3%3E3.0.co%3B2-x 92

[57] Hassouni K, Gicquel A, Capitelli M and Loureiro J 1999 Chemical kinetics and
energy transfer in moderate pressure H2 plasmas used in diamond MPACVD pro-
cesses Plasma Sources Science and Technology 8 494�512 URL https://doi.org/

10.1088%2F0963-0252%2F8%2F3%2F320 92

[58] Hassouni K, Silva F and Gicquel A 2010 Modelling of diamond deposition microwave
cavity generated plasmas Journal of Physics D: Applied Physics 43 153001 URL
https://doi.org/10.1088%2F0022-3727%2F43%2F15%2F153001 92

[59] Lombardi G, Stancu G D, Hempel F, Gicquel A and Röpcke J 2003 Quantita-
tive detection of methyl radicals in non-equilibrium plasmas: a comparative study
Plasma Sources Science and Technology 13 27�38 URL https://doi.org/10.1088%

2F0963-0252%2F13%2F1%2F004 92, 93

100

https://doi.org/10.1007%2F978-3-642-71935-6
https://doi.org/10.1007%2F978-3-642-71935-6
https://doi.org/10.1007%2Fbf01447255
https://doi.org/10.1063%2F1.464588
https://doi.org/10.1016%2F0925-9635%2895%2900500-5
https://doi.org/10.1016%2F0925-9635%2895%2900500-5
https://doi.org/10.1016%2F0925-9635%2892%2990022-g
https://doi.org/10.1063%2F1.102350
https://doi.org/10.1016%2F0925-9635%2895%2900349-5
https://doi.org/10.1016%2F0925-9635%2895%2900349-5
https://doi.org/10.1002%2F%28sici%291097-4601%281999%2931%3A3%3C183%3A%3Aaid-kin3%3E3.0.co%3B2-x
https://doi.org/10.1002%2F%28sici%291097-4601%281999%2931%3A3%3C183%3A%3Aaid-kin3%3E3.0.co%3B2-x
https://doi.org/10.1088%2F0963-0252%2F8%2F3%2F320
https://doi.org/10.1088%2F0963-0252%2F8%2F3%2F320
https://doi.org/10.1088%2F0022-3727%2F43%2F15%2F153001
https://doi.org/10.1088%2F0963-0252%2F13%2F1%2F004
https://doi.org/10.1088%2F0963-0252%2F13%2F1%2F004


6 High resolution spectroscopy of silane:
determination of the absolute line
strengths of the ν3 fundamental band
at 4.6 µm*

6.1 Introduction

The consumption and dissociation of silane (SiH4) are key parameters for process mon-
itoring of SiH4 in industrial applications such as the manufacture of solar cells. High
resolution spectra of SiH4 in the MIR are also crucial for detecting the silyl radical,
SiH3, which is thought to play a key role in the deposition of silicon layers in plasma
enhanced chemical vapour deposition, because the ν3 fundamental of SiH3 coincides with
the ν3 band of SiH4. Many spectroscopic studies have already been reported on the ν3

fundamental band of silane and of the ν1 band which lies only 2.5 cm−1 lower than it and
with which it is coupled through a vibration-rotation interaction [13�25]. The analysis
of the tetrahedral structure in the rotational components of the ν3/ν1 dyad has been
presented, for example, by Lavorel et al. [22, 24] and by Cabana et al. [14, 16, 17]
and shown to be in good agreement with experiment although the latter were limited by
spectrometer resolution in earlier studies. The improved resolution of Fourier transform
infrared (FTIR) instruments and the arrival of infrared lasers have enabled much better
tests of spherical top theory to be made. For example diode laser spectra of the ν3/ν1

dyad reveal, within the limits imposed by Doppler resolution, the manifold of states com-
prising individual R-branch components and these were used to deduce dipole moment
parameters [23]. One paper in which a high resolution spectrum of the Doppler-resolved
R(9) manifold acquired with a DFB-QCL spectrometer has been reported [25]. The EC-
QCL used in the present work provides many examples of resolved tetrahedral structure
in the P-branch lines of the ν3 fundamental. In contrast to the extensive literature on the
infrared spectroscopy of silane including line assignment, motivated by understanding the
e�ects of tetrahedral symmetry on its spectrum, measurements of line strengths are quite
sparse. The main objective of the present work is new quantitative measurements of line
strengths that are needed to exploit the highly favourable characteristics of EC-QCLs
for plasma analytical applications in particular. Speci�cally an EC-QCL in combination
with a White type multi-pass cell is used to record transitions of the stretching dyad

*based on: J H van Helden, D Lopatik, A Nave, N Lang, P B Davies and J
Röpcke 2014 Journal of Quantitative Spectroscopy & Radiative Transfer 151 287-294 URL
http://dx.doi.org/10.1016/j.jqsrt.2014.10.016
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Figure 6.1 Schematic arrangement of the EC-QCL spectrometer. EC-QCL, external-cavity
quantum cascade laser; LC, laser controller; PC, piezo controller; FM, �ip mirror; OI, optical
isolator; M, mirror; BS, beam splitter; RGC, reference gas cell; OAPM, o�-axis parabolic mirror;
D1,D2, D3, LN2-MCT detectors

within the P-branch of the ν3 fundamental band of silane between 2096 and 2178 cm−1.

6.2 Experimental arrangement

The experimental arrangement is depicted in Fig. 6.1. The water cooled cw EC-QCL
(Daylight Solutions, model 21047-MHF-011-D0330) was tunable between 1985 and 2250
cm−1, including a mode hop free region between 2085 and 2175 cm−1 with powers in
excess of 150 mW over this range at a chip temperature of 18 ◦C. A He-Ne laser was
co-aligned with the laser beam to aid in the alignment of the infrared beam in the White
cell. Coarse tuning of the laser to the region of interest was achieved using the stepper
motor controlling the angle of the external cavity grating. Fine tuning of the laser was
made using a piezo electric transducer (PZT) attached to the grating. Coarse single
scans of up to 2 cm−1 were recorded by applying a 80 Hz sine wave modulation to the
PZT using a single channel controller (Thorlabs MDT694A). Smaller single scans of 0.3
cm−1 were used to obtain the highest resolution spectra.
EC-QCLs are known to be extremely sensitive to optical feedback that consequently

produces frequency instabilities. The laser beam was therefore �rst passed through a
home-made isolator consisting of a linear polariser and a tunable quarter wave plate to
suppress back re�ections into the laser. The beam was then mechanically chopped (Stan-
ford Research, SR540) to interrupt the beam at the same frequency as the laser tuning
frequency. This enabled the background signal at the AC-detector to be determined.
Next the beam was sampled using two ZnSe beam splitters to provide calibration and
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reference channels. About 30% of the beam was directed through a 3" long germanium
etalon with a free spectral range of 0.0161± 0.0001 cm−1 for relative frequency calibra-
tion. Absolute frequency calibration was provided by recording reference spectra of OCS,
CO or N2O in low pressure cells [26]. In both cases, the transmitted light was focussed by
a gold-coated o�-axis parabolic mirror (OAPM) (f = 25.4 mm) onto AC liquid nitrogen
cooled mercury cadmium telluride (LN2-MCT) detectors (Graseby Infrared (GI) HCT-
12.5-1.0 with a 100 kHz bandwidth pre-ampli�er (GI PD8000) and Judson Technologies
J15D12-M204-S01M-60 with a 1 MHz bandwidth pre-ampli�er (Judson Technologies PA-
101), respectively).
The main portion of the EC-QCL beam was coupled into a 70 cm long White cell via

steering mirrors (Fig. 6.1). For the current measurements a total absorption path length
of 2.8 m was employed. The White cell was �lled with a �owing gas mixture of 10% SiH4

in H2 diluted with argon at 296 K at a pressure of 1 mbar measured on a capacitance
manometer (Balzers CMR262-100 mbar). Care was taken that the measured absorptions
were below 50% by dilution of the gas mixture with argon to avoid any non-linear e�ects
due to saturation of the transitions. Light exiting the White cell was focused with an
OAPM onto a LN2-MCT detector (Judson Technologies J15D22-M204-S01M-60) with a
1 MHz bandwidth pre-ampli�er (Judson Technologies PA-101). The control of the laser
system and the chopper as well as the recording of the signals from the three detectors
was implemented using a Labview program as described previously [12].

6.3 Data analysis

The relationship between the measured absorbance and the frequency-dependent absorp-
tion coe�cient α(ν) (the product of the absorption cross section σ(ν) and the absorber
number density n) is given by the Beer-Lambert law as

− ln

(
I(ν)

I0(ν)

)
= α(ν)L (6.1)

where I(ν) and I0(ν) are the frequency-dependent transmitted intensities with and with-
out an absorbing species present, respectively, and L is the absorption path length. The
integrated absorbance is proportional to the line strength according to∫

line
ln

(
I(ν)

I0(ν)

)
dν = n

∫
line

σ(ν)dνL = nS(T )L, (6.2)

where S(T) is the temperature-dependent line strength (cm2 cm−1 molec−1). The recorded
low pressure absorbance traces were well reproduced by a Gaussian pro�le and the data
were therefore �tted with the following function

g(ν) = y0 +
2A

∆νG

√
ln(2)

π
e−4 ln 2[(ν−νc)/∆νG]2 , (6.3)

where y0 is an o�set parameter, νc is the centre frequency of the Gaussian pro�le, A is the
area of the Gaussian pro�le (in cm−1), νG is the full width at half maximum (FWHM)
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which is a convolution of the Doppler line-width and the laser line-width of 35 MHz
which was measured to have a Gaussian pro�le for this laser [12]. As far as possible, the
�tting routine was applied to each transitions separately with a free running Gaussian
width. When transitions overlapped, multiple peaks where �tted simultaneously with a
shared free running Gaussian width. The line strength of each transition was determined
as follows

S(T ) =
A

nL
. (6.4)

6.4 Results

In Fig. 6.2, three spectra of the P-branch of the ν3 band of SiH4 are shown. The top
spectrum (Fig. 6.2a) is taken from the Paci�c Northwest National Laboratory (PNNL)
database [27] and shows a FTIR spectrum at a resolution of 0.1 cm−1 while the middle
spectrum (Fig. 6.2b) is the same region recorded with the EC-QCL spectrometer at a
resolution of 2 × 10−3 cm−1. This spectrum consists of 87 single scans with absolute
frequencies stitched together. The lowest spectrum (Fig. 6.2c) is an expanded recording
of the P(9) feature taken with the EC-QCL spectrometer that shows features from three
di�erent isotopic forms of SiH4 and evidence of tetrahedral structure. Before measuring
the line strengths of P-branch transitions it was �rst necessary to calculate the assign-
ment, position and intensity of the tetrahedral features for the three isotopic forms of
SiH4, 28SiH4 (92.2%), 29SiH4 (4.7%), and 30SiH4 (3.1%) present in each P-branch compo-
nent. The spectra were simulated using the Spherical Top Data System (STDS) software
[28] that calculates the positions and line intensities from the spectroscopic parameters
which are already included in the software.
To determine line strengths with high precision not all transitions calculated with the

SDTS software were measured, but only selected regions containing transitions of the
stretching dyad within the P-branch of 28SiH4 were recorded at a higher resolution of
1.1×10−3 cm−1, i.e., the laser line-width. Although not all measured transitions could be
assigned using the STDS software, they could be assigned using the complementary TDS
spectroscopic databank for spherical top molecules [29]. Figure 6.3a shows an expanded
scan of the P(6) components �tted with Gaussian line pro�les. In Fig. 6.3b, a close-up
of the 6 2 1 → 5 1 1 component of the P(6) manifold �tted with a Gaussian line pro�le
is illustrated. In �gure 6.3c, the line positions and intensities of the P(6) components
from the TDS spectroscopic databank for spherical top molecules are depicted. The
residual, i.e., the di�erence between the measured and �tted absorption pro�le, is given
in Fig 6.3d. Although it could be argued that a slight w-shape is inferred in the residual,
there is no indication of any physical process resulting in a w-shape as for example the
working pressure was too low for Dicke narrowing. We can only attribute the residual
to a non-perfect correction of the o�set of our AC-Detector resulting in a larger error in
the baseline. In Fig. 6.4 another example of an expanded scan with its analysis is shown
for the P(7) manifold.
In Table 6.1 the determined line positions and line strengths are given for transitions

in the P-branch of the ν3 band of silane between 2096 cm−1 and 2178 cm−1. These line
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strengths have an estimated experimental measurement accuracy of 10%. The calculated
line positions with their assignment and line intensities using the TDS spectroscopic
databank for spherical top molecules are also given. For the normalization the 4 5 1 →
3 4 4 component of the P(4) manifold at 2166.3056 cm−1 has been taken as this is the
most reliable observed line. In case the measured components contained two transitions
which could not be resolved within the Doppler width, the component was �tted with
one absorption pro�le and the contributing transitions are both given in Table 6.1. The
di�erence in the observed to calculated line positions is also given in table 6.1 and is on
average 1.5 × 10−3 cm−1. The accuracy of the line positions is hampered by the sine
wave modulation to the PZT used for �ne tuning of the laser. The last column in table
6.1 is the ratio of the observed line strength over the normalised TDS line intensity. The
determined values for the line strengths were compared to selected transitions from the
PNNL database. Since the resolution in the PNNL database spectra was insu�cient to
resolve individual �ne structure, integrated intensities can be calculated for well-resolved
features. For example, the combined line strength of the four transitions measured at
2166.3 cm−1 is 6% larger than the integrated line strength from the PNNL database.
Overall, all of our line strengths are within 10% of values obtained from the PNNL
database, thus within the uncertainty of our measurements.
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(a)

(b)

(c)

Figure 6.2 P-branch spectra of the ν3 fundamental band of silane: (a) Survey spectrum at a
resolution of 0.1 cm−1 from the PNNL data base acquired with a FTIR spectrometer [27], (b)
Survey spectrum recorded with the EC-QCL spectrometer at a resolution of 2× 10−3 cm−1, (c)
expanded scan in the region of the P(9) component with the simulated STDS spectrum shown
at the top of the �gure for the three isotopomers of SiH4.
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(a) (b)

(c) (d)

Figure 6.3 (a) Expanded scan of the P(6) components �tted with Gaussian line pro�les. (b)
A zoom of the 6 2 1 → 5 1 1 component of the P(6) manifold �tted with Gaussian line pro�le.
(c) The line positions and intensities of these components from the TDS spectroscopic databank
for spherical top molecules. (d) The residual of the measured and �tted absorption pro�le.
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(a) (b)

(c) (d)

Figure 6.4 (a) Expanded scan of the P(7) components �tted with Gaussian line pro�les. (b)
A zoom of the 7 5 1 → 6 4 6 and the 7 4 1 → 6 5 7 components of the P(7) manifold �tted with
Gaussian line pro�le. (c) The line positions and intensities of these components from the TDS
spectroscopic databank for spherical top molecules. (d) The residual of the measured and �tted
absorption pro�les.
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Table 6.1 Line strengths of transitions of the stretching dyad in the P-branch of the ν3 band of
28SiH4 between 2096 cm−1 and 2178 cm−1 at 296 K. Also given are the line positions with their
assignment and normalized line intensities using the TDS spectroscopic databank for spherical
top molecules (see text). The assignments are given in the form J”C”n” � J ′C ′n′, where J is
the rotational quantum number, C the symmetry in the Td group and n a numbering index that
distinguishes eigenvalues with the same symmetry C within a given J block. The last two columns
are the obs. - TDS for wavenumbers and the ratio = (observed line strength)/(normalized TDS
line intensity).

this work TDS calculation
wavenumber line strength rotational wavenumber normalized wavenumber ratio

assignment line intensity obs.-TDS
(cm−1) (cm2 cm−1 molec−1) lower � upper (cm−1) (cm2 cm−1 molec−1) (cm−1)

2096.6082 2.530× 10−20 16 1 1 � 15 2 5 2096.606632 2.663× 10−20 0.00157 0.95
2096.6400 1.607× 10−20 16 4 1 � 15 5 13 2096.638503 1.460× 10−20 0.00150 0.91

16 5 3 � 15 4 15 2096.63993 3.090× 10−21

2096.6581 9.113× 10−21 16 3 1 � 15 3 9 2096.656859 9.319× 10−21 0.00124 0.98
2096.6860 1.131× 10−20 16 5 1 � 15 4 14 2096.685332 1.341× 10−20 0.00067 0.84
2096.7430 8.317× 10−21 16 3 2 � 15 3 10 2096.743092 8.240× 10−21 -0.00009 1.01
2096.7718 9.262× 10−21 16 5 2 � 15 4 15 2096.772732 9.446× 10−21 -0.00093 0.98
2096.8021 9.495× 10−21 16 4 2 � 15 5 14 2096.803566 1.050× 10−20 -0.00147 0.90
2101.2888 5.038× 10−20 15 2 2 � 14 1 4 2101.289543 4.746× 10−20 -0.00074 1.06
2101.2937 9.089× 10−21 15 5 4 � 14 4 10 2101.294803 6.696× 10−21 -0.00110 1.36
2101.3095 5.713× 10−21 15 4 3 � 14 5 11 2101.309683 5.967× 10−21 -0.00018 0.96
2101.3453 1.368× 10−20 15 5 4 � 14 4 11 2101.345407 1.608× 10−20 -0.00011 0.85
2101.3691 2.202× 10−20 15 4 4 � 14 5 12 2101.369361 2.161× 10−20 -0.00026 1.02
2101.3965 3.615× 10−20 15 1 1 � 14 2 4 2101.396569 4.309× 10−20 -0.00007 0.84
2101.4445 2.451× 10−21 15 3 2 � 14 3 8 2101.444165 3.057× 10−21 0.00034 0.80
2108.3078 2.272× 10−20 14 3 1 � 13 3 8 2108.308804 2.412× 10−20 -0.00100 0.94
2108.3205 3.210× 10−20 14 5 1 � 13 4 12 2108.321359 3.446× 10−20 -0.00086 0.93
2108.3428 5.088× 10−20 14 1 1 � 13 2 5 2108.343704 5.204× 10−20 -0.00090 0.98
2108.3488 2.889× 10−20 14 5 2 � 13 4 13 2108.349694 2.986× 10−20 -0.00089 0.97
2108.3538 5.234× 10−20 14 2 1 � 13 1 4 2108.354655 5.318× 10−20 -0.00086 0.98
2108.3918 2.090× 10−20 14 4 1 � 13 5 12 2108.392568 2.160× 10−20 -0.00077 0.97
2108.4818 1.629× 10−20 14 5 3 � 13 4 14 2108.48273 1.722× 10−20 -0.00093 0.95
2108.5010 1.259× 10−20 14 4 2 � 13 5 13 2108.502097 1.357× 10−20 -0.00110 0.93
2108.5096 9.767× 10−21 14 3 2 � 13 3 9 2108.510619 1.029× 10−20 -0.00102 0.95
2114.1535 4.479× 10−20 13 4 1 � 12 5 11 2114.151888 5.194× 10−20 0.00161 0.86
2114.1688 2.707× 10−20 13 3 1 � 12 3 8 2114.167304 2.994× 10−20 0.00150 0.90
2114.1787 4.882× 10−20 13 5 1 � 12 4 11 2114.177031 4.794× 10−20 0.00167 1.02
2114.1869 3.173× 10−20 13 4 2 � 12 5 12 2114.18578 3.546× 10−20 0.00112 0.89
2114.2524 4.283× 10−20 13 2 1 � 12 1 5 2114.252204 4.620× 10−20 0.00020 0.93
2114.2588 2.253× 10−20 13 4 3 � 12 5 13 2114.258518 2.359× 10−20 0.00028 0.95
2114.2630 2.538× 10−20 13 5 2 � 12 4 12 2114.262532 2.541× 10−20 0.00047 1.00
2114.3090 3.990× 10−20 13 1 1 � 12 2 4 2114.308706 4.237× 10−20 0.00029 0.94
2114.3543 2.886× 10−21 13 4 2 � 12 5 13 2114.354257 2.937× 10−21 0.00004 0.98
2119.3000 9.978× 10−21 12 4 3 � 11 5 8 2119.300702 1.245× 10−20 -0.00070 0.80
2119.3307 1.160× 10−19 12 1 2 � 11 2 3 2119.331166 1.251× 10−19 -0.00047 0.93
2119.3673 5.918× 10−20 12 4 3 � 11 5 9 2119.367904 5.403× 10−20 -0.00060 0.95

12 3 2 � 11 3 6 2119.368618 8.442× 10−21

2119.3887 6.041× 10−20 12 5 3 � 11 4 10 2119.38911 5.885× 10−20 -0.00041 1.03
2119.4135 1.131× 10−19 12 2 1 � 11 1 3 2119.413961 1.253× 10−19 -0.00046 0.90
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Table 6.1 (continued)

this work TDS calculation
wavenumber line strength rotational wavenumber normalized wavenumber ratio

assignment line intensity obs.-TDS
(cm−1) (cm2 cm−1 molec−1) lower � upper (cm−1) (cm2 cm−1 molec−1) (cm−1)

2119.4403 1.284× 10−20 12 4 2 � 11 5 8 2119.440407 1.324× 10−20 -0.00011 0.97
2119.4493 7.866× 10−21 12 5 2 � 11 4 10 2119.449655 8.504× 10−21 -0.00035 0.92
2119.5078 1.635× 10−20 12 4 2 � 11 5 9 2119.507609 1.789× 10−20 0.00019 0.91
2125.1416 1.315× 10−20 11 4 3 � 10 5 8 2125.142795 1.026× 10−20 -0.00120 1.28
2125.1623 2.551× 10−20 11 3 2 � 10 3 5 2125.163486 1.877× 10−20 -0.00119 1.36
2125.1939 1.512× 10−20 11 4 2 � 10 5 8 2125.194817 1.327× 10−20 -0.00092 1.14
2125.2490 8.867× 10−21 11 3 1 � 10 3 5 2125.250138 8.209× 10−21 -0.00114 1.08
2125.3116 1.016× 10−19 11 4 3 � 10 5 9 2125.312345 8.788× 10−20 -0.00074 1.16
2125.3399 5.186× 10−20 11 3 2 � 10 3 6 2125.340832 4.533× 10−20 -0.00093 1.14
2125.3475 1.369× 10−20 11 5 2 � 10 4 7 2125.348541 1.232× 10−20 -0.00104 1.11
2125.3617 9.684× 10−20 11 5 3 � 10 4 8 2125.362305 8.751× 10−20 -0.00061 1.11
2125.8085 1.579× 10−19 11 2 1 � 10 1 4 2125.807767 1.503× 10−19 0.00073 1.05
2125.8307 1.774× 10−19 11 4 2 � 10 5 11 2125.829602 6.247× 10−20 0.00110 1.12

11 4 1 � 10 5 10 2125.829653 9.550× 10−20

2125.8410 1.650× 10−19 11 5 2 � 10 4 10 2125.838768 6.313× 10−20 0.00223 1.11
11 5 1 � 10 4 9 2125.841162 8.542× 10−20

2125.8508 3.963× 10−20 11 3 1 � 10 3 7 2125.849897 3.810× 10−20 0.00090 1.04
2131.2508 1.093× 10−19 10 5 1 � 9 4 7 2131.246797 4.914× 10−21 0.00400 1.01

10 5 3 � 9 4 8 2131.250778 1.025× 10−19

2131.2743 8.116× 10−20 10 3 2 � 9 3 5 2131.274789 7.467× 10−20 -0.00049 1.09
2131.2976 9.629× 10−20 10 4 2 � 9 5 8 2131.298128 9.398× 10−20 -0.00053 1.02
2131.3022 4.663× 10−20 10 2 1 � 9 1 2 2131.303014 4.535× 10−20 -0.00081 1.03
2131.3150 5.899× 10−21 10 5 2 � 9 4 8 2131.315802 5.802× 10−21 -0.00080 1.02
2131.3395 2.822× 10−20 10 4 1 � 9 5 8 2131.340672 2.745× 10−20 -0.00117 1.03
2131.3812 1.117× 10−20 10 5 1 � 9 4 8 2131.382319 1.058× 10−20 -0.00112 1.06
2131.3985 6.337× 10−21 10 3 1 � 9 3 5 2131.399459 6.623× 10−21 -0.00096 0.96
2131.5938 6.694× 10−21 10 5 2 � 9 4 9 2131.594266 6.485× 10−21 -0.00047 1.03
2131.5996 1.449× 10−20 10 4 2 � 9 5 9 2131.600324 1.381× 10−20 -0.00072 1.05
2131.6294 1.534× 10−19 10 1 1 � 9 2 4 2131.630068 1.445× 10−19 -0.00067 1.06
2131.6408 1.757× 10−19 10 5 2 � 9 4 10 2131.640163 9.309× 10−20 0.00064 1.03

10 4 1 � 9 5 9 2131.642868 7.741× 10−20

2131.6590 2.010× 10−19 10 3 1 � 9 3 6 2131.657773 8.073× 10−20 0.00123 1.03
10 5 1 � 9 4 9 2131.660783 1.141× 10−19

2131.6717 1.876× 10−19 10 2 1 � 9 1 3 2131.67223 1.776× 10−19 -0.00053 1.06
2137.0996 1.135× 10−20 9 5 1 � 8 4 6 2137.102449 8.963× 10−21 -0.00285 1.27
2137.1361 2.554× 10−19 9 2 1 � 8 1 3 2137.137316 2.555× 10−19 -0.00122 1.00
2137.1729 1.546× 10−19 9 5 2 � 8 4 7 2137.173069 1.284× 10−19 -0.00017 1.20
2137.1981 1.010× 10−19 9 4 3 � 8 5 7 2137.197722 1.158× 10−19 0.00038 0.87
2137.2259 3.209× 10−19 9 4 2 � 8 5 7 2137.225722 2.008× 10−20 0.00018 1.20

9 1 1 � 8 2 2 2137.226015 2.473× 10−19

2137.2528 1.297× 10−20 9 5 1 � 8 4 7 2137.254789 1.336× 10−20 -0.00199 0.97
2137.2735 7.562× 10−21 9 4 1 � 8 5 7 2137.275656 8.502× 10−21 -0.00216 0.89
2137.3985 9.811× 10−21 9 5 2 � 8 4 8 2137.39738 5.456× 10−21 0.00112 1.08

9 4 3 � 8 5 8 2137.399281 3.668× 10−21

2137.4170 1.122× 10−20 9 4 3 � 8 5 9 2137.416611 1.237× 10−20 0.00039 0.91
2137.4259 3.185× 10−21 9 4 2 � 8 5 8 2137.427281 2.604× 10−21 -0.00138 1.22
2137.4453 2.265× 10−19 9 4 2 � 8 5 9 2137.444611 1.062× 10−19 0.00069 1.20

9 3 1 � 8 3 6 2137.446122 8.303× 10−20

2137.4789 3.300× 10−19 9 4 1 � 8 5 8 2137.477215 1.464× 10−19 0.00169 1.17
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Table 6.1 (continued)

this work TDS calculation
wavenumber line strength rotational wavenumber normalized wavenumber ratio

assignment line intensity obs.-TDS
(cm−1) (cm2 cm−1 molec−1) lower � upper (cm−1) (cm2 cm−1 molec−1) (cm−1)

9 5 1 � 8 4 8 2137.4791 1.351× 10−19

2143.0253 1.747× 10−19 8 5 2 � 7 4 7 2143.037424 1.658× 10−19 -0.01212 1.05
2143.0561 9.223× 10−20 8 3 2 � 7 3 4 2143.069445 9.274× 10−20 -0.01335 0.99
2143.0841 1.740× 10−19 8 4 2 � 7 5 6 2143.097494 1.579× 10−19 -0.01339 1.10
2143.1043 1.340× 10−20 8 3 1 � 7 3 4 2143.117773 1.400× 10−20 -0.01347 0.96
2143.1253 1.201× 10−20 8 4 1 � 7 5 6 2143.137572 1.099× 10−20 -0.01227 1.09
2143.2278 6.575× 10−21 8 3 2 � 7 3 5 2143.233062 7.342× 10−21 -0.00526 0.90
2143.2440 1.590× 10−19 8 4 2 � 7 5 7 2143.243787 7.436× 10−21 0.00021 1.04

8 5 1 � 7 4 8 2143.248326 1.461× 10−19

2143.2809 2.612× 10−19 8 3 1 � 7 3 5 2143.281391 1.025× 10−19 -0.00049 0.98
8 4 1 � 7 5 7 2143.283865 1.627× 10−19

2143.2856 3.771× 10−19 8 1 1 � 7 2 3 2143.287324 2.947× 10−19 -0.00172 1.28
2148.8933 1.970× 10−19 7 4 2 � 6 5 6 2148.893643 1.786× 10−19 -0.00034 1.10
2148.9255 1.319× 10−19 7 3 1 � 6 3 4 2148.925593 1.224× 10−19 -0.00009 1.08
2148.9544 1.639× 10−19 7 5 2 � 6 4 5 2148.95411 1.537× 10−19 0.00029 1.07
2148.9759 3.234× 10−20 7 5 1 � 6 4 5 2148.97555 2.922× 10−20 0.00035 1.11
2149.0462 2.950× 10−19 7 2 1 � 6 1 3 2149.045755 2.793× 10−19 0.00045 1.06
2149.0516 2.740× 10−20 7 5 2 � 6 4 6 2149.051518 2.094× 10−20 0.00008 1.31
2149.0739 1.714× 10−19 7 5 1 � 6 4 6 2149.072958 1.619× 10−19 0.00094 1.06
2149.0820 2.077× 10−19 7 4 1 � 6 5 7 2149.080835 1.884× 10−19 0.00116 1.10
2154.7062 3.217× 10−19 6 1 1 � 5 2 2 2154.707005 3.301× 10−19 -0.00081 0.97
2154.7384 1.930× 10−19 6 4 1 � 5 5 5 2154.739108 1.881× 10−19 -0.00071 1.03
2154.7675 1.852× 10−19 6 5 2 � 5 4 5 2154.768359 1.733× 10−19 -0.00086 1.07
2154.7797 1.705× 10−20 6 5 1 � 5 4 5 2154.780595 1.484× 10−20 -0.00090 1.15
2154.8100 3.688× 10−19 6 2 1 � 5 1 1 2154.810482 3.356× 10−19 -0.00048 1.10
2154.8441 1.071× 10−20 6 5 2 � 5 4 6 2154.844412 1.081× 10−20 -0.00031 0.99
2154.8561 1.901× 10−19 6 5 1 � 5 4 6 2154.856648 1.829× 10−19 -0.00055 1.04
2154.8616 1.380× 10−19 6 3 1 � 5 3 4 2154.862113 1.311× 10−19 -0.00051 1.05
2160.5240 1.959× 10−19 5 4 2 � 4 5 4 2160.529667 1.873× 10−19 -0.00567 1.05
2160.5474 1.270× 10−19 5 3 1 � 4 3 3 2160.55225 1.207× 10−19 -0.00485 1.05
2160.5914 2.201× 10−19 5 5 1 � 4 4 4 2160.593177 1.936× 10−19 -0.00178 1.14
2160.6292 2.250× 10−19 5 4 1 � 4 5 5 2160.627111 1.906× 10−19 0.00209 1.18
2166.3056 1.682× 10−19 4 5 1 � 3 4 4 2166.305874 1.682× 10−19 -0.00027 1.00
2166.3404 1.212× 10−19 4 3 1 � 3 3 2 2166.340711 1.157× 10−19 -0.00031 1.05
2166.3573 1.776× 10−19 4 4 1 � 3 5 3 2166.357762 1.723× 10−19 -0.00046 1.03
2166.3769 2.923× 10−19 4 1 1 � 3 2 2 2166.377413 2.894× 10−19 -0.00051 1.01
2172.0447 2.290× 10−19 3 2 1 � 2 1 1 2172.044966 2.318× 10−19 -0.00027 0.99
2172.0715 1.417× 10−19 3 5 1 � 2 4 2 2172.071732 1.376× 10−19 -0.00023 1.03
2172.0909 1.315× 10−19 3 4 1 � 2 5 3 2172.09096 1.390× 10−19 -0.00006 0.95
2177.7816 8.784× 10−20 2 5 1 � 1 4 2 2177.782906 9.081× 10−20 -0.00131 0.97
2177.7930 5.920× 10−20 2 3 1 � 1 3 1 2177.795192 6.056× 10−20 -0.00219 0.98
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6 High resolution spectroscopy of silane: determination of the absolute line strengths of

the ν3 fundamental band at 4.6 µm

6.5 Conclusions

We have used the wide tuning range of a cw EC-QCL with a narrow line width to mea-
sure the absolute line strengths of many P-branch transitions of the ν3 fundamental of
28SiH4 between 2096 and 2178 cm−1. Work in the ν3 band has important uses in plasma
analytical applications and accurate knowledge of the absolute line strengths is both
useful and necessary. To our knowledge, this is the �rst reported measurement of these
line strengths in this band and is an example of the applicability of high-powered, widely
tunable EC-QCLs to high resolution spectroscopy in the MIR. The line positions and line
strengths of transitions of the stretching dyad within the P-branch of 28SiH4 were deter-
mined with an estimated experimental measurement accuracy of 10%. Furthermore, the
high spectral resolution available has enabled us to resolve and measure representative
examples of the tetrahedral splitting associated with each component of the P-branch.
The positions of these components are in excellent agreement with spherical top data sys-
tem (STDS) predictions and theoretical transitions from the TDS spectroscopic database
for spherical top molecules.
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7 Measurement of the absolute line
strengths in the ν3 fundamental band
of the silyl radical (SiH3) at 4.7 µm*

7.1 Introduction

In the solar cell industry, silane-based plasma enhanced chemical vapour deposition
(PECVD) is an established process to produce hydrogenated amorphous silicon (a-Si:H)
�lms. Optimization of the �lm properties and their related rate of deposition is still a
major subject of investigation; see [1] and references therein. Spectroscopic techniques
(e.g. FTIR, MS, AS) applied in-situ (in the plasma phase) and ex-situ (on the resulting
�lms) have been extensively employed in numerous studies [2�9] to optimize �lm proper-
ties and their related rate of growth through a better understanding of the key features
of these plasmas. Furthermore, the fragmentation of the silane molecule into short-lived
silicon carrying species, SiH3, SiH2, SiH, Si and related ionic species, has been the subject
of various theoretical studies [10�14]. The development of highly sensitive spectroscopic
techniques to monitor the concentration of these short-lived species is part of an on-going
e�ort in the scienti�c community to enhance our knowledge of such complex chemical
processes [15�22].
The most abundant product of the fragmentation of SiH4 species is the silyl radical,

SiH3. The importance of SiH3 as a key intermediate of the deposition of a-Si:H �lms is
discussed in [12�14]. In the past few decades, absorption spectroscopy in the ultraviolet
(UV) and the mid-infrared (MIR) range have been the predominant methods employed to
detect and monitor the silyl radical. In 1995, Toyoda et. al. [23] were the �rst to report
the detection of the broadband Ã 2A

′
1 ← X̃ 2A1 transition of the silyl radical in a silane

plasma between 205 and 240 nm. A more sensitive detection of this broadband absorption
feature was later achieved through the use of cavity ring-down spectroscopy [24�26].
Since 1985, the development of highly coherent light sources in the mid-infrared, based
on lead-salt diode lasers, has enabled the detection of the �ne ro-vibrational features of
the ν2 band of SiH3 at 13.8 µm [27]. Further studies have shown the versatility of these
light sources enabling time and spatial resolved measurement of the silyl radical [28�
31]. Unfortunately, lead-salt diode lasers operate at temperatures below 100 K, which
requires cryogenic cooling techniques, hence limiting their application in an industrial
environment. Therefore, the reported research using this type of laser in silane based
plasmas is limited.

*work still in progress
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7 Measurement of the absolute line strengths in the ν3 fundamental band of the silyl

radical (SiH3) at 4.7 µm

In 2002, the �rst continuous-wave quantum cascade laser (cw-QCL) in the mid-infrared
operating at room temperature was reported by Beck et. al. [32]. Since this break-
through, steady improvements in this new class of laser has been of increasing interest to
the scienti�c community, where they are seen as a substitute for the cryogenically-cooled
lead-salt diode lasers [33�35], notably for the measurement of stable and short-lived
species temperature and absolute concentration in the gas and plasma phase [36�39].
Unfortunately, QCLs are not yet commercially available in the range of the ν2 band of
SiH3 at 13.8 µm.
However, the ν3 band of SiH3 at 2170 cm−1 is accessible with currently available QCLs

and is predicted to be two to three times stronger than the ν2 band [40]. Moreover, the
silane precursor and several products of the silane fragmentation (e.g. SiH, SiH2 and
SiH+

3 ) are known to have ro-vibrational features around the ν3 band spectral region [40].
This can be viewed as a challenge, due to the di�cult assignment and the overlapping of
the spectral lines of the various species, but also as an advantage, because this spectral
range enables the simultaneous chemical study of the precursor depletion as well as the
fragmentation process of silane-based plasmas. Unfortunately, information about line
positions and line strengths of the various absorbing species in this spectral range is rather
sparse. To our knowledge, the diode laser spectroscopy investigation by Sumiyoshi et.
al. in 1993 is the only experimental work on the silyl radical ν3 band [41]. In this study,
SiH3 was produced in a discharge of phenyl-silane to avoid interferences due to SiH4

absorption lines. The measured line positions were compared to a simulated spectrum
calculated from a least square �t assuming a symmetric top mathematical expression of
the energy levels. The accuracy of this comparison was found to be in the 5 × 10−3

cm−1 range, which con�rms that the observed lines appertain to the silyl radical. The
line strengths of these lines were however not measured.
In the present study, we present the theoretical approach and the experimental work

performed so far towards the determination of the line strength of the transition in the
ν3 band of SiH3. First, a common method based on the iterative measurement of the
silyl decay to determine the silyl radical line strength is presented in section 7.2. However
to apply this method, the silyl self-reaction rate constant value is required. Therefore, a
literature review of this constant was performed and a value was adopted to be applied in
the framework of this work in section 7.3. In section 7.4, the EC-QCL spectrometer and
the �rst experimental set-up employed was described. Finally, preliminary results and
the several experimental modi�cations attempted in order to produce higher quantities
of SiH3 are presented in section 7.5

7.2 Methodology for determining the silyl radical line
strength

In a SiH4/H2 pulsed plasma we shall assume that the dominant process driving the loss of
the SiH3 concentration is its self-reaction (7.1), see [12, 14, 42�44] and references therein.

SiH3 + SiH3 → products (7.1)
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7.2 Methodology for determining the silyl radical line strength

Despite being expected to be a much slower process, wall di�usion is a signi�cant
secondary loss channel of SiH3. The di�usion process is assumed to be an exponential
loss. Accordingly, the overall decay pro�le of SiH3 concentration, [SiH3], over time follow
as:

d[SiH3]

dt
= −2k[SiH3]2 − kdiff [SiH3] (7.2)

where k is the self-reaction rate constant of silyl (see reaction 7.1) and kdiff the di�usion
rate constant. After a careful review and assessment of the literature, a consensus on the
value of k has emerged, see section 7.3. On the other hand, kdiff is dependent on the
experimental conditions, such as reactor type and size, characteristic of the discharge,
pressure and gas mixture. Consequently, a subtle method is adopted here to distinguish
kdiff from k.
The integrated absorption of an absorption feature of SiH3 and its concentration are

related according to the Beer-Lambert law:

A = [SiH3]× S × L (7.3)

where A is the integrated absorption, S the absorption line strength and L the length
through the sample.
Substitution of the silyl concentration by its absorption, A, in (7.3) and, subsequent,

integration of this equation can be approximated by the following linear equation:

1

At
=

1

A0
+ (

kdiff
A0

+
2k

S × L
)t (7.4)

where At is the absorption at a time t and A0 is the initial absorption. We note that this
approach is only valid for su�ciently high amounts of SiH3, where the recombination
reaction (7.1) is the dominant radical loss process.
As a consequence of equation (7.4), the graphical representation of the inverse of the

absorption over time should concur to a straight line with a slope, m = kdiff
A0

+ 2k
S×L , and

an intercept, I = 1
A0
. Iterative measurements of m and I values for various initial silyl

concentrations, A0, will yield a useful plot of the slopes as a function of the intercepts:

f(
1

A0
) =

kdiff
A0

+
2k

S × L
. (7.5)

where kdiff is the slope of the recorded line and the absorption line strength, S, is deduced
by extrapolation to in�nite initial silyl concentration, expressly, the intercept, 2k

S×L . We
note that this approach is analogous to the method presented by Thiebaud et. al. in [45]
for the determination of the line strength of the hydroperoxyl radical, HO2. Finally, it
is important to remember that this method is only valid for su�ciently high amounts of
silyl.
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radical (SiH3) at 4.7 µm

7.3 Literature review of the silyl self-reaction rate constant

Scrupulous review of the literature revealed one theoretical [12] and seven experimental
[29, 46�51] studies of the silyl self-reaction rate constant value, k. In almost all of them
[46�51], SiH3 was produced through abstraction of a hydrogen atom from silane by atomic
chlorine, Cl, see equation (7.6), which, in turn, is produced by photolysis of a precursor,
see �gure 7.1. In contrast, in the work of Itabashi et. al. [29], the silyl radical was
produced in a pulsed SiH4/H2 discharge. In �gure 7.1, the experimental k values are
arranged from the oldest (top) to the newest (bottom) value. Important parameters
such as pressure and chlorine precursor, are included in this table. The dashed vertical
line corresponds to the average value, kavg = 8.62 × 10−11 cm3 molecule−1 s−1. The
theoretical study by Kushner [12] claimed an upper limit of 10−11 for k. This is, within
one order of magnitude, in quite good agreement with experimental results. None of the
measured values are under this limit. For this reason, it is not included in �gure 7.1.

Figure 7.1 Literature review of the silyl self-reaction rate constant, corresponding pressure
and employed chlorine precursor are included. The dashed line coincides with the calculated
average value.

In these studies, the SiH3 decay was monitored utilizing a variety of spectrometric and
spectroscopic techniques (e.g. MS, UV or IR absorption). To determine k, the retrieved
decays are subsequently �tted to kinetic rate laws, analogous to equation (7.2). The main
uncertainty is the value given to the initial silyl concentration. The determination of any
short lived species concentration is a permanent challenge. However, an accurate mea-
surement can be obtained through the determination of a related species concentration.
As for example by the measurement of the HCl concentration in [47, 48, 50] or by the
determination of the amount of Cl produced through the measurement of the precursor
depletion in [51]. According to the abstraction reaction (7.6), for each chlorine atom
removed, one SiH3 and one HCl molecules are formed. Accordingly the concentration of
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atomic chlorine removed and silyl and hydrogen chlorine formed are initially equivalent,
[Cl]=[SiH3]=[HCl], assuming no competing secondary processes consume Cl or SiH3.

SiH4 + Cl→ SiH3 +HCl (7.6)

This assumption is appropriate, considering the fast rate constant of reaction (7.6),
k1 = 4.4 × 10−10 cm3 molecule−1 s−1 [52]), with respect to secondary Cl and SiH3 loss
processes and the large excess of silane in respect to the atomic chlorine concentration
implemented in related studies [47, 48, 50, 51]. Moreover, the reported k values of the
independent studies applying these methods (Loh and Jasinki, Koshi et. al., Matsumoto
et. al. and Baklanov and Krasnosperov [47, 48, 50, 51]) are consistent within their
estimated errors and are located in a relatively small experimental window of 4 × 10−11

cm3 molecule−1 s−1 centred on the calculated average value, see �gure 7.1.
In contrast, the silyl concentration in the studies of Itabashi et. al., Loh et. al. and

Baklanov and Chichinin [29, 46, 49] was determined by means of theoretical calculations
or indirect methods. Itabashi et. al. [29] applied the Beer-Lambert law to the measured
absorption, determining the transition line strength from an ab initio value of the Ein-
stein coe�cient. Loh et. al. [46] estimated the amount of Cl produced by extrapolating a
quantum yield value for CCl4 photolysis at 193 nm and assuming every absorbed photon
leads to the fragmentation of a CCl4 molecule. Finally Baklanov and Chichinin [49] em-
ployed a complex indirect method to determine the atomic chlorine concentration based
on the rise of the silyl concentration exploiting the known rate constant of chlorine with
silane. As stated in [42], this method might give satisfactory results, however, only in gas
mixtures where atomic chlorine is in large excess relative to silane, in contrast to the ex-
perimental condition of the actual study [49]. In this case, parasitical reactions of atomic
chlorine (e.g. wall di�usion) can lead to under or over-estimation of its concentration.
Another concern related to the accuracy of silyl self-reaction rate constants arises from

the choice of chlorine precursors. In [46�48, 50], the chlorine precursors adopted were
CCl4 and C2Cl4, both are known to fragment to various radical species (e.g. CCl3, CCl2,
C2Cl3, ...) which might react with silyl or silane and consequently add to the inaccuracy
of the k measurement. In 1992, Baklanov and Chichinin proposed phosgene, COCl2, as
an atomic chlorine precursor. The phosgene photolysis at 248 nm is known to produce
two chlorine atoms and a stable carbon monoxide molecule, CO, which is unreactive
towards SiH3 [53]. However, due to its low absorption cross section in the UV, the
phosgene depletion could not be measured; as a consequence, Baklanov and Chichinin
used a controversial indirect method to determine the silyl concentration as discussed
above.
In the most recent study, Baklanov and Krasnosperov [51] employed the photolysis of

oxalyl chloride, (COCl)2, at 193 nm, which dissociates uniquely into two Cl atoms and
two CO molecules [54]. The advantages of oxalyl chloride over phosgene is its much higher
absorption cross-section in the UV. Measurements of the depletion of (COCl)2 accord-
ingly provide accurate atomic chlorine and silyl concentration determination. However
in this work, the k value was measured at signi�cantly higher pressures (1 - 100 bar)
than the pressures employed in the present investigation (1 - 10 mbar). Nevertheless,
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from the very-low pressure dependence of the k value shown in �gure 8 of [51] in the
range 1 - 100 bar and the reported k values by independent groups in the 7.5 - 12.5
mbar pressure range shown in �gure 7.1 [47, 48, 50], it can be concluded that their is no
signi�cant pressure dependence of k below 100 bar. Consequently in the current work,
we adopt a silyl self-reaction rate constant value of 8.25 × 10−11 cm3 molecule−1 s−1

with an estimated uncertainty of 1.05 × 10−11 cm3 molecule−1 s−1 [51].

7.4 EC-QCL spectrometer and initial experimental
arrangement

The experimental arrangement is depicted in �gure 7.2. The water cooled cw EC-QCL
(Daylight Solutions, model 21047-MHF-011-D0330) was tunable between 1985 and 2250
cm−1, including a mode-hop free region between 2085 and 2175 cm−1, with powers in
excess of 150 mW over this range at a chip temperature of 18 ◦C. Coarse tuning of the
laser over the region of interest was achieved using the stepper motor controlling the
angle of the external cavity grating. To record high resolution spectra, the laser was
scanned over the region of interest employing two di�erent methods:
The �rst enabled proper assignment of the measured absorption lines by scanning

over a wide spectral range of up to 2 cm−1. The laser was tuned using a piezo electric
transducer (PZT) attached to the grating. A sine wave modulation was provided by
a dual channel function generator (Tektronix, AFG 3102C) and ampli�ed by a single
channel PZT controller (Thorlabs MDT694A). Typical signals fed to the PZT were 80
Hz in frequency, sweeping from 0 to 60 V.
The second scanning method was employed for time resolved measurements of the silyl

radical decay. A faster scanning rate of up to 2 MHz was achieved through sine wave
current modulation of the QCL; however, only over a range of up to 0.04 cm−1. The
current modulation was typically chosen to be 50 kHz with an amplitude of 4 VP−P
centred on 0 V provided by the dual channel function generator. Subsequent analysis of
the recorded spectra, including the calibration and Gaussian �t of the absorption spectral
feature, can enable time-resolved measurements of the concentration of SiH3 to be made.
A He-Ne laser was co-aligned with the laser beam to aid in the alignment of the infrared

beam in the White cell used to enhance the sensitivity of the SiH3 detection scheme [55].
EC-QCLs are known to be extremely sensitive to optical feedback that consequently
produces frequency instabilities. The laser beam was therefore �rst passed through a
home-made optical isolator (OI) consisting of a linear polariser and a tunable quarter
wave plate to suppress back re�ections into the laser. The beam was sampled before the
White cell using the polariser's back re�ection (∼= 20% of the beam) which was further
divided using two consecutive ZnSe beam splitters (BS) to provide calibration, reference
and wave-meter channels. About 10% of the beam intensity was directed through a 3"
long germanium etalon with a free spectral range of 0.0161 ± 0.0001 cm−1 for relative
frequency calibration. Absolute frequency calibration was provided by recording refer-
ence gas cell (RGC) spectra of OCS, CO or N2O [56]. Finally a wave-meter (Bristol
instruments, 771 series laser spectrum analyser) was used for absolute wave-number de-
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Figure 7.2 Schematic arrangement of the EC-QCL spectrometer and associated RF discharge
glass tube. EC-QCL, external-cavity quantum cascade laser; FM, �ip mirror; OI, optical isolator;
M, mirror; BS, beam splitter; RGC, reference gas cell; OAPM, o�-axis parabolic mirror; SM,
spherical mirror; D1,D2, D3, DC detectors

termination. During time-resolved operation the scanning range of the EC-QCL (∼= 0.04
cm−1) is only wide enough to measure one spectral line at a time. Therefore, the wave-
meter is employed to con�rm that the central wavelength of the EC-QCL corresponds
to the spectral position of the desired absorption line. When required the central wave-
length of the EC-QCL can be re-positioned by employing the EC-QCL stepper motor
attached to the grating. The transmitted light on the etalon and reference channels was
focused by gold-coated o�-axis parabolic mirrors (OAPM) onto two DC detectors, D1 &
D2, (neoplas control, Q-MACS IRDM-DCA).
The initial reactor consisted of a 10 cm diameter and 60 cm in length glass tube with

two additional �anges placed near both ends of the reactor for gas inlet and outlet. Both
ends of the reactor were enclosed by White cell optics [55] with the �eld mirror and
the object mirrors placed on the gas inlet side and the gas outlet side, respectively. To
maximize the number of passes and minimize intensity losses, the infrared laser beam
had to be maintained as collimated as possible. To obtain such laser beam properties,
a spherical mirror (SM) is placed between the EC-QCL and the White cell entrance;
to image the IR laser beam at the entrance of the White cell. The transmitted light
was focused by a gold-coated o�-axis parabolic mirror (OAPM) onto a DC detector,
D3, (Vigo system, PVMI-4TE-10.6/MIPDC-F-20). An oscilloscope (Lecroy, waverunner
104Xi 1GHz) recorded the detector signals of the measurement, etalon and calibration
channels transmitted via co-axial cable.
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At �rst, the reactor was �lled with a �owing gas mixture of 10% SiH4 in H2 at 296
K with a �ow range from φ = 20 to 200 sccm and a pressure between p = 0.01 and 10
mbar. The �ow was regulated by employing a customised mass �ow meter (Bronkhorst)
and the pressure was controlled and measured employing an exhaust throttle valve (MKS
instruments, 253A-20-40-1) placed between the reactor and the pump coupled to a Bara-
tron Capacitance Manometer (MKS instruments, 127AAX-001009-10mbar). The reactor
was pumped down by using a rotary vane pump (Leybold, D40 D40BCS PFPE) built
in series with a roots pump (Leybold, Ruvac S-251) enabling a pumping speed of 253
m3 hour. The plasma discharge was ignited via three circular copper band electrodes
installed around the reactor and connected to a RF generator (CESARTM 133 generator)
providing powers up to 300 W. One power electrode was located at the centre of the re-
actor, while two grounded electrodes were placed at both ends. The re�ected power was
minimized for each combination of pressure and power using a matching box (NavioTM

match network) connected in series between the RF generator and the electrodes. A
5V TTL signal provided by the dual channel function generator connected to the RF
generator via the user port enabled the triggering of the plasma pulse.
It should be noted that silane undergoes spontaneous combustion in contact with

oxygen. In order to mitigate the risk of explosion of the glass reactor due to unexpected
leaks of atmospheric oxygen, the reactor was surrounded by a sealed plastic security box
�lled with nitrogen.

7.5 Development of the experimental arrangement and
preliminary results

7.5.1 Results obtained with the initial experimental apparatus

The initial experimental design presented in section 7.4 enabled the measurement of the
silyl radical in several spectral ranges as shown in �gure 7.3. The silyl spectra were
recorded in a RF discharge at p = 0.4 mbar, φ = 200 sccm and P = 20 W with 10%
silane in H2. For comparison, the absorption spectra of the silane gas mixture with the
discharge o� has been added to the �gures. Additionally as an example, the Germanium
etalon spectrum with a FSR = 0.01615 cm−1 and the N2O spectrum used for tuning
and calibration are added to �gure (d). To assign the observed absorption lines to the
silyl radical, the measured line positions were compared to the ones given by Sumiyoshi
et. al. in [41]. First we note, the doublet structure of the pP6(9) (�g. 7.3a), pP3(4)
(�g. 7.3b) and pP3(3) (�g. 7.3c) lines, which is due to the inversion doubling resulting
from the pyramidal structure of SiH3. Analogously to ammonia, SiH3 is characterise
by an "umbrella" molecular structure, see [40]. Brie�y, the inversion barrier of 5.8 kcal
mol−1 between the "up" and "down" arrangement is low enough for inversion through
the planar barrier to occur through tunnelling. This conformational change induces the
degeneration of the ro-vibrational transitions into doublets. In �gure 7.3d, the doublet
of doublet structure of the rQ3(6) (�g. 7.3d) transition is due to further splitting caused
by spin-rotation coupling of the Q-branch, see [40]. Hence, the measurement of these
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characteristic patterns of the silyl molecule for the pP6(9) , pP3(4) , pP3(3) and rQ3(6)
transitions are a clear evidence that the silyl radical can be detected in this experimental
set-up. We note that the alteration of the absorptions spectra with the discharge on
is due to absorption in the same spectral range of various stable and transient species
such as SiH4, SiH+

3 or SiH2 in their ground or excited state. Although, assignment
of the observed line to the SiH4 ground state is straight forward, the assignment of
many observed absorption features are much more challenging because of the transient
character of the species to which these lines appertain.
An exhaustive investigation was performed within our accessible EC-QCL MHF range,

between 2085 and 2175 cm−1, to locate the "cleanest" silyl absorption feature in order to
optimise the discharge parameters and hence improve silyl production. For this reason,
all accessible line positions given in table 1 of the Sumiyoshi et. al. paper [41] as well
as silyl line positions calculated employing the least square �t formulas and constants
presented in Sumiyoshi et. al. [41] were investigated. It was established that, although,
the pP6(9) absorptions at 2119 cm−1, shown in �gure 7.3a, were not the strongest ab-
sorptions observed, the almost unique certainty that no other species interfere with these
absorptions indicated that they were the best candidates for monitoring SiH3 within our
accessible EC-QCL MHF range.
Hence in the available range, the intensities of both silyl transitions were monitored

as the discharge conditions, i.e., �ow, pressure and power, were varied. It was at once
observed that under any experimental condition, the highest absorption intensities were
systematically measured using the highest �ow rate, φ = 200 sccm. Pressure and power
variations were performed between p = 0.4 and 2 mbar and between P = 10 to 70 W,
respectively. The highest intensities were observed at the lowest pressure p = 0.4 mbar,
i.e., when the exhaust throttle valve was completely open. No signi�cant changes were
observed by modifying the discharge power, except that electrical noise on the detectors
increased with higher power restricting the usable power.
It is important to mention here that during these experiments, the intensities of the

silyl absorptions decreased rapidly after a few minutes of discharge operation. The main
cause of this is the abundant amount of dust produced in a silane plasma. Indeed,
the dust agglomerates at the exhaust throttle valve, decreasing the �ow through the
reactor. Moreover, the fact that an important quantity of dust is not exhausted but
rather deposited on the reactor surface is probably also an important factor. More
speci�cally, the e�ective transmission of the RF electrical power to the gas discharge may
well be reduced by the deposited layers on the reactor surface. To regain to the original
silyl absorption intensities, the reactor was cleaned employing a NF3 RF discharge with
typically φ = 10 sccm, p = 0.131 mbar and P = 40 W.
To conclude, we note that the inability of producing the silyl radical reliably and in

su�cient amount prevented, at least with this experimental set-up, the measurement
of its line strengths. Indeed as presented in section 7.2, the decay method to be used
requires production of su�cient amounts of SiH3 so that its decay is mainly governed by
its self-reaction, (7.1), and not by di�usion processes. Hence, several experiments were
attempted in order to improve the silyl production, i.e. its concentration, and minimise
silane interferences.
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(a) (b)

(c) (d)

Figure 7.3 EC-QCL absorption spectra of the silyl radical at four spectral positions with lines
pP6(9) (a),

pP3(4) (b),
pP3(3) (c) and

rQ3(6) (d) recorded in a RF discharge at p = 0.4 mbar,
φ = 200 sccm and P = 20 W with 10% silane in H2. The absorption spectra of the silane gas
mixture without the discharge are presented for comparison. Additionally as an example, the
Germanium etalon spectrum with a FSR = 0.01615 cm−1 and the N2O spectrum used for tuning
and calibration are added to �gure (d).
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7.5.2 Unproductive experimental modi�cations

The various unproductive experiments taht were attempted to improve silyl production
and to decrease silane interference are listed.

1. Dilution in argon

The dilution of the original 10 % SiH4 in H2 gas mixture with argon was attempted
with the aim of igniting a more homogeneous plasma. Accordingly, large amount
of argon, 95 % to 99 % of the total gas mixture, were employed while varying
the pressure from 1 to 2 mbar, the power from 20 to 50 W, the argon �ow from
100 to 500 sccm and the original gas mixture �ow from 5 to 50 sccm. Within
the framework of these experiments, no improvement of the silyl production was
observed.

2. Phenyl-silane precursor

Other experiments employing the phenyl-silane molecule as an alternative precursor
to produce SiH3 were attempted to avoid silane absorption interferences. In our
experiments, liquid phenyl-silane was introduced in a small glass tube attached
to the reactor via a needle valve to control the phenyl-silane �ow rate. After
multiple degassing of the tube applying the freeze-pump-thaw cycle, phenyl-silane
was progressively added to an argon RF discharge. The argon �ow was varied from
5 to 200 sccm, the discharge power from 5 to 100 W and the pressure from 0.3
to 0.7 mbar. Although this method yielded silyl absorption lines, it also produced
large amounts of silane which made the use of phenyl-silane impractical.

3. DC discharges

DC discharges were used as potentially a more e�cient dissociation source of the
silane molecule. Three new �anges were installed on the reactor to connect three
stainless-steel circular electrodes inside the reactor to a DC power-supply. No silyl
absorptions were observed under the experimental condition investigated. The
�ow was varied from 100 to 200 sccm and the pressure from 0.5 to 10 mbar. The
power applied, from 5 to 210 W, was roughly deduced from the voltage and current
measured at the power supply taking into account the ballast resistors employed
(R = 6.8 kΩ and 34 kΩ). Additionally, it was noticed that the behaviour of the
discharge was much more unstable with a DC than with RF power source and that
the degree of dissociation of the silane in a DC discharge was much lower than in
a RF discharge.

4. Pulsed plasma

Several attempts to pulse the RF discharge were pursued varying the �ow from 0.1
to 2 slm, the pressure from 0.4 to 1.5 mbar, the power from 20 to 300 W, the pulse
frequency from 20 Hz to 800 kHz and the pulse duty cycle from 20 to 80 %. The
resulting spectra were challenging to interpret because strong absorption features,
up to 50 %, observed throughout the complete EC-QCL MHF range had very sim-
ilar characteristic to the previously measured silyl absorptions. First, these lines
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were similarly arranged in doublets and doublet of doublets. Moreover, comparison
of the shapes of these observed absorptions and of the silyl absorptions through
superposition and intensity normalisation indicated that they had equivalent spec-
tral widths. Finally, in some cases the spectral position of these absorptions was
very close to those of silyl. Although, the carrier species has not been identi�ed, a
possible conjecture would suggest that these transitions can be assigned to the silyl
SiH+

3 cation. An important observation was that the intensity of the observed ab-
sorptions was highly dependent on the pulse frequency. Therefore, when measuring
the decay rate of silyl one should choose a pulse frequency where the in�uence of
these absorptions is negligible.

7.5.3 Important experimental upgrades

Subsequently, several experimental modi�cations have enabled us to produce higher con-
centrations of the silyl radical. For example, increasing the gas mixture �ow rate into
the reactors, �rstly by removing the exhaust throttle valve and secondly by modifying
the mass �ow meter to permit higher �ows from φ = 0.2 to 2 slm. The re-arrangement
of the electrodes with two copper band electrodes, 2.5 cm in widths × 1.3 m in lengths,
placed on opposite sides of the reactor cell produced a more homogeneous RF discharge.
Finally, the installation of large copper plates all around the security box provided im-
proved electrical shielding so that powers up to 300 W could be applied with only minor
electrical noise on the detectors.
Figure 7.4 shows how the increase of absorption intensity of the pP6(9) transitions

increases with the gas �ow. We note that in these experiments, the indicated pressure
depends solely on the gas �ow rate, as the throttle valve was removed. These silyl spectra
were recorded in a 10% silane in H2 RF discharge with P = 300 W at �ows φ = 0.3,
0.6, 1 and 1.5 slm corresponding to pressures p = 0.75, 1.1, 1.5 and 2 mbar, respectively.
Further investigations with this experimental arrangement and conditions were curtailed
because the vacuum pump ceased to function properly. This was probably due to the
higher silane �ow rate employed increasing the amount of dust generated in the RF
discharge which, in turn, led to higher stress on the pump.

7.5.4 Current experimental arrangement

The pump failure was taken as an opportunity to signi�cantly modify the reactor design.
Therefore, a new glass tube reactor was built with a smaller diameter and longer length
(4 cm x 1.6 m), as shown in �gure 7.5. This reactor was designed to increase the current
density as well as the optical path length. Therefore, a new long-path cell as well as
its associated object and �eld mirrors was designed and implemented. Moreover, a dust
�lter (Leybold, 140140 T) was inserted between the pump and the reactor in order to
diminish stress to the pump. Finally, a new rotary vane pump (Leybold, D40 D40BCS
PFPE) was implemented in the experimental arrangement.
However, no roots pump has yet been incorporated, restricting the pumping speed to

40 m3 hour. This is probably the reason why in the experiments performed, so far, the
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Figure 7.4 EC-QCL absorption spectra of the pP6(9) transitions at �ow rate of φ = 0.3, 0.6,
1 and 1.5 slm corresponding to pressures p = 0.75, 1.1, 1.5 and 2 mbar, respectively. The spectra
were recorded in a 10% silane in H2 RF discharge with P = 300 W.

Figure 7.5 Photo of the currently employed Rf discharge reactor.

measured pP6(9) absorptions intensities were lower than previously measured as described
in sub-section 7.5.3.
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7.6 Conclusions and outlook

The mathematical formalism of a well-known method anticipated to be used to deter-
mine the silyl radical line strength was presented. Notably, this method relies on iterative
decay measurement of the silyl radical and determination of the silyl radical self-reaction
rate constant. A value of the latter was adopted based on a critical review of literature.
Moreover, measurement at several regions of the ν3 band of the silyl radical con�rmed its
detection in a SiH4/H2 plasma. However, the measured absorption intensities were too
weak to determine line strengths. Various experimental modi�cations aimed at increas-
ing the concentration of the silyl radicals were presented up to the currently employed
experimental set-up.
Finally, we note that, recently, a novel strategy has emerged to produce the silyl

radical more reliably and in higher quantities. Although SiH4/H2 is the predominant gas
mixture employed in industry to produce solar cells, it was thought that operating the
RF discharge in a SiH4/He gas mixture could be a more e�cient method for producing
the silyl radical. To support this claim we have to consider that the assumption made in
section 7.2 that SiH3 decay is dominated by its self-reaction (7.1) in a SiH4/H2 discharge
is probably inaccurate. Indeed, atomic hydrogen could play a signi�cant role in the decay
process of SiH3 considering that the SiH3/H recombination rate constant was found by
Loh and Jasinki [47] to be about 2 × 10−11 cm3 molecule−1 s−1 whilst the accepted
silyl self-reaction rate constant, 8.25 × 10−11 cm3 molecule−1 s−1 [51]. Moreover Lavrov
et. al. [57] reported that molecular hydrogen could dissociate up to 50 % in a H2 RF
discharge at a pressure of a few mbar and within a long glass tube reactor. Although
the value reported is questionable because the diagnostic technique employed is known
to provide only rough estimations and because of the ad-mixture of 10% silane in our
case, it indicates that fairly high quantities of atomic hydrogen can be produced in our
current experimental arrangement. Consequently an attempt will be made to use helium
as a bu�er gas for silane instead of molecular hydrogen.
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8 On the incorporation of an attenuated
total re�ection experiment into an
optical cavity*

8.1 Introduction

The deposition of thin �lms onto the surface of various substrates is a widely used tech-
nique to produce materials with interesting electrical, thermal, chemical or optical prop-
erties. One way to deposit these �lms is through plasma enhanced chemical vapour
deposition (PECVD). The molecular precursors can be ionized and fragmented into rad-
ical or atomic species through electron impact. Subsequently, these reactive species are
driven to deposit onto the substrate surface to form solid layers, thus reducing their
potential energy. The �lm properties and rates of growth are strongly connected to the
chemical reactions taking place inside the bulk plasma but also at the plasma-surface
interface. As already seen in chapters 4 and 5, infrared absorption spectroscopy enables
absolute concentration measurements of stable and short-lived species in the plasma bulk
to be made. These measurements then enable studies of the chemical processes taking
place in the plasma bulk (e.g. fragmentation rate of the precursor, production e�ciency
of reactive species) to be made. However, due to the technical challenges of investi-
gating the physical and chemical phenomena occurring at the plasma-surface interface
(e.g. nucleation, re�ection, absorption and di�usion) [1�3], the understanding of these
phenomena at the interface is still limited and relies heavily on computer simulations
[4�6].
Fourier transform infrared attenuated total re�ection (FTIR-ATR) spectroscopy en-

ables the measurement of the chemical composition of solids, powder or liquids. This
technique was already employed to study the modi�cation induced by atomic and molecu-
lar plasmas to polymers and to study deposited �lms [7�10]. Moreover, the determination
of the structural orientation of the deposited �lms is feasible through polarised FTIR-
ATR [11�13]. The ATR technique also has the advantage over transmission techniques
that it requires only thin samples, reducing attenuation due to absorbing media and
alteration of the sample itself.
FTIR-ATR relies typically on trapezoidal or parallelepipedic shaped-crystals consisting

of high refractive index materials (e.g. Zinc Selenite (ZnSe), silicon (Si), germanium
(Ge)). Provided the light beam is introduced into the crystal at a correct angle, the
beam is subject to total re�ection at the interface between the crystal and the exterior
medium, inducing a so-called evanescent wave (EW) phenomena. This EW phenomena

*work in progress
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can be described as an exponential decay of the light electrical �eld at the crystal outer
surface; as a result, compounds placed adjacent to the crystal surface can induce an
absorption signal. The origin of the EW is instinctively di�cult to comprehend. However,
it can be explained theoretically though a Maxwell equations analysis. Indeed, there is no
solution to these equations which would allow the absence of a transmitted wave even in
the case of total re�ection. They impose a boundary condition of continuity of the light
electrical �eld at the medium interface. An exhaustive description of the EW phenomena
is available in [14].
Sensitivity is a serious limiting factor of ATR based spectroscopic absorption tech-

niques with an e�ective absorption path length of only a few µm. Substantial sensitivity
gain can be obtained by enclosing the sample of interest by two highly re�ective mirrors;
light introduced into this optical cavity will undergo multiple back and forth paths, en-
hancing the e�ective path length through the sample proportional to the mirrors e�ective
re�ectivity.
In 1988, O'Keefe and Deacon [15] performed the �rst cavity ring-down experiment

(CRDS), measuring the decay time of the light of a pulsed laser leaking out of optical
cavity with and without an absorbing gas species. This achievement was the stimulus
for a large number of related studies to develop techniques based on optical cavities
[16�21]. Eventually, these technique were employed to detect and measure molecular
trace gases, for example in plasmas to monitor atomic, ionic and radical species [22�25].
CRDS was also employed to investigate the composition of deposited thin �lms whether
by depositing �lms on the cavity mirrors [26] or by depositing the sample on a substrate
subsequently inserted in the path of the cavity [27�30]. Additional information concerning
optical cavities and methods to employ them for molecular trace gas measurement are
available in [31�33].
In 1997, Pipino et al. [34] assembled the �rst EW-cavity experiment encompassing a

fused-silica prism with two highly re�ective mirrors. In the past two decades, rapid expan-
sion of this �eld of research has occurred [35] with various forms of EW-cavities developed
employing light sources in the UV, visible and terahertz range and ATR materials with
diverse shapes and compositions depending on the targeted application [36�40]. EW-
cavity techniques o�er high sensitivity measurements at the surface interface enabling
the determination of the optical and chemical properties of thin �lms and nano-particles
[28, 41�43] and analysis of chemical processes at liquid and solid interfaces [44�53].
Although, radical and molecular species have strong ro-vibrational features in the

mid-infrared, EW-cavity techniques were, until recently, limited to the UV, visible and
terahertz ranges because reliable and powerful sources were lacking in the mid-infrared.
Following the �rst continuous-wave quantum cascade laser (cw-QCL) operating at

room temperature conceived by Beck et al. in 2002 [54], QCLs were applied in numerous
�elds of research to detect and monitor molecular species [55�57], and, in some cases,
combined with optical cavities [58�61]. In particular, the class of QCL employed in the
present work, an external cavity quantum cascade laser (EC-QCL), was already used in
an ATR experiment to investigate electrochemical reactions [62], but without an optical
cavity.
In this work, we report the successful construction of an EW-cavity experiment utilizing

138



8.2 Experimental arrangement

a ZnSe trapeze-shaped crystal and an EC-QCL centred at 4.5 µm. It is planned to
introduce this construction at the bottom of a RF plasma reactor to study hydrogenated
amorphous silicon (a-Si:H) deposition processes. It is expected that an enhancement
in sensitivity would permit measurement of absorbing gaseous molecular species at the
plasma-surface interface. Such technique would have applications well beyond plasma
process investigation. The projected experimental set-up is presented in section 8.2 and
in section 8.3 the proof of principle is described.

8.2 Experimental arrangement

Figure 8.1 Projected experimental arrangement of an EW-cavity experiment interfaced with
a RF plasma reactor. EC-QCL, external-cavity quantum cascade laser; AOM, acousto-optic
modulator; FM, �ip mirror; OI, optical isolator; M, mirror; BS, beam splitter; RGC, reference
gas cell; OAPM, o�-axis parabolic mirror; SM, spherical mirror; D1, D2, D3, DC detectors; P1,
P2, pathways; O1, O2, O3, O4, O5, O6, openings; CM, cavity mirrors.

The projected experimental arrangement is presented in �gure 8.1. An acousto-optic
modulator (AOM) (IntraAction Corp., model AGM-802DD11) is placed directly in front
of and within a few centimetre of the water cooled cw EC-QCL (Daylight Solutions,
model 21047-MHF-011-D0330), ensuring that more than 80 % of the laser power is de-
�ected in the �rst order from the AOM . The AOM permits fast modulation of the
laser beam, up to 10 MHZ, which allows the determination of the e�ective re�ectiv-
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ity of the cavity mirrors through cavity ring-down time measurements. A TTL signal
generated by a dual channel function generator (Tektronix, AFG 3102C) triggers the
AOM RF generator (IntraAction Corp., model ME-604T). Its second channel generates
a sinusoidal signal, which is, subsequently, ampli�ed by a single channel PZT controller
(Thorlabs MDT694A) and, �nally, fed to the piezo electric transducer (PZT) attached
to the EC-QCL grating, enabling tuning of up to 2 cm−1. Moreover, the grating stepper-
motor permits coarse scanning of the EC-QCL entire range from 1985 to 2250 cm−1 as
presented in �gure 8.2.
A He-Ne laser is co-aligned with the EC-QCL IR beam, after the AOM, facilitating

further optical adjustment. Following that the optical isolator (OI) constiting of a po-
lariser and a quarter wave plate protects the EC-QCL from back re�ections, especially
from the cavity mirrors. The polariser back re�ection is divided into an etalon channel
for spectral tuning and a reference channel for calibration, utilizing a 3 inch Ge etalon
and a low pressure reference gas cell (RGC), respectively.
A spherical mirror (SM) with a radius of curvature of 5 m is placed at 5 m from the

EC-QCL and the centre of the cavity to optimize the beam properties, i.e., size and
divergence angle. A �ip mirror (FM) select the paths between an optical cavity through
the gaseous phase of the plasma (P1) or an optical cavity through the ATR crystal (P2);
both of them consist of a pair of highly re�ective mirrors (CRD optics, model 901-0010-
4500 and 901-0008-4600) of 1 and 0.8 inch, respectively. This arrangement provides a
means for comparing the measured concentration and temperature in the gaseous phase
and at the plasma-surface interface. After both cavities, etalon, and reference channels
the light is collected and focused by o�-axis parabolic mirrors (OAPM) onto DC detectors
(D1, D2, D3, and D4)
The trapezoidal shaped (52 × 20 × 2 mm, 45◦) ZnSe ATR crystal (TwinStar optics,

coating & crystals) is coated on the entrance and exit faces with an anti-re�ective (AR)
coating to optimize the e�ective path length inside the crystal. For example, �gure 8.3
shows a background FTIR spectrum (a), a ATR-FTIR spectrum (b), and a AR coated
ATR-FTIR spectrum (c). A 50 % loss is observed for the normal ATR crystal in contrast
to the AR coated ATR crystal which only su�ers a few percent loss in the 1300 to 2300
cm−1 range.
The metallic plasma reactor has a cylindrical inner volume of approximately 4 dm3 (10
× 24 cm), posses six openings (O1, O2, O3, O4, O5, and O6), and a detachable cover on
the reactor bottom. The central opening (O2) �tted with a quartz window to monitor
plasma operation. The opposite �anges (O1 and O3) are equipped with 30 cm long tubes
�ushed with hydrogen to protect the highly re�ective mirrors. Additionally, for SiH4/H2

gas mixtures, two other gases (CO and N2O) can be introduced through O4 and pumped
out through O5, enabling preliminary testing of the ATR optical cavity experiment. The
pressure is measured on the last opening, O6, by a Baratron capacitance manometer
(MKS Instruments, model 627B11MDC1B). The ATR crystal is fastened against a rect-
angular hole on the bottom cover. The plasma is ignited via a cylindrical electrode (12
cm in diameter) placed in the centre of the reactor. A RF generator (CESARTM 133 gen-
erator) connected in series with a match box (NavioTM match network) to the electrode
furnished powers up to 300 W.
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Figure 8.2 Entire spectrum of the EC-
QCL.

Figure 8.3 FTIR spectra background , (a),
with a normal ZnSe ATR crystal , (b), and
with a AR coated ZnSe ATR crystal ,(c).

8.3 Proof of principle

A photo of the preliminary test stand employed in this section is displayed in �gure 8.4.
In this picture, the red arrows represent the optical path of the IR beam produced by
the EC-QCL. In this construction, the ATR crystal is attached to a simple metal plate
implemented with a rectangular hole, making it possible to place various powders or
solids on the top of the crystal to test the sensitivity of this experiment.
In this �rst approach, successful alignment of an ATR optical cavity was achieved.

Figure 8.5 shows the resulting spectrum consisting mainly of transverse electromagnetic
modes (TEM00). This spectrum spans over 2 cm−1 and was obtained through sinusoidal
modulation of the grating PZT around 2119 cm−1.
To test the ATR-cavity sensitivity an absorbing species in the available EC-QCL range

had to be identify. Therefore, deposited amorphous silicon powder is collected from the
inner surface of the glass reactor used in the previous chapter 7. In �gure 8.6, ATR-FTIR
spectra are presented without (a) and with (b) hydrogenated amorphous silicon powder
(a-SiHx) placed on the top of the crystal. The ro-vibrational features of atmospheric
carbon dioxide on the left and of water on the right are clearly visible; moreover, the
characteristic broadband feature of a solid appears at 2150 cm−1 when the a-SiHx powder
is placed on the ATR crystal surface (b), following a similar procedure as applied in
[63, 64].
In �gure 8.7, the ATR EC-QCL spectra, (a), without and, (b), with a-SiHx powder on

the ATR crystal from 1985 to 2250 cm−1, are shown without an optical cavity. Instead
in �gure 8.8, the ATR EC-QCL spectra, (a), without and, (b), with a-SiHx powder on
the ATR crystal from 1985 to 2250 cm−1, with an optical cavity are shown. To enable
proper sensitivity comparison between �gures 8.6 and 8.7, the spectra were recorded in
the following order:
- First the optical cavity is opened, i.e., one high re�ective mirrors is removed from its

mounting, spectrum (a) of �gure 8.7. The observed spectral intensity is the result of the
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Figure 8.4 Photo of the preliminary test stand employed to proof the principle of an EC-QCL
based EW-cavity experiment.

Figure 8.5 EC-QCL ATR cavity spectrum Figure 8.6 ATR-FTIR spectra for a back-
ground (a) and with hydrogenated amorphous
silicon powder placed on the top of the ATR
crystal (b)

EC-QCL radiation pro�le and ATR crystal and high re�ective mirror transmissions.
- Then, the second high re�ective mirror is reinstalled into its mounting and the cavity

mirrors re-aligned, spectrum (a) of �gure 8.8.
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Figure 8.7 Entire range EC-QCL ATR
spectra without (a) and with (b) a-SiHx pow-
der spread on the ATR crystal.

Figure 8.8 Entire range EC-QCL cavity-
ATR spectra without (a) and with (b) a-SiHx

powder spread on the ATR crystal. The inset
displays the spectral range between 2225 and
2227 cm−1 showing the cavity modes in more
details

- Subsequently, a-SiHx powder is spread on the top of the ATR crystal, spectrum (b)
of �gure 8.8
- Finally the cavity input mirror is omitted to give spectrum (b) of �gure 8.7
This operational procedure ensured that the amount of a-SiHx powder and the beam

alignment across the ATR crystal is consistent in both cases, with and without the cavity.
Comparing the amount of absorbed light in both cases when the powder is placed on
the ATR crystal surface illustrates the promising sensitivity gain of an ATR experiment
enhanced with an optical cavity.

8.4 Conclusions and outlook

We successfully aligned an EW-cavity using a cw EC-QCL at 4.5 µm. This is to our
knowledge the �rst reported EW-cavity in the mid-infrared. This diagnostic technique is
still under development. However, it shows promising potential for revealing new physical
and chemical mechanisms occurring at the plasma-surface interface. This is critical for
understanding thin-�lm deposition processes and possibly could accelerate the deposition
of thin �lms at a higher rate and with improved properties.
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9 Summary & conclusion

The content of this thesis can be summarized as follows:
(i) The deposition processes of SiOx and SiOxCyHz coatings were investigated in a

low-pressure, low temperature HMDSO-O2-N2 plasmas. Infrared laser absorption spec-
troscopy (IRLAS) and optical emission spectroscopy (OES) were combined to measure
the gas temperatures in the hot and colder zones of the plasma as well as to monitor
the concentration of the methyl radical, CH3, and of seven stable molecules, HMDSO,
CH4, C2H2, C2H4, C2H6, CO and CO2. Tunable lead salt diode lasers (TDLs) and an
external-cavity quantum cascade laser (EC-QCL) were simultaneously employed as ra-
diation sources to perform the IRLAS measurements. The temperature information was
utilized to derive the concentrations of the various stable and unstable plasma species.
They were found to be in the range between 1011 to 1015 cm−3. The in�uence of the
discharge parameters of power, pressure and gas mixture on the molecular concentrations
was studied. The plasma generation is characterized by a certain degree of inhomogene-
ity with di�erent temperature zones, i.e., hottest, hot and colder zones depending on the
construction of the reactor. This complexity is characterized by the multiple molecu-
lar species including the HMDSO precursor and products in ground and excited states
existing in the plasma.

(ii) Employing similarly IRLAS and OES techniques, the deposition of nanocrystalline
diamond at relatively low temperature in low-pressure MW H2 plasmas with small ad-
mixtures of methane and carbon dioxide was investigated. Five methods were applied
for an extensive temperature analysis, providing new insights into energetic aspects of
the multi-component non-equilibrium plasma. The OES method provided information
about the gas temperature of H2 inside the MW plasma. Using lead salt diode lasers,
the rotational temperature of the methyl radical, CH3, and gas temperature of methane
molecule, CH4, was measured. A variety of CO lines in the ground and in three excited
states have been analysed using an EC-QCL with a relatively wide spectral range. These
methods have shown that based on the construction of the DAA reactor using 16 single
plasma sources the plasma generation is characterized by a variety of hottest, hot and
colder zones.
Extensive measurement of these various species temperatures in the complex plasma

enabled the concentration determination of the various stable and unstable plasma species,
which were found to be in the range between 1011 to 1015 cm−3. The in�uence of the
discharge parameters, power and pressure, on the molecular concentrations has been
studied. To achieve insight into general plasma chemical aspects, the dissociation of
the carbon precursor gases including their fragmentation and conversion to the reaction
products was analysed in detail. The evolution of the concentration of the methyl radi-
cal, CH3, of �ve stable molecules, CH4, CO2, CO, C2H2 and C2H4, and of vibrationally
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9 Summary & conclusions

excited CO in the �rst and second hot band was monitored in the plasma processes by
in situ infrared laser absorption spectroscopy using lead salt diode lasers (TDL) and an
external-cavity quantum cascade laser (EC-QCL) as radiation sources. OES was applied
simultaneously to obtain complementary information about the degree of dissociation of
the H2 precursor gas. The analysis of the carbon and oxygen mass balances shows clearly,
that the deposition on the reactor walls and the production of other hydrocarbons species
may act as sinks for carbon and oxygen.

(iii) The absolute line strengths of many P-branch transitions of the ν3 fundamen-
tal of 28SiH4 were determined using the wide tuning range and the narrow line width
of a cw EC-QCL between 2096 and 2178 cm−1. The line positions and line strengths
of transitions of the stretching dyad within the P-branch of 28SiH4 were determined
with an estimated experimental measurement accuracy of 10%. The high spectral res-
olution available has enabled us to resolve and measure representative examples of the
tetrahedral splittings associated with each component of the P-branch. The positions
of these components are in excellent agreement with spherical top data system (STDS)
predictions and theoretical transitions from the TDS spectroscopic database for spherical
top molecules. To our knowledge, this is the �rst reported measurement of these line
strengths in this band and is an example of the applicability of high-powered, widely
tunable EC-QCLs to high resolution spectroscopy in the MIR.

(iv) Similarly, the determination of the silyl radicals, ν3 band, line strengths is ongoing
using the same cw EC-QCL. This e�ort was impaired by silane and other unknown species
lines overlap; however, the silyl radicals was successfully detected in a SiH4/H2 plasma.
A method to determine the silyl line strengths has been presented through its iterative
decay measurements which relied on the value of the silyl radical self reaction constant.
There was a consensus of its value in the literature.

(v) A diagnostic tool has been developed under the form of an EW-cavity utilizing a
cw EC-QCL at 4.5 µm. This diagnostic technique is still in development; however, it
exhibits promising ability to unravel the physical and chemical mechanisms occurring
at the plasma-surface interface. This is critical for understanding thin-�lm deposition
processes and possibly couldlead to the deposition of thin �lms at a higher rates and
with improved properties.

To conclude, the focus of the presented work is on plasma enhanced chemical vapor de-
position (PECVD) processes, especially the underlying chemical mechanisms governing
the formation of thin �lms. For this purpose, high resolution infrared laser absorp-
tion spectroscopy (IRLAS) techniques were employed in association with optical emis-
sion spectroscopy (OES) techniques to monitor the temperature and the concentration
of radicals and stable molecular species inside reactors designed for the deposition of
silcon-oxide and nano-diamond. This quantitative information enables the benchmark
validation and �ne tuning of future theoretical descriptions of these plasmas.
Although silane based plasmas are widely used in the industrial sector, notably for the

deposition of amorphous hydrogenated silicon, knowledge about the line strengths of re-
lated silane molecular species is limited. Actually, the measurement of the line strengths
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of these species is fundamental for absolute concentration determination and, therefore,
for investigating silane based deposition processes. For this reason, we employed an
EC-QCL based IRLAS technique to determine the line strengths of many P-branch tran-
sitions of the silane ν3 band and similar work is ongoing for the silyl radical.
Finally, a novel diagnostic method was developed to investigate the deposition pro-

cesses in-situ at the plasma-surface interface. As seen in the chemical studies of silcon-
oxide and nano-diamond depositions, IRLAS techniques o�er absolute information about
the plasma chemical and kinetic phenomena occurring in complex plasmas but these tech-
niques are limited to the plasma bulk. We reported, to our knowledge, the �rst alignment
of an EC-QCL evanescent wave cavity. When fully integrated, we believe this technique
will enable the comprehensive description of the chemical and physical processes at the
plasma/surface interface.
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