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Abstract

This work focuses on the use of a microwave plasma torch based on a coaxial transmission

line (CTRL) for the synthesis of nanodiamonds under mbar pressure conditions using H2/CH4

(± Ar) mixtures. Optical diagnostics of the plasma, including optical emission spectroscopy

(OES) and picosecond two-photon laser-induced fluorescence (ps-TALIF), reveal that the torch

produces high electron densities (2×1013 cm−3), high atomic hydrogen densities (up to 1017

cm−3) and gas temperatures ranging from 1000 to 1700 K. These parameters favor nanodiamond

nucleation by stabilizing the diamond sp3 phase. Deposition studies confirmed the formation of

nanodiamonds with a crystal structure and size distribution of around 10 nm. Deposition quality,

assessed by the sp3/sp2 ratio, shows an optimum value at 4% methane at 100 mbar and 90 W.

The addition of argon (up to 25 sccm) further enhanced nanostructure performance by increasing

gas temperatures and promoting favorable radical densities. The nucleation process was found

to occur mainly in the gas phase, driven by key radicals such as CH3, CH, C and C2, which

form via hydrogen dissociation and hydrocarbon reactions. High concentrations of acetylene,

however, led to the formation of amorphous carbon via the HACA mechanism.

Key words : microwave plasma torch, coaxial transmission line, nanodiamond, gas-phase

nucleation, plasma diagnostics.
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Résumé

Ce travail porte sur l’utilisation d’une torche à plasma micro-ondes basée sur une ligne de

transmission coaxiale (CTRL) pour la synthèse de nanodiamants dans des conditions de pression

mbar en utilisant des mélanges H2/CH4 (± Ar). Les diagnostics optiques du plasma comprenant

la spectroscopie d’émission optique (OES) et la fluorescence picoseconde induite par laser à

deux photons (ps-TALIF), révèlent que la torche produit une grande densité d’électrons (2×1013

cm−3) , de grandes densités d’hydrogène atomiques (jusqu’à 1017 cm−3) et températures du gaz

allant de 1000 à 1700 K. Ces paramètres favorisent la nucléation de nanodiamants en stabilisant

la phase sp3 du diamant. Les études de dépôt ont confirmé la formation de nanodiamants avec

une structure cristalline et une distribution de tailles d’environ 10 nm. La qualité du dépôt évalué

par le rapport sp3/sp2 montre une valeur optimale à 4% de méthane à 100 mbar et 90 W. L’ajout

d’argon (jusqu’à 25 sccm) a encore amélioré le rendement de la nanostructure en augmentant

les températures du gaz et en favorisant des densités de radicaux favorables. On a constaté que

le processus de nucléation se produisait principalement en phase gazeuse, sous l’impulsion de

radicaux clés tels que CH3, CH, C et C2, qui se forment par dissociation de l’hydrogène et par

des réactions d’hydrocarbures. Des concentrations élevées d’acétylène ont toutefois conduit à la

formation de carbone amorphe par le biais du mécanisme HACA.

Mots clés : torche à plasma micro-ondes, ligne de transmission coaxiale, nanodiamant,

nucléation en phase gazeuse, diagnostics plasma.
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1.1 Carbon and its allotropes

The carbon atom is the first element in column IV of Mendeleev’s periodic table, and its atomic

number is Z=61. The most stable isotopic form of carbon is 12C, which contains 6 protons and

6 neutrons. The electronic configuration of this atom is 1s2 2s2 2p2. Its two valence electrons

should a priori give it a divalent character in its chemical bonds. Actually, the electrons of the

peripheral layers, i.e. 2s and 2p, are distributed over atomic orbitals called sp hybrids. They then

become unpaired and can create four chemical bonds, making it a tetravalent atom. There are also

three hybridization states of these valence orbitals: sp, sp2, sp3, leading to the formation of σ and

π-type covalent and van der Waals bonds, binding and anti-binding, respectively. This generates

allotropic structures of different dimensionalities with a wide variety of physical and chemical

properties2 (diamond, graphite, graphene, etc.). In addition to these allotropic forms, carbon can

also be found in amorphous form, leading to another very large family of carbon-materials with

different physical and chemical properties1.

Carbon exists in many forms, including sp2 phases such as nanotubes, graphite, graphene,

fullerenes, sp3 phase of diamond and the amorphous state. The two main allotropic forms are

graphite (sp2 hybridization) and diamond (sp3 hybridization), shown in Figure 1.1.

1
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Figure 1.1: Schematic representation of sp2 and sp3 hybridizations in carbon3

1.1.1 sp2 carbon: Graphite, graphene, fullerene, carbon nanotubes

Based on the various forms of carbon, we first examine the structure of graphite, the most

common and thermodynamically stable form of carbon at standard temperature and pressure

(298 K and 1 atm). It is found in metamorphic sediments, often close to organic coal. Graphite

is made up of sheets in which each carbon atom is located at the vertex of a regular hexagon.

These sheets, called ”graphenes”, are superimposed on each other, leaving a spacing of around

0.34 nm4. Within a sheet, each carbon atom is linked to three other ones by covalent σ bonds,

the angle between these bonds being 120°. The electrons not engaged in the σ bonds (one per

carbon atom) form delocalized π bonds, which are perpendicular to plane form by the σ bonds.

These π bonds contribute to electrical conductivity within the plane of the graphite sheets. The

sheets themselves are held together by van der Waals forces, which are much weaker than the

covalent σ and π bonds within the sheets ( cf. Figure 1.2).

Because of the layered structure of graphite, its physical properties are anisotropic. In partic-

ular, electrical conductivity shows two different values in directions parallel and perpendicular

to the laminate planes. Graphite also shows interesting frictional properties. In fact, graphene

sheets can align in parallel with the direction of relative motion and thus slide relatively easily

over each other3.

Figure 1.3 shows the different sp2 allotropes of carbon in addition to graphite. Graphene is a

two-dimensional crystal of sp2 carbon atoms regularly distributed on a hexagonal honeycomb

lattice. A single layer of graphene is just one atom thick, at around 0.335 nanometers. Concerning

fullerenes, they are hollow molecular structures in the nanometer range, composed solely of

sp2-hybridized carbon atoms, forming a closed sphere or ellipse. The best known fullerene is

C60, which resembles a football (buckminsterfullerene). Fullerenes are obtained from graphite

vaporized in an atmosphere of neutral gas, helium, or argon6,7. Carbon nanotubes are sheets
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Figure 1.2: Graphite Structure5

of graphene wound on themselves, forming hollow cylinders, with at least one dimension at

the nanoscale. A distinction is made between: (i) single-walled carbon nanotubes (SWCNT),

which consist of a sheet of graphene wound into a cylindrical tube, and (ii) multiwalled carbon

nanotubes (MWCNT), which consist of several concentric tubes. Their average diameter ranges

from nanometers (SWCNT) to tens of nanometers (MWCNT), up to 100 nm.

Figure 1.3: Carbon sp2 allotropes: Graphite (3D), Graphene (2D), Carbon nanotubes (1D) and

Fullerene (0D)8

1.1.2 sp3 carbon phase or diamond

Diamond is a pure allotropic crystalline form of carbon, which is metastable under standard

conditions (298 K and 1 atm) and stable under high pressure and temperature conditions (P >10

GPa and T> 2000K)9. Diamonds are known as the hardest material and consist of an assembly

of carbon atoms in sp3 hybridization, where each atom is bonded to four other carbon atoms

by strong σ covalent bonds; which results in a tetrahedral structure. This confers exceptional

physical properties on the diamond, which is described in greater detail later in the manuscript.

Diamond shows a face-centered cubic crystallographic structure. In this structure, the unit cell
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contains eight atoms, four of which are located at the centers of four small cubes, each one

occupying the eighth of the unit cell’s volume. Diamond is said to have a blende-like structure10.

These face-centered cubic cells are interpenetrated and offset by a quarter of the unit cube

diagonal length (Figure 1.4), with a distance between two neighboring atoms of 1.54 , and a

lattice parameter a=3.56 .

Figure 1.4: (a) Diamond mesh and (b) Crystallographic representation of the structure11

The carbon phase diagram (cf. Figure 1.5) shows that diamond only forms at extremely high

pressures. Consequently, diamond can only exist as a metastable phase of carbon under normal

temperature and pressure conditions. The formation of a natural diamond is the result of the

extreme conditions that prevailed during the formation of the earth’s crust.

Figure 1.5: Carbon phase diagram12
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These high pressure conditions can be reproduced in the laboratory where diamond can

be synthesized from a graphitic precursor in the presence of a catalyst13. This so-called High

Pressure High Temperature (HPHT) process has been extensively used to produce a synthetic

diamond. It provides stable and homogeneous quality materials with good reproducibility,

making them highly suitable for industrial applications.

Diamond exists in various forms, including monocrystalline, polycrystalline, and nanocrys-

talline diamond films (cf. Figure 1.6) as well as nanodiamond particles. Single-crystal diamond

(SCD) or monocrystalline diamond consists of a single crystal with a perfectly ordered crystal

lattice. It is a natural form of diamond and can also be synthesized by HPHT or Chemical Vapor

Deposition (CVD). This type of diamond has been used mainly in jewellery, but in applications

in power electronics as heat spreader and after doping as sensors, and quantum computing.

Polycrystalline diamond (PCD) consists of numerous disoriented crystalline diamond grains

(micrometric size), usually synthesized by HPHT or CVD on non-diamond substrates. Like

PCD, nanocrystalline diamond (NCD) is composed of nanometric diamond grains (grain size

between 5 and 100 nm), often coated with amorphous or non-diamond carbon, giving a mixed

structure. Ultrananocrystalline diamond (UNCD) is composed of even smaller diamond grains

with grain size typically less than 10 nm, resulting in an extremely dense and uniform structure.

The diamond phase can also exist as isotated nanoparticles of size< 100 nm, usually referred

to as nanodiamonds (NDs), or diamond nanoparticles (DNPs). A brief review of the literature

shows that the term “nanodiamond” is often used to refer to nanocrystalline diamond films

deposited on a silicon substrate using CVD processes and made up of nano-sized diamond grains.

In this thesis, the term nanodiamonds refers to isolated diamond nanoparticles of sizes smaller

than 100 nm that are not necessarily obtained by a CVD process. We will look at the properties

and applications of nanodiamonds in detail in the next section.

Figure 1.6: Illustration of Diamond Structures from Left to Right Respectively: Single-Crystal

Diamond (a), Polycrystalline Diamond (b), and Nanocrystalline Diamond (c)14

1.2 Nanodiamond: a high impact nanomaterial

They are a carbon allotrope composed of sp3 hybridized carbon atoms that assemble into

nanoscale crystals15. Three essential elements make up the structure of diamond nanoparticles:

the overall shape, the core, and the surface (Figure 1.7). The overall shape of diamond nanopar-

ticles is generally either spherical or elliptical, through numerous diffraction experiments. The
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core of nanodiamonds is similar to the structure of a conventional diamond (sp3-hybridization),

but their surface is more graphite-like (sp2 hybridization), with dangling bonds at the edges

containing functional groups. Most of the diamond phase is present in the inner core. The

intermediate sheet, which is usually examined as an inhomogeneous translational carbon shell,

is detached from the innermost shell face by onion-shaped carbon rings. The next subsections

will discuss the technological importance and synthesis of nanodiamonds.

Figure 1.7: Structure of the Nanodiamond16

1.2.1 Technological importance of nanodiamonds

NDs possess remarkable characteristics such as exceptional hardness, high chemical stability,

chemical inertness, high thermal conductivity, excellent biocompatibility, and ease of surface

functionalization. These properties make them particularly suitable for numerous applications in

fields such as medicine, tribology, catalysis, electronics, and energy17–20.

1.2.1.1 Imaging and Biological Applications

Diamond is transparent across a wide range of the electromagnetic spectrum and has a high

refractive index, around 2.4 in the visible range. However, on the nanoscale, NDs can exhibit

different optical properties depending on their size, becoming progressively transparent in the

ultraviolet when their size is less than 100 nm21. The most interesting optical properties arise

from the presence of color centers resulting from impurities in the diamond matrix22. Among

these, the nitrogen-vacancy (NV) center, formed by the presence of a nitrogen atom near a

vacancy in the diamond lattice (as illustrated in Figure 1.8) , is the most studied.

When excited by a green laser (typically between 488 and 575 nm), NV centers emit red light

with near-unity efficiency and very stable photoemission24. These centers are systematically

present in high-pressure high-temperature (HPHT) NDs, and their number can be increased by

irradiating NDs with He+ ion beams or high-energy electrons, which create vacancies. Thermal

treatments then allow these vacancies to migrate towards nitrogen atoms that are often naturally

present as impurities in the diamond lattice25,26.
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Figure 1.8: Crystalline structure of an NV center23

Fluorescent NDs, particularly those with NV centers, are used as markers to track cells in

vitro due to their photostability and biocompatibility26–29. However, for in vivo applications,

the use of NV centers is limited to surface tissues, such as skin or mucous membranes, due

to high tissue absorption in the visible range where the excitation and emission wavelengths

occur. In addition, the luminescence of NDs is highly dependent on their surface chemistry

and may be inhibited, for example, in the case of a hydrogenated surface30. Although NV

centers have been observed in detonation NDs, their luminescence is too weak for effective

cellular imaging31. It is important to note that structural surface defects in detonation NDs

can induce luminescence properties that are not associated with NV centers, yet still allow the

tracking of NDs within cells31. The 1332 cm−1 Raman signal of diamond can also be used to

track NDs in vitro27. Coupling the optical and magnetic properties of NV centers significantly

enhances the imaging capabilities of NDs, allows for determining their orientation, and enables

the measurement of magnetic fields directly within cells32. Furthermore, NDs show promise

in enhancing the effectiveness of drug delivery systems in the treatment of skin cancer due to

their high biocompatibility and high adsorption capacity, allowing them to carry more active

compounds and penetrate deeper into the skin layers than conventional formulations33. Their role

in wound healing and tissue repair is also promising, with potential applications in developing

gene transfer systems for wound healing33.

1.2.1.2 Quantum Computing Applications

Nanodiamonds with NV centers are an alternative to trapped ions for room-temperature quantum

computing34. Their stability and high-temperature operation make them interesting for quantum

simulations. The spin properties of NV centers allow qubit manipulation with magnetic fields,

potentially replacing or complementing ion-trap technology.
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1.2.1.3 Sensor and Electronic Applications

Unlike bulk diamond, the electronic and electrochemical properties of NDs are less studied due

to the insulating nature of undoped diamond. In bulk diamonds, doping with boron atoms can

create a p-type semiconductor or even a metallic material at boron concentrations greater than

5× 1020 / cm3, which is particularly interesting for high-power electronic and electrochemical

applications35,36. Boron-doped nanodiamonds (BDD), fabricated using plasma-enhanced chem-

ical vapor deposition (PECVD) methods, have shown promise for detecting dopamine, a key

neurotransmitter involved in several neurological functions. Dopamine detection is crucial in

studies on neuropsychiatric disorders and diseases such as Parkinson’s disease. These sensors

can be optimized for better sensitivity through post-synthetic treatments, such as anodization or

deposition of polymer films on the BDD surface37.

NV centers enable monitoring of magnetic fields38,39 or electric fields40 at the nanoscale by

optically measuring the spin properties of NV centers, which are sensitive to ambient magnetic

fields. ND-based sensors can operate at room temperature and, being entirely composed of

carbon, can be safely injected into living cells38.

1.2.1.4 Energy Storage Applications

NDs, due to their high surface area, stability, and wide electrochemical potential windows,

are attractive candidates for energy storage systems. Boron-doped nanodiamond electrodes,

fabricated using PECVD, exhibit exceptional stability across a wide range of operating potentials

in aqueous solutions41. Moreover, the surface functionalization of NDs can enhance their

ion storage capacity by introducing additional pseudocapacitive processes42. When used as

a dispersed phase in nanocomposites, NDs can also modify certain electronic characteristics

of polymer matrices, probably due to functional groups on their surface, which facilitates ion

exchange and reduces the system’s impedance43. These properties can be used in the development

of electrochemical sensors and energy storage systems.

1.2.1.5 Nanomechanical Sensors and Nanoelectromechanical Systems (NEMS)

Nanodiamonds demonstrate an exceptional capability to withstand high mechanical stresses,

with a maximum local elastic stress of over 9% and a corresponding maximum tensile stress

exceeding 100 GPa, making them ideal for high performance nanomechanical sensors and NEMS

applications44.

1.2.1.6 Mechanical and tribology

Nanodiamonds, much like bulk diamond, have impressive mechanical properties, such as a

hardness of 10 on the Mohs scale and a Young’s modulus over 1000 GPa. These features make

them highly promising for applications in nanoscale mechanical systems. For example, adding

diamond nanoparticles to engine oils can greatly improve their lubricating abilities, cutting the

friction coefficient by 80-90%45. Additionally, when nanodiamonds are mixed into polymer

matrices, they create new nanocomposites with far better mechanical strength, such as 200
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times more hardness and 10 times the Young’s modulus compared to regular polymers46. These

nanocomposites also perform better in terms of friction, making them potential replacements for

micrometer-sized diamonds in cutting or polishing materials47. What’s more, when combined

with biodegradable polymers, they could even be used to make bone prostheses48.

1.2.2 Synthesis of Nanodiamonds

A close look at the carbon phase diagram drawn up by F.P. Bundy49 and presented in Figure

1.9, shows the stable carbon phases (i.e. a phase with minimum free energy) as a function of

temperature and pressure.

Zones 1 and 2 on this diagram represent the most stable thermodynamic conditions at high

pressure and high temperature (HPHT), where graphite can be transformed into a diamond.

The first strategy of producing diamond is to achieve these extreme conditions as in the case

of HPHT process under equilibrium conditions while detonation or laser ablation, etc. under

non-equilibrium conditions. However, the high temperatures and pressures required by the

processes make them difficult and expensive. The second strategy looks for growing diamond

at softer non-equilibrium conditions (a few tens to few hundreds of mbar) through chemical

vapour deposition (CVD), where one can achieve conditions where diamond is metastable. This

corresponds to Zone 3 in the Figure 1.9. This process synthesizes diamond from the interactions

of active species produced by chemical reactions taking place in the vapor phase with the growing

diamond substrate. Metastable conditions are achieved using an H-atom rich environment and

a gas temperature high enough to promote growth. Using this technique, diamond can be

synthesized in a variety of ways, with characteristics, e. g., purity, crystalline quality, etc., that

depend on the method used to generate the reactive gas phase to ensure metastable conditions

and growth conditions.

In addition, we can distinguish two broad categories of nanodiamond elaboration processes:

Top-Down and Bottom-Up approaches. While the Top-Down approach involves starting

with a large natural or synthetic diamond crystal and then reducing it to the desired nanoscale

dimensions by milling, the bottom-up approach consists of growing nanodiamonds from simple

chemicals such as CH4. These techniques have been reviewed by Shenderova et al.
51 and are

summarized in Figure 1.10.

1.2.2.1 Top-down approach

As the approach produces NDs from milling large diamond crystals, these are also called

milled nanodiamonds (M-NDs). Although the top-down approach is a very commonly used

technique to produce nanodiamonds, it suffers from several drawbacks. In fact, grinding and

cutting introduce several impurities from abrasive materials, which require expensive chemical

purification processes. Moreover, M-NDs are limited by the size and purity of the initial materials

and suffer a severe strain that can restrict their final applications. The synthetic diamonds that

are milled are produced from HPHT or CVD processes, which are described below.
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Figure 1.9: Carbon phase diagram including temperature and pressure zones for the main

diamond synthesis methods50

Synthesis of
Nanodiamonds

Top-Down Approach

HPHT CVD

Bottom-Up Approach

Detonation
Laser

Ablation
Plasma
Method

Figure 1.10: Synthesis techniques for nanodiamonds

High Pressure High Temperature

To synthesize a diamond crystal under thermodynamic equilibrium conditions, it is necessary to

recreate extreme pressure and temperature conditions identical to those found in the mantle of

the Earth, which allow the formation of natural diamond crystals52. In other words, temperature

conditions of 3000 K and pressures exceeding 14 GPa are necessary, as shown in the blue

region of the carbon phase diagram (see Figure 1.9). This technique, known as HPHT for High

Pressure-High Temperature, was only commonly mastered in the 1950s when devices capable

of withstanding such enormous pressures and temperatures were developed.

The synthesis of diamonds by HPHT is based on the allotropic transformation of graphite into

a diamond. The temperature and pressure ranges used in this synthesis are typically 2000-4000 K

and 5-15 GPa, respectively. Diamond synthesis can be performed under less extreme conditions



1.2. NANODIAMOND: A HIGH IMPACT NANOMATERIAL 11

when a metallic solvent such as iron or nickel, capable of dissolving carbon, is used and the

metal-carbon mixture is brought to conditions corresponding to the diamond stability domain

using a hydraulic press (see zone 2 Figure 1.9).

The diagram also shows a purple region where the diamond is synthesized at a temperature

of approximately 1600 K and a pressure of 6 GPa in the presence of a metal catalyst53. These

less extreme conditions enabled industrial-scale production of synthetic diamonds at a more

reasonable cost. Generally, this process involves immersing a carbon source (graphite or

microdiamond crystals) in a solvent made up of transition metals (iron, nickel, cobalt, and

manganese). The system is then brought to high pressure and high temperature, establishing a

temperature gradient within the cell. This gradient, of only about 20°C, is particularly critical

and difficult to control. Crystallization occurs in a single-crystal seed, forming a diamond

crystal of 3×3 to 5×5 mm2 (see Figure 1.11(b)). Recently, crystals of almost 60 carats have

been produced using this technique54. The synthesis process is illustrated in Figure 1.11(a).

The growth conditions that favor the appearance of one specific crystalline orientation are not

disclosed and, therefore, remain the property of industrial manufacturers.

Figure 1.11: (a) Cross-section diagram of Sumitomo’s high-pressure, high-temperature growth

framework, (b) HPHT diamond single crystals obtained under conditions favoring the formation

of oriented faces (100)55, and (c) conditions favoring the formation of oriented faces (111)56.
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Crystals synthesized by this method are often contaminated by impurities during growth,

although significant progress has recently been made in this area57. Nevertheless, residual

impurities from solvent metals (Ni, Co) are frequently found, particularly a concentration of

nitrogen from the atmosphere and the catalytic solvent. Therefore, HPHT crystals are generally

not directly usable for applications in the field of electronics.

The difference in nitrogen contamination levels in substrates results in the classification of

diamond samples into two broad categories, ”I” and ”II.” These are further subdivided into two

classes: type ”a” and type ”b.” Type I diamonds contain the largest amount of nitrogen (from

200 to 4000 ppm), while type II diamonds, which represent 1 to 2% of natural diamonds, contain

less than 2 ppm58. This latter type of diamond is obtained using solvents with a high affinity

for nitrogen (iron or cobalt alloys)59, and by incorporating nitrogen getters such as aluminum,

titanium, or zirconium, which form stable nitrides at high temperatures and thus trap the nitrogen

in the solution.

Type Ia diamonds contain aggregated nitrogen atoms, while type Ib diamonds have nitrogen

atoms at substitutional sites in the diamond matrix. Type IIa diamonds are ”pure” and electrically

insulating. They do not contain defects visible in the infrared, whereas type IIb diamonds have

a semiconductor nature due to their boron content (higher than nitrogen), which is found in

substitution sites, around 1 ppm in natural diamonds60.

Although the purity of HPHT diamond substrates is not satisfactory, their crystalline quality

remains reasonable, allowing them to be used as substrates for CVD deposition techniques,

where it is easier to control the environment in terms of residual impurities.

To obtain small-sized diamonds, the synthesized diamond substrates are generally milled

into nanometric-sized debris for various uses.

Chemical Vapor Deposition Technique (CVD)

Unlike HPHT diamonds, CVD diamond synthesis is carried out outside its stability zone, at

pressures below atmospheric pressure and at relatively low temperatures (< 1000 °C)11. This

process relies on the generation of chemical species in the gas phase that interact with the growing

diamond film, facilitating its growth under metastable conditions.

CVD process involves injecting a gas mixture containing a carbon source (e.g. methane,

acetylene, ketones, and alcohols) and molecular hydrogen into a reactor and then activating it

with an external energy source. There are several CVD methods depending on the energy source

used, (i) thermal CVD and (ii) plasma-enhanced CVD (PECVD).

In PECVD systems, a plasma is generated by applying an electric or electromagnetic field.

Three main types of plasma can be distinguished: (i) DC plasmas, where the gas is excited by a

constant potential difference applied between two electrodes61; (ii) radio frequency plasmas,

where the gas is excited by a radio frequency electric field62, typically at 13.56 MHz, applied

between two electrodes; (iii) microwave plasmas, where the gas is subjected to a microwave

electromagnetic field at 2.45 GHz or 915 MHz63. However, the latter remains the most common

method for transferring energy to the gas phase as far as diamond deposition is concerned.
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1.2.2.2 Bottom-up Approach

The Bottom-Up approach enables the assemblage of individual atoms or molecules of carbon

into larger molecules that eventually nucleate into nanodiamonds. The major techniques within

this approach either adopt extreme conditions of temperature and pressure such as detonation and

laser ablation, or softer conditions such as plasma-based methods. The latter relies on plasma

to promote nucleation and further growth of nanodiamonds from carbonaceous gases, such as

methane (CH4) or ethanol. The Bottom-Up approach shows many advantages: better control over

nanodiamond size, purity, and structure enables the production of particles with well-defined

characteristics. In addition, detonation and laser ablation methods are often more energy efficient

than top-down techniques. These processes also make it possible to manufacture nanodiamonds

of very high purity, perfectly meeting the requirements of cutting-edge applications where

high-quality materials are needed.

Detonation technique

Figure 1.12: (a) Illustration of nanodiamond synthesis by detonation. (b) Carbon phase diagram.

Immediately after detonation, the carbon atoms are at the Jouguet point (point A) and follow the

pressure and temperature conditions shown in red during cooling. (c) Summary of the different

stages of ND growth during detonation.34

This method, invented in the Soviet Union in the 1960s34,51,64,65, involves detonating a

mixture of explosives and a carbon source in a tank (Figure 1.12 (a)). During the explosion,

the pressure and temperature conditions (point A on the carbon phase diagram, Figure 1.12(b)),

enable the formation of nanometric diamond clusters. The temperature and pressure drop rapidly

after the explosion, which stops the crystallization of NDPs after a few microseconds. These

NDs are known as detonation nanodiamonds (DNDs).

The final product collected on the walls of the detonation tank consists of several hundred

nanometer agglomerates containing NDs with a very homogeneous primary size of around 5

nm. However, these NDs are coated with a thick layer of graphitic or amorphous carbon51,64.

Purification treatments are then required to remove nondiamond carbon and metallic impurities

originating from the vessel walls and to deagglomerate the primary NDs. Purification is generally
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Figure 1.13: Procedure for purifying and deagglomerating detonation nanodiamonds.66

achieved by acid bath treatment64. Deagglomeration can be achieved by mechanical grinding,

e.g. with zirconium beads66,67. This can lead to the formation of graphitic carbon, which can be

removed by further purification treatments. Thus, it is possible to obtain primary-sized NDs,

which can then be dispersed in solution68. The preparation process is summarized in Figure

1.13.

Laser Ablation

The development of the ruby laser paved the way for laser ablation processes. The Pulsed

Laser Ablation in Liquid (PLAL) technique is a physicochemical method for the generation of

nanomaterials, notably nanodiamonds, based on the interaction of high-energy laser and matter

from a solid target immersed in a liquid70,71.

During the PLAL technique, a high-energy pulsed laser is directed at a solid target, generally

composed of a colloidal solution of microcrystalline graphite in a liquid such as water, ethanol, or

other organic solvents (1.14). During ablation, the laser energy is absorbed by the target, causing

rapid vaporization and ionization, forming a dense plasma at the surface of the target. This is

possible when the power density on the target surface exceeds 108 W/cm2. The formed plasma

then rapidly expands into the surrounding liquid, cooling quickly and leading to the nucleation

and growth of crystalline nanodiamonds. A shock wave can also create favorable conditions for

this production. The condensation of carbon vapor produces nanodiamond particles when high-
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Figure 1.14: Schematic of the setup of ND synthesis by PLAL.69

pressure and high-temperature conditions are met. The formed nanodiamonds are surrounded by

several layers of graphite. Nanodiamonds of 3 to 6 nm are thermodynamically more stable than

their graphitic counterparts at these size scales. The size of the nanodiamonds is limited by the

pressure and temperature conditions, and the graphite layers prevent unlimited growth of the

diamond particles. The characteristics of the nanodiamonds can also be influenced by the laser

pulse and intensity, excitation wavelength, and the type of solvent used.

Plasma-nucleated nanodiamonds

Plasma-based processes offer mild nucleation and growth conditions that are necessary for pro-

duction of doped DNPs using a bottom-up approach where a selective introduction of precursors

permits incorporation of impurities into the lattice of the DNPs during the nucleation/early

growth process leading to the formation of color-centers. Historically, most studies reporting

nanodiamond formation have actually been dedicated to the growth of CVD diamond in a plasma.

One of the first studies to report the formation of NDs was Frenklach et al.72 in a mixture of

hydrogen and methane in a moderate-pressure MW-assisted plasma. Their findings pointed

to the critical role of chemistry in diamond nucleation and concluded that NDs are formed

in the gas phase. In this study, the deposits are collected from downstream of the reaction

zone and submitted to wet oxidation to remove nondiamond phases. Different combinations of

hydrocarbons diluted in gas mixtures such as argon, hydrogen, and oxygen have been tested72. In

most cases, only non-diamond materials such as graphite and carbyne were obtained. However,

homogeneous diamond nucleation was clearly observed in mixtures of dichloromethane and

trichloroethylene with oxygen. The formed particles had predominantly hexagonal crystalline

shapes, with sizes ranging from 50 nm to 0.2 µm. Optical, microscopic, and spectroscopic

analyzes identified that these powders were composed of different diamond polytypes. As the
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diamond community was much more interested in growing polycristalline diamond coatings and

monocrystalline substrates in CVD reactors, the interest in formation of NDs waned. However,

the new potential applications of NDs found in the past decade have resulted in the reemergence

of the interest in the production of NDs using plasma-based processes. Vandenbulcke et al.73

investigated nanodiamond formation in a low-pressure, dusty MW plasma system, utilizing a

carbon-hydrogen-oxygen (C-H-O) gas mixture. Their work demonstrated that nanodiamonds

could form under relatively low pressure conditions (∼ 30 mTorr), with the material characteri-

zation revealing the presence of a diamond phase among the amorphous and graphitic phases.

In their experiments, careful control of plasma conditions and gas composition facilitated homo-

geneous nucleation of diamond nanoparticles. The generation of nanodiamond grains (15 to

100 nm in size) occurs under specific conditions of high methane content and low microwave

power. These grains are primarily composed of diamond nanocrystals (2–10 nm in size), a size

consistent with terrestrial and extraterrestrial nanodiamonds. Gas-phase nucleation led to the

formation of diamond nanocrystals (2-10 nm) that later agglomerated into larger particles. For

longer plasma durations, sp2-hybridized carbon structures formed, indicating a transition from

diamond to graphitic phases due to changes in plasma conditions74.

Kumar et al.75 showed gas phase nucleation of nanodiamonds by using a microplasma reactor

at atmospheric pressure to dissociate ethanol vapor. Their method stands out for its ease of

use; the plasma was generated with a low-power (50 W) microplasma source, no hydrogen gas,

just ethanol vapor for the carbon source. This process formed nanodiamond clusters in the gas

phase, and hydrogen gas was added to etch nondiamond carbon and stabilize the diamond phase.

The resulting nanodiamond particles, mostly 2-5 nm in diameter, formed by rapid quenching

of carbon clusters and had crystal structures of cubic diamond, n-diamond and lonsdaleite, a

hexagonal form of diamond75. Iqbal et al.76 also studied the effect of the flow rate of the carrier

gas on nanodiamond formation via microplasma, they used argon as the carrier gas and showed

the effect of argon on the size and distribution of the particles.

De Feudis et al.77 described a surface-based method to produce highly emissive NDs by

CVD. They focus on SiV-doped (silicon vacancy) and GeV-doped (germanium vacancy) nanodi-

amonds from solid sources, which have applications in quantum technologies and bioimaging

as a result of their strong luminescence and photostability. The nanoparticles grow on a cold

surface (molybdenum substrate), without seeds. This prevents the formation of a continuous

polycrystalline film and allows bulk particle recovery. Although the authors claim that the

nanodiamonds may have been collected as a result of the thermophoresis forces, there is no

clarity as to the mechanism of formation of nanodiamonds itself.

Nikhar and Baryshev78 have provided more evidence of nanodiamond nucleation in a mi-

crowave plasma-assisted chemical vapor deposition (MPCVD) setup. They used a gas mixture

of methane and hydrogen, with microwave powers of 600-1000 W. They modified their MW

CVD reactor to physically separate the plasma from the substrate using a molybdenum disk

with a pinhole to selectively collect plasma-nucleated nanoparticles on the substrate. Raman and

SEM analysis showed the presence of NDs, which is indicative of their gas-phase nucleation.

They argue that the activation energy for nanodiamond nucleation in the gas phase is different

from that of diamond growth, and that gas-phase nucleation may occur at much lower energies
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(10 kcal/mol) because of different kinetic barriers for particle formation in the plasma. However,

they did not suggest possible molecular growth or nucleation mechanisms for nanodiamond.

Plasma-based processes have been widely used to produce high-quality nanoparticles79.

These processes can be finely tuned to control the chemistry and, therefore, are useful in the

synthesis of tailored nanoparticles (NPs). The thesis looks forward to exploiting the advantages

of plasmas toward the production of high-quality nanodiamonds. In the next section, we intend to

explore and clarify the essential properties and production techniques of non-equilibrium plasmas,

with a special focus on those formed through microwave discharges induced by nucleation of

carbon nanostructures in these plasmas.

1.3 Motivation and objectives of the thesis

Current methods for producing nanodiamonds, such as High-pressure High temperature (HPHT),

detonation, laser ablation, and ultrasonic cavitation, are based on extreme temperature and

pressure conditions that favor the stability of the diamond phase over the graphitic phase.

However, these extreme conditions and the very short timescales involved offer limited control

over the final products. The majority of commercial NDs are produced by detonation of an

explosive hydrocarbon mixture, resulting in temperatures around 4000 K and pressures of 20-21

GPa, with reaction times of the order of microseconds. This process yields NDs with a wide size

distribution, heterogeneous crystalline quality, and numerous impurities20. In contrast, although

the HPHT method allows the production of a high-quality single-crystal diamond (ranging from

100 nm to several micrometers), grinding these crystals down to nanometric sizes deteriorates

their crystalline quality and introduces impurities due to the abrasives used18. The chemical

purification of NDs, necessary to remove these impurities, is an expensive, energy-intensive, and

environmentally unfriendly step17. Furthermore, the uneven distribution of impurities limits their

use in critical technologies. For example, the creation of vacancy centers in these nanoparticles

is not uniform because of the uneven distribution of dopant atoms as well as non-homogeneous

sp2 coverage over the shell, thus limiting the extended use of nanodiamond in biological and

quantum applications.

From this perspective, the production of nanodiamonds from CVD processes can be inter-

esting owing to the softer conditions that they offer. These conditions may be used to produce

high-quality nanodiamond. Recent research has demonstrated the possibility of homogeneous

nucleation of NDs in the gas phase using plasmas with various precursor gases of hydrocarbons,

such as methane74,78, ethanol75,76 and halogenated hydrocarbons72,80. The carbon nanostructures

resulting from these nucleation processes include hybrid aggregates of graphitic and amorphous

carbon, as well as ND crystals ranging from 2 to 10 nm. This observation aligns with theoretical

calculations showing that the formation of NDs is favorable for small particles (<10 nm), while

sp2 structures form for larger sizes.

Although the understanding of optimal conditions for the nucleation of NDs in the gas

phase is still limited, the development of gas-based plasma nucleated nanodiamonds appears

promising to meet the demands of critical technologies discussed above. Nanodiamonds were

also produced in our group81 using an internal MW microplasma torch with a gas mixture
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Figure 1.15: Raman spectra of carbon nanostructures produced using MW plasma torch at 100

mbar and CH4 = 3%, H2 = 97% (a) 80 W and (b) 70 W.

composed of H2 and CH4
81. The resulting carbon nanostructures include hybrid aggregates

of graphitic, transpolyacetylene and amorphous carbon, as well as diamond crystals (ranging

from 2 to 10 nm). As we can see in the figure 1.15, the diamond peak in Raman spectra at

different operating conditions confirms the production of nanodiamonds. This background sets

the motivation for my present thesis to extend the studies carried out during my master’s thesis

to address the following key questions:

• What conditions favor nucleation of nanodiamonds?

• What is the mechanism of nucleation of nanodiamonds?

• What could be the key intermediate species/radicals responsible for the nucleation of

nanodiamonds?

The aim of the research work carried out in this thesis is to identify the operating regimes of the

torch conducive to the formation of well-defined carbonaceous nanostructures with focus on sp3

nanostructures of nanodiamond type.

1.4 Organization of the thesis

In order to address the key questions and achieve the objectives of the thesis, the research

methodology involves combining characterization of plasma and carbon nanostructures by torch

to identify the conditions favoring the formation of nanodiamonds. The research work was

carried out with the following objectives:

(i) characterization of the local plasma conditions of the microplasma torch, and especially

the evolution of their space-time distributions as function of the process parameters,

(ii) identification of the types of nanostructures obtained as function of the local plasma

conditions,
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(iii) and correlating the results of plasma and material characterization to identify the local

plasma conditions that favour the formation of nanodiamonds.

This thesis is organized as follows.

- Chapter 2 provides the position of the thesis with respect to the state of the art on (i) MW

assisted plasmas, (ii) CVD growth of diamond, (iii) heterogeneous nucleation of diamond

on surfaces, and (iv) nucleation of carbon nanostructures and in particular nanodiamonds

in gas phase.

- Chapter 3 describes the experimental setups for deposition and the different techniques

used to characterize plasma and deposited materials.

- Chapter 4 focuses on the detailed characterization of the microwave plasma torch by

presenting MW-plasma coupling and electrical characterization of the plasma. Optical

emission spectroscopy experiments were carried out to determine the rotational tempera-

tures of some plasma species using the Boltzmann plot approach and the electron density

using Stark broadening of the Balmer series lines82. Actinometry measurements were also

carried out to trace the relative density of atomic hydrogen83. Eventually, laser-induced

two-photon fluorescence measurements were carried out to monitor the space-distribution

of the absolute density of atomic hydrogen, a key species in the nonequilibrium processes

taking place in these plasmas. The last part of the chapter discusses the new method that

was developed during the thesis to recover gas temperatures from ps-TALIF fluorescence

signals.

- Chapter 5 presents the results of the nanodiamond synthesis using the H2/CH4 mixture.

The characterization techniques used are Raman spectroscopy, X-ray photoelectron spec-

troscopy (XPS), scanning electron microscopy (SEM), transmission electron microscopy

(TEM) and atomic force microscopy (AFM). The first two techniques were used to assess

the quality of the nanodiamonds produced, by measuring the sp3/sp2 ratio. The others were

used to study the morphology and crystallinity of the deposited materials. We analyze the

influence of methane on nanodiamond synthesis by presenting the results of material char-

acterization and understanding the nucleation route. An extensive work was carried out to

correlate the characteristics of the plasma characteristics and of the carbon nanostructures

and deposits produced. The objective was to identify the discharge conditions that lead

to nanostructures with a high sp3 fraction, and in particular nano-diamonds. Although

optical diagnostics provide valuable information on plasma composition and physical

characteristics, a significant part of the local conditions of these plasmas remains experi-

mentally inaccessible. Therefore, using a 0D global model, discussion of the hydrocarbon

chemistry of the primary radicals that contain 2 carbon atoms in the torch and the possible

routes of ND nucleation are discussed.

- The last chapter provides the general conclusion of the thesis. Following this, perspectives

on future process development have been provided. Finally, a potential application of

using plasma-nucleated nanodiamonds as seeds for the growth of NCD or microdiamond

films is evaluated.



Chapter 2

Review of related literature

Contents

2.1 Plasma assisted processes . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.1.1 MW plasmas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.1.2 Growth of diamond in CVD reactors . . . . . . . . . . . . . . . . . 26

2.1.3 Nucleation of diamond on non-diamond surfaces . . . . . . . . . . 28

2.1.4 Homogeneous Nucleation of carbon nanostructures . . . . . . . . . 30

2.1.5 Gas-phase nucleation of nanodiamonds . . . . . . . . . . . . . . . 34

2.2 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

This chapter outlines the stance of the thesis in relation to current advancements. The chapter

delves into plasma-assisted hydrocarbon processes, concentrating on the formation of various

diamond structures as well as other carbon nanostructures.

2.1 Plasma assisted processes

Plasma, the fourth state of matter84 after solids, liquids, and gases, is a mixture of molecules,

atoms, and free charged particles. It is globally neutral with equal densities of positively and

negatively charged species. Approximately 99% of the visible universe consists of plasma,

including stars and interstellar matter. Natural plasmas are less common on Earth, where they

are found in natural phenomena such as lightning and the aurora borealis. Due to their high

potential for various technological applications—such as pollutant abatement, sterilization,

deposition, etching, propulsion and fusion, laboratory discharge plasmas were the subject of

strongly growing interest in many economic sectors, e. g., health, energy, environment, transport,

and materials processing.

Plasmas can be divided into two types: thermal plasmas in which electrons, ions, and

neutral species are in local thermodynamic equilibrium, and non-thermal plasmas, partially

ionized and out of thermodynamic equilibrium.

Nonthermal plasmas are thermodynamically out-of-equilibrium plasmas where Te > Tvib >

Trot ≈ Tg ≈ Ti . Te, Tvib, Trot and Tg are the electron, vibrational, rotational, gas temperatures,

20
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and ion temperature respectively. They exhibit an electron energy distribution function (EEDF)

that is generally not Maxwellian. These distributions may show large populations of high-energy

electrons that are capable of efficiently dissociating precursor molecules, particularly molecular

gases, leading to the formation of reactive radical species85,86. Nonequilibrium plasmas can

be generated by different electrical excitations, such as DC/ RF or MW, and can be pulsed or

stationary. Stationary non-equilibrium plasmas are governed by the balance between the rates of

ionization and of recombination of charged species87. This thesis focuses on the study of MW

assisted non-thermal, or cold plasmas, which are a characteristic feature of our microplasma

torch. The subsequent subsections are organized as follows.

1. brief overview on different MW applicators for sustaining plasmas

2. Growth of CVD diamond in MW reactors

3. Nucleation of diamond on non-diamond surfaces

4. Gas phase nucleation of different carbon nanostructures, including nanodiamond.

2.1.1 MW plasmas

MW plasma sources have been extensively used for the development of a wide range of carbon

nanomaterials such as CVD diamond, graphene, and nanotubes. The major advantages of MW

sources are the efficiency of energy transfer from the HF EM field to the plasma, the ability to

achieve large power densities, and, in some situations, the electrodeless nature of the discharge.

These peculiarities enable process intensification, generation of highly reactive media, and

avoiding contamination issues usually encountered when using electrodes such as in capacitively

coupled DC/AC or RF discharges.

In a MW assisted plasma reactor, the plasma is formed by the acceleration of free electrons

under the effect of the high-frequency electric field and elastic collisions. The electrons transfer

their energy to the gas molecules through inelastic collisions. Given the large mass ratio between

the electrons and the feed gas species, electrons bounce off the heavy particles and transfer

only a small fraction of their energy to the translational mode of the heavy species. The plasma

is maintained when the electrons gain enough energy to sustain energy-intensive inelastic

collisions such as vibrational and electronic excitation, dissociation, and ionization. These

processes generate new species that undergo a new series of collisions, leading to chemical

reactions and energy redistribution. The plasma thus contains electrons and heavy species, both

neutral and charged. Transport phenomena bring these species to the plasma-substrate and

reactor wall interfaces.

The set of microwave plasma sources described here includes: (i) a MW generator that

through (ii) a power transmission line with (iii) a tuning system for impedance matching, (iv)

transfers the MW power to an applicator which is the load (the plasma in our case), and (v) a

circulator that directs the power reflected from the load (the plasma in our case) to a dummy

load (generally water) in order to protect the MW source). The key point of microwave sources

is the ignition of the discharge.

Traditionally, magnetron has been the major component of the MW generator. It is com-

posed of a high voltage source with an emissive cathode that produces an electron swarm,(ii) a
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magnetron system where the electrons emitted at the cathode experience a peculiar dynamic

effect under the action of the high voltage field and a perpendicular magnetic field and end up

trapped inside anodic cavities where they undergo a strong resonance effect leading to microwave

emission. However, with advances in solid-state electronics, the magnetron can be replaced by

a MW circuit that allows for generating signals at different frequencies and, when coupled to a

power amplifier, can generate MW at the desired frequency and power output.

Mw can be transmitted through different types of waveguides, namely rectangular, coaxial,

and microstrip-based (coplanar and stripline) waveguides. Rectangular waveguides are used

for high loads of MW power such as KWs, coaxial waveguides can support MW up to 1KW,

while microstrips are restricted to MW powers of few 10s of Ws. Naturally, a variety of plasma

sources can be supported by different transmission lines. The impedance matching of the tuner

is usually performed using a 3-stub unit or/and a plunger that effectively couples the load to the

MW source and minimizes the reflected energy. A circulator is used to deflect the remaining

reflected power into a heat sink and protect the MW source from damage.

With respect to the applicator, there have been several methodologies to couple the MW and

the plasma. The key here is to ensure that the energy transmitted to the gas electrons must be

sufficiently high to ignite and generate a plasma. This is commonly achieved by concentrating

large MW electromagnetic energy in a small volume to ignite and sustain the plasma88–90. The

word ”small” again is a misnomer as MW plasmas can be produced over several dimensions

ranging from 10s of cm as in 915 MHZ resonating cavity plasmas to few 100s of µm as in the

case of microplasmas. Moreover, MW plasmas are known to exist over pressures ranging from

few pascals as in electron cyclotron resonance plasma (ECR), to moderate pressures of 10s of

mbar as in resonating cavities and even to atmospheric pressure microplasma jets generated in

microstrip or coaxial feeds. The following paragraphs focus on the most common MW-plasma

coupling techniques.

Surface discharges

A common technique to couple MW and plasma is to place a quartz tube across a waveguide.

The feed gas flows in a quartz tube that crosses the wave guide and interacts with the microwave

for the plasma to be generated, maintained, and then transported downstream in the quartz tube91.

In these discharges, the HF field that maintains the plasma is mainly confined to the vicinity of

the surface of the quartz tube, and the associated wave propagates along the axial coordinate

of the tube, allowing the plasma to extend over relatively long distances. The most common

applicator for this type of coupling is the surfatron guide92 where the quartz tube is inserted

into the rectangular guide. There have been however several variations of this coupling system,

for example: in a surfaguide93, a coaxial waveguide with a quartz tube to produce MW plasma

or a ”striplastron”94 that couples a stripline split-ring-based resonators and the plasma. The

advantage of these applicators is that they have a long plasma along the length of the quartz

tube. However, the propagation of the surface wave is the subject of several conditions, among

which is a significant constraint on the tube diameter. In fact, the diameter of the quartz tube

would limit the maximum pressure for plasma operation, with a few cms at low pressure to
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a few millimeters at atmospheric pressure. In addition, the constraint on the thermal stability

of the quartz would also limit the range of operation of these sources. Nevertheless, surface-

wave discharges have been used for applications ranging from chemical analysis and chemical

synthesis to the elaboration of carbon materials. For example, the surfatron guide has been used

to produce graphene flakes95,96.

Figure 2.1: Schematic diagram of MPT. There are two types of applicator: surfaguide (left) and

surfatron (right)97.

Transmission line resonators

Transmission line resonators work on the principle of igniting the plasma zone by creating

resonance. The length of the transmission line is designed in such a way that there is resonance

at the zone where the plasma is intended. For example, coaxial transmission line resonators

can be created that have a coaxial element of length (2n − 1)λ/4 so that the plasma can be

sustained at the end of the plasma. Several examples of such a component are microplasmas

based on coaxial transmission line resonators (CTLR), described by Choi et al.98, Lee et al.99 at

frequencies of 915 MHz and 2.45 GHz at atmospheric pressure. Moreover, adding a stub control

allows for a precise matching of the impedance. Several variations of the same can be found. For

example, a nozzle-like configuration allows for a MW sustained plasma jet. However, placing a

ceramic source at the end of the coaxial structure allows for creation of an antenna-type plasma

source resembling a pencil that has been commercialized by Sairem as ”Hi-Wave” that functions

at pressures lower than 1 mbar. In ”Aura-wave”, commercially sold by Sairem, a magnet at the

end of the plasma source allows for creating an ECR effect and functions at even lower pressure.

The ”Hi-wave” as well as the ”Aura wave” have been extensively used at LSPM for various

applications such as studied plasma surface interaction100,101, and growth of nanocrystalline

diamond102,103 to name a few.

The axial injection torch (AIT) developed by Moisan et al.105 operates on the principle of

a rectangular guide-coaxial line transition. The microwaves generated by the magnetron are

guided via a circuit made of rectangular and coaxial guides, and the discharge is ignited at the
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Figure 2.2: AIT schematic diagram (left) and the three different zones that can be distinguished

in a plasma jet produced by the AIT (right)104

nozzle at the end of the coaxial guide because of resonance. The rectangular waveguide is

designed to propagate a single TE10 mode, i.e., Transverse Electric with zero field component in

the direction of wave propagation, while the coaxial line is designed to propagate TEM mode,

i.e., a transverse electric and magnetic mode where both electric and magnetic field components

in the propagation direction are zero. The feed gas is injected into the inner conductor of the

coax and exits through the nozzle (Figure 2.2 (left)). The plasma consists of a very intense

cone and a less luminous plume (Figure 2.2 (right)). This limited number of modes prevents

any energy loss as a result of the excitation of parasitic modes that do not participate in plasma

ignition and maintenance. The short circuit and the igniter allow circuit tuning (optimizing the

transition between the TE10 and TEM modes) and minimizing reflected power.

Another variation of the transmission line resonators is by using microstrip-based trans-

mission lines as demonstrated by Kim and Terashima106, Hopwood et al.107. Different device

configurations similar to rectangular and coaxial waveguide can be imagined. Plasma is initiated

by creating resonating structures similar to CLTR106,108 or split ring resonators107,109. The mi-

crostrip circuits depend on printing or micro-milling of substrates and therefore are subjected to

error in tuning frequency. External plungers and stubs can also be used to match the impedance

and minimize the reflected power108. Normally, these types of devices operate at low power

and have been adopted in applications such as chemical analysis and gas detection. In spite of

their relative simplicity, these applicators are limited by the degradation of microstrip substrates

affecting the continuous operations of these types of devices.

In fact, the microplasma torch used in this thesis is based on a CTLR similar to Kim et al.98

and has been chosen because of its relative ease of fabrication and can be operated under a wide

range of operating conditions. The characterization of this torch will be discussed in Chapter 4.
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Resonating cavities

The limitations of the transmission line resonators and surface guides are the contact of the

plasma with the surfaces. One of the major advantages of MW systems is that one could design

resonating structures and create plasmas sufficiently far away from the electrodes. A resonant

cavity uses the phenomenon of resonance to amplify the electromagnetic field. The design of the

cavity is such that standing waves of resonating structures are present that can sustain a plasma.

This energy allows for the initiation of the discharge. The resonance frequency of the cavity

depends greatly on its geometric parameters, especially its radius in the case of a cylindrical

cavity. It is therefore essential to adapt the cavity geometry to the frequency delivered by the

microwave generator (2.45 GHz) to ensure plasma. The Beenakker cavity110 is the first resonant

structure proposed to generate a microwave plasma.

Figure 2.3: Schematic diagram of (a) Tubular111, (b) ASTEX metal wall112, (c) Bell jar113, and

(d) ellipsoidal reactor114.

Currently, resonant cavities are employed in the mass production of both doped and undoped

CVD diamonds. The energy from the plasma in the cavity dissociates the precursor gas’ methane

and hydrogen into reactive species, which then deposit as diamonds on the substrate. The

capability of the cavity to sustain high energy density and uniform distribution of plasma impact

the quality and the diamond growth rate.

Microwave plasmas are created in a reduced-pressure chamber inserted into a resonant cavity

whose dimensions must be adapted to the excitation frequency used. The first MWEPCVD
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reactor was developed at NIRIM by Kamo et al.,111. This reactor consists of a quartz discharge

tube passing through a rectangular waveguide (2.45 GHz) at the center of which a stable plasma

is created. Given the proximity of the quartz walls, this device (see Figure 2.3(a)) does not allow

the injection of powers greater than 2 kW, which limits the diamond growth rate to 2 or 3 µm/h.

Furthermore, the diameter of the quartz reactor (50 to 60 mm) limits the deposition surface.

Finally, the risks of film contamination by diamonds as a result of possible etching of the quartz

walls are significant.

The more prominent configuration of the MWEPCVD reactor is where the MW is injected

into a cylindrical cavity through an antenna and the plasma is created in a reduced pressure

chamber within the cylindical cavity. The pressure chamber itself is made up of elements of

quartz that transmit MW radiation. Some examples of the same are the Bell Jar type reactor

developed by Bachmann et al.113 (Figure 2.3(c)) and the ellipsoidal reactor developed by Funer et

al.114 (Figure 2.3(d)). For each of these reactors, the reduced-pressure chamber itself is a quartz

bell jar. However, these reactors cannot sustain high-MW power because of the temperature

limits of quartz. Further improvement of the bell jar reactor was made by replacing the glass bell

jar with a metallic chamber with quartz windows, commercialized by ASTEX (see Figure 2.3(b)).

In this type of reactor, the reduced-pressure chamber itself constitutes the resonant cavity. It is

water-cooled, and the microwaves are coupled using an antenna. These configurations allow for

the injection of high microwave power, which is necessary to increase the reactivity of the gas

mixture, thereby enhancing the growth rate and the quality of the films for applications in the

field of electronics.

A detailed understanding of the growth of diamond in plasma assisted CVD reactors will be

provided in the next section.

2.1.2 Growth of diamond in CVD reactors

Figure 2.4: Simplified diagram of diamond growth using the MWPECVD process11

As mentioned previously, to create the species necessary for diamond growth, CVD tech-

niques require the activation of the gas phase through an external energy supply. We have

classified CVD reactors according to the different forms of gas phase activation. Among these
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reactors, we have DC-Plasma Arc Jet Reactor115–120, Oxyacetylene Torch Reactor121–124, Hot Fil-

ament Reactor125 and Microwave Plasma-Enhanced Chemical Vapor Deposition (MWPECVD

)9,113,114. The most widely used technique is MWPECVD.

Figure 2.4 illustrates the MW process for diamond synthesis. The precursor gases, mainly

CH4 and H2 with/without Ar, are injected into the reaction chamber and activated by a microwave

field, creating an electron-rich plasma with high electron temperature (i.e., exceeds 1 eV). In

particular, H2 molecules dissociate into hydrogen atoms and CH4 forms CH3 radicals. The

plasma region above the substrate contains hydrogenated carbon species (CH3, C2) that diffuse

toward the substrate. When reaching the surface, these radicals undergo surface reactions that

lead to the growth of diamond. Atomic hydrogen plays a critical role126 by selectively etching

non-diamond phases and saturating dangling bonds of carbon atoms on the growing film’s

surface, ensuring the sp3 hybridization necessary for diamond growth. The methyl radical

(CH3) incorporates carbon into the lattice. Achieving high densities of CH3 requires significant

hydrogen dissociation at high temperatures. Research at LSPM shows that this dissociation is

effective at temperatures above 3000 K, while CH3 production requires temperatures below

2200 K at moderate pressure11,14. The CVD process must favor diamond phase growth and

eliminate non-diamond phases. The gas mixture used should produce species that influence

growth kinetics, preferentially eliminating nondiamond contributions. In the H2/CH4 mixture,

hydrogen preferentially etches graphitic phases, promoting the growth of the diamond film127,128.

Atomic hydrogen reacts strongly with graphite, forming volatile compounds and thus supporting

diamond growth by removing non-diamond phases from the film surface.

Diamond growth and nucleation via CVD depend on several thermodynamic parameters,

such as substrate temperature, reactor pressure, and gas mixture composition. The nucleation of

diamond on a substrate concerns the very first appearance of diamond crystals on the surface

of any solid material, while growth refers to the continuous attachment of C-layers to existing

diamond layers. Typically, the substrate temperature for optimal diamond growth ranges from

700°C to 1100°C126,129. At lower temperatures, the available energy is insufficient to form sp3

bonds, which leads to the formation of amorphous carbon. In contrast, at higher temperatures,

carbon radicals may desorb from the substrate surface before they can be incorporated into the

diamond structure. Reactor pressure is another key parameter that influences the reactivity of

carbon radicals and their interaction with the substrate. Pressures between 20 and 100 Torr are

generally considered ideal for the growth of high-quality diamond films127,129.

Traditionally, argon is added for the synthesis of nanocrystalline and polycrystalline chem-

ical vapor deposition (CVD) diamonds and is known to directly influence their growth and

quality130,131. Studies show that argon, in combination with other gases such as hydrogen and

methane, enables better management of the deposition conditions, leading to more uniform and

high-quality diamond films130–132. More importantly, they also show that argon-rich atmospheres

favor the formation of UNCD films, characterized by extremely fine grains and a dense structure,

in contrast to hydrogen-rich atmospheres which tend to produce films with larger grains over

time130,131. Argon promotes frequent secondary nucleation, preventing excessive crystalline

growth and reducing the diamond grain size, resulting in films with smoother surfaces and

improved mechanical and electronic properties. Diamond films synthesized under argon-rich
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conditions often exhibit enhanced electrical conductivity due to an increase in sp2 carbon content,

which is particularly useful for electrochemical applications130,132.

Of course, these conditions are not acceptable for the growth of monocrystalline diamond

and the methane/hydrogen balance should be chosen so that there is no secondary nucleation of

diamond and only growth takes place through successive addition of CH3 radicals and etching

by H-atoms. The composition of the gas mixture, particularly the ratio between methane (CH4)

and hydrogen (H2), is crucial for the growth of CVD. A methane/H2 ratio between 1 and 5% in

volume is often used to produce high-quality diamond films. If the partial pressure of methane

is too high, nucleation on the surface can accelerate, and the risk of graphite formation increases

; conversely, insufficient methane limits the growth rate133. So, optimal values of the C/H ratio

can promote more selective growth and higher diamond quality. The other effect of increasing

methane is the formation of dust particles in the gas phase134, which not only affects the coupling

of the MW-plasma but also the quality of the diamond grown. This aspect will be discussed later.

The quality of the grown diamond can be further controlled by adding O-containing species such

as CO2, where the O atom and OH are also known to etch the sp2 phase103,135,136.

2.1.3 Nucleation of diamond on non-diamond surfaces

Although secondary nucleation of diamond on carbon (diamond) is easier, the same cannot be

true for nucleation of diamond phase on other substrates. Due to the inherently high surface

energy of diamond on a non-diamond substrate, spontaneous nucleation on these substrates is

very challenging80,125,127. Therefore, we need to use specific nucleation techniques to increase

the density of diamond nuclei on nondiamond substrates to promote the growth and secondary

nucleation of continuous nanocrystalline diamond films. Over the years, many methods have

been developed to overcome this nucleation barrier, each with its own advantages depending on

the substrate and application.

The most common approach is to coat the substrate with a layer of nanodiamond seeds. Once

exposed to CVD conditions, these seeds act as nucleation points from which diamond films grow.

The growth follows the Volmer-Weber mechanism, where individual crystal islands form, grow,

and coalesce. As mentioned by Mandal137, the density of seeds can be controlled by tuning

the size and concentration of nanodiamond particles. Other studies, such as those of Arnault

et al.138 have explored other ways to increase seeding density by modifying the electrostatic

properties of the substrate or by introducing functional groups to attract NDs. These methods

have shown a significant improvement in the rate of nucleation leading to more uniform growth

of the diamond film on various substrates.

The simplest seeding technique is mechanical abrasion that involves polishing the substrate

with diamond grit and, therefore, embedding small diamond particles on the surface, which then

serve as nucleation sites during subsequent CVD growth137. Although this method is relatively

straightforward and effective, especially for ceramic substrates, it struggles to achieve uniform

seeding or high nucleation densities. Electrostatic seeding is another common technique to

increase nucleation density, especially when growing NCD on non-diamond substrates. In

this process, the substrate is dipped in colloidal solution containing nanodiamonds to deposit a
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monolayer of diamond seeds137. The result depends on the properties of the colloidal suspension

and, more particularly, on its zeta potential with the substrate surface. The zeta potential defines

the surface charge of the substrate / liquid interface and therefore determines the electrostatic

interactions of the substrate with liquid droplets laden with diamond particles. A zeta potential

outside the range of -30-30 mV maintains colloidal stability and favors effective seeding139.

Other factors influencing colloidal stability include the size and concentration of nanodiamonds,

and these parameters need to be optimized to avoid particle agglomeration140. In fact, particle

agglomeration reduces seeding efficiency, especially in suspensions that contain detonation

nanodiamonds (DND), as reported in several experiments141, and the colloidal suspension of nan-

odiamonds is usually ultrasonicated to have uniform nanodiamond deposition on the substrate141.

Plasma treatments are also commonly used for substrate surface conditioning, enhancing the zeta

potential, and improving electrostatic interactions with nanodiamond colloids142. The seeding

process can be improved through various techniques, such as spin-coating, electrospraying, and

mechanical abrasion. For example, electrospraying can force charged nanodiamond particles

toward the substrate, which could yield higher seed densities137. However, a completely uniform

monolayer is still difficult to obtain, and further improvements in colloid preparation and surface

conditioning are important for highly qualified films.

Bias-enhanced nucleation (BEN) is another widely used method, especially for epitaxial

growth on conductive substrates. This involves applying a negative DC bias to the substrate

during the initial stages of CVD growth, increasing the ion bombardment energy at the surface

and promoting diamond nucleation143. The mechanism behind BEN relies on the implantation

of carbon atoms in the substrate, fostering the formation of sp3 bonded carbon clusters. Ion

bombardment preferentially etches away sp2-bonded carbon, leaving stable diamond nuclei

behind144. This technique has been successfully applied to substrates such as silicon, iridium, and

silicon carbide, illustrating its versatility. BEN can produce very high nucleation densities, up to

1010 cm−2 143,145 and is very effective for dense diamond films. Recent studies have shown that

the combination of BEN with a predeposited carbon layer leads to higher nucleation densities

and better film uniformity137. However, it is limited to conductive materials as the biasing

process depends on the electrical conductivity of the substrate.

Further refinements in the seeding technique have introduced hybrid approaches, in which

substrates are pretreated with a carbon interlayer to improve adhesion and nucleation146,147. A

more recent approach to diamond nucleation is the use of diamondoid molecules as seeding

agents. Diamondoids, such as adamantane, are cage-shaped hydrocarbons that have the diamond

lattice structure148. These molecules can act as molecular precursors during CVD and provide a

template for diamond nucleation. The coating of the substrate with adamantane before CVD has

been shown to improve the nucleation density even at low temperatures149. In theory these small

molecules could allow for seeding densities as high as 1013 cm−2 but in practice colloidal stability

and surface interactions reduce the achievable density. Despite the drawbacks, diamondoid-based

chemical nucleation is a promising method, especially for ultrathin diamond films. Diamondoids,

especially adamantane and diamantane, have become increasingly important in recent years for

diamond nucleation in CVD processes. With their sp3 hybridized carbon framework close to

the diamond lattice, diamondoids are excellent molecular precursors for diamond growth and
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provide nucleation sites that mimic the atomic structure of diamond150.

2.1.4 Homogeneous Nucleation of carbon nanostructures

Classical theory of homogeneous nucleation based on thermodynamics predicts nucleation by

minimizing the Gibbs free energy. Assuming that the atoms aggregate to form a liquid spherical

droplet, the total Gibbs free energy is the sum of two terms: the first term is the change in the

Gibbs free energy due to phase change and is proportional to the volume of the sphere, while

the second term is the change due to surface energy that binds the sphere and is proportional

to the area. The Gibbs free energy of the phase change depends on the temperature and vapor

pressure of the atoms outside the droplet. Under saturated or super saturated conditions with

abundant supply of individual atoms pushes the equilibrium towards the liquid phase, i.e., the

atoms are bound to aggregate and condense into the liquid phase. The Gibbs free energy of

the phase change under such conditions would be negative, indicating conditions favoring

condensation/nucleation. However, nucleation has to overcome an energy barrier because of

the positive surface energy. As a result, one can establish a critical radius where the total Gibbs

energy is the maximum. For droplets of sizes below the critical radius, the surface energy is too

high for a droplet to be stable and, therefore, does not support condensation. However, a radius

larger than the critical radius promotes condensation and growth of the droplet. With respect to

carbon, carbon atoms can arrange themselves into either sp2 hybridized graphitic structures or

sp3 hybridized diamond phase based on the lower Gibbs free energy at given temperatures and

pressures, as seen in the carbon phase diagram. No wonder processes like laser ablation and

detonation achieve high pressure and temperature conditions where carbon atoms can nucleate

into diamond phase20.

In a microwave, radio frequency (RF) or discharge plasma, carbonaceous precursors (usually

hydrocarbons such as methane or acetylene) are introduced into the reactor. These precursors are

then dissociated by electronic impact or thermally into reactive species, such as radicals, carbon

atoms, hydrocarbon ions (C2H
+
2 , C2H

−, etc.)., and other molecular fragments (e.g. CH3 radicals,

C2H, etc.). The classical nucleation theory is no longer valid for the plasma conditions discussed

above, especially in an environment containing several radicals, such as H-atom. Whether

nucleated nps belong to the sp3 or sp2 phase is secondary, as the first aspect of nucleation in

reactive plasmas is the molecular growth of stable molecules and their eventual nucleation.

Firstly, let us try to understand the different processes that could occur in a dusty hydrocarbon

plasma. Plasma conditions, such as electron density, electron temperature, and gas mixture

composition, strongly influence particle nucleation and growth rates. The molecular growth and

homogeneous nucleation process of carbon nanoparticles is depicted in Figure 2.5.

Radical chemistry can initiate the growth of larger hydrocarbon molecules, which, when

sufficiently large, would nucleate to form NPs151,152. The molecular growth process of carbon

clusters in plasma can be described as a series of chemical and physical reactions due to frequent

collisions between the clusters and the reactive species present in the plasma. The initial

nucleation of the particles is followed by a growth phase, during which hydrocarbon molecules

or radicals stick to the NPs. NPs can also grow through the coagulation of two different NPs.
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Figure 2.5: Gas phase nucleation process

NPs are charged because of their interaction with ions and electrons in the plasma. Moreover,

stochastic particle charging is associated with heating as a result of continuous bombardment

of ions and electrons. The energy injected into the NPs could also cause a phase change,

which is particularly important for small particles < 10 nm. Several studies looked at gas

phase nucleation of carbon nanostructures. In both interstellar clouds and plasma reactors, ion-

neutral and radical-driven reactions allow carbon cluster nucleation, which can grow into larger

nanostructures. Herbst and Leung153 showed how complex hydrocarbons and carbon-based

structures can form in the gas phase environment, especially in dense interstellar clouds. The

model developed by Herbst and Leung153 made use of the pseudo-time-dependent approach to

simulate the chemistry of the gas phase in interstellar clouds, where reactions between neutral

molecules and molecular ions produce complex hydrocarbon species. Although the work deals

with astrochemical environments, basic similarities still exist with plasma-assisted processes

in nanocarbon synthesis, especially in the role that radicals and ions play in driving nucleation.

Their pseudo-time-dependent gas-phase model showed how hydrocarbons such as C9H2 and

related cyanopolyynes can form under low-temperature and high-density conditions. Although

the work mentioned by these authors pertains to interstellar conditions, the basic chemical

processes they describe, such as the role of molecular ions and neutral-neutral reactions, can

also explain how such complex carbon structures can arise in plasma environments, including

those applied to nanodiamond synthesis. Herbst and Leung’s model153 highlights the role of

molecular ions such as CH+
3 and C2H

+
2 in driving the formation of complex hydrocarbons. This

chemistry is analogous to the gas-phase processes occurring in plasma-assisted CVD systems

used for the synthesis of carbon nanostructures.

Two main classes of intermediate species leading to nucleation of carbon nanoparticles are

polyaromatic hydrocarbons (PAHs) and unsaturated linear chains such as polyynes and trans-

polyacetylene. These intermediaries are primarily driven by acetylene chemistry. PAHs are

organic compounds composed of multiple aromatic rings and are precursors to soot. PAHs have

received a lot of attention as a result of their formation in acetylene-rich plasma environments.

Polyyne are linear carbon chains with alternating single and triple bonds (like polyynes) termi-
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nated by acetylenic groups. They are prevalent in Ar-acetylene plasmas excited by RF154–156 and

MW157. Trans-polyacetylene is a linear chain that contains alternate double and single bonds

and has been reported under H-rich conditions, such as during the synthesis of nanocrystalline

diamond158,159.

Radicals such as C, CH3 and C2Hx radicals (ethynyl, C2H and vinyl, C2H3) play a key role

in the formation of larger radicals C3 and C4.

C+ C2H2 −−→ C3H2 −−→ C3H+ H 160,161 (R2.1)

C+ C2H3 −−→ C3H3
160,161 (R2.2)

C2H2 + C2H2 −−→ C4H4
162 (R2.3)

C2H2 + C2H −−→ C4H2 + H 162 (R2.4)

C2H+ C2H −−→ C4H2
162 (R2.5)

C2H4 + C2H3 −−→ 1,3−C4H6 + H 162 (R2.6)

C2H3 + C2H3 −−→ 1,3−C4H6
162 (R2.7)

C2H3 + C2H3 −−→ C3H3 + CH3
162 (R2.8)

Then Diels-Alder reactions involving C2 and C4 radicals lead to the first aromatic ring C6 such

as benzene. For example,

C4H2 + C2H3 −−→ C6H5 (R2.9)

In a plasma environment, PAH growth may also be supported by ions. Calcote et al.163

identified C3H
+
3 as the primary precursor ion and the discharge conditions of diamond growth,

C3H
+
3 are mainly formed due to

CH•∗ + C2H2 −−→ C3H3
+ + e− 163 (R2.10)

e− + C3H3
• −−→ 2 e− + C3H3

+ 163 (R2.11)

Once C3H
+
3 is formed, it undergoes linearization processes in which the addition of acetylene

(C2H2) leads to the formation of larger ions such as C5H
+
3 and C4H

+
3 . Subsequent addition of

acetylene leads to spontaneous cyclization and formation of aromatic ions, as shown in Figure

2.6.

Figure 2.6: Chemical structure of the smallest aromatic ions predicted by Calcote mechanism134

Once the first aromatics are formed, the further addition of carbon radicals leads to poly-

cyclization leading to the formation of PAHs and soot. They are different mechanisms that

have been proposed, such as the Hydrogen-abstraction Carbon(C2)-addition (HACA), Hydrogen-

abstraction-vinyl radical addition (HAVA), methyl-addition cyclization (MAC), phenyl-addition
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cyclization (PAC), and resonance-stabilized radical chain reactions (RSR). HACA mechanism

is the most prominent and is prevalent at temperatures above 1300 K as observed in combustion

applications. This mechanism is well studied in combustion environments and is responsible for

the formation of polycyclic aromatic hydrocarbons (PAHs) that nucleate to form soot162,164–167.

HACA process involves the successive addition of acetylene molecules (C2H2) onto free radicals,

forming complex aromatic structures167 as shown in Figure 2.7. The addition of acetylene to

aromatic radicals generates stable products such as pyrene, enabling this mechanism to overcome

thermodynamic barriers that would otherwise slow the growth of PAHs165. In addition, Frenklach

et al.164 highlighted the importance of temperature limits in the HACA mechanism, showing that

this mechanism remains relevant even at relatively low temperatures of 1000 K, with possible

competition with other mechanisms such as CAHM (Carbon Addition Hydrogen Migration). An

Figure 2.7: PAH formation through HACA mechanism168

outcome of PAH formation is the possibility of nucleation of graphene flakes96,169. Introducing

a carbon-containing precursor, such as ethanol, into a surface wave microwave plasma generated

by argon plasma leads to breaking the precursor into reactive fragments such as C, C2, and C2H2.

These grow through the formation of aromatic rings and under the right conditions nucleate into

2D graphene flakes in the plasma afterglow. The growth of these layers is controlled by the

continuous supply of carbon fragments that attach to the edges of the growing graphene sheet

and allow for lateral growth.

However, at low temperatures < 1000 K, carbon growth occurs predominantly through

aliphatic linear chains. Such structures precede larger carbon clusters in plasmas, especially in

acetylene-based environments, and play a leading role in nanoparticle growth. Deschenaux et

al.155 demonstrated the importance of acetylenic compounds (C2Hx) in the growth of carbon

nanoparticles in dusty RF plasmas using FTIR absorption spectroscopy and mass spectrometry.

They suggested that ion-neutral reactions, particularly those involving high-mass carbon anions,

play a crucial role in nanoparticle formation155. Tetard’s work154 further expands our understand-

ing of carbon cluster formation by highlighting how RF discharges in acetylene-based plasmas

promote the growth of carbon clusters through interactions with ions such as C2nH
+
y . In fact,

the strong electronegative nature of the argon/acetylene discharge results in a slower ambipolar

diffusion transport and a longer residence time of the positive ions in the RF discharge. As a
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result, these ions experience an enhanced molecular growth leading to an enhanced nucleation156.

Similar ion-driven molecular growth has also been reported by Ouaras et al.157 in a low pressure

MWAr-C2H2 plasmas. These mechanisms are known to be prevalent at low temperature (<1000

K)156.

The presence of large amounts of C4 radicals can also lead to the formation of linear chains
162.

C4H5 + C4H4 −−→ C8H8 + H (R2.12)

C4H5 + C4H2 −−→ C8H6 + H (R2.13)

In addition, the molecular growth of linear chains can follow neutral, positive, or negative ions

as described in the following reactions.

C+ CnHy −−→ Cn + 1Hy
160,161 (R2.14)

C2H+ C2nH2 −−→ C2n+2H2 + H 80 (R2.15)

C2H2 + C2nH −−→ C2n+2H2 + H 80 (R2.16)

C2H2 + C2nH
− −−→ C2n+2H

− + H2
170 (R2.17)

C2H2 + C2nHy
+ −−→ C2n+2Hy

+ + H2
171 (R2.18)

2.1.5 Gas-phase nucleation of nanodiamonds

Nanodiamonds represent a special case of gas-phase nucleation, where sp3-hybridized carbon

structures are favored over sp2 graphitic phases. Although several experimental studies72,75–78,80

have shown a gas-phase nucleation of diamonds, there is very little understanding of the possible

mechanisms that lead to nucleation of nanodiamonds. Although the carbon phase diagram

is valid for bulk materials, the stability of the phases could change at nanoscales based on

their surrounding environment. Concerning the stability of NDs, theoretical studies show that

nanodiamonds can be stable for sizes less than 10 nm under the conditions encountered in

CVD processes172–174. Gamarnik172 was one of the first to study the size-related stabilization of

nanodiamonds with respect to graphite. By computing the free energies of formation of diamond

and graphite of different sizes as a function of the pressure and temperature prevalent in a CVD

reactor, it was concluded that diamond of a size less than 10 nm is more stable than a graphite

phase. However, the stability of the diamond phase itself decreases as temperature increases,

for example: the cirical radius of the diamond reduces from 10 nm at room temperature to

approximately 5 nm at 1000 ◦C. Hwang et al.173 proposed a charged cluster model and indicated

that the presence of charged clusters and particles in a plasma could make the diamond phase

more stable than the graphitic phase at the nanoscale. Their hypothesis is that the surface energy

of diamond reduces with charging when compared to that of graphite. Diamond being a dielectric,

it exhibits a much greater decrease in surface energy when compared to conductive graphite.

Barnard et al.174 have studied the relative stability of carbon nanoparticles, focusing on NDs and

fullerenes using density functional theory (DFT). They show that the stability of the different

carbon phases depends on the particle size. The results indicate that the NDs are stable in a

size window between around 1.9 and 5.2 nm. Below 1.9 nm, fullerenes are more stable than

NDs, while above 5.2 nm, graphite becomes the most stable phase. These findings help to
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explain the experimentally observed transformations of NDs into ’carbon onions’ (fullerene

structures) at certain particle sizes and temperatures. One of their major conclusions is that

H-terminated nanodiamonds are relatively more stable than an unterminated nanodiamond. The

work thus offers a better understanding of the phase transitions of carbon nanoparticles and

their stability as a function of size and is also indicative that, like CVD diamonds, the H-atom

would indeed stabilize the nanodiamond. However, how nanodiamond itself can be formed

Figure 2.8: Mechanism of detonation nanodiamond proposed by Dolmatov et al.175

from primary hydrocarbon molecules such as methane remains an enigma. The only known

mechanism that explains the formation of a large sp3 structure in the gas phase, known to

us, comes from Dolmatov et al.20,175 for the detonation conditions as depicted in Figure 2.8.

According to them, diamondoids are the key intermediary species that lead to the nucleation

of NDs. Diamondoids are a class of organic molecules that are composed of multiple cages

of adamantane (C10H16), the smallest unit cage structure of the diamond crystal lattice. They

indicate that C2 is the main radical under these conditions that quickly combine to form linear

chains that undergo subsequent cyclization that results in the formation of cyclohexane. The

further addition of C2 radicals leads to the formation of adamantane. They also propose an

alternative reaction mechanism that does not involve the formation of admantane, but C2 radical

remains the key radical here as well. From the growth of CVD diamond, it is known that atomic

hydrogen would be particularly important in this process, as it selectively etchs the sp2 carbon,

allowing the formation of sp3 structures. It is also possible that the CH3 radical is necessary for

the growth of sp3 molecules, leading to nucleation of NDs.

Studies have shown that CH3 radicals can be attached to adamantane to form larger diamon-
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doids150,176. Stauss et al.150 produced higher diamondoids in admantane, methane, and argon

microplasma reactors, operating under atmospheric pressure conditions. They show that higher

hydrogen concentrations favor the formation of diamantane growth. Through the analysis of

the products by GC-MS, Ishii et al.176 conclude that molecular growth to higher diamondoids

occurs through the extraction of hydrogen from adamantane and the subsequent addition of

CH3 radicals. To the best of our knowledge, no further investigation of sp
3 molecular growth is

available in the literature.

2.2 Conclusion

Based on this current knowledge of nucleation and growth of carbon nanostructures in plasma,

the aim of this thesis is to build on the initial promising results obtained using the MW plasma

torch towards the development of a process that favors the formation of sp3 over other forms

of carbon nanostructures and to obtain a high yield of high-quality nanodiamonds. The thesis

will particularly focuses on identifying the domains of local plasma conditions in terms of gas

temperature, electron densities and temperature, H-atom and the primary reactive radicals CH3

and C2 that are likely to promote sp
3 molecular growth and nucleation of nanodiamonds.
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Experimental setups and instruments
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3.1 Introduction

As stated in the previous two chapters, the objective of this thesis is to develop an improved

understanding of local plasma phenomena leading to homogeneous nucleation of sp3-type carbon

nanoparticles, particularly nanodiamonds or diamond nanoparticles (DNPs). For this purpose,

the research methodology follows an integrated approach that involves plasma characterization,

material characterization, and numerical simulation. The aim of this chapter is to present the

various experimental setups and techniques used to characterize the plasma and the deposited

carbon nanostructures.
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This chapter is structured as follows: the first part describes the MW torch and the various

reactor chambers as well as the experimental set-up and the deposition process. Next, we describe

the different instruments used to characterize the microplasma optically. Finally, we discuss

material characterization techniques used to assess the size, quality, and morphology of carbon

nanoparticles.

3.2 Description of the MW-torch

The home-made MW microplasma used for the synthesis of nanocarbons is based on coaxial

transmission line resonator (CLTR) coupling techniques at 2.45 GHz98. The design principle of

this MW-torch relies on the creation of a resonance at the end of the coaxial transmission line that

results in a strong concentration of electromagnetic field that sustains the plasma. The length of

the present torch is approximately equal to 3
4
λ, which facilitates the electromagnetic resonance

at one end of the torch. As a result, a high density plasma (ne ≈ 1013 cm−3) is created in a

small 250 µm gap located at the end of the torch between a circular cap of 4 mm-diameter and a

concentric steel pin of 3 mm-diameter as shown in Figure 3.1. The plasma volume created is

very small O(mm−3) resulting in MW power densities as high as 5 × 109 W/m−3, which is three

orders of magnitude higher than in a conventional CVD reactor used for diamond growth177.

This provides a distinct advantage for producing highly nonequilibrium discharges with high

electron densities and moderate gas temperatures which can produce a wide range of reactive

environments with charged species, radicals, and photons over dimensions limited to a few

millimeters. The torch is cooled using a double wall water cooling system connected to a chiller.

This allows for the microplasma to operate under extremely high power density conditions. The

feed gas is injected through the inlet port. The microwave is fed through a hermetically sealed

MW n-type feed-through. The present torch can be operated under a wide range of pressure

conditions (10 mbar–1 atm), with different gas mixtures such as argon, hydrogen, methane,

acetylene, and ethanol. The next section describes the characterization of this torch. In the course

of the research work described in this thesis, two identical MW torches were manufactured. The

first was used for plasma characterization, while the second was used for deposition.

3.3 Deposition Experiments

The carbon nanostructures synthesized in the micro-plasmas generated in H2/CH4 and H2/CH4/Ar

mixtures were collected on a substrate positioned downstream of the flowing plasma. The present

work used two different collection systems. This enabled changing the local conditions at the

substrate surface by varying the electrical polarization, that is, the voltage of the substrate, with

respect to the torch and the substrate temperature. This makes it possible to investigate the

plasma surface interaction and/or collect dust particles produced in the plasma.
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Figure 3.1: MW microplasma torch

3.3.1 Heating/biasing system

The first system allows polarizing or heating the substrate. The reactor is basically a six-way cross

with five CF 100-flanges and one KF40-flange. The latter was used to connect the microplasma

torch to the system. The collector holder was placed directly below the torch. It is composed

of a sandwich of molybdenum disc, graphite heater, and an alumina cup. The temperature of

the substrate was measured using a thermocouple located beneath the molybdenum disc. The

ceramic cup was placed on a stainless steel tube. This design of the collector holder provided

flexibility in the process by making it possible to heat and polarize the collector up to 500 oC

and +-1 kV, respectively. Moreover, the distance between the collector holder and the torch

can be changed, which offers the possibility of investigating the evolution of the synthesized

nanostructures as a function of the residence time in the reactive flow generated by the discharge.

The collectors were made of silicon or fiberglass placed on a holder located downstream of

the plasma torch. The plasma system is schematically illustrated in Figure 3.2. This shows

the elements of the vacuum system (gauge, pump), the torch and a 200 W Sairem microwave

generator at 2.45 GHz (GMP20). Unless otherwise specified, deposition experiments were

performed using this reactor.

3.3.2 Substrate cooling system or cold finger

The second system allows cooling the substrate and studying lower temperature conditions that

were not achievable with the first system. The reactor was basically a 6-way KF40 cross, one

arm of which was dedicated to the microplasma torch. The particles are collected in a collector

that is standing on a water-cooled holder, placed directly below the torch (Figure 3.3). The

distance between the collector and the plasma torch is set to 1 cm in this configuration. The

upper part of the collector holder is a conical nozzle that directs the gas discharge flow toward

the substrate placed on the cold-copper-made heat exchanger. Cold water from a chiller flows

into the heat exchanger, where it is introduced through liquid feed-through.
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Figure 3.2: Experimental set-up for carbon particle deposition using the MW microplasma torch

3.4 Plasma diagnostics

Characterization of the plasma was conducted using optical emission spectrometry (OES) and

TALIF (Two-Photon Absorption Laser Induced Fluorescence) diagnostics to determine different

parameters as summarized in 3.1. The details of the instruments used are detailed below and the

detailed methodology to determine the plasma parameters are described in Chapter 4.

Table 3.1: Parameters determined by OES and ps-TALIF

Measured Param-

eters
Method Used

Tg
OES: Rotational temperatures from G-Band and Fulcher α of H2

ps-TALIF: Effective lifetime (τH) of two-photon laser-excited H-
atom

ne Stark broadening of the Hβ line

nH
Actionmetry

ps-TALIF

3.4.1 Optical emission spectroscopy (OES)

Optical Emission Spectroscopy (OES) is a widely used in situ diagnostic technique to characterize

plasmas. It relies on studying the light emitted by different species in the plasma. The excited

plasma states of atomic or molecular species undergo radiative deexcitation, generating a photon
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Figure 3.3: Experimental set-up of the deposition with substrate cooling system

with energy hν (corresponding to a wavelength λ) according to the following process:

X∗ −−→ X+ hν (R3.1)

Correlating the emitted spectrum to the plasma parameters allows one to access the properties of

the reactive medium178.

The core of the OES is a monochromator or spectrometer coupled to a detector such as

the photomultiplier tube (PMT) and charge-coupled device (CCD) camera. The light from the

emitting source enters the spectrometer through an entrance slit and is guided through a system

of collimating and focusing mirrors on to a dispersive element such as a prism or a grating.

Holographic gratings are commonly used as the dispersive element, which is made up of closely

spaced grooves. Each of these grooves diffracts light, creating an overall interference effect,

and therefore disperses the incident light. The gratings are placed on a rotating stage that allows

the detector to select the wavelength that exits the spectrometer and is recorded by the detector.

The amount of light entering the spectrometer is controlled by the entrance slit. The spectral

resolution of the spectrometer depends on the focal length of the focus mirrors, the angle of the

blaze, the density of the gratings used, and the width of the slit. Spectral resolution increases

with an increase in focal length and groove density and decreases with larger slit opening.

We used a 1m Jobin-Yvon THR 1000 spectrometer with a 1800 grooves per mm grating

blazed at 250 nm and an angular dispersion of about 8 Å/mm. The spectral resolution of this

spectrometer is around 0.03 nm using a 40 µm slit. This spectrometer is equipped with a Horiba

DPM-HVH photomultiplier tube. This PMT shows high sensitivity over a large wavelength

range, i.e., 190-800 nm. It is used with a high voltage power supply controlled by spectrAcq2
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(data acquisition system). This provides a maximum voltage of 1.25 kV with a gain of about 105

that is suitable for detecting weak light signals.
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Figure 3.4: Schematic of the experimental setup for performing OES

The experimental setup used to perform the OES is depicted in Figure 3.4. The microplasma

torch was placed on the longer arm of a KF-40 Tee with a borosilicate optical window on the

opposite. The KF-40 tee was placed in an x-y linear stage so that the center of the microplasma

was aligned with the vertical slit (1 cm high) of the spectrometer. 2f-arrangement was used

to collect the emission signal, where a biconvex lens of 100 mm focal length biconvex lens

was placed at an equal distance of 20 cm between the plasma and the slit of the spectrometer.

This arrangement ensures that the emission from the entire radial section of the microplasma is

captured by the spectrometer and the photomultiplier tube. As a result, the plasma quantities

deduced from OES measurements correspond to radially averaged spectra and yield an overall

characterization of the microplasma.

The spectral response of the spectrometer was determined using a tungsten lamp. The

lamp was switched on and positioned to illuminate the spectrometer’s detector uniformly. The

resulting signal (shown in Figure 3.5) demonstrates the detector’s sensitivity as a function of

wavelength. We can see that the detector is sensitive from 350-850 nm. This range covers most

of the emissions from the species analyzed in this thesis, and therefore guarantees high signal

detection accuracy.

3.4.2 Two-photon Absorption Laser Induced Fluorescence (TALIF)

Details of the methodology are provided in Chapter 4 while the ps-laser and streak camera

system are described here.

3.4.2.1 Principle

Two-photon absorption laser-induced fluorescence (TALIF) is an efficient method for measuring

atomic densities in plasmas or flames. This technique is based on the excitation of a ground-state

atom by absorption of two identical UV laser photons and the subsequent deexcitation of these
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Figure 3.5: Spectral response of the 1-m spectrometer

laser-excited atoms, which results in a fluorescence signal that allows the measurement of

ground-state atomic densities179,180. Absolute density measurements for an atom are possible

when using a calibration procedure in which TALIF measurements are carried out on a rare

gas, such as krypton or xenon, with known densities. The scheme of TALIF with the H atom is

shown in Figure 3.6. For atomic hydrogen, krypton (Kr) serves as a rare gas for calibration.

H-atoms TALIF scheme

n = 1

n = 2

n = 3

205.08 nm

205.08 nm
656.3 nm

Q

Figure 3.6: Scheme of H-atoms TALIF

Concerning the laser system, we used a ps-laser from EKSPLA®. It is composed of three

distinct units that are : (i) a Nd:YLF pump laser (PL3140) that produces a fundamental

laser beam at 1053 nm with a maximum output energy of 50 mJ and a pulse width of ≈ 10 ps,

operating either in pulse train mode or at a fixed repetition rate of 5 Hz ; (ii) a harmonic generator

(APL2100) designed to double (527 nm) and triple (351 nm) the fundamental frequency, with a
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maximum output energy of 50 mJ and a pulse width of less than 15 ps ; (iii) and a solid-state

optical parametric generator (PG411) that generates 10 ps-width laser pulses with a line-width

of 17 pm (evaluated by the manufacturer) in the wavelength range 193-2300 nm. The maximum

output energy of the pulse is 2 mJ and the repetition frequency is 5 Hz. As far as ps-TALIF

on the H atom is concerned, the laser energy is 60 µJ/pulse for a wavelength around 205 nm

(two-photon excitation wavelength of H).

The Nd:YLF pump laser (PL3140) serves as the primary light source for the entire system.

This laser utilizes a YLF crystal as its active medium, which is doped with neodymium ions

(Nd3+). When this crystal is exposed to an energy source such as a flashlamp or laser diodes,

the neodymium ions in the crystal get excited. The amplification process starts when these ions

return to a lower-energy state, emitting photons. These photons then stimulate other excited

neodymium ions to produce more photons in the same phase and direction. This process in turn

increases the amount of light through stimulated emission. This results in a coherent laser beam

at 1053 nm in the near-infrared range. This laser beam is directed to the harmonic generator

(APL2100) unit to produce higher harmonic beams at 527 nm (second harmonic) and 351 nm

(third harmonic). This device uses non-linear crystals, such as potassium dihydrogen phosphate

(KDP) or beta barium borate (BBO) to convert the fundamental wavelength of 1053 nm into

higher harmonics. The beam exiting the harmonic generator is diverted to the solid-state optical

parametric generator (PG411) which combines the primary laser beam and its harmonics to

produce a tunable output laser beam.

We used a streak camera (HAMAMATSU® C10910-05) as a detector to record the flu-

orescence signal. This camera has a high temporal resolution, enabling capturing both fast

(nanosecond timescale) and ultrafast (ps timescale) events. The scanning camera is therefore

particularly well suited to capturing the continuous temporal evolution of light signals with

good temporal resolution (about 1 ps). Although efficient, it requires precise configuration and

calibration to work properly. The operation process of the streak camera is illustrated in Figure

3.7. Light from the event enters through a slit before reaching a photocathode, which converts

photons into electrons. These electrons are focused by lenses, accelerated and then deflected

according to their emission time by scanning electrodes triggered by a signal. The result is a

time-resolved image. The electrons are then amplified using a microchannel plate (MCP) and

sent to a phosphorescent screen, generating a light signal that is captured and digitized by a

CMOS camera (ORCA®-Flash4.0 V3 C13440-20CU). The final image shows light intensity as

a function of time (x-axis) and space (y-axis).

3.4.2.2 Optical setup for TALIF

The experimental setup used in our TALIF experiments is shown in Figure 3.8, showing the

ps-laser, the streak camera, and the reactor chamber housing the MW plasma source. At the

two-photon excitation wavelength of the H-atom (205.08 nm), the ps laser system can generate

pulses up to 60 µJ /pulse with a width of around 10 ps at a repetition frequency of 5 Hz. A fused-

silica lens with a focal length of 500 mm was used to obtain a laser spot of 500 µ m diameter in

the center of the plasma chamber. The energy of the laser beam exiting the plasma chamber is
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Figure 3.7: Diagram showing the path of a photon through the streak camera181

measured using a calorimeter (Coherent J-10MB-LE) connected to a digital oscilloscope. The

energy of the laser was controlled using the internal amplification of the laser system and a

combination of neutral-density filters. The fluorescence signal was collected in the perpendicular

direction to the laser beam using an achromatic lens of 100 mm focal length and an appropriate

bandpass filter mounted in front of the entrance slit of the streak camera.
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Figure 3.8: Schematic of the experimental setup showing the layout of MW plasma reactor,

ps-laser and streak camera.

The microplasma torch was embedded into an octagonal vacuum chamber with three optical

viewports dedicated to laser diagnostics. The UV-laser beam enters the chamber through a
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first UV-transparent fused silica window, crosses the reactive flow generated by the plasma,

where it induces two-photon excitation of the hydrogen atoms produced by dissociation, and

then exits the chamber through the second fused silica window. The resulting fluorescence was

collected through a borosilicate window. The reactor chamber was placed on a translation stage

that allowed the plasma to be moved perpendicularly to the laser beam, cf. Figure 3.8, so as

to investigate the radial variation of the atom density. The path of the laser was aligned with

the x-axis of the reactor with focus close to the axis of the microplasma. Calibration of the

z-axis was performed accurately using the laser calorimeter and the streak camera to identify the

measurable region where the laser and the fluorescence signals are not affected by the torch wall.

The plasma source was displaced with respect to the laser until the laser and the fluorescence

signals remained constant on the calorimeter and the streak camera, respectively. This position

was found to be 0.5 mm from the bottom surface of the torch and has been marked as the origin 0

for all future representations. The scope of this study is restricted to the following gas mixtures:

pure H2, H2/CH4 and H2/CH4/Ar system.

3.5 Material characterization technique

Given the wide range of carbon structures synthesized in this work, a thorough characterization

is required to determine their composition, structure, and properties. Therefore, for the charac-

terization of these materials, we made use of several complementary techniques, as summarized

in Table 3.2 and will be described in the following sections.

Table 3.2: Types of information obtained from material characterization techniques.

Characterization

Technique
Types of Information

Raman

Qualitative information on carbon nanoparticles produced

(diamond, graphite and amorphous carbon),

analysis of molecular structure, identification of chemical

bonds (sp2 and sp3),

identification of crystalline phases and detection of

impurities.

XPS

Surface chemical composition, oxidation states of elements,

and chemical bonding analysis

in the near-surface region (approximately 5–10 nm).

AFM

Surface topography at nanometer scale,

measurement of particle size distribution of synthesized

nanocarbons,

and detection of surface defects.

SEM Observation of surface morphology of the particles.

TEM
Analysis of crystalline structure of nanoparticles,

particle size distribution, and study of crystal defects.
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3.5.1 Raman spectroscopy

3.5.1.1 Principle

One of the most commonly used techniques for characterizing materials in general, and carbona-

ceous materials in particular, is Raman scattering spectroscopy. This technique probes matter

and reveals its structure on a molecular scale by analyzing the vibrational modes of different

chemical bonds1,3. The technique is based on the fact that when the analyzed material is excited

by a monochromatic wave of frequency ν0, two types of scattering can occur: elastic scattering

when the material re-emits photons with the same frequency ν0, known as Rayleigh scattering,

and inelastic scattering when the material re-emits photons with a different frequency; this is

Raman scattering. This energy transfer between the photon and the material can occur in both

directions, since the material can either receive or lose energy during the inelastic scattering

process. A Raman spectrum thus consists of two symmetric lines or bands with respect to the

laser excitation frequency called Stokes and anti-Stokes scattering, depending on the direction

of the exchange. Figure 3.9 illustrates these different scattering phenomena.

Figure 3.9: Representation of the different light scattering phenomena including Raman scatter-

ing182

In a Raman spectrum, typically, Stokes lines dominate below and at room temperature

because anti-Stokes transitions require populating higher excited states that need to be excited

thermally. Spectra are established by indicating the Raman shift in wave numbers of the scattered

photons compared to the photons from Rayleigh scattering, which have the same frequency as

the excitation wavelength.

ν(cm−1) =
1

λRayleigh
− 1

λStokes
(3.1)

3.5.1.2 Instrumentation

HR-800 Raman spectrometer commercialized by Jobin Yvon (Figure 3.10) has been used. It is

equipped with a motorized X-Y stage for Raman imaging of an entire sample. The device has
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a confocal system with an adjustable aperture slit. A multiobjective microanalysis apparatus

(x10, x20, x40, x100 and x100 LWD (for ”Long Working Distance”)) combined with a CCD

detector cooled by a Peltier device at -70°C allows high sensitivity and flexible use. Depending

on the type of analysis performed, the dispersion of the scattered beam can be achieved by

different gratings (300, 1800, and 2400 grooves/mm). To obtain the best spectral resolution (≈
1 cm−1), only the 2400 grooves/mm grating was used. The acquisition and processing of spectra

is carried out using Labspec 5 software. Several sources at different wavelengths are available:

a Helium/Neon laser emitting at 632.8 nm and a solid-state laser (Coboltblue™) providing a

light beam at 473 nm. The intensity of Raman scattering is proportional to λ−4 of the excitation

wavelength183,184. Consequently, excitation at short wavelengths (e.g. visible or UV) generates

strong Raman signals, while excitation at longer wavelengths (infrared) reduces the Raman

signal by a factor of 15 or more184. Hence, the choice of the visible blue laser (473 nm) for our

analyses.

Figure 3.10: HR-800 spectrometer at LSPM was used for characterizing the carbon nanostruc-

tures

The Raman peaks illustrated in figure 3.11 are the most frequently observed and considered

in this thesis. The peaks correspond to diamond, graphite, and transpolyacetylene (TPA), and

contain further information on the composition and structural characteristics of the material.

The characteristic peak at 1332 cm−1 185–187 represents the diamond peak and indicates the

presence of diamond crystallites in a sample. The presence of the graphite phase is associated

with two characteristic peaks, the G band ranging 1540-1600 cm−1 and the D band (1350

cm−1)188–190.The G band, indicative of sp2 hybridized carbon atoms sp 2 typically in graphitic

structures, arises from the E2g vibration mode, associated with the stretching vibrations of sp
2

carbon pairs188–191. Meanwhile, the D band, linked to structural defects and disorder, corresponds

to the A1g vibrational mode, involving phonons near the boundary of the Brillouin zone, with

”D” symbolizing ”Disordered”190–192. In addition,TPA also refers to sp2 phase and is identified

by peaks at 1180 cm−1 and 1480 cm−1, characteristic of its chain-like structure193–195.
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Figure 3.11: Typical Raman peaks considered196

3.5.2 X-ray Photoelectron Spectroscopy

3.5.2.1 Principle

XPS is based on the interaction of a sample with a monochromatic X-ray beam. The sample is

subjected to high-energy X-ray photons that strip the electrons from the inner layers (core) of

the sample atoms on the surface, generating photoelectrons. The energy conservation during

this interaction is expressed by the Einstein relation (Equation 3.2) and schematically illustrated

in the energy diagram in Figure 3.12.

hν = Ekin + Eb (3.2)

where ν is the frequency of the monochromatic X-ray beam, Ekin represents the energy (kinetic

energy) of the emitted photoelectron while Eb is the energy of the initial (bound) state of the

electron (binding energy). Measuring the kinetic energy of the emitted photoelectrons allows us

to obtain information on the binding energy that is a characteristic physical quantity of the emitter

atoms along with its chemical bonds with the surrounding atoms, i.e., chemical environment.

The depth of the probed region of the sample depends on the mean free path of the photoelectrons

in the material. It generally ranges between 1 and 12 nm. Therefore, XPS enables (i) identifying

the nature of the surface atoms (except for H and He, which lack detectable core electrons

in XPS), (ii) determining the chemical bonds where they are involved through the chemical

shift (which reveals the nature of their neighbors), and (iii) evaluating their concentration, thus

providing the surface chemical composition of the probed material.
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Figure 3.12: Principle of photoelectron generation197

3.5.2.2 Instrumentation

XPS measurements carried out in this thesis were performed in the ITODYS laboratory. The

system used has an X-ray source (Al Kα, 1486.6 eV) with a double monochromator. The

diameter of the X-ray source is variable from 120 to 650 µm (Figure 3.13 ). It also has a

high-resolution hemispherical analyzer with a magnetic lens and a dual charge compensation

system (slow electron gun and argon ions) to neutralize surface charging. Ion etching, performed

using a monoatomic argon ion gun, allows access to subsurface layers for depth profiling. Data

processing was performed using Avantage software.

Figure 3.13: High-resolution XPS analysis system at ITODYS laboratory198

The concentrations, in atomic percentage of the different elements, in the probed region of

the samples were inferred from the peak area using the equation 3.3. No spectral calibration was

performed and the sensitivity factor values provided by the manufacturer were used.
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%A =

IA
SA

Σi
Ii
Si

× 100% (3.3)

3.5.3 Atomic force microscopy

3.5.3.1 Principle

AFM is a local probe microscopy method for examining the surface topology. Using a scanning

probe, AFM enables point-by-point surface analysis199. The technique relies on an extremely

fine tip at the end of a flexible micro-lever (cantelever). This type of microscopy works by

evaluating the attractive or repulsive interaction between the atoms that make up the nanometric

tip and the surface atoms of a sample. When the tip is close to a surface, the interaction forces

between the tip and the sample deflect the lever according to Hooke’s law. Using a laser to

analyze the deflection of the lever, we can simultaneously identify the precise path of the tip and

evaluate the interactions forces between the tip and the sample (Figure 3.14).

Figure 3.14: The main components of an atomic force microscope200

3.5.3.2 Instrumentation

In this study, samples were examined by a BRUKER AFM/STM apparatus working in semi-

contact mode (see Figure 3.15). Acquisition parameters were chosen to ensure reliable data

collection, that is, the feedback gain was set to 1.000 in order to identify surface changes,

and magnification of 0.116 allowed for a reasonable field of view without compromising the

resolution. The Set point was fixed at 10.000 to ensure optimal tip-sample interaction force,

and the voltage used was 0 V to avoid electrical interference on the sample during scanning.

The recorded deflection signal (DFL) was -0.28, which indicates the interaction between the

tip and sample during the scan, and the lateral force (LF) was recorded -0.01, which indicates

the deformation of the cantilever. The laser was set at 18.23 so that the cantilever deflection
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Figure 3.15: AFM instrument

could be accurately measured. Data were taken using Nova 1.1.0.1780 software, which made it

possible to study surface features at the nanoscale.

3.5.4 Scanning Electron Microscopy

3.5.4.1 Principle

In a Scanning Electron Microscopy experiment an electron beam interacts with the surface

of the sample. This interaction produces different types of emission (Figure 3.16 ) such as

secondary electrons, backscattered electrons, and photons (X-rays)201. Secondary electrons (SE)

provide information on the topography of the sample, enabling an image of its surface to be

obtained. Backscattered electrons provide chemical contrast on a flat surface and crystallographic

information. The use of X-ray photons provides access to the chemical composition using Energy

Dispersive Spectroscopy (EDS). In our study, we used only SEM imaging using secondary

electrons.

3.5.4.2 Instrumentation

LSPM is equipped with a ZEISS SUPRA™ 40 SEM-FEG (cf. Figure 3.17), designed for the

observation and analysis of materials. It uses a GEMINI® FESEM column to provide high-

resolution images while reducing magnetic interference. The electron beam is generated from

a Schottky-type tungsten tip with a ZrO coating, accelerating electrons at voltages between

0.1 and 30 kV, with a magnification range of 12X to 900,000X, allowing both low- and high-
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Figure 3.16: Different types of emissions produced by SEM202

magnification observations. The probe current can range from 4 pA to 10 nA. It also provides a

flexible working distance from 1 to 50mm depending on the operating conditions. The instrument

also includes variable pressure mode (2–133 Pa) for nonconductive samples to neutralize surface

charges and prevent damage while providing high-quality images of sensitive materials. This

SEM uses a field-emission cathode to improve precision and avoid complications with fragile

samples. The integrated X-Act system enables elemental composition analysis and elemental

mapping. During our measurements, the nominal resolution reached 1.5 nm at 10 kV with a

working distance of 2 mm.

Figure 3.17: SEM instrument
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3.5.5 Transmission Electron Microscopy

3.5.5.1 Principle

In TEM, the electron plays a similar role to that of the photon in an optical microscope, and the

technique operates on the same basic principles (cf. Figure 3.18). An electron source (such as

a tungsten filament or a lanthanum hexaboride crystal) is heated to emit electrons203. These

electrons are then accelerated by a high voltage (from 200 to 1000 kV), giving them a very

short wavelength, approximately one picometer. This short wavelength enables the TEM to

achieve high resolution. However, the actual resolution of the TEM is ultimately limited to

subnanometer scales because of aberrations in the magnetic lenses used to focus the electron

beam. After setting up the secondary vacuum, we operate the electron beam that passes through

a very thin sample, typically less than 20 nanometers thick. Magnetic lenses are then used to

direct the electron beam onto a detection screen or photographic plate. Because of its ability to

resolve distances on the scale of atomic spacings, TEM is ideally suited for analyzing the atomic

structure, allowing observation of their internal crystalline structure and any defects present.

Figure 3.18: Schematic flow diagram of a transmission electron microscope204

3.5.5.2 Different operating modes

Transmission electron microscopy can be used in different ways: in image mode, in diffraction

mode and in high-resolution mode203,205,206.
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(i) In image mode, electrons move through the sample. Electron absorption varies according

to the thickness, density, or local chemical nature of the sample. When the detector is

placed in the image plane (photographic plate), a magnified image of the area exposed to

the electron beam can be observed. In biology, it is used mainly to observe cells or other

microorganisms.

(ii) In diffraction mode, the wave-like nature of the electrons is utilized. According to De

Broglie’s theory proposed in 1924, all matter exhibits wave properties. Thus, electrons

can behave like waves. When these electron waves interact with a crystalline sample,

diffraction occurs: The waves are scattered and the directions of the diffracted waves

depend on the atomic arrangement within the crystal. A diffraction pattern is obtained by

collecting the diffracted beams on a detector placed at the focal plane, which provides

information about the atomic organization and orientation of the crystals. This mode has

been used to study the crystalline quality of synthesized nanodiamonds.

(iii) In high-resolution mode (HRTEM), the contrast is generated by the interaction between

the electron beam and the atomic potentials of the sample, enabling us to see features at

the atomic scale. An interference pattern is produced by the interaction of the transmitted

electron beam (passing directly through the sample) with the diffracted beams. This

pattern shows the arrangement of the atomic columns as white or black dots (or both) in

the image. These dots aren’t just a straightforward picture of the atoms but are the result

of complex interference between electron waves, which hold information on the atomic

structure. Once the image is processed, this mode provides information on the crystalline

structure, grain boundaries, dislocations, and various defects.

3.5.5.3 Instrumentation

LSPM is equipped with a MET 200 kV JOEL JEM 2011, designed for high-resolution imaging

and analysis (c.f. 3.19). It operates within an accelerating voltage range of 80-200 kV and

achieves a resolution of 0.14 nm. The magnification ranges from 50x to 1,500,000x. The

microscope is equipped with a Schottky-type field emission gun and includes systems for filtered

imaging using a Gatan Imaging Filter (GIF) and beam scanning via Scanning Transmission Elec-

tron Microscopy (STEM). It features two digital cameras with 1000x1000 resolution: one placed

at the wide-angle port for low-magnification observations and diffraction pattern indexing, and

the other positioned at the GIF filter output for high-resolution imaging. Analytical capabilities

include Energy Dispersive X-ray Spectroscopy (EDS) for elemental analysis at the nanometer

scale. The instrument supports various specimen holders (e.g., single-tilt, rotation-tilt, heating)

and sample preparation techniques such as electrochemical polishing (STRUERS TENUPOL

III) and ion thinning (GATAN PIPS).

In our study, two techniques were used to analyze the particles by TEM. The first involved

sonicating the nanoparticles (deposited on the silicon substrate) in an isopropyl alcohol solution

in an ultrasonification bath. The resulting colloidal solution was then drop-casted onto TEM

grids for analysis. The second method consisted of depositing the nanoparticles directly onto the

TEM grids (placed on the silicon substrate) during a 5-min deposition period. The deposition
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Figure 3.19: TEM Instrument

took place in the chamber described in section 3.3.1. The TEM grids containing the nanoparticles

were then analyzed without further processing.
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4.1 Introduction

This chapter focuses on the characterization of the developed MW-microplasma torch. This

characterization has been performed mainly in pure hydrogen at pressures between 50 and 125

57
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mbar. The chapter is divided into different sections. We start the chapter by discussing the

working principle of the MW torch as well as its electrical characterization and MW-plasma

coupling. This is followed by optical diagnostics of the microplasma using OES and ps-TALIF,

as summarized in Table 3.1. OES was used to determine the gas temperature, derived from

the rotational temperature of electronically excited H2 states; the electron density, determined

from the Stark broadening of the Hβ line; and the atomic hydrogen density, measured using

actinometry. The next section is then devoted to the optical diagnostic using advanced ps-TALIF.

This technique was used here to measure the absolute density of atomic hydrogen. To conclude

this chapter, still using ps-TALIF, we developed a novel technique to retrieve gas temperatures

from the effective lifetime τH of species excited by ps laser. Therefore, this advanced ps-TALIF

diagnostic allows for simultaneous measurements of absolute atom densities and gas temperature

in moderate-pressure reactive plasmas.

4.2 Working principle of the MW torch

The design principle of our MW-torch is based on the creation of resonance at the open end

of the coaxial transmission line that results in an electromagnetic field that is strong enough to

induce gas breakdown and to sustain a high-density microplasma98. Before discussing the design

of the torch, it is worth understanding the physics of MW plasma coupling. The electromagnetic

coupling structure is basically a coaxial waveguide, where a transverse electric magnetic (TEM)

MW mode is propagated. In this mode, the axial components, i.e., the component along the

propagation direction, of the electric and magnetic fields are zero, i.e. Ez = Hz = 0. The

boundary conditions at the metallic surfaces of the coaxial waveguide impose that the tangential

component of the electric field and the normal component of the magnetic field vanish at

the boundaries, i.e. Eφ = 0 and Hρ = 0 at the metallic wall boundary. Consequently, the

high-frequency electric field is purely radial (Er), while the magnetic field is purely azimuthal

(Hφ). The Maxwell equations applied to the EM waves of the form Er = Er exp [j(ωt− kz)]

propagating through the coaxial structures containing plasma can be written as follows:

∂Er

∂z
= jµ0ωHφ,

∂Hφ

∂z
= jε0ωEr + Jr, (4.1)

where Jr is the high frequency (HF) component of the current density in the plasma. This

determines the coupling between the electromagnetic waves and the plasma. The high frequency

electrical current of the plasma is ensured by the high mobility electrons that are able to follow

the applied HF electromagnetic field. Therefore, Jr is proportional to the HF component of the

drift velocity of electrons ve,r through Jr = qeneve,r, qe and ne being the electron charge and

density. Electron oscillations under the action of the HF EM-field are, however, damped because

of the frequent collisions it undergoes with the heavy species. As a result, the electron dynamics

is determined by the balance between the electrostatic force and the collisional damping by using

the following high-frequency momentum balance equation.
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(jω + νm) ve,r = − qe
me

Er, (4.2)

where νm is the collision frequency of electron momentum transfer andme is the mass of the

electron. νm depends on the collision cross section of momentum transfer, the electron energy

distribution function of the electrons, and the density of the heavy species. From equation 4.2,

one obtains the following expression for the current density of the HF as a function of the electric

field of the HF :

Jr =
εoω

2
p

ν2
m + ω2

(νm − jω)Er, (4.3)

where ωp = (q2ene/ε0me)
1/2

= 56.400
√
ne(m

−3) is the plasma frequency. Combining

equations 4.1 and 4.3 and eliminating Hφ, the propagation of EM in the coaxial structure

containing plasma reduces to a Hemholtz equation for Er of the form

∂2Er

∂z2
+ ε0µ0ω

2εpEr = 0. (4.4)

Equation 4.4 can be solved by imposing a short circuit (Er = 0) at one end and plasma conditions

at the other end. The relative dielectric permittivity of the plasma εp given by

εp = ε′p − jε′′p = 1−
ω2
p

ν2
m + ω2

− j
νm
ω

ω2
p

ν2
m + ω2

, (4.5)

with εp = 1 throughout the length of the coaxial waveguide. The real part of the dielectric

permittivity ε′p of the plasma is related to the propagation of the MW and one can conclude that
ω2
p

ν2m+ω2 < 1 is a necessary condition for the propagation of the MW. In fact, plasma behaves like

a high-pass filter. This means that when an electromagnetic wave of frequency ω is incident on

a plasma medium such that ω < ωp, the wave would be reflected. However, in the context of

the micrometric size of the microplasma torch, the MW would penetrate the plasma up to the

skin depth given by the following relation :

δ =
c

ωp

. (4.6)

The MW that penetrates the plasma causes heating of electrons, which themselves undergo

inelastic collisions with heavy species leading to ionization, excitation, and dissociation and

sustain the discharge. The MW power absorbed Pabs by the electrons is |J.E| and can be

expressed in terms of the imaginary part of the permittivity ε′′p as follows

Pabs =
1

2
ωε′′p|Er

2| = 1

2

q2ene

ε0me

νm
ν2
m + ω2

|Er
2|. (4.7)

The energy transfer from the EM waves to the plasma is maximum when νm = ω. Accounting

for the inelastic collision between the heavy species and the electrons, one can also express the

energy transfer from electrons to heavy species as follows

Pabs = ne

∑
i

Ki(Te)niEi, (4.8)
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l 1
l 2

MW

Zp

ZL = 0Ω l1

Zin

ZL = Zp l2

Figure 4.1: Design of MW-torch and its equivalent circuit

where Ki and Ei being the corresponding reaction rate and activation energy of the electron

impact reaction with the heavy species of density ni. Therefore, it is necessary to achieve

sufficient EM energy in order to sustain ionization and hence the plasma. Consequently, the

balance between the electron impact collisions, Ki as well as νm would influence the electron

energy distribution function (eedf) and hence the electron temperature Te.

The design of the torch itself relies on the propagation of the MW in the coaxial elements

of the torch with the MW power dissipated at the open resonating end. To simplify the initial

design, the plasma can be assumed to be homogeneous between the coaxial structure of the

torch. This allows for the design of the coaxial circuit using a lossy transmission line approach.

The schematic of the torch, along with its equivalent MW circuit, is shown in Figure 4.1. The

amplification of the electric field at the open resonating end of the torch is ensured by maintaining

a small gap distance of 500 µm between the grounded outer circular head and the central pin.

The other end of the torch is a movable short-circuit stub that allows for fine-tuning the operation

of the plasma torch. MW is injected into the torch with a N-type connector at a distance l1 and

l2 from the short-circuit end and the open-circuit end of the coaxial waveguide, respectively.

From an operational point of view, the position of the MW feeding is critical in order to achieve

optimal coupling between the MW and the plasma.

The equivalent MW circuit consists of two parallel impedances, represented by the two arms

of length l1 and l2 with impedances of Zl1 and Zl2 respectively. It is clear from the diagram that

the loads at the end of the two transmission lines are 0 i.e., short circuit and plasma load Zp,

respectively. From transmission line theory, the impedance of a transmission line of length l Zl

having a load ZL at its end is given by
207

Zl = Z0
ZL + Z0j tan kl

Z0 + ZLj tan kl
. (4.9)

Z0 being the characteristic impedance of the transmission line, which is 50 Ω in the present case.
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Therefore, the input impedance of the device Zin is

Zin =

{
1

Zl1

+
1

Zl2

}−1

= Z0

{
1

tanh (jkl1)
+

Z0 + Zp tan(jk(l − l1))

Zp + Z0 tan(jk(l − l1)

}−1

, (4.10)

where k is the wave number and Zp is the wave impedance at the open end of the torch. The

first major design criterion is to have a resonance at the open end of the torch to ignite the

plasma. The other major criterion requires the input impedance at the feeding position of MW

Zin =Z0 = 50 Ω under no plasma conditions to minimize the reflection of the injected MW.

This means that the input impedance can be controlled by controlling l1 and in the present case

is achieved by the movable short-circuit stub. In the absence of plasma, the open end acts like

a resistor with infinite impedance, i.e. Zp = ∞. Substituting the same in equation 4.10, one

obtains

tan(
2π

λ
l1) tan(

2π

λ
l2) = 1. (4.11)

To meet these conditions, the total length of the torch l = l1 + l2, i.e. the distance between the

open and short-circuited ends, has to be odd multiples of quarter wavelength

l = l1 + l2 = (2n− 1)
λ

4
. (4.12)

Thus, the length l of the present torch has been fixed at 3
4
λ i.e. ∼ 92 mm to have resonance

at excitation frequency around f=2.45 GHz. Under this condition, constructive interferences

between incident and reflected waves in the coaxial waveguide take place, which leads to a

resonance effect at the open end of the coaxial torch.

4.3 MW-plasma coupling and electrical characterization of

plasma

In this section, we discuss the electrical characterization of the MW plasma through measurement

of reflected and absorbed power, as well as discharge images, to describe the evolution of the

microplasma space-distribution as a function of operating conditions. Figure 4.2 shows the

evolution of the diameter of the microplasma as a function of the absorbed power at a pressure

of 50 mbar for pure hydrogen plasma.

The different regimes of plasma operation are depicted in Figure 4.2. At low power (10-30

W), the plasma is a small arc whose size increases with power. This is the first regime denoted

partial annular regime. This growth continues until the plasma forms a complete circle at

40 W, at which point the second regime begins called the full-circle regime. In this regime

(40-50W), plasma growth is more pronounced and emission is more intense and stable as power

increases. Then, at 60W, the plasma returns to the partial circle: this is the secondary plasma

phase due to the formation of secondary plasma inside the torch. This is the third regime ( ≥
60 W) where the MW power is shared between the primary and secondary plasmas, and the

volume and emission of the primary plasma decrease. This phenomenon was further confirmed

by direct observation on the pin, where the secondary plasma was always located at a distance
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Figure 4.2: Evolution of microplasma as a function of absorbed power at 50 mbar. Inset (top

right): Spots of the plasmas formed.
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of 1
4
λ ∼ 3 cm from the main plasma, corresponding to the position of the secondary resonance,

as shown in Figure 4.2. The critical power values for sustaining a full plasma and the onset of

instability (secondary plasma) increase linearly with pressure, as shown in Figure 4.3. The full

plasma appears at 40 W at 50 mbar, 60 W at 75 mbar, and 70 W at 100 mbar. However, the

secondary plasma appears at 60 W at 50 mbar, 90 W at 75 mbar, and 120 W at 100 mbar.
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Assuming that the power dissipation in the coaxial structures is negligible, the MW power

absorbed by the torch is the difference between the injected and the reflected MW powers. Figure

4.4 illustrates how the reflected power varies with the absorbed power at different pressures.

The reflected power increases with the absorbed power at a given pressure. Distinctively,

the curves reveal an abrupt jump in reflected power that corresponds to the formation of the

secondary plasma inside the torch. The abrupt jump can be explained by the poor matching of

the MW-plasma system due to the secondary plasma.
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Figure 4.4: Representation of reflected power as a function of absorbed power for different

pressures

The measurements of MW reflected power permit us to estimate the reflection coefficient of

the plasma, S11, as follows.

S11 =

√
Pref

Pinj

=
Zin − Z0

Zin + Z0

=
1−

(
1

tanh(jkl1)
+ Z0+Zp tan(jkl2)

Zp+Z0 tan(jkl2)

)
1 +

(
1

tanh(jkl1)
+ Z0+Zp tan(jkl2)

Zp+Z0 tan(jkl2)

) . (4.13)

Furthermore, as the plasma is small compared to the length of the coaxial structures, the plasma

end of the torch can be modelled by the lumped elements. In such a case, the impedance at the

plasma end of the coaxial structure can be written as

Zp =

√
jωL

G+ jωC
, (4.14)

where L, G and C are the inductance, conductance, and capacitance of the coaxial waveguide.

The resistance of the coaxial has been assumed to be negligible owing to the good conductance

of the central rod. However, the presence of plasma introduces a finite conductance G due to
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the presence of plasma currents between the central rod and the grounded outer annular head at

the open end. By introducing the expressions of L, G and C for a coaxial waveguide207, Zp can

be expressed as

Zp =

√
µ0

ε0

ln b/a

2π

1√
ε′ − jε′′

=
Z0

np,eff

, (4.15)

where εp,eff = ε′p − jε′′p and np,eff = n + iκ are the effective dielectric permittivity given by

equation 4.5 and effective complex refractive index of the plasma structure at the open-end

respectively. This allows for retrieving the effective refractive index and relative dielectric

constant of the plasma medium from measurements of S11 and further directly estimate the

plasma parameters ne and Te from Equation 4.5

ω2
p(ne) = 56.4ne =

∣∣∣∣∣(1− ε′p)

(
1 +

[
ε′′p

1− ε′p

]2)
ω2

∣∣∣∣∣ , (4.16)

νm(Te) =
ε′′p

1− ε′p
ω. (4.17)

It should be noted that the above equations assume that the plasma is homogeneously annular,

which is only true for full regime of plasma operation. Figure 4.5a shows that an increase in the

reflection coefficient leads to a decrease in resistance (real part) and an increase in inductance

(imaginary part). The decrease in resistance indicates reduced energy dissipation within the

plasma, which translates into an increase in the reflection coefficient, as much of the energy

injected is reflected rather than absorbed. The estimated values of ne from the measured plasma

inductance are O(1013cm−3) as seen in Figure 4.5b. Moreover, the plasma frequency is much

higher than the MW frequency consistently under all conditions. For electron density values

of O(1013) cm−3, the skin depth would be on the order of 1 mm, which makes the penetration

of the MW into the plasma significant. This penetration allows the MW field to penetrate the

plasma, sustaining the plasma, causing an increase in the effective resistance as the absorbed

power rises.
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100 mbar and (b) Evolution of ne as a function of absorbed power at different pressures
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The above analysis, though very qualitative and approximate, provides ample insight into

the coupling of the MW and the plasma. In the following sections, we will measure the plasma

parameters more accurately using optical diagnostics.

4.4 Gas temperature (Tg) measurement from OES

The gas temperature is a key plasma parameter as it has a significant influence on plasma

chemistry, which is at the root of most plasma applications. In nonequilibrium plasmas like

that of the MW microplasma torch, the electrons are preferentially heated, which results in a

nonequilibrium condition among the different degrees of freedom within molecules, such as

excitation, vibration, rotation, and translation. Consequently, the temperatures associated with

these degrees of freedom follow a specific hierarchy, typically characterized by the inequality

Te > Tex > Tvib > Trot > Ttrans, where Te is the electron temperature, Tex is the excitation

temperature, Tvib is the vibrational temperature, Trot is the rotational temperature, and Ttrans is

the translational temperature. Several methods are available to determine the gas temperature208

such as: rotational distribution of molecules (often and mostly diatomic molecules), line

profiles of atomic species and Thermal probes that measure temperature directly by contacting

the gas, etc. Here, we will focus on the description of gas temperature measurement from the

rotational structures of molecular bands using optical emission spectroscopy.

4.4.1 Gas temperature from rotational distribution of molecule

Numerous works208–211 have clearly established that the temperature of gases in nonequilibrium

plasmas can be assessed using optical emission spectroscopy. This method is based on the

spectroscopic analysis of the rotational distribution of diatomic molecules (H2, N2, OH) in

their excited states, which can be detected because these molecules emit in the visible and

near-ultraviolet region.

The gas temperature is usually inferred from the rotational temperature, assuming a rotational-

translational equilibrium. The validity of this assumption requires a very fast energy transfer

between rotation and translation. Typically, equilibration of the rotational and translational

modes for molecules in their electronic ground state requires few collisions212 and the assumption

of rotational-translational thermal equilibrium is usually fulfilled for ground state species for

the pressure conditions of interest in this work. The situation is more complex for excited-state

species that are actually probed by OES. The rotational distributions of molecules in their ground

and electronically excited states can differ significantly. The excited-state molecules and more

specifically the radiative states probed by OES show a relatively short lifetime and do not

necessarily experience enough collisions to achieve a rotational-translational equilibrium.

In nonequilibrium plasmas, radiative excited states are often produced by electron impact

processes on electronically ground states and under go radiative and collisional de-excitation.

The rotational distribution of these excited states depends on the time required for thermalization

of the rotational levels (τthermal) relative to the effective lifetime of the excited state (τeff ). As
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such, one may distinguish two limiting cases as far as rotational distributions of these states are

concerned :

- In the highly collisional regime, i.e. at high pressure, before a photon is emitted, the excited

state may undergo collisions before radiative de-excitation, which results in a thermal

equilibrium between the translational and rotation modes for this state. The rotational

modes of the electronically excited and ground states are also in thermal equilibrium. In

this situation, the rotational temperature of the excited state may be inferred from the

rotational structure of a ro-vibrational band of the emission spectrum using a Boltzmann

plot with the rotational constant of the excited state.

- In the noncollisional regime (during the lifetime of the excited state), i.e. at low pressure.

The electronic and nuclear dynamics are fully decoupled during the excitation process

(Frank-Candon principle), and the rotational distribution does not change during the

excitation process. As a result, the rotational distributions of the excited and ground states

are exactly the same. The rotational temperature of the ground state can be determined

from the rotational structure of a ro-vibrational band of the emission spectrum using a

Boltzmann plot with the rotational constant of the ground state.

In intermediate situations, when the radiative de-excitation frequency of the excited state

is comparable with the collision frequency, the rotational distribution of the excited state is

neither identical to the ground-state rotational distribution nor in thermal equilibrium with the

translational mode. In this case, the gas temperature can no longer be inferred from the rotational

distribution of excited species.

For an equilibrium rotation mode, the rotational temperature can be calculated from a

Boltzmann plot208. In the case where the rotational lines are fully resolved, the rotational spectra

can be analyzed by plotting the logarithm of intensity (corrected by the Höln-London factor and

level degeneracy) versus rotational energy levels (equation 4.18).

ln(
I′→′′ λ4

SK′ g
) =

−h C

kB Trot

EJ ′ . (4.18)

In this equation, I′→′′ represents the intensity of the line, g is the spin degeneracy, λ the

wavelength of the rotational lines, and EJ ′ the rotational energy of the appropriate level. This

level may be either the upper or lower energy levels depending on the collisional regime. In

high-collision regimes, the distribution might favor the upper levels, while in low-collision

regimes, the ground states may be more suitable for an accurate determination of the rotational

temperature. kB the Boltzmann’s constant. SK′ denotes the Höln-London (HL) factors213. These

factors are coefficients used to account for the quantum selection rules that govern rotational

transitions in molecules, along with molecular properties like the symmetry and parity of the

rotational states that are involved in the transition.

For molecular hydrogen, g = 1 for even and g = 3 for odd values of the rotational quantum

number K214. The Höln-London factors are expressed in the following relationships215:

SK′ =


K ′ + 1

2
R−Branch,

2 K ′ + 1

2
Q−Branch.

(4.19)
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Figure 4.6: Spectra of the (a) first R-branch lines of the transition G1
∑+

g , ν
′ = 0 →

B1
∑+

u , ν
′′ = 0 and (b) the transition d3

∏+
u ,→ a3

∑+
g (0,0) at 50 mbar operating pressure

By plotting ln( I λ4

SK′ g
) as a function of the energy of the appropriate levels we obtain a line which

slope is −h×C
k×Trot

. The rotational temperature can be therefore deduced from the slope of Boltzmann

plot.

As we mentioned above, we can use the rotational band structures of different molecules

such as H2, N2, OH, etc. to determine the gas temperature. Because our microplasma is rich in

hydrogen, we decided to use different bands of this molecule because these bands give a reliable

rotational temperature according to several studies. The most commonly used rotational bands

are (i) the R branch of the transition G1
∑

g, ν
′ = 0 → B1

∑+
u , ν

′′ = 083,208,216–219 and (ii) the

Q-Branch d3
∏

u, ν
′ = 0 → a3

∑+
g , ν

′′= 0 of the Fulcher-α band220,221. A typical spectrum of

the R-Branch of G1
∑+

g , ν
′ = 0 → B1

∑+
u , ν

′′ = 0 and the Fulcher Q-branch obtained with

THR 1000 is shown in Figure 4.6.

4.4.2 Methodology used

The H2 Fulcher-α rotational band has several branches, but the Q-Branch is the most used

because it is free of perturbations220. The spectrum of Fulcher-α band extends from a wave-

length of 600 to 610 nm (cf. Figure 4.6b). The Q3 , Q5 ,Q7 and Q10 transitions of the (0-0)

band overlap the transitions from other bands of the H2 spectrum
220. Therefore, using these

transitions in the Boltzmann plot results in erroneous values for the H2 rotational temperature.

The emission line Q9 cannot be separated from high-intensity neighboring transitions with the

spectrometer222. Therefore, only the transitions Q1, Q2, Q4 and Q6 were used in determining

the rotation temperatures from the Q branch of the (0-0) Fülcher-α band in this work.

With respect to d3
∏−

u of the Fulcher band in the current experimental conditions, the

collisional quenching time (∼ 50 ns at 1000 K and 100 mbar) is of the same order of magnitude

as that of its radiative decay (60 ns)220. Therefore, d3
∏−

u undergoes collisions, and the rotational

distribution of the excited state would not represent the ground state. However, the number of
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collisions is not large enough to equilibrate the d3
∏−

u rotational mode220. Therefore, the kinetic

temperature of the gas would be between the rotational temperature values determined from

Boltzmann plots using the rotational constants of the upper state d3
∏−

u and the ground state

X1Σ+
g , respectively and are referred to as Trot(d) and Trot(X), respectively.

The spectrum of the R-Branch of G1
∑+

g , ν
′ = 0 → B1

∑+
u , ν

′′ = 0 extends from a

wavelength of 452 to 463 nm (c.f. Figure 4.6a). Regarding the G-Band, the lower level, B1
∑+

u

is well described by the Hund b-case approximation. This approximation considers that the

angular momentum of the electrons is partially decoupled from the internuclear axis of the

molecule. Its radiative lifetime is 1.0 ± 0.2 ns. However, the upper level, G1Σ+
g is not as

straightforward and lies between Hund’s cases (b) and (d)223. In Hund’s case (d), the electronic

angular momentum is fully decoupled from the internuclear axis, complicating the definition of

quantum number Λ (which represents the projection of the electronic angular momentum along

the internuclear axis). Consequently, the rotational energy is no longer a simple linear function

ofK(K + 1). Additionally, the G1Σ+
g level is strongly perturbed by the vibrational sublevels of

K1Σ+
g , and the high vibrational levels of EF

1Σ+
g , causing deviations from the simpler Hund case

(b). Assuming that G1Σ+
g follows case (b) of Hund, SK′ of the rotational lines are described by

the Höln-London formula (equation 4.19).

The radiative lifetime of the excited state G1Σg is about 33 ns, while the characteristic

collision time for thermalization is around 0.4 ns (at 1000 K and 100 mbar). This suggests

that collisional thermalization is faster than radiative decay, allowing the excited state to reach

thermal equilibrium with the gas before radiative de-excitation. Consequently, the rotational

temperature of G1Σg under moderate pressure (greater than 20 mbar) may reflect the temperature

of the gas216,217,224,225.

Only ten emission lines R0-R10 were identified. The R1 and R4 lines are not resolved and

were not used in the Boltzmann plot. The R6 and R9 lines show a large deviation from the

Boltzmann plot obtained with the ten first lines224. Fig. 4.7 shows the Boltzmann plot obtained

from ln( I λ4

SK′ g
) vs. EK’+1.

4.4.3 Results

With an error of up to 5 % in the determination of the line intensity, the uncertainty in the gas

temperature, depending on the different conditions and methods, varies from 32 to 130 K. Using

both methods, an error of up to 9 % on Tg was achieved. Fig.4.8 shows the gas temperature

measured as a function of pressure and MW power. The gas temperatures generally increased

with MW power and varied between 1000 and 1400 K for G-Band (Trot (G)) and between

500 and 800 K for Trot (X) of Fulcher-α. The gas temperature estimated with Trot (X) of the

Fulcher-α band is lower than that of G-Band. This can be explained by the fact that H2(d
3
∏

u)

does not thermalize under the present conditions due to the very short lifetime of H2(d
3
∏

u)

state226.

We observe the presence of a temperature drop that is consistent with the increase of the

reflected power shown in Figure 4.4, which takes place at the transition between a single and a

double plasma volumes for pressure values below 125 mbar.
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Figure 4.7: Boltzmann diagram for the determination of rotational temperature from R branch

of G1
∑+

g , ν
′ = 0 → B1

∑+
u , ν

′′ = 0 (THR100, 80W 100 sccm H2,100 mbar)

4.5 Measurement of electron density ne

4.5.1 Principle

Electrons play a crucial role in initiating and sustaining microwave discharges, as they absorb

energy from the electromagnetic wave and transfer it to atoms/molecules through inelastic

collisions. To estimate the electron density (ne), we opt for a well-established spectroscopic

method based on Stark’s broadening of the Balmer series lines of the H-atom82,219,227–229. The

profile of an emission line, i.e. its intensity distribution around a central wavelength λ0, can be

affected by several broadening mechanisms. These mechanisms include Doppler broadening,

van der Waals broadening, and Stark broadening. The line profile is also affected by the

characteristics of the optical and spectroscopic equipment that introduce instrumental broadening

of the emission lines. Each of these broadening effects contributes to the overall profile of

the emission line and can be characterized by its full width at half-maximum (FWHM). Line

profiles of atoms serve as a probe in which the deconvolution of different contributions may

provide access to plasma parameters such as gas temperature Tgas and electron density ne. Stark

broadening results from the interaction between the emitting atoms and the surrounding charged

particles (electrons and ions). It dominates other broadening mechanisms (Doppler, natural, etc.)

under conditions where the electron density is high. In such a case, the Stark broadening can be

used to measure the electron density ne.

Hβ (486.1 nm) emission line is known to be sensitive to Stark broadening and is used
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Figure 4.8: Representation of Trot (G) (a) and Trot (X) of Fulcher-α (b) as a function of absorbed

power and pressure

frequently to measure the electron density. Under our experimental conditions, we considered

two Gaussian broadenings (instrumental and Doppler) and two Lorentzian broadenings (Stark

and van der Waals), which combine to form the observed line profile that can be approximated

by a voigt function. The different broadening mechanisms are briefly explained in the following.

Instrumental broadening ∆λapp depends on the resolving power of the spectrometer,

i.e. slit aperture, grating size, focal length, etc. Also known as the instrument function, this

component is induced solely by the measuring instrument. It is representative of the wavelength

resolution of the set-up, so it varies with the width of the input slit. If the width of the input slit

is changed, the device function must be measured. To measure the device function, emission

lines must be used, where only instrumental broadening broadens the line. In other words, the

finest possible line is sought: Rotational line of nitrogen, ideally ionic lines and Hg lines 579 nm

in the second order, emitted by the fluorescent tubes in the room. Instrumental broadening was

determined from the Hg line at 579 nm. For a slit opening of 40 µm, the instrumental broadening

was found to be 0.0235 nm.

Doppler broadening (∆λD) is due to thermal agitation of the emitting atoms. If we consider

that their energy distribution function is Maxwell-Boltzmann with a temperature Tg, this effect

generates a Gaussian profile whose FWHM linewidth ∆λD that depends on Tg following the

relation228,230:

∆λD = 7.16× 10−7λ

√
Tg

M
, (4.20)

Where Tg is in kelvin, λ is the wavelength in nanometers andM is the atomic mass of the emitting

atom in atomic mass units. For example, at a gas temperature of Tg = 1000K, the Doppler line

width of the Hβ line is approximately ∆λD = 0.011 nm.

Van derWaals broadening (∆λvdW ) occurs during a dipolar interaction between the emitter

atom and the dipole it induces on a neutral atom in the ground state, called the perturber. For the



4.5. MEASUREMENT OF ELECTRON DENSITY ne 71

Hβ line, line-width ∆λvdW is defined by228:

∆λvdW = 5.95× 10−3 P

T 0.7
g

, (4.21)

where P is the pressure in mbar. For example, at a pressure of P = 100mbar and a gas

temperature Tg = 1000K, the van der Waals line width for the Hβ line is approximately

∆λvdW = 0.0047 nm.

The stark broadening (∆λS) is caused by the electric fields of charged particles (ions

and electrons) in plasma. The difference between the slow motion of ions and the fast motion

of electrons causes fluctuations in the microelectric field experienced by the emitting atoms.

The interaction between the emitter atom and the time-varying local electric field results in a

broadening of the spectral line. This broadening occurs even in the absence of direct collisions.

The Stark broadening of the Hβ line is particularly significant because its theoretical basis is

well-established, and analytical expressions that relate the electron density to the line broadening

are available. According to Kepple and Griem theory231, valid for electron densities between

1013 cm−3 and 1019 cm−3, the line-width of the Stark broadened Hβ line ∆λS is given by
82:

∆λS = 2.5× 10−10α(ne, Te)n
2
3
e , (4.22)

where α (ne, Te) is the reduced width of the Stark profile, and ne is the electron density in

cm−3. For the conditions encountered in our microplasmas, this method provides a reliable and

sensitive measure of electron density, with a typical detection limit of 1013 cm−3 82,231,232.
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Figure 4.9: Hβ line profile

A typical line spectra of Hβ fitted with a voigt profile captured under our conditions is shown

in Figure 4.9. It is characterized by its line-width∆λV , which can be deconvoluted as follows
233:

∆λV ≈

[(
∆λL

2

)2

+ (∆λG)
2

] 1
2

, (4.23)
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where the Gaussian line-width∆λG consists of Doppler∆λD and instrument broadening∆λapp

i.e. ∆λG =
√

∆λ2
D +∆λ2

app and Lorentzian line-width is composed of van Der Waals ∆λV dW

and Stark broadening ∆λS i.e. ∆λL = ∆λV dW +∆λS .

However, since both Doppler and Stark broadening were found to be significant under our

plasma conditions, simultaneous estimation of these line widths by fitting the profile with the

Voigt function leads to higher uncertainty234. Therefore, in order to improve the robustness of

the fitting, the rotational temperature Trot(G) has been used to estimate the Doppler and van der

Waals broadenings. This allows one to estimate the Stark linewidth∆λS = ∆λL −∆λV dW and

therefore estimate the electron density. The procedure is summarized in Figure 4.10.

Tg Trot(G)

∆λD7.16×10−7 λ
√

Tg

M
∆λV dW 5.95×10−3 P

T 0.7
g

∆λG∆λG =
√
∆λ2

D +∆λ2
app

Voigt deconvolution

∆λL∆λL = ∆λV dW +∆λS

∆λS 1.925×10−11n
2
3
e

ne ( ∆λS

1.925×10−11 )
3
2

Figure 4.10: Method for determination of electron density

4.5.2 Plasma parameters

Under the conditions we examined, the Stark linewidth varies between 0.013 and 0.017 nm.

Electron densities (cf. Figure 4.11) were found to increase slightly with pressure. Consequently,

ne appears to be independent of operating conditions with values around 2×1013cm−3. These

values are similar orders of magnitude as that estimated from the measurement of S11 (c.f.

Figure 4.5b). This is indicative of the fact that plasma volume increases with injected power (as

observed in Figure 4.2), so that the MW power densities and electron densities keep values in

general similar to the investigated discharge conditions.

Equation 4.8, shows that the plasma parameters ne, Te, absorbed microwave power density

(PMWD) along with plasma volume are coupled. Unfortunately, deducing the other parameters
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Figure 4.11: Representation of electron density as a function of absorbed power

apart from ne is not straightforward. The estimated skin depth is around 1.5-2 mm with a plasma

volume estimated to be 1.5x10−8 m−3. The corresponding PMWD is 6x109 Wm−3 and is about

3 orders of magnitude higher than the larger MW plasmas at similar pressures235. This possibly

explains the higher degree of ionization of the present microplasma torch system.

Under conditions where the electronic states of atoms are mainly excited by direct electron-

impact processes on the corresponding ground state, it is possible to estimate the electron

temperature from the ratio of line intensities of two electronic states of the atom. For example,

the electron temperature can be determined from the intensity ratio of the Hα (656.3 nm) and

Hβ (486.1 nm) lines
235,236 when the corresponding excited states, H (n=3) for Hα and H (n=4)

for Hβ , are mainly populated by direct electron impact from the ground state of the H atom. In

this case, the electron excitation temperature of the H atom can be considered as indicative of

the electron temperature. The intensity ratio of the emission lines Hα and Hβ is given by the

equation 4.24.

IHα

IHβ

=
kHα
e (Te)

k
Hβ
e (Te)

· νHα

νHβ

· A32

A42

·QTH
· F (λHα)

F (λHβ
)
, (4.24)

where kHα
e and k

Hβ
e are the rate constants for electron impact excitation to the H (n=3) and H

(n=4) levels, respectively, νHα and νHβ
are the radiation frequencies of the Hα and Hβ lines, A32

and A42 are the spontaneous transition probabilities, F (λHα) and F (λHβ
) are the optical spectral

responses at 656.3 nm and 486.1 nm respectively, and QTH
accounts for additional radiative and

quenching processes.

The spectral response of our 1 m spectrometer was determined using a reference tungsten

lamp of 300 nm to 900 nm. The values of F (λHα) are around 0.0016 and F (λHβ
) is 0.0042.
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As the plasma is composed of H et H2 species the term QTH
is given by this relation :

QTH =
k′
r + nH2kQHβ

/H2 + nHkQHβ
/H

kr + nH2kQHα/H2 + nHkQHα/H

, (4.25)

where kr and k
′
r are the total radiative probability constants for the levels H (n=3) and H (n=4)

respectively and kQHα/H2 , kQHβ
/H2 ,kQHα/H , and kQHβ

/H are the quenching constants for the

excited hydrogen levels due to collisions with H2 and H . The evaluation of term QTH requires

knowledge of the density of the H atom and the temperature of the gas. For the initial calculation,

the degree of dissociation was assumed to be small and collisional quenching occurs mainly due to

molecular H2. The electron temperature thus estimated was around 4000 K in the pressure range

of 50 to 125 mbar for the power conditions studied. However, the estimated electron temperature

is significantly lower than the values found for similar MW plasmas. This discrepancy could

be attributed to quenching effects, where the high collision frequency in the plasma leads to an

underestimation of the true electron temperature. In such a collisional regime, the measured

temperature may represent an average value between the electron temperature (Te) and the

gas temperature (Tg), reflecting the complex interplay of ionization, excitation, and collisional

de-excitation processes.

In view of the above, the electron temperature was alternatively estimated from equation

4.8. All important electron impact reactions with atomic hydrogen and molecular hydrogen, i.e.

excitation (translational, vibrational, and electronic), ionization, and dissociation, have been

taken into account237. The reaction coefficients (Kx) are influenced by the electron temperature,

which has an effect on the energy distribution in the plasma.

e− + H2 −−→ e− + 2H (R4.1)

e− + H2 −−→ 2 e− + H2
+ (R4.2)

e− + H −−→ 2 e− + H+ (R4.3)

e− + H2 −−→ e− + H+ H∗ (R4.4)

e− + H2 −−→ e− + H+ H∗∗ (R4.5)

e− + H −−→ e− + H∗ (R4.6)

e− + H −−→ e− + H∗∗ (R4.7)

As a general rule, as the electron temperature rises, the reaction rates increase and the

probability of ionization and excitation processes increases. It is worth mentioning that the

vibrational temperature (Tvib) and the translational temperature (Ttrans) are also important, since

Tvib increases the population of molecules in the excited vibrational state, favoring certain

reactions, while Ttrans increases the energy of the motion of the particles, affecting collision

rates. The electron temperature values estimated under stable plasma conditions for 90 W

absorbed power in the pressure range 50-125 mbar as a function of the value assumed for the

plasma length are shown in figure 4.12 (full circle). The corresponding electron temperature

would be in the range of 1.6 to 2.3 eV. The thus estimated electron temperature was found to be

around 1.9 eV which looks more reasonable for the discharge conditions.
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Figure 4.12: Representation of plasma length as a function of absorbed power at different

operating pressures and at 90W

Finally, MW power densities and volumes have been evaluated for fixed electron temperature

at 1.9 eV, as shown in Figure 4.13. One can clearly observe that, as ne, the PMWD of the plasma

torch has the same trend. It increases slightly with pressure. However, the plasma volume

decreases with the pressure and increases almost linearly with injected MW power at a given

pressure. These observations are consistent with those for the MW plasmas.
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Figure 4.13: Representation of PMWD (a) and plasma volume (b) as a function of absorbed

power at different pressures
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4.6 Measurement of atomic Hydrogen density

4.6.1 Measurement of atomic Hydrogen density by actinometry

It is possible to estimate the concentration of atomic hydrogen [H] by optical emission spec-

troscopy using a method called actinometry. This method consists of measuring the relative

concentration of a reactive species by comparing its optical emission with that of an inert gas,

called an actinometer or tracer, deliberately introduced in very small quantities (∼ 1%) into

the discharge. This comparison is based on the assumption that the reactive species and the

actinometer are at the same temperature and that their excitation processes are similar238.

The principle of this method has been described by many authors83 and is based on the

following assumptions:

(i) The actinometer must be introduced into the plasma in small and constant quantities. This

quantity must not interfere with the reaction mechanisms of the plasma ;

(ii) The production of the excited states (X∗ and A∗) is due to a direct electron-impact excitation

of the corresponding ground states (reactive species X and actinometer A);

(iii) The de-excitation of the two species (X-species and actinometer A) is mainly radiative

and not collisional ;

(iv) The excitation cross-sections must have a similar shape and the same threshold energies;

(v) All other excitation or de-excitation mechanisms can be neglected.

The reduced scheme for the excitation and de-excitation processes is the following :

H(n−− 1) + e− −−→ H∗(n−− 3) + e− (R4.8)

Ar+ e− −−→ Ar∗ + e− (R4.9)

H∗(n−−3) −−→ H(n−− 2) + hν (R4.10)

Ar∗ −−→ Ar+ hν (R4.11)

Thus, a simple relationship exists between the intensities of the emission lines of the excited

species I(X∗), and the density of these species in the ground state [X], which allows the relative

densities to be determined:

[X] = K
I(X∗)

I(A∗)
[A] , (4.26)

Where [X] and [A] are the concentrations of electronic ground states of X and actinometer

species, respectively. K is a constant, and
I(X∗)
I(A∗)

is the ratio of emission intensities of the excited

X species and the excited actinometer species A. In this work, the reference gas used is argon (Ar

line at 750 nm), which serves as an actinometer for hydrogen, and the hydrogen line considered

is Hα. A small percentage of argon (about 1%) is added to the hydrogen plasma. By comparing

the intensity of the de-excitation lines of atomic hydrogen and argon, we can evaluate the relative

density of hydrogen atoms in the ground state.

Equation 4.26 is taken from equation 4.27 in the case of hydrogen.

IHα

IAr750

=
kHα
e (Te)

kAr750
e (Te)

· νHα

νAr750

· AHα

AAr750

·QTH
· F (λHα)

F (λAr750)
· nHα

nAr750

. (4.27)
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The constant K therefore is expressed as follows:

K =
kH
e (Te)

kAr750
e (Te)

· νH
νAr750

· AH

AAr

·QTH
· F (λH)

F (λAr750)
. (4.28)

The different terms of these equations have already been defined in Section 4.5.2 (Equation

4.24) with F (λAr750) = 5.6 x10
−4.

4.6.2 Measurement of H-atom density using ps-TALIF

As mentioned in Chapter 3, TALIF is a diagnostic technique used mainly to measure the density

of atomic species present in plasmas or flames. In this technique, a laser is used to excite species

of interest that absorb simultaneously two photons, which then results in fluorescence. The

fluorescence intensity can be related to the absolute density of the probed species. Equation 4.29

gives the absolute density of a probed atomic species i using TALIF.

ni = nC

∫
t

∫
λ
SFi∫

t

∫
λ
SFC

ηC
ηi

TC

Ti

σC

σi

AC

Ai

τC
τi

E2
C

E2
i

λ2
C

λ2
i

, (4.29)

with subscripts i and C referring to the probed and calibrated atomic species, respectively.∫
t

∫
λ
SFi

is the temporally and spectrally integrated fluorescence signal. ni/nC , ηi/ηC , Ti/TC ,

σi/σC , Ai/AC , τi/τC , Ei/EC and λi/λC , are the densities, the quantum efficiencies of the detector,

the transmissions of the optics at the fluorescence wavelengths, the two-photon excitation

cross-sections, the Einstein coefficients of the radiative decay of the laser excited states, the

experimentally measured fluorescence decay times of the laser-excited states, the energies, and

the wavelengths of the lasers used for performing the TALIF measurements for the probed (i) and

the calibrating (C) atomic species, respectively. For ps-TALIF on the H atom, the ground state

of the H atom is excited to H (n = 3) by absorption of two photons at an excitation wavelength of

205.08 nm and the resulting fluorescence is collected from the Balmer α line (Hn=3 → Hn=2)

at 656.3 nm.

For the plasmas considered in this study, due to collisional quenching (induced by the

moderate pressure conditions), the effective lifetime of the probed species may vary between a

few tens of picoseconds and a few nanoseconds, depending on the pressure and temperature.

This requires the use of a laser system capable of providing two-photon excitation within time

periods much shorter than the fluorescence decay time. Additionally, the laser pulses must be

short enough to prevent a significant overlapping between the excitation and the fluorescence

phase to ensure an accurate determination of the fluorescence decay. TALIF experiments also

require an acquisition system with a temporal resolution enabling one to capture the very fast

fluorescence decay processes. To meet all these requirements, we used a ps-laser for two-photon

excitation of Hα, coupled with a streak camera to capture the fluorescence signal with picosecond

time-scale resolution (both tools are explained in Chapter 3).

In general, streak cameras are distinguished by their ability to receive light signals within

a specific time interval, known as the sweep time, which ranges from 100 ps to 1 ms. In line

with the work of Invernizzi et al.180, the time window of the line image was ideally set at 5

ns to accurately extract τH over the range of experimental conditions considered in this work.
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This enables reproducing the full decay phase of the fluorescence signal, which is essential to

ensure an accurate determination of the fluorescence lifetime τH over the range of experimental

conditions explored in this work.

4.6.3 Data post-processing

The equation 4.29 requires the signal to be integrated temporally and spectrally. In other words,

it is necessary to measure the full spectral profile of the excitation line and, therefore, to have a

series of TALIF measurements at several wavelengths (in general, ten or fifteen wavelengths

are necessary to describe this profile properly). Even if the measurements are carried out

automatically, it is possible that between the first acquisition and the last: i) the plasma is not

exactly the same (fluctuation of the pressure, background, the temperature, etc.) and ii) the

laser energy changes. Furthermore, if the plasma has to be operated for a short time for general

stability reasons, e.g. gas scarcity or stability of the optical transmittance (for example, a plasma

with methane will blacken the windows, so the transmittance of the windows will fall), then it is

preferable to reduce the TALIF experiment time. To shorten the TALIF experiment, especially

when plasma conditions are not stable over time, it is good to get a full spectral profile under

stable conditions to get the FWHM of the fluorescence line. For subsequent measurements,

instead of measuring the full profile again, just record the maximum intensity at the resonance

wavelength. Using the previously measured FWHM, we can then mathematically reconstruct

the full profile. This method, known as the peak method, enables faster data acquisition while

preserving the accuracy of the profile101. This assumption is valid when experimental conditions

(such as stable plasma temperature and pressure) ensure that the width of the fluorescence line

does not vary. The TALIF equation of H-atom corresponding to the peak method is as follows:

ni = nC

∫
t
SFi∫

t
SFC

ηC
ηi

TC

Ti

σC

σi

AC

Ai

τC
τi

E2
C

E2
i

λ2
C

λ2
i

gν(peak)C

gν(peak)i
, (4.30)

Where
∫
t
SFi is the time-integrated fluorescence signal of i and gν(peak)i is the two-photon

absorption profile of the species i and it is obtained for a Gaussian (when the laser broadening is

dominant) this value corresponds to

√
4ln(2)

π

FWMHi
.

The raw TALIF signal captured using a streak camera is a 2D image where the x-axis (673

pixels) and the y-axis (508 pixels) are indicative of the spatial (i.e. x-axis of the reactor) and

temporal coordinate, respectively. The slit of the streak camera is horizontal (that is, along the

x-axis) and captures a fluorescence zone of approximately 4.5±2mm centered around the plasma

torch axis as shown in Figure 4.14. The large focal length of the laser focus lens (500 mm)

ensures that the laser cross section (∼ 500µm) remains constant throughout the fluorescence

zone. The height of the plasma with respect to the laser beam (i.e. in the z direction) was varied

in order to construct the 2D fields of H-atom density and other associated quantities in the x-z

plane.
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Figure 4.14: Illustration of the fluorescence captured by the streak camera.

4.6.4 Results

Measurements of atom densities were performed using actinometry and ps-TALIF. The quadratic

dependence of the fluorescence intensity with respect to the laser energy (as required by Equation

4.29) was verified for different operating conditions (cf. Figure 4.15a). To achieve absolute

density measurements, H-atom density calibration was initially performed using krypton239.

For this calibration, ps-TALIF measurements were performed in pure krypton within a quartz

cuvette at 200 Pa. However, following the measurement campaign, it was realized that the

optical properties such as transmittance of the cuvette and the plasma reactor chamber differed

significantly. This discrepancy required an additional calibration. Consequently, actinometry
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was chosen as the reference for determining relative densities. The ratio of H-atom densities,

obtained by ps-TALIF and actinometry, was measured under reference conditions (100 mbar, 90

W power) and was found to be 0.78. This ratio was subsequently applied to all measurements as

correction for optical properties.
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Figure 4.15: (a) Variations of SFi
as a function of laser energy for H and Kr and (b) H-atom

densities measured using actinometry and ps-TALIF as a function of pressure and power.

Figure 4.15b compares the H-atom densities measured using ps-TALIF and actinometry. The

two measurements are in relative agreement with each other in the pressure and power ranges

studied, which validates the absolute calibration approach used in our study. It is observed that

nH increases with pressure and varies between 7× 1015 and 2× 1016 cm−3, leading to a stronger

dissociation of H2. For this pressure range, dissociation of up to 10% is achieved. In particular,

for a given pressure, the density of atomic hydrogen does not vary significantly with power. This

is probably due to the fact that the main effect of a power increase is an increase of the plasma

volume, the local power density that determine the electron density, and therefore the kinetics of

electron-impact processes, i.e., ionization and dissociation, kinetics and thermal heating of the

plasma being almost constant.

4.7 Gas temperature measurement from ps-TALIF

This section explores a novel straightforward and direct approach to determine the gas temperature

in collisional plasmas from ps-TALIF. The effective lifetimes τX measured during ps-TALIF

serve as a probe of local plasma conditions, as it depends on all the radiative and collisional

quenching processes240,241. The effective lifetime τi characterizes the collisional and radiative

decay processes of the excited species following the laser excitation. It can be written as:

1

τi
= Ai +Qi = Ai +

P

kBTg

quenchants∑
j

kQi/j
xj, (4.31)

Where Qi and Ai are the quenching rate and the total Einstein coefficient of radiative decay

of the excited state. P is the local pressure, Tg is the gas temperature, kB is the Boltzmann
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constant, and xj is the molar fraction of the quencher j. kQi/j
is the rate coefficient of quenching

of excited species i by quencher j and can be expressed as :

kQi/j
= σQi/j

νi/j = σQi/j

√
8kBTg

πµi/j

, (4.32)

where σQi/j
is the collisional quenching cross-section, νi/j and µi/j are the mean thermal velocity

and the reduced mass of the collision pair i/j.

The measurement of τi and the use of Equation 4.31 allow one to determine the radiative

decay rate 1/Ai and the collisional quenching cross section σQi/j
. This can be achieved using

the Stern-Volmer plot of 1
τi
as a function of the pressures241. In general, Stern-Volmer plots

distinguish three distinct regimes:

• Radiation dominated regime at extremely low pressures i.e. Ai >> Qi ,

• Collision dominated regime at high pressures where Ai << Qi,

• Mixed radiative-collisional regime at intermediate pressures i.e. Ai ∼ Qi .

Similarly, knowing radiative and collisional decay constants, it is possible to deduce the gas

temperature Tg by rewriting equation 4.31 as :

Tg =
8

πkB

(
Pτi

1− τiAi

∑
j

xjσQi/j√
µi/j

)2

. (4.33)

To ensure the accuracy of Tg estimation from τi, the collisionality parameter γi = 1−τiAi, which

appears in the denominator of equation 4.33, must be considered. It is easy to notice that γi varies

between 0 and 1 where the lower asymptotic limit γi → 0 is indicative of a radiation-dominated

decay process while the opposite γi → 1 is indicative of a collision-dominated regime. It

is obvious that temperature recovery is not applicable for radiative-dominated decay regimes

(mathematically γi → 0, Tg → ∞).

4.7.1 Analysis of propagation of errors

The determination of τH with good accuracy is absolutely necessary for the reliable retrieval of

Tg. Moving point averaging with a window size of 200 pixels (which covers approximately 1.5

mm) was performed to suppress the noise in the raw images and to obtain the average spatial

variation of the space-distributions for H-atom density and gas temperatures. The uncertainty in

τi would naturally depend on the density of the probed atomic species. Lower atom densities

would indicate lower TALIF signal intensity as well as increased noise, making it difficult to

accurately extract τi from the raw TALIF data, therefore including a larger uncertainty. The

uncertainty in τH was estimated within 5 % in our conditions, which makes the measurements

of Tg by the approach discussed here fairly reasonable.

The uncertainty of the gas temperature measurements ∆Tg is determined from the partial

uncertainties of all the independent variables as follows:

∆Tg =

√√√√(∂Tg

∂P
∆P

)2

+

(
∂Tg

∂Ai

∆Ai

)2

+

(
∂Tg

∂τi
∆τi

)2

+
∑
j

{(
∂Tg

∂σj

∆σj

)2

+

(
∂Tg

∂xj

∆xj

)2
}
,

(4.34)
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where the partial derivative of Tg with respect to the different independent variables are given by

∂Tg

∂P
= Tg

2

P

∂Tg

∂Ai

= Tg
2τi
γi

∂Tg

∂τi
= Tg

2

γiτi

∂Tg

∂σj

=
16σj

πkB

(
Pτi
γi

xj√
µj

)2
∂Tg

∂xj

=
16xj

πkB

(
Pτi
γi

σj√
µj

)2 (4.35)

In conditions where the degree of dissociation is small, and only one quencher species j is

dominant (as seen in our experimental conditions), the uncertainty ∆Tg depends only on the

relative uncertainty of individual variables as given below

∆Tg

Tg

≈ 2

√√√√√(∆P

P

)2

+

(
∆Aiτi
γi

)2

+

(
∆τi
γiτi

)2

+

(
∆σj

σj

)2

+
�
�

�
�
�>
0(

∆xj

xj

)2

. (4.36)

The contribution of ∆xj is negligible owing to low degree of dissociation. Furthermore, the

impact of∆Ai and∆τi on the uncertainty of Tg is minimal when γi → 1. In fact, the contribution

of ∆Ai is negligible and only three terms play a role in uncertainty, ie P , τi, and σj .

0

2 0

4 0

6 0

8 0

1 0 0

Re
lat

ive
 er

ror
 (%

)

P r e s s u r e

s H / H 2

t

Figure 4.16: Relative errors for the different terms of the gas temperature equation at 100 mbar

and 100W.

Analysis of propagation of errors (as inferred from Equation 4.34), indicates that the major

contribution comes from the uncertainty of the collisional quenching cross section σH/H2 for

all the conditions studied, as shown in Figure 4.16. Due to low dissociation (< 5%) and weak

quenching by H-atoms (σH/H << σH/H2), H-atom density does not play a major role in temper-

ature measurements. For our experiments, the pressure was well controlled within ±1 mbar or
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±2% and therefore does not affect the overall uncertainty to a large extent. Therefore, the only

experimentally measured parameter that affects temperature measurement is τH . Nevertheless,

its contribution towards the total uncertainty is low for most conditions with a maximum of

30% far away from the plasma zone, where the temperature is much lower and close to ambient.

However, due to the high uncertainty on σH/H2 of 10%, the minimum uncertainty of Tg translates

to about 20% and marks the limitation of the present methodology. Therefore, an appropriate

choice of collisional cross sections is necessary for an accurate measurement of gas temperature.

Moreover, the uncertainty analysis indicates that the propagation of errors is minimum when

γ → 1. For example, errors emerging from different components can be amplified up to two

times when γi = 0.5 (see Equation 4.36). Such collisional conditions would ensure the thermal

equilibrium of heavy species242, which is key to the validity of equation 4.33.

4.7.2 Validation of the novel proposed approach

For the pressure and power conditions examined, the plasma is highly collisional with τH ranging

between 100 and 450 pswhile γH > 0.95 (calculated usingAH(n=3) = 4.41×107 s−1 for Balmer

α line243) as shown in Figure 4.17. τH decreases with increasing pressure, indicating an increase

in collisionality. Therefore, in principle, one single fluorescence signal should be sufficient to

measure simultaneously the H-atom density and the gas temperature.
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Figure 4.17: Variation of τH extracted from ps-TALIF signals and corresponding γH as a

function of pressure and power for the experimental conditions considered

The high collisionality would mean that complex radiative processes that are associated

with the H(n = 3) level have little influence, and collisional processes dictate the values of τH .

Therefore, as evident in equation 4.33, knowledge of all collision quenchers and the corresponding

composition and cross section is necessary. H2 is the main quencher with σH/H2 = 98±10 Å
2 241

while the H-atom is a weak quencher with a much smaller σH/H of 3.8 Å
2 244.
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Figure 4.18: Parity plot comparing gas temperature measurement from ps-TALIF using σH/H2 =
98 A2 with rotational temperatures (a) Trot(G) and (b) Trot(d).

The gas temperature values obtained from τH representing the emissive region of the plasma

are compared to the rotational temperature determined from the emission spectra of Trot(G)

and the upper and lower rotational temperature limits (Trot(d) and Trot(X)) of the Fulcher-α

band. The gas temperature of τH compares well with Trot(G) and is about 300 K lower than

Trot(d) at 100 mbar. Trot(G) and Tg from τH compare well within the margin ±25% for the

entire range of pressure and power studied, as shown in Figure 4.18(a). Likewise, the relative

difference between the values of Trot(d) and the Tg inferred from τH is within ±25%, although

with greater scatter than in the former case, as seen in Figure 4.18(b). In addition, we used

Pearson’s correlation coefficient, which is a measure of the linear relationship between two

variables, ranging from -1 (perfect negative correlation) to +1 (perfect positive correlation). The

Pearson correlation coefficient between Trot(G) and Tg is much better (∼ 0.80) than between

Trot(d) and Tg (∼0.60). This is also indicative of the fact that Trot(G) is a better representative

of Tg than Trot(d) in the pressure and power ranges considered in this study.

The differences between the measurements of gas temperature from the τH and rotational

temperatures from the G-band are partly due to the spatial variation of the gas temperatures

which is actually captured in the raw fluorescence images, while the emission spectra capture

the entire emissive volume.

4.7.3 Spatial distribution of Tg and nH

The major advantage of the proposed new method of gas temperature measurement is that gas

temperature is accessed directly, as against methods that require equilibrium between rotational

and translational modes. Furthermore, the method allows for the simultaneous determination

of the spatial distributions of the H-atom and the gas temperature. Figure 4.19 shows the 2D
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contour plots of the density of the H-atom and the temperature of the gas under different pressure

conditions. The x-axis is represented in pixels as axial calibration was not performed, while

the y-axis refers to the z-direction with 0 corresponding to the first possible laser measurement,

approximately 0.5 mm from the base of the torch.
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Figure 4.19: Constructed 2D contour plots of H-atom density and Tg for different pressures.

The x-axis is in pixels, and the y-axis refers to z with 0 referring to the first possible laser

measurement about 0.5 mm from the base of the torch.

Both H-atom and Tg are much more homogeneous axially at lower pressures such as 50 and

75 mbar. However, as pressure increases, it can be clearly recognized that two local hot zones

are separated by a cold zone close to the z = 0 plane, indicative of the annular shape of the

microplasma. One can clearly observe that there is a strong hydrogen dissociation locally in

these hot zones at 125 mbar, which is absent at lower pressures. This is representative of the

plasma-MW coupling, where the volume plasma decreases and the MW power density increases

with pressure as shown in figure 4.13. These spatial variations of both the H-atom and Tg could

not be visually deciphered from the raw fluorescence signals and could only be deduced from

the post-treatment of these signals. More importantly, the method was able to capture the strong

temperature gradients within the microplasma. The temperature differences between the hot

zones and the surrounding regions were as high as 600 K. Also, there is a sharp decrease in

temperature and H-atom density away from the plasma discharge, which are homogeneous within

3 mm from the plasma region. Tg becomes closer to the ambient temperature within about 5 mm

of the discharge zone. However, there is still a substantial amount of H-atom (around 1×1015

cm−3) at such low temperatures, which indicates an enhanced chemical nonequilibrium effect
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that may be interesting for applications involving the treatment of thermosensitive materials or

the formation of carbon nanostructures, such as in our nanodiamond deposition process.

4.8 Conclusion

In this chapter, we characterized the MW-microplasma torch operating in pure hydrogen gas

at pressures ranging from 50 to 125 mbar. Using OES and ps-TALIF, we determined key

plasma parameters such as gas temperature, electron density, and atomic hydrogen density. We

observed that plasma evolution follows several regimes, marked by initial plasma expansion,

its development into a stable circular shape, and then the appearance of a secondary plasma

at critical power values. The results showed that G-Band gives a reliable gas temperature that

increases with MW power and pressure in the range 1000 K-1400 K. On the other hand, the

electron density (2 x 1013 cm−3) is nearly constant overall under operating conditions, while

the atomic hydrogen density is almost constant with power and increases with pressure. The

highest values of electron and H-atom densities are reached in the stable and full plasma regime.

These are the conditions at which the deposition of carbon nanostructures will be performed.

The formation of carbon nanostructures under such H-atom-rich conditions will be studied in

the next chapter.



Chapter 5

Carbon nps in H-rich CH4 plasmas

Contents

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.2 Characterization of carbon nanostructures . . . . . . . . . . . . . . . . . . . 88

5.2.1 Morphological and structural analysis of carbon nanostructures . . . 88

5.2.2 Evaluation of the abundance of sp3 phase . . . . . . . . . . . . . . 90

5.3 Carbon NPs produced in H2/CH4 plasmas . . . . . . . . . . . . . . . . . . 92

5.3.1 Characterization of H2/CH4 plasmas . . . . . . . . . . . . . . . . . 93

5.3.2 Effect of MW power on carbon NPs . . . . . . . . . . . . . . . . . 95

5.3.3 Effect of pressure and methane on carbon NPs . . . . . . . . . . . . 96

5.3.4 Influence of Argon on nanodiamond yield . . . . . . . . . . . . . . 99

5.4 Investigation of NDs nucleation mechanisms . . . . . . . . . . . . . . . . . 102

5.4.1 Consistency Across Substrates . . . . . . . . . . . . . . . . . . . . 104

5.4.2 Effect of substrate temperature . . . . . . . . . . . . . . . . . . . . 105

5.4.3 Application of substrate bias . . . . . . . . . . . . . . . . . . . . . 106

5.4.4 Time-Dependent Deposition Studies . . . . . . . . . . . . . . . . . 107

5.4.5 Carbon nanostructures collection in different deposition zones . . . 108

5.4.6 Transfer of nanodiamonds to solution . . . . . . . . . . . . . . . . 110

5.5 Discussion on nucleation of nanodiamonds . . . . . . . . . . . . . . . . . . 110

5.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

5.1 Introduction

This chapter discusses the quality, morphology and yield of carbon nanostructures, particularly

nanodiamonds, synthesized using theMWplasma torch with CH4 as a hydrocarbon precursor and

with and without argon. The first part of the chapter is dedicated to the characterization of carbon

87
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nanostructures through morphological and structural analysis. We also discuss the abundance

of sp3 carbon, i.e. the diamond phase. In the second part, we present a parametric study of

the synthesis of carbon nanoparticles synthesis in H2/CH4 mixture (± Ar). We correlate the

material characteristics with the plasma local parameters as inferred from optical diagnostic. The

objective is to find the best conditions for the formation of nanodiamonds. We also investigated

whether the formation of diamond nanoparticles is affected by the characteristics of the substrate.

Subsequently, the possible nucleation pathways of nanodiamonds are discussed with the aid of a

0D global model.

5.2 Characterization of carbon nanostructures

5.2.1 Morphological and structural analysis of carbon nanostructures

(a) SEM image (b) AFM image

Figure 5.1: Experimental conditions: Gas composition 96:4 H2/CH4, Pressure = 100 mbar, MW

power = 90 W.

Carbon nanostructures could be collected on the substrate and visually observed for most

of the working conditions of the plasma and collection system. All carbon nanostructures

characterized in this chapter were collected in the heating/biasing collection chamber (Figure

3.2) on a substrate placed 1 cm below the plasma torch for one hour of operation where neither

the substrate was heated nor bias was applied. Energy-dispersive X-ray spectroscopy (EDX)

revealed that the observed nanostructures are mainly composed of carbon (C), with minor traces

of oxygen (O) and silicon (Si). These impurities are probably due to contamination by the

silicon substrate during material characterization experiments and oxidation by the ambiant

atmosphere when the sample is extracted from the plasma reactor for characterization purposes.

The AFM, SEM, and TEM characterizations clearly showed the deposition of agglomerated

nanostructures with an approximate particle size of 10 nm. Figure 5.1 reveals the morphology of

carbon nanostructures, collected at 100 mbar and 90 WMW power for a gas composition of 96:4

H2/CH4 characterized, using SEM and AFM imaging techniques. At 80,000x magnification, the
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SEM image (Figure 5.1a) shows a dense and uniform distribution of particles on the substrate

surface. The particles appear as white spheres on a gray background, indicating a relatively

homogeneous size with a slight variation in diameter. The 100 nm scale bar is used as a reference

to estimate the dimensions of the observed particles. Carbon nanoparticles appear as fine and

well-dispersed grains, typical of high-purity materials34,137. Figure 5.1b shows an AFM image

of carbon nanostructures taken at a scale of 600 nm, which reveals a densely packed and uniform

distribution of the nanostructures.
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Figure 5.2: Particle size distribution using (a) SEM and (b) AFM

Figure 5.2 shows the size distribution of DNPs obtained from the SEM and AFM images

depicted in Figure 5.1. The particle size distribution was measured from SEM images using

ImageJ software. This is a histogram with a superimposed lognormal distribution curve. The

x-axis represents the particle diameter in nanometers, and the y-axis represents the frequency

of each size interval. The particle distribution is asymmetrical, with a long tail for larger sizes

and a maximum frequency between 8 and 10 nm. The log-normal distribution of the particle

populations revealed by the SEM image a mean diameter dc=10.86 nm and a standard deviation

w=0.62 while that of the AFM data fits a log-normal distribution with a mean diameter dc =

13.63 nm and a standard deviation w = 0.294.

TEM images and SAED patterns confirmed the crystalline nature of the nanostructures,

while EELS spectra demonstrated the presence of hybridized carbons of sp2 and sp3 (cf. Figure

5.3). Figure 5.3a presents the TEM image of carbon nanostructures collected with a power

of 90 W. The image reveals hybrid nanostructures composed of both graphitic carbon and

diamond. The observed d-spacings of 0.21 nm and 0.35 nm correspond to the planes (111)

of diamond and planes (002) of graphite, respectively. Figure 5.3b shows the selected area

electron diffraction pattern corresponding to the TEM image. The crystalline nature of the

collected carbon nanostructures is confirmed by the observation of concentric rings in the

electron diffraction patterns, strongly indicating the presence of the diamond plan (111), (220)

and (311). The electron energy loss spectroscopy (EELS) spectra of the carbon nanostructures
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Figure 5.3: (a)TEM image of carbon nanoparticles at a resolution of 1.8 A, its corresponding

(b) selected area electron diffraction with blue circle refers to the (111) plane and red circle to

the (311) plane of diamond phase and (c) EELS spectra of carbon nanoparticles. Experimental

conditions: CH4 = 4 sccm, H2 = 96 sccm, pressure of reactor = 100 mbar, MW power = 90 W.

are presented in Figure5.3c. Two important peaks are observed in the spectrum: the peak π* at

about 285 eV, corresponding to the carbon hybridized sp2, and the peak σ* at about 290 eV,

corresponding to the carbon hybridized sp3 20.

5.2.2 Evaluation of the abundance of sp3 phase

The quality of nanodiamonds in the collected carbon nanostuctures can be described by the

sp3/sp2 hybridization ratio. A high proportion of sp3 bonds is characterized by a high ratio,

which indicates a diamond-rich nanostructure. However, a low ratio indicates the presence of a

high proportion of sp2 bonds, characteristic of the graphite phase. Quantitatively, this quantity

can be obtained from Raman and XPS analysis.

Figure 5.4a shows an example of typical Raman spectra found in the collected carbon nanos-

tructures containing nanodiamonds. The different individual Raman bands are also indicated

that were obtained using a deconvolution procedure. The structures corresponding to these bands

are discussed in Table 5.1. Deconvolution of the Raman spectra of carbon nanostructures, as

produced in the torch, is challenging, because of the broadened overlapping bands. Moreover,

the signal-to-noise ratio of the Raman signals from our samples turned out to be quite low be-

cause of the low deposit quantity. As a consequence, the interpretation of the Raman data is not

straightforward, and special attention needs to be paid to fit the raw Raman data with the different

peaks. In particular, isolating diamond bands is difficult due to the proximity of the broadened D

band and the Diamond peak247,248. Furthermore, there can be appreciable shifts and broadening

of the different bands. For example, nanodiamonds display a broadening of Diamond band

as large as 40 cm−1 247,248. Various methods have been suggested to deconvolute the different

peaks. However, there is no clear consensus on the profile of the Raman bands. Some studies

recommend the use of Gaussian profiles253–255, while other equally significant studies suggested
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Figure 5.4: An example of (a) Raman spectra and (b) XPS C1s line observed for carbon

nanostructures produced in the torch. Also shown are the deconvolution of the raw spectra to

identify individual Raman bands and deconvolution of XPS C1s line to sp3/sp2 configuration.

Table 5.1: Key spectral features of interest in the Raman spectra of carbon nanostructures.

Spectra ν cm−1 Characteristics Symbol

D-Band 1350

Indicative of disordered sp2 carbon structures,

commonly associated with defects and disorder

in the graphite lattice190,191.

ID

G-Band 1550
Represents the E2g phonon of sp

2 carbon domains,

signifying the presence of graphitic carbon.
IG

Diamond 1332

This peak is typically sharp in high-quality bulk

diamonds. Asymmetrically broadened and blue-

shifted to 1329 cm−1 due to phonon confinement

effects in nanometer-sized diamond grains245,246.

The presence of small nanodiamond particles

leads to broadening and overlapping of peaks in

the Raman spectra246–248.

Idia

Transpolyacetylene

(TPA) µ1 mode
1480

Associated with the transpolyacetylene chains

(C=C stretch), related to the µ1 vibrational

mode249–251.

It2

Transpolyacetylene

(µ3 mode)
1130

Associated with the transpolyacetylene chains (C-

H in plane bending) , related to the µ3 vibrational

mode192,249,252.

It1

the use of Lorentzian profiles256,257. Voigt profiles, Gaussian-Lorentzian combinations, have

also been used191,258,259. In general, the Gaussian profile is associated with non-homogeneous

peak broadening in amorphous materials, while a Lorentzian profile assumption is used when

homogeneous broadening dominates, as in bulk crystalline materials260. The Raman band of

the synthesized nanostructures could be fitted by both Lorentzian and Gaussian, which would

indicate that the nanostructures contain a high degree of disordered materials. This behavior

has already been observed in the case of nanodiamonds with a sizer less than 20 nm. Therefore,

to simplify the analysis, we adopted a deconvolution procedure that assumes Gaussian profiles
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for the different bands and uses a least-square fitting procedure with constraints on the peak

position and FWHM. A Python code was developed to automate the deconvolution process and

was employed throughout the thesis.

The quantity ratio of the phases of sp3 to sp2 (cf. equation 5.1), is determined from the

intensity ratio of the diamond peak (Idia) to all non-diamond peaks, ie, the G and D band of the

graphite and trans-polyacetylene bands.

sp3/sp2 =
Idia

IG + ID + It1 + It2
(5.1)

The sp3 fraction, can be evaluated using102,103.

sp3(%) = 100 ·
(

60 · Idia
60 · Idia +

∑
Inon-diamond

)
(5.2)

where Idia is the Raman diamond peak, which represents the sp
3 phase, and

∑
Inon-diamond is

the sum of the Raman non-diamond peaks. Therefore,
∑

Inon-diamond = IG + ID + It1 + It2 . The

factor 60 contained in the equation represents the Raman signal efficiency factor between the

non-diamond and sp3 phases, estimated for the excitation wavelength of 473 nm102,103,261. The

degree of defect or disorder can also be assessed by Raman spectroscopy using either the intensity

ratio of the D-band to the G-band of graphite (ID/ IG) or the intensity ratio of the µ1-TPA-band

to the G-band (It2/IG).

XPS analysis of the deposits was used to measure the sp3/sp2 mass-ratio. Figure 5.4b shows

the fit of the C1s peak with the sp3 and sp2 components. A Voigt function was used to separate

the contributions of sp2 and sp3 262–264. The carbon peak of sp2 is around 284.5 eV while the

carbon peak of sp3 is 285.4 eV. The peaks between 286 and 289 eV are C1s emissions linked

to carbon-oxygen bonds, in particular C-O and C=O263 bonds. The intensities and positions of

these peaks can be used to identify the type of oxygen functionalities on the surface. As the XPS

sensitivity factor is not affected by the chemical state of the atoms263, the relative fraction of

each carbon component (sp2 and sp3) was calculated on the basis of the integrated area under

the corresponding peaks.

Figure 5.5 shows the variation of the sp3/sp2 ratio as a function of CH4 concentration (% CH4)

at 100 mbar and the 90W power deduced from Raman spectroscopy and XPS measurements.

Given the good agreement between the two, Raman spectroscopy was used extensively to

evaluate the sp3/sp2 mass-ratio in the remainder of the thesis, due to easy access to the Raman

spectrometer in our laboratory. It is clear from Figure 5.5 that the concentration of methane has

a significant effect on the nature of the deposit, i.e. sp3/sp2 mass-ratio. The effect of the plasma

conditions on the characteristics of the carbon nanostructures is discussed in the next section.

5.3 Carbon NPs produced in H2/CH4 plasmas

A variety of carbon nanostructures have been collected for different precursor feed gas composi-

tions (hydrogen and methane), working pressure, and injected MW power.
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Figure 5.5: Variation of the sp3/sp2 ratio as a function of methane concentration measured

by XPS (black) and Raman (red). Experimental conditions: Total flow-rate = 100 sccm with

mixture H2 and CH4 , Pressure = 100 mbar, substrate = silicon, distance plasma-substrate = 1cm

and deposition time = 1h.

5.3.1 Characterization of H2/CH4 plasmas
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Figure 5.6: (a) Example of CN profile obtained with the conditions : CH4 = 6% , H2 = 94%

, Pressure = 100 mbar and Power= 90W and (b) Variation of gas temperature with methane

concentration in the CH4/H2mixture. Experimental conditions : CH4+H2= 100 sccm, Pressure=

100 mbar, Power = 90 W.

It is important to state here that the H2 rich conditions, i.e., the concentration of methane

<20%, used in the present study do not alter the operation regimes of the present torch. The

transition from the “full circle” regime to unstable conditions occurs at the same power as

that of pure H2 plasma. This would mean that plasma properties such as electron density and
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temperature and volume would be of similar orders of magnitude as those reported in Chapter 4.

Efforts were made to access the influence of methane on the gas temperature and the density of

H atoms. Unlike the case of pure hydrogen plasma discussed in section 4.4, it was not possible

to use the G-band to determine the rotational temperature with the CH4/H2 mixture due to the

strong overlap of the lines from the C2 Swann band. Consequently, it was also not possible

to use bands of C2 Swann, CH(A-X) and CH(B-X) as there were strong overlaps with other

systems. A small amount of N2 gas was added to the plasma and the rotational temperature (Trot)

of the CN violet band B2Σ+-X2Σ+ (0, 0) located around 387.5 nm265–267 was used to study the

variation of the gas temperature. The addition of 1% N2 ensures sufficient CN formation for

the measurements without significantly altering the thermal dynamics of the mixture. Although

the system overlapped with the CH (B-X) system, the CN spectrum was relatively strong and

therefore was used to estimate the influence of CH4 on the rotational temperature and thus the

gas temperature. Measurement of rotational temperature using the violet CN system in a plasma

involves minimizing the difference between the observed and simulated emission spectrum of

the CN (B2Σ+-X2Σ+ (0, 0)) transition as illustrated in Figure 5.6a. The mismatch between the

two spectra is due to the overlap of the CH band. However, this band has been used to access

the influence of methane on the gas temperature. Figure 5.6b shows the variation in the gas

temperature as a function of the methane concentration in the mixture at a pressure of 100 mbar

and a power of 90 W. The gas temperature is observed to vary very little with the concentration

of methane with 1143.7 ± 32.3 K for the range of methane concentrations considered in this

work. Therefore, one can conclude that the gas temperatures of hydrogen rich hydrocarbon

plasmas are similar to the temperatures of a pure hydrogen plasma discussed in sections 4.4.3

and 4.7.2.
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Figure 5.7: (a) Variations of SFi as a function of laser energy for H. Experimental conditions:

CH4 = 7% and H2 = 93% , (b) nH as a function of CH4 concentration at 100 mbar and 90W from

ps-TALIF.

However, the situation is different for the concentration of H atoms, as the hydrocarbon

chemistry is dictated by the H atoms and the H2 molecules. The H-atom density has been
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measured using ps-TALIF. Performing ps-TALIF experiments in hydrocarbon plasma was

much more challenging, as compared to the same measurements in H2 -plasma. First, the high

intensity of the ps laser can dissociate hydrocarbon species such as CH4, CH3, etc. to produce

an H-atom. The laser-induced production of H-atoms will render the H-atom measurements

erroneous. Therefore, efforts were made to make sure that the laser energy was sufficiently small

to avoid such auxiliary laser-based processes. The quadratic regime for methane (as required by

Equation 4.29) was verified for different conditions, and an example is shown in Figure 5.7a.

The other major issue in performing laser-based experiments in a hydrocarbon plasma was the

deposition of carbon nanostructures on the optical windows of the chamber. Therefore, to reduce

carbon deposits and ensure data reliability, the optical windows were cleaned every hour. In

addition, the transmissivity of the windows was measured at regular intervals. These measured

transmissivities were taken into account when calculating the H-atom density. Independently,

each data acquisition was repeated three times to account for repeatability. Gas temperature

measurement from the TALIF fluorescence signal was also not pursued owing to the uncertainty

of the quenchers and their quenching cross-section data and all the measurements reported for

hydrocarbon plasmas are restricted to the zero point, just below the torch.

Figure 5.7b shows that the density of H atoms shows an almost 20 %-increase when the

concentration of methane in the feed gas increases from 0 to 4%. The density of H-atoms reaches

its maximum value for this last concentration of methane and then decreases significantly when

methane is introduced further in the discharge. This behavior of the density of H atoms as a

function of %CH4 is observed for other pressure conditions. The significant increase in the

concentration of H atoms at low methane concentration, i.e. CH4 % < 5, is probably due to

enhanced H atom production through electron impact dissociation of methane and increased

electron density when methane is introduced into the plasma. However, because the main

source of H atoms is the electron impact dissociation of molecular hydrogen, the decrease in

the densities of H atoms for higher concentrations of methane is simply due to lower injected

densities of molecular hydrogen. Secondly, the increased methane densities would increase the

consumption of H-atoms through the H-shift reactions explained above and therefore further

decrease the H-atom densities. In some way, the decrease in the density of H atoms with the

concentration of methane could also explain the decrease in sp3 content at higher concentrations

of methane as observed earlier in Figure 5.5.

5.3.2 Effect of MW power on carbon NPs

The Raman spectra presented in Figure 5.8a show the influence of MW power on the character-

istics of the carbonaceous materials formed. It can be seen that increasing the MW power leads

to a variation in the graphite D- and G-band peaks, indicating a change in the sp2 content. In

particular, the diamond peak becomes more prominent at higher MW powers, indicating greater

formation of sp3 carbon structures. For MW powers above 70 W, a diamond peak emerges

around 1332 cm−1. The ratio of the peak at 1480 cm−1 to the G peak also increases with the

power of MW, indicating a higher fraction of transpolyacetylene or related structures in the

carbon network. Figure 5.8b presents the evolution of the sp3/sp2 ratio and the ID/IG ratio as
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Figure 5.8: (a) The Raman spectra of the samples and (b) its corresponding sp3/sp2 (left) and

ID/IG (right) ratio as a function of input power. Experimental conditions: CH4 = 4 sccm, H2 = 96

sccm, Pressure = 100 mbar, substrate = silicon, distance plasma-substrate = 1cm and deposition

time = 1h.

functions of the MW power at these conditions. While the sp3/sp2 ratio (black line) increases

with the MW power, the ID/IG ratio (red line) decreases. This inverse relationship suggests

that as the sp3 content increases and the amorphous content reduces. In Chapter 4, the gas

temperature increased with MW power and the operating regime is a ’full circle’ only above

80 W at a pressure of 100 mbar. However, the H-atom density did not change significantly

with power. Note that the H-atom density produced by the torch is fairly high compared to the

conventional resonating MW reactor used for CVD growth of diamond. This higher density

of H-atoms would result in an enhanced stabilization of the diamond phase. The preferential

formation of the diamond phase also depends on the amount of key primary hydrocarbon radicals,

such as CH3, available in the plasma. Because hydrocarbon chemistry is sensitive to both gas

temperature and H-atom density, the observations suggest that the production of key radicals

leading to the formation of a diamond phase in the carbon nanostructures should increase with

these conditions.

5.3.3 Effect of pressure and methane on carbon NPs

Although several types of deposit have been collected, only conditions showing substantial

amounts of nanodiamonds are reported here. Figure 5.9 shows the evolution of the carbon

nanostructures inferred from their respective Raman spectra, as a function of pressure at a fixed

power of 90 W and for a methane concentration varying between 1 and 12%. The MW power of

90 W ensured that the plasma was in the ”full-circle” regime without the formation of secondary

plasma for all the considered pressures. The quality of the diamond phase has been accessed

through the ratio of sp3 (Idia)/IG, amorphous-disordered (ID) and transpolyacetylene (Itrans) with

respect to the G-band as well as the %sp3 content. The highest Idia/IG ratio associated with

the large sp3 fraction (around 86%), indicating the best diamond quality, is observed at 4%
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Figure 5.9: Distribution of (a) Idia/IG ratio , (b) ID/IG ratio, (c) Itrans/IG and (d) sp3 fraction as a

function of pressure and methane concentration.

methane concentration and a pressure of 100 mbar. This region is marked by the red color in

the Figure 5.9a. This optimal point is also marked by the lowest ID/IG ratio as well as Itrans/IG

(represented by the blue area in Figures 5.9b and 5.9c). As a result, this condition corresponds to

the maximum yield of the diamond phase, as evident in Figure 5.9d. In fact, for all investigated

pressure conditions, the 4% of methane represents a maximum diamond phase, the other carbon

phases having minimum values. Further, the Idia/IG ratio as well as sp3 fraction, also tend to

decrease away from the optimal condition of 100 mbar and 4% methane concentration.

The amount of carbon nanostructures produced increases with methane concentration. This

increase is due to the fact that there are more carbon atoms available, leading to the formation of

various carbons (graphite, amorphous carbon, and diamond). Small concentrations of methane

(< 2%) produced hardly any carbon nanostructures with predominantly sp2 phase carbon. This

could probably be explained by the lower concentrations of CH3 (or other radical) necessary for

the formation and growth of the diamond phase, while the formation of amorphous sp2 carbon is
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predominant. As methane concentration increases beyond 6%, the Idia/IG ratio as well as sp3

fraction decreases. Unfortunately, an increase in the amount of methane seems to promote the

formation of undesirable nanostructures, reducing the quality of synthesized nanodiamonds. This

can be confirmed by the ID/IG and Itrans/IG ratios which increase substantially with an increase

in CH4 concentration. The optimal condition of 4% should be indicative of a perfect balance

between methane dissociation, the availability of carbon radicals needed to form sp3 bonds,

and the availability of H-atoms that ensure optimal metastability conditions, thus favoring the

formation of nanodiamonds. When conditions deviate from this optimal zone, either by too high

or too low pressure, or by inadequate H-atom density with respect to hydrocarbon concentration,

the formation of sp2 bonds becomes predominant, thus decreasing the quality of nanodiamond.
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Figure 5.10: Evolution of C2 and CH as a function of methane concentration at 100 mbar and

90W by OES as a function of methane concentration. Experimental conditions : Pressure = 100

mbar, Power = 90W and the total flowrate CH4+H2 = 100 sccm.

Efforts were made during the present thesis to make quantitative/qualitative measurements

of carbon radicals C2 and CH using laser induced fluorescence (LIF)268. This was motivated

by the fact that the relative densities of CH and C2 could be indicative of the CH3 radical.

In our study, we used an ns laser to excite the carbon radicals and record their fluorescence.

Unfortunately, because of several technical limitations and a lack of time, these measurements

could not be realized, and the experimental campaign was abandoned. However, since these

two species are strongly emissive under the present conditions, OES was used to qualitatively

monitor their evolutions as a function of methane concentration. The most prominent bands

observed in our plasma correspond to the C2 Swann ((0, 0) (d
3Πg → a3Πu) at 516 nm and

CH (A2∆ → X2Π (0, 0)) at 431 nm. As methane concentration does not significantly affect
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the plasma parameters in the investigated range of feed gas composition, the evolution trends

of the emission intensities corresponding to these carbon radicals should be indicative of the

density-variation-trends of the corresponding radicals in their electronic ground state. Figure

5.10 shows the evolution of the intensities of the C2 and CH species as a function of the methane

concentration measured at 100 mbar and 90 W. The graph reveals two regimes in the behavior

of these species. In the first regime, when the methane concentration is below 10%, both C2

and CH intensities increase linearly with increasing methane, indicative of the increase in the

densities of methyl radicals. In the second regime that takes place beyond the 10% concentration

of methane in the feed gas, the densities of these radicals remain constant. The difference in the

emission trends between the two regimes for both C2 and CHwould indicate that the hydrocarbon

chemistry in these two regimes is quite different. Clearly, to correlating the results of plasma

and material characterization, small concentrations of methane are used to favor the formation

of the diamond phase among other phases of carbon. This conclusion is not surprising, as it is

seen in other reactive hydrocarbon systems such as conventional CVD diamond reactors or even

flames269.

5.3.4 Influence of Argon on nanodiamond yield
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Figure 5.11: Representation of reflected power as a function of absorbed power at 100 mbar

with different Ar/H2 mixture. The total flowrate Ar+H2 = 100 sccm.

This section discusses the effect of small amounts of argon on the quality and quantity of

nanodiamonds. In order to evaluate the effect of Argon on nanodiamond formation, the working

pressure and power were set to the value yielding the best yield of nanodiamonds in Argon-less

plasmas i.e. 100 mbar and 90 W. Analysis of plasma stability at 100 mbar for different Ar/H2
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mixture shows that the plasma becomes unstable at 100 W (cf. Figure 5.11) . Here, the instability

occurs at a lower power value compared to the pure hydrogen plasma, where the instability

occurs at 120 W for a pressure of 100 mba. Therefore, the total flow rate of H2 and CH4 was set

at 100 sccm and the argon flow rate was varied in the range 0-25 sccm, in which the plasma

is stable without secondary plasma formation inside the torch upstream the open end. Even

though the electron density has not been measured particularly for argon-laden plasmas, the

increased reflection suggests that the addition of argon should increase the real part of the

dielectric constant of the plasma (cf. Section 4.3) and therefore the electron density.
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Figure 5.12: (a) Variation of Tg as a function of Ar flow rate and (b) nH as a function of CH4

concentration and argon flowrate (sccm) at 100 mbar and 90 W.

In the case of Argon, the gas temperature was estimated using the G-Band of hydrogen

emission as highlighted in Chapter 3. As shown earlier for the case of H2/CH4 plasmas, one

can assume that the influence of methane on gas temperature would remain negligible even for

argon plasmas. However, the apparent change in the MW coupling when argon is introduced

in the feed gas could have an impact on the gas temperatures. Therefore, the gas temperature

has been evaluated from the rotational temperature of G-band in Ar-H2 plasmas. Figure 5.12a

shows the evolution of this temperature as a function of the argon flow rate in an Ar + H2 plasma,

the H2 flow rate, pressure, and power being kept constant at 100 sccm, 100 mbar and 90 W,

respectively. The consequence of the addition of argon was to increase the gas temperature

from 1275 K to about 1750 K. This increase is likely due to an enhanced electron process along

with a lower thermal diffusivity of the gas mixture. The H atom density was measured using

ps-TALIF and steps were taken to ensure that acquisition was performed in the quadratic regime.

The evolution of H-atom density as a function of methane concentration (%, CH4), and argon

flow rate (in sccm) is presented in Figure 5.12b. The density of H-atoms is seen to increase

by an order of magnitude when 20 sccm argon is introduced into the feed gas. The increased

dissociation of H2 could be due to the increase in gas temperature, the enhanced dissociation

by electron impact processes and the reactive quenching of argon metastables by molecular

hydrogen270. The variation of H-atom density with methane concentration follows trends similar



5.3. CARBON NPS PRODUCED IN H2/CH4 PLASMAS 101

to those seen in the case of pure hydrogen plasmas with a maximum shift towards around 9%

CH4 concentration.
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Figure 5.13: Distribution of (a) Idia/IG ratio , (b) ID/IG ratio, (c) Itrans/IG as a function of Ar

and methane concentration and (d) Ternary contour of mixture H2 +CH4+Ar. Experimental

conditions : Pressure = 100 mbar, Power = 90 W and the total flowrate CH4/H2 = 100 sccm.

The enhanced densities of H-atoms and gas temperatures affect the chemistry of hydrocarbons

and the nature of the resulting carbon nanostructures. Firstly, argon-laden plasmas produce much

more carbon nanostructures than argon-less plasmas. The optimal quality of nanodiamonds was

obtained at 4% methane in the feed gas for all the investigated values of argon concentration.

However, the quality of nanodiamonds is also sensitive to the absolute value of argon flow,

and an optimal quality is obtained at 20 sccm. This behavior is represented by the red region

in Figures 5.13a. where the minimum value of ID/IG and Itrans/IG (Figures 5.13b and 5.13c

with argon correspond to the optimal quality of the material. The addition of argon appears

to improve the quality of nanodiamonds with sp3 fraction reaching around 92%. The ternary
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diagram shown in Figure 5.13d summarizes the diamond production zone by merging the results

of H4/CH4 and H2/CH4/Ar mixture.
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Figure 5.14: 2D Contour plot showing the evolution of (a) CH and (b) C2 species as a function

of methane concentration and argon flowrate. Experimental conditions : Pressure = 100 mbar,

Power = 90W and flowrate of CH4+H2 = 100 sccm.

We investigated how the concentrations of some carbon-containing plasma species correlate

with the characteristics of the produced carbon nanostructures. Figures 5.14a and 5.14b 2D

contour plot of C2 and CH radicals as a function of methane concentration and argon flow rate.

The maximum emission intensities for both radicals can clearly be observed at 4% methane and

20 sccm Ar and this corresponds to the maximum quality of sp3 fraction in carbon nanostructures

as shown in Figure 5.13. It is quite clear that these radicals should be important with respect

to the diamond formation process. As CH is related to the CH3 radical, increased amounts

of CH would also indicate elevated amounts of CH3. In correlation of the results of plasma

diagnostics and material characterization, it can be concluded that elevated densities of H atoms

in the presence of radicals CH3 and C2 are critical for nanodiamond formation.

5.4 Investigation of NDs nucleation mechanisms

Nucleation is the critical step in nanostructure formation, which influences the morphology

and final properties of the materials. Recalling from Chapter 2, the nucleation of carbon

nanostructures could occur due to either gas phase processes (cf. Figure 5.15) or surface processes

(cf. Figure 2.4). This section is devoted to understanding the nucleation route that occurs during

synthesis using the microplasma torch. The surface reactions leading to heterogeneous growth

depend on the characteristics, composition, local plasma conditions at the substrate surface,

and especially the substrate temperature and the availability of key radicals and sites on the

surface73. The relatively high energy of the interface between diamonds and other materials

makes it difficult to induce diamond nucleation on non-diamond surfaces137. In the present
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Figure 5.15: Schematic of gas-phase processes: molecular growth and nucleation and subsequent

collection of NPs on the substrate

experiments, the major surfaces that come into contact with the reactive gas are the surfaces

of the torch (central pin and surface) and the substrate located downstream the plasma where

carbon nanostructures are collected. All of the experiments reported in the preceding section

were performed on pristine substrates (Si) without any pretreatment or seeding and without

heating. Normally, substrates are heated to very high temperatures (>800 C) in order to induce

nucleation137 which was not the case in the present condition. Even the outer surface of the

torch was cooled to room temperature. However, the pin itself was not cooled and could have

high temperatures that could potentially support nucleation sites for carbon, especially diamond.

Moreover, being in the vicinity of the torch provides it with concentrations of key radicals and

H-atoms. However, there was no visible deposition of carbon nanostrucutres on the surface of

the pin around the optimal conditions supporting nanodiamond formation, and there were no

signs of nanodiamonds in the Raman spectra of the pin as well. In fact, there is deposition on

the pin only for very high concentrations of methane (>10%) where nanodiamonds were not

formed. In a way, the formation of these carbons at a high concentration of methane impedes

the continuous running of the torch and thus has been mostly avoided.

For the present experimental configuration, gas-phase processes cannot be ruled out. Al-

though the literature has shown evidence for gas-phase nucleation of nanodiamonds, the nu-

cleation mechanism itself has not been identified. If all particles nucleated in the gas phase,

the particles are transported by inertial drag and are collected on the substrate downstream

due to impact. The collection efficiency would be poor as most of the particles formed in the

gas phase may not stick to the substrate surface271,272. The efficiency of particle collection

can be influenced by several factors such as manipulating the forces acting on these particles.

For example, the particles in the plasma are generally negatively charged as a result of the

low mobility of electrons, and applying a positive bias can possibly attract these nanoparticles.

However, creating steep temperature gradients helps to effectively collect nanoparticles due

to thermophoresis forces. Further, even if the carbon nanostructures could not nucleate in the

gas phase, growth of larger hydrocarbon molecules can occur in gas phase that may deposit on
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the silicon substrate placed downstream, and therefore act as active sites to support growth and

nucleation of nanodiamonds in the presence of CH3 radical and H-atoms.

Therefore, in order to obtain a clear understanding of the role of the different competing/com-

plementing processes, a systematic study was performed to identify the likely route (surface

or gas phase) of nucleation of diamond nanoparticles. For this study, we have fixed the opti-

mal plasma conditions, i.e. 4% CH4 at 100 mbar and 90 W of injected MW power where the

maximum yield of DNPs was obtained. In the following sections, we will look at the specific

conditions that favor one of these mechanisms and the consequences of these processes on the

characteristics of the resulting carbon nanostructures.

5.4.1 Consistency Across Substrates
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Figure 5.16: Raman spectra for (a) different plasma-substrate distances and (b) different type of

substrate. Experimental conditions: CH4 = 4 sccm, H2 = 96 sccm, Pressure = 100 mbar, power

= 90W and deposition time : 1h

Experiments were carried out where the distance between the substrate and the plasma source

was varied within a range of 1 to 2 cm. The density of NPs on the surface decreased with

distance, which is consistent with the hydrodynamics of the stagnation flow. In fact, a stagnation

line flow is subject to radial convective losses that result in a decrease in the axial fluxes of

the plasma components (active chemical species and solid particles)273. As such, the flux of

chemical species and carbonaceous particles at the substrate surface would decrease with the

distance between the source and the substrate. The Raman spectra of these carbon nanostructures

(cf. Figure 5.16a) do not show any change with the distance between the substrate and the plasma

source and are very similar. This suggests that proximity of the substrate to the plasma did not

significantly alter the characteristics of the carbon nanostructures formed.

A second set of experiments were conducted with two different substrates: silicon and fiber-

glass placed 1 cm away from the plasma. The Raman spectra (Figure 5.16b) of the carbonaceous

materials collected on these two substrates were identical. This indicates that neither the type of

substrate nor the distance between the plasma and the substrate have an influence on the growth
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process of carbon nanostructures. Moreover, the likelihood of radicals such as CH3 to have a

long lifetime are relatively low and may not reach distances of 2 cm. Therefore, we conclude

that the substrate has no role in the nucleation of a nanodiamond.

Figure 5.17: TEM image of carbon nanoparticles (left) and its corresponding selected area

electron diffraction (right) for 5 min of deposition in the cold finger(experimental conditions:

CH4 = 4 sccm, H2 = 96 sccm, pressure of reactor = 100 mbar, injected power = 90 W)

It was also possible to detect the diamond phase in carbon nanostructures collected directly

on a carbon TEM grid placed on the cold finger for about 5 minutes. TEM images and electron

diffraction of this deposit are shown in Figure 5.17. The TEM image shows aggregates of

carbonaceous nanostructures. The particle size is of the order of a few nanometers, as indicated

by the 20 nm scale. The associated electron diffraction image shows a characteristic diffraction

pattern with concentric rings. This pattern indicates the presence of nanocrystals within the

amorphous matrix. The diffraction rings suggest the presence of a crystalline diamond with

orientations (111) and (220).

5.4.2 Effect of substrate temperature

The substrate temperatures investigated here are much lower than the high temperatures (>800

C) normally used to induce the nucleation of the diamond phase137. This clearly indicates that

nucleation of nanodiamonds cannot be supported by surface reaction of the substrate. If the

nps are nucleated in the gas phase, the temperature gradient close to the substrate can influence

the collection of these NPs. Therefore, we investigated the influence of substrate temperature

on nanoparticle collection. The results presented here explore how variations in substrate

temperature affect the quantity and quality of the nanoparticles collected.

The nanoparticles were collected for 1 hour on a substrate located at a distance of 1 cm from

the plasma torch. The substrate was heated and five temperature values were investigated: 15,

30, 50, 70, and 100 ◦C. Note that the experiment with the substrate at 15 ◦C was performed using
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Figure 5.18: Raman spectra for different substrate temperature . Experimental conditions: CH4

= 4 sccm, H2 = 96 sccm, Pressure = 100 mbar, power = 90W and deposition time : 1h

the cold-finger system. The Raman spectra of the carbonaceous material obtained are shown

in Figure 5.18. At 15 and 30 ◦C, the Raman spectra show significant peaks for the diamond

and graphite phases. In fact, the high peak intensity in the Raman spectra would indicate that

the material collected at 15 ◦C is very dense. As the substrate temperature rises to 50°C, there

is a reduction in overall peak intensities due to the lower density of deposited nps. However,

the quality of the deposit remains almost the same. At 70°C, the trend towards decreasing peak

intensity continues. Diamond and graphite peaks are still present, but their intensity is greatly

reduced. This reduction is consistent with the observation that the amount of nanoparticles

collected decreases with increasing substrate temperature. When the substrate temperatures were

increased to 100°C, there were no particles collected on the silicon substrate as can be seen in

Figure 5.18.

The thermophoretic forces at high temperature push the nanoparticles away from the hot

substrate, therefore reducing the chances of deposition. The higher the temperature, the more

pronounced the effect, hence the decrease in nanoparticle collection when the temperature

increases from 15 to 50 ◦C and then to 70 ◦C, along with the absence of particles at 100 ◦C.

Therefore, we can conclude that the substrate plays little or no role in the deposition process and

that the nucleation of nanodiamonds occurs in the gas phase.

5.4.3 Application of substrate bias

The nanoparticles formed in a plasma are usually charged, and the collection efficiency of the

particles may be further improved by polarizing the substrate. However, from our spatial analysis
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Figure 5.19: SEM image of carbon deposit obtained on a substrate with bias of 200 V.

of temperature and H-atom density, the plasma extent is no greater than 0.5 mm from the torch

surface, and most particles beyond this range are likely to be neutral. Therefore, a polarized

substrate needs to be placed very close to the torch. We therefore carried out experiments

with the substrate placed 1 cm downstream the plasma torch and polarized either positively or

negatively up to 250 V. We observed a drastic change in the nature of the deposit when applying

a bias regardless of the voltage value for all of the discharge conditions investigated. The deposit

evolved from nanoparticles to film morphology (cf. Figure 5.19), with no signs of a diamond

phase in the Raman spectra. This could be due to the fact that polarization increases the flow of

ions toward the substrate, which could initiate bias-enhanced nucleation of carbon nanostructures

on the silicon surface. In fact, bias-enhanced nucleation is a common technique for initiating the

nucleation of diamond on substrates137. However, the absence of diamond phase is indicative of

the fact that the chemistry of nucleation and subsequent growth is significantly altered when

bias is applied. We can conclude that the use of polarization is not the best way to achieve the

objective of collecting isolated diamond particles, since surface reactions result in the creation

of an undesirable amorphous film.

5.4.4 Time-Dependent Deposition Studies

Figure 5.20(a) illustrates the Raman spectra of carbon nanostructures collected over different

deposition durations ranging from 5 to 60 minutes. The similarity in the Raman spectral

signatures of diamond, D-Band, G-Band and Transpolyacetylene peaks, consistency of sp3/sp2

and ID/IG ratios (Figure 5.20(b)) across these time intervals indicates that the fundamental

characteristics of the carbon nanostructures were established early in the deposition process and

did not evolve significantly with longer deposition times. Moreover, the SEM images indicated

nucleation and limited growth of the nanoparticles without any film formation even after 1 hour
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Figure 5.20: (a) Raman spectra and (b) its corresponding sp3/sp2 (left) and ID/IG (right) ratio for

different deposition time. Experimental conditions: CH4 = 4 sccm, H2 = 96 sccm, Pressure =

100 mbar, power = 90W, distance plasma-substrate = 1cm

of deposition. Further, the minimal subsequent evolution on the substrate is indicative that

the surface mechanisms for subsequent growth of carbon nanostructures do not significantly

modify the Raman signature of the carbon nanostructures. This supports the conclusion that

initial nucleation in the gas phase establishes the primary structural characteristics. The temporal

consistency in the Raman spectra suggests that the critical phase of nanostructure formation

occurs rapidly, and the subsequent deposition time primarily increases the quantity rather than

changing the quality of the nanostructures. This is indicative of the surface deposition and/or

growth of carbonaceous NPs that play a minor role under these conditions. In other words, the

nanoparticles are formed elsewhere between the torch and the substrate and are transported to

the substrate where they are collected.

This can be further confirmed by the evolution of the average size and density of the

synthesized particles as functions of the deposition time, as shown in Figure 5.21. The increase

in particle density over time reflects the dynamics of the CVD process, where initial nucleation

is followed by rapid growth and densification of carbon nanostructures. However, the average

particle size hovers around 10 nm and does not change much with time, indicating that the

growth processes are not dominant under these conditions. This is consistent with the results

obtained from Raman analysis that show that the quality of the nanostructures remains constant

over time within the first hour.

5.4.5 Carbon nanostructures collection in different deposition zones

Figure 5.22 presents Raman spectra of carbon nanostructures obtained after one hour of plasma

synthesis with 96% H2 and 4% CH4 at a pressure of 100 mbar and a power of 90 W without

external heating and polarization. Under these conditions, two distinct regions of deposits are

observed, depending on their proximity to the plasma torch. The region closer to the plasma can

be visibly identified by the dark zone on the silicon substrate and is marked as Inner region and

has been the region focussed so far. However, there was a second region of deposition, referred
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Figure 5.22: Raman spectra at different zones of deposition

to as outer region, located much farther away from the influence of the plasma and that can be

visible by gray coloration (light zone on the silicon substrate). This region had well-dispersed

nanostructures that should have been collected on the substrate because of the hydrodynamic

drag. The Raman spectrum corresponding to this region shows several fine peaks associated with

CH wag, CH2 twist, and CH2 scissor vibrational modes. These features suggest the presence of

nascent molecular structures composed of CH2 groups associated with sp
3 hybridized carbon

as well as CH terminations associated with linear sp2 chains such as poly-acetylene. However,
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subsequent studies have been limited by the small amount of material collected. The presence of

these molecular bands shows strong credence to the possible growth chemistry of large molecules

in the gas phase and subsequent nucleation.

5.4.6 Transfer of nanodiamonds to solution

(a) (b) (c)

Figure 5.23: (a) Solution of iso-proponal containing NDs, and their (b) HR-TEM image and

corresponding (c) SAED pattern. Experimental conditions: CH4 = 4 sccm, H2 = 96 sccm,

Pressure = 100 mbar, power = 90W and deposition time : 1h

After depositing the carbon nanostructures on a silicon substrate placed 1 cm away from the

plasma for one hour, the wafer was placed in a beaker containing 10 ml of 2-propanol and then

sonicated for 30 min in an ultrasonication bath. This ensured that all of the collected carbon

nanostructures were transferred from the silicon substrate to the isopropyl alcohol solution. The

sonication resulted in a fair degree of deagglomeration of the nanoparticles, despite the fact that

it did not use complex disaggregating mechanisms. The high resolution transmission electron

microscopy (HR-TEM) image (Figure 5.23b) of the drop-casted nanodiamond solution on the

TEM grid shows well isolated particles of a size of around 15-20 nm and its SAED pattern (Figure

5.23c) confirms that they are nanodiamonds. This is indicative of the carbon nanostructures not

adhering strongly to the silicon substrate and that there exists no strong chemical bond between

the carbon nanostructures and the silicon substrate.

5.5 Discussion on nucleation of nanodiamonds

From the previous section, the gas phase nucleation of nanodiamonds looks very likely. The

homogeneous nucleation of NPs (Figure 5.15) in plasma is driven by local plasma parameters

such as H-atom density, gas temperature and electron density and temperature, as well as the

availability of different carbon radicals. These govern the thermal and electron-induced chemistry

that determines the nature of the primary reactive radicals generated in the discharge. Once the

nuclei resulting from the molecular growth initiated by these primary radicals are sufficiently

stable, they can continue to grow by attaching carbon radicals. In fact, sp2 is much more stable

than sp3 phase at low temperature and pressure typical of the conditions seen in this thesis and the

nucleation of the sp3 phase leading to nanodiamonds is observed only under high pressure and
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high temperature conditions under equilibrium conditions. However, the highly non-equilibrium

conditions, and especially the large H-atom density that characterizes the investigated plasma

torch, enable stabilizing the sp3 phases and the nucleation of the sp3 structures, which may

explain the production of the very rich diamond phase material observed for conditions leading

to enhanced plasma excitation, i.e., with 20% argon in the feed gas. Note that a few studies have

also shown the possibility of producing nanodiamonds in nonequilibrium plasmas73,75,78.
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Figure 5.24: Mechanism reaction for production of primary radicals in H2/CH4 plasmas at

intermediate pressures

This suggests that plasma chemistry involves a molecular growth effect that ends with sp3

nucleation. In fact, the hydrocarbon chemistry encountered in non-equilibrium plasmas is quite

complex, and small variations in local plasma conditions can yield a variety of carbon nanos-

tructures including graphene, amorphous carbon, polyacetylene, polyyne, and nanodiamonds. In

addition to the electron impact reactions that are responsible for the high degree of H2 dissocia-

tion observed in the microplasma torch, the important pathways of hydrocarbons up to 2 carbon

atoms are shown in Figure 5.24. The abundance of H-atom densities reduces methane toward

lower hydrocarbon radicals such as CH3, CH2, CH, and finally C through H-shift reactions.
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These successive stages of hydrogen loss are kinetically driven through collisions with hydrogen

atoms. In a way, these reactions are key to the formation of the methyl radical, which is known to

be critical for the growth of CVD diamond. Similarly, the formation of acetylene from methane

is a thermodynamically driven process that involves multiple channels through the CH3, CH

and C2 radicals. For example, two CH3 radicals combine to form ethane C2H6 which subse-

quently reduces to C2H4 and then acetylene through a series of H-shift reactions similar to CH3.

Different hydrocarbon radicals such as C2H, CH3 can further undergo surface-based reactions

or contribute to molecular growth and nucleation in the gas phase, leading to the formation

of different carbon nanostructures that are collected downstream the torch. Furthermore, the

concentration of H-atom density is key in stabilizing the sp3 phase wherever it is formed. It

should be emphasized that the recombination of H-atom is a fairly slow process and a substantial

amount of H-atom still exists downstream of the torch, which may affect the recombination

chemistry in the post-discharge and influence the nature of the deposit.

To further gain insight into the hydrocarbon chemistry occurring in the plasma, a 0D two-

temperature transient global model for H2/CH4 plasma was used
274. In summary, this model

assumes a homogeneous zone of plasma which is sustained by MW power with electrons

and heavy species at electron and gas temperatures, respectively. Plasma-surface interaction

is modeled by a linear diffusion through a boundary layer and recombination reaction with

prescribed probabilities. The boundary layer thickness may be inferred from experiment or

transport correlations274. The 0D model equation-set consists of a total energy equation, electron

energy equation, and continuity equations for all the chemical species except electron whose

density is determined from the electrical neutrality equation. Simulations are performed for

given microwave power density, pressure, surface-to-volume ratio, and thermal and diffusion

boundary layer thicknesses. The chemical model used to describe the hydrogen-methane plasma

involves 28 species undergoing 140 reactions that account for different electron-impact processes

such as ionization, dissociation, excitation, recombination, and neutral reactions between the

different hydrogen and hydrocarbon species. Since our main purpose is to identify the main

primary radicals and to investigate the evolution of their densities with discharge conditions, the

chemical model used in this work is limited to two carbon atoms275,276, as summarized in Figure

5.24. Of course, the present chemistry scheme does not include both the molecular growth of

hydrocarbon molecules and the surface chemistry, which are important for the present conditions.

Only recombination and adsorption processes of radicals and ions are taken into account in the

balance of the gas phase species.

All simulations are restricted to the ”full circle” regime of the torch, where the geometry

is annular. The volume-to-surface ratio is calculated assuming a plasma of 3 mm length. MW

power density obtained in Chapter 4 was used for the simulations. The thicknesses of the thermal

and diffusion boundary layers could not be estimated or measured experimentally for the annular

configuration considered here. We therefore adjusted these thicknesses to obtain the same values

for the simulated and measured gas temperatures and H-atom densities. Of course, such an

approach can only yield approximate values and evolution trends of the plasma characteristics,

species densities, and electron temperature, and one would require a detailed 1D, or even 2D,

models for more predictive simulations. In any case, the present approach makes it possible to
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Figure 5.25: Density of main species produced in CH4/H2 mixture with 4% of CH4 for a total

flowrate of 100 sccm at 100 mbar pressure and 90 W power.

shed light on the primary radicals that may be important for diamond nucleation. The plasma

simulations carried out here yield the variation of the plasma temperatures and composition as a

function of the residence time in the discharge region.

Figure 5.25 shows the densities of different species that exit the plasma zone at 100 mbar. It

is quite clear that almost all the methane has been transformed into acetylene under the conditions

considered. In terms of ions, the high concentration of the H atom results in abundant H+ ions

along with C2H
+
3 and C2H

+
2 coming from acetylene. The high concentration of C2H2 coupled

with suitable gas temperatures is the driver of sp2 growth. The growth of amorphous sp2 carbon

usually takes place involving C2H2, C, C2H and vinyl C2H3 radicals (Section 2.1.4). Figure

5.26 summarizes these important radicals (C2H, C and C2H3) promoting sp
2 growth at the exit

of the torch as a function of the concentration of methane and the pressure at the exit of the

torch. Clearly, one observes that the above-mentioned radicals increase with pressure. The

range of temperatures observed in the plasma are in the lower limits compared to the conditions

that support nucleation of soot through the HACA mechanism and are represented by the D

and G bands found in the Raman spectrum. However, the downstream gas cools down very
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quickly and may quickly quench these growth processes. At these conditions, the formation of

linear aliphatic chains would be favored, as indicated by the presence of transpolyacetylene in

the Raman spectrum. As a result, the combination of the stated radicals would cause enhanced

growth and nucleation of the sp2 carbon nanostructures, soot, and transpolyacetylene.
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Figure 5.26: 2D contour plot showing the evolution of (a) C , (b) C2H3 and (c) C2H as a function

of methane concentration and pressure using the 0D model. Experimental conditions : Power =

90W and flowrate of CH4+H2 = 100 sccm.

If the diamond is nucleated in the gas phase, the question remains how? The only known

chemical scheme is provided by Dolmotov et al.175 where C2 radicals and hydrogen combine

to form cyclohexane which, later, by addition of C2 and CH3 radicals, grows to form the first

diamondoid, adamantane. Subsequent reactions occur by adding the methyl radical to form

higher diamondoids176. At present, there is no direct proof that this reaction occurs under the

conditions of the torch. The positive correlation between the high emission of the C2 Swann and
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Figure 5.27: 2D contour plot showing the evolution of (a) CH3 and (b) C2 species as a function

of methane concentration and pressure using the 0D model. Experimental conditions : Power =

90W and flowrate of CH4+H2 = 100 sccm.
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CH bands and the formation of diamonds (Figure 5.14b) certainly supports the belief that C2 and

CH3 are important radicals for sp
3 growth. Figure 5.26 show the evolution of the density of these

radicals C2 and CH3 at the exit of the torch as functions of methane concentration and pressure.

Clearly, there is a lack of these radicals at a low pressure of 75 mbar. This possibly explains the

low yield of nanodiamonds under these conditions, as key intermediate sp3 molecules may not

have formed. However, the high concentrations of these radicals at 125 mbar did not translate

to a high nucleation of nanodiamonds. The relatively high temperature that characterize these

discharge conditions tends to favours sp2 over sp3 phases as compared to 100 and 75 mbar case.

As a result, an enhanced sp2 growth channel would take place and largely dominate the sp3

growth channel. It appears therefore, that carbon nucleation is thermodynamically driven at

such relatively high temperature (∼ 1500 K).

The above analysis does not take into account the further molecular growth that would occur

downstream of the plasma, and the focus of future studies should be on understanding this

post-discharge region. The thesis started with a clear set of goals to identify the local plasma

conditions that favor nucleation of NDs. Correlation between optical plasma diagnostics and

characterization of the carbon nanostructures produced points to the conclusion that CH3/C2 along

with the H atom are likely to play an important role in nanodiamond nucleation, stabilization

and growth. However, key questions remain to be addressed regarding the nucleation of NDs,

particularly the growth pathway and key larger intermediate species.

5.6 Conclusions

This chapter examined the formation and properties of carbon nanostructures obtained from

a CH4/H2 (±Ar) mixtures. The microwave torch can clearly establish high concentrations of
hydrocarbon radicals, which, in conjunction with a high H-atom concentration and moderate

temperature, produces conditions that support the formation of diamond nanoparticles. In

summary, the major conclusions of this chapter are as follows:

1. Firstly, it is seen that the concentration of 4% methane emerges as the magic concentration

that has the highest diamond phase yield among the carbon nanostructures. In conclusion,

we can say that the gas temperature, the density of the H atom, as well as the radicals

associated with C2 and CH (say CH3) seem to play an important role in the mechanism of

nanodiamond production.

2. In correlating the plasma and material characterization, the importance of the H-atom

density for the formation of the nanodiamonds emerges. Even when the gas temperatures

are relatively high (as far as diamond versus graphite phase stability is concerned), as

in the case of argon-laden plasmas, the increased H-atom density seems to stabilize the

diamond phase as opposed to rapid graphitization.

3. More importantly, it is crucial to limit the sp2 growth chemistry propelled by high densities

of acetylene to have enhanced diamond phase yield. This means that it is necessary to

clearly limit the density ratio of hydrocarbon species to H-atom in order to achieve

favorable conditions for the growth of the sp3 phase.
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4. Nevertheless, it is also important to have substantial densities of hydrocarbon radicals

necessary for the growth of the diamond phase. A positive correlation between increased

intensities of C2 and CH radicals indicates that these reactions would play a critical role in

the formation of nanodiamond. The radicals CH3 and C2 seem to be key to the formation

of intermediate sp3 molecules and the nucleation of nanodiamonds.



Chapter 6

Conclusion and perspectives

6.1 General conclusions

This thesis highlights the characterization and application of a microwave plasma torch based

on a coaxial transmission line (CTRL) operating in the mbar pressure range. It is intended

for the synthesis of carbonaceous materials, in particular nanodiamonds. Through a series of

experiments and analyzes, we have demonstrated the feasibility of using this torch to produce

nanodiamonds under different pressure conditions (50-125 mbar) and gas composition with

H2/CH4 (± Ar).

To understand how the plasma torch works, the first step was to estimate the plasma param-

eters using optical diagnostic tools such as OES and ps-TALIF in a hydrogen plasma. These

diagnostic tools were used to measure, among other things, the electron density, the atomic

hydrogen density, and the gas temperature. The plasma is of partial circle at low MW powers

whose perimeter increases to attain ”full circle” regime. The operation regime of the torch

is marked by the upper critical power where the appearance of a secondary plasma occurs at

the second resonance point. The critical powers of transition increased with pressure. The

gas temperature was measured by OES using two rotational bands of H2, namely the G-band

(453-462 nm) and Fulcher-α (600-610 nm). The results showed that the G-Band gives reliable

gas temperature values over the pressure and power range studied, with values in the range of

around 1000-1400 K. The electron density was estimated from the Stark broadening of the Hβ

transition. The Voigt fitting was performed with a Gaussian component fixed with Doppler

width estimated from the gas temperature of the G-band. The microplasma torch produces

plasmas with a high electron density (2x1013 cm−3), which makes it possible to dissociate a large

number of H2 in the gas. This electron density is virtually almost constant over the pressure

and power range studied. The estimated electron temperature is on the order of 1.9 eV. The

estimated microwave power density was extremely high (109 Wm−3) and follows the same trend

as ne. Plasma volume ( ∼1.3x10−8 m−3) decreases with pressure and increases with power.

The density of atomic hydrogen was measured by actinometry and ps-TALIF and it was found

to be O(1016) cm−3, which makes the torch an efficient source of H-atoms. One of the major

contributions of this thesis is the development of a newmethod for estimating the gas temperature

using ps-TALIF. The approach is based on directly retrieving the translational temperature from

117
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the fluorescence decay τH of ps-TALIF of pure H2 plasmas. The temperatures measured by

this technique were in good agreement with those estimated by the rotational structure of the

G-Band of H2. Finally, a 2D map of the temperature and density of atomic hydrogen in the

downstream region of the plasma was obtained. Both the gas temperature and atom densities

were more localized at high pressures, indicating a smaller plasma volume compared to that of

the lower pressure. In addition, the gas efflux cooled to 500◦C with substantial amounts of H

atom (1015 cm−3) within 5 mm downstream of the plasma.

Depositions were carried out using H2/CH4 (± Ar) mixtures in two chambers, one with

a heating and bias system and the other with a cooling system. Morphological and structural

characterization of the synthesized carbon nanostructures using SEM and AFM showed a particle

size distribution of around 10 nm. Analysis of TEM images and SAED patterns confirmed the

crystalline nature of the nanostructures, with the presence of hybrid nanostructures composed of

graphite (sp2) with plane 002 and diamond (sp3) with plane 111. The quality of the collected

carbon nanostructures was analyzed using the sp3/sp2 ratio measured by Raman and XPS. The

study of the influence of power showed that diamond production is observed at 70 W with a

peak at 90 W and 100 mbar. Experiments have shown that the substrate placed downstream the

torch does not play any role in the formation of a nanodiamond. In particular, the insensitivity of

the nanostructures with respect to the nature of the collection system, distance, and type of the

substrate as well as with the duration of the collection are indicative that gas-phase processes

are key to the formation of carbon nanostructures. The study of the influence of the pressure and

the concentration of methane showed an optimum of diamond quality at 4% of methane and 100

mbar. By adding small amounts of argon (up to 25 sccm) to the H2/CH4 mixture, it was observed

that a large quantity of nanostructures is produced with the maximum yield at 4% methane and

20 sccm argon. One major conclusion is that the best conditions for nanodiamonds coincide

with the minimum yield of amorphous carbon such as soot and transpolyacetylene. From 0D

simulations, it was seen that C2H2 is the major hydrocarbon molcule at the exit of the plasma. A

high concentration of acetylene (C2H2) and temperature in the range 1500 K could lead to the

formation of amorphous carbons through the HACA mechanism (hydrogen abstraction / carbon

addition) or the linear chains of transpolyacetylene. Clearly, high concentration of methane leads

to larger concentrations of acetylene and sp2 radicals, and therefore promoting the growth of sp2

phase over sp3 phase. Nevertheless, it is important to have substantial densities of hydrocarbon

radicals required for diamond phase growth. Although the primary radical responsible for

nanodiamond growth has not yet been explicitly identified, a positive correlation between the

increase in the emission intensities of the C2 and CH radicals indicates that these species would

play a critical role in nanodiamond formation. In fact, these species have a strong correlation

with methane H-shift reactions and could indicate that the CH3 radical should be important.

On the other hand, atomic hydrogen should stabilize the diamond structure by saturating the

dangling bonds on the nanodiamond surface, thus preventing the appearance of graphite (sp2

bonds).
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6.2 Perspectives on optimization of plasma-nucleation

process

Future studies should focus on developing a plasma process that selectively promote the sp3

chemistry along with rich densities of H-atom and CH3/C2 to form the ”unidentified” intermediate

precursors that nucleate to form nanodiamonds while minimizing acetylene-based chemistry that

promotes amorphous carbon. This will require a consistent effort to understand the molecular

growth processes through measurements and modeling. Although the 0D model has provided

valuable insights, spatially resolved models (e.g., 1D or 2D models) are necessary to offer

insights into the spatial evolution of species and the influence of transport phenomena, which are

not captured in 0D. Future work should focus on improving the numerical model to incorporate

more detailed and accurate chemical kinetics, especially for the Ar/CH4/H2 plasma system.

Including additional chemical reactions and species, such as more detailed pathways for the

formation and destruction of hydrocarbon species, will help providing a more comprehensive

understanding of the plasma chemistry. The focus should be on the downstream flow, where

neutral molecular growth chemistry will play an important role. Although the pathways for

growth of sp3 chemistry are not known, the models can be effectively used to identify and then

avoid the conditions that support the growth of amorphous carbon through PAHs or linear chains.

Another major improvement that could be made is to measure carbon radicals as well as the

larger molecules formed in the gas phase. Although efforts were made to measure radicals C2 and

CH using LIF during the course of this thesis, technical difficulties and time restrictions prevented

these measurements. Further, the study of molecular growth processes through molecular beam

mass spectrometry, Raman spectroscopy, or Fourier transform infrared spectroscopy would

enhance the understanding of these processes by identifying the important intermediates formed

in the plasma that nucleate to solid carbon materials such as nanodiamonds. In fact, effort

was made to set up a fiber-enhanced Raman spectroscopy (FERS) during the course of this

thesis to study the evolution of carbon species. Optical fibers are used to enhance the Raman

signal from the gas molecules, enabling their detection. This technique is particularly useful

for identifying and quantifying various hydrocarbons and intermediate species (such as C2H2,

C2H4, C2H6, etc.), providing a more comprehensive picture of plasma chemistry and helping

to understand how intermediate species are formed. Furthermore, the MBMS available in the

group has already been adapted for moderate pressure conditions studied in this thesis and

should enable the identification of larger hydrocarbon molecules and clusters. Detailed mass

spectrometry data will provide insight into molecular growth pathways and the influence of

plasma conditions on these pathways.

The integration of these techniques and their use in combination with models will not

only allow us to understand the chemical processes accompanying the nucleation of carbon

nanostructures, but also help optimizing the process. Although the torch proved to be a tool for

producing high H-atom densities that allowed nucleation of nanodiamonds, the design of the

torch could be further improved in terms of achieving wider local plasma conditions such as

residence time, electron and gas temperatures, electron density, etc. The process itself could
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Figure 6.1: Raman spectrum with presence of ethanol. Conditions: Pressure = 100 mbar , Power

= 90W, H2 = 96sccm and 500 mg/L of ethanol

incorporate techniques to restrict acetylene formation and enhance the densities of CH3, C2 and

other benign radicals for sp3 growth. For example, plasma pulsing can help in reducing the

gas temperatures while maintaining similar orders of H-atom densities. This step could limit

the transformation of methane to acetylene. The addition of oxygen-containing precursors can

also be interesting, as O atoms are known to etch the sp2 phase. In fact, nanodiamonds were

observed to form when ethanol was used instead of methane (cf. Fig 6.1) in the present torch.

Another possibility could be to add precursors, such as diamondoids, that can accelerate the

nucleation of sp3 phase carbon. Few researchers have already demonstrated this to produce

higher diamondoids. Lastly, the process could itself be reimagined consisting of multiple stages

with a combination of multiple plasma sources, each stage dedicated to particular chemical

processes.
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