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Résumé. 

Les matériaux nano composites trouvent de nombreuses applications dans le domaine de 

l'électronique, de l'industrie aérospatiale, des biotechnologies et de la médecine. Les applications 

des technologies plasmas pourront offrir de nouvelles méthodes de fabrication de ces matériaux, 

en particulier les plasmas non thermiques utilisés pour le traitement des hydrocarbures avec 

lesquelles il est possible d'obtenir une grande variété de couches minces. 

La thèse présentée porte sur l'application d'un plasma non thermique pour la fabrication de 

matériaux nano composites, sur base de nano poudres de céramique (Si02, Ti02) insérés en 

suspension dans un plasma de gaz hydrocarburiques. Un dispositif expérimental original avec 

plasma à couplage capacitif (CC RF) a été mis sur pied. Les paramètres opérationnels 

caractéristiques de cette installation sont : la pression : 1000-10 000 Pa, la puissance du plasma: 

300-2500 W (puissance spécifique: 2-20 W/cm3), le débit de gaz de plasma: 0.01-0.1 slpm. 

Des particules nanométriques de Si02 et Ti02 ont été introduites dans un plasma CC RF de 

méthane et d'éthane purs afin d'effectuer la déposition d'une couche mince d'hydrocarbure sur 

leurs surfaces. La présence de couches de 5-30 nm d'épaisseur sur les particules traitées par 

plasma ont été détectées par microscopie électronique de transmission (MET). L'analyse de ces 

couches par la spectroscopie infrarouge, par thermogravimétrie et par calorimétrie différentielle, 

montre que la couche nanométrique possède les caractéristiques de couches hydrocarbures 

amorphes (a-C: H). La contamination du produit par le carbone amorphe n'a pas été observée. 

Pour étudier les propriétés du plasma pendant le traitement des poudres dans le réacteur, la 

spectroscopie optique d'émission et la spectrométrie de masse furent utilisées. Les mesures des 

températures rotationnelle, Trot, en utilisant les bandes moléculaires des N2 et C2 , ainsi que de la 

température d'excitation, par les lignes d'hydrogène atomique, ont démontré un certain écart de 

l'équilibre thermodynamique du plasma et ont aussi donné des indications de la température 

cinétique du gaz, Tktn· Cette plage des températures mesurées correspondait aux conditions non 

thermique du processus de déposition de couches a-C:H. 

Des calculs de la cinétique chimique de formation de phases solides de dépôt C:H, ainsi que 

des particules de suie, ont été réalisés sur la base du modèle de Gas Research Institute (GRI), en 

utilisant le code Chemkin-Il. Les résultats démontrent l'existence de zones de croissance de 

couche C :H et de formation de particules de suie délimitée sur une plage de température de gaz 



(Tk;n) allant de 1700 à 1900 K. Sous certaines conditions, les observations expérimentales de la 

formation de suie ont servi à valider les résultats de la modélisation par l'intermédiaire de la 

spectrométrie de masse, de spectrométrie infrarouge et de thermogravimétrie des couches 

déposées. 

Un mécanisme de formation de couche C:H sur les nanoparticules en suspension dans les 

plasmas CC RF a été proposé. Il comprend: l'activation de surface des nanoparticules par les 

radicaux (H, CH3), la croissance de couche d'après les radicaux-précurseurs (Cl{;, C2H5), et la 

diffusion et recombinaison de liaisons libres formant des réseaux C:H amorphes. 

Les principales contributions originales du travail présenté sont : 

o Conception et mise en marche d'un montage plasma RF à couplage capacitif étant capable 

d'effectuer le traitement en vol des particules insérées et intégrées en ligne dans des processus 

technologiques plus complexe. 

• Développement de processus de fabrication de matériaux nano-structurés composites sur la 

base de nano poudres de céramique insérées dans le plasma CC RF de gaz hydrocarbures. 

• Développement d'un mode! cinétique chimique de formation des phases solides en plasma 

CC RF d'hydrocarbures: la phase de la couche C:H sur la surface des nanoparticules et celle 

du carbone amorphe. Validation de ce model par des résultats expérimentaux. 
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Abstract 

Presently, nanocomposite materials have numerous applications, especially in the fields of 

materials for electronics, aerospace industry, biotechnologies and medicine. Utilization of plasma 

technologies can offer new production methods of such materials, in particular, the use of non-

thermal plasmas for the treatment of hydrocarbons, which makes it possible to obtain a wide 

variety of thin films with a range of different characteristics. 

The goal of the presented thesis is an application of the non-thermal plasma for the 

fabrication of nano-structured materials on the basis of ceramic nanopowders (Si02, Ti02) 

introduced into the plasma of hydrocarbon gases. For this purpose an experimental installation 

with a capacitively coupled plasma (CC RF) has been designed and constructed. The operating 

parameters are: the plasma pressure, P=l000-10 000 Pa, plasma power: 300-2500 W (specific 

power: 2-20 W/cm3
), plasma gas flow rate: 0.01-0.1 slpm. 

Nanometric particles of Si02, either Ti02 were introduced into CC RF methane or ethane 

plasmas to perform the deposition of thin film hydrocarbon coatings onto their surfaces. The 

presence of newly formed 5-30 nm thick layers on the surface of the plasma treated particles was 

detected by TEM. The analysis of these coatings by infrared spectroscopy, thermo-gravimetry, 

differential scanning calorimetry, has demonstrated the features of amorphous hydrocarbon 

coatings (a-C:H). No contamination of the product powder by amorphous carbon was detected. 

The reproducibility of the process has also been demonstrated. 

The methods of optical emission spectroscopy and mass-spectrometry were used to study the 

plasma properties during powder treatment. Measurements of rotational temperatures, Tr01, using 

molecular bands of N2 and C2, and atomic hydrogen excitation temperature, have revealed a 

thermodynamic non-equilibrium in the CC RF plasma, and have given indications of the gas 

temperature Tk;n, corresponding to the non-thermal conditions of the a-C:H coating deposition. 

A chemical kinetics model for the formation of the C:H coating and soot solid phases has 

been developed based on the GRI model, using the Chemkin-U code. The results of these 

calculations have demonstrated the existence of domination zones for the growth of the C:H 

coating and that of soot particles formation, as a fonction of the gas temperature (Tkin), with a 

delimiting temperature range of 1 700-1900 K. Modelling results were validated through 
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experimental observations of soot formation conditions, by the mass-spectrometry results, by the 

infrared spectrography and by thermo-gravimetry of the deposited coatings. 

A mechanism for the C:H coating formation on the surfaces of nanoparticles, suspended in 

CC RF plasma, has been proposed. It includes: nanoparticles' surface activation by radicals (H, 

CH3), the growth of layers from the precursor radicals ( CH3, C2Hs) and the diffusion and 

recombination of dangling bonds, fonning an amorphous C:H matrix. 

The main original contributions of the present thesis may be presented as: 

e the design and construction of the capacitively coupled low pressure RF plasma facility, this 

being able to provide in-flight treatments of the introduced nanoparticles, and which may be 

integrated in series into a more complex, technological process. 

e the development of the process for nano-structured materials, produced on the base of 

ceramic nanopowders introduced into CC RF plasma, sustained in hydrocarbon gases. 

o development of the chemical kinetics model for the formation of solid phases m the 

hydrocarbon CC RF plasma: a phase consisting of the C:H coating on the nanoparticles' 

surface and a phase of amorphous carbon, the latter being a contaminating product. 

Validation of the model by experimental observations. 

lV 
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Chapter 1. 

Introduction 

The creation of new nanocomposite (NC) materials is a fast developing field in 

materials science and related technologies, because NC materials have found numerous 

innovative applications in electronics, aerospace industry, biology, medicine and other 

domains. A prospective approach in this process research is the fabrication of new 

nanocomposites using coated nanopowders. 

Development of new chemical technologies and new tools in the field of materials 

research and synthesis attracts attention to the plasma state as a medium, through which it 

is possible to provide a variety of active species. It concems especially non-equilibrium 

and non-thermal plasmas, with their improved possibilities for process control. 

Nanotechnologies, and especially the synthesis of nanocomposite materials, are the 

particular domains where non-thermal plasmas can find innovative application outlets. 

The studies of this thesis have been devoted to the development of a non-thermal 

plasma process aimed at the creation of new nanocomposite materials on the basis of 

nanopowders. Particularly attractive is the embedding of the nanoparticle kernel within a 

nanolayer of another material. One of the first applications of such a process has been 

undertaken at [ l *] for the synthesis of binary ceramic nanopowders. In the present work, 

the deposition of a nano-thick coating of an alien material on individual nano-particulates 

suspended in the plasma of hydrocarbons is being proposed, under conditions that allow 

the avoidance of contamination of the obtain1ed NC by side reaction products. 

In the first part of the present chapter, non-thermal discharges and related chemical 

technologies are reviewed, followed by the descriptions of methods for nanopowders' 

production and discussion on the importance of the new nanocomposite materials. The 

results for the reformation of hydrocarbons by plasma processing are then reviewed, 

* numbers in square brackets correspond to numbers presented at the section 'References' 
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these having a special importance for the present work. Finally, the choice of the 

particular project îs discussed, including experimental setup - the plasma tool, and the 

selected nanotechnology procedure, which had to be developed. 

Formulation of the project goal. The goal of the presented work bas been the 

development of a new plasma process, which could be applied to the fabrication of 

nanocomposite powders. Special attention has been given to the selection of the plasma 

type to be used for the process and the selection of the precursors for the new 

nanocomposite materials fabrication. 

The choice of the plasma type employed was made from among the range of 

available non-thermal plasma sources that could provide a sufficient level of control over 

the important plasma process parameters. It was also necessary to minimize side 

reactions and products, including electrode(s) erosion materials, which could result in the 

contamination of the "core" plasma. Additionally, the stability, radial uniformity and 

geometrical flexibility of the discharge are all necessary properties for successful 

technological applications of the process. 

The above-mentioned characteristics are typical ofhigh frequency (or radio frequency 

- RF) capacitively coupled (CC) discharges [2, 3]. ln such CC RF discharges, there is a 

greater possibility of maintaining the electric field at much higher values of intensity, 

than is practical for induced electric fields of inductively coupled RF plasmas. Using CC 

RF discharges makes it possible to work at pressures of several tens of Torr of the non-

equilibrium plasma and to obtain Eln ratios in the range of 1015-1017 Vxcm2
, levels that 

are advantageous for controlled non-thermal mechanisms of reactions. In contrast to the 

microwave plasma case, it is often difficult to maintain the CC RF discharge under non-

thermal conditions under high, atmospheric pressure. However, the CC discharge is 

generally much more uniform and can readily fiH a large volume discharge chamber. A 

review of the physical properties of CC RF plasmas and technical characteristics of the 

experimental CC RF facility are set out in sections 2.1.3 and 3 .2.1 respectively. 
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The choice of precursors forming the material for nanocoating has to ensure 

reasonable sirnplicity of the overall process in circumstances where its feasibifüy is stiU 

to be proven and its reproducibility determined. The approach chosen for this work was 

that of utilizing already produced nanopowders and performing modification of their 

properties by plasma assisted deposition of nano-scale layers on their surfaces. Thus, the 

result would be a fabrication of a nano-structured material. In this case the plasma 

reformed gas serves as a precursor for the newly obtained structure deposited on the 

initial nanometric particles. 

In the present work two kinds of nanometric powders have been chosen for the 

plasma processing: amorphous Si02 ("silica fume") and Ti02. The Si02 powder is 

chemically inert, inhibiting alien reactions with the plasma gas, and is represented as 

clusters of near perfect spheres and sometimes as single particles (see chapter 3), which 

makes its morphology appear similar to that of newly synthesized nanoparticles. The 

Ti02 powder was chosen to demonstrate the reproducibility of the process on another 

kind of template. Both powder materials are dielectrics, an important property in the case 

of the RF plasma processing because it diminishes the particles' influence on local 

electric field distributions within the plasma. The chosen powders were also readily 

available and inexpensive. To provide for further integration of this process into more 

complex production/treatment sequences, the in-flight, gas phase plasma processing of 

the powders was chosen. 

Various gaseous hydrocarbons (C.~Hy) were used as plasma gases for the CC 

discharge. This off ers the possibility for hydrocarbon ( C: H) coating deposition on 

particles, similar to that obtained for large surfaces exposure in low-pressure plasmas 

(CC, microwave and glow discharges, see above, section 1.3) and beams [4, 5]. In this 

case the main advantage of the non-thermal CC plasma is the absence of product 

contamination by amorphous carbon (soot), which is normally the case for processes with 

thermal hydrocarbon plasmas and flames [6, 7]. 

The process can be applied to nanopowders' passivation prior to the coagulation 

phase of their growth and thus it could increase the size selectivity of the plasma 

synthesis process. Nanoparticles, individuaUy isolated by their C:H coating, can be used 
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to form a bulk body by application of pressure or thermal treatment, while the coating 

could easily be removed by annealing. It would permit, for example, cerarnic materials 

with improved plasticity and ferromagnetic materials with new magnetic properties to be 

obtained [8, 9]. 

Non-thermal decomposition of the major plasma gas should result in the synthesis of 

new hydrocarbons (alkanes, alkenes, alkynes, enriched in free radicals), within the 

reactor environrnent, thereby leading to the heterogeneous formation and growth of the 

nanolayer film on the surface of particles during their residence in the plasma. ln contrast 

to the situation of equilibrium plasmas, and in general to thermal plasmas where the 

chemical composition tends towards the equilibrium state, the capacitively coupled 

plasmas can provide the means for control of the dominant reactions. Due toits high Eln 

ratio, the CC plasma should favor those dissociation processes, [1 O] which supply free 

radicals, which in tum are expected to serve as building blocks of the coating, instead of 

heating the gas as a whole. Introduced nanoparticles may then serve as centers for 

condensation of thin films of another material. The process may also be viewed as one 

involving the creation of non-equilîbrium polymer precursors, which are responsible for 

the growth of solid phase(s) or polymerization product(s) on the NP surfaces. The 

objectives for study in such plasma processes should therefore include the topics of: 

kinetics of the primary hydrocarbons decomposition, formation of radical species, homo-

and heterogeneous polymerization and the possibility ofby-product soot nucleation. 

In summary, the presented work represents an application of the capacitively coupled 

RF plasma for the fabrication of nanocomposite materials: nanosized powders of 

ceramic(s) covered by thin, polymer-like layers. The plasma diagnostics, powder 

characterization and chemical kinetics modeling all represent important parts in this work 

because these studies provide information on the properties of both the plasma and the 

modified particles and thus aliow the mechanisms of the nanocoating formation to be 

examined. 

The presented thesis contains 6 chapters, including the introduction and conclusions. 
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The introductive chapter describes the importance of the problematic of this work: 

nanoengineering of nanoparticles and possibilities for the application of non-thermal 

plasma technologies this field. lt justifies the previewed goals of the presented work 

and describes its methodology. 

In the second chapter, a scope of the non-equilibrium systems in plasma chemistry is 

presented, including the review of the different types of discharges and their applications 

in chemical technology. Following on, the modern methods of nanopowders' synthesis 

and of nanocomposite materials fabrication are reviewed. Finally, the most recent 

literature results on hydrocarbons reforming and hydrocarbon coating deposition in 

plasmas are presented. 

The chapter 3 is devoted to the surface coating of nanoparticles. In the beginning, the 

detailed description of the RF capacitively coupled plasma experimental facility is given. 

It includes the discharge chamber design, description of the electrical circuit and the 

operating parameters of the installation. Later in this chapter, a description of applied 

methods for plasma diagnostics and powder characterization is presented. Furthermore, 

the results of the powder treatment in CC RF plasma of hydrocarbon gases (methane, 

ethane) are presented. It includes the data on the transmission electron microscopy and 

infrared spectroscopy of the treated nanopowders, the results of thermo-gravimetric and 

differential scanning calorimetric analyses of the deposited coatings and of other 

complimentary methods. 

The 4th chapter describes the results of the characterization of the capacitively 

coupled plasma process. First, the diagnostics of the plasma itself is discussed, starting 

from the review of the emission spectroscopie method and other techniques. Then, the 

descriptions of the Boltzmann plot and the modeHing spectra methods of data treatment, 

which were used in the present work, are presented. This is foUowed by the presentation 

of results on the rotational and excitation temperature measurements in plasma. In the 

second part of this chapter, results of the mass spectrometry analysis of the plasma gases 

and of the electric circuit parameter measurements are presented. 

The 5th chapter is devoted to the chemical kinetics modelling of the hydrocarbon 

coating deposition on the substrate nanoparticles. The experimental data supporting the 

model concepts are presented in the beginning. Subsequently, the principal steps in the 
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fom1ation of the coating and the contaminating soot particles are described and 

corresponding reactions' equations are presented. Finally, computational results are 

presented and the model validation is discussed. 

chapter 6, a general discussion of the results obtained is presented. It is principally 

concemed with the mutual influence existing between the observed plasma properties and 

the corresponding characteristics of the obtained nanocoatings. The coating formation 

rnechanisrn is discussed and the obtained data are cornpared with those observed in other 

experiments on hydrocarbon polyrner-like coatings deposition. 

This is followed by a surnrnary statement of the original contributions that are part of 

this study and possible future applications of the study results for these plasma 

technologies and the researcher's recommendations for the further development of the 

project. 
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Chapter 2. 

Lite:ratu.:re :review. 

The literature review is aimed at scoping the subjects which form the essential parts 

of the presented work. The principal contribution of the work lies in development of the 

thin film coating of ceramic nanoparticles in the gas phase, using non-equilibrium plasma 

of the RF capacitively coupled discharge type, generated in hydrocarbon gases. The 

review focuses therefore on the basic physical principles and properties of non-

equilibrium plasma and the existing kinds of non-equilibrium plasma, their specific 

features and technical characteristics. Later, a more detailed review is given of the basic 

phenomena present in capacitively coupled RF discharges, the plasma "tool" chosen for 

use in the present work. Examples of technological processes employed in chemical 

engineering, where the non-equilibrium plasma properties are effectively used, are 

presented. This is followed by a short review of recent studies on the nano-scaled 

"engineering" related to the present project. 

2.1. 

2.1.1. 

Plasma 

Non-equilibrium systems in plasma cbemistry. 

Numerous research projects plasma chemistry have been and are continuing to be 

undertaken involving electric arcs and high pressure high frequency discharges, where 

the conditions are close to the thermodynamic equilibrium, the plasma being used mainly 

for preheating of the reacting components. Plasma systems of the non-equilibrium type 

are, on the other hand, very important for fu.ndamental research and application, because 

such systems enable and promote chemical transformations to proceed with selectivity 

and high-energy use efficiency [11 ]. A non-equilibrium state in a plasma generally results 

in both thermodynamic and chemical non-equilibria. Altering the plasma parameters can 
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favor or disfavor 

reagents [ 12]. 

different possible reaction chains involved the transformation of 

Special interest needs to be paid to those systems, where not only is the electron 

temperature, but also the vibrational temperature of molecules considerably exceeds the 

kinetic temperature of the gas. In such systems, reactions may be stimulated through the 

vibrational excitation of the main electronic state ofreacting molecules. 

Higher levels of vibrational temperature in molecular gases may accelerate the 

processes of acquiring the reaction product; these occasionally involve the formation of 

radicals and are usually endothermic. At the same time, lower kinetic temperature of the 

gas inhibit the reverse reactions, usually exothermic because of the lower value of the 

Arrenius factor (exp(-Eac/kT}, where Eact is the activation energy), thus the system can be 

kept in a state of high Gibbs free energy value. Consequently, the yield of quenched 

products, formed in a non-equilibrium plasma, may be improved [13]. 

From the wide range and variety of discharges used in plasma chemistry, it is in 

those plasmas created in high (0.1-100 MHz) and ultra high (0.9-5 GHz) frequency 

discharges that energy-consuming reactions are realized with the highest energetic 

efficiency. This circumstance, together with the absence of electrodes erosion products 

coupled with the property of long-term stable operation, rnake high frequency (HF) (or 

radio frequency - RF) plasmas useful tools for application in various technological 

processes [14]. The synthesis and thermal treatment of new ceramics and high purity 

materials are typical examples of applications of the non-equilibrium plasma synthesis 

route. 

There are however sorne important problems to solve while working with non-

equilibrium HF plasmas, i.e. those plasmas where generally several different 

characteristic temperatures may be considered. Those of the greatest interest are: the 

temperature of electrons (Te), the temperature of heavy particles (Tkin), the ionization 

temperature Ti and the vibrational temperature of molecules (Tvibr). The rotational 

temperature of molecules (Trot) is usually close to the value of Tkin because of effective 

rotational - kinetic relaxation mechanisms. The particular case is where Te > > Tvibr > > 

Trot = Ti = Tiân , is important for plasma chemistry because the elevated rotational 

temperature stimulates the dissociation ofmolecules and the production of radicals [10]. 
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In cold non-equilibrium plasmas, such as corona or glow discharges, an increase in 

the applied power leads to electrodes heating and to plasma transformation to regular 

thermal arc. Electrodeless HF discharges may remain out of equilibrium state, even when 

higher power is supplied. The typical value for the specific energy load to achieve 

maximal efficiency of chemical transformation processes is 0.5 - 1 eV per molecule, 

which corresponds to the energy needed in many cases for the dissociation of molecules 

and the production of radicals [13]. These reactions are often stimulated by vibrational 

excitation. To sustain the conditions for effective energy transfer to the final chemical 

product, it may be necessary to increase the plasma gas flow velocity up to supersonic 

levels; in this way the high mass flux allows for a higher power level to be loaded into 

discharge [10]. Application of the supersonic flow condition permits considerable 

reduction in kinetic temperature while maintaining the high vibrational temperature of 

molecules because the energy transfer rate between the vibrational modes of molecules 

and their free movement (vibrational - kinetic relaxation) is slow. It also makes possible 

the maintenance of low pressure at the discharge zone and, as a result of flow braking, to 

keep the relatively high pressure level at the exit of the plasma processing installation. 

Another challenge in the development of plasma technologies is that the demand for 

a wide range of initial and operational parameters of the plasma and of the associated 

power supply (pressure, Te, Tvtbr, Tkin, gas flow rate, loaded power etc.) leads to conflicts 

because of the mutual influence of these parameters. This implies some limitation and 

constraint in the adjustment of the process, e.g. in the cases of inductively coupled HF 

plasmas (HFI), or of HF plasmas in general. This phenomenon limits the area of stable 

plasma existence as a function of the input parameters [14]. A possible approach to this 

problem is a serial combination of several HF, microwave, arc and other discharges, 

located within the same plasma-processing device. 

A simplified consideration of the basic processes within non-equilibrium electric 

discharges has permitted the identification of three stages of energy and composition 

transformation in a plasma [15], namely: 

- energy transfer from the power supply to electrons and ions in the plasma via the 

electric field; 
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- energy transfer from electrons to heavy particles via cofüsion processes 

- chemical reactions and relaxation of excited particles 

The power density transferred from the power suppl y to the electrons of the plasma 

via the electric field (E) is defined by the Joule-Lenz law: W IV= aE2 , where V-

volume, a - electrical conductivity. The energy is then transferred to the gas through 

collisions (elastic and inelastic) between electrons and heavy particles, which can be 

characterized by the so-called "transport" frequency Vtr of collisions. 

In the general case of the alternating field, the conductivity of the ionized gas 

associated with electrons (i.e. the ionic conductivity is excluded) is [12]: 

2 e neVtr a = ---'---'---
m( oi +v;) 

(2.1) 

and the effective value of the electric field, EeJJ should be used instead of the average 

value E: 

(2.2) 

Under typical conditions of a non-equilibrium plasma, the electrical conductivity 

should be low enough to prevent the plasma thermalization by the Joule heating; hence it 

can be presumed that the fraction of ionized species in a non-equilibrium plasma is low. 

2E2 
Then the average energy of the electrons e = e 2 2 (2.3) is to be much lower 

mô( (JJ + Vtr} 

than the ionization potential of species present to avoid the effective ionization by the 

electrons of the high-energy tail of the Maxwell distribution. Under these conditions, the 

influence of the Coulomb interactions, of the electronic excitation and of the ionization 

on the energy distribution fonction of electrons may be neglected [12]. So, the 

distribution function is formed by two processes: the energy gain from the power supply 

via the electric field and the energy loss in elastic interactions and by vibrational 

excitations of molecules; then the energy distribution fonction of electrons can be 

presented as: 

[ 
3m2 e M /i(JJ ] f(e)=Cexp ---2 fv;(l+--Pev )de' , 
Me 2m e' 0 

(2.4) 
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where P eV - probabifüy of vibrational excitation, h (J) -vibrational quantum. 

In the case of constant Vtr and negligible Pev , the distribution function becomes 

maxwellian and can be characterized by only one parameter - the electron temperature 

Te. But in the more common case for gas discharges, the mean free path of electrons 

should be regarded as a constant and, if E=const as well, Druivestein distribution is 

obtained: 

[ 
3m2 &2] f ( E) = C exp ----7 , t:o=eEJ 
M E(J 

(2.5) 

This function falls much faster for high values of E than the maxwellian distribution 

function. 

Vibrational excitation after the elastic electron-molecule collision is not effective 

because of the greater mass difference between particles. But it becomes very effective 

via the formation of the unstable negative ionAB(vJ) + e· HAB-(vJ ~AB(v2) + e·, and 

the typical resonance energy of 1 eV is close to the f( E) maximum for most non-

equilibrium discharges. The cross section a of this process near the resonance condition 

is quite high for some homo- and hetero-nuclei molecules of two or three atoms: a 
=0.8xl0-16 cm2 for H2, a= (3-S)xl0-16 cm2 for N2, a =8 x10-16 cm2 for CO [11]. 

Over a certain range of Te (1-2 eV) and the corresponding value of the Elno 

parameter (3xl016 Vxcm2
), the efficiency of the electrons' energy transformation into the 

vibrational mode can achieve 95-98 %, Fig. 2.1 [13]. 

During "'pumping" by electron impact, the lower vibrational levels of molecules 

become overpopulated. The population of chemically active, high vibrational levels (V-

levels) then rises during exchange by vibrational quanta (vibrational - vibrational or 'lV 

exchange). Because of the deviation of the molecular behavior from that of an ideal 

harmonie oscillator, the V-energy distribution may be very different from that of the 

normal Boltzmann law, this is known as the Treanor effect [1 O]. The distribution function 

of vibrational energies of 2-atomic molecules for a non-harmonie oscillator can then be 

presented as: 

f(E)=Bexp --. -+_e_, 
[ 

E x E
2

] 
Tvibr Tofi(J) 

(2.6) 
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and higher V-levels are found to be much overpopulated m companson with the 

predictions made from the Boltzmann law. 

11, % 

100 

50 

0 
0.1 1 10 E/n xl 016 Vxcm2 

0 , , 

Fig.2.1: Balance of energy of electrons for C02. The .figures denote: ]-excitation of 

rotational levels; 2-5 -excitation of vibrational levels 1 OO, 010, 001 and others; 6-

excitation of electronic levels. Based on the data presented in [10, 12]. 

Reactions stimulated by vibrational excitation of molecules may be realized with 

high energetic efficiency. Such a process for the reaction C02 ~CO+11202 is illustrated 

in Fig.2.2. The bond energy of the C0-0 complex is 5.5 eV, and this energy is consumed 

in dissociation via vibrational excitation of the ground 1 E state. This is followed by the 

vibrational-vibrational (VV) relaxation, which results in the rising population of higher 

vibrational levels. Finally, a transition to the auto-dissociating 3 B2 state can foUow. ln 

contrast to this, a dissociation by electronic impact via the 1 B2, 3 B2 states requires more 

than 8 eV per molecule, thus in the case where the V-excitation is not activated, this 

reaction consumes an extra 2.5 eV /molecule which is eventually transformed into heat. 

lt must be noted however, that the ionization rate should be high enough to 

compensate for electron losses and also to provide a sufficient concentration of electrons 

to maintain the discharge. Therefore Te cannot fall below ~ 10% of the ionization 

potential, i.e. zl eV, and is usually 1-3 eV. So, the state of non-equilibrium can only be 
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maintained by energy withdrawal from the gas and thus keeping it relatively cold, either 

by the mechanism ofheat flux towards the wall or by the heat leaving with the gas flow. 

The criterion for the non-equilibrium condition can be presented as a limitation on 

the specific energy load in the gas (J): J{l-rJ)/cpTo ~ 1, where î1 is the energetic efficiency 

of the plasma chemical process. A typical value of J for î1 ~ O. 7 is J .::; 1.5 eV per 

molecule. Such a high specific energy load for non-equilibrium systems is stipulated by 

the effective uti lization of the energy in chemical transformations [ 11]. 
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Fig.2.2 [JO}: Scheme of low electronic termsfor C02molecule. 
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2.1.2. Types of non-equ.ilibriu.m discharges and their technkal 

:realizations. 

Each eventual application of the plasma chemistry process implies the utilization of a 

specific kind of non-equilibrium plasma, which has its particular properties: pressure and 

power regimes, kinetic, electronic and other temperatures, electron concentration, electric 

and magnetic fields intensities, stability, uniformity and characteristic geometry, etc. For 

the present work, the plasma type should be chosen in accordance with its ability to 

reform gaseous hydrocarbons, to thereby provide precursors for the nanocoating 

deposition, while at the same time avoiding the product contamination by amorphous 

carbon. Plasma uniformity and its "fit" to the reactor volume are important for the in-

flight treatment of nanopowders, as well as the ability of the serial integration of the 

discharge into a more complex technological process. 

a) DC Glow discharge. 

The DC glow discharge is a self-sustaining discharge using a cold cathode, which 

provides for a "secondary" emission of electrons, resulting from the cathode 

bombardment by ions. This discharge consists of a near cathode zone of positive volume 

charge with high voltage fall, of a neutral and homogeneous "positive column" and a 

zone of quite small anode potential fall, having a negative volume charge. Typical 

conditions required to ensure electron multiplication and current maintenance in the glow 

discharge are: the pressure P ""' l 0-2 
- l 02 Torr, the voltage drop on electrodes U""' 102 

-

103 V, the current I"" 104 - 10-1 A. Typically, gas flow rates are very low, 10-3 
- 10-4 slpm 

[14]. 

Reactions that demand high energy of electrons, such as molecular dissociation by 

electron impact, proceed intensively in the cathode zone, where the electric field-to-

pressure ratio is E/p=I 00-400 V /(Torr x cm). But the zone of cathode fall occupies only a 

small volume, and the gas reactions' rate in general is determined by the processes 

existing in the positive column. Specific energy load in the glow discharge is very high 

(zlOO eV/molecule [12]), this level being several tens of times higher that 1-2 eV 

necessary for most of reactions to proceed. The excessive energy releases finally in the 
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form of gas heating. Bence, the energy transfer efficiency is very low, being only several 

percents. Power application to glow discharges is normally limited to 0.1-0.3 W/cm3
. 

Further increases in pressure and power simply lead to plasma thermalization, heating of 

the cathode and to the transformation of the glow discharge into an arc. 

In order to improve performance of chemîcal transformation in glow discharges, 

including both its efficiency and power density, the molecules that have received 

sufficient energy (several vibrational quanta) to perform the desired chemîcal 

transformation (e.g. dissociation), should be removed from the zone of the discharge. So, 

for most applications in plasma chemistry, the flow velocity in a glow discharge should 

be considerably increased and convection should be used for the gas cooling. 

b) Ultra High Frequency discharge (micro-wave discharge) 

The UHF discharges are supported by the dissipation of the energy of 

electromagnetic waves with typical frequencies of 109-1010 Hz. These discharges can be 

maintained over a wide pressure range of 0.1 - 105 Pa. The discharge is usually sustained 

by the electromagnetic wave; passing through the UHF wave-guide, across or along the 

gas flow direction. The wave energy is thus divided between those components absorbed 

by the plasma, reflected or transmitted through the plasma. The plasma has the ability to 

reflect the electromagnetic wave completely, if the concentration of electrons attains a 

criti cal value [ 14] : 
0 

m or 4 [ l\" -3 
ne crit = _e_ = 1.24X10 (f MHz J)~ cm 

- 4Jœ 
(2.7) 

where OJ or f- electromagnetic wave frequency. If ne<< ne crit, the energy reflection may 

be neglected. Consequently, there are both lower and upper limits to the attainable 

temperature for each conditions set of the discharge. Tmax corresponds to a high reflection 

factor and the absorption takes place in a very thin layer lm oc ne·1 oc exp(l/2kT), where l -

ionization potential of the gas species. T'min corresponds to the plasma that is almost 

transparent for the given wave frequency. This plasma is difficult to maintain, and 

discharge effectiveness declines. 

The effectiveness of the UHF discharge can be increased by reflecting the 

transmitted wave back into the plasma volume. ln this way, a standing wave is created 
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and the discharge is supported in the zone of its amplitude maximum. A discharge 

supported by a standing wave can also be created in a resonator volume, attached to the 

wave-guide. 

Superposition of the extemal magnetic field (typical value - 104 gauss) onto the UHF 

discharge improves the plasma constraint and increases the fraction of energy absorbed 

by the plasma. This may achieve 90% at the resonant frequency of the electromagnetic 

field, which is equal to the cyclotron frequency, OJH = eH/mc, where H- is the intensity of 

the imposed magnetic field. 

UHF discharges at low pressures (under 5xl04 Pa) are similar to glow discharges. 

UHF discharges at high pressures represent thermal plasma, with the ratio between Te and 

Tkin and the electronic concentration ne being similar to those of the electric arc. lt is in 

the pressure range of 103-2xl04 Pa where non-equilibrium conditions of Te>Tvibr>Tkin can 

be realized and the specific energy load can approach the optimal value of 1 eV/mol. 

Input specific powers for UHF discharges may exceed 100 W/cm3
, but the discharge is 

usually inhomogeneous. Thus it is presumed that local (in situ) methods for the plasma 

diagnostics are appropriate [2, 13]. 

It is important to note that heating of inner areas of the plasma by heat flux from the 

zones of initial energy absorption corresponds to the case of thermal, equilibrium plasma. 

It does not assist in the activation and acceleration of certain pathways of the reaction in 

the plasma chemistry, in those cases where the VT non-equilibrium condition is 

necessary. Therefore, to avoid conduction heating, the condition of effective absorption 

of the power supply energy both for UHF and HF discharges should be: r/Ôsk =1, where r 

is a discharge radius, 8- skin layer depth [12]: 

Ô= c = 5.03 112 cm 
,J 2Jraw (o-[n-1 cm-1 lf[MHz]) 

(2.8) 

The main limitation of UHF discharge facilities is the lack of degrees of freedom in 

changing the extemal parameters. This imposes both upper and lower limits on the 

applied power, plasma gas flow rates, gas temperature etc. 

16 



c) High Frequency Discharges 

Discharge in the mega-Hertz frequency range can be maintained either by solenoid 

coils, charged by high frequency current (inductively coupled, HFI or RF IC discharge ), 

in which the circular electric field, coaxial to solenoid (inductor), is created, or by 

applying a high frequency voltage to electrodes in contact with the plasma or isolated 

from the plasma (capacitively coupled, HFC or RF CC discharge). The HFI discharge has 

a magnetic transformer linking with the power supply, while the HFC discharge is 

coupled via two or more capacitances, formed by electrodes and the plasma. The HFI 

discharge, supplied by the inductor current ofup to hundreds of amperes, usually forms a 

thermal plasma with gas temperatures of 7000-11000 K. The current values for HFC 

discharges are much lower, about 10 A or less. The important difference between HFI 

and HFC discharges for plasma chemistry is the typical value of the electric field 

intensity, which is 10 V/cm for HFI (maximum value of the circular field at the plasma 

edge) and several hundreds of V/cm for HFC plasma. Difference of the electric field 

intensity provides the corresponding difference between the value of the E/n parameter 

and leads to the difference in channels of the energy transformation for these two plasmas 

(see Fig.2.1). The gas pressure range, as used in HF torches, is quite wide - from 1 Pa up 

to atmospheric pressure [ 14]. 

Normally, cylindrical geometry of the inductor, with the plasma inside, is used for 

HFI installations. There exists however a modification, with inductor coils placed in one 

plane in the form of a spiral, which provides for rising tensions of magnetic and vortex 

electric fields in the discharge. Typical geometries for the HFC discharge apparatus are: 

two plane electrodes, a series of cylindrical electrodes, placed in a sequence on the same 

axis outside the plasma and two coaxial cylindrical electrodes with the plasma being 

ignited between them [2]. 

The electric field in the HFI dîscharge is proportional to the magnetic field with a 

very smaH factor, and the magnetic field in turn is also limited by the "ampere-coils 

number" parameter (Jan) of the solenoid: 

OJr 
Ea =Ha-; 

2c 
where r- coil radius, n-number of coils, a-denotes an amplitude value. 
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imposing the condition that the value of Elno parameter is kept within the narrow 

range of (0.5-10)xl016 Vxcm2
, rather low operational pressures and hence applied 

powers have to be maintained in HF discharges. Otherwise, the discharge becomes 

thermal, which usually means being in quasi-equilibrium, and therefore results only in the 

heating of introduced reactants. Meanwhile it continues to preserve the advantage of 

plasma purity, as compared to the case of thermal arcs. However, there is another way to 

charge high power levels to non-equilibrium (Te>Tvtbr>Tkin=Trot) HF discharges - that is 

in the utilization of high velocity gas flows. Experimental determination of the voltage-

current characteristics of HFC discharges provides an approximate expression Ud ~ 1 -0.4 

with maximum possible current density of 6 A/cm2 [2]. 

To achieve the highest possible efficiency in the source-ta-plasma energy transfer, 

the plasma should be kept as close to the walls ( electrodes ), as may be allowed by 

reasons of heat protection for both HFC and HFI discharges. For the HFI case, this is so 

because the plasma-free space near the walls, where the Evalue is the highest, does not 

yield to energy transfer from E-field to the gas. For the HFC discharge, a plasma adjacent 

to electrodes means an increase in the active, plasma part of the circuit resistance and a 

reduction of its reactive part. It also results in an increase of the plasma-electrodes 

capacitance, because it is equivalent to a smaller distance between the plates of a 

capacitor. To increase the plasma-electrode capacitance, dielectric inserts with high 

values of dielectric permeability e (metallo-ceramic) are sometimes used. Such an insert 

fills the gap between electrodes and the discharge-conducting zone. Utilization of water-

cooling, when water ( ê""' 80) fills this gap, also improves the electric coupling. 

Pressure rise leads to contraction and thermalization of the HFC discharge. High 

conductivity in the hot zone reduces the plasma resistance and hence reduces that part of 

the tension, applied to the plasma that consequently results less effective energy 

transfer from the power supply. Therefore, it limits the useful pressure range for 

application of HFC discharges in non-equilibrium plasma chemistry, in comparison with 

UHF discharges. In the latter case, even the proximity of the thermal plasma does not 

influence the electric field in the neighboring areas and the plasma coupling to the power 

suppl y. 
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d) Combining the plasma with supersonic flow. 

For those chemical reactions stimulated by vibrational excitation, there is a problem 

of an increasing power load into the discharge while remaining in the specific energy 

load range of 0.5-1 eV/molecule, the load range preferable for the production ofradicals, 

for example. Increased gas flow rate may become necessary in this case, while at applied 

powers higher than 105 W, stable discharge operation already demands supersonic flow 

velocity conditions [10]. Fast expansion of the flow may be advantagoous for the 

quenching of reagents and for creating high gradients of processing parameters ( e.g. 

concentrations of film precursors) in the proximity of the substrate. Another advantage of 

supersonic flow is a possibility for performing the discharge under the low pressure, 

<100 Pa, at the experimental installation, where entrance and exit pressures are much 

higher than l OO Pa, e.g. where they are equal to atmospheric pressure. Thus, those 

plasma-reforming processes, which demand low pressure, might be performed without 

special vacuum and pumping equipment. The supersonic flow is also a way to "freeze" 

vibrational modes of molecules and to considerably decrease the gas temperature. 

Changes of pressure and kinetic temperature along the flow current line, as a function of 

Mach number, are given by: 

( )

rl(r-IJ ( ) 
P l+r;I M 2 =const, T l+r;J M 2 =const (2.10) 

but Tvibr remains almost the same as in the low Mach number part of the flow, before the 

critical section of the nozzle. In this way, the vibrational kinetic non-equilibrium can be 

created and energy-consuming reactions can be stimulated by vibrational excitation in the 

supersonic zone of the flow, as mentioned above. On the other hand, low gas 

temperatures slow down the process of vibrational-kinetic (VT) relaxation, this relaxation 

and the associated heat release taking place far from the discharge zone [16]. 

The correlation between flow velocity and temperature change in a gas flow is: 

L1T = µ( r - l)q ( c2 - v2) 
Rj( c2 -v2

) y 
(2.lla) 

Heating of a supersonic and a subsonic (under condition of v;P2 ~ c) flows results in 

its deceleration. The transition via sound velocity may lead to instabilities in the flow, to 

the turbulence and to shock wave formation in the heating zone. Finally, the intensive 
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turbulent heat exchange may lead to fast VT relaxation and to the thermalization of the 

plasma, so the critical value of the specific heat, that corresponds to Mach number AJ=l, 

should not be overpassed. 

This critical value for the extracted heat is expressed as [ 

[ 
(l+yM 2 )22(y+l)-J -c T 

qcr - p O M 2 {1+0.5(y-J}M 1 ) 

2.1.3. Capacitively coupled RF discharge 

(2. llb) 

Capacitively coupled RF discharges may find useful applications for plasma 

technologies because of their high value of electric field intensity (or E/n parameter), 

relatively high specific powers (up to 100 W/cm3
) and geometrical flexibility, i.e. ability 

to fill large reactor volumes and to be prolonged by applying a series of electrodes [2]. 

This discharge can be sustained in many kinds of gas mixtures, including pure 

hydrocarbons and silanes. 

a) Physical principles. 

In high frequency (f, m) capacitive discharge operations, the high voltage is supplied 

to electrodes, with or without being in direct electrical contact to the plasma. If the wide 

range of HFC operating pressures (P) is subdivided into low and medium pressure 

modes, then typical values for the electron concentration (n,), plasma own (Langmuir) 

frequency ( tqi) and the frequency of "transport" collisions for electrons (Vu-) may be 

estimated as follows [15]: 

ne= 108-1011 cm-3
, l4= 109-2x1010

, f= 1-100 MHz; 

P= 10-3-1 Torr~ Vtr= 3x106-3xl09 s-1
; 

P = 1-100 Torr~ Vtr= 3xl09-3xl011 s-1 

At typical pressures in the range of 10-100 Torr, which are of interest for use in 

plasma chemistry applications, the collision frequency of electrons (Vir) exceeds by at 
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least 103 times the generator frequency (/), so the particles movement can be considered 

essentially as a "drift" of electronic gas in a constant field. 

The plasma as a whole acquires a positive charge because electrons in the edge zones 

either leave the plasma through the electrodes or become "glued" to the dielectric 

separation. In the second case the electrode surfaces acquire negative charge. 

For the electrical equivalent scheme, presented at Fig. 2.3, the equations for the 

plasma voltage Vi, circuit current i as a function of applied voltage U=Ua sin( mt) are: 

(2.12) 

r-=R(Cal2+Cp), <p=arctg(on), 

U (f)T~l + (f) 2T 2 

i = a (j sin(ox + <p + L1<p) 
1+2CP/Cd .J1+m2r2 

(2.13) 

ro=RCp= 114tïap, LJ<p=arctg( OJt'd, 

where i1 - plasma conductivity current; R-plasma resistance; Cd- capacitance of dielectric 

gap, separating electrodes and plasma; 

Ïct 

l~ 
.------.....,0 V 
.l cd 

R Cp 

t id 

T cd 
0 

Fig. 2.3. Simplified equivalent scheme of the capacitively coupled HF discharge. Cc1 -

electrode-plasma coupling capacitance, R-plasma active resistance, Cµ-plasma 

capacitance, ic-conductivity and id - displacement currents in plasma. 

The lower the value of Cet , the lower the voltage applied to plasma (and the lower the 

wrparameter). In dielectric materials there is only the displacement current present; this 

factor, together with the presence of the displacernent current in the plasma, is the reason 
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why there is a phase diff erence between i and V. The r parameter is a relaxation time for 

the whole of the plasma-electrodes circuit; ra is the time of the volume discharge 

relaxation in plasma itself, and mra is in fact the ratio between the displacement and 

conductivity currents in the plasma [14]. 

This solution presumes that plasma parameters are not incidentally modulated by the 

operating frequency. R(t) zconst (valid for frequencies f~ 10 MHz) 

An example of the calculation of electric parameters of an electrodeless HFC 

discharge is presented below; taking the thickness of each dielectric layer l cm with s 

=5, the distance between dielectrics (plasma length) is L=5.5cm, and to consider ne=l010 

cm-3 and the 'transport' frequency of electron collision Vtr=0.8x1011 s-1• To maintain this 

plasma, the value of the electric field amplitude vs. the plasma pressure E/P =9.4 

V/( cmxTorr) is needed. The plasma parameter mra=0.23, state that there is mainly 

conductivity current present, which passes in the plasma with the amplitude )a z aEa z 

10mA/cm2. This current corresponds to the energy dissipation in the plasma. The speci:fic 

energy load on the plasma is then aE2/2=1.4 W/cm3. For the voltage at the plasma 

column Via=l.55 kVis obtained, Cd/2C=14, mr-3.6. and the voltage applied to electrodes 

is Va=l.75 kV [12]. 

These calculations are made assuming a homogeneous plasma; this is not normally 

the case, mainly because of the presence of charged volumes and voltage drops next to 

electrodes (insulating walls). This assumption becomes increasingly valid with the 

growth of the pL (pressurexlength) parameter, when the plasma can be considered as a 

positive column of the glow discharge type. 

Two different HFC discharge modes may be distinguished experimentally [15], Fig 

2.4. The a-mode is a low conductivity, low current mode with a glowing zone in the 

center and dark areas next to the electrodes, where there is capacitive, displacement 

current. y-mode is a higher current and conductivity one (its ignition is followed by a 

remarkable plasma voltage drop) with high luminosity of electrode layers and relatively 

low luminosity in the center. These layers are similar to cathode layers of a glow 

discharge. Ignition of the a or y mode depends on the pressure and applied voltage (a-
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HF discharge plasma possesses a constant potential, positive relative to electrodes. At 

low pressures (P::::: 1 Torr) it can achieve 30% of the amplitude of the applied voltage and 

it drops with increasing pressure. The first reason for it is the electrons leaving the 

discharge zone through electrodes or by attachment ("gluing") to dielectrics. But even 

without the gluing phenomena in the electrodeless discharge, the zone of negatively 

charged volume is very thin next to dielectric surface. So, in the a-mode this potential 

can achieve several hundreds volts. In the y-mode however, the positive potential is 

similar to the cathode voltage drop, i.e. 100-200 volts and does not depend on pressure. 

a) b) 

c) d) 

Fig.2.4. Realization of the HFC static discharge performed by the author. With the 

pressure risefrom <10 Torr to 200 Torr (case d: 60 Torr) the discharge passes through 

the a- to y-modes, with plasma properties varying from those of glow discharges to those 

of arcs. Theappliedpowerchanges withpressurefrom =10-50 to =1500 W 

In the a-mode the current density doesn't change with the circuit current nse 

( discharge occupies larger areas of electrodes) and it rises with the pressure rise. While 

the applied voltage is increasing, a transformation into y-mode happens at a certain point, 
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the pressure rise seems to show the same effect. For example, in air at P=30 Torr, the 

current density changes from l.2x10-2 A/cm2 (a-mode) to 0.24 A/cm2 (y-mode). On the 

other hand, there is a critical current density jcr, which separates the a (j<jcr) and y (j>jcr) 

modes for the every set of conditions. For nitrogen, P=15 Torr, }=13.6 MHz, )cr""l0-2 

A/cm2
• 

The a-y transition is accompanied by discharge contraction. This can be considered 

as a (secondary) breakdown of the dark, near-electrode area, i.e. positively charged ion 

layer (with the thickness d). At medium pressures, the pd parameter in the a-mode 

corresponds to the right branch of the Pachen curve, much bigger than (pd)rrùn (0.2-0.6 

Torrxcm), [15, Fig.2.23]. In the y-mode the thickness of dark layers attains its minimal 

value, i.e. abrupt transformation of the discharge appearance takes place during the a-y 

transition. Dark electrode ("cathode") layers almost disappear, Fig. 2.4 (b, c ). 

When the pL parameter exceeds a certain critical value, only the high current y-mode 

can be realized. The pL value is low for molecular gases (20 Torrxcm for N1, 13.6 MHz). 

The power dissipation in HFC discharges results from [ 11]: 

- collisions of electrons with heavy species 

- "Collisions" of electrons with (or repulsion from) the plasma boundary (negatively 

charged) or "stochastic" heating. This discharge dominates at p <10-2 Torr. 

It was experimentally proved [15], that in considering the high current (y) mode of the 

HFC discharge a theory of glow discharges can be app lied. The current rise leads to a 

rise of the discharge diameter, but the current density remains constant ("normal" 

density). The density of the conductivity current is then }c=C1?2; the density of the 

displacement current is }d"" (mV/41lC2) P. (P-pressure, C1,C2-constants for the every 

couple metal-gas, V-voltage drop on the electrode layer). The resulting current amplitude 

is: 

(2.14) 

For air and brass electrodes,}=13 MHz and P=50 Torr, the current density achieves a 

value of 0.8 A/cm2
. The share that belongs to the conductivity current (i.e. efficiency of 
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the energy load) rises from ""'10% at 5 Torr to ""'80% at 50 Torr. Thickness of the 

electrode layer for these conditions is d zl0-2 cm. 

ln similarity with the positive column of glow discharge, the voltage-current 

characteristics (VCC) of the central zone of the HFC discharge in y-mode decline with 

the current density rise. Increasing the pl parameter value, the discharge is forced either 

to extinguish, or to increase its current density (and specific energy load). Thus pressure 

and geometry are the tools for controlling the HFC plasma characteristics. When 

electrode zones are formed, rises in the interelectrode distance adds only to the rise of 

the "positive column" (PC). High dissipation of the source energy can be realized in this 

zone. It is the same in the PC zone of HFC capacitive discharge in the y-mode, where 

plasma chemistry processes should be performed for the best efficiency. For nitrogen, the 

positive column of the HFC discharge appears at pL>5 Torrxcm ([15], 2.5.5). The PC is 

the zone, where the local ionization-recombination balance is maintained at all times 

(contrary to electrodes' zones). 

In order to increase the HFC plasma volume, there is a possibility of either a series or 

a parallel connection of several HFC discharges, using the same power suppl y ([2, 15]). 

In the case of dielectric-covered electrodes, the discharge shows similar features to 

the case of bare electrodes. Sorne additional options appear in this case; e.g. by varying 

the insulator thickness and material composition, the minimum (the point of plasma 

stabilization) of the VCC of the facility can be shifted, and in this way, it can be operated 

over a wide range of current densities [ 15] 

b) Devices, producing HF capacitively coupled plasma and experimental results. 

The most frequent employed designs of HFC plasma torch facilities are [2]: 

-plane geometry, electrodes in the form of two parallel plates; 

-cylindrical geometry, electrodes are placed in series along a common axis, with the 

plasma arranged along the central axis. The use of numerous electrodes is possible, edge 

electrodes usually maintained at ground potential 

- coaxial geometry, the high voltage electrode is in the form of a tube (inner) as the 

cylinder axis, the ground electrode is another co-axial tube - the (outer) cylinder waH -

with the plasma arranged in between. 
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Discharge chambers are usually water-cooled, a liquid with high dielectric constant 

improves the capacitive coupling between the electrodes and the plasma. Ferroelectric 

solid inserts can also be used for the same purpose, but the power that can be applied to 

the discharge is limited this case because of the insert heating [17]. 

The main applications for the plane geometry electrodes facilities are for plasma 

etching, surface purification, films deposition and the pumping of gas lasers ( C02). 

Discharges initiated in this geometry are difficult to maintain in both stable and 

homogeneous form at high pressures and high gas :flow rates. The coaxial geometry of 

electrode arrangements is preferred under these conditions and can be used instead [2]. 

The HFC plasma can be maintained at pressures ranging from 10-2 to 760 Torr. The 

usual plasma current frequencies are 13.56 and 27.17 MHz, but normally only 13.56 

MHz plasma current sources are used for high power discharges (> 1 OO kW). 

If the cylindrical geometry of the discharge chamber is considered, the geometry that 

is more interesting for the plasma chemistry applications, then the following typical 

technical characteristics of the HFI discharges may be noted: 

-the inner chamber diameter de""' 2-10 cm, electrodes are usually placed on the outer 

waUs of the water-cooled chamber; electrodes' height is normally equal to the diameter. 

- electrode-to plasma coupling capacitance varies over the range of Ce-p""' 4-80 pF, 

- voltage, applied to electrodes Ue""' 2+15 kV 

- discharge current""' 0.1 + 15 A 

- energy load efficiency ""' 30-60 % 

- plasma active resistance varies, depending on the conditions, in wide range of Rp 

values, e.g. ""' 102 
- l 04 Ohm. 

For example, for the constant plasma power of 16 kW in air, de= 44 mm, Ce-p drops 

from 60 to 20 pF and Rp grows from 250 to 450 Ohm, when the gas flow changes from 

0.8 to 2.8 gis (40-130 slpm) [2]. Constant power can be maintained by increasing Ue. 

Without this change, the plasma power drops with rising gas :flow because the :flow 

repulses the plasma from the chamber walls, thus reducing the capacitive coupling. 

Plasma active resistance drops with the plasma power (Wp) rise, e.g. for an airflow of 

60 slpm Rp,,,, 500 -7150 Ohm, when Wp""' 8 -724 kW. 
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Plasma active resistance drops with the plasma power (Wp) rise, e.g. for an airflow of 

60 slpm Rp::::: 500 ~ 150 Ohm, when Wp::::: 8 ~24 kW. 

Voltage-current characteristic(s) (VCC) for the whole installation are slowly rising, 

while the VCC for the discharge itself is falling. An example of an empirical formula for 

VCC is Up R:1 Ip-ru. This VCC property allows the discharge current to be increased 

considerably, while applying almost the same voltage to the electrodes: for the airflow of 

60 slpm, Up::::: 2 kV, at Ip::::: 5-12 A. Here, active and reactive ballast resistances must be 

added to ensure plasma stabilization, otherwise the plasma with a dropping VCC is 

unstable. 

At a fixed electrode voltage (Ue), the discharge power rises with rise of the chamber 

diameter because of the higher Ce-p value and hence through better coupling. 

The electric field intensity, being an important parameter for the plasma chemistry, 

rises with the gas flow (G) rise and hence with increase in Rp : E=80~160 V/cm if 

G=l.5~2.5 gis, dc=44 mm, Pp=l6 kW [2]. 

Power limits Pum for each installation are determined by the possible dissipation of 

energy from the displacement current into insulating walls of the chamber. For the quartz 

tube, for example, Pum =40 kW for dc=44 mm and Pum= 80 kW for dc=80 mm. 

c) Characteristics of capacitively coupled plasma 

The HFC discharge in many cases does not attain the local thermodynamic 

equilibrium (LTE). It can be out of L TE at high pressures, even up to the atmospheric 

pressure. An example of the HFC plasma parameters calculation for air is: P= l atm, Tkin 

= 500-1250 K (measured from the enthalpy), Te=4000-4500 - measured from the 

conductivity [2]. For N2 plasma at P= 100-600 Torr: Tkin::::: 4000, Te :::::: 7000 K. 

The typical range of mass-averaged gas temperatures in an HFC plasma is nin=lOOO 

+3000 K. Characteristic values for the specific heat flux at 10-20 kW in an air plasma 

with a 1-5 gis gas flow are: (5-15)xl05 W/m2• 

The plasma temperature measurements performed by spectroscopie methods usually 

have an error >5%. If however, the discharge geometry is known, the effective 

equilibrium temperature can be precisely estimated after the conductivity determination, 
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electrodes' diameter D=56 mm, chamber diameter dc=40 mm, electrodes' length 

l= 90mm, inter-electrode 45 mm, plasma diameter ~>=30 mm, voltage Ue=3.2 kV, 

plasma current lp=l.4 A, plasma power Pp=l.25 kW, 

the equilibrium (effective) temperature of the plasma varies from 3500 to 3520 K (0.6%), 

but the plasma conductivity varies from 0.295 to 0.492 (Ohmxmr1
, i.e. 40%. Therefore, 

in some cases, conductivity measurements represent a reliable method for the 

determination of gas temperature in HFC plasmas. 

2.1.4. Applications for non-equilibrium discharges in plasma chemist.ry. 

a) Non-equilibrium conditions in plasma and plasma catalytic properties. 

High temperatures used in plasma chemistry, starting :from 3000-5000 K, can permit 

increasing specific productivity of reactors through the rise of rate coefficients of relevant 

chemical reactions. According to the Arrenius law, the reaction velocity constant k is 

proportional to exp(-Ec/T), where Ea is the activation energy of the reaction. To ensure 

high productivity of such plasma processing facilities, high gas transport velocities (up to 

100 m/s) are normally used. Sufficient heat cannot be supplied to the reaction zone by 

means of thermal conductivity mechanism alone, so in performing practical plasma 

chemistry, the area for energy transfer from power supply to gas often acts as a reaction 

zone. 

Under equilibrium plasma chemistry conditions, only the thermal heating of the 

reagents takes place, and the resulting plasma composition corresponds to the equilibrium 

achieved in chemical kinetics or, in other words, to the minimum of the Gibbs :free 

energy of the system, for the given temperature. Energetically, these processes are not the 

most effective because the energy loaded is shared between all of the free modes of 

atoms and molecules, including those that do not participate in the reaction. Afterwards 

there is a considerable demand for gas cooling during the process of quenching. 

In contrast to this, in the non-equilibrium plasma, especially with high vibrational 

excitation temperature of molecules (Te > > Tvihr > > Trot = T1 = Tkin), it is possible to 

effectively stimulate just a single reaction channel, important for the necessary product 

synthesis. As a general rule, high Tvtbr values accelerate the endothermal reactions 

28 



(energy consuming, AH>O), which form the goal(s) of most oftechnological processes in 

plasma chemistry; low T1dn inhibit exothermal reactions (&i<O). 

An example of a reaction sequence, effectively stimulated by the vibrational 

excitation of a molecule, is: 
C02*(excited) -:)CO+ 1/202; &1=2.9 eV/mol. 

AH=-0.4 eV/mol. 

If the dissociation starts from electronic excitation from the basic electron-vibrational 

level, it leads to extra-consumption of the input energy (7-8 eV /molecule ), which is 

thereafter lost. This mechanism operates in thermal plasmas. The example presented at 

Fig.2.2 is typical for the structure of molecular terms of species favourable for the 

vibrational excitation - C02, CO, N2. Note that all transitions must respect the Franc-

Condon principle. 

Effective energy transfer from electrons to heavy particles consequently passes 

through stages of rotational, vibrational, electronic excitation levels and ionization. For 

the corona, arc, RF and some other plasma types, this transfer depends on the Elna 

( electric field vs. species concentration) parameter value. More generally, for non-

collisional plasmas such as UHF discharges, the energy transfer mechanism depends on 

the electronic temperature Te. If the C02 molecule is taken as an example, then the limits 

of the Elna parameter for effective rotational, vibrational and electronic excitation of 

molecules are consequently: 0.1 ~0.8-6~12 xl016 V/cm2
. Once the lower vibrational 

levels are overpopulated, the VV (vibrational-vibrational) relaxation quickly leads to the 

population of higher vibrational levels, according to the Treanor distribution ( equation 

2.6). 

Hence, in each case of reactions occurring in non-equilibrium plasma conditions, the 

appropriate discharge regime can be chosen, providing for optimal Te or Elna values and 

accelerating the necessary channel for the species transformation. 

The following molecules at low Elna, Te, are vulnerable for the dissociation process, 

via the vibrational - excitation mechanism: C02 (linear molecule ), CO, N1, H2 (excitation 

to the second vibrational level only, v=2), H20, Cl2, NH3. This means that the process 

has a hîgh cross-section value and leads to the formation of radicals and furthermore, to 

the realization of "non-equilibrium" reaction channels. These are all molecules of two 
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and three atom structure, of low vibrational quantum (h 0 value and without spherical 

symmetry. Molecules unfavourable for vibrational excitation are: XH4, XCl4; X=C, Si, 

Ti etc. - sphericaUy symmetrical molecules [13]. 

The vibrational quantum value, LfE=h v is low for osciHators containing only heavy 

particles, hence it corresponds to a higher cross-section for V-excitation by e· impact. For 

H2 this cross-section is already smaller. V-excitation for species such as CH4, SiC/4 is not 

effective because it is easily relaxed through quasi-starie interaction between the heavy 

species (molecules) [14]. 

As for the rotational energy, the rotational-kinetic equilibrium is quickly installed 

during heavy-to-heavy particles collision and any other interaction. Trot = Ticin in typical 

RF, UHF and arc conditions; therefore measuring Trot is a way of estimating Tkin [ 18]. 

The process of dissociative attachment of electrons (AB+e ~AB. ~A +B+e) results 

in the formation ofradicals at values of Te of2-4 eV, which is higher than the Te value for 

effective V-excitation. The following molecules appear to be favourable for this process: 

NH3, XY4, X=Ti, Si, ... ; Y=Cl, F, ... The dissociative attachment is less profitable 

however for the activation of reactions because of the neutralization process AB. + C- --:) 

AB + C, leading to the loss of an electron, which usually carries a very high energetic 

burden (7-15 eV). 

For plasma catalysis, it is important in all cases to maintain a difference between the 

low kinetic temperature and high vibrational and electronic temperatures, depending on 

the reaction mechanisrn. It is possible that Tvibr > Te in supersonic flows and in the 

plasma of low pressure and high amplitude, high frequency field conditions. 

b) Plasma processes, with important influence of non-equilibrium phenomena 

Sorne non-equilibrium phenomena such as, vibrational-electronic excitation, 

dissociative attachment of electrons, non-equilibrium energy exchange between electrons 

and heavy species, may play essential roles in the plasma chemistry. In particular, they 

may be important for the processes of reformation of hydrocarbons and for plasma 

assisted deposition of hydrocarbon films. Presented below are some examples of 

applications of non-equilibrium plasma for C02 reforming, methane reforming, HCN 
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synthesis and thin film deposition, either taken from [2] or from otherwise mentioned 

references. 

m reforming with an eventual role for the vibrational excitation of molecules. 

o C02 decomposition: C02*-J>CO+l/202; Ediss=5.5 eV. 

Excitation of low C02 V-levels is followed by VV-relaxation, then by the 

redistribution of the population of vibrational levels and finally, by thermo-neutral 

dissociation, with the activation energy Ea"'"' O. Liberated atomic oxygen participates 

in another reaction, stimulated by the vibrational excitation of C02. 

O+C02*-J>C0+02; L1H=0.3 eV/mol; activation energy Eaz 1 eV. 

e C02 decomposition: C02-J>C+02; L1H=l l.5 eV/mol via the foHowing chain: 

C02~CO+l/202; CO*+CO*~C+C02; Ea=6eV, L1H=5.5eV/mol. 

Here, the vibrational excitation is an acceleration mechanism involving reactions 

with both C02 and CO molecules. 

• Another example of the utilization of a Nz and CO mixture, which are the best 

species to be excited vibrationally. Here, the reproduction of oxygen atoms 

rnaintains the chain reaction. 

CO+Nr~CN+NO, L1H=6 eV. via: 

O+N2*~NO+N; N+CO*~CN+O 

Methane reforming, chernistry of hydrocarbons. 

• Synthesis gas production. This process, conducted in chemically active plasmas, has 

been developed in the various kinds of discharge plasmas, such as the pulsed corona, 

gliding arc [19] and silent discharge reactors. 

CH4+COrJ; 2H2+2CO, L1H=2.6 eV: 

CH4 +e-~ CH4- ~CH3+H+e-; - this reactîon proceeds via an electron attachment 

mechanism. 

C02+e-~ C02 * + e- -J> CO+O+e-; - this reaction proceeds via V-excitation of 

molecule. 

CH4+0~CH3+0H; CH1+H~CH3+H2; C02*+H~CO+OH 

CH3+0H ~CH30H-J>CH30+H; CH30-J>CH20+H; CH20-J>CO+H2. 
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Preliminary heating of reagents is often used here. Utilization of the non-

equilibrium plasma accelerates the formation of radicals and results a sufficient 

rise in the throughput ofuseful end products (H2+CO). 

• Methane decomposition in the supersonic jet of a DC arc, where the nozzle serves 

as an anode. Input mixture: CH4+H2; Here, the VT non-equilibrium for H2 
molecules, created by cooling in the jet, stimulates the formation of H radicals. 

CH4+H~CH3+H2, and further on - there is a series of reactions with an atom of 

hydrogen taken from a hydrocarbon molecule by a H radical : 

CH4 ~ ... CH3 ~-·· CH2 ~-·· C ~--· C2 or C2H2 
This process is believed to be important for the diamond film deposition by plasma, 

where the C2 molecule acts as a precursor. 

The process of methane decomposition in the HFI discharge may also proceed via the 

formation of H radicals, involving direct electron impact dissociation or (quasi) 

resonance energy transfer from the excited Ar* atom, followed by CH4 dissociation [20]. 

Organic synthesis. 

• 2CHr~C2H2+3H2, L1H=3.8 eV/mol; 

The specific energy consumption required for this reaction in the thermal plasma of 

an arc is 8.3 eV/mol, i.e. the process efficiency is lp46%. Non-equilibrium, low-

pressure discharges (glow discharge, HF and UHF) are less effective for this 

reaction, because the facilities employed are not yet optimized (;p20-30%)[10]. 

• Methanol production can be realized in the corona discharge. 

CH4 +H20 ~C0+3H2, L1H=2.4 eV; 

C0+2H2~CH30H, L1H=-1.4 eV 

Both the efficiency and the product output can be improved for this process under 

conditions of non-equilibrium discharges. 

HCN synthesis in non-equilibrium plasma 

e CH4+J/2N2~HCN+3/2H2, L1H=2.6 eV/mol 

This process has been demonstrated using an arc with an efficiency of Tf =25%. 
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Application of non-equilibrium discharges raise the efficiency to rJ ~40%. rJ is limited by 

the reaction with the dominant role of the N2 vibrational excitation. 

H+N2*-JNH+N, Ea~&I=7.0 eV; 

NH+CHr~HCN+H2+H. &I= -0.5 eV, Ea=0.5 eV; 

2NH ?N2+H2, &I=-7.8 eV, Ea~O. 

e Two reactant mixtures are used for HCN synthesis in glow discharges: 

N 2 + syngas (H2+CO) - in this reaction the vibrational excitation of both N2 and 

CO molecules can be used effectively. 

N2+CO+ 3H2 ?NH3+HCN+H20; 

CH4+NH1: CH4+NH3 ?HCN+ 3H2 

e Synthesis of ethyl-cyanide, ethylamine and aniline from ethylene and benzene. 

C2H4+ HCN ?C2HsCN C2H4+ NH3 ?C2HsNH2.; Crf!6+NH3 ?CrflsNH2. 

Hydrogen decomposition in a Hi-Ar mixture: 

e H+ e-~H*(n=2)+ e-, H*(n=2)+H2?3H,· 

Production of atomic hydrogen in nonequilibrium discharges may be important in the 

decomposition of methane, silanes, halogens compounds, etc. The light H 2 oscillator has 

a high vibrational frequency. Therefore, it is only the V-level, with v=2, that can be 

effectively populated at the electron temperatures typical for nonequilibrium discharges 

(1-2 eV). But hydrogen atoms excited to the second electronic level can already catalyze 

the molecular hydrogen dissociation reaction. 

Thin films deposition using non-equilibrium plasma. 

e Deposition of amorphous hydrogenated carbon (a-C:H). The process is performed 

in HFI, HFC discharges, in the hot wire reactor and in expanding arcs [10]. 

e Deposition of amorphous carbon nitride (a-C:N) [21]. This process was performed 

in the cascaded arc. C6ol'C70 + N2 (+Ar) ? ... ?C2; 

Fullerene clusters C6(/C70 are split to form C2 molecules - precursors of the (a-C:N) film. 

The influence of the excited N2* species is probably important in this process. The C3N4 

crystal film deposition is also possible. 
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e Amorphous hydrogenated silicon deposition (a-Si:H) [22]. 

For this process a cascaded arc discharge was used in the following mixtures: 

Ar + H2+ SinH2n+2, with Te=l eV. Formation of clusters (SinHm +) was detected: 

SinHm + +SiH4-l-Sin+1H/ + qH2 (n 2.l, m+n=p+2q), 7Sief, Si/ etc. 

Silicon clusters were proved to be precursors of Si atoms in the deposited film. 

e Several other amorphous films were deposited by the cascaded arc: 

a-Si:H, a-C:H, a-C:N, diamond. 

e TiN film depositions were realized in dimethylamino-Ti+N2 or TiCl4+N2+H2 

reaction mixtures in the electron cyclotron resonance UHF plasma and in TiCl4 + 
NH3 + H2mixtures in the HF inductively coupled discharge. 

2TiCl4+ N1+4H2 -l-2TiN+8HCl 

Here, the dissociation of molecular hydrogen with the participation of vibrationally 

excited N1 molecules, leads to the sequential capture of chlorine atoms by the atomic 

hydrogen. 

e Polymer film surface treatments by HFC discharge in an atmosphere of SF6 and 

CF4 [23], with the presence of 02 and H20 as contaminants. 

The goal of this process is, for example, to enrich the treated dielectric with fluorine 

atoms and so to improve its insulation properties. The leading process for CF4 and SF6 

dissociation here is the dissociative attachment of electrons. The detected products from 

the dissociation in this case are SFn (n=4,3,2), S2F10, SOF4, S02F2, HF, etc. 

2.2. Nanomet:ric powde:rs and nanocoatings. 

The problems associated with the production of fine powders have been discussed in 

the literature for many years. Significant changes to materials' properties are induced and 

observed when the particle size is inferior to l OO nm and especially inferior to l 0 nm. In 

such cases, properties can differ greatly from those of bulk dense bodies. These specific 

properties of nanopowders (NPd) are now widely used in the industrial production of 

aerosols, colorants, radio frequency absorbing ceramics in aviation, reinforcement fillers 

of composite materials in aerospace industry, etc. Suspensions of metal nanopowders are 

used as restoration additives in motor oils. One of the most important applications of fine 
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powders is their utilization as heterogeneous catalysts in industrial chemistry, where 

isolated nanopoarticles are deposited on substrates with developed surfaces. Production 

of macro-quantities of isolated ( dispersed) nanoparticles (NPl) off ers opportunities for the 

synthesis of new materials and for the research of their expected properties. 

Bulk bodies that are composed of nanosized particulates also demonstrate such new 

characteristics as altered Curie points, different hysteresis width, transition from ortho- to 

para- magnetic behavior, etc. [8], depending on the size of the initial nanoparticles. 

2.2.1. Methods of nanopowde.rs synthesis 

Synthesis of nanopowders by condensation of vapors from the gas phase is the 

longest known and employed of the applied methods, it being first reported in [24]. 

Vapors of metals, alloys and semiconductors can be all used in this technique, yielding 

particles sized to between 2-1000 nm. A widely used chemical method for the production 

of highly dispersed powders of nitrides, carbides, borides and oxides, is via plasma 

chemical synthesis (plasma assisted CVD) [25, 26). The method provides high rates of 

powder formation and output; its main disadvantage being the wide size distribution of 

the product particles, e.g. micro-sized particles can also be produced simultaneously, 

thereby reducing the process selectivity. In some cases (arcs) a disadvantage of the 

method is the contamination of the powder by reaction byproducts. Somewhat similar to 

the previous plasma routes is the method of gas phase synthesis by laser heating of the 

reactants mixture, which provides for the controlled homogeneous nucleation of the 

particles. 

A further method involves the deposition of nanopowders from colloid solutions, 

used for example in the modification of sulfide powders [27]. It consists of the synthesis 

of the product from precursors and the "freezing" of the reaction with the subsequent 

transfer of reagents from the liquid coUoid state to the dispersed solid state [28]. 

Deposition :from colloids is the most selective among all of the methods for 

nanoparticles' synthesis; it permits stabilized nanoclusters, with very narrow size 

distributions, to be obtained, which is important for catalysts production, and in 

microelectronics. The main problem of this method is to avoid the coalescence while 
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producing the nanoparticles. Nanopowders can also be obtained by thermal 

decomposition (pyrolysis) of metallo- or silicone- organic compounds (carbonyls, 

formiates, carbo-silanes etc). A variation of this method is that of metallo-organics 

decomposition in a shock tube, followed by condensation of the NPl from supersaturated 

vapors. Plasma assisted thermal decomposition of the precursors can be combined with 

condensation of vapors by using the supersonic outflow of gases from a chamber 

maintained at high temperature and pressure. Nanopowders may also be obtained by the 

mechanical treatment of mixtures of solid particles (of FeB or BaTi03, for example) in 

planetary, spherical or vibrational mills, resulting in the reduction of the particles' size to 

10-200 nm and in their plastic deformation [29]. Finally, a method of explosive or 

electrical detonation can be mentioned, in which shock waves of 109-1011 Pa provîde 

conditions for material synthesis and simultaneously for its nanosize dispersion. This 

method can be applied to mixtures of graphite and metals and also allows diamond 

nanopowders of small size dispersion to be obtained, the size of which can be kept to 

within 4-5 nm. [30-32]. 

2.2.2. Composite nanostructures. 

A significant surge of interest has developed over recent years in the fabrication of 

nanostructured materials and nanocomposites (NC), such as nanoparticles composed of 

one material being covered by a nanolayer of another material. Examples of such NC are 

binary semiconductors, possessing altered zone structures, such as binary oxides or 

chalcogenides, or a combination of these e.g. Ti02/CdS [33, 34]. There are also carbon 

coated magnetic metal particles having specific magnetic properties [35, 36], polymer 

coated NPl [9, 37] with improved qualities of adhesion, corrosion resistance and surface 

passivation, i.e. lowered surface energies and others. 

There are now several generally applicable technologies, which can be used for NC 

fabrication. These include the methods of colloid chemistry [33], electric arc treatments 

[36], low power RF plasma treatments in fluidized bed reactors [37] and other thermal 

treatments, for example annealing [35]. Unfortunately, only a limited number of pairs of 

materials can be matched by the majority of these methods, because the matching ability 
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usually depends on the solvability of the components, their electrical conductivity, 

contamination of the process by by-products, etc. Serial synthesis of nanocomposites in 

non-equilibrium plasma environments allows the use of a wider choice of precursors, 

such as those employed in experiments with microwave plasma [l, 9], where binary 

ceramics and polymer covered ferromagnetic nanoparticles were obtained. Micron sized 

binary metal powders were synthesized in the low pressure RF plasma in combination 

with magnetron sputtering of the coating metal precursor [38]. 

Nanopowders are frequently synthesized by the thermal plasma spraying process or 

are used in this technology for the coating deposition [39]. There is a considerable 

advantage in having the ability to combine the surface coating process of the nanopowder 

with their synthesis phase, which could inhibit the growth in size of particulates during 

the coagulation phase of the synthesis. Thus the properties of the coating can be 

significantly improved by the provision of lower porosity, better adhesion and plasticity 

etc. The coating of NPl with a chemically inert layer offers the possibility of improved 

materials handling, for example, applied to pyrophoric metallic powders used in the open 

air, greatly reducing the risk of their ignition and oxidation in contact with the air. 

Nanocoating of metal nanoparticles also finds application for their size control in the 

production of catalyst powders. For nanoparticles with small numbers of atoms, the 

distance between energy levels is o = EFIN (EF - Fermi energy, N - number of atoms in 

the particle) and its value is comparable with the thermal energy kT. When o >kT, the 

levels become discrete, the particle loses its metallic properties and its catalytic activity 

rises tremendously, which is often the case for particles of nominal diameter 2-8 nm. 

An interesting prospective goal in nanoscale engineering is the coating of carbon 

nanotubes or fullerenes with layers of metals or oxides. Nanocomposites ofthis character 

should have vastly different electromagnetic properties, compared to those of finely 

divided bulk carbon, and which are likely to be of considerable interest for both 

nanoscale magnetic research and for use in high density recording technology [40]. The 

coating of carbon nanotubes, as presently used in fiber-reinforced nanocomposites, can 

provide the proper interface between the fiber reinforcement and the host matrix material, 

and is crucial for achieving the best mechanical performance and structural integrity :from 

the composite [41]. Transition metals (Ti, Co, Ni) are the most appropriate for this 
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purpose because they form Jr-complexes with the graphite-like surfaces of carbon 

nanostructures. For example, nanocomposites of metal-coated fullerenes could be used as 

the template for the controHed synthesis of uniform, single waH nanotubes [ 42]. 

Nanotubes may also be covered by thin layers of polymer(s) [43] or functionalized 

by atomic hydrogen [ 44] in order to improve their adhesion to and their homogeneous 

dispersion in the host matrix. Nanocomposite film actuators are being investigated by the 

coating carbon of nanotube ropes with a structural polymer electro1yte to improve their 

ion exchange and transduction efficiency. Coatings may also be able to increase the 

piezoelectric properties of nanotubes for use in high-:frequency strain sensing 

applications. An innovative plasma polymerization coating process that could be used for 

man y of the above-mentioned future applications is to be discussed later. 

The nano-engineering considered here may well find important applications in the 

study of nanocomposites properties. Usually it presents a problem because of NP 

coagulation, making it difficult to obtain macro quantities of well dispersed NP. Among 

NP isolation methods applicable to metals is the crystallization of binary metal eutectic 

mixtures, with the formation of nanocristallites of one metal (e.g. Fe) in the matrix of 

another metal (e.g. Cu) at the edges of its microcrystal. This non-direct method involves a 

complicated study of the sarnple properties and the developed theory. The isolation of 

metal NPl would however permit the direct study of their properties, provided that the 

isolation/stabilization is performed after their synthesis but before their coagulation phase 

takes place. 

2.3. Plasma assisted thin film deposition of hydroca:rbon coatings and 

the :reforming of hyd:rocarbons 

Over recent years, a large number of published works have appeared on the plasma 

conversion of basic gaseous hydrocarbons, initiaUy with methane, into other, more 

valuable C:H products [20, 45-51 ]. Methane decomposition taking place in various 

electrical discharges has been studied extensively in connection with both diamond 

deposition and for the purpose of converting methane into higher molecular weight 

hydrocarbons. The distribution of hydrocarbon products obtained in this process is 
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determined by the type of the discharge employed and its operating conditions. The main 

reaction route leading to higher hydrocarbons formation in the methane plasma is that of 

dimerization. Under dielectric barrier discharge conditions, characterized by low specific 

powers, ethane is found to be the most abundant reaction product, followed by propane 

and butane, and only small amountsofunsaturated hydrocarbons are detected [45]. Under 

more energetic conditions, as in corona discharges, for example, the product distribution 

is shifted towards the more dehydrogenated products, of which acetylene is the main 

component. In the presence of specific catalysts, a similar product distribution, again 

dominated by acetylene, has been reported. In microwave discharges with increasing 

input power, the product distribution is gradually shifted, from ethane to ethylene and 

finally to acetylene, the latter becoming the main reaction product at higher powers. 

Based on these findings, the generally accepted reaction mechanism for the formation 

of acetylene from methane consists of the initial formation of ethane by dimerization of 

methyl radicals, followed by dehydrogenation reactions [46, 47]. Other pathways 

considered consist of the direct coupling of CH2 and CH radicals; these reactions are 

believed to require more energetic conditions [47]. 

In numerous cases when the thermal plasma is operated, at either sub-atmospheric or 

at near-atmospheric pressure, and the applied power is in the range of 1-40 kW(DC arc, 

inductively coupled RF discharge, the latter sometimes combined with the convergent-

divergent nozzle), the result is the desired, high efficiency conversion of methane to 

acetylene. Under certain conditions the conversion rate can attain values of up to 1 OO % 

[ 48]. In some conditions of the thermal processes, an important quantity of soot appears 

as a sicle reaction product, the level of which can be reduced when non-thermal 

atmospheric pressure plasmas, such as the pulsed corona or spark discharge, is employed 

[ 49]. Utilization of such discharges is also a promising approach for the production of 

nano-structured powders under atmospheric pressure, and they represent potential 

alternatives to the method developed in the present work. The main problem to be solved 

in the case of atmospheric pressure plasmas is the effect of discharge non-uniformity and 

contraction. For example a corona discharge may form moving streamers in the presence 

of high gradient electric field, which may cause the non-uniform treatment and the 

agglomeration of charged particles so produced. Hydrocarbon reforming by dielectric 
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barrier discharge [50] in presence of C02 is a case where the discharge uniformity is 

ensured; the CH4 conversion providing a variety of C2H11 and C3Hn species. 

Simultaneously, the deposition of a plasma polymerized film with a complex structure is 

observed on the dielectric walls of the reactor. This film contains various groups that are 

characteristic of alkanes, ketone groups, 4-7 C carbon rings, esters groups (R-C0-0-R) 

Medium pressure methane reforming, for example, via the pulsed microwave 3000 

Pa, 1200 W plasma, results in the production of a variety of hydrocarbon species, mostly 

C2Hn [51]. Atomic hydrogen, formed by methane dissociation, has been found to play an 

essential role in the methane plasma chemistry. In this microwave plasma, hydrogen 

abstraction by hydrogen atoms process, being favored at high temperature, is responsible 

for the high level of methane conversion and low energy requirements achieved (9-10 

eV /molecule) and for the species distribution of the reaction products. 

Low pressure (1-100 Pa) hydrocarbon plasmas (RF capacitively coupled and glow 

discharges) are widely used for the deposition of diamond or C:H coatings on large 

surfaces [52]. In this case, and similarly with non-thermal discharges at high pressures, 

plasma reforming of methane provides numerous CnHm (n=l-5) species. The non-thermal 

plasma composition can depend drastically on the presence of certain molecules ( C02, 

NH3, N2), which assist in the plasma catalysis of certain reaction chains. Reactions 

engaging molecular ions, such as NH4 +, N2 +, also play an important role, especially those 

involved in charge-exchange dissociation or disproportionation. 

Besides hydrocarbon reforming, plasma technologies are also used for the deposition 

of a variety of hydrocarbon coatings, ranging from diamond to various C polymers, 

sometimes doped with Sl~ F, N and other elements. Among them, the amorphous 

hydrogenated carbon (a-C:H) films attract considerable attention due to their unique 

optical, electrical, mechanical and chemical properties, such as the low coefficient of 

friction, high hardness, high thermal conductivity and chemical inertness, as well as films 

with tunable optical properties and having infrared transparency. 

Deposition of a-C:H films on large surfaces can be obtained within different kinds of 

plasma and plasma gases, for example, RF CC plasma enhanced deposition at low 

pressures (1-100 Pa) in methane [53-55] or benzene [56], at 10-4 Pa in hydrogen/trans-2-

butene [57], in electric arc extending under atmospheric pressure in acetylene [58], in 
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m1crowave plasmas including these generated by electron cyclotron resonance in 

methane and acetylene [55, 59], in RF inductively coupled plasma with isopropyl alcohol 

as a coating precursor [60] sustained under the low pressure (10-6 Pa) and others. Films 

so obtained usually have complex structures, determined by the dominant füm precursor 

radicals, which in turn depend on the dominant reactions in the gas phase, as weH as on 

the carrier and doping gases, on the surface sticking coefficients of radicals and on other 

factors. 

Reflectance and/or transmittance infrared spectroscopy has revealed some common 

characteristics for the a-C:H films. They are deposited under the variety of plasma 

conditions, among them the negative substrate bias being of special importance. Analysis 

of the IR spectra reveals indicative features for the polymerlike formations, such as the 

maxima corresponding to C-H stretch bonds ( CH3, CH2 and CH groups with sp3 and sp2 

hybridization) in the range of 2850-3050 cm-1 [56, 61, 62]. For the harder, diamond-like 

carbon films, these features become less intense, indicating lower levels of hydrogen 

incorporation [55]. C-Hbending bonds are usually observed in the 1370-1470 cm-1 range; 

features characteristic for C-C and C=C bond are observed as well, yielding to the 

intensity of the 1040-1100 cm-1 band [56, 57]. When oxygen is present, either in the 

coating precursor species or as a plasma contaminant, then bands due to C=O, C=C or 

=C-0-C groups can appear in the range of950-1650 cm-1
. 

When the role of the ion species in the coating growth and in hydrogen removal 

prevails over that of radical species, the coating character shifts from that of the soft 

polymer-like to that of a hard or diamond-like one. This change in film properties is 

observed when the bias voltage (DC, usuaUy negative, or RF) is applied to the substrate 

[55, 61, 62]. DC negative self-biasing, resulting from the attachment of electrons, is also 

critical in determining the a-C:H film characteristics. A similar effect of biased coating 

hardening was observed in CC RF plasma [56]. The reason for this influence is that the 

bias leads to the post-deposition treatment of the surface by hydrogen, mostly by F with 

high penetration ability, forcing further film dehydrogenation, increasing the cross-

linking in the matrix and distorting the carbon bonds. The coating densification can be 

accompanied by an increased sp2 bonded carbon from the sp3 bonded atoms. Such surface 

treatment by hydrogen can be important for both the film stabifüy and its oxidation 
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resistance because it reduces the presence of the actual or potential dangling bonds 

density [59], such as those forming at CHx groups. The relative importance of the F and 

Ir species in these densification phenomena depends on the experimental conditions 

employed. 

The coating properties also depend on various extemal parameters such as the flow 

rate, power, pressure and the electromagnetic field parameters. Typical values for the 

hydrocarbon coating growth rates vary over the range of 0.1-1 nm/s [15, 57, 59], 

depending on the conditions, including the setup geometry. High hydrogen content in the 

plasma gas may decelerate film growth, while with increasing power, the deposition rate 

rises, finally approaching a constant value. 

Concluding, the specific properties of non-equilibrium plasmas offer the possibility of 

performing precise and effective processes in plasma chemistry. The wide variety of such 

plasmas allows one to use the specific type best matching the presumed or intended 

application. Certain plasma tools, such as the capacitively coupled RF discharge, possess 

some advantages, which enable it to be used for the treatment of nanopowders. The 

application of technologies using non-equilibrium plasma may present innovative 

opportunities in the interdisciplinary field of nano-structured materials production, in 

particular by the application of a variety of hydrocarbon coating types. The development 

of such an application constitutes the goal of this present work. 
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Chapter 3. 

Surface coating of nanopowders 

3.1. Introduction 

In the first part of this chapter the detailed description of the experimental plasma 

facility is given, including its technical design, electrica] circuit and the generation and 

plasma diagnostics equipment used. The second part of the chapter describes the 

diagnostic means used for the characterization of the CC plasma-treated nanopowders, 

including transmission electron microscopy, infrared spectroscopy, thermo-gravimetry, 

diff erential scanning calorimetry and others. 

3.2. Plasma generation 

The present work is aimed at developing a process for deposition of nanolayer on the 

surfaces of nanoparticles by the non-thermal plasma. The particles should be suspended 

in the gas phase. Thus, an experimental facility must provide the means for the 

maintenance of stable non-thermal plasma, along with the possibility for continuous 

nanopowder feeding and processed product sampling/collection. 

3.2.1. Design and technical characteristics of CC plasma source. 

In the present work, the axial symmetric configuration of this discharge, along with 

the use of insulated external electrodes, has been chosen. This design is advantageous 

when a requirement for relatively high power density (10-100 W/cm3
) is sought from the 

plasma. Such an electrode geometry can be varied to match various specific requirements 

and applications. Flexible positioning of the electrodes coupled with the variable inter-

43 



electrode gap both offer some degree of control of the E/n parameter. A longer length of 

the CC discharge can be created with the use of numerous couples of electrodes placed in 

sequence, thus providing for increased gas residence times, depending on the reaction 

requirements. Use ofthis modification is mainly limited by the power of the RF supply. 

The experimental setup, used for CC plasma generation and powder treatment, is 

iUustrated in Fig. 3.1. The plasma is maintained at low pressure (102-104 Pa) and at a 

power density varied between 5-20 W/cm3
. The system includes an RF generator 

(Hewlett-Paccard 8640 B Signal Generator), a 3 kW, 3-18 MHz amplifier (Comdel CPS-

300011356 RF Power Source), an impedance matching network (RF Plasma Products 

Inc., Mode! AMN 3000E), a discharge chamber, a fluidized bed powder feeder (HOM-100 

Flow Homogenizer, Tekna Plasma Systems Inc.), a 3000 cm3 cylindrical stainless steel 

reactor and a rotary vacuum pump (Edwards E2M2 High vacuum pump). The amplifier is 

connected to the matching network, via a 50 Ohm RF coaxial cable, and is equipped with 

two power-meters in order to measure the RF load forward and reflected powers. 

Paper :filters, 3 cm in diameter, supported by the steel grid, separate the reactor 

volume from the rest of the pumping line. The gas flow rates were monitored by the 

Emerson Electric Co. R-2-15-AA or R-2-15-AA flow meters. 

The discharge chamber geometry is based on the generic design concept proposed by 

Dresvin et al [2]. It represents a co-axial system, consisting of inner and outer quartz 

tubes fitted with cylindrical copper electrodes placed outside the outer tube. The RF CC 

plasma is ignited and maintained inside the inner tube (Fig.3.1 ). Photographs of the 

facility are shown at Fig.3.2. The inner tube is of20 mm extemal diameter, 300 mm long, 

the outer tube is 80 mm extemal diameter and consists of two separate pieces, with the 

total length being expanded up to 300 mm. The copper electrodes have almost the same 

80 mm diameter (id); they are each 70 mm wide and are separate by a variable interval, 

which was normally kept at 80 mm during the powder treatment. 
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Fig. 3.1. Scheme of the experimentalfacility- design, gas circuit, electric circuit and 

diagnostics. 

Power range: 

frequency range: 

plasma gases: 

Reactor pressure range: 

100- 3000 w 
10-18 MHz 

50 - 10 000 Pa 

Pressure usedfor the powder treatment: 2000-3000 Pa 

Gas flow rates: 0-1 OO standard cm3 /min 

The cylindrical gap arranged between the quartz tubes is filled with flowing water for 

the purpose of cooling and, more importantly, to provide for better capacitive coupling 

between the power supply and the plasma. As the dielectric permeability of water is E = 

80, the coupling capacitance is therefore increased by some 80 times and, 

correspondingly, the reactive resistance of the plasma-electrode gaps is reduced. The 

water volume is separated into two portions by the dielectric insert, to prevent RF current 
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passage through the water. Water volumes are sealed by means of high temperature 

rubber o-rings, with a silicon sealer acting as an empty space filler. The connection 

between the inner quartz tube, which withstands the high heat loads, and the water-cooled 

reactor, is performed by a heat-resistant ceramic case (Macor®). 

The CC plasma of the employed design is able to operate with any kind of input gas 

mixture, including the pure gases CH4, C2H6, SiH4, H2, He, Ar. The gas flow rates 

employed in the described experiments varied from 0 to 0.1 slpm, while the gas could be 

used for either plasma generation (as the axial or sheath gas) or as the powder conveying 

gas. The available plasma power varied from 100 to 3000 W, while the reflected power 

remained within the 10-500 W range, depending on the plasma pressure and the 

adjustment possibilities of the matching network. 

The powder was introduced into the discharge typically at rates that were sufficiently 

low to avoid disturbing the plasma. 

3.2.2. Electric circuit. 

The electric circuit of the facility is considered as being composed of two parts: the 

primary part, consisting of the RF generator, RF amplifier and the entrance impedance of 

the matching box, and the secondary part, consisting of the exit impedance of the 

matching box and of the plasma assembly. The amplifier is equipped with two power-

meters (CJGCM 2007-0-004 Plasma Therm !ne.), measuring: 1) the total RF forward 

power and 2) the power reflected back to the generator. The matching network has an L-

scheme with two variable capacitors (L = lµH, C1=7-100 pF, C2=25-500 pF). It is 

designed to provide the optimum coupling between the 50 Q output of the generator, via 

the J L / C = SOQ coaxial line, and the secondary plasma circuit. 

This system is characterized by the mutual influence of the HF load impedance, which 

is represented by the plasma, and the "coupling efficiency" of the reactor circuit, which 

appears in the form of the reflected power. This specific factor / characteristic may, under 

certain conditions, lead to plasma instabilities and even to the extinction of the discharge. 

This limitation imposes extra constraints on the range of conditions, over which the 
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independent parameters, such as the reactor pressure and the plasma power, could be 

adjusted. 

ln designing the presented system a balance had to be established between the 

available power, the plasma filled volume and the source-to-load coupling. Particular 

attention had to be given to the design of the powder feeding location in order to prevent 

the input particles from passing through reactor zones where the plasma is absent. The 

first version of the facility initially had a larger inner quartz tube (55 mm), which was 

found to provide inferior coupling efficiency and thus forced the plasma to contract 

towards the tube axis. The circulated water volume was also not divided into sections, 

which allowed a substantial RF current to pass in parallel with the plasma conductor. 

Finally, the device geometry was altered and adjusted in such a way as to ensure that the 

inner volume could be filled with plasma. The electrical circuit losses could also be 

limited to only a few % of power supply output if the proper impedance matching 

network, corresponding to the required plasma conditions, was employed. A comparison 

of the first version of the facility, with that of its final operating design, is presented in 

Fig. 3.3. 
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a) b) 

Fig. 3.2. General view of the Capacitively Coupled (CC) RF plasmafacility. 1-reactor, 2-

electrodes (diameter d = 85 mm, inter-electrode gap l = 150 mm), 3-powder feeder 

(fluidized bed), 4-inner tube, 5-outer tube, 6-running water, 7-plasma (CHt/H2). 
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a) b) 

Fig. 3.3. a) Close-up view of the discharge in hydrogen, P=l 000 Pa. b) - Preliminary 

version of the facility design: discharge in the argon-hydrogen mixture, inner tube 

diameter is 55 mm. 
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3.3. Plasma a:nd process diagnostics. 

3.3.1. Optical emissio:n spectroscopy. 

Optical emission spectroscopy (OES) was used to detennine CC plasma parameters 

(rotational Trot and excitation Texc temperatures and electronic concentration ne, see below, 

section 4.1) during powder treatment experiments. The plasma image in the axial 

direction was obtained through the quartz window of the reactor (Figs. 3.1, 3.4a) and was 

focused at the entrance slit of the spectrometer. The lateral access to the plasma volume 

in the case of methane and ethane plasmas was occulted by the continuous deposition of a 

C:H layer on the inner tube surface, so the axial distribution of the plasma parameters 

could not be studied. 

Emission spectra of the plasma were obtained by means of the ISA Jobin-Yvon 

HRJ 000 visual band spectrometer, fitted with a 1200 lines/mm spectral grating. Most 

spectra were registered in the 3d (molecular bands) or in the 2nd (hydrogen atomic lines) 

order of the grating. The width of the entrance sht was chosen as 30 µm. At the 

spectrometer exit, the spectra were focused at the sensor of the Princeton Instruments 

ICCD 1024 MLDG-E detector, having a 1024x256 pixel matrix. Spectral resolution of 

the system was 0.2 A. 

3.3.2. Mass spectromet:ry. 

Mass spectrometry was employed for the analysis of the gas mixture after its passage 

through the plasma. For this purpose the Pjèiffer-Balzers TCP-121 quadrupole mass 

spectrometer was employed, either in the analog scan mode, which is used to determine 

the principal species in a mixture, or in the multi- or single-ion analysis mode, which 

pennits the tracing of the dopant gas passage through the plasma. The control volume of 

the mass spectrometer (MS) was normally located at about 80 cm downstream from the 

reactor exit. The typical one-scan time varied from 0.5 to 8 sec. 
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a) 

b) 

Fig. 3.4. Axial view of the plasma volume. a) Methane CC plasma. b) Location spots of 

the treated powder: corner (1) and walls (2) of the reactor. Powders in the corner stay in 

contact with the plasma ta il after the treatment. Conditions of the powder treatment: P = 

1000 Pa, A=1200 W. 
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3.3.3. Powder collection 

The initial powder was transported from the fluidized bed feeder, together with the 

plasma gas, and entered the reactor plasma volume at its base (Figs. 3.1, 3.2a). After 

passage through the discharge chamber, where the powder is in contact with plasma, it 

was then deposited at certain locations within the reactor and at the füter (Figs. 3.1, 3.4b). 

Consequently, at the end of an experimental run, this powder was collected from its 

various deposition points. 

The collected powder samples were examined by the following methods: 

transmission electron microscopy (TEM), including electron diffraction analysis 

Fourier transfonn infrared spectroscopy (FTIR) 

thenno-gravimetric (TGM) and differential scanning calorimetric (DSC) analyses 

ln addition to these main characterization tools, some complimentary measurements 

of the plasma treated powders were also applied or tested: X-ray diffraction analysis, gas 

chromatography of the soluble part of the particle coating, secondary X-ray elementary 

analysis from scanning electron microscope (SEM) images, specific surface measurement 

by nitrogen adsorption (BET), optical microscopy and a limited number of high-

resolution TEM (HRTEM) observations. Detailed descriptions of many of the above-

mentioned methods are given in the corresponding sections. 

Modifications to the powder collection techniques were perfonned in order to remove 

particles from the plasma zone immediately after their exit from the inner quartz tube. 

For this purpose a 20 mm diameter ceramic tube, connected to the pumping line orifice, 

was placed about 5 mm from the edge of the quartz tube, Fig. 3.5. The result was that 

powder was no longer observed at the usual collection points - either at the reactor 

corner, or at reactor walls or on the filters. No traces ofpowder were detected at the walls 

of the ceramic tube as well. From one viewpoint, this phenomenon may be explained by 

the presence of negative potential at the surface of the ceramic tube situated in the 

vicinity of the plasma, as is the case for all surfaces that are exposed to the plasma and 

accumulate negative potential (with respect to the plasma) as a result of the electron 

attachment [2, 3, 12]. In this case, the nanoparticles are charged negatively as well, unless 
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this process is not reversed by the thermo-emission of electrons, and thus nanoparticles 

should be repulsed by the newly introduced bulk (ceramic tube) body. From another 

viewpoint, the absence of any exiting powder with the operation of the new reactor 

geometry demonstrates the strong influence of the charged powder and walls effects on 

the process output. 

c ·" p6\Ng~r ~ollectiohtub~'.--> 
: : ~ ( ceramics) ' ; -

pump 

Fig. 3.5. Schematic of the modifled powder collection experiment. A 20 mm inner 

diameter ceramic tube is connected directly to the pumping fine. The gap between the 

opposite edge of this tube and the exit of the discharge chamber was varied between 3-10 

mm. 

3.3.4. Reactor type. 

Experiments with a tracer gas (argon) were performed to determine the incoming gas 

residence time in the plasma and thus the ideal reactor type that better corresponded to 

the facility under conditions suitable for coating deposition. A tracer gas was introduced 

laterally at the bottom of the quartz tube (Figs. 3.1, 3.2), taking the form of 1-2 s long 

flow pulses, which at their maxima, provided about 5% vol. of the total plasma gas flow 

rate. The presence of the tracer gas at the exit was monitored by the mass-spectrometer; 

with sample extraction located about 30 cm downstream from the reactor' s upper exit 

(Figs. 3.2, 3.4), thus providing a total flow distance of about 80 cm between the tracer 
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entrance and the MS sampling point. The connecting tube diameter was 10 mm. The 

monitoring was performed in the single-ion analysis mode, with a typical cycle 

acquisition time of 0.7-0.9 s. 

Measurements were made with the methane plasma under variety of power and 

pressure conditions, corresponding to those of the powder treatment (power: 1200-1700 

W; pressure: 1000-3000 Pa), and also with the plasma "switched off'. The gas flow rate 

was kept constant (0.05 slpm). A qualitative example of the results obtained is presented 

at Fig. 3.6. 
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Fig.3.6. Mass spectrometer signal of the tracer gas at the entrance and at the exit of 

reactor. Plasma gas: methane, tracer gas: Ar (20% vol at the pulse maximum), pressure 

= 2000 Pa, plasma power= 1250 W 

In all cases the time delay between the tracer introduction and its registration by the 

MS appeared to be approximately the same, namely 7-8 s, which corresponded to the 

maximal flow velocity of 10-15 cm/s. In the absence of the plasma, a peak of Ar tracer 

concentration, with the half-width of 13-14 s, was registered. When the plasma was 

present, the peak width was reduced to 8-10 s and its amplitude was raised to 20% 

approximately. The results obtained indicate that the plasma reactor is not of the plug 

flow type, neither is it a pure CSTR (constant stirred tank reactor) type. In the first case, 

the tracer pulse width would be preserved at the exit; in the second case, the tracer 

extraction from the 3000 cm3 reactor would take a much longer time (about 60 s at the 

54 



0.05 slpm flow rate) than is actually observed. Hence the reactor represents some 

intermediate type and becomes closer to the plug flow type when the plasma is switched 

on. 

The first part of the reactor- the 20 mm in diameter, 300 mm long quartz - must 

maintain laminar flow and thus it may better represent the "plug flow section" of the 

reactor, especially in the presence of plasma, which completely fills the tube. ln the 

second part of the reactor - the 120 mm in diameter, 250 mm long steel tank - partial 

stirring of the gas flow is likely to happen and turbulence zones can appear, thus it can be 

considered as the "stirred section" of the reactor. During the treatment of particles, the 

powder-feeding rate was kept constant and no obvious powder packing was detected. 

This observation, taken together with the observed partial stirring, suggest that the real 

reactor behaviour appears to be similar to that of a fluidized bed. 

3.4. Powder treatment and characterization study. 

Commercially available Si02 ("silica fume") and Ti02 (anatase) powders were used 

as target materials for the plasma treatment. The majority of experiments were conducted 

with the Si02 powder because its cluster chains are shorter, and single particles of 

spherical form can also be observed, sometimes. Generally, the Si02 powder size 

parameters are closer to those of newly synthesized nanoparticles. The amorphous 

character of these particles facilitated the detection of any newly formed ordered 

structure, if such formation were present. TEM images of the original Si02 and Ti02 

powders are presented in Fig. 3.7. The Si02 powder consists mainly of aggregates of the 

basic spherical particles - containing from 5 to several tens of the 5-1 OO nm spheres, but 

single particles could also be found. The Ti02 powder consisted of much longer chains of 

dozens of 10-30 nm particles, which appear to be completely fused together 

The treated powder was introduced into the discharge axially, typically at rates 

sufficiently low to avoid disturbing the plasma, the quantities of powder passing through 

the reactor being as low as 5 mg/min or less, as it was estimated from the rate of powder 

mass decrease in the feeder. (However, in general the facility can be scaled to obtain 
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higher powder throughputs). After passage through the plasma, the product was collected 

at the following locations (see Figs. 3.1, 3.4b): 

a) on the cooled reactor walls, 

b) on the cooled ceramic case at the exit of the tube and 

c) on the paper filters. 

After treatment in the methane or ethane CC plasma, the examination of powder 

revealed new features, the exact nature of these depending on the location where the 

sample was collected. 

a) b) 

Fig.3. 7. TEM images of the initial Si02 (a) and Ti02 (b) powder clusters. 

3.4.1. Transmission electronic microscopy (TEM). 

To study the effects of the plasma treatment by transmission electron microscopy 

(TEM), both the original and the treated particles were in tum dispersed in ethanol, and 

the suspension exposed to ultrasound agitation to increase dispersion of the particulates. 

Drop lets of the suspension were then placed on formvar/carbon film, supported in tum by 
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copper grids, for examination by TEM. Images of the prepared particulates were obtained 

using the JEOL JEM 1 OOCX microscope, operated mainly at 80 k V, and the images were 

recorded by an AMT digital camera. 

Results of the TEM analysis of Si02 powders treated in methane and ethane CC 

plasma are presented in Figs. 3.8 and 3.9 respectively. The treatment was normally 

carried out with a plasma input power of about 1200-1300 W, a plasma gas flow rate of 

0.05 slpm and at a reactor pressure of l.5-2.0 kPa, for both plasma gases. To accumulate 

sufficient quantities of powder, the experiments were normally conducted for 20-30 min. 

The examples shown at Figs. 3.8, 3.9 represent at least 70-80 % of all clusters found in 

the TEM image of the sampled powder, processed under the experimental conditions as 

indicated. 

Two different kinds of treated particles can be distinguished according to their 

location zones: those collected at the reactor corner, and remaining in contact with the 

plasma tail for the whole of the experimental period, and those collected at the reactor 

wall, at a location about 10-15 cm from the visible plasma tail. The quantities of powders 

found on the paper filters were many times less than that found at the reactor wall, but 

these powders normally showed the same properties as powders collected at the wall. In 

the following discussion, reference is made to the powder collected at the wall as being 

representative of both of the two sampling points. In Figs. 3.8d, 3.9c, treated clusters 

collected from both the reactor wall and its corner, and some non-treated clusters also, are 

presented for visual comparison. 

In comparing the images of original input powder clusters (Fig. 3.7) with those of 

clusters recovered following the treatment by methane or ethane plasma reveals the 

presence of new structures surrounding the particles. These appear as semi-transparent 

zones, which eau be attributed to deposited layers, originating from gaseous precursors 

produced by CH4 and C2H6 plasmas. For the powder product collected at the reactor 

corner, these coatings appears to be quite dense, with contrasting boundaries, while for 

the powder coHected at the reactor walls, the coatings are rather diffuse, with no visible 

limits and evidently with lower densities (Figs. 3.8d, 3.9c, 3.1 lc). Powders collected at 

the reactor wall, following passage thought the discharge zone, have remained remote 

from the plasma influence until the end of the operation. However, powders coHected at 
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the reactor corner during the same period have been subject to the further effects of 

"secondary" plasma treatment. The plasma tail is incident on the reactor corner zone 

because the plasma is attached to the grounded reactor walls (Fig. 3.4). 

Fig. 3.8. TEM images of Si02 powder clusters after treatment by the plasma of a CC RF 

discharge in methane (a-d). The non-treated cluster in (d) is a result of sample 

contamination by non-treated powder when the plasma was absent. This photo is chosen 

especially for the purpose of comparison of the 3 different kinds of clusters. 
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Fig. 3. 9. TEM images of SiO 2 powder clusters after treatment by plasma of a CC RF 

discharge in ethane. (a)-initially clustered particles, (b)-single particles, (c)-dependence 

of the coating effect on the collection point sampled. 

The properties of coatings deposited by methane and ethane plasmas are very similar. 

Overall, the coating layers are not deposited evenly. When present, the coating thickness 

varies from essentially non-detectable several nanometers up to approximately 30 nm, the 

latter size being more the case for the larger particle clusters. The adhesion of these layers 

seems to depend on the clusters' internai geometry; i.e. those chains of particles having 

numerous bends and folds are favoured for receiving the deposition. Once the reactor 

geometry and the external parameters (input power, reactor pressure, gas and powder 
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mass :flow rates) were optimized, a larger part of the input powder exhibited traces of the 

applied plasma treatment, varying from 60% to 90% of all of the partides processed, 

depending on their point of collection (see Figs. 3.1, 3.4b ). 

Simultaneously with the operation of continuous powder treatment, a dense film also 

gradually grows at the surface of the cooled inner wall of the quartz tube. According to 

the theory developed in [3], in the early stages this film must have a high hydrogen 

content, but subsequently, the presumed hydrogen abstraction from the film gives rise to 

the intemal coating becoming more carbon-like. Typical periods required for this 

transformation vary from 3- to 20 min, depending on the applied power. 

Normally, experimental operating parameters were chosen such that soot formation 

could not be detected in the discharged product. However soot may otherwise arise 

through the mechanism of plasma thermalization, which appears to correlate with a 

certain [plasma power/flow rate] ratio. When this ratio exceeds a limiting value, 

estimated as AIF ~ [1500W]/[0.02 slpm] :::::8xl04 Wlslpm for methane gas plasma, soot 

formation was observed. 

Fig. 3.10 presents one of the few available examples of the treatment of Ti02 

particles. A coating covering the whole cluster composed of numerous aggregated 

nanoparticles is observable. As mentioned above, the Ti02 powders tend to be invariably 

agglomerated, which makes it very difficult to find individual coated particles. Apart 

from this problem, coatings obtained with Ti02 powders essentially demonstrate the same 

properties as in the case of Si02 powder This similarity confirms the potential 

applicability of the CC plasma coating procedure to any dielectric, heat resistant material 

of nanometric particle size. 

A series of experiments was then performed with an additional sheath gas supply 

(hydrogen), which entered the plasma volume tangentially at the bottom of the discharge 

volume, the H2 flow rate being some 10-20 % of the plasma gas (methane) flow rate, i.e. 

5-10 scpm. For the powder suppl y, this change resulted in higher quantities of heavier 

and larger clusters being delivered to collection points in the reactor, the cluster 

morphology being observed by TEM. Another effect, related to methane dilution by 

hydrogen, is a slight densification of the obtained coating. At the same time, plasma 
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same time, plasma properties appeared to be similar in both cases ( see also sections 3 .1, 

3.2). The results for the Si02 powder treatment in the CH4/H2 plasma are presented in 

Fig. 3 .11. They appear to be similar to th ose for the pure methane and ethane cases; 

however, a certain densification of the coatings can be observed for a small proportion of 

diffuse coatings that are present on wall-collected particles (Fig. 3.4b ). These differences 

represent a tendency observable in TEM images. 

Optical microscopy at 500x magnification was used to detect possible morphological 

changes, present in the larger clusters of nanoparticles or in groups of clusters, resulting 

from hydrocarbon plasma treatments. lt was found that pre-treatment and post-treatment 

images were almost identical, supporting the view that the plasma process does not affect 

the powder morphology at the micro-level. 

Repeated attempts to obtain similar coatings with other plasma processing gases -

ethylene ( C2H4), acetylene ( C2H2) and silane (SiH4) were not successful, no similar 

coatings were observed with the use of any of these gases. These observations are 

important for confirming the point that the CH3 radical is an essential species for the 

potential coating deposition because it is abundant in both CH4 and C2H6 plasmas, but is 

only present in much lower fractions in plasmas of non-saturated hydrocarbons. This 

particular phenomenon is further discussed later in this thesis ( chapter 6). 

Fig. 3.1 O. TEM images of Ti02 powder clusters be/ore (a) and after (b-d) treatment by 

the plasma of a CC RF discharge in methane. Semi-transparent zones of the carbon 

coating are visible 
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Fig. 3.11. TEM images ofSi02 powder clusters after treatment by the plasma of a CC RF 

discharge in the mixture ofmethane (powder gas) - hydrogen (sheath gas). 

3.4.2. Infrared spectroscopy of powders. 

Analysis of the treated powders usmg infrared absorption spectroscopy was 

performed with the aid of a Nicolet 5DXB FTIR spectrometer. The analysis beam path 

was filled with nitrogen, flowing under excess pressure to avoid spectrum contamination 

by CO vapours. The specimen tablets used for the spectra determination were formed by 

applying hydraulic pressure to finely ground mixtures, ratio 1 :50, of the plasma treated 

Si02 and anhydrous KBr powders, previously dried at 120 °C for several hours. The 

spectra of powders subject to methane and ethane plasma processing were compared with 

those of the initial Si02 powder. Features newly appearing in the IR spectra of treated 

powders were attributed to the plasma deposited nanocoating. 
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Results of the IR spectral analysis of the powder, treated in the CC plasma ofmethane 

and ethane, are presented in Fig.3.12, for the powder collected at the reactor corner (see 

above, Fig 3.4b). A comparison of the spectra for powders coUected at different points -

the reactor wall and the reactor corner, in the case of ethane plasma, is presented at Fig. 

3.13. For the methane-processed powder, similar features to those of the ethane case 

appear in the spectra. Curves are adj usted to full scale. 

For the IR data analysis, the reference information of [62] was consulted. The 

following observed spectral maxima were attributed to atomic bonds, mostly 

corresponding to the newly appearing features, resulting from the plasma (CH4 and C2H6) 

treatment: 

- 3440 cm-1 maximum 7 0-H stretch bond; 

- 2960, 2938, 2873 cm-1 maxima7 C-H stretch bonds (CH2 and CH3 groups), 

- 1550-1800 cm-1 band (maximum at 1711 cm-1
) 7 ketone carbonyl group C=O or 

conjugated C=C bond, 

- 1468 maximum 7 C-H bending bond, 

- 1379 maximum 7 C-H bending bond of CH3 group, 

- 710 maximum 7 CH2 rocking bond, are observed. 

- 1126, 812 and 487 maxima correspond to the absorption by the initial input Si02 

powder. 

Features within the 1250-1030 cm-1 zone may also be associated with the ketone group 

( C=O stretch bond), but they are overlapped by Si02 absorption bands. 

In the two cases of the methane and ethane plasma, the same spectral features appear 

for powders collected at the same points in the reactor. A remarkable difference for the 

methane plasma is the more important presence of the branched chain species, which, 

with its higher content of hydrogen, makes a coating matrix containing this material less 

constrained. However, differences can be seen to exist between the morphology of the 

corner- and the wall-collected powders. Features in common to the two cases are the 

presence of C-H bonds, in both the stretching and bending modes, and the CH3 and CH2 

groups in the deposited nanolayer. Another remarkable feature is that the spectral 

position of the C-H peaks are exactly the same for the two cases, they are not shifted by 

the presence of peculiarities or functional groups, hence the structural "formulas" of the 
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two layers should be very similar for various powder samples. Both powders have 

features, which can be explained by the presence, for example, of the ketone C=O group 

(1550-1800 cm-1 band and similarly the 1272 cm-1 peak). 

The 2960, 2938, 2873 cm-1C-H stretching bonds are very similar to those observed 

for various polymers, but the results of the differential scanning calorimetry (DSC), 

electron diffraction and thermo-gravimetry (TGM) (see sections 3.3, 3.4) reveal that the 

coating properties are different from those of a polymer. In particular, the DSC analysis 

demonstrates the absence of a glass transition point. No structural features are observed 

in the electron diffraction patterns and estimations of coating density; based on TGM 

results, yield higher values than is possible for dense polymers of C and H only 

composition. 

Several complementary features appear in the IR spectra of the wall-collected powder 

(Fig. 3.13): 

- the presence of the 725 cm-1 CH2 rocking bond peak. This is splitted into two lines 

(762, 708 cm-1) as it should be for the case of solid state hydrocarbons. Intensities of 

these peaks should correlate with the number of consecutive CH2 fragments forming 

the chains inside the solid body matrix. 

- C-H bending peaks group (1468, 1379 cm-1) and carbonyl group features are both 

stronger. These observations cannot presently be interpreted so readily. 

Absorption peaks for the input Si02 powder are more pronounced in the case of the 

methane plasma. The oxygen present in the C=O ketone carbonyl group may be provided 

from water vapour that originates from the atomic hydrogen reduction of Si02. The 

presence of the 0-H stretching bond in the IR absorption spectra is most likely due to the 

contamination of the dried K.Br by some residual humidity rather than indicating the 

presence of 0-H groups in particle's coatings. The same feature is also observed for the 

initial input silica powder, so it seems not to be associated with the effects of the plasma 

treatment. It is possible however that some Si02 reduction to form water in the 

hydrocarbon plasma gives rise to this peak. 
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Fig. 3.12. FTIR spectra of samples of Si02 nanopowder treated in the CC RF plasmas of 

methane and ethane. The spectrum of the non-treated powder has been substracted. 

Generally, the IR spectroscopy of powders treated in methane and ethane CC 

discharges revealed the presence of a hydrocarbon ( C:H) coating, with dominant C-H 

bonds, including that of the edge CH3 groups, and the presence of chain branches. The 

existence of C=C bonds in the coating material is less probable. The whole set of IR 

absorption peaks is consistent with the presence of a hydrocarbon matrix possessing 

numerous branches but without regular structure, i.e. an amorphous formation. The 

matrix seems not to possess distinct polymeric properties, as can be concluded from the 

results of other characterization methods. Product powders collected in the reactor corner 

have to withstand the secondary treatment by plasma for a long time, but the coating 

properties do not appear to depend on this exposure time, a fact which suggests that the 

coating modification process attained a level of "saturation" there. At the same time 

however, the presence of CH2 rocking bonds is detected on the powders collected from 

the walls after only a short exposure to the plasma. Thus, it may be reasonably concluded 
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that the secondary plasma tail treatment leads to hydrogen extraction from the CH2 group 

and to the occupation of the releasing vacant bond by CH3 edge groups or by further C:H 

chains. Hydrogen extraction is thus associated with film densification (see the TEM 

results). The decreasing intensity of the C-H bending bond of the CH3 group, over the 

range of 1370-1480 cm-1
, can thus be considered as another feature of the overall coating 

dehydrogenation, hardening and densification process. 

In reviewing this process in terms of the hybridization of carbon atomic orbitais, the 

changes in the film characteristics suggest a graduai transformation of the bonding 

configuration from that of sp3 towards sp2 and then possibly towards sp hybridization. 
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Fig 3.13. FTIR spectra of samples of Si02 nanopowder treated in ethane plasma and 

collected at different points in the discharge volume: at the reactor wall and at the 

reactor corner(see Figs. 3.1, 3.4b). The spectrum of the non-treated powder is 

substracted. The wavelengths of some of the spectral features are marked inside the 

graph in cm-1
. 
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3.4.3. The:rmo-g:ravimetric and diffe:rential scanning calorimetric 

analyses. 

Thermo-gravimetric analysis (TGA) is a combination of methods for sample mass 

measurement, calorimetry and mass-spectrometry (or chromatography). H consists of 

heating the sample in an inert or oxidizing atmosphere within a calorimeter , according to 

established procedures, with precise measurements being made of the sample mass 

changes and the heat flux directed towards or away from the sample, with time, based on 

the temperature difference between the sample and the known reference material volume 

[64]. Gaseous products, released from the san1ple during heating by pyrolysis, oxidation, 

reduction etc., are analyzed by the mass-spectrometer, while the observed heat flux 

variations correspond to structural transformations taking place within the sample during 

the applied heating cycle 

For the present work, the TGA of the plasma treated powders was performed with the 

aid of the Setaram Setsys-24 TG-DTA multifunctional analyzer, coupled with the 

Thermostar mass spectrometer. 

Examples of TGA mass loss and heat flow records for methane and ethane treated 

Si02 powders collected at the reactor wall, are presented in Fig. 3.14. The powders 

collected from the reactor corner have qualitatively the same features, but with a much 

lower mass loss. For all samples, whether treated in methane or ethane plasma, the heat 

flow maxima, either more or less pronounced, appear at about 400 °C. This temperature 

corresponds to the coating pyrolysis/decomposition and the formation of volatile 

products, and it is much higher than the glass transition point for most CH polymers, 

which normally lies between 120-150°C. Over the temperature range of 350-450 °C, the 

maximum in mass loss is observed. This result, in combination with the DSC analysis 

given below, demonstrates that the properties of the coating formed on nanoparticles are 

quite different from those of the regular CH polymers. 

The initial minima (at less than 100 °C) in the heat flow curve are ignored as they are 

artifacts of the apparatus and appear during the analyses of man y kinds of samples. 
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Fig. 3.14. Results of the TG analysis in helium atmosphere of Si02 powders, collected 

from the reactor corner, treated a) - in methane plasma, b)-in ethane plasma. Mass loss: 

left scale, blue curve; heat jlow: right scale, red curve 
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An estimate of film density can be derived from the mass loss data, but the possibility 

of loss of the initial nanometric powder must be considered because of its volatility. 

Therefore the mass loss results should be considered with caution. If the mass loss is 

associated with film degradation only, then, knowing the characteristic particle size (30-

80 nm) and the coating thickness (5-30 nm), the coating density p can be estimated. 

Mass loss measurements indicate that the value is about 12-15 % for powders 

coUected at the reactor wall and about 80% (Fig. 3.14) for powders collected in the 

reactor corner, which have undergone the secondary plasma treatment Thus, in analyzing 

the TEM images, it may be presumed that the coating density for the wall-collected 

powder is very high (note that the maximum value attained for hydrocarbon films may be 

2.4 g/cm3 [65]). This finding can be partially explained by a) the presence ofhydrocarbon 

matrix parts elsewhere in the sample besides that forming the nanocoating, or b) by 

volatility loss from the nanometric Si02 powder. But, there is also evidence that 

important film densification takes place during the secondary treatment process, and that 

the film density value of p '2:. 2 g/cm3 may be achieved after the film's long (of the order of 

102 -103 s) residence time in the plasma. This density value can be about the density of 

graphite (2.20-2.25 g/cm3
) and also close to that of C:H films of low hydrogen content 

(CIH ratio=0.5-2.0), as mentioned in [65]. 

The results of the mass-spectra analysis of volatile products, arising from the coating 

decomposition, is presented in Fig. 3.15, corresponding to the data of Fig. 3.14 (a, b). 

The analysis method is based on the consecutive detection of species, using groups of 

characteristic peaks; the method is described in detail in section 4.2. The extraction / 

sublimation of different species corresponds to the graduai decomposition of the coating. 

In the case of the methane plasma, the CH4 and C.:Jls maxima are better separated in 

time, but in general the relative contents of fractions are similar. 

An essential characteristic of these coatings is their carbon/hydrogen stoichiometric 

ratios. The MS analysis of gases released by coating pyrolysis during TGA in helium 

atmosphere may not provide this information because of possible solid-state carbon 

formation, which is not detected by the analysis. In the case of volatile powders, it is stiH 
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Fig. 3.15. Results of mass-spectra analyses of gases produced from the pyrolysis of 

powder coating in TGA in the helium atmosphere. a) -methane plasma, b) -ethane 

plasma. The numbers of the records, 1-75, correspond to the sample temperature rise 

from 20 to 700 °C. 
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difficult to estimate this ratio even from the TGA mass loss data. Additional TG analysis 

of treated powders was perfonned in the oxidizing atmosphere (air). Mass spectra from 

the TGA of treated and non-treated powders were obtained and subtracted one from 

another, because they both contain the same signals from the adsorbed gases, adsorbed 

and chemisorbed water and spectrometer's own contamination by traces of CO and H10 

species. The residual MS signal was analyzed to detennine the content of carbon and 

hydrogen atoms, which must be provided by the coating decomposition. For this purpose 

the main MS peaks of H10 (18 atomic units) and C02 (44 a.u.) molecules were used. For 

the signal intensity of hydrogen, a remarkable constant component was observed. The 

author associates this with a complementary quantity of water chemisorbed in the 

deposited coating, which gradually is extracted from the coating simultaneously with its 

decomposition. This constant signal was subtracted and the resulting data are represented 

in Fig. 3.16. To obtain the hydrogen and carbon fractions in the coating, the curves 

should be integrated along all of the measurement cycles. 

It can thus be observed, that in two cases, the HIC ratio obtained is too high to match 

the coating density estimated from the mass loss measurement. In the case of the methane 

plasma, it exceeds the value of 4, which is higher than the highest value obtained for the 

films with the highest hydrogen content [65]. However, if the hydrogen signal from the 3-

9 cycles is also associated with the escape of the chemisorbed water, then, in the case of 

ethane plasma, for example, the integration of 9-15 cycles provides a HIC ratio of about 

1.5. The qualitative conclusion, which can be drawn from the comparison ofthese datais 

that the hydrogen fraction is greater for the coatings on methane-treated powders. This 

conclusion is also in agreement with the IR spectral data, where peaks corresponding to 

the C-H bonds are more intense for the methane plasma (see Fig. 3.12, chapter 3.2), 

meanwhile the structural elements are the same for both coatings. 

The treated powders were also analyzed by differential scanning calorimetry (DSC), 

using the Perkin-Elmer DSC7 analyzer. The data obtained provided information on the 

coating properties in the range of 50 - 300 °C. DSC results for the ethane treated powder 

(reactor corner), using a scanning rate of 10 °C/min, are presented in Fig. 3.17. 
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Fig. 3.16. The carbon and hydrogen content in the MS gases released during the TGA 

oxidation and pyrolysis of the C:H coating in an air atmosphere. The data were 

recalculated to obtain the H10 and C02 content. a) - methane plasma, b)- ethane 

plasma. Blue fine: H mole fraction, red line: C mole fraction. The number of records 1-

20 correspond to the sample temperature rise from 20 to 300 °C. Both powder samples 

were collected at the reactor wall. 

The use of DSC analysis permits the measurement of a polymer glass transition point. 

This property shows itself in discontinuities in the heat capacity and other properties of 

solid bodies; these discontinuities are similar to second order thermodynamic phase 

transitions. Polymers normally demonstrate two linearly rising heat flux curves, but with 

a different slopes. The "break" between the two lines corresponds to the glass transition 

point, which usually exists for polymers between 100 and 250 °C and defines a 

transformation from the glassy state to the molten state [65]. 

In contrast with polymer films, in the case of CC plasma deposited coatings, the heat 

flux curve departs slowly from linearity at approximately 80 °C and this excessive rise 

continues up to approximately 250 °C, without providing a straight line fit. Most of the 

powder samples, taken either from the methane or ethane plasma, and either from the 

reactor corner or from the reactor wall (see Fig. 3.4b ), demonstrate similar behaviour but 
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with some 20-30 °C deviation from the previously mentioned limits. lt is possible that 

this temperature range corresponds to the formation of oligomers, in which atomic 

masses can be expected to vary in the range of 102 
- 104 a. u. Therefore, the coating 

should not have polymeric structure, but rather represent the structure of a matrix, with 

cross-links and numerous carbon chain branches, which disintegrate gradually with the 

increasing temperature. 

lt should be noted however that for extremely thin coatings (under 10 nm) the glass 

transition point is hardly detectable [65]. 

Heat Flow/ a.u. 
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Fig. 3.17. Heat flow results frorn the DSC analysis for the ethane treated powder, 

collected at the reactor corner. The scanning rate is 10 °C/min, helium atmosphere. The 

temperature range for the coating transition expands from 80 to 250 °C. No glass 

transition point can be detected. 
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3.4.4. Additional powder/gas characterization; non-conclusive analyses 

This section consolidates results from the following diagnostic methods and of tests 

applied to the CC plasma and plasma treated powders: 

• X-ray diffraction 

• SEM elementary analysis 

• Chromatography of the coating's solution 

• Gas chromatography 

X-ray diffraction analysis of the treated powders was performed on an instrument 

with 20 kV tube fitted with a copper anode. This analysis did not reveal the presence of 

any ordered structure (Fig.3.18); no additional sharp or diffuse peaks were observed, as 

compared with the pattern of untreated Si02 powder and that of the plexiglass holder used 

to fix the treated powder sample. This result demonstrates the amorphous character of the 

nanocoating material. 
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Fig. 3.18. Results of the X-ray diffraction analyses for the initial and plasma treated Si02 

powders. No additional structure can be detected with the treated Si02powder. 
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Scanning electron microscope element analysis by secondary X-ray emission was 

performed to detect the presence/absence of carbon in the treated Si02 powder. The main 

technical obstacle in this analysis is that the sample powder is fixed to the polymeric film, 

which also gives an intense signal for carbon. Sorne qualitative conclusions can be drawn 

though, e.g. the comparison made between the reference and the treated powders revealed 

the presence of excessive carbon atoms Ka emission in the treated sample, as should be 

the case when a C: H coating is present. 

Electron diffraction analysis was performed in the same equipment as the TEM 

photography. Initial amorphous powders reveal no structure in the electron diffraction 

image. Similarly, no structure was detected for treated powders, supporting the notion of 

presumed amorphous character of the coating. 

Gas chromatography analysis of the exiting plasma gases with a Varian GC 3800 

chromatograph were planned, in order to obtain more reliable information on the gas 

composition, than that previously derived from mass-spectrometry measurements, and to 

verify these MS measurements. However, low-pressure conditions used for the powder 

treatment (1000-2000 Pa) provided concentrations of the species of interest at levels too 

low in comparison with traces of air present in the chromatograph control volume. 

The C:H coating of nanopowders obtained was insoluble in polar organic solvents 

(acetone, methanol etc.), but a solution in toluene was obtainable. The volatile 

components of this solution were also analyzed by gas chromatograph, coupled with a 

mass-spectrometer, in order to detect the "elementary" fragments of the coating. 

However, only numerous alkyl- alcene- and alcyne- benzenes were detected, these 

resulting from chemical reactions between solvent molecules and the coating fragments. 

Thus, a more or less direct analysis of the initial C: H matrix structure appears to be 

impossible. 
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Chapter 4. 

Characte:rization of the capacitively coupled plasma :reacto:r. 

4.1. Introduction 

ln this chapter, the results of a study of the plasma reactor by optical emission 

spectroscopy are reported. This study was aimed at determining the CC RF plasma 

characteristics, such as its electronic (Te) and kinetic gas (nin) temperatures, their radial 

distributions and dependencies on the operating parameters (plasma power, nature of 

plasma gas, pressure), which are thought relevant for the study of C:H nanocoating 

deposition processes. The results presented here were obtained in the presence of powder 

feeding into the reactor. Due to the very low feeding rate employed (< 5 mg/min), OES 

and MS measurements were performed without powder input and revealed essentiaUy the 

same results. The plasma impedance, as measured in the presence or absence of particles, 

also remained unchanged . 

4.2. Plasma diagnostics 

4.2.1 Spectroscopie methods 

The measurement of the optical emission of a plasma, whether as discrete spectral 

lines, as molecular bands or as a continuum, can provide valuable information about the 

temperature Te and the concentration ne of the electrons, and in some cases, information 

about the kinetic gas temperature and distribution fonctions of rotationally and 

vibrationally excited molecules [67]. A short review of the available spectroscopie 

methods (OES) is now presented, being particularly applicable to the case of high 
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frequency CC plasmas. This review is followed by a discussion on the justification for 

the methods chosen, and the results subsequently obtained. 

Among other methods, the recombination and the bremsstrahlung continua eau be 

used for the determination of ne and Te. For the Te measurement, an exponential 

dependence of the radiation on the wavelength should be considered and fitted into the 

spectral range corresponding to the same group of recombining atomic levels. If Te value 

can be estimated independently and the recombining species and levels are known, ne can 

also be calculated. However, under the conditions of the present work, the application of 

this method meets difficulties because of the complicated plasma composition, which 

includes numerous hydrocarbon species leading to the superposition of numerous 

recombination continua. This complicates the analysis of the continuum background 

emission and may lead, for example, to the over-estimation of the ne parameter. This 

method is therefore not used in the present work. 

a) Atomic linear spectra and molecular bands. 

Absolute measurements of the intensities of spectral lines enables the calculation of 

the population of species at the initial energy level, using the known data on transition 

probabilities. Where there is a non-uniformity or reabsorption in the plasma, the use of 

chord measurements of the emission intensity, followed by the Abel inversion treatment, 

are necessary to calculate local plasma emission characteristics and accordingly, the local 

plasma parameters, such as its temperature. Such measurement may be complicated for 

small radial distances and where the temperature distribution is not monotonie, especially 

when the intensity maximum lies far from the axis [12]. 

If the method of relative intensities is used, there is no need for exact calibration of 

the detectors and for knowledge of the radiating area geometry. When the energy levels 

of species are populated according to the Boltzmann law, and the plasma is transparent, 

then the electronic temperature Te can be determined from the formula 

(4.1) 

For better accuracy, the difference between the two upper energy levels should be high. 
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Knowing the relative intensities of molecular bands, it is possible to determine the 

electronic and vibrational temperatures. Such measurements usuaUy are made in the 

range of 4000-10000 K The molecular bands most often used for this purpose are those 

of N1, CN and other carbon containing molecules [18]. Knowing the relative intensities of 

the bands, which belong to the same electronic transition, it is possible to determine the 

relative populations of vibrational levels. Furthermore, if the Boltzmann distribution is 

found for any group of vibrational levels, one or several vibrational temperatures Tvihr, or 

sometimes just the effective Tvibr, eau be determined. Among the most often used of the 

molecular bands for this purpose, there are the 1 st negative and the l st and 2nd positive 

systems of nitrogen [68] (either as a molecule or a molecular ion): 

l St negative (r): N;( B2 I:) ~ N; ( X 2I_;)' II+: NJC3 flù) ~ NJ B3 ng) 

1 st positive (l'): NJ B 3 llg) ~ N 2 ( À 3 I;), 

Rotational temperature Trot is often close to the kinetic gas temperature T kin. because 

the energy exchange between rotational and kinetic modes (RT-relaxation) is very 

intense. So, the I'iw measurement becomes a way of estimating Tkin· The vibrational 

temperature has an intermediate value between Te and Tkin, because vibrational modes are 

linked with electrons by an intense energy exchange (section 2.1) [ 69]. 

b) Doppler broadening 

The measurement of the Doppler shape and width of spectral lines is probably the 

main direct method for Tkin determination, under the condition that the Doppler 

broadening dominates over the Stark broadening (ne has to be< 1014 cm-3) and over the 

collisional broadening (concentration of heavy particles N has to be < 1018-10 19 cm-3) 

[11]. For most of the lines emitted under the typical conditions of non-equilibrium 

plasma, high-resolution (better than 0.1 A) equipment is necessary to resolve the line 

profile. A similar Doppler broadening can also appear when a smaU-scale turbulence is 

present in the gas. In this case agas macroscopic velocity can be estimated [12]. 

c) Stark broadening 

The Stark effect is a broadening of atomic spectral lines when atoms are exposed to 

an external electric field. This is a result of additional splitting of the energy levels 
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according to "magnetic" quantum number, which leads to the splitting of spectral lines. 

The average value of the electric field a plasma is E oc en/13
• This is based on the 

empirical formula, taking into account both the electronic and ionic parts of the electric 

field. Statistically, variated micro-fields lead to the line broadening [12]. The Stark effect 

is strongest for hydrogen atoms, with the broadening being proportional to E (linear), 

while for other atoms, it is much weaker and is proportional to E2 (quadratic). This is why 

a hydrogen admixture is often used for the ne determination. For example, the Stark 

broadening for the Hp line (4861 Â) is Ms= (1.8-2.3)xJ0-10n/13 Â. So it is a reliable 

means for the determination of ne, on the condition that other factors, e.g. Doppler and 

pressure broadening, can be neglected. For Tk;n = 10 000 Kit means, for example, that 

the electronic concentration should be nt> 1015 cm -3 
[ 12]. 

4.2.2. Background of the methods used 

In the present work, several optical emission spectroscopie methods were applied to 

determine the CC plasma properties. The diagnostics were performed in the presence of 

plasma treated Si02 and Ti02 nanopowders. 

a) Boltzmann plot method 

The temperature determination is usuaHy based on the Boltzmann plot method, using 

the relative intensities of selected spectral lines. The intensity of a spectral line for the 

transition between upper and lower energy levels can be formulated as: 

Iv =(hv)xA;Nk 
4;r 

(4.2) 

where At is the transition probability (s·1), v=c/A, is the line wave number and Nk is the 

number density of the species at the upper level. At equilibrium conditions the Boltzmann 

distribution equation relates the population of the excited species to the total number 

density N of the ionization state: 

N N [ (-Ek)] 
k = Q(T) gk exp kT (4.3) 
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where gk denotes the statistical weight of the k level, Ek is the energy of the level and 

Q(T) is the partition function, this being a summation of the Boltzmann factors weighted 

with the statistical weights for aU bounded energy levels of the species. The resulting 

equation can be expressed as: 

ln _.i - = -Ek - + C, where C is a constant ( 
I ÂJ hc . 
gkA kT 

(4.4) 

The temperature in (4.4) can be determined by plotting the ln(J/S) value versus E, where 

the line strength is S=gA/Â, thus obtaining T from the slope. This method is used both for 

the atomic lines plot, yielding the atoms excitation temperature T~xc, and for molecular 

bands with resolved rotational structure, yielding the rotational temperature of molecules 

Trot. 

b) Method ofsimulated spectra 

Another method is based on spectrum simulation, with consecutive parametric 

minimization of the simulated spectrum's deviation from the measured one. This method 

is most often used for the analysis of molecular bands, where the rotational temperature is 

both a parameter and the value to be determined, when a complicated band structure does 

not permit determination of the intensities of single lines in the band. In the following 

development, diatomic molecules only are considered. 

The intemal energy of a molecule is the sum of its electronic Ee, vibrational Ev and 

rotational Er energies, each energetic level being characterized by a set of electronic 

quantum numbers, including the vibrational, v, and the rotational, K, quantum numbers 

[70]: 

(4.5) 

The electronic term energies, Ee have been tabulated for example in [71 ], the vibrational 

energy term for the diatomic molecule is determined from: 

(4.6) 

where OJe, OJeXe and OJeYe - are the vibrational constants for the electronic state being 

considered. 

The rotational term for a diatomic molecule is given by: 
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(4.7) 

where Bv and Dv are rotational constants for a given vibrational level, v. 
The wave numbers of the spectral lines, corresponding to transitions between two 

electronic states, are given by: 

(4.8) 

where single-primed letters refer to the initial, and double-primed letters to the final 

states, and Go is an origin position of a rotational band. Electronic, vibrational and 

rotational constants for the states ofN2 (2+) C3Ilu -> B3Ilg triplet transition, used for the 

rotational temperature measurement are presented at Table 4.1. 

For the P-branch (K'-K"= -1) and the R-branch (K'-K"= -1) the following equations 

are obtained: 

(4.9) 

The Q-branch (K'-K"= 0) is of low intensity for the considered transition N2 (2+) C3Ilu -

> B3Ilg (0-1) [72] and is neglected in these calculations. 

The absolu te intensity of a rotational line is given by [70]: 

EK (T) = C(T)<jJ(Kp)G4 (Kp)Kp exp -Fv'(Kp -1) (
-hc ) 

p kT (4.10) 

EK (T) = C(T)</J(KR)G4 (KR)(KR + l)exp(-hc Fv '(KR+ 1)) 
R kT 

(4.11) 

Where C(T) = ~ 3 . N(T) sn'v' (- hc (T 1 G ')) 3 1[ c Q(T) n"v" exp kT e + V 
(4.12) 

and q> is equal to 213 when Kp or KR are even and to 1/3 when they are odd, s;.:~:. is the 

band strength, N is the concentration of molecules and Q is the internai partition function. 

The method described is based on the comparison of lines' intensities in the 

molecular band. Band signals for both measured and simulated spectra, taken for the 

comparison, were normalized by means of the intensities of the bands' heads. Hence, the 

absolute values of intensities, and the C(T) factor in particular, were not employed in the 

present calculations. 
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ln the case of the multiplet molecular band, the phenomenon of uncoupling of the 

angular momentum vectors from the internudear axis can appear (see [70]). lt results in 

splitting of the multiplet band, whose value depends on the total angular momentums K 

(apart from spin) or J (including spin). ln the case of triplet bands the spfüting is 

determîned by deviation from (4.6) and the values ofrotational energy terms are [70]: 

F;_(J) = By[J(J +1)-ji; -2ZJ-Dv(J-1/2)4 ,J=K+1 

F2 (J) = Bv[J(J + 1) +4Z2 ]-Dv(J + 112)\J = K 

(4.13) 

F;. (J) = Bv[J(J + 1)-.jZ; -2Z2 ]-Dv(J + 3/2)4 ,J = K -1, where (4.14) 

Z1 = A2Y(Y -4) +4/3+4J(J+1), Z 2 = lA2 Y(Y -1) + 4/9-2J(J + l)jl3z1' and 

A-the component of the electronic angular momentum along the internuclear axis. 

Table 4.1. Electronic, vibrational and rotational constants for the states of N2 (2+) C3llu 

-> B3Ilg triplet transition {70}. Ail values are in cm-1
. 

State Te ffie ffieXe ffieYe Be Ue 

C3Ilu 89147 2035 17.08 -2.15 1.8259 0.0197 

B3Ilg 59626 1734 14.47 :::::0 1.6380 0.0184 

Other constants were calculated by 

Bv =Be-ae(v+l/2)+ ... , De =4B:/m;, Dv =De-Pe(v+1/2)+... (4.15) 

The values of the triplet band splitting of the N1 C3Ilu -> B3Ilg (0-1) transition (see 

(25)-(27)) were determined empirically by obtaining the best fit of the measured and 

simulated spectra. Empirical approximations obtained for the splitting are (in cm-1): 

P-branch (K'-K"= -1): 

AF1(K)=-69.2/(K+l5); AF2(K)=J/30-0.2; .!JF3(K)=128.8/(J+37); (4.16) 

R-branch (K'-K"= +1): 

AF1(K)=-97.7/(J+J0)+0.8; &2(K)=0.6-f3 *0.1; AF3(K)=76.2/(J+5)+0.8; (4.17) 

For the temperature measurement, the simulated spectra were convoluted with the 

apparatus function of the system. 
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Data were acquired usuaUy in the 2nd (hydrogen atomic lines) or in the 3d order of the 

spectral grating, which provides for greater dispersion and consequently, for higher 

pixel/nm value for the OMA detector. The spectral window width contained 140 A in the 

1 st order and consequently 1/2 and 1/3 of this value the 2nd and 3d orders of the grating. 

The exposure time had been chosen so as to get a maximal signal below the OMA 

elements' saturation. Normally it appeared to be 0.5-1 s, except for the Haline, in which 

case it was usually 0.05-0.1 s. Each acquisition was repeated some 50 times to reduce the 

random noise. Background spectra were acquired for the same settings, but in the absence 

of plasma, were subtracted from the data. 

In the case of measurements of the spatial distribution of plasma parameters, 

normally about 150 out of a total of 256 lines of the OMA detector were used. Areas with 

low signal-to-noise ratio were consequently excluded. 

Apparatus function of the system is determined as a half-width of the spectrum 

profile of a very narrow line. In the third order of the spectral grating, and for 30 µm 

spectrometer entrance slit, the apparatus function was found to be 0.20 Â. The 

measurement was performed using argon atomic lines of the CC plasma at an absolute 

pressure of l OO Pa. 

4.2.3. Spectroscopy results and discussion 

a) Spatial un[formity and transparency of the plasma source 

AH reported measurements represent the line-of sight view, thus integrating the signal 

along the axis of the discharge chamber. During experiments with hydrocarbon gases the 

lateral access to the plasma was impeded by film deposition on the walls (section 3.1). 

Lateral side measurements were performed, however, for the pure argon and pure 

hydrogen CC plasma under the same pressure and specific energy load as for CH4/C2H6 

plasmas in order to check the possibifüy of self-absorption in plasma and its spatial 

uniformity. In all cases, including that of the very intense Haline, the distribution of the 

lines intensities (l) in the radial direction (r) followed the formula 1 = 2.J R2 
- r2 

, where 

R- radius of the plasma cylinder, as it should be for the optically thin and uniform plasma. 
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An example of the radial intensity distribution for the argon 7030 Â line, in comparison 

with the ideal optically thin and spatially uniform plasma case, is presented at Fig. 4.1. 

The two plots are in good agreement. Generally, the self-absorption may considerably 

reduce the intensities of the strong atomic lines and molecular bands, especially in the 

case of the heads of intense bands, like those of N2 and C2 used in the present work. From 

the obtained results it can be concluded that no self-absorption occurs in the operated CC 

plasma. 
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-5 0 S R d. 1 d. 1 O a 1a 1stance, mm 

Fig. 4.1. Intensity distribution for the Ar! 7030 A spectral fine (blue) in comparison with 

the ideal case of the optically thin and uniform plasma (red), as measured across the 

plasma cylinder. The small rise in the plasma intensity at its periphery is due to the light 

re.fraction on the quartz tube walls. 
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Fig. 4.2. Example of the Boltzmann plot for hydrogen HccHJ atomic fines used for the 

excitation temperature measurements. CH4 plasma, plasma power is 1700 W, pressure is 

2000 Pa. He fine is not used in the presented case. 

b) Excitation temperature measurement 

Excitation temperature (Texc) of atomic hydrogen was measured by the Boltzmann plot 

method using the Balmer series, Ha Hf3, H& Hr and He lines, the only hydrogen atomic 

lines, observable in the visible spectral band. After background subtraction, the line 

profiles were integrated within the apparatus function of the system to obtain lines' 

intensities. No lines broadening effect greater than the apparatus function was ever 

observed, hence the integration over larger areas was not necessary. A typical example of 

the resulting Boltzmann plot is presented in Fig.4.2. In most cases the Ha point and 

sometimes the HJ3 point deviate from the linear dependence. lt can be explained by the 
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Fig. 4.3. Excitation temperature for methane plasma, measured from the hydrogen 

atomic fines, as afunction of plasma power and radial distance, pressure is 2000 Pa. 

7000 

6500 
::,;:'. 

~6000 
::J 
<xi 
~5500 
E 
~ 5000 
0 
~ 
~ 4500 

4000 

3500 
1400 

······ .... .. . 

-- . . . . . . . · ~ . 

. . ~ 

.... '· .-· ~ ······ . 
······ ... 

1300 ~ 
1200 ----;r 

1100 

Input power, W 

····-···r··· 
····-:·· 6500 

. . . . . . . ~ . . . 
····-.; ···· ..... . 

6000 ·=·· .. ..•. 
. . . ... . ~ .. . 

5500 

5000 

4500 

4000 

3500 

3000 

2500 

800 Radial position, mm 

Fig. 4. 4. Excitation temperature for the ethane plasma, measured from the hydrogen 

atomic fines, as afunction of plasma power and radial distance, pressure is 2000 Pa. 
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Fig. 4.5. Comparison of centre fine values of T exc for methane and ethane CC plasmas, 

pressure is 2 000 Pa. 

under-population of corresponding levels (12.09 and 12.75eV) resulting from the 

excitation from the ground state, while the upper levels are rather populated via the 

recombination process (see below). Consequently, the Ha point was normally excluded 

from the T exc determination. 

The radial distribution of T exc in the discharge chamber, as a fonction of the plasma 

power, for both methane and ethane cases, is presented at Figs. 4.3, 4.4, respectively. The 

calculated values are fitted by splines. 

The following features in the temperature profiles, common for methane and ethane 

plasmas, can be observed: T exc has its maximum value at the axis of the discharge, this 

axial T exc value decreases with the increase of power, until values of 1150-1250 W for 

ethane and 1200-1500 W for methane plasma power are achieved. At higher power levels 

the axial T exc value starts rising. 

A comparison of the axial values of excitation temperature for methane and ethane 

cases, together with the measurement errors, is presented at Fig. 4.5. The temperature rise 

at higher power is interpreted as an indication of plasma thermalization (see below and 

chapter 6), which is generally accompanied by the appearance of soot. From this point of 

view, the earlier T exc rise in the case of ethane can be explained by more effective energy 
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exchange between the gas of electrons and the rotational excitation of the C2H6 

molecules, with the following transfer from rotational to kinetic energy of plasma 

spec1es. 

The excitation temperature Texc is a good indicator of the electronic temperature Te, 

whenever the equilibrium between electrons of the continuum and the electrons bounded 

at the levels responsible for the emitted lines is ensured. But the excitation of atoms, 

recombination and ionization from the ground levels are the processes which are slower 

than detachment and capture of electrons to the highest levels. In many cases, there is 

time for the equilibrium to be achieved just between free electrons and electrons bonded 

at upper levels only. lt appears to be the case in the described experiments, where even 

the populations of initial levels of H c;, H rand He transitions seem not to be completely in 

equilibrium with the electrons of the continuum. 
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Fig. 4.6. Two examples of the N2 {2+} c3 llu-B3 IIg v(0-1) band simulated spectrafor the 

Tro1=600 K and Trot=l 700 J( 
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Fig. 4.8. Example of the minimization of the simulated spectrum deviation from the 

measured one, used for the determination of T,.o1.from the N1 molecular band. 

The Texc values obtained are too low to represent the Te because they would not 

provide the reproduction of the charge carriers in the plasma, even through the most 

favoured mechanism - ionization through the step excitation [12, 68]. For example, it 

takes Te values of O. 7-1 eV to ionize a hydrogen atom through the step excitation, having 

its first excitation state at 10.2 eV. lt is concluded then that the measured Texc demonstrate 

a tendency of the Te changes, but underestimate their absolute values. 

c) Rotational temperature measured from N1 molecular band: the method of spectrum 

simulation. 

Rotational temperature was measured both by the method of simulated spectra and by 

the Boltzmann plot method. In order to obtain a better indication of the gas temperature, 

excluding the kinetic effects, a series of experiments was performed with the addition of 

nitrogen ( 5% vol) as a relatively stable tracer gas, to the main methane or ethane plasma 

gas. In this case, the T,.01 value was measured from the N2 (2 +) c3 Ilu -B3 llg molecular 

band, with the (0-1), 3577 A vibrational translation. The simulated spectrum method was 

used in this case, mainly because the molecular triplet lines were not sufficiently resolved 
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for the application of Boltzmann plot method, especially around the band head, and 

because of the low radiation intensity of doping gas molecules. 

Simulated spectra for two different T~ot values are presented in Fig. 4.6 to show the 

sensitivity of the method. A comparison of the measured and simulated spectra of this N2 

band is presented at Fig. 4.7. 

An example of the difference minimization curve for the measured and simulated 

spectra, used for temperature determination, is presented at Fig. 4.8. The minimization 

value is the difference between modules of normalized measured and simulated spectra, 

integrated along the whole band. Finally, the results of Tror measurements along the axis 

of the plasma volume (r=O), as a fonction of plasma power for methane and ethane cases, 

are presented at Fig. 4.9. These data could not be obtained at the plasma periphery 

because the concentration of the doping nitrogen is low, which results in the low 

emission intensity of N1 bands. As it will be shown in more detail at section d), this 

problem is not encountered using radial profiles of the C2 bands. 

The Trot, as measured from the N2 band, is lower than that of the C2 (see below) and 

rises monotonically with power input (compare Figs. 4.9 and 4.14). The values obtained 

can be considered as reflecting the gas temperature, because they correlate well with the 

measured gas temperatures of other non-thermal plasmas [10, 68] and with the results of 

chemical kinetics modelling (see chapter 5). Amorphous carbon formation that ought to 

appear at Tkinof 1600-1800 K is observed in the experiment. 

Higher Trot values, obtained from the N2 band in the case of methane plasma, can be 

explained by the higher specific heat of ethane. In the latter case, for the same specific 

power, the energy is partially spent for the excitation of the numerous vibrational modes 

of the C2H6 species. As it be shown further in section d), in the case of the C2 

measurement (Fig. 4.14), the phenomenon is the opposite, i.e. the Trot of the ethane 

plasma is higher, which may be explained by the phenomenon of C2 molecule formation 

kinetics. 
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Fig. 4. 9. Rotational temperature in methane and ethane plasma, as a function of plasma 

power, measured with N2 c3 Ilu-B3 IIg band. Trot was determined by comparison of the 

measured and simulated spectra. a)-methane plasma, b)-ethane plasma 
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d) Rotational temperature measuredfrom C2 molecular band: Boltzmann plot method. 

The high intensity of the C2 bands in the CC plasma of hydrocarbon gases allowed 

the radial distribution of the Trot to be measured in this case, in contrast to the N2 band 

utilization case, described in section c). The Boltzmann plot method was used with the C2 

molecule v(0-0) A3Pg - X3Pu Swan band. The spectrum of this band, acquired in the 3d 

order of the grating, is presented at Fig. 4.10. The profiles of the lines of rotational 

structure were integrated within the apparatus fonction of the system, similar to the case 

for atomic lines. The resulting Boltzmann plot, where the P-branch lines with rotational 

quantum number K from 23 to 45 were used, is presented at Fig. 4.11. Using this 

procedure, the rotational temperature was repeatedly calculated as a fonction of the 

applied power and the radial distance from the quartz tube axis. Results of these 

calculations for methane and ethane plasma are presented in Figs. 4.12, 4.13. 

lntensity, a.u. 
2.5 

2.0 1-1 

1.5 

1.0 

0.5 

~OO 500 

K"=45 

600 

C2 516 nm band 

700 
Pixel 

800 900 

0-

K"=23 

1000 

Fig. 4.1 O. An example of C2 v(0-0) A3 Ilg - X3 Ilu molecular band used for calculation of 

the rotational temperature by the Boltzmann plot method. Arrows show the range of P 

branch fines used for the plot. 
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Boltzmannn plot from C2 516 nm band for r=O 
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Fig. 4.11. Example of the Boltzmannn plot used for Trot measurement from C2 molecular 

band. 

In both cases, the minimum value of Trot for a given power is observed along the axis. 

The Trot dependence on power demonstrates a similar tendency with the results on the 

excitation temperature measurements. Trot decreases up to powers of about 1400 W and 

11 OO W for methane and ethane plasmas respectively, and then starts rising at power 

levels over these values. This phenomenon is even better displayed in Fig.4.14, where a 

comparison of the axial values of the rotational temperature for the methane and ethane 

cases is presented. The initial decrease in Trot with the power rise should reflect the 

kinetics of formation of excited the C2 molecule, as for example, in the reaction 

CH+CH=C2 * +H2. The Trot rise at high powers is presumed to be a feature of the plasma 

thermalization, in particular, because it is accompanied by the appearance of soot in the 

reactor. 

The same method was applied to those experiments where hydrogen was used as a 

sheath gas, together with methane as the plasma gas, providing a mixture of 80% (vol) 
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Fig. 4.14. Comparison of centre fine values of the rotational temperature, Trot for 

methane and ethane CC plasmas, using C2 band 

CH4 and 20% H2. The parametric dependence of Trot obtained on the power and on the 

radial distance employed is presented in Fig. 4.15. A comparison between axial Trot 

values for pure methane and for a CH4-H2 mixture is presented in Fig. 4.16.While the 

radial distribution is similar in the two cases, the rise in temperature at higher powers, 

which in the case of methane reached 1400 W, does not take place for the gas mixture. 

The rise for pure methane may be associated with plasma thermalization (see above, 

chapter 1 ), which suggests that a more effective transfer of energy from e- gas to heavy 

particles occurs. lt commences when the concentration of the excited species increases 

and electrons can participate more often in step excitation ( especially via intermediate 

metastable states). In such processes, the energy quantum, h vis lower and is closer to 

that of the resonance energy transfer from e- to heavy species. 

When the mixture is diluted by hydrogen, more H2 and H species are present, 

resulting in higher heat conductivity and the suppression of heat perturbations, which can 

otherwise provoke the plasma thermalization. The plasma kinetics may also be influenced 

by the high cross-section for the process of deactivation of metastable states by 
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and for the methane-hydrogen mixture. 

97 



hydrogen, which also inhibits the thermalization. These phenomena can explain the 

existence of the "non - thermal behaviour" of Trot at relatively high powers (Figs. 4.14, 

4.15), when the mixture is diluted by hydrogen. 

The excited state C2 molecule is generally synthesised with a non-thermal distribution 

over its vibronic states, as for example, in the strongly activated reaction CH+CH -7 

C2+H2. The rotating oscillator of the C2 molecule is also excited from the beginning. As 

the C2 lifetime is usually short, there is insufficient time for the rotational-kinetic 

relaxation to proceed. Therefore, the shape of the C2 molecular emission bands may not 

be truly characteristic of the gas kinetic temperature. This effect can lead to an 

overestimation of Tkin if C2 is used as an indicator (73]. 

The influence of the plasma chemical kinetics on parameters (Trot, Tvtbr) of certain 

species has often been reported [74-76]. In particular, molecular couples such as C2 and 

CN or C2 and CH may provide significantly different rotational temperatures. 

The diagnostics of hydrocarbon plasmas, performed by methods of optical emission 

spectroscopy, has revealed the following observations and influences: 

the non-equilibrium character of these CC plasmas 

correlations can be established between the observed plasma thermalization and 

the tendencies in power dependence of the temperatures 

the influence of excitation-relaxation and ionization-recombination kinetics on the 

Texc and Trot values, as measured by various methods described above. The 

rotational temperature, measured from the N2 band, provides a better indication of 

the gas temperature than the T,.01 value, as measured :from the C2 band as the latter 

can be influenced by the plasma chemical kinetics. 

4.3. Mass-spectrometric diagnostics 

The mass spectral (MS) analysis of the CC reactor exit gas composition was 

performed for the cases of the methane and ethane plasmas, as created over a wide range 

of apphed powers, simultaneously with the introduced nanopowders treatment process. 
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This was done by finding the best possible the variety and concentration of species 

present to the measured and integrated MS peaks. The analysis was based on tabulated 

data [77] of peak groups appropriate for each molecule. These groups result from 

molecular cracking and ionization the mass spectrometer, so each molecule has its own 

characteristic set of the peak intensities. The data were adjusted, according to the known 

specific mass-spectrometer sensitivity towards some species, and according to the results 

of the analysis of etalon mixtures (induding CH4, C2H6, C2H2 and C02 gases). Resulting 

intensities for MS peaks and coefficients for the species studied in the analysis, are 

presented in Table 4.2. N2 is considered as a reference gas for the mass spectrometer, 

oxygen containing species can be present as a result of reactor contamination by water 

vapour, which can arise from minor water leakage through the discharge chamber (inner 

quartz tube) sealing. 

The fitting procedure was first performed for those molecules having their unique 

characteristic peaks displayed in the mass-spectrum. Then, among the species exhibiting 

the same maxima, those displaying the most intensive peaks were considered in the 

second fitting stage. Finally, the less important species were considered as 

complementary or minor adjustments to the previous assignments. After several iterations 

of the process, the procedure arrives at the computed concentrations of species, in 

arbitrary units, as they are present in the control volume of the spectrometer. AH of the 

possible species, including those that arise from air and water contamination of the 

plasma gas, were considered, the results being presented in Fig. 4.17 (Contamination by 

water and C02 are omitted). 

It was observed that the pressure m the control volume was to a great extent 

independent of the pressure in the reactor. The extemal parameter, kept constant during 

the experiments, was the gas flow rate because it played an essential role in the plasma 

stability. As for the reactor pressure, it typicaUy dropped from 2-3 to 1.0-1.5 kPa for 

methane and from 4-6 to 2-3 kPa for ethane, with a reduction in the applied power. 
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Compound 

name 

CH4 

C2H2 

C2H4 

C2H6 

C3Hg 

C3H6 

C02 

CO 

H20 

N2 

02 

H2 

Table 4.2. Relative mass-spectrometer sensitivity for the species and 

their relative peak intensities as used for the mass-spectra analysis. 

Relative 

MS 
Mass-spectrum 

sensitivity 
(the mass is in atomic units) 

Mass 16 15 14 
1.05 

13 1 12 -
Intensity 1000 859 161 81 34 28 -

Mass 26 25 24 13 27 12 -
1.58 

Intensity 1000 201 56 56 28 25 -
Mass 28 27 26 25 14 1 24 

1.03 
Intensity 1000 648 623 117 63 41 37 

Mass 
0.92 

28 27 30 26 29 15 25 
Intensity 1000 333 262 230 217 46 42 

Mass 29 28 44 43 27 39 41 
0.55 

Intensity 1000 615 402 336 316 165 149 

Mass 41 
1.0 

39 42 27 40 38 37 
Intensity 1000 711 677 383 289 193 136 

Mass 44 16 28 12 - - -
1.25 

Intensity 1000 94 82 67 - - -
Mass 28 12 16 29 14 - -

1.20 
Intensity 1000 47 17 12 8 - -

1.63 
Mass 18 17 16 - - - -

Intensity 1000 211 9 - - - -
Mass 28 14 29 - - - -

1 
Intensity 1000 52 ,., - - - -I 

Mass 32 16 - - - - -
1.21 

Intensity 1000 36 - - - - -
Mass 2 l - - - - -

0.41 
Intensity 1000 21 - - - - -

-
-
-
-

13 
35 

14 

34 

42 

61 

26 
105 

-
-
-
-
-
-
-
-
-
-
-
-

The pressure vaiiations m the reactor might not correlate with the total sum of 

concentrations in the cold gas at the MS sampling point, because of the pressure drop 

after the filters and the control valve placed behind them (Fig. 3.1). The concentrations of 

the various species found there are different from those present in the reactor ( after the 

plasma recombination), where pressure measurements were made, although the real mole 
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fraction values must be the same. Therefore, the data obtained by the mass spectrometer 

actually represent the molar fractions of species present in the reactor rather than their 

concentrations. 

The mass spectmm analyses of the gases, as sampled at the exit of the plasma 

reactor, reveals the following common features observed both with CH4 and C2H6 

plasmas: 

the fraction of hydrogen, created as a product of the plasma gas decomposition, 

rises (quite modestly for ethane) with increase in applied power, while the 

concentrations of the C2H6, C2H4 and C3Hg species correspondingly diminish. 

methane/ethane and methane/propane molar fraction ratios are approximately the 

same (4:1) and (10:1) respectively. 

The mass spectra for the cases of CH4 and C2H6 plasmas differed, however, in the 

following manner: 

Decrement of hydrocarbons' fractions and increment of hydrogen fraction with 

rising power are slightly higher when the plasma gas is methane. 

the relative fraction of C2H4 is about 3 times higher for the ethane plasma gas than 

for the methane plasma gas 

traces of C2H2 are more abundant when the discharge is in ethane; but for the 

discharge in methane there is a noticeable rise in the C2H2 fraction with increased 

power. 

Although only pure methane and pure ethane are being admitted to the discharge 

volume, the product methane/ethane and methane/propane ratios are almost the same at 

the exit in both cases. Ethane is even slightly more abundant when the plasma gas is 

methane. This practical observation is in good agreement with the results of the chemical 

kinetics modelling ( chapter 5). 

These observed proportions in the fractions of alkanes can be explained if the reaction 

leading to formation of alkanes is considered as the main mechanism for CH3 radical 

disappearance. In this case, the fractions of CH4 and C2H6 are bonded, via the CH3 

fraction, for example, by reactions CH3+H+M~H4+M; CH3+CH3+M=>C2H6+M. The 
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propane fraction is anchored to that of ethane, vm reactions such as: 

C2H6+H<=?C2Hs+H2; C2Hs+CH3+M=>C1Hs+l!;f. The reaction chains, leading to the 

formation of non-saturated hydrocarbons, normally start frorn the CH3 decornposition. 

Then, the difference in the C:H proportions, in the cases of rnethane and ethane plasmas, 

should result in different mechanisms in operation for the CH_~ decomposition and 

consequently, in different contents of alkenes produced, which rnay help to explain the 

MS results. 

Therefore, based on the MS data, it is supposed that the role of the CH3 radical is 

decisive for the plasma chemistry ofboth gases, and must be particularly important in the 

mechanism for the nanocoating deposition on nanoparticles. The CH3 mole fraction 

present should be similar in the two cases, but the fractions of the CH2, CH and other 

radicals, responsible for the formation of non-saturated hydrocarbons, should be 

different. Hence, the similarities in the alkanes content and the differences in the alkenes 

content suggests that the further CH3 species decomposition (activation energy is about 2 

eV) is not sufficiently activated and therefore the plasma is not thermal. 

These conclusions are also supported by the results of CC discharge experiments, 

performed with ethylene and acetylene acting as plasma gases. The content of CH~ 

radicals should be very poor in these cases and nanocoating deposition was not observed 

experimentally on introduced Si02 nanoparticles. 

The MS data obtained on CH4, C2H6 and C3Hs relative contents were compared with 

the results from the chemical kinetics modelling (see chapter 5, Table 3.1 ). This revealed 

a qualitative agreement between the results, which validates the proposed mechanism for 

both the C:H coating and for soot formation in the CC discharge. This coïncidence also 

concerns the C2H6 abundance in the case of CH4 plasma. Thus, the MS data demonstrates 

that the kinetics mechanism for hydrocarbon gases, developed for combustion processes, 

can also be validly applied to the CC RF plasma. 
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Fig. 4.17. Mole .fractions of species in the gas exiting the discharge volume, determined 

.from mass-spectrometry data, as a function of power. Plasma gas: a)-methane, b)-

ethane. 
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Therefore, the combination of mass-spectrometry diagnostics and coated powder 

product characterization techniques employed has aided considerably in the identification 

of the mechanisms for nanocoating formation on nanoparticles introduced into the 

hydrocarbon plasma, as discussed in chapter 6. 

4.4. Measureme:nt of the electric circuit parameters 

Numerous characteristics of capacitively coupled plasma facilities, operating at RF 

frequencies and medium level pressures (103 -104 Pa), depend on the parameters of the 

electrical circuit. The plasma coupling with the rest of the circuit, and Joule losses, may 

influence the performance of the whole system, especially when relatively high powers of 

up to several kW (101-102 W/cm3
) are applied, as in this present work. It is important to 

know the equivalent electrical scheme for the whole system, and its plasma section in 

particular, to be able to select and control its important parameters i.e.: plasma-electrode 

capacitances, parasitic capacitances. 

Important information on capacitively coupled plasma parameters can be obtained 

from relatively simple current and voltage measurements, yielding data about active and 

reactive parts of the impedance of the plasma-reactor system [2]. In some cases, and if 

the discharge geometry is known, the plasma conductivity (a) can be calcula.ted from its 

active resistance. When coulomb interactions dominate over electron-neutral collisions, 

the a does not depend on the concentrations of electrons and heavy particles. It only 

happens if the ionization degree substantially exceeds the value of ~ 0.1 %. Then a is 

determined only by the electronic temperature, Te [12]: 

T312 [eV] a= 190 e [ohm-1cm-1 
], where lnA - coulomb logarithm 

ln A 
(4.18) 

(lnA= 6+ 7 under the conditions of the present work) and therefore Te can be calculated if 

the conductivity is known. 
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The data on the reactive part of the plasma-reactor system impedance and its 

tendency for change can provide qualitative information about the plasma disposition 

inside the discharge volume, about the gap between the plasma and walls. 

In the present work, a series of JIU measurements was performed in low-pressure air 

(50-100 Pa) and under the same conditions as used for the powder treatment. The current 

was measured by means of the "Power Electronic Measurements Ltd" 10 MHz current 

waveform transducer (Rogowsky belt) and the voltage drop between outer electrodes was 

measured by a Tektronix P6015A capacitive high voltage divider, with a 75 MHz 

bandwidth limit. Since calibration of the divider was not checked at the operational 

frequency of the CC RF plasma (16 MHz), its coefficient could be distorted by the 

presence of parasite capacitances; both transducers could also be vulnerable to the 

possible influence of induced signals. 

It was determined experimentally that the resonance frequency of the plasma 

electrical circuit varied between 15.95 and 16.02 MHz, depending on experimental 

conditions, and consequently on the plasma impedance. 

Under conditions used for the powder treatment, i.e. with P=l000-2000 Pa, the 

voltage-current phase shift appeared to be very close to -rc/2, meaning that the impedance 

of the plasma-reactor system is almost completely reactive IZl=IUl!Jil=l/wC. 
Furthermore, the active resistance is very low (R <2 ohm) and cannot be measured 

practically. Its upper limit estimate of 2 ohms provides a value for Te from the 

conductivity (4.18). This appears to be Te >> 4000 K, which is in agreement with 

spectroscopie measurements. 

More detailed information was obtained from the reactive part of the plasma-reactor 

impedance. A simplified equivalent scheme of the circuit [2], presented at Fig.4.18 is 

now considered. 

To determine the parameters of the equivalent scheme, a series of measurements was 

performed under low pressure (100 Pa) conditions, which provided a higher value of R, 

the JIU phase shift being farther from -rc/2 and hence the method becomes more sensitive 

to the change in total capacitance, CL. The measured circuit capacitance is: 

Cr, = cdis + CPCe /(Cp +Ce) (4.19) 
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and is presented at Fig. 4.19 as a function of the plasma power, W The observed 

tendency matches the proposed equivalent scheme, and the following values are deduced 

from the fitting operation: 

Distributed capacitance Cd;s = 18 pF,· 

Plasma-electrodes' capacitance Cetectrodes= 2Ce = 16 pF 

R 

I 

u 

cdis 

Fig. 4.18. Equivalent scheme for the plasma-

reactor part of the electrical circuit. Cp -

plasma own capacitance (or the variable 

part of the plasma-electrode capacitance), 

Ce- plasma-electrode capacitances (constant 

part), Cd;s- distributed parasitic capacitance, 

R- plasma resistance 

The plasma capacitance demonstrated a linear dependence on power input: 

CP [pF} = 0.3 x power [W]. 

For the case of the methane plasma (2000 Pa), the following values were obtained: 

Distributed capacitance Cdis = 23 pF,· 

Circuit capacitance, C:t. pF 
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Fig. 4.19. Dependence of the 

plasma - reactor system total 

capacitance on the power 

(circles) and its fitting 

according to equation (4.19). 



The plasma-electrodes' capacitance is the same as m the prev10us case. Plasma 

capacitance has a similar linear dependence: 

CP [pF] ~ 5.0xl0-3 xpower {Wj, 

but its absolute value is much lower. 

The following summary is offered, based on the data obtained. When the gap X 
between the current conducting zone and the quartz tube walls diminishes, the Cp should 

increase, Cp -1/x. The fact that Cp - W means therefore that the current zone should 

approach the quartz tube walls with increased power, which is physically reasonable. 

Lower Cp values for the methane plasma at higher pressures means that the gap is larger 

and the zone of conduction and energy release to the plasma is thus farther from the walls 

in this case. This behaviour correlates also with the plasma-power supply coupling, via 

the matching network, which is worse, and with the higher values of reflected power, 

experienced in the case of higher pressures (1000-4000 Pa). The difference of two orders 

of magnitude for Cp in two cases means that the X value at high pressures is comparable 

to the tube diameter and can be of the order of 1 mm; it is much smaller at lower 

pressures where the plasma must be adjacent to the walls. 

4.5. Other plasma process diagnostics 

Calorimetric measurements were performed using the cooling water circuit to check 

the energy balance of the installation. The water flow rate was controlled by flow meters 

and typically had the value of 6.3-6.5 liters per minute~ 0.107 liters per second. Water 

temperature was measured by thermocouples bef ore and after flow in the reactor system, 

which included the discharge volume itself, as well as the reactor. Thus, a 1 K of 

temperature difference corresponded approximately to 450 W of power dissipated in the 

cooling circuit. The temperature differences obtained varied from 1.2 to 3.8 K., depending 

on the plasma power. This energy output was compared with the energy input into 

plasma, measured by power-meters at the exit of the RF amplifier. The data obtained 

demonstrate that, within the precision (0.1 K) and reproducibihty of the thermocouples' 
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measurements, almost the entire energy load adsorbed by the plasma was consequently 

dissipated in the cooling water. 

The plasma kinetic temperature can be estimated from the energy balance. The 

plasma is considered to be stabilized by the walls (inner quartz tube) and all parameters 

are constant. After integration of the thermal conductivity equation pCP dTfdt + divJ = Q 

over the plasma volume, the total power load in the plasma is obtained: 

A= fQ = Jx S = -ÂVTx S, where À -thermal conductivity of plasma, S = 180 cm2 
-

surface of the quartz tube. If the reasonable value of Â = 4xl04 W/(cmxK) is taken [12], 

and a typical value assumed for the applied plasma power, A=700 W, then the 

temperature gradient approximates to VT=l04 K/cm. If the boundary layer is considered 

to be of the order of 1 mm, as it appears visually, the temperature drop from plasma to the 

cooled wall of 1000 K is obtained, and hence the gas temperature value of 1300 K. This 

derived value is in agreement with the value of kinetic temperature, measured for the 

given power by OES from the N2 molecular bands (see chapter 4.1.3). These findings are 

thus in accordance with the assumption about the wall-stabilized plasma mode, as 

realized in the described experiments. 
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Chapte:r 5. 

Chemical kinetics modelling 

5.1. Introduction. 

In this chapter, a model of chemical kinetics is presented, describing the formation 

and growth of the coating, being deposited on the surface of nanopowders in the CC RF 

plasma of hydrocarbon gases. The goal of this modelling work is the development of a 

physical/chemical mechanism, which can explain the experimentally observed 

phenomena, described in the previous chapters. A variety of previous studies on the 

chemical kinetics modelling in different plasma and flame systems have been published. 

Sorne of these are adapted for the CC plasma conditions and are used in the present work. 

The proposed mechanism of C:H coating formation is discussed in section 5.2. 

Details on chemical kinetics, used in the calculations of the coating growth, are presented 

in section 5.3. The important features of the model and calculation details are 

summarized at the end of the chapter in Table 5.2. The computational results on the C:H 

coating formation and the soot nucleation and growth, are given in section 5.4. Finally, a 

discussion on the results, and their validation by experimental observations, is presented 

in the section 5.5. 

5.2. Model formulation and proposed mecbanism for the nanopartide 

coating p:rocess. 

For kinetics modelling of the nanofilm deposition CC plasma, the CHEMKIN-H 

code was used. As a basic reaction set for use in the modelling, the compilation of 

reactions as prepared at the Gas Research Institute (GRI) is taken [78]. This is an 

optimized, detailed chemical reaction mechanism, capable of the best representation of 

natural gas flames. It may also be extended to include more chemistry considerations, 
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more robust parameterizations and additional tools. The GRI model incorporates a list of 

elementary chemical reactions and their associated rate constant expressions prepared for 

use with the CHEMKJN code. Most of the reactions listed have been studied in the 

laboratories of the University of Califomia at Berkeley, Stanford University, the 

University of Texas at Austin and SRI International, and so the rate constant parameters 

are mostly based on direct measurements. The optimization process for this mechanism 

indudes extensive sensitivity tests on a variety of experimental data related to natural gas 

combustion. Once an optimal parameter set is found, it is checked against the literature 

information, in an extensive validation procedure. The GRI reaction set is thus validated 

for :flames over gas temperature ranges exceeding those associated with the present CC 

plasma (800-2800 K). 

As the GRI system has been developed for the modelling of combustion kinetics, it 

has therefore had to be adapted to the diff erent conditions of our CC methane and ethane 

plasmas. Since the original reaction mechanism has been initially developed to describe a 

combustion process in the presence of air, reactions involving the elements 0, N, Ar have 

remained in the model to ensure the convergence of the used Chemkin-II code, even 

though their respective concentrations are zero in our system. 

An important modification made to the GRI reactions set in the present model is the 

inclusion of the formation of solid phases in the CC plasma, namely: 

o C:H film growth on existing surfaces (nanopowders), distributed in the gas phase 

o nucleation and growth of soot. 

An essential feature, included in the present modelling work, is the non-equilibrium 

character of the CC RF plasma. For chemical kinetics reasons, the most important 

contribution of the plasma lies in the production of free radicals. In the case of 

hydrocarbon plasmas, some species, such as CH3 and atomic hydrogen, play key roles in 

the initiation and growth of C:H films. These are mainly produced in CC non-thermal 

plasmas by electron impact, either directly or via the step excitation process [18]. 

While chemical kinetics modelling is presently at a very advanced state, it is difficult 

to apply it in a purely theoretical approach. Direct calculation of radicals' production rates 

requires precise information on the electronic temperature, cross sections for interaction 

and other process constants. An alternative approach is to use experimentally measured 
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production rates of radicals, as obtained through the interaction between electron beams 

of fixed energy with gases (e.g. methane), and extrapolation of this information to the 

plasma case where the input energy is known [79, 80, 81]. Results of such measurements 

are usually expressed terms of the number of dissociation events for 100 eV electronic 

beam load energy, which is called a G-factor. Based on such data for CH~ production 

rates in methane [80], the value of G = 0.5 (dissociations of CH4 per 100 eV of plasma 

energy load) has been chosen in the present work for all gases used. As 1 eV corresponds 

to 1.602x10-19 J, it is equivalent to 1 dissociation per 8.0xl0-18 J of energy load. Taking 

into account the estimated electron temperature of 1 eV in the plasma and the CH4 

dissociation potential of 4.7 eV, the relative number of electrons (A) that have sufficient 

energy to contribute to the process can be found usmg the formula 

A= J f M (.e, Te = leV)d.e/J f M (.e, Te = IeV)d.e ~ 0.024, where fM (ë, Te) -
leV 0 

Maxwellian energy distribution function for electrons. These are called "effective" 

electrons. At powers of 1500-1700 W (P=l000-2000 Pa), used for the powder treatments, 

about 10 W/cm3 of the specific power load is available, so the provided CH3 production 

lC{J / cm3s] 16 3 
ratecanbecalculatedas: Rem= 18 xA~3xlO [llcm s] 

8.0x10- [J] 

5.2.1. Homogeneous reactions in the gas phase 

Gas phase reactions used in the modeling were taken from the mechanism developed 

for the combustion process by the Gas Research Institute [78]. The reactions listed below 

were included in the mechanism. Constants of the reaction are represented in Arrenius 

form, k=AT1exp(-E/RT), where A, constant factor (in mole-cm-sec-K), T, gas absolute 

temperature (K), E, activation energy (J/mole). Reactions participating in the reforming 

of the initial plasma gas are those involving methane (eq. 6, 7, 22, 26, 29, 33, 34) and 

ethane ( eq. 14, 16, 31 ). Reactions which have some direct influence on soot nucleation 

and growth are those that supply acetylene species, which subsequently act as the 

precursors for these two processes. These reactions are (eq. 8, 9, 11, 18, 20, 24, 35, 36). 
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A units are expressed in mole-cm-sec-K; E units are in J/mole. Activation energy of 

1000 J/mole corresponds to the activation temperature of 120.3 K. 

Reaction 

1. 2H+M<=>H2+M 
2. 2H+H2<=>2H2 
3. H+CH<=>C+H2 
4. H+CH2 +M<=>CH3 +M 
5. H+CH2(S)<=>CH+H2 
6. H+CH3 +M <=>CH4 +M 
7. H+CH4<=>CH3+H2 
8. H+C2H +M<=>C2H2 +M 
9. H+C2H2 +M <=>C2H3 +M 
10. H+C2H3 +M <=>C2H4 +M 
11. H+C2H3<=>H2+C2H2 
12. H+C2H4 +M <=>C2H5 +M 
13. H+C2H4<=>C2H3+H2 
14. H+C2Hs +M <=>C2H6 +M 
15. H+C2Hs<=>H2+C2H4 
16. H+C2H6<=>C2Hs+H2 
17. C+CH2<=>H+C2H 
18. C+CH3<=>H+C2H2 
19. CH+H2<=>H+CH2 
20. CH+CH2<=>H+C2H2 
21. CH+CH3<=>H+C2H3 
22. CH+CH4<=>H+C2H4 
23. CH2+H2<=>H+CH3 
24. 2CH2<=>H2+C2H2 
25. CH2+CH3<=>H+C2H4 
26. CH2+CH4<=>2CH3 
27. CH2(S}+H2<=>CH3+H 
28. CH2(S)+CH3<=> H+C2H4 
29. CH2(S)+CH4<=>2CH3 
30. CH2(S)+C2H6<=>CH_j+C2Hs 
31. 2CH3 +M <=>C2H6 +M 
32. 2CH3<=>H+C2li_; 
33. CH3+C2H4<=>C2H3+CH4 
34. CH3+C2H6<=>C2Hs+CH4 
35. C2H+H2<=>H+C2H2 
36. C2H4 +M<=>H2+C2H2 +M 
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Reaction rate constant 

k = 1.oox1018 r·1
·
0 

k = 9.00xl016 r·0
·
6 

k = l.10xl014 

k = 2.50Xl016 T-o.s 
k = 3. OOxl 013 

k = 1.27xl016 r-0
·
6 exp(-1605/RT) 

k = 6.60xl08 T 1·
6 exp(-45420/RT) 

k = J.00Xl017T 1
·
0 

k = 5.60xl012 exp(-10056/RT) 
k = 6.08x1012 T13 exp(-1173/RT) 
k = 3.00xl013 

k = 1.08x1013 r 0
·
5 exp(-7625/RT) 

k = l.32xl0 6 T 2
·
5 exp(-51285/RT) 

k = 5.21xl017 T 1 exp(-6620/RT) 
k = 2.00xl012 

k = 1.15xl018 r 1
·
9 exp(-31550/RT) 

k = 5. OOxl 013 

k = 5.00 xl013 

k = 1.11 xl08 T 1
·
8 exp(-7000/RT) 

k = 4.00xl013 

k = 3.00X1013 

k = 6.00xl013 

k = 5.00xl05 T 2exp(-30300/RT) 
k = 3.20xl013 

k = 4.00xl013 

k = 2.46xl 06 T 2 exp(-34650/RT) 
k = 7.00x1013 

k = l.20xl013 exp(2390/RT) 
k = l.6xl013exp(2390/RT) 
k = 4.00xl013 exp(2300/RT) 
k = 2.12xl016 r- 1

·
0 exp(-2600/RT) 

k = 4.99xl012 r 0
·
1 exp(-44410/RT) 

k = 2.27xl05 r 2
·
0 exp(-38550/RT) 

k = 6.14xl06 r 1
·
7 exp(-43790/RT) 

k = 4.07xl05 T 2
.4 exp(-840/RT) 

k = 8.00x1012 T 0
.4 exp(-372000/RT} 



In the chemical kinetics model used for this work, the formation of solid phases in the 

plasma largely depends on the generation rate of the coating precursor, i.e. the CH3 

radical, which is then engaged in the numerous gas phase reactions (eq. 4, 6, 7, 18, 21, 

23, 25-34). Among them, reactions, eq. 23, 26, and a plasma gas reforming reaction (eq. 

16) have activation energies corresponding to a temperature of about 3700-4000 K. Thus 

temperature may influence the formation of solid phases ( coatings and soot) in the 

plasma; in the case where gas temperature is much lower than 4000 K, the above 

mentioned reactions are not activated. For higher temperatures, those "chains" that 

include reactions eq. 23, 26, may support the formation of C2H2 (the soot precursor) and 

thus favour soot growth. 

5.2.2. Heterogeneous reactions, formation of solid phases. 

a) Formation of the C:H coating 

The proposed mechanism for nanocoating formation in hydrocarbon CC plasmas is 

based on the comparison of those results obtained in the present work (i.e. coating 

characterization and plasma diagnostics), with results reported for other C-H plasmas, see 

chapter 1. The mechanisms of coating formation, as reported and developed in the 

literature ( e.g. [ 4, 65]), may be applied, in general, to the conditions of the present work 

because of some similarities in the plasma and coating characteristics. However, the 

process of film deposition on nanoparticles in suspension must be considered to have its 

own specific features. 

The key role of the CH3 radical and of atomic hydrogen, in the initiation and growth 

of amorphous hydrocarbon coatings (a-C:H), has been demonstrated in experiments on 

the interaction of beams of radicals with the substrate surfaces. The same radicals are 

abundant in the methane and ethane CC RF plasmas described in this work, and the 

coating material, being amorphous and of high density, is similar to that obtained by 

Forrest et al [65]. A supporting argument in favour of the crucial role of CH3 radicals in 

the film growth mechanism is that films are not formed in CC discharges in ethylene and 

acetylene, where the concentration of CH3 is much lower in comparison to the cases of 

CH4 and C2H6 plasmas. 
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A schematic representation of the C:H coating growth mechanism, developed for 

beams of radicals [ 4, 5], is similar to the mechanism described above. lt can be 

considered as a model system for the growth of amorphous, hydrogenated carbon films, 

in low temperature plasmas derived from a hydrocarbon precursor gas. H+ ions may play 

an important role in the C:H coating densification because of their ability to penetrate 

deeply into the coating and then, to extract a bonded hydrogen atom. However, the role of 

these F ions should be of lesser importance under the conditions of the present work 

because of the lower F concentrations generated, the absence of a self-biasing potential 

for the nanoparticles, which could act to accelerate hydrogen ions, and thus the absence 

of energetic beams in the CC plasma. 

Based on these arguments, the following simplified sequence of reactions, leading to 

film formation, is proposed. These are schematically represented in Fig. 5.1: 

1. Adsorption of CH3 radicals on the active sites of the Si02 nanoparticle surface, 

or on the active sites of the coating (S) 
CHJ(g) 0 =:::;.solid surface=:::;. (S)-CH3 

2. Surface activation. Extraction of a hydrogen atom from a CHx group (x=2,3) 

by means of an incorning atomic hydrogen or by another radical. Formation of 

a dangling bond, which is then considered as an active site. 

(S)-CH3 + He::::::;. (S)-CH2e + H2 

(S)-CH2 + He::::::;. (S)-CH o + H2 

3a. Surface diffusion and recombination of dangling bonds (active sites). 

Passivation of the surface, recombination of bonds and formation of a 

constrained rnatrix. This process slows down when all of the rnatrix cells only 

contain CH groups. 

(S)- - -2CH20 ==> (S)- - -2CH2 

(S)- - -2CH e::::::;. (S)- - -2CH 

(S)- - -CH2e+ (S)- - -CHe=:::;. (S)- - -CH2 + (S)- - - CH, 
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i'. Recuperation of CH3 or some other radical and the neutralization of the 

dangling bond. Growth of the film. 

(S)-CH o + CH3(g) o =;> (S)-CH-CH3 

(S)-CH20 + CH3(g) o =;> (S)-CH2- CH3 

3c. Recuperation of atomic hydrogen and neutralization of the dangling bond. 

Passivation of the surface. 

(S)-CH20 +Ho=;> S-CH1 

(S)-CH o + Ho=;> S-CH2 

4. Eventual migration of the dangling bonds or "disproportioning" of the matrix 

cells, a process that has no influence on the kinetics of the coating growth. 

(S)- - -CH o + (S)- - -CHs =;> (S)- - -CH20 + (S)- - -CH2 

5. Extraction of a hydrogen atom from a CH group by the incoming atomic 

hydrogen. This step does not lead to modification of the coating, because it is 

presumed that the newly freed bond can only recombine with another 

hydrogen atom. Recombination with a carbon-containing radical would 

require matrix reforming, a process which has high activation energy. 

(S)-CH +Ho =;> (S)-Co + H 2 

(S)-CH o + Ho =;> (S)-CH 

Here, (S) denotes a solid body, either as an initial Si02 particles or as an already formed 

C:H coating. Active and passive surfaces are treated formally as species, with their 

appropriate molar concentrations. 
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Fig. 5.1. Schematic presentation of the C:H film growth mechanism in methane and 

ethane CC plasma. 
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ln taking into account the complexity of these processes, and the absence of 

appropriate constant values, the following simplifications were adopted. First, the well-

known Hydrogen Abstraction-Carbon Addition (HACA) mechanism, based on reactions 

with polycyclic aromatic hydrocarbons (PAHs) [82], was considered as a reliable model 

for describing the solid phase growth on the surface of existing particles. Here, the 

changes adopted in comparison with the soot growth mechanism are described: 

The original system is: 

(S) o + C2H2 => (S)-C2H + H; 

(S) + H <=:>(S)e+ H1; 

(S) e + H <=>(S) ; 

k=4.0x1013e -42 3ooiRT [cm3/moVs) (5.1) 

k=2.5x1014e-669001RT[cm3/mol/sj (5.2) 

k=4,3x1015 X T "0•78 e -66 900IRT{cm3 /moVsj ( 5.3) 

where (S) is a soot particle (PAH), with individual clusters typically containing NcJust 

=103-105 carbon atoms, i-number of fused aromatic rings, the activation energy being 

expressed in J/mol. 

In taking this mechanism as a pattern, a C2H2 molecule, as the main soot precursor, is 

replaced in (5.1) by a CH3 radical as the main film precursor (see [65]). ln (5.1)-(5.3), 

instead of concentrations of P AH clusters, a "concentration" of nanoparticles surface is 

introduced into the plasma, which eventuaHy represents the film substrate. If it is 

assumed that every surface atom provides for an active site, then, to preserve the values 

of the A factors in equations ( 5 .1)-(5 .3 ), these have to be divided by the ratio (Nc1usil / 13 
::::: 

2000, which is proportional to the surface of an initial P AH cluster. 

Extra modifications are applied to the n and E constants in equation (5.1). The 

activation energy from ( 5 .1) is taken to be zero, and n = -1.2, because these values are 

valid for the reaction:- 2CH3 +M<=>C2H6 +Min the GRI mechanism. Instead of the 

second CH3 radical, however, a macroparticle with a dangling bond is considered as a 

"radical". Finally, equation (5.1) has been transformed to: 

(5.4) 
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where (S) - is a film "particle" containing i carbon atoms, (S) e denotes a dangling bond. 

This equation corresponds to the step 3c in the coating formation mechanism. Equation 

(5.2) and (5.3), which correspondingly describes the activation and passivation of the 

surface, were included directly into the model. Reaction of activation (5.2) corresponds to 

steps 2 and 5, while that of passivation (5.3) corresponds to the step 3c in the coating 

deposition mechanism. 

Several possibilities for the surface activation mechanism are taken into account. 

These involves either the case where atomic hydrogen is the only activating agent, or the 

case where other radicals besides H, namely CH3 and C2H5, also participate in the 

activation. 

b) Soot nucleation and growth. 

The process of soot formation competes directly with the C:H film growth and thus 

represents a source of contamination of the desired powder product (i.e., coated 

nanoparticles). Formation of amorphous carbon dominates the deposition of hydrocarbon 

coatings under normal thermal plasma conditions. Many detailed studies have been 

previously performed, especially for flames, and numerous mechanisms advanced for the 

description of soot formation, see for example, [82, 83]. Normally, they include the 

formation of (poly)-acetylenes and (poly)-aromatic ring systems [82]. In all of these 

cases, the groups have an acetylene rnolecule acting both as a precursor and as a growth 

indicative species. To accomplish the process modeUing, the simplest acetylene-based 

model has been chosen, as proposed in [83]. The initial step in this model is that of a first 

order reaction involving soot particle nucleation: 

(5.5) 

with its corresponding production rate R and reaction constant k : 

(5.6) 

The second reaction corresponds to the surface growth of soot particles: 
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(5.7) 

Here, the best fit with the experimental data is obtained by making the assumption that 

the number of active sites on the surface is proportional to the square root of the surface, 

/(S) oc .jS. 

Ri= k{T) f(S) [C2H2/ /mol/cm3 ls]; k(T)=0.6><10 e-wo sso!RT [1/mls/ (5.8) 

The first reaction was included in the CHEMKIN input file, based on the GRl system. 

lt produces the soot nuclei, one instance of soot particle inception occurs for every 

reaction involving equation (5.5). These soot nuclei are formally considered as a 

"species". AdditionaUy, the total quantity of soot, either originating from nucleation 

(equation (5.5)) or from soot growth (equation (5.7)), is calculated by the code. This total 

quantity of soot has also been presented as another "species", introduced into the 

program. Two appropriate molar concentrations were assigned to these species. The total 

surface area of soot particles was calculated from the known nuclei concentration; 

assuming that all soot particles have the same size. 

5.3. Computational results and comparisons with experimental data. 

5.3.1. Order of magnitude analysis of experimental data 

Chemical kinetics modelling requires knowledge of the numerous external parameters 

related to the experiments on the nanocoating deposition. The main parameters are: 

gas temperature and flow rate 

reactor pressure 

power density in plasma 

feed rate and specific surface of substrate particles 

gas residence time in the plasma and the type of the reactor 
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Sorne of these parameters, such as reactor pressure and plasma power can be 

measured precisely; while others, such as gas temperature and residence time, can be 

calculated from non-direct measurements. Finally, some characteristics, such as plasma 

volume and power density, can only be roughly estimated, being based on experimental 

observations and different characterization results, for example, the TEM and thermo-

gravimetric analyses can be used for the estimation of the coating thickness and density. 

In this section, the order of magnitude analysis of the plasma process characteristics 

important for the modelling are presented. The method is further used in calculations to 

set limits on variations of these parameters, rather than for making statements about their 

exact values. 

The formulation of the chemical kinetics mechanism should be appropriate to the 

modelling of the experimentally observed C:H film growth on surfaces of nanoparticles 

suspended in CC methane or ethane RF discharges. The starting points required for the 

task of formulation and of model building are now discussed. 

Typically, the particle coating has a thickness (Xe) of from 5 to 40 nm, with a small 

number of cases exceeding these limits, as observed by TEM. The TGM analysis (section 

3.4.3) has demonstrated that a high (80-85%) mass loss occurs from the treated powders 

as a result of the coating pyrolysis. The diameter of the Si02 particles (Dp) can be 

estimated from TGM images, it varies from 10 to 150 nm, with the average value (log-

normal distribution) of around 50 nm (section 3.4). Original silica powder density is 

about 2.65 g/cm3
. Thus the coating volume (4/3n( (Xc+Rp/-R/)) can exceed by some 5-

10 times the original volume of the powder particles ( 4/3nR/). Taking into account the 

possible dispersion of the C:H coatings density [65], which depends on the C/H 

stoichiometric ratio, the coating density for the presented experiments can be estimated as 

Pc zl.5- 3.0 g/cm3
. 

The optimal external parameters for the coating deposition were found to be: power-

1200-1500 W, pressure 1000-2000 Pa, gas flow rate - 50 standard ml/min, for both CH4 

and C2H6• The quartz discharge chamber, which is 30 cm long and 2.0 cm in diameter, 

was completely filled by the plasma. However, the plasma tail was also present outside 

the quartz tube, in the stainless steel part of the reactor (section 3.1 ). Thus the plasma 

volume may exceed the quartz tube volume (93 cm3
) and attain values of 100-120 cm3

. 
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For the above mentioned plasma powers this estimation provides values of the power 

density in the plasma of the order of 10-15 W/cm3
. 

The Si02 powder feeding rate from the fluidized bed feeder depended somewhat on 

the elapsed time, with the highest rates being obtained at the beginning of an 

experimental run. According to the total Joss of the powder mass in the feeder, measured 

after the experiment, the maximal feeding rate value is estimated not to have exceeded 10 

mg/s, falling to values of 0.5-l.5 mg/s. The following estimation of the substrate powder 

surface density can be made: 

For the particle diameter of 100 nm (radius R=50 nm), the particle volume V surface S 

and mass m are: 

V=4/3rcR3=5.24 x10-16 cm3
, 

S=4nR2=3.14 x10-10 cm2, 

m=Vxp = l.36xl0-15g, ifwe take Psio2 ""2.65 g/cm3
. 

Tuerefore, the specific surface of the powders is : 

S/m=3.14 x10-10/I.36xl0-15 =2.3xl05 (cm2/g)=23(m2/g). 

If the powder feeding rate value of 10 mg/s is taken, then for a time of 7 s for gas 

passage through the plasma zone, estimated :from the MS measurements (section 3.3.4, 

Fig. 3.6), the total mass, 70 mg =7x10-2 g is distributed over the total volume of the 

reactor 1500 cm3
. Thus, the powder mass density in a plasma of Pmass=7xl0-2 

/1500=4.7xl0-5 (glcm3
) is obtained. Hence, the powder surface density in the plasma is 

5 ' • ) 2 3 given by: Psurface=PmassX S/m=4.7xlff (g/ cm")x2.3x10) (cm-/g)=ll (cm I cm). 

Therefore, for the chemical kinetics calculations, the powder surface density the 

plasma was chosen to be a parameter and it was varied between l-120 cm2/cm3
• Sorne 

further detailed calculations were performed for the values of l 0 and 100 cm2 /cm3
• 

An estimate of the mean free path, À, of gas species under the pressure of P-=2000 Pa, 

and for the gas temperature of Tgas=l 500 K, typical for plasma coating experiments 

(section 4.2), can be made in order to compare the possibilities of the diffusion controlled 

and the chemical kinetics controlled processes. Under the above mentioned conditions, 

the concentration of heavy species N=PlkTgas= 6xl016 cm-1
, where k - Boltzmann 
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constant. Using the estimated value of a typical gas-kinetic cross section for the heavy 

species cr:::::: 4x10-15 cm2 [12] the value of the mean free path, )v=l/N()z 4 xl0-3 cm, is 

obtained. This value is much greater than either the typical size d of the Si02 particles or 

clusters (dis about 10-5 cm), providing the value of Knudsen number, Kn=dû:::::: 400 and 

the conditions of rarefied flow. It is also greater than the average distance L between 

plasma species L = N-113 = 2.6x10-6 cm. Hence, for the bulk plasma volume, the process 

is controlled by the kinetics of elementary reactions rather than by diffusion towards the 

surfaces of particles and tube walls; there is therefore no need to include the equation for 

diffusion in the model. The low powder loading / feeding rates permit the exclusion of 

the exothermal and endothermal processes, resulting from film and soot growth, from the 

modelling. Hence the heat transfer was not considered to be an important factor in the 

model. 

To properly describe the kinetics applicable in the zone adjacent to the quartz tube 

walls, some surface should always be present, even if there is no powder present in 

suspension. Estimates of the surface area of the tube walls, divided by the corresponding 

plasma volume, yields a value of 2nRLhtR2L=2/R=2 cm2/cm3 of such extra surface 

present in the plasma layer adjacent to the quartz tube wall. Thus, simultaneously with 

the powder substrate deposition, the hydrocarbon film was deposited on the quartz tube 

walls, which could add about 2 cm2/cm3 to the substrate surface used in modelling 

calculations. 

Residence times of powders in the plasma can be greater than earlier mentioned value 

of 7s because of the formation of stagnation zones in the discharge chamber, the 

"slipping" of particles and for the lower flow rates. The phenomenon of particles' 

trapping also seems to be encountered, provided that the CC plasma is usually positively 

charged; the potential can rise to +300 V (section 2.1.3). The chamber walls are 

negatively charged [ 55] and particles can undergo a similar effect, which is a result of 

electrons attachment to the solid surfaces. The capture of electrons can be compensated 

for, however, by their thermal emission from the heated surfaces [75]. In the latter case, 

particles would tend to be positively charged. However, the author does not consider this 

to be the case, taking into account the relatively low temperature of the CC plasma (under 

1700 K, see chapter 4.1.3) and the dielectric nature of particles, which provides for a high 
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value of the work function of electron [ 12]. Hence, the particles may be negatively 

charged in the CC RF plasma and the possibility of their "trapping" within the reactor 

should be taken into account. In case, particles' residence times in plasma can 

increase considerably. 

Over the applied power ranges of under 1400-1500 W (for methane) and 1300-1400 

W (for ethane), soot formation was not observed. However, at higher power levels (above 

1500 or 1400 W), soot formation was observed in parallel with the film deposition 

process. These limits correspond well with the steep rise (for methane) of the C2 

molecule rotational temperature, as measured by OES from the 512 nm Swan band. This 

rise can be explained by plasma thermalization and the better exchange taking place 

between rotational and kinetic energies of species, which became effective at the higher 

applied powers (section 4.2.3). A similar but smoother rise is observed for the case of the 

C2H6plasma (Figs. 4.12-4.14). 

Thus, the measured Trot, value yields an overestimation of the gas temperature due to 

the kinetics of formation and the short lifetime of the C2 species. C2 molecules are 

formed, for example, in the reaction CH +CH ~C2 *rot + H 2, the new C2 molecule being 

already in an excited state. The following VT-relaxation of the C2 reqmres more 

collision events and more time than is otherwise necessary for this molecule 

transformation to other hydrocarbons. Thus the Trot measured from C2 might not be equal 

to the gas temperature. The additional Trot measurement with the N2 band was performed, 

which appeared to better represent the gas temperature. The measured values of Tkin, 

corresponding to either film domination or soot domination conditions, were chosen to 

determine the temperature limits (800-2800 K) used for the model calculations. 

Comparison of the calculated and experimentally observed coating and soot domination 

zones, as a function of the gas temperature, can be used for the model validation. 

Another validation method is the comparison of a) ratios of mole fractions of the first 

three alcane species ( CH4, C2H6, C3H8), as obtained in experimental runs from the 

analysis of mass-spectrometry results, and b) the same ratios resulting from the chemical 

kinetics modelling (see Table 5.1). 

FTIR spectroscopy of the deposited film revealed the presence of C-C and C-H 

species, through both their stretching and bending bonds, which are also found in the 
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spectra of polymers, but some other normal characteristic features of polymers were 

either weak or absent, such as C=C double bonds. Differential scanning calorimetry also 

revealed another difference between polymers and the deposited film, i.e. no glass 

transition point could be observed in the DSC graphs of the film material (Fig. 3.17). 

Contrary to regular polymer behaviour, the heat flux curve for the film material 

demonstrated a smooth rise over the 150 to 450 °C range; this is interpreted to be due to 

the presence of oligomeres and molecules of wide mass range (from some tens to 30 000 

a.u.) in the melting pattern. TEM electron diffraction also revealed the absence of an 

identifiable structure associated with the coating. X-ray diffraction analysis also revealed 

the absence of any new structure, which may be attributed to the deposited coating (Fig. 

3.18). All of these observations (sections 3.4.3, 3.4.4,) confirm the basic amorphous 

character of the coating. 

An important experimental feature for consideration during the modelling is that the 

powder feeding did not appear to be intrusive to the plasma and did not change the 

plasma chemical composition. However, it must be noted that some estimates concerning 

the deposited nanofilm characteristics (e.g. thickness and density) are only qualitative, 

because of the averaging of some parameters, such as particles' plasma residence time, 

and the lack of statistics for other parameters, such as film thickness. 

In summarizing the order of magnitude analysis of the parameters for the purposes of 

chemical kinetics modelling, the following limits are accepted: 

Initial concentration N, of plasma gas species ( CH4 or C2H6) was kept constant and 

equal to 1.5xl0-7 mole/cm3 (9xl016 cm-3
). Consequently, according to the formula 

P=NkT, (where P-pressure, k-Boltzmann constant, T- temperature), the pressure varied 

between 1000-4000 Pa, which corresponds weH to the experimental conditions during the 

powder treatment by the plasma. 

Calculation time. Calculations were made for several applicable time scales: 

the first, for t = 0.01-0. l s - to obtain the rates of film growth without noticeable 

change to the carbon mass balance in the gas phase (section 5.3.1). 

the second - fort =3 to 7 s, which corresponds to the possible periods for gas 

passage through the plasma zone and also corresponding to the achievement of 
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equilibrium composition between the solid (film, soot) species and the gaseous 

species (section 5.3.1 ). 

Gas temperature was varied from 800 to 4000 K - being within the limits of the GRI 

mechanism and also c01Tesponding to the limits of the measured Trot values, which 

parameter was observed to vary from 880 to 1900 K (section 4.2.3). 

Surface density of particles introduced into the plasma. As was mentioned in this 

section, the powder surface density in the plasma was chosen to be a variable parameter 

and it was varied between 120 cm2/cm3
. Sorne more detailed calculations were 

performed for the values of 10 and 100 cm2/cm3
. For comparison purposes, calculations 

with zero levels of powder surface present in plasma were performed as well. 

5.3.2. Chemkal kinetks in the gas phase and of solid phases formation. 

Results of the chemical kinetics calculation for the concentration of several important 

species, H2, CH4, C2H2, C2H4, C2H6 molecules, CH3 radical, atomic hydrogen and the 

formed solid phases (C:H coating and soot) as function of time, are presented for two 

characteristic temperatures in Fig. 5.2 (a,b- T=l 100 K, P=l400 Pa; c,d- T=l800 K, 

P=2200 Pa) for a methane plasma and in Fig. 5.3 (a,b- T=lOOO K, P=1250 Pa; c,d-

T=1800 K, P=2200 Pa) for an ethane plasma. Calculations are performed for the initial 

concentration of the plasma gas set at l.5xl0-7 mole/cm3 (9xl016 1/cm3
) and in each of 

the cases a detailed plot is provided for the initial stage of the process. 

For the shorter time scale of 0.1 s (Figs. 5.2 b,d, 5.3, b,d), the chemical kinetics is 

determined rnainly by gas phase processes, where most of the reactions take place within 

even shorter times than 0.1 s, beyond which changes occur more slowly. The 

concentrations of solid phases produced are low in the temperature range considered. 

At the initial stage of the process the coating formation dominates the soot generation, 

even at high temperatures (Figs. 5.2d, 5.3d), which can be explained by the delay of the 

formation of the soot precursor species - acetylene. However at 1800 K the soot phase 

rapidly dominates, after 0.03 s and 0.01 s for the methane and ethane plasmas 

respectively (Figs. 5.2d, 5.3d). At these short times, the processes of thermal 

decomposition of the input plasma gases, leading to C2H2 formation, start to overwhelm 
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the non-equilibrium plasma effects responsible for the production of the C:H coating 

precursors, CH3 radicals. 

Evaluation of the composition of species with time up to 7 s, (Figs. 5.2 a,c, 5.3 a,c) 

corresponds to the time of gas residence in plasma reactor, as determined from 

experimental measurements (section 3.3.4, Fig. 3.6). For this time scale, the gas phase 

kinetics is related to the growth of solid phases, because this growth is accompanied by 

the change of concentrations of certain gas species. 

As can be seen from Figs 5.2, 5.3, the plasma gas reforming process results the 

growth of the so lid phases - the coating material and soot. Each of the sol id phases has its 

regimes of temperature dominance - i.e. lower temperatures for the coating (1000 and 

1100 K, Figs 5.2 a,b; 5.3 a,b) and higher temperatures for the soot (1800 K, Figs 5.2 c,d; 

5.3 c,d). At higher temperatures the concentration of the H2 species is higher as a result of 

the more effective thermal reforming of the plasma gas, but the growth of solid phases 

with time is accompanied by slight decrease in the H2 concentration. This can be 

explained by H2 transformation into CH3 with follow-up partial integration of the 

hydrogen into the coating, which therefore continues to grow, though slightly, even at 

moderately high temperatures (1800 K, Figs 5.2 c,d; 5.3 c,d). 

A remarkable feature in the case of the ethane reaction is its conversion into other 

hydrocarbons. For the lower temperature regime, this process is accompanied by 

ethylene formation and is rather slow. The time for a noticeable concentration change is 

about ls (Fig. 5.3a). The time required for the same process in a 1800 K plasma is under 

0.005 s (Fig. 5.3d); ethane decomposition is accompanied by a noticeable fall in the 

atomic hydrogen concentration and by the growth of soot (Figs. 5.3 c,d). 

The production rate of the methyl radical, CH3, in the model application is 

determined mostly as a function of the plasmapowerdensity, using the G-factor approach 

(section 5.2). Fig. 5.4 presents the comparison between the CH3 concentration yield from 

the plasma generation and its values calculated from chemical kinetics. Data for both 

gases and for different temperatures are similar, up to 100 ms. The difference between 

these two values reflects on the CH3 participation in the plasma reforming process and 

partially, on its consumption for the solid phases formation process. 
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Fig. 5.2. Concentrations of selected species in gas phase, reflecting the kinetics of 
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Fig. 5.2.(continued) Concentrations of selected species in gas phase, reflecting the 
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coating formation in the CC plasma of ethane. a), b) T=JOOO K, P=l250 Pa; c), d) 

T=l800 K, P=2200 Pa. 0.01% of methane is added to the plasma gas for better 

convergence of the code. 
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Fig. 5.3. (continued) Concentrations of selected species in the gas phase, reflecting the 

kinetics of coatingformation in the CC plasma of ethane. a), b) T=JOOO K, P=l250 Pa,· 

c), d) T=l800 K, P=2200 Pa. 0.01% of methane is added to the plasma gas for better 

convergence of the code. 
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Fig. 5. 4 Comparison between CH3 concentrations, produced by the plasma (G-factor 

approach), and resulting from chemical kinetics calculations. Calculated values are 

similar for bath methane and ethane plasmas and for two characteristic temperatures: 

[1000, 1100 K} and 1800 K 

Additional effects resulting from the gas phase reactions are noticeable in the case of 

ethane (Fig. 5.3 a,c). When the plasma gas is ethane, its effective decomposition 

(reactions 4, 6, 7, 18, 21, 23, 25-34, section 5.2.1) also yields to the rise ofmethyl radical 

concentration, which is remarkable in the first 1-2 s (T=lOOO K) or 0.01-0.02 s (T=1800 

K) of the process. Consequently, the rise of the coating formation rate, having CH3 as the 

principal precursor, is also steeper in the case of the ethane plasma. Later, after some 2-3 

s for T=lOOO K or 0.02-0.03 s for T=1800 K (Fig. 5.3 a,d) the methane species start to 

overwhelm those arising from ethane as a result of the plasma reforming of ethane, and 

the difference of CH3 concentration between the methane and ethane plasma cases is less 

noticeab le. 

Computational results on the kinetics of the solid phases formation in plasma for the 

methane and ethane cases, as a function of the gas temperature, are presented at Fig. 5.5. 
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The plasma process time corresponds to the time of the gas passage through the plasma 

reactor, as determined from the mass spectrometry measurements (section 3.3.4). 

In both cases, coating growth dominates up to temperatures of 1200-1300 K In the 

methane case the remarkable coating growth co-exists with soot growth up to 2000 K 

Soot formation, however, is delayed by l-2 s at temperatures under 1500-1600 K, in 

comparison with coating formation, especiaUy in the case of the ethane plasma. 

The comparison of the kinetics of C: H coating and soot formation for two different 

temperatures, being representative of the regimes of coating and soot domination (1100 K 

and 1800 K for methane, 1000 K and 1800 K for ethane plasma) are presented at Fig. 5.6. 

Coating and soot domination zones can be distinguished since the early stage of the 

process, i.e. at about 0.1 s. until the end of the calculation time (7 s ). Temperature 

increase from 1100 to 1800 Kin the methane plasma (Fig. 5.6a) results in arise in the 

coating quantity, but at 1800 K this is overwhelmed by the growth in the soot production. 

Contrary to this performance, in the case of the ethane plasma (Fig. 5.6b) the coating 

"concentration" has its absolute maximum at temperatures of a.round 1000 K and 

decreases with further rise in the gas temperature. 

Another visible feature in the calculation of the chemical kinetics is that the formation 

of both solid phases is much (more) accelerated at 1800 Kin comparison with the lower 

temperatures (1000-1100 K), which results in the fast rise (under 0.2 s) of their 

concentrations. This can be explained by the fact that several of the gas phase reactions 

supplying precursors for the solid phases' formation or participating in the plasma gas 

reforming, have the activation energies which correspond to the temperatures under or 

a.round 3700-4000 K, as it is demonstrated in the section 5.2. l (reactions 16, 23, 26, for 

example). These reactions may start to be activated at temperatures as low as 1800 K. 
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5.3.3. Comparative analysis of the coating and soot formation 

In this section preliminary calculations were made to reduce the number of possible 

parameters considered for chemical kinetics calculations. As was discussed in section 

5 .3 .1, typical values of several parameters (pressure, power density, time of the process) 

were chosen to allow for a more detailed study of the influence of temperature and 

powder substrate surface on the coating formation. Thus the power density in preliminary 

calculations varied between l and 30 W/cm3 and the finaUy chosen value of 10 W/cm3 

corresponded to 800-11 OO W of plasma power, which is a typical condition used for the 

powder treatment. Production of the nanocoating and soot in the plasma was later 

estimated as a function of the gas temperature and powder surface "concentration" in the 

plasma. The time period of 2-10 s was chosen for these comparative calculations, because 

the y are close to the measured time of the gas passage through the reactor (section 3 .3 .4) 

and hence to the estimated residence times for particles in the plasma. At the same time, 

the material source gas (methane, ethane) is not yet exhausted during these times. For the 

calculation of the film growth rate, the shorter tîme of 0.1 s has been selected, as it is 

discussed in the section 3.3.4, in order to completely exclude the influence of possible 

source gas exhaustion. 

In addition to the already mentioned parameters (i.e. power and time), the powder 

surface "concentration" in the plasma varied within 0 to 140 cm2/cm3
, for the comparison 

of coating material growth with soot production in the plasma. As was discussed in the 

section 3.3.4, these values correspond to typical values for the Si02 powder surface 

present in the plasma during treatment. It was estimated from the powder feeding rate (1-

10 mg/min), from the possible diameter of particles (20-80 nm) and their density (2.65 

g/cm3) and from the estimated average velocity of the gas in the quartz tube (about 100-

140 cm/s). Other experimental parameters were fixed, as described in the section 3.3.4. 
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performed by atomic hydrogen only. a)- coating, b)-soot. 
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The initial composition of the gas mixture in experiments was either 1 OO % methane 

or, 1 OO % ethane. Calculations for methane plasma were done for the same composition, 

however 0.01 % of methane was added for the ethane plasma calculations to insure the 

convergence of the Chemkin code. Figs. 5.7, 5.8 present results for the methane plasma. 

The coating and soot production are both shown as functions of the temperature and 
surface "concentration" for two cases: the surface being activated by H radicals only, and 

by both H and CH3 radicals, respectively. Comparison of the soot and coating quantities 

for the surface value of 100 cm2/cm3, in the two plasma cases, is presented at Figs 5.9, 

5.10. 

The addition of the C2H5 radical for use as a surface activation agent did not lead to 

remarkable changes in either the composition or the growth of the film, so these results 

are not presented here. 

Methane plasma. The first feature evident in Figs. 5.7-5.10 is the coating quantity 

rise, and the decrease in soot quantity, when the substrate powder surface "density" in the 

plasma increases. If the available surface is large enough, then a tendency towards 

saturation of the film "concentration" appears for times greater than 1 s, which is partially 

explained by the exhaustion of the source gas in the model. Temperature dependence of 

the film fraction (Figs. 5.7a, 5.9) demonstrates two growth acceleration events - at 1400 

K and at 1700 K, if no activation by CH3 is allowed. The first maximum should 

correspond to non-thermal plasma production of the coating precursors (see also Fig. 

5.15), but for higher temperatures the coating growth competes with soot growth while 

plasma thermalization commences. When CH3 is included in the surface activation 

mechanism (Figs. 5.8, 5.10), only one maximum for the coating growth is observed at 

1000 K, and this maximum shows a greater value for the mole concentration of the 

coating than at Fig. 5.9. 

Simulation results can be analyzed by applying the data on the rotational temperature, 

Trot, as measured in the discharge simultaneously with powder feeding, using both the C2 

molecule Swan band and the Ni band, (see chapter 4.1.3). Experimental results support 

the second case better, i.e. surface activation by both H and CH3 radicals. In this case no 

soot appeared when the film was already well grown and the film growth had started 

even 
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Fig. 5.11. Plasma gas: ethane. The coating and soot contents present in the ethane 

plasma after 10 s, in mole/cm3. Coating growth proceeds via CH3 and C2Hs sticking; 

coating activation is performed by atomic hydrogen only. a)- coating, b )-soot. 
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Fig. 5.12. Plasma gas: ethane. The coating and soot contents present in the plasma after 

10 s, in mole/cm3. Coating growth: CH3 and C2Hs sticking; radicals contributing to the 

coating activation: atomic hydrogen and CH3. a)- coating, b)-soot 
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Fig. 5.13. Coating and soot contents for the surface value of 1 OO cm2 /cm3. Plasma gas: 

ethane. Surface activation: atomic hydrogen. a)-linear scale, b) - log scale. 
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Fig. 5.14. Coating and soot contents for the surface value of 1 OO cm2 /cm3. Plasma gas: 

ethane. Surface activation H, CH3 radicals. 

at temperatures as low as 1000 K, as estimated from Trot measurements from a second 

positive N2 band. The real process seems to lie between these two cases, being closer to 

the second because the model is simplified: no radicals with more than one free bond are 

included in the calculations, and the CH3 "surface activation efficiency" should be 

determined independently. Another noticeable feature is a slight shift in the film growth 
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maximum when particles' surface "density" increases. This number shifts towards higher 

temperatures for the H and towards lower temperatures for the HICH3 activation cases, 

which phenomenon reflects the rnutual influence of the surface and gas phase chemistry. 

Results at Figs. 5.9, 5.10 are in qualitative agreement with experimentally observed 

soot appearance at high powers. It was observed that soot starts to dominate over the film 

formation at the moment when N2-measured Troi achieves 1600-1800 K and when the Trot 

from C 2 band has a steep rise at the high power. Nitrogen-rneasured Trot value can be used 

at this moment for cornparison with model predictions of the soot/film formation 

dependence on the gas temperature. The Trot value of 1400-1500 K for the methane 

plasma is in qualitative agreement with the calculated soot domination zone, as may be 

seen at Fig. 5.8. 

Ethane plasma. Sirnilarly to the methane case, Figs. 5.11 and 5.12 present the results 

as a function of the ternperature and of the substrate surface quantity (cm2 /cm3
) for two 

cases: the surface activation by the H only and by both H and CH3 radicals, respectively. 

The initial composition of the gas mixture is 1 OO % ethane. Cornparison of the soot and 

coating mole concentrations for the surface value of 100 cm2/cm3 is presented in Figs. 

5.13 and 5.14. 

The dependence of the coating and soot formation on the partides' surface 

concentration is sirnilar to the rnethane case. The coating growth in the case of activation 

by H only demonstrates two well-separated maximums - at 1000 K and at 2200-2400 K. 

The second maximum indicates a rnuch lower rnolar concentration (mole/cm 3
) of the 

created coating than that of soot (Fig. 5.13). When the CH3 radical is added to the surface 

activation mechanism, just a single maximum remains, the one at T=800-1000 K, which 

is also well separated from the regular soot growth zone (Fig. 5.14). The latter case is in 

agreement with experirnental observations of the coating and amorphous carbon 

appcarances and with the Trot data. Sorne form of intermediate or more complicated cases 

of surface activation could take place in the range T=l300-1600 K, taking into account 

that at these temperatures the coating regularly appeared without the soot contamination. 

Figs. 5.15, 5.16 present the effects of plasma rernoval frorn the model and the way in 

which these effects depend on the participation of H and CH3 radicals in the surface 

activation. In the absence of plasma, there is alrnost no coating growth below 1400 K 
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(methane) and 1100 K (ethane). When surface activation by CH_;;, is induded, the effect is 

more pronounced and the main yield of coating growth occurs at lower temperatures 

rather than at temperatures above the previously mentioned values, where coating growth 

already starts to compete with soot growth. Thus, the effect of the CH3 inclusion leads to 

the better align.ment between the model predictions and experimental data. 

The behaviour of the soot growth is almost the same, with and without plasma effects 

in the model; consequently the film-to-soot ratio becomes remarkably reduced at T < 

1600-1800 K In fact, when plasma is absent in the model, there is no coating formation 

under low temperature conditions. In this case the model does not provide support for an 

effect observed in the experiment, i.e, where the estimated temperature is lower than 

1600 K for both plasma gases. So, this simple model reasonably predicts the possibility 

of film growth in cold plasma prior to reaching the temperature of CH4 and C2H6 thermal 

decomposition (1600-2000 K). 

Sorne peculiarity of the C:H coating growth appears in the case of methane (Figs. 

5.7a, 5.8a). Over the temperature range 1000-1100 K, the coating demonstrates similar 

dependence on the substrate (powder) surface "concentration" in plasma as in the case of 

activation by H only. But for temperatures of 1200-1700 K, the steep rise in the coating 

fraction for the surface "density" <10 cm2/cm3
, is followed by its drop for the higher 

surface "content". This phenomenon is not observed however in the case of the ethane 

plasma. The HICH3 fractions ratio is much higher for the methane case, therefore for the 

temperature range and large surfaces, mentioned above, the H radical seems to passivate 

the surface and the CH3 radical seems to activate it instead of yielding to the film growth. 

Therefore, taking into account the CH3 radical as a surface activation agent yields 

reasonable agreement of the model results for the coating growth, with experimental data. 
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Fig.5.17. Coating growth rate calculated using t=ls. a) methane, b) ethane 

Calculations of the coating growth rate for the two gases and for the cases of surface 

activation by H or H and CH3 species, are presented in Fig. 5 .1 7. Growth rates were 

calculated from the mole concentrations data, taking into account the estimated coating 

density of 2 g/cm3
, its molar weight 13-14 g/mole, the process time and the surface 

"concentration", with the typical value of 1 OO cm2 /cm3 being obtained. The comparison is 

favouring the CH3 involvement mechanism, because in the experiment, the film growth 

147 



was dominant over the amorphous carbon growth up to T= 1600-1700 K for both plasma 

gases. So, the case presented in Fig. 5. l 7a is thus the more realistic one. If the partides' 

residence time in the plasma are considered to be at least 10-100 s (see chapter 3.4) then 

the coating thickness of 5-30 nm is obtained, whlch is also observed in experiments with 

both plasma gases. The best model/experiment agreement is obtained for the case of 

HICH3 activation (Fig. 5. l 7b ). These growth rates are in agreement with results obtained, 

for example, for film growth rates in glow discharges in hydrocarbons (polybutadiene 

film, 0.3-0.4 nm/s) or in vapours of metallo-organic compounds (Si02, Ge02 films, 0.1-

0.2 nm/s) [49, 51, 55, 84]. 

With higher surface concentrations in the plasma, the coating growth rate slows 

through a decrease in the source gas fraction (Figs 5.7a, 5.9a). Hence, under conditions of 

process limitation by chemical kinetics factors ( e.g. fast diffusion of precursors towards 

the particle surface), a powder feeding rate may become a tool for the control of film 

growth rate and thus its eventual thickness. 

Table 5.1. Relative fractions of methane, ethane and propane obtained in the mode! after 

quenching from the temperature of maximum film growth (1900 K) and as determined by 

experimentfrom mass-spectrometery data. Plasma gas: a) methane, b) ethane 

a) Plasma gas: methane b) Plasma gas: ethane 

Ratio after 
Model. T= 1600 K Model. Expe- Model. Expe-

quenching 
Activation: H, T =1700 K. riment T 500K. riment 

CH3 Activation: H (MS) Activation: H (MS) 

5.9-6.5 
CH4/C2H6 7.2 3.2-3.6 5.4-7.2 5.5 

10.5-15.8 
CH4/C3Hg 15.6 15-20 7.0-21 14.2 

1.8-2.4 
C2H6/C3Hs 2.2 4.5-5.5 1.3-2.9 2.6 

148 



Another point of validation for this model from the experimental results is the 

comparison of relative species' concentrations, measured by mass spectrometer (MS), 

with those predicted by the model. As MS samples only represent plasma exhausted cold 

gas, after recombination, the plasma gas "quenching" at the lowest temperature 

acceptable to the model (700 K), was simulated. The results of comparison for the CH4, 

C2H6 and C3H8 fractions, are presented in the Table 5.1. 

The comparison of model data with the MS data shows reasonable agreement in the 

case of methane, taking into account various uncertainties in the model reaction constants 

and in the MS data interpretation. The best fit is obtained for gas temperatures of 1600-

1650 K if surface activation proceeds by H and CH3 species involvement and of 1 700-

1750 K if H only is employed (Table 5. la). The first case corresponds better to the 

temperature measured by the N2 band method, which gave, for the same power, the value 

of 1400-1500 K (Fig. 4.9a). For the ethane case, however, it is only the H activation case 

that provides reasonable agreement with experimental findings (Table 5.1 b.), giving a 

good fit for the T=l450-1500 K, while the N2 band measured value was about 1300 K. 

(Fig. 4.9b ). It may be concluded that the role of the CH3 group in the surface activation is 

essential because, in many cases, taking it into account produces the best explanation of 

the experimental results. However, some restrictions should be applied when involving 

this effect of CH3. The "sticking" efficiency of the CH3 species should be examined in 

every specific case; in fact it can vary from 1 to 10-3 [50], changing its influence on both 

the experimental and the kinetics modelling results. 

The earlier conclusions about the temperatures of coating and soot domination are 

also confirmed by analysis of the acetylene content of the plasma. For example, 

modelling analysis for the discharge in C2H6 + H2 mixture demonstrated that, in the 

absence of powder surface, the maximum of acetylene content is achieved at 11 OO K. At 

lower temperature, C2H 2 is not yet formed, while at higher temperatures, C2H2 

decomposes yielding to soot formation. With an increasing powder surface area exposed 

to the plasma, the acetylene fraction decreases via the reaction chains, which form the 

coating precursors - CH3 and other radicals. 
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5.4. Summary an.d condusion.s 

1. The proposed model for the coating deposition on nanoparticles methane and 

ethane CC plasmas describes reasonably well the phenomena observed in 

experiments: 

a) C:H coating formation when the specific plasma power value is low, under 10-15 

W/cm3, and when the corresponding gas temperatures are under 1600 K 

(methane) and under 1400 K (ethane); 

b) the appearance of amorphous carbon under higher powers and temperatures, when 

plasma thermalization starts. The model demonstrates the essential role of non-

thermal plasma in C:H nanocoating deposition while coating contamination by 

soot is still not favoured. 

2. The predicted film growth rate is in accord with the accumulated film thickness of 5-

30 nm, observed by TEM, and the presumed particles' residence times in the plasma. 

It is also in agreement with results obtained in other experiments on thin film 

deposition in plasmas ofhydrocarbons and ofvapours of metallo-organic compounds. 

3. The model has also been validated through rotational temperature measurements, 

using the N2 molecular band, performed a posteriori, and by mass-spectroscopy 

analysis of the exiting gas. 

4. Simulation work has also revealed the importance of the participation of various 

radicals, in addition to atomic hydrogen, in the activation of nanoparticles' surface 

and the promotion of further coating growth. The analysis of the CH3 role in coating 

formation has revealed that this radical should be included in reaction calculations. 

The absence of reliable reference data on activation abilities of most simple 

hydrocarbon radicals (CH, CH2, C2H, C2H3, etc.) inhibits further development of the 

model. 

The important features of the model and calculation details are summarized in Table 

5.2. Table 5.3. summarizes the data on the experimental validation of the modelling 

results. 
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Table 5.2. Features of the chemical kinetics modelling 

Parameter Characteristics Comments 

Constants of Constants for aU GeneraUy accepted expression for 

chemical homogeneous reactions: GRI constants: k=Are·EIRT_ The third body 

reactions combustion mode! [79]. influence is determined additionally 

Gas Tkin is fixed, heat of reactions, Plasma parameters do not depend on the 

temperature, of coating and soot formation presence of powders. Tkin is stabilized by 

Tkin is neglected the heat conduction towards the waUs 

Control Determined by the properties of the 

volume for 
Control volume is fixed; 

Chemkin-H code. Saturation effects 

the 
species are not renewed 

resulting from the decrease of initial gas 

calculations 
during the calculation time. 

fraction are checked 

Numberof V aried. N~tep is also adjusted 

time steps by Chemkin for every 
Independence of the calculation results on 

the Nsiep has been checked. 
Nstep reaction 

a) t=2-4 s, when the coating/ a) close to the powder residence time in 

soot fractions are still lower plasma, it was used for the comparison of 

Total than those of the precursor gas the formed coating and soot fractions 

calculation b) t=O. l s, when a decrease in b) used for calculation of the coating 

time the precursor gas fraction is growth rate, to avoid extinguishing of the 

negligible coating precursor gas 

Effect of the 
Formation of CH.1 radicals, Based on the experimental data on the 

0.5 dissociation events on 100 CH3 radicals production by e- - beams 
plasma 

eV energy transferred bye· - Detailed consideration of the dissociation 
presence 

gas (G-factor approach) kinetics in plasma yields high incertainity 

Reactions of direct soot 

Effect of soot formation and direct soot C2H2::.::} 2C(s) +H2 

formation growth from acetylene are C2H2+ nC(s)::.::} (n+2)C(s) +H2 

introduced 
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Table 5.3. Summary of correlation betrveen chemical kinetics modelling and experimental 
data 

Modeling 
Experiment 

Methane CH4/C2H6 5.9-6.5 3.2-3.6 

Ratios of 
plasma 

CH~C3Hs 10.5-15.8 15-20 
T=1600 K 

molar 
Ethane CH4/C2H6 5.4-7.2 5.5 

fractions: 
plasma 

T=1500 K 
CH4/C3Hs 7.0-21 14.2 

Condition for 
T= 1600-1800 K, 

the soot growth 
depending on the 

domination over T> 1200-1400 :K, 

the coating depending on the plasma gas, 
plasma gas, as measured 

from the N2 band 
growth 

Reference data Estimation from the 
Modelling 

[49, 51, 55, 84]. experimental data Rate of the C:H 

coating Methane plasma: 1-6 Ais 

thickness 
1-10 Ais 0.2-5 Ais 

growth 
Ethane plasma: 2-20 Ais 
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Chapte:r 6. 

General discussion and conclusions 

The principal objective of this thesis is that of developing the science supporting the 

"demonstration of concept" of a novel plasma reactor to be used for the coating of 

nanoparticles with well defined polymer-like films. Original contributions from the 

present work are described as the following: 

the design and testing of a 3 kW, 16 MHz CC plasma system having the ability to 

operate with any gas mixture and to be used for the coating of nanopowders under 

conditions of medium pressures (102-104 Pa) and at power densities of 1-30 

W/cm3
• 

the performance of nano-scale C:H coating deposition on nanoparticles, 

introduced to the plasma reactor as suspensions in hydrocarbon gases. 

the chemical kinetics modeling of the heterogeneous processes influencing the 

competing processes of C:H coating deposition and soot formation, based on gas 

phase kinetics calculations. 

In the following paragraphs a discussion is presented of the coating formation 

mechanism, coating properties and on the influence of the experimental parameters on 

the coating growth rate and its properties 

6.1. Mechanism of the coating formation 

In taking into account the results and tendencies previously noted in the presented CC 

plasma experiments, a simplified mechanism for the C:H coating of nanoparticles has 

been proposed. This is based on the results observed for the cases of a-C:H film 

deposition in experiments using radical beam or other plasmas, see for example [4, 5, 57, 

61]. 
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lt is proposed that at the beginning of the coating formation, free radicals, as 

generated in the methane or ethane plasma, become attached to active sites on the 

nanopowder surfaces ( e.g. Si02). Film formation on these sites can continue by hydrogen 

elimination from attached radicals ( CH1) or from the already formed coating. The 

dominant species mainly involved in abstracting the surface-bonded hydrogen is atomic 

H, the species that transforms monohydride sites to dangling bond sites, thus permitting 

the formed H2 molecules to desorb from the surface. The cross-section value for the 

coating hydrogen abstraction reaction by the gas phase H exceeds, by some 50 times, the 

corresponding value for CH1 [58]. Sticking coefficients for all other radicals are 

dependent on the presence of the H species. Thus, CH3 adsorption on the film surface at 

dangling bond sites, created through the mechanism of hydrogen abstraction by H 

radicals, can be an important step in film formation [ 4, 88]. The recombination of 

dangling bonds, via rearrangement of the C:H network, can follow by a displacement of 

bonded hydrogen in a collision cascade [5]. The key role of the CH3 species (the radical 

of greatest number density in the plasma) for the film growth, is confirmed by the fact 

that coatings are not obtained in experiments performed with ethylene and acetylene as 

plasma gases. In these cases, the plasma contains much lower quantities of methyl 

radicals than plasmas generated in either methane or ethane. Other radicals ( CH2, CH, 

C2H5), with higher sticking coefficients, f3 (/3cH2=10-100 x/JcH.3), are also much less 

abundant in the subject CC plasma. 

Each pair of departing H atoms creates further cross-links in the coating matrix. 

Rearrangement of the underconstrained matrix involving CH,. and CH2,. radicals remains 

possible and leads to the recombination of "free" or dangling bonds. This rearrangement 

can eventually shift the C:H ratio towards the stoichiometric value of about 1, which 

corresponds to that of the fully constrained network. When this value is achieved and a 

constrained matrix is formed, further rearrangements become difficult because of the 

higher activation energy requirements [74], and the matrix content becomes stabilized. 

Experimental results seem to indicate that initiaHy, a low-density polymerlike matrix 

is formed, where free radicals created in the plasma can be incorporated directly into the 

growing film. This would lead to the appearance of CH2 groups the IR spectrum. TEM 
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images of the coatings at this point show no sharp boundaries between original particles 

and their superimposed coatings. The overaU mass loss, as measured by TGM and 

corresponding to coating degradation, is low. The finding of the same properties in the 

coatings, whether produced from methane or ethane plasma, leads one to the supposition 

that the species and the reaction mechanisms responsible for the initiation and growth of 

the film are the same. When these coatings undergo long term secondary treatment by the 

plasma, H radicals can continue to extract the hydrogen incorporated in the coating 

matrix. Tuen, recombination of free bonds would make the coating network more 

constrained and dense, with fewer CH2 groups being present. The presumed product of 

this process would be a full y constrained, amorphous network, of low C/H stoichiometric 

ratio. In this way, features of the plasma history and identity of the growth precursor in 

the coating become very weak. This is why neither IRS nor TGM methods can reveal any 

remarkable differences between powders that were treated in methane or in ethane 

plasmas. The amorphous character of the films was also confirmed by X-ray (Fig.3.18) 

and electron diffraction analyses. An indication of the high density of this secondary 

treated coating is the high mass loss of 80-85%, corresponding to the coating degradation 

obtained by TGM analysis (Fig. 3.14). 

During thermo-gravimetric analysis, disintegration of the matrix is seen to commence 

at a temperature of about 650 K (Fig. 3.14), which is close to the value reported on the 

properties of hard amorphous C:H layers [91], which may show no temperature-related 

structural modifications up to 600 K and more. It has also been reported [91] that C:H 

films, as prepared by electron cyclotron resonance plasma deposition, demonstrate few 

differences in mass density and elemental composition when the precursor gases are 

saturated hydrocarbons, but those prepared from ethylene and acetylene do show 

significantly lower hydrogen contents. This observation is an additional support to the 

conclusion drawn from the results of the present work, i.e. non-saturated hydrocarbon 

molecules and radicals, whose concentrations differ between methane and ethane plasmas 

(Figs 4.17, 5.2, 5.3), do not ultimately determine the properties of plasma processed 

films. 
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Behavior of particles must be partially explained by the charging effects occurring 

the radio-frequency capacitively coupled plasma. A particle can accumulate charge as 

a result of two competing processes: that of electron attachment and that of thermal 

emission. The first phenomenon is similar to that taking place at the chamber walls and 

leads to the accumulation of negative charge on the particles. In this instance, particles 

may be trapped in the plasma, which has a positive potential (100-200 V). They can then 

drift slowly to collection points, gradually loosing their charge, migrating either upwards 

to the reactor wall or downwards to the reactor corner. If the thermo-emission 

phenomenon prevails, particles should then accumulate positive charge and be repulsed 

from the plasma towards collection points. The second case does not seem to apply in this 

work, because partiel es' behavior remains the same even at lower powers with 

corresponding low gas temperature of about 900 K. The trapping effect can thus explain 

particles residence rimes in the plasma of 10-1 OO s, which provides better agreement for 

the results of film growth modeling with those experimental findings concerning the 

eventual film thickness. Growth rates for the coating, as predicted by the model (0.1-0.6 

nm/s for methane and 0.2-1.9 nm/s for ethane plasma, depending on conditions) 

correspond well to those of a-C:H layer deposition on large surfaces, performed by low-

pressure non-thermal plasmas [15, 57, 59, 81]. 

Unlike deposit collection on large substrates adjacent to electrodes, as is usually the 

case for the polymer-like film deposition in CC plasmas, the case in the present work is 

different: the particles during the initial phase may be slightly negatively charged, but the 

resulting potential remains close to the floating potential of the plasma. So the similarities 

in films formed by CH4 and C2H6 plasmas cannot be explained by similar self-biasing. 

Increasing the hydrogen content in the plasma gas results in coating dehydrogenation 

and densification, the same behavior as is obtained ftom a-C:H film deposition in other 

plasmas. It offers the possibility of controlling the nanocoating hardness. 

The mechanism of the above-described coating formation was integrated into the 

chemical kinetics model for methane and ethane plasma (see chapter 5). The results 

obtained for the modelling are in agreement with the observed coating properties (TEM, 
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FTIR, TGM analyses), with estimates of coating growth rates and with results of plasma 

parameters' measurements. 

6.2. Coating properties and plasma phenomena 

Plasma conditions maintained during the powder treatment in the present work 

(pressure and specific power), and plasma parameters determined by OES and mass 

spectrometry, reveal similarities with other non-thermal plasmas. Reaction mechanisms 

of the coating formation developed in the literature (section 2.3) and supported by the 

results of chemical kinetics modelling ( chapter 5), can also be applied to analyse the 

results of the present work. The thickness of coating depositions so obtained may be 

estimated as ranging from 5 to 40 nm (sections 3.4.1, 5.3.l), and the coating is present on 

the majority of particulates, whether present as clusters or as single particles. The initial 

hydrocarbon nanolayer is preserved if the particles quickly leave the plasma zone; 

otherwise if they "drift" down to and remain at the bottom of the reactor, they undergo a 

secondary plasma treatment. When coated particles remain in contact with the plasma 

after leaving the coating deposition zone, densification of the coating occurs, being 

detected by the following diagnostic tests: 

e TEM - visual rise of the coating density (section 3.4.1) 

e FTIR- disappearance of the CH2 rocking bonds (section 3.4.2) 

e TGM - high mass loss during the coating disintegration (section 3.4.3) 

Mass loss occurring during the TGM heating of treated powders is associated with the 

abstraction of the deposited coating from the substrate nanoparticles. TGM has revealed 

the significant difference between the initially treated powder (about 10-15 % of mass 

loss) and the secondary treated powder (about 80% of mass loss). The change in coating 

characteristics is believed to be the result of secondary treatment of particle coatings by 

the plasma, where hydrogen atoms and, to a lesser extent, ions perform the 

dehydrogenation of the nanocoating. This effect has been observed in experiments on 

large surfaces for a-C:H deposition from various kinds of plasma [55-57, 60-62]. This 

dehydrogenation, hardening and cross-linking in the coating matrix is revealed by the IR 
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spectra, as a decrease in the intensity of rotational bonds of CH2 groups and of C-H 

bending bonds of CH3 groups. This observation points to a change of the bonding 

hybridization type in the coating matrix, from the initial sp3 configuration in favour of the 

sp2 and possibly further to sp hybrid bond configuration (see also [4, 5, 57]). 

The analysis presented here is also in accordance with results on coating deposition 

from a methane plasma gas, diluted with hydrogen (section 3.4.1, Fig. 3.11). Generally, 

dehydrogenation results coating densification, which can be explained by the higher 

concentration of atomic hydrogen in plasma, this acts as an extracting agent for the 

hydrogen present in the coating. 

Decomposition of methane and ethane plasma gases both lead to the synthesis of 

other alkanes, alkenes and acetylene (as revealed by the analysis of the reactor exhaust 

gases) and their corresponding free radicals and ions. If the total plasma power does not 

exceed 1500-1700 W, i.e. the specific power of 15-20 W/cm3
, the decomposition does 

not lead to soot formation. Thus, it corresponds to non-thermal conditions of other 

hydrocarbon plasmas, and this non-thermal character is confirmed by the OES derived 

gas temperature measurernents. Gas temperature rises from 900 to 1500 K until the power 

reaches the above mentioned value of 1500-1700 W, these conditions is the upper limit 

for the existence of non-thermal plasma. OES measurements have also demonstrated that 

a certain level of non-equilibrium conditions was present, taking the form of a difference 

between rotational and excitation temperatures. The latter difference indicates the 

difference between the heavy particles and electron temperatures. 

At plasma powers greater than 1700 W, soot formation can already be observed by 

TEM and elementary analysis performed with SEM. In this case, the process of thermal 

decomposition of the main plasma gas species starts to play an important role. The 

conditions for the CC plasma then approach those of thermal plasmas, when the soot can 

appear as a result of methane reforming. In many thermal plasma cases the use of the 

process is aimed at reformation of the initial gas (methane) into acetylene [see 15, 54, 55, 

51-55]. In our process of C:H layer deposition on nanoparticles, acetylene is an 

undesirable component of the plasma, being the main precursor of the contaminating soot 

nucleation, via complex reaction chains, and involving the intermediate formation of 
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poly-acetylenes and benzene rings [79, 83]. This is why the experimental plasma power 

was normally kept below a limit value of 1700 W. 

Plasma thermalization switch the dominant processes of molecular dissociation, from 

the effect of electron impact to the heavy-to-heavy species interactions. When non-

thermal conditions are maintained, the formation of acetylene and hence amorphous 

carbon particulates is suppressed, as confirmed by MS measurements and through 

chemical kinetics modelling. The results obtained the present work appear to be 

basically different from those of conventional hydrocarbon treatments, e.g., in 

hydrocarbon pyrolysis and thermal cracking in "hot" plasmas and flames [65, 89-91], 

where soot is mainly generated. 

At the same time, heterogeneous coating inception takes place at active sites on the 

introduced nanoparticles. This inception process is responsible for film formation, and 

the catalytic role of nanoparticles is essential here. 

CH3• radicals seem to be the main precursors for the formation of alkanes in both 

methane and ethane plasmas. They are formed from methane by the reaction: CH4 + e- 7 
CH3" + H• + e-, the reaction in ethane is similar [85]: C2H6 + e-7 2CH3" + e-; (an 

additional and important C2H6 transformation mechanism here should be C2H6 + H• 7 

C2Hs" +H2; C2Hs•+ H• 7 •C2H4• +H2; •C2H4'• 7H2C=CH2). The continuity of this 

reaction chain may lead to the formation of additîonal C2H2 species, observed in the case 

of the ethane plasma, Fig.4.17 (compare with [86, 87)). This similarity in alkanes content 

is reflected in the subsequent similarity of nanocoatings properties, when deposited from 

either methane or ethane plasmas, as discussed above. Steeper changes in the species' 

concentrations for the case of methane plasma may reflect the fact that the ethane plasma 

is enriched with molecules having multiple degrees of freedom, thus the ethane plasma 

has the higher specific heat. 

The observed presence of relatively low concentrations of acetylene (Fig. 4.17) 

correlates well with the absence of carbon particles because C2H2 is considered to be an 

important precursor for soot formation [88]. It follows from the results obtained that over 

the range of applied specific energy loads, the concentrations of alkenes and alkynes (and 

their correspondi:ng precursors, i.e., the CH and CH2 radicals) are below the values that 
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normally lead to homogeneous soot nucleation. This nucleation should proceed via the 

carbon addition - hydrogen abstraction reaction scheme, as it is outlined above. Double 

and triple bonds can only be broken at heterogeneous centers, as those located at the 

surface of Si02 nanoparticles. 

6.3. Conclusions 

The hydrocarbon plasma process developed in this work represents its most 

innovative contribution. Its use has permitted the creation of a new nanocomposite 

material on the basis of commercial ceramic nanopowders, each introduced particle being 

individually coated by a nano-thick polymer-like matrix material. 

A new, low temperature plasma processing facility has been designed, constmcted 

and tested. Experiments conducted with this facility have demonstrated the possibility of 

performing on-line, gas phase "nano-engineering" of the very fine powder feeds and the 

technological feasibility and continuity of this procedure. More particularly, the 

deposition of nanometric a-C:H coatings on the surface of ceramic nanoparticles in 

capacitively coupled RF hydrocarbon plasmas has been performed. The non-thermal 

character of this plasma type has permitted the avoidance of product contamination by 

amorphous particulate carbon. The application of a variety of plasma and powder 

diagnostic tools has allowed studies to be performed on the properties of the obtained 

coatings and to the development of possible phenomenological mechanisms for their 

formation. A model describing the coating formation and growth process has been 

proposed, taking into account the results of chemical kinetics calculations. Comparison of 

the modelling results with experimental data derived the present work, and with earlier 

literature data on hydrocarbon plasma processing, has confirmed the proposed 

mechanisms for the coating formation. 

The principal results of the work may be summarized in the foUowing statements: 
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• A new gas discharge reactor, employing capacitively coupled RF plasma, and 

operating at medium pressures (1-5 kPa) and powers (300-2000 W, specific power 5-30 

W/cm\ was designed and tested. ln this facifüy, the on-line treatrnent of selected 

ceramic nanopowders (Si02 and Ti02) in the CC plasmas of different pure hydrocarbon 

gases (CH4, C2H6, C2H4, C2H2) and silane (SiH4), were perforrned. In the case of methane 

and ethane plasmas, the treatrnent resulted in the deposition of nanometric arnorphous 

polymerlike coatings (a-C:H) on the surface of nanoparticles introduced, in the form of 

both clusters and single particles. 

e The synthesized polymerlike phase surrounding treated particles appears to be of 

some 5-40 mn thickness. Its presence was detected on the majority (70-80%) of 

particulates passing through the plasma, each of which became individually nano-coated 

(section 3.4.1). Although non-saturated hydrocarbons are synthesized in the process, their 

presence in the plasma does not lead to homogeneous soot nucleation. On the contrary, 

the nucleation and growth of the polymerlike coatings occur at/on heterogeneous phase 

centers, i.e. on the injected nanoparticles. Coating film properties depend on the point of 

particle sarnpling within the plasma reactor. Initially, the coating possesses a low density 

and a remarkable number of CH2 groups linked in the polymer chain. When the coated 

particles undergo the secondary plasma treatment, the process of hydrogen abstraction 

may occur and the film appears to transform to that of an amorphous, constrained, cross-

linked C:H matrix of low hydrogen content. The arnorphous character of the coating was 

demonstrated by X-ray diffraction results (section 3.3.4). In presuming the dominant role 

of H• and •CH3 radical species in methane and ethane plasmas, a stoichiometric ratio of 

CIH =1 is proposed as an "attractor" point for matrix stabilization. The high density of 

the film correlates with its low hydrogen content. The deposited coatings demonstrate a 

"lost memory effect"; their properties are almost independent of the precursor plasma gas 

- be it methane or ethane. Similarly, the influence of the initial gas composition on the 

relative contents of synthesized alkanes in the plasma is very weak. 

e A chemical kinetics model of the a-C:H coating formation and of the competing 

process of soot nucleation and growth has been developed on the basis of existing 
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combustion and soot formation models. Predictions of the model are in good qualitative 

agreement with phenomena observed in experiments: the appearance of soot, estimated 

coating grO\vth rates and the composition of the gas mixture at the exit of the discharge 

zone. It seems that the appearance of soot indicates plasma thermalization, because the 

soot precursors (C2H2 species) may be formed in CH4 and C2H6 plasmas, usually in the 

case of thermal decomposition of the plasma gas. 

The chemical kinetics model indicates that soot wiU be formed at temperatures over 

T=l 700-1900 K, which conesponds to power density values of 25-30 vV/cm3 for the 

experimental setup used. Below this limit, and under conditions employed for the powder 

treatment, methane and ethane plasmas are both non-thermal, thermal decornposition of 

the gaseous species does not play an important role and soot initiation reactions are not 

activated. The plasma is also essentiaHy in a state of non-equilibrium; this follows frorn 

the difference between the measured rotational (Tror) and excitation (T exc) temperatures. 

Electron temperatures ought to exceed 6000-7000 K and so be high enough to maintain 

the production rate of precursor radicals for the a-C:H coating, via the electron impact 

dissociation process. 

o Based on these experimental findings (OES and mass-spectroscopy data) and 

kinetics modelling results, the presumed plasma reactor chemistry and the a-C:H coating 

compositions seem to be in reasonable agreement with those ofhydrocarbon plasmas [55-

62, 89-91] applied to gas reforming and to thin film CVD processes. The coating growth 

rates predicted by the model (0.1-0.6 nm/s for methane and 0.2-2.0 nm/s for ethane 

plasma) are not in contradiction with possible experimental estimates of the growth rates. 

The main control parameter of the deposition rate is the gas temperature, which in tum 

depends on the power density. InitiaUy, with rising plasma power, the coating deposition 

rate increases. For temperatures over 1700-1900 K, this trend is reversed because of the 

competing process of the soot growth, thus providing some optimum temperatures for 

the C:H coating deposition (900-1100 K, Fig.5.17). 

@ A laboratory process for the deposition of nanolayers onto dielectric Si02 and 

Ti02 nanopowders suspended in the gas flow passing through the plasma of a CC 

162 



discharge was found to be both feasible and reproducible. Satisfactory technical solutions 

for the set-up and the provision of a range of experimental conditions for operating the 

CC RF discharge leading to successful film deposition on powder particles were found 

and implemented. This involved determining the appropriate applied power, reactor 

working pressure and gas flow rate (methane: 1100-1400 W, 1.5-2 kPa; ethane 900-1200 

W, 2-3 kPa; both gases: 0.03-0.04 slpm respectively), and the geometry of the discharge 

volume and electrode arrangements. 

6.4. Future development of the project 

The scientific part of this project statement includes several proposed subjects to be 

researched extensively in the future. A detailed study of the coating properties and 

growth rate on experimental parameters should be performed, including the residence 

time of particles in the plasma, powder feedîng rates, reactor pressures and the surfaces 

properties of particles. Coating growth rates, as predicted by chemical kinetics modeling, 

should be validated by experiments. Results of the present work have demonstrated that 

gas phase kinetics is very fast in comparison with the kinetics of the solid phases' 

formation, which should be studied in more detail in the future. 

Other material characterization techniques, such as ellipsometry, Raman 

spectroscopy, high resolution TEM, nuclear magnetic resonance, could be employed to 

study the a-C:H nanocoating properties. To obtain reliable data on species fractions 

existing in the plasma or after recombination, low-pressure gas chromatography should 

be used. Heat and mass transfer processes as well as ionization and excitation kinetics 

should be integrated into chemical kinetics modeling. 

Future work on technological applications with the existing CC plasma facility would 

undertake experiments on the C:H coating process with other examples of nanopowders -

particularly those of metals, for the end purpose of oxidation protection. Utilisation of 

metal carbonyl compounds (Ni(C0)4, Fe(C0)5), various metallo-organics (for example, 

acetyl-acetates, metaUocenes) or metal halides in the CC plasma gas could assist in 

performing the deposition of metallic nano-thick layers on ceramics powders, to create 

new nanocomposite materials or ceramic coatings. Similar treatrnents can be advanced 
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for carbon nanotubes (NT), while some transition metals (Ti, Ni, Co) have good adhesion 

ability (covalent bonds) to graphitic surfaces. Such NT material, when pre-treated with 

metaUic interfaces, could be used for reinforcement of metal or composite coatings or be 

employed electronic devices. 

With the larger CC discharge chamber, serial integration or superposition of several 

processes would become possible. Utilization of particles' charge effects and biased grids 

in the plasma could offer the possibility of substrate powder residence time control [92]. 

The synthesis of nanocomposite materials based on carbon nanotubes (NT) could be 

performed in a hydrocarbon plasma, with additional dopant gases, and could include 

processes such as: a) gas phase synthesis of nanometric catalyst powders (Ni or Fe) 

without soot contamination, b )-gas phase growth of NT on newly synthesized catalysts, 

c)-deposition of metal nanolayers on surfaces of newly grown NT, d)-utilization of newly 

obtained nanocomposites for coating reinforcement. In some cases the construction of 

larger scale processing facilities would be necessary. 

Another prospective way for further project development is the utilization of thermal 

and non-thermal (CC RF) plasmas within the same facility, thus combining high 

materials throughput rates, characteristic of thermal plasma processing, with the high 

chemical selectivity, flexibility and the adjustment possibilities, of non-equilibrium, cold 

plasmas. 

A non-equilibrium, non-thermal, multi-temperature plasma located in the second 

stage would be the area for energetically effective chemical reactions, stimulated by 

vibrational excitations of molecules and constitute the area of supplementary treatment 

for materials, previously produced in the zone of thermal plasma. For example, synthesis 

of ceramic NP can be performed in thermal, inductively coupled RF plasmas or in 

transferred arcs, and their subsequent treatment can be effected in non-thermal CC 

plasmas. Hydrocarbons may also be used as plasma gases at the second stage. ln non-

thermal CC plasma the ideal conditions for non-contaminated a-C:H nanolayer 

deposition could be provided. If such secondary treatments were used before the 

coagulation phase of the NP synthesis, it would lead to the fabrication of powders with 

narrow dispersions of size distribution. Supersonic nozzles can be used for the separation 

of the two reactor / reaction zones, which should generally be operated at different 
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pressures to create the non-equilibrium conditions favorable for certain deposition 

processes [93]. 
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Abbreviations and symbols used. 

An - constant for the radiation of atomic line 

CC-capacitively coupled {discharge] 

C - capacitance 

Ce-p - electrode-to plasma coupling capacitance 

CVD - chemical vapor deposition 

CSTR - constant stirred tank reactor 

c- velocity of light 

Cp - isobaric speci:fic heat 

DSC - differential scanning calorymetry 

e - charge of electron 

E-electric field intensity 

Ea - electric field amplitude 

Ee1r- "effective" intensity of electric field 

Eact ; Ea- energy of activation 

Ediss - energy of dissociation 

Ep-Fermi energy 

f- frequency 

f( e) - energy distribution fonction 

F- rotational energetic term of a molecule 

FTJR - Fourier transform infrared spectroscopy 

gk - statistical weight of the K energetic level 

G-vibrational energetic term of a molecule 

GR! - Gas Research Institute 

H - Plank constant 

Ha - magneticfield amplitude 

HF - high .frequency; 

HFC-HF capacitively coupled discharge; 

HF!- HF inductive/y coupled discharge; 

HRTElvf - high resolution transmission electronic microscopy 
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HACA - H_vdrogen Abstraction-Carbon Addition 

LfH - enthalpy of formation 

I - electric current; ionization potential 

IC-inductively coupled [discharge] 

IR - infrared 

J - specific energy load 

j - current denstty 

k - Boltzmann constant; constant of the reaction speed 

K - rotational quantum number 

lnA - coulomb logarithm 

L - inductance; length 

me-mass of electron 

M - Mach number; molecular mass 

MS - mass-spectrometry 

n, N - concentration of particleshpecies 

ne- electronic concentration 

NC-nanocomposite materials (nanocomposites) 

NPd - nanopowders 

NP! - nanoparticles 

NT - nanotubes 

OES-optical emission spectroscopy 

P, p - pressure 

P AH - polycyclic aromatic hydrocarbons 

R - universal gas constant; production rate of species 

RF-radio frequency 

SEM - scanning electronic microscopy 

TEM -transmission electronic microscopy 

TGA - thermo-gravimetric analysis 

T- temperature; electronic energetic term of a molecule 

Te - electron temperature 

T kin- kinetic temperature 
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Troî - rotational temperature ofmolecules 

Tvibr - vibrational temperature of molecules 

U- voltage 

V-volume 

V-[energy .. .]-vibrational energy ... 

VCC - voltage-current characteristic 

W-power 

Wn - energy of atomic term 

Z - impedance 

LlÂs - Stark broadening 

LlÀD - Doppler broadening 

ô - skin layer depth 

& -dielectric permeability; average energy of electrons 

r- adiabatic constant 

À - mean free pass 

17 - efficiency 

()- electrical conductivity; wave number of the spectral line 

(Jp, 6Q, 6R -wave numbers of the spectral lines of the P, Q and R branches 

p- density 

r - time constant 

v - wave number of the spectral line; vibrational quantum number 

Vir - "transport" frequency of collisions 

m - electric field frequency(cyclic); generator frequency 

~ - plasma own (Langmur)frequency 

Xe - parameter of non-harmonie oscillator 
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