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Résumé 

Un procédé innovateur faisant usage de deux sources à plasmas pour effectuer la 

synthèse de nanoparticules métalliques recouvertes d'une couche organique est présenté. 

Les nanoparticules métalliques sont générées en évaporant la surface d'une cathode 

métallique au moyen d'un arc pulsé opérant à basse pression. Ensuite, une fine couche 

organique est déposée en vol sur la surface des particules par polymérisation plasma 

d'un hydrocarbure monomérique gazeux dans un plasma soutenu par couplage radio­

fréquentiel (RF) capacitif. Le système est simple d'opération et peut être optimisé pour 

augmenter le taux de production. La combinaison des procédés de synthèse et de 

traitement de surface des nanoparticules métalliques empêche la contamination des 

particules métalliques par l'environnement ambiant. 

Une source de tension pulsée auto-oscillante a été construite pour le procédé 

d'évaporation par arc de la cathode métallique. La stabilité du système à arcs pulsés et 

le taux d'érosion de la cathode sont discutés. L'inductance présente dans la boucle de 

décharge a un effet stabilisant sur la continuité des arcs. Il a été démontré que le taux 

d'érosion dépend fortement du courant d'arc puisque davantage de macroparticules sont 

émises à fort courant; l'effet du courant d'arc est moins important au niveau du 

rendement en nanoparticules. 

Les nanoparticules de cuivre recouverte d'une couche organIque déposée dans un 

plasma d'argon/éthane (Ar/C2H6) ont été caractérisées par microscopie électronique à 

balayage (acronyme anglais FE-SEM) et à transmission (acronyme anglais TEM), par 

spectroscopie infra-rouge (acronyme anglais FT-IR) et par spectroscopie photo­

électronique par rayon X (acronyme anglais XPS). Il a été découvert que les 

nanoparticules ont un cœur métallique ayant un diamètre de moins de 50 nm et que 

l'épaisseur de la couche organique varie de 3 à 10 nm. Les plus petites nanoparticules 

ont une structure cristalline alors que le recouvrement organique a une structure 

macromoléculaire à comportement hydrophobe. Les résultats XPS ont démontré que la 



couche mince générée par polymérisation plasma est adsorbée chimiquement sur la 

surface des nanoparticules de cuivre. 

Les effets des conditions d'opération du réacteur, telles la pression et le débit de gaz 

inerte, sur la grosseur moyenne des nanoparticules de cuivre non-recouvertes ont été 

étudiés. Il a été démontré qu'il y a une dépendence directe entre la pression dans le 

réacteur et le diamètre des nanoparticules, et ce, peu importe le débit de gaz inerte. 

Il a été découvert que la morphologie de la couche organique dépend fortement de la 

puissance dissipée dans le plasma RF, de la pression de la chambre et du débit de gaz 

inerte. Deux types de couche organique ont été produits: un film polymérique dense, 

uniforme et lisse et un film de polymère liquide. Suite à plusieurs expériences, une 

«carte caractéristique» pour la polymérisation par plasma en vol au moyen du 

monomère C2H6 sur des nanoparticules du cuivre a été élaborée. Un mécanisme 

simplifié à base de radicaux libres est proposé pour la polymérisation par plasma à 

l'aide de l'éthane. 

D'autres métaux, tels le fer et l'aluminium, ont été utilisés comme cathode. Les 

analyses par TEM ont confirmé la production de nanoparticules recouvertes d'une 

couche et ayant une morphologie semblable au particules produites à l'aide de la 

cathode de cuivre. Finalement, des vapeurs d'éthylène glycol ont été introduites dans la 

région de polymérisation par plasma à titre d'alternative à l'éthane comme source de 

monomères. Une couche non-uniforme a été observée sur la surface des nanoparticules 

métalliques. 
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Abstract 

A novel dual-plasma process for the synthesis of orgamc layer-coated metal 

nanopartic1es is presented. Metal nanopartic1es are synthesized by the low-pressure 

pulsed arc evaporation of a metal cathode surface, followed by the in-flight deposition 

of a thin organic layer by capacitively-coupled radio-frequency (CCRF) plasma 

polymerization from a gaseous hydrocarbon monomer. The system is simplt: to operate 

and can be designed for high throughput. The combination of the synthesis and surface 

treatment of metal nanopartic1es in the whole system avoids newly produced metal 

nanopartic1es from being contaminated by surrounding environment. 

A home-made self-oscillatory pulsed power supply has been designed and built for the 

arc evaporation of metal sources. The stability of the pulsed arc system and the cathode 

erosion rate are discussed. The inductor present in the discharge loop is shown to have a 

stabilizing effect on the train of pulsed arcs. It was shown that the erosion rate was 

strongly dependent on peak arc currents due to the increased emission of maeropartic1es 

with peak arc currents, and the yield of metal nanopartic1es was found to be slightly 

influenced by the peak arc current. 

The produced coated copper nanopartic1es were characterized by field emlSSlOn 

scanning electron microscopy (FE-SEM), transmission electron microscopy (TEM), 

Fourier-transform infrared spectroscopy (FT-IR), and X-ray photoelectron spectroscopy 

(XPS). It was revealed that the coated copper nanopartic1es have a metal core of size 

ranging from a few to 50 nm, and that the thickness of the organic layer ranges from 3 

to 10 nm. The smallest copper nanopartic1es are crystalline, while the organic coating 

has a macromolecular structure and shows a hydrophobic behavior. The XPS results 

showed that the plasma polymer film is chemically adsorbed onto the surface of the 

copper nanopartic1e. 

The effects of operating conditions such as reactor pressure and inert gas flow rate on 

the average size of the produced bare copper nanopartic1es were studied. It was 
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demonstrated that the metal nanoparticle size tends to decrease with decreasing reactor 

pressure, while inert gas flow rate has little influence on the mean nanoparticlle size. 

The morphology of the plasma polymer coating was revealed to be strongly dependent 

on the RF plasma power, reactor pressure, and inert gas flow rate. Two kinds of organic 

films were produced: a smooth, uniform and dense polymer film and a liquid polymer 

film. Based on a series of experiments, a "characteristic map" for the in-flight plasma 

polymerization from the C2H6 monomer generating an organic layer onto the Cu 

nanoparticles was developed. A simplified free-radical mechanism was proposed for the 

plasma polymerization from ethane. 

Other metal sources such as iron and aluminum were used as cathodes in the arc 

evaporation reactor. Transmission electron microscopy confirmed the production of 

coated nanoparticles similar in morphology to the ones obtained with the copper 

cathode. Lastly, ethylene glycol vapor were introduced as an alternative monomer into 

the plasma polymerization region. A non-uniform coating was observed on the metal 

nanoparticle surface. 
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Chapter 1 

Introduction 

The application of metal nanoparticles can be traced back 2,000 years ago when they 

were used to give colors to glasses. The Lycurgus cup (4th century A.D.) in the British 

Museum is an amazing exarnple of the early use of metal nanopartic1es embedded in 

glasses (Figure 1-1). The glass contains silver and gold nanopartic1es, giving the cup a 

red color under light transmission and a green color under light reflection [1]. In the 

early applications of glass pigments, the physical basis of the color caused by the 

presence of different metal nanopartic1es was not known until Faraday, who studied 

aqueous solutions of gold partic1es, postulated that the red color of the solutions was 

due to finely divided go Id partic1es. In 1908, Gustav Mie presented a first rigorous 

theoretical explanation for the optical properties of spherical metal nanopartic1es [3]. 

Thereafter, the optical properties as well as other properties of metal nanopartic1es have 

drawn the ever-increasing attention of researchers and technologists. 

Figure 1-1. Photography of the Lycurgus cup: the cup appears green in daylight 

(light reflection), but red when it is illuminated from inside (light transmission) [2]. 

Generally, the terrn nanopartic1e is used in the field of materials science to define 

particulate materials having a linear extent smaller than 100 nm in at least one direction. 

However, in most applications, the partic1e size is less than 50 nrn [4]. The small size of 

metal nanopartic1es leads to unusual properties (e.g. electrical, optical, electronic, 
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magnetic, thermal, chemical and mechanical properties) with respect to the bulk metals, 

making them suitable for many new applications, such as catalysts [3], solid additives to 

propellants [5], optoelectronic nanodevices [6, 7], magnetic ferrofluids [8], nanofluids 

[9] and polymer nanocomposites [10]. In recognition of their tremendous potential as a 

platform for deve10ping novel materials and unique applications, several nations around 

the world are now conducting research and development activities with the aim to gain 

a better understanding of the unique properties of nanoparticles as well as developing 

new synthesis and assembling processes [11]. 

The mam objective of this Ph.D. thesis was the synthesis and characterization of 

organic layer-coated metal nanoparticles. This was achieved through the development 

of a novel dual-plasma pro cess whereby metal nanoparticles are synthesized via arc 

evaporation/condensation of the desired metal source and in-flight plasma 

polymerization from simple hydrocarbon monomers. Copper was chosen as the metal 

source since copper nanoparticles are of great interest for large-scale applications such 

as heat transfer enhancement in nanofluids and an extensive amount of work on the 

erosion behavior of copper cathodes has been accomplished by researchers of the 

McGill plasma group, and researchers around the world. Other metals such as 

aluminum and iron have also been tested, but to a lesser extent. Ethane (C2H6), a simple 

saturated hydrocarbon, was used as the gaseous monomer source for the plasma 

polymerization because this monomer is known to form plasma polymer films over a 

wide range of plasma processing conditions, and it involves relatively simple gas-phase 

products whose chemistry is relatively well understood. The produced nanoparticles 

were characterized with various analytical means such as field emission scanning 

electron microscopy (FE-SEM), transmission electron microscopy (TEM), Fourier­

transform infrared spectroscopy (FT-IR) and X-ray photoelectron spectroscopy (XPS). 

The Ph.D. thesis is presented in seven chapters. 

Chapter 2 presents a literature reVIeW on the vanous synthesis methods used for 

producing metal nanoparticles and for modifying their surface. In particular, more 
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attention has been paid to the princip les of the cathodic arc evaporation in low pressure 

gases, the homogeneous nucleation of oversaturated metal vapors and the plasma 

polymerization processes, which are the basic processes involved in the synthesis of 

organic layer-coated metal nanoparticles for this Ph.D. project. 

Chapter 3 presents the main design considerations and features of the dual-plasma 

reactor. The details of the experimental setup and auxiliary components, as weIl as the 

collection methods used to collect the produced nanoparticles are also presented. 

Chapter 4 is devoted to the synthesis of bare copper nanoparticles. In the first part, the 

experimental procedure and experimental conditions are stated. Next, the stability of the 

homemade pulsed power supply is studied; the erosion rate of the cathode materials and 

the net production rate of metal vapors are estimated; and the radius of the expanding 

metallic plasma and density of metal vapors within the plasma are ca1culated. Then, the 

produced metal nanoparticles are characterized. Finally, the effects of operating 

conditions such as reactor pressure and inert gas flow rate on the properties of the 

produced metal nanoparticles are investigated. 

Chapter 5 is devoted to the synthesis of plasma polymer-coated met al nanoparticles. 

The effects of experimental conditions such as RF power level, reactor pressure and 

inert gas flow rate on the products of the plasma polymerization from the ethane 

monomer are analyzed and a "characteristic map" for the plasma polymerization from 

ethane is presented. The mechanism of plasma polymerization from ethane is discussed 

on the basis of the experimental results and information available from the literature. 

Complementary experiments aimed at testing the versatility of the dual-plasma process 

are presented in Chapter 6. The first section of the chapter reports on the synthesis of 

metal nanoparticles from other metal sources, namely iron and aluminum. The second 

section reports on the plasma polymerization from ethylene glycol vapors onto the 

surface of the produced copper nanoparticles. 
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Chapter 7 presents the conc1uding statements, original contributions to knowledge and 

engineering, and recommendations for the further development of the project. 
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Chapter 2 

Literature review 

2.1. Introduction 

In 1959, Feynman's revolutionary presentation at the American Physical Society's 

annual meeting motivated the scientific community to explore the realm of 

nanostructured materials and phenomena (A part of Feynman's presentation is included 

in a Science article [12]). Since then, considerable efforts have been applied to the 

synthesis of metal nanoparticles, and many excellent reviews and books have been 

presented on this subj ect [4, 13-16]. Various kinds of metal nanoparticles can be 

prepared by a variety of methods. Depending on the environrnent in which metal 

nanoparticles are formed, the synthesis methods can be divided into two main 

categories: liquid-phase pro cesses and gas-phase processes. That is, the techniques 

involving the formation of nanoparticles in colloidal systems by means of chemical 

reduction, thermolysis or photolysis are defined as liquid-phase processes" while the 

gas-phase processes generally are based on homogeneous nucleation of supersaturated 

metal vapors and subsequent condensation and coagulation. 

Both the liquid-phase process and gas-phase process for metal nanoparticle synthesis 

are reviewed in this chapter. Especially, the synthesis of metal nanoparticles in the gas 

phase has received more attention due to its inherent advantages over liquid-phase 

processes. The involved steps for synthesizing metal nanoparticles, such as the 

formation of metal vapors, the homogeneous nucleation of the produced metal vapors 

and the passivation of the generated metal nanoparticles, are reviewed. Finally, 

important processes related to this Ph.D. project, namely, the cathodic arc evaporation, 

the homogeneous nucleation and the plasma polyrnerization are described in detail. 

2.2. Metal nanoparticle synthesis 

2.2.1. Liquid-phase processes 
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The various liquid-phase processes for the synthesis of metal nanopartic1es share the 

same characteristics that organometallic compounds or metal salts are employed as 

precursors and that the formation of metal nanopartic1es is the result of their 

decomposition or reduction. The nanopartic1e formation process is influenced by the 

surrounding environment, temperature, concentration of reagents, diffusive and sorption 

characteristics of colloid systems and stabilizing substances [4]. Several approaches 

have been used for the decomposition of organometallic compounds and the reduction 

ofmetal salts, namely: chemical reduction [17-19], thermolysis [20, 21], photolysis [22, 

23] and radiolysis [24,25]. 

Although metal nanopartic1es produced by liquid-phase processes have well-controlled 

shapes, sizes and structures, these approaches are limited by issues re1ated tOi impurities 

[13] and the use of expensive or even toxic organometallic reagents. Additionally, the 

liquid-phase processes are carried out in discrete batches with batch time ranging from 

hours to days. They are also characterized by numerous aftertreatment steps such as the 

separation of the produced nanopartic1es from the liquid phase and the drying of the 

products. Gas-phase approaches appear more promising than liquid-phase approaches 

because of several inherent advantages: the high purity of the produced nanopartic1es, 

the operation in continuous or quasi-continuous mode, the ease of controlling the 

process parameters, and the use of simple collection methods. 

2.2.2. Gas-phase processes 

In gas-phase synthesis, the establishment of supersaturation conditions for metal vapors 

is required. That is, the generated metal vapors must be cooled down efficiently either 

by mixing the vapors with a cold inert gas stream, by heat exchange to the surroundings, 

or by high-speed expansion. Supersaturation of metal vapors can also be achieved by 

the chemical reaction of gas-phase organometallic mole cules to form a condensed phase. 

When the degree of supersaturation reaches a high value, homogeneous nuc1eation 

occurs and metal nanoparticles form. 
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Most gas-phase synthesis processes can be c1assified as either physical or c:hemical in 

nature. For physical methods, precursors are vaporized into a background gas, and then 

the generated metal vapors are cooled down to form metal nanopartic1es. For chemical 

gas-phase methods, precursors are delivered into the reactor as vapors (by a sublimation 

or bubbler system if necessary) or very small drop lets of precursor solutions by using a 

nebulizer. The decompositionlchemical reaction of these precursors is induced in the 

gaseous phase to generate metal vapors. The features of the physical and chemical 

methods are discussed next. 

2.2.2.1. Physical methods for gas-phase synthesis 

With physical methods of producing metal nanopartic1es III the gaseous phase, 

considerable amounts of metal atoms are generated from metal sources by intensive 

energy inputs and then, these atoms are cooled down, forming nanopartic1es of the 

desired size, shape and composition. For ex ample, numerous bulk solid metals can be 

eroded or evaporated by heating to generate metal atoms. Variants of the physical 

methods differ in the evaporation method used. 

Perhaps the most straightforward method of producing metal vapors from a bulk metal 

is the direct evaporation of the metal when placed in a heated crucible. W~~gner et al. 

[26] presented a detailed experimental investigation of this method when used for the 

preparation of bismuth nanopartic1es. Bismuth vapors were produced in an externally 

heated crucible containing the melt. In their approach, the transport of the metal vapors 

byan argon carrier gas jet is followed by the rapid quenching of the metal vapors with a 

second argon stream in a diluter. Bi nanopartic1es with an average size ranging from 12 

to 37 nm were produced by controlling the process parameters such as quenching gas 

flow rate and reactor pressure. Along the same line of thought, Mahoney and Andres 

[27] developed the aerosol synthesis of metal nanopartic1es (Figure 2-1). The 

evaporation of the desired metals is achieved by heating a tungsten basket containing 

the metal to be vaporized using De arcs, and the metal vapors are carried away by an 

upward argon flow and quenched with a second argon stream. Mean metal nanopartic1e 

diameters in the 1-100 nm range have been achieved. Furthermore, they reported that 
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nanostructured metallic oxides and nitrides can been formed by addition of reactive 

gases into the high temperature evaporation region or into the cooler quench region. 
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Figure 2-1. Schematic diagrarn of the direct evaporation process developed 

by Mahoney and Andres [27]. 

A laser ablation process has also been developed to vaporize high-melting-point 

materials. Ayers et aL [28] used a laser-ablation cluster source, which uses a 100 Hz 

KrF (248 nm) excimer laser for the high-repetition-rate laser vaporization of metal 

targets, combined with a fast flowtube reactor for the production of ligand-coated 

titanium metal clusters. An argon stream was used for cooling down the laser-generated 

vapors. Laser ablation in the presence of a reactive gas such as oxygen or nitrogen is 

also highly suitable for synthesizing ultrafine metallic oxides or nitrides with high­

melting points. Titania nanoparticles were synthesized by Harano et aL [29] using the 

pulsed laser ablation of titanium rods in an 02/He atmosphere. Marine et aL [30] 

described the basic principles ofthis method and presented theoretical developments for 

the condensation of nanoparticles. However, the laser ablation method implies the use 
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of expensive and bulky high-energy lasers and special focusing optics making this 

synthesis process fairly expensive. 

Ion sputtering is another method of vaporizing materials via bombardment with high­

velo city ions of an inert gas. Hahn and A verback [31] prepared a wide range of 

nanocrystalline particulates made of materials such as Al, Mo, Al52 Ti48 and Zr02, with 

diameters in the 7-50 nm range by a DCIRF magnetron sputter source. Urban et al. [32] 

recently demonstrated the feasibility of synthesizing metal nanopartic1es from the 

magnetron sputtering of metal targets. However, this process is normally carried out in 

high-vacuum systems « 10-3 Torr), which constraint hinders the aftertreatment of the 

nanopartic1es in the aerosol form (e.g. the in-situ deposition of an organic layer). 

Another gas-phase physical method used for the generation of metal vapors is the direct 

arc evaporation of the bulk metal. A high-current arc maintained between two 

electrodes, with one being made of the desired metal, is used to produce mt:tal vapors. 

Ermoline et al. [5] proposed that a high-energy density electron flux, formed in a pulsed 

microarc discharge (Figure 2-2 (A)), vaporizes a thin layer ofthe consumable aluminum 

anode, thus producing aluminum nanopartic1es of well-controlled sizes. Schwyn et al. 

[33] developed an aerosol generator producing metal nanopartic1es by electrode 

atomization using a spark discharge (Figure 2-2 (B)). This method has the advantage of 

being quite univers al with respect to the choice of the metal material, and extremely 

simple. Weber et al. [34] used the same technique to prepare nickel nanopartic1es for 

studying the downstream heterogeneous catalytic reactions on these gasbome 

nanopartic1es. Rao et al. [35] have used an atmospheric pressure magnetically-driven 

DC arc to thermally erode a copper cathode and produce copper nanopartic1es. 
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(A) (B) 

Figure 2-2. Schematic diagrams of the arc evaporation processes developed 

by Ermoline et al. (A) [5] and Schwyn et al. (B) [33]. 

2.2.2.2. Chemical methods for gas-phase synthesis 

The gas-phase chemical reaction of precursors such as organometallic compounds can 

be used as an altemate method to synthesize metal nanopartic1es. The thermally-induced 

or chemical reaction-induced decomposition of the organometallic compounds leads to 

the formation of metal vapors with extremely high supersaturation ratios, thus 

producing metal nanopartic1es. Various strategies have been used to induce the 

decomposition of organometallic compounds and to form the desired metal 

nanopartic1es. Sorne examples of the application of this approach to the synthesis of 

metal nanopartic1es are presented next. 

Magnusson and Deppert [36] produced single-crystal tungsten nanopartic1es in the 15-

60 nm size range by thermal decomposition of tungsten hexacarbonyl in a cracking 

fumace at temperatures up to 1000 oC, and by sintering the small primary partic1es in a 

second fumace operating at a temperature of 1900 oC. Using the same method, 

Nasibulin et al. [37] produced crystalline copper nanopartic1es with the precursor of 

copper acetylacetonate at a fumace temperature around 500 oC. Copper nanopartic1es 
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were also produced by Kim et al. [38] by the chemical reduction of a copper salt 

precursor, narnely, copper nitrate [CU(N03)2 • 2.5 H20]. 

Sorne organometallic precursors can be heated by absorption of laser energy to induce 

chemical reactions leading to the formation of metal vapors. This method enables a 

localized heating since only the precursor molecules are selectively heated while the 

carrier gas is only indirectly heated by the collisions with the reactant molecules. For 

example, the decomposition of Fe(CO)s molecules induced by a transversely excited 

atmospheric pressure CO2 laser led to the formation of Fe nanoparticles [39]. A plasma 

can be used as another means for delivering the energy required to initiate chemical 

reactions. Bapat et al. [ 40] produced crystalline silicon nanoparticles with the 

decomposition of silane in a low-pressure, inductively-coupled plasma. 

2.2.3. Stabilization of metal nanoparticles 

Due to their enormous specific surface area (e.g. ~100 m2 g-1 for 10 nrn-diameter Cu 

particles), nanoparticles possess a large surface energy and thus, are thermodynamically 

unstable, favoring spontaneous processes. For exarnple, metal nanoparticles 

agglomerate together as a result of their high surface free energy. Because of their high 

chemical reactivity, they are readily oxidized or become contaminated upon exposure to 

surrounding environments such as air and moisture, which processes alter their 

properties. In addition, without proper surface treatments, the bare metal nanoparticles 

may be incompatible with host materials, which limits their range of applicability as 

dispersed phases in nanocomposites. Therefore, a major challenge associated with the 

synthesis of metal nanoparticles is their stabilization (or passivation). Since the 

synthesis methods involve either liquid-phase or gas-phase processes, their stabilization 

can also be achieved by two different kinds of strategies: the adsorption in the liquid 

phase ofstabilizers such as polymeric ligands [19, 23, 24] or surfactants [17,20,21] on 

the metal nanoparticle surface, and the formation of protective coatings such as organic 

[28], graphite [5], silica [41], or ceramic layers [42] around metal nanopartilcles in the 

gas phase. 
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Klug et al. [41] synthesized silica-coated nickel nanoparticles by combining the nickel 

nanoparticle synthesis via arc evaporation with the coating formation by the 

decomposition of tetraethyloxysilane (TEOS) in a chemical vapor deposition fumace 

(Figure 2-3). 
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Figure 2-3. Schematic of the coated nanoparticle synthesis reactor developed by 

Klug et al. [41] 

Ayers et al. [28] investigated the formation of ligand-coated titanium nanoparticles by 

generation of titanium clusters via laser ablation of titanium rods followed by the 

coating formation from ethylenediamine in a flowtube reactor. Vollath and Szab6 [42] 

produced finely dispersed Ah03-coated Zr02 nanoparticles and plasma polymer-coated 

Fe203 nanoparticles in a continuous flow dual microwave plasma process. Though 

versatile and applicable to the direct synthesis of metal nanoparticles coated with 

protective layers, these processes involve the use of harmful metal precursors such as 

ferrocene organometallics and TEOS. 
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A combined arc evaporation/condensation and plasma polymerization process for the 

synthesis of plasma polymer-coated metal nanoparticles has been developed in this 

Ph.D. project. This dual-plasma process might offer several important features such as 

the one-step synthesis of coated metal nanoparticles, the convenience of the operation, 

the ease of controlling the process parameters, and the versatility to use numerous metal 

sources and organic monomers. The following literature review outlines: the basic 

princip les of the cathodic arc evaporation, homogeneous nucleation and plasma 

polymerization from saturated hydrocarbons, which processes are used in this Ph.D. 

project. 

2.3. Individual steps associated with the synthesis of plasma polymer-coated met al 

nanoparticles 

2.3.1. Cathodic arc evaporation 

Electric arcs are self-sustaining discharges maintained between two electrodes in 

presence of gases and/or vapors produced from the erosion of the cathode. Such 

discharges are characterized by relatively high CUITent levels (>1 A) and minimum 

sustaining voltages which are not much larger than the first ionization potential of the 

plasma gas. The cathode of the electric arc is responsible for the emission of electrons 

which in tum, are responsible for the production of ions and the maintenance of the 

conductive path in the otherwise neutral inter-electrode gap. The positive ions aiso play 

the important role of main heating agent for the cathode surface, and are thus indirectly 

responsible for the (thermionic) electron emission process from which they originate. At 

very high ion density, these ions also contribute to the maintenance of a high electric 

field at the cathode surface, thus causing an enhanced electron emission by the thermo­

field effect. Hot cathodes, which are made of a refractory material (e.g. W), feature 

electron emission mostly by thermionic emission and over a large surface area of the 

cathode. The arc attachment is said to be "diffuse" in such a case. Accompanying the 

electron emission process is the material evaporation, which can be used for 

nanoparticles synthesis if the generated metal vapor cloud is rapidly supersaturated. 

With non-refractory cathode materials (e.g. Cu, Fe and Ni) or in the absence of a plasma 
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gas in the case of refractory cathodes, the arc attachment point on the cathode must 

constrict to a small surface area in order to maintain conditions leading to strong 

electron emission. Such a constricted attachment region is called the cathode spot. 

Cathode spots provide not only the emitted electrons for the current continuity, but the 

medium for the arc discharge under low pressure conditions. They are in the range of 

10-100 !lm in diameter on the cathode surface [43]. The concentrated CUITent flow in 

cathode spots causes very high local temperatures, strong local electric fields and 

correspondingly high local metal vapor densities which in turn, can be used as precursor 

materials for the efficient production of metal nanopartic1es. Several researchers have 

studied the features of the cathode spots in great detail [43-45], though a complete 

understanding is still lacking. It is however well-known that the self:'sustaining 

operation of arc discharges at low pressures unavoidably involves cathode spots [46, 

47]. Thus, such systems are convenient sources ofmetal vapors. 

2.3.1.1. Structure of the cathode spot 

A representative schematic of the cathode spot structure in a vacuum arc plasma is 

shown in Figure 2-4 (the third chapter in [45]) and [43]. The cathode spot vicinity is 

divided into several zones: cathode surface, cathode sheath, heavy partic1e relaxation 

zone, electron beam relaxation zone and plasma expansion zone. The cathode surface is 

heated and evaporated in a localized circular area with a 10-100 !lm radius. At the 

cathode surface, the emission of electrons, evaporation of neutral atoms and impact of 

back-flowing ions are key processes in the heat, mass and current transfers. Next to the 

cathode surface there exists a thin zone, the cathode sheath, with an extent of 1-10 nm. 

Created mainly by the space charge of ions, a strong electric field is present in the 

cathode sheath, accelerating the electrons away from and the back-flowing ions towards 

the cathode surface. Electrons and ions pass through the cathode sheath without 

collisions. 

Emitted atoms from the cathode surface collide amongst themse1ves and with the back­

flowing heavy partic1es (e.g. ions and atoms) in the relaxation zone of heavy partic1es, 
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which extends a distance of a few times the heavy partic1e mean free path from the 

cathode surface. Similarly, emitted electrons suffer numerous collisions with neutral 

atoms, ions and other "newly" produced electrons in the relaxation zone of the electron 

beam, which extends from the cathode surface and is defined by the requirement for the 

energy of emitted electrons from the cathode surface to equilibrate with the energy of 

the electrons created by electron-impact ionization within this zone. This distance is 

typically a few hundred times larger than the mean free path for the ionization of the 

atom. Because of the high pressure in this zone, the recombination of electrons and ions 

also happens. Behind the electron beam relaxation zone exists the plasma expansion 

zone, where the metallic plasma cloud expands into vacuum until contacting the anode 

or another solid surface. 
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Figure 2-4. Schematic diagram of vacuum arc cathode spot structure [43,45]. 

2.3.1.2. Expansion of cathodic arc plasma in low pressure background gases 
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The cathodic arc plasma in low pressure gases has been investigated by many 

researchers such as Kimblin [48], Emtage [49], and Drouet and Meunier [50-53]. 

Experimental evidences suggested that the cathode spots of low CUITent arcs over a wide 

pressure range up to atmospheric pressure are indeed similar to the vacuum arc cathode 

spots [48], except that the expansion of the cathodic arc plasma is confined by the 

background gas. 

The cathodic arc plasma produced by the erosion of the cathode surface expands with 

velocities reaching approximately 104 m S-l in vacuum [48, 50, 54]. While in low 

pressure background gases, the expansion of the metallic plasma is hindered by the 

background gas once a minimum threshold pressure is reached. The value of this 

minimum pressure depends on the chemical composition of the background gas, gases 

with larger atomic mass having lower required minimum pressures [52]. 

Meunier and Drouet [50-53] investigated the effect of background gases on the 

expansion of metallic plasmas and found that the metallic plasma and the ambient gas 

are separated into two distinct regions when the pressure is above a given threshold, and 

that a shock wave acts as a boundary between them. The plasma/gas boundary expands 

with an initial vacuum expansion velo city (e.g. 104 m S-l), then rapidly decays to zero 

when the expansion velo city of the metallic plasma equals the sound velo city of the 

ambient gas. It is claimed that there is no matter exchange between the metallic plasma 

and the ambient gas during the expansion of the plasma/gas boundary. When the 

boundary reaches a steady-state position, the diffusion rate of metal vapors out of the 

plasma volume equals their generation rate from the erosion of the metal surface. This 

situation is kept unchanged until the end of the cathodic arc plasma. 

The pressure of the background gas has a strong effect on the expansion velo city of the 

plasma/gas boundary and the final volume of the confined metallic plasma. The higher 

the background gas pressure, the faster the decrease of the metallic plasma expansion 

velocity, and the smaller the volume of the confined metallic plasma. Typically, it takes 
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several to tens of Ils for the plasma/gas boundary to reach a steady-state position [50-

53]. 

A snow-plow expansion model was developed to describe the expansion of the metallic 

plasma confined in low pressure gases and to predict the radius of the metallic plasma 

steady-state volume [50-52]. According to Meunier [53], the final radius Re can be 

expressed by 

(2-1) 

2:r.p 
·th f g WI =--

3TJ 

where Er is the vacuum erosion rate of the cathode materials, f is a characteristic 

function of both the background gas and arc CUITent used, and the exponent fJ varies 

between 2.1 and 2.5. kT, Mg and Pg are the temperature (times the Boltzmann constant), 

atomic mass and mass density of the background gas, respectively. 1 is the arc CUITent, 

Va is the vacuum expansion velo city of the metallic plasma, and Tc is the plasma 

expansion time for the boundary reaching the sound velo city C of the background gas. 

2.3.1.3. Materialloss from the cathode surface 

As a consequence of the high local cathode surface temperature associated with the 

concentration of the applied power (up to 1010 W m-2
) [55], the cathode surface under 

the cathode spot is severely eroded, creating a conducting medium necessary for 

sustaining the arc discharge. The erosion products consist of ions, atoms and liquid 

droplets which, upon ejection from the cathode surface, lead to the formation of 

macropartic1es (>100 nm in diameter). The erosion rate is conveniently defined as the 

mass loss per transported charge. The reported erosion rate of vacuum arcs on copper 

cathodes ranges from 40 to 140 llg Cl [56]. The erosion rate and the distribution 

amongst its constituents (vaporization and liquid droplet ejection) depend on the arc 
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CUITent, discharge duration, cathode material and its purity, cathode temperature and gas 

pressure. High arc cUITents, high temperatures under the cathode spot and low working 

gas pressures an favor the evaporation of metal atoms [45]. 

The ion flux distribution is peaked in the forward direction of cathodic arc plasma [57, 

58]. For non-refractory metals, such as Pb, Zn and Cd, most of the ions are singly 

charged, whereas for refractory metals, such as Ta and Mo, the charge number of the 

multiply charged ions may be as high as 5 or 6 [58]. It has been determined that the ion 

CUITent is in the range of 7-10% of the arc CUITent for a wide range of metals such as Cd, 

Zn, Cu, C, Mo and W [59]. This ion CUITent fraction is independent of the electrode 

spacing, electrode sizes, and the dimensions of the vacuum chamber in which the arc 

bums [58]. And, it is also kept content for a wide range of CUITents (up to kA) and 

arcing times (milliseconds to seconds). 

There exist arguments on the origin of the metal vapors emitted from the cathode spot. 

A common view is that the total mass flux emitted from the cathode spot consists 

mainly of metal vapors, which is partly ionized to sustain the arc plasma" However, 

Jenkins [60] and Tuma [57] stated that the most likely source of the metal vapor is the 

evaporation of emitted macropartic1es during their flight. 

The ejection ofmacropartic1es from beneath the cathode spots represents a major source 

of cathode materialloss. The size of the macropartic1es varies from 100 nm up to about 

100 !lm [45, 61]. These macropartic1es originate from the plasma-solid interaction under 

the cathode spots. Jüttner [62] explained that the formation of macropartic1es is caused 

by the local plasma pressure acting on the melted cathode materials (Figure 2-5). 
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Figure 2-5. Macroparticle formation from the cathode spots: the melted cathode 

material is pushed by plasma pressure [62]. 

The very high local temperature causes the formation of a molten pool at the cathode 

surface, and the rapid removal of the liquid metal by the high plasma pressure leads to 

macroparticle ejection. The production of macroparticles is therefore inherently linked 

to the activity of the cathode spot. McClure [63] developed a similar mechanism of 

macroparticle ejection by the action of local plasma pressure. Other processes such as 

expulsion of cathode materials by the local electric field and explosive evaporation of 

the cathode surface as a result of intense Joule heating may play partial roles in the 

ejection ofmacroparticles [55]. 

Macroparticles are by-products rather than active constituents of the cathode spots, 

because they are not necessary for the self-sustaining operation of the arc discharge and 

they do not influence the electric characteristic of the cathode spot [45]. However, when 

cathodic arc evaporation is used to produce metal nanoparticles, the presence of 

macroparticles mixed with metal vapors deteriorates the yield of produced metal 

nanoparticles. Therefore, it is usually desirable to reduce or even eliminate them. 

2.3.1.4. Reduction of macroparticle ejection 

The ejection of macroparticles can be reduced or even eliminated by the following 

methods: (1) decreasing the bulk cathode temperature [48]; (II) decreasing the arc 

CUITent amplitude; (III) increasing the velocity of the cathode spots (e.g. through the use 
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of magnetically steered arcs) [45]; (IV) working with pulsed arc discharges [64-66]. 

These methods are now briefly discussed. The decrease of the bulk cathode temperature 

can be achieved by the efficient cooling of the cathode. The arc CUITent amplitude can 

be conveniently decreased, but this leads to a lower productivity for the arc evaporation 

process and in tum, to a lower production of metal vapors. Magnetically-driven cathode 

arc spots can generate fewer macroparticles by shortening the interaction time of the arc 

plasma with the cathode surface. However, the complication involved with the design of 

magnetic confinement techniques in such arc discharges hinders the popular adoption of 

this method [45]. 

The use of arc CUITent pulses can strongly reduce the ejection of macroparticles while a 

high productivity of metal vapors is maintained. Büschel et al. [65] developed a pulsed 

arc process in which a small De CUITent of less than 50 A is superposed by CUITent 

pulses of different shapes for depositing TiN and TiAIN layers onto metal substrates. 

The results showed high metal vapor production rates and a significant reduction of the 

number and size of the macroparticles ejected from the cathode spots. They also 

suggested that further reduction of the macroparticle ejection yield Can be achieved by 

increasing the magnitude of the CUITent pulse and decreasing the pulse time. A similar 

modified pulsed arc process was used by Engers et al. [66] to deposit metal nitride 

coatings on substrates. Recognizing the advantages of pulsed arc sources, this kind of 

electrical energy source is used in the present study. 

2.3.2. Homogeneous nucleation 

2.3.2.1. General description of the homogeneous nucleation pro cess 

The general scenario of metal nanoparticle formation within an oversaturated metal 

vapor can be described as follows [67-71]. Initially, a large number of metal atoms are 

generated from physical or chemical methods (described in Section 2.2.2.) and, at this 

stage, the temperature of the vapor cloud is high, preventing the nucleation of the metal 

vapors. As the temperature of the metal vapor cloud decreases due to the efficient 

transport and quenching by the inert gas, the saturation ratio of the metal vapors is 
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correspondingly increased. - The saturation ratio is defined as the ratio of actual 

monomer concentration to the equilibrium monomer concentration based on the 

saturation vapor pressure at the same temperature. - Upon sufficient cooling, this ratio 

reaches such a high value (~1 000) that homogeneous nucleation of the metal vapor 

takes place, thus forming nuclei of metal nanoparticles. The remaining metal atoms 

condense heterogeneously on the freshly nucleated particles, and the particles grow by 

coagulation. Figure 2-6 [68] shows the calculated value of the saturation ratio as the 

metal vapor is cooled for the base case: an iron vapor partial pressure of 5xl0·4 atm 

(~50 Pa) is cooled down with a cooling rate of 30 000 K S·l in a closed chamber. The 

thick line, labeled "nucleation suppressed", indicates that the saturation ratio would 

increase if metal particles larger than the equilibrium monomers are not allowed to form. 

The calculated saturation ratio follows this line until it reaches the peak value of about 

280, then it drops rapidly. It levels offto unit y at approximately 1400 K. 
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Figure 2-6. Calculated saturation ratio for the base case: an iron vapor pmtial 

pressure of 5xl 0.4 atm (~50 Pa) and a cooling rate of 30 000 K S·l, which was 

developed by Girshick and Chiu [68]. 
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To understand the effect of the saturation ratio, it is instructive to consider the cri tic al 

size for a stable nucleus. At the critical size, the condensation rate of a nucleus equals 

its evaporation rate. The critical size for a stable nucleus, d*, can be written as equation 

(2-2) [68]: 

d* = 4crv1 

kTlnS 
(2-2) 

where (J is the surface tension of the nucleus (N m-1
), k the Boltzmann's constant, Tthe 

temperature, VI the monomer volume of metal vapors and S, the vapor saturation ratio. 

Particles smaller than the critical size tend to evaporate and larger ones continue to 

grow. During the beginning of the metal vapor cloud cooling process, the critical size is 

very large, so no stable particles can form. With the rapid increase of the saturation ratio, 

the critical size eventually drops to such a small value that a considerable amount of 

metal clusters whose size is equal or larger than d* can condense to form metal 

nanoparticles. 

The size control of metal nanoparticles condensed from the metal vapors has been 

studied by many researchers [5, 26, 27, 33, 68, 70]. In summary, the size of metal 

clusters obtained by the homogeneous nucleation process is govemed by the cooling 

rate and the metal monomer concentration. Higher cooling rates and lower monomer 

concentrations lead to smaller metal clusters. The final size of the metal nanoparticles 

depends on the coagulation of condensed metal clusters, which process is itself affected 

by the density of metal clusters and the average residence time of the clusters in the 

quench region. Smaller densities of metal clusters and shorter average residence times 

in the quench region lead to lesser extents of coagulation. A high cooling rate combined 

with a rapid dilution of the produced aerosol and short average residence times lead to 

the production of smaller metal nanoparticles. 

This general description of the homogeneous nucleation process is helpful for us to 

understand the fundamental features of the formation of metal clusters and particles 
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within supersaturated metal vapors. However, this description can not be applied to the 

vapor/plasma plume generated by the cathodic arc evaporation in low pressure 

background gases because of both the rapid expansion of the cathodic arc plasma and 

the shock wave front created by the confinement of the metallic plasma expansion by 

the arnbient gas. Special features of the nuc1eation of vapors and c1uster formation in 

the confined cathodic arc plasma by low pressure gases are described next. 

2.3.2.2 Nucleation of vapors and cluster formation within the expanding metallic 

plasma in low pressure gases 

Meunier [53] studied the fullerene synthesis by the cathodic arc evaporation of graphite 

electrodes. With the snow-plow model of the cathodic arc plasma expansion" the author 

predicted that the stationary plasma/gas boundary volume and the volume just after this 

boundary are most likely the nuc1eation zones of larger carbon molec:ules. This 

postulate was confirmed by experimental measurements of the spatial distribution of the 

C2 Swan band molecule emission for a 120 A cathodic carbon arc in 55 torr helium gas. 

Vnder these conditions, the extension of the nuc1eation zone was approximately 1 mm. 

The expanding behavior of the metallic plasma and the effect of the background gas on 

the plasma expansion are very similar for the processes of cathodic arc evaporation of 

bulk solids and the laser ablation ofbulk solids [50, 53]. Both processes involve the fast 

expansion of the plasma/vapor plume generated on a localized surface area of the target 

materials under the action of high-energy partic1es or laser pulses, and the formation of 

a shock wave front created by the confinement of the plasma/vapor plume in 

background gases. For the pulsed laser ablation process, the formation of c1usters and 

nanopartic1es within laser-generated plasma/vapor plumes has been extensively studied 

[30, 72-76]. 

Luk'yanchuk et al. [75] studied the strong non-equilibrium conditions within laser­

generated silicon plasma/vapor plumes. They showed that the cooling rate :md density 

of vapor-phase species are strongly non-uniform within the plume. As a consequence, 

the rate of nuc1eation and growth of c1usters vary strongly within the plume. Marine et 
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al. [30] described the basic principles of nanoparticle synthesis by conventional pulsed 

laser ablation. They stated that three different waves, that is, the saturation wave, the 

supercooling wave and the quenching wave, propagate through the expanding 

plasmalvapor plume from the periphery to the center (Figure 2-7). After the 

condensation and growth stages, the formed clusters follow a long stabilization period, 

where the stabilization of high-temperature nanoparticles is achieved through radiative, 

evaporative and collisional coolings. The typical time scales are 0.05-20 ~s and 0.2-6 

ms for the condensation-growth and stabilization stages, respectively. 

t. fl$ 

Figure 2-7. Propagation of saturation, nuclei ejection and quenching waves 

through the Si vapor plume [30]. Initial parameters ofthe vapor plume: 

velocity 6x105 cm S-I, radium 0.1 cm, specific volume 300 cm3 g-I, 

temperature 7000 K, pressure 68.4 atm. 

Geohegan et al. [77] reported that the chemical composition of the background gas 

strongly influences the dynamics of nanoparticle synthesis and transport in the process 

of pulsed laser ablation of c-Si into low pressure gases. Heavier Ar atoms can 

effectively stop and even reflect the Si atoms, resulting in the formation of a uniform 
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and stationary nanoparticle cloud in the plasmalvapor plume, while lighter He atoms 

only gradually decelerate the expansion of the Si plume with a series of small-angle 

collisions, leading to a turbulent ring of clusters which propagates outward at 10 m S-l. 

With the pulsed laser ablation of silicon into a flowing argon gas at 1 torr, the Si 

vapor/plasma plume was slowed down from initially 2xl04 to 100 m S-l within 20 ~s 

while the ons et time for silicon nanoparticle formation was 3 ms. 

Pâszti et al. [74] examined the pressure effects on the metal particle formation by laser 

ablation of Cu and Ag metals in argon gas. Individual Cu nanoparticles with diameters 

of 3-4 nm were generated in Ar in the 100-1000 Pa pressure range, while Ag 

nanoparticles of 4-6 nm were produced at 500 Pa in Ar as opposed to 8-15 nm at 

1000 Pa. The observed results were explained by the different deceleration rates of the 

evaporated Cu and Ag atoms into the argon gas. The energy transfers between the 

outward Ag atoms and/or clusters and the Ar atoms are less efficient than in the case of 

Cu atoms because of the larger atomic mass difference between Ag and Ar atoms. 

The nucleation of evaporated vapors and the cluster formation occur as a result of the 

quenching of the metal vaporslions which diffuse from the confined metallic plasma to 

the low pressure inert gas. The nucleation time as well as the size and composition of 

the clusters depend on the cathodic arc plasma parameters and on the type and pressure 

of the ambient background gas [73]. With a higher pressure, the vapor/plasma plume is 

confined within a smaller region, resulting in the production of larger particles. At 

constant pressure, the average cluster size increases with the atomic mass of the 

background gas [73]. 

2.3.3. Plasma polymerization 

Plasma polymerization refers to the formation of high-molecular-weight products under 

the effect of plasma [78]. It can be used for the preparation of ultrathin coatings on 

substrate surfaces such as metals, glasses, polymer films and papers. In fact, almost all 

solid surfaces can be coated with ultrathin films by plasma polymerization. One of the 

main advantages of the plasma polymerization process is that it can be used to deposit 
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organic films with thicknesses ranging from several nanometers to several hundreds of 

nanometers [79]. In contrast to conventional polymerization, the monomer material 

used in plasma polymerization does not need to contain functional groups (e.g. a double 

bond). Furthermore, the deposited films, called plasma polymers, are significantly 

different from conventional polymers. In most cases, plasma polymers are highly 

branched, highly cross-linked and insoluble. These unique and advantageous features of 

the plasma polymerization process made many researchers choose it as the method for 

forming nanoscaled organic layers on desired surfaces. 

Shi et al. [80] demonstrated the feasibility to deposit a uniform ultrathin (~2 Illn) plasma 

polymer film onto Ah03 nanopartic1es by inductively-coupled radio-frequency (RF) 

plasma polymerization from pyrrole monomers. Kouprine et al. [81] developed a 

capacitively-coupled RF plasma (CCRF) process to deposit an amorphous, high-density 

thin (5-30 nm) hydrocarbon film onto Si02 nanopartic1es. Both methane (CH4) and 

ethane (C2H6) were used as the monomer. Kouprine et al. also used this system to 

produce ferromagnetic nanopowders encapsulated into a carbon/graphite matrix [82]. 

Vora and Moravec [83] obtained diamond-like carbon (DLC) coatings on polished KBr 

substrates via CCRF plasma deposition using hydrocarbon gases (C4H IO, C2H6, C3Hs 

and CH4). The DLC films were extremely hard, electrically insulating, chemically inert 

and opticallY transparent. Vanhulsel et al. [84] produced the same kind ofDLC coatings 

from a magnetically confined inductively-coupled RF plasma using CH4 monomers. 

Furthermore, they proposed that the characteristics of the deposited coatings can be 

changed from soft polymer-like films to hard DLC films by increasing the ratio of the 

RF power to the system pressure. 

Fernandes et al. [85] treated aluminum alloys by depositing plasma polymer coatings 

from hexamethyldisiloxane (HMDSO) monomers in a CCRF plasma reactor. The 

coating provided good corrosion resistance and durable adhesion properties. A 

protective coating for infrared laser windows prepared by CCRF plasma polymerization 

from C2H6 monomers was reported by Akovali [86]. The plasma polymerization from 
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sorne simple hydrocarbons such as C2H4, C2H6, CH4 and C3H6 have also bc~en studied 

by several researchers [87-93]. 

The wide-range applications of the plasma polymerization process are based on the 

unique properties of non-equilibrium plasmas, which can cause the physical and 

chemical reactions of monomers at relatively low temperatures. 

2.3.3.1. Non-equilibrium properties of low-pressure plasmas 

In most cases, plasma polymerization is carried out under low pressures, typically in the 

10-2 -10 torr range [78]. For plasmas sustained in this pressure range, the degree of 

ionization ranges from 10-6 to 10-3 [94]. The physical and chemical processes in the 

low-pressure plasmas, especially those sustained in a mixture of molecular gases, are 

described as the following steps. First, electrons and ions, produced by the partial 

ionization of the gas molecules, gain energy from the external electric field. The 

electrons, being the lightest and most mobile species present in the plasma medium, are 

promptly accelerated by the external electric field, thus acquiring most energy from it. 

Unlike the electrons, the ions do not quickly acquire energy from the electric field 

because of their large mass, so they remain essentially "cold". The energetic electrons 

transfer the obtained energy to the molecules of gases and other heavy species by elastic 

and inelastic collisions. As a result of these collisions, excitation, dissociation and 

ionization of the heavy species take place, thus forming other plasma species such as 

free radicals, excited metastables and ions [95]. 

Due to the low degree of ionization (10-6-10-3
) of low-pressure plasmas, the electron 

density is several (3 to 7) orders of magnitude lower than the density of mollecules and 

other heavy species. Because of the low density and the low heat capacity of the 

electrons, the energy transferred through collisions with the heavy species (e.g., 

molecules, radicals and ions) is quite small. In fact, the electrons retain most of the 

energy they gain from the external electric fields. As a result, the temperature of the 

electrons (Te) is much higher than that of the heavy species and Te » 1; > Tg, where Ti 

is the ion temperature and Tg, the gas temperature. Te can reach values as high as 104
_ 
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105 K, while Tg can be as low as room temperature. In addition, short-living plasma 

species like free radicals, atoms and excited metastables exist in the plasma. When 

newly created by dissociative collisional processes, these short-living species receive a 

large mount of energy and their temperature may reach 104_105 K, but also quickly relax 

through other collisions [95]. 

Rence, low-pressure plasmas sustained in mixtures of molecular gases contain a 

significant density of molecules, atoms, radicals, electrons and ions. AlI these species 

are at various temperatures and in various energetic states. The local thermodynamic 

equilibrium is not reached between the electrons and the heavy partic1es, thus providing 

conditions favorable to the treatment ofheat-sensitive materials. 

2.3.3.2. Plasma chemistry in low-pressure plasmas 

Due to the non-equilibrium nature of low-pressure plasmas, they are widely used for 

generating excited and ionized partic1es such as free radicals and ions, as well as 

chemically active atoms at low temperatures. These chemically reactive species can 

react with themselves or with the active points on the surface exposed to the plasma. 

Because of the diversity and complexity of the elementary chemical reactions taking 

place in low-pressure plasmas, a complete understanding of the plasma chemistry is still 

far from being achieved. A few monographs [78, 94-98] discuss the fundamentals of 

plasma chemistry in low-pressure plasmas. The chemical reactions taking place near 

and at surfaces exposed to low-pressure plasmas can be c1assified in two categories: 

homogeneous and heterogeneous reactions. The homogeneous reactions involve the 

collisions among electrons, monomer molecules and other heavy plasma species present 

in the gas phase. As a result of these collisions, the excitation, dissociation, ionization 

and recombination of the heavy plasma species occur. A summary schematic of the 

different types ofreactions is presented in Figure 2-8 [94]. The heterogeneous reactions 

happen between the plasma species and the exposed surfaces. Reavy plasma species 

may adsorb on the substrate surface or recombine with the species already on the 
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surface to form stable compounds or plasma polymers. Conversely, ions with sufficient 

energy can sputter the substrate surface. 
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Figure 2-8. Schematic representation of chemical reactions taking place 

in a plasma reactor [94]. 

The whole chain of chemical processes taking place in low-pressure plasmas can be 

broken down into four main steps: initiation, propagation, termination and reinitiation 

[94, 99]. In the initiation stage, free radicals, atoms and other reactive species are 

forrned by collisions involving energetic electrons and ions with the molecules present 

in the gas phase, adsorbed on the substrate surface, or chemically combined with the 

substrate surface. The propagation stage involves the combination of radic:als arnong 

themselves or between radicals with molecules as weIl as other reactive species either 

present in the gas phase or on the substrate surface. In the terrnination stage, the 

chemical reactions are similar to those in the propagation stage, but they end with the 
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formation of stable neutral products. However, these neutral products formed in the gas 

phase or deposited on the substrate surface are exposed to energetic electrons, ions and 

particles coming from the gas phase, forming radicals, atoms and other reactive species 

again, thus reinitiating the chemical reactions. 

2.3.3.3. Capacitively coupled RF plasma reactor 

Non-equilibrium low-pressure plasmas are usually generated by thre(~ different 

techniques: direct-cuITent (DC), radio-frequency (RF) and microwave (MW) electrical 

discharges in gases. For many applications, it is of little importance which type of 

discharges is applied as long as nearly identical electron energies and gas temperatures 

can be obtained [98]. Various kinds of electrical discharges can lead to approximately 

the same results. Therefore, the choice of desired discharge reactors to generate low­

pressure plasmas is based on practical considerations such as stable performance, 

flexibility, ease of construction and operation, process uniformity and costs. In this 

project, a capacitively coupled RF (CCRF) plasma is sustained in the mixture of an inert 

gas and a mono mer gas under low pressures. In CCRF plasma reactors using external 

electrodes, the two electrodes are mounted outside the reactor and thus, do not 

participate in the plasma chemistry. The electrodes can be in the shape of two rings 

mounted around the reactors (Figure 2-9 (A)) or two plates placed along the reactor 

(Figure 2-9 (B)). 

(A) (B) 

Figure 2-9. Schematic representation of two kinds of CCRF plasma reactor. 
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CCRF plasma reactors are characterized by several advantages [81], mainly: 

1. The CCRF plasma can be sustained with external electrodes, thus eliminating 

the contamination of the plasma with materials eroded from the electrodes. 

2. The CCRF plasma reactor has the features of simplicity, stability and 

geometrical flexibility (e.g., capability to fililarge-volume plasma chambers). 

2.3.3.4. Plasma polymerization from simple hydrocarbon compounds 

Plasma polymerization is a highly system-dependent process, meaning that the 

produced plasma polymers depend strongly on the reactor geometries and operating 

conditions such as reactor pressure, monomer gas flow rate and RF power. Accordingly, 

not a unique product can be identified as the plasma polymer from a determined 

monomer. In other words, depending on the operating conditions, a variety of deposits 

can be obtained from the same monomer. AIso, similar products can be produced from 

various monomers. For these reasons, the properties of plasma polymers do not strongly 

depend on the actual source monomers. Several simple hydrocarbon gases such as CIL 

[83, 84, 87, 100], CzHz [89], CZH4 [89, 90, 101], CZH6 [83, 86, 87, 89, 91, 102], C3HS 

[83, 87] and C4H lO [83, 87] have been used to produce plasma polymers due to their 

simple chemical structure and abilities to form C:H coatings on substrate surfaces. The 

produced plasma deposits vary from oily films and soft macromolecular films to 

extremely hard diamond-like carbon films, or even polycrystalline diamond films. Vora 

and Moravec [83] presented that the ratio of RF power to reactor pressure plays an 

important role in the transition from soft plasma polymers to hard plasma polymers. 

Small ratios lead to the formation of soft plasma polymers, and an abrupt transition in 

the deposit properties happens when this ratio reaches approximately 100 W torr- l
. 

In the present project, ethane will be used as the source monomer. The plasma 

polymerization from ethane to form ultrathin solid films by CCRF plasma has been 

studied for a variety of reactor configurations, and abundant experimental data on the 

macrokinetic of plasma polymerization from ethane have been reported [83, 86, 87, 89, 
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91, 102]. However, the operating conditions vary over such a broad range that it is 

nearly impossible to make meaningful comparisons amongst these data. 

Kouprine [103] formed C:H nanometer-thick films on the surface of Si02 nanopartic1es 

using a CCRF plasma reactor. Based on the characterization of the coatings and a study 

of the conditions prevailing in the CCRF plasma reactor, a simplified mechanism for the 

formation of hydrocarbon coatings on nanopartic1es was proposed. This mechanism is 

schematically presented in Figure 2-10. 
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Figure 2-10. SchematÏc description of the process of plasma polymerization from 

C2H6 in CCRF plasma reactor [103]. 

Initially, free radicals, most of which are -CH3 radicals, are generated in the CCRF 

ethane plasma. These radicals then chemically adsorb on the nanopartic1e's surface. The 
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incident hydrogen atoms remove hydrogen atoms from the adsorbed radicals or from 

the already formed deposit via abstraction, thereby creating dangling bond sites on the 

surface. The adsorption of -CH3 radicals at the dangling bond sites and the 

recombination of neighboring dangling bonds lead to the growth of plasma polymer 

films. 

Jensen et al. [91,92] developed a free-radical reaction mechanism for the deposition of 

plasma polymers from C2H6 monomers in a CCRF plasma. This mechanism inc1udes 

the initiation, propagation and termination of free radicals both in the gas phase and at 

the surface of already deposited plasma polymer films. The main chemical reactions 

taking place in the plasma polymerization from C2H6 are summarized in Table 2-1 [92]. 

Table 2-1. The free-radical reaction mechanism for the plasma polymerization 

of C2H6 in CCRF plasma [92]. 
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Gas-phase free radicals are created both by electron-molecule collisions ,md by the 

chemical reactions of the produced hydrogen atoms with the monomer molecules such 

as C2H6 and with the produced unsaturated species such as C2H4 and C2H2. The free 
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radicals at the plasma polymer film surface are created both by the adsorption of gas­

phase free radicals and by hydrogen atom abstraction reactions. Numerous C2H4 and 

C2H2 molecules are also produced by the dissociation of C2H6 monomers and the 

produced C2H4 molecules. The addition of C2H4 and C2H2 molecules to the free radicals 

leads to the homogeneous free-radical chain growth in the gas phase and the 

heterogeneous free-radical chain growth on the already deposited film. 

Hiratsuka et al. [87] studied the plasma polymerization from C2H6 monomers and 

obtained a "characteristic map" (Figure 2-11) for this process. They showed that, for 

their reactor configuration, the products of plasma polymerization are organic powders 

at low reactor pressures and low monomer gas flow rates, and films at moderately high 

reactor pressures and over a wide range of monomer gas flow rates. The increase in 

plasma power tends to enlarge the region inside which organic powders are formed and 

enhances the stability of the discharge. 
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Figure 2-11. Characteristic map for plasma polymerization of ethane in 

Hiratsuka's reactor [87]. 
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Chapter 3 

Dual-plasma system for the synthe sis of organic layer­

coated metal nanoparticles 

A novel apparatus for synthesizing plasma polymer-coated metal nanopartic1es was 

designed and constructed. Its design was based on a review of various synthesis 

methods for coated metal nanopartic1es, previous modeling work related to the 

generation of metal nanopartic1es by homogeneous nuc1eation from evaporated metal 

vapors [104], and in-house experience gained with the plasma polymerization from 

ethane [105]. Design considerations, system components and operating ranges are 

presented in this chapter. 

3.1. Design considerations 

In this project, the cathodic arc evaporation/condensation from a solid metal source 

combined with plasma polymerization from a simple hydrocarbon is selected as the 

method for generating metal nanopartic1es coated with an ultrathin organic coating. The 

metal nanopartic1e synthesis process is followed by the plasma polymerization process 

in a c10sed system to avoid contamination of condensed bare metal nanopartic1es by 

unwanted sources (e.g. air or water vapors) and to achieve the low-pressure conditions 

required by both processes. The whole system is axisymmetric and set up vertically 

with the cathodic arc evaporation section located at the bottom while the plasma 

polymerization section rests above it. An inert gas flows through the whole system to 

transport the generated metal partic1es and possibly diffused metal vapors, to cool and 

condense them and to dilute the aerosol of the produced metal nanoparticlles. Due to 

different constraints on the experimental conditions associated with the cathodic arc 

evaporation and plasma polymerization processes, design trade-offs had to be made to 

achieve a stable operation of the system and to obtain the desired product. 

The system stability was a main consideration throughout the design and testing of the 

dual-plasma reactor. The stability of the pulsed DC arc plasma source and the CCRF 
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plasma were investigated. Strategies to achieve the stable operation are discussed in the 

following sections. Other improvements for increasing the nanopartic1e production yield, 

controlling the average size of produced nanopartic1es, and generating smooth, uniform 

and dense plasma polymer films are made within the stable operating range. 

Besides the system stability, reactor safety and flexibility considerations were also taken 

into account. High voltages (0-1000 V), high currents (0-200 A) and radio-frequency 

fields (13.56 MHz), which aIl represent significant dangers to the operator, are used 

within the system. Therefore, many precautions such as grounding the whole system 

and shielding the reactor were taken. As to the flexibility of the reactor, experimental 

components are intentionally designed so that they can be easily changed or adjusted 

according to the requirements of various experiments. 

3.2. General description of the experimental set-up 

Two photographs and a schematic of the final configuration of the dual-plasma reactor 

used for the synthesis of plasma polymer-coated metal nanopartic1es are: shown in 

Figure 3-1. The set-up features two main components: a low-pressure pulsed metal arc 

system for the synthesis of metal nanopartic1es and an in-flight plasma polymerization 

system for the in-situ deposition of an organic layer onto the produced metal 

nanopartic1es. Metal nanopartic1es are produced from a solid source via the evaporation 

of the metal cathode of a low-pressure metal vapor arc system followed by the 

supersaturationlcondensation of the generated metal vapors within the plasma/inert gas 

boundary zone (Ar in this study). The same inert gas is used to transport the produced 

metal nanopartic1es into a capacitively-coupled RF (13.56 MHz) plasma whe:re in-flight 

plasma polymerization of an organic layer from an organic monomer takes place. In this 

study, ethane (C2H6) is used as the gaseous monomer source because it is known to 

form plasma polymer films over a wide range of plasma processing conditions, and it 

involves relatively simple gas-phase products whose chemistry is relatively weIl 

understood. 
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Figure 3-1. Photographs and schematic of the dual-plasma reactor. (A) Whole reactor. 

(B) Lower section of the reactor. (C) Schematic of the set-up with the e1ectrical circuit. 

Numerical values for the electrical components are given. 
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The ability to perfonn both the metal nanopartic1e synthesis and the coating fonnation 

processes in the same reactor limits the agglomeration of the bare metal nanopartic1es as 

well as the contamination from the environment. The reactor pressure is maintained in 

the 1-20 torr range in order to accommodate the operating requirements of both 

processes. The produced nanopartic1es are collected over various packings such as 

polymer and paper filters, and silica wool placed inside the flow line. 

3.3. Cathodic arc evaporation/condensation section 

A detailed schematic of the cathodic arc evaporation/condensation system is: illustrated 

in Figure 3-2. In the cylindrical plasma reactor, a 0.25" (6.35 mm)-diameter by 1.25" 

(31.75 mm)-length metal rod (McMaster-Carr, 99.99% purity copper in the present 

study) is mounted along the axis as the cathode (metal precursor source) of the pulsed 

electric arc system, while a stainless steel tube assembly surrounding the metal cathode 

is used as the anode. Before arcing, the inter-electrode gap thickness is l mm. The 

cathode assembly is negatively charged while the anode assembly is grounded. The 

cathode and anode are electrically insulated from each other by a ceramic insulation 

tube. The inert gas (Argon, MEGS, ultra high purity 99.999%) is introduced 1:hrough the 

bottom flange of the reactor and flows upward through the inter-electrode gap. An 

expansion zone connects the arc evaporation section and the downstream end of the 

plasma polymerization section. Since extremely hot cathode spots are fonned on the 

cathode surface, a water-cooled cathode holder was designed to keep the cathode rod 

cool and to achieve high nanopartic1e production yield. The temperature of the stainless 

steel anode assembly does not reach high values due to its relatively large volume (and 

correspondingly high surface area) and effective heat transfer through its surface. 
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Figure 3-2. Schematic of the cathodic arc evaporation/condensation section 

making use of a water-cooled cathode holder. Argon (Ar) and ethane (C2H6) were 

used as the inert gas and monomer gas sources, respectively. 

In practice, arc discharges occur in the gap defined by the cathode rod and the stainless 

steel sleeve anode. Pulsed arcs of millisecond duration, peak arc current levels up to 100 

A, and repetition frequencies of 5 to 28 Hz are produced with a homemade self­

oscillating pulsed power supply (section 3.4). For typical operating conditions (reactor 

pressure of 1-20 torr and peak arc current of 30 A), the estimated steady-state radius of 

the metallic plasma/vapor cloud is 4-5 mm (Section 4.4.3). Due to the decay of the arc 

current during a given current pulse (Figure 3-5 (C)), this radius eventually reduces to 
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the one associated with the minimum CUITent value needed to sustain the arc discharge 

between the two electrodes. Below this current threshold, the arc discharge stops. 

Assuming the temperature of the metallic plasma is approximate1y 1 eV and the width 

of the plasma/argon boundary zone is approximately 1 mm [53], one estimates a value 

of3x1Q9 K S-1 for the cooling rate in the boundary zone. When the steady-state radius of 

the metallic plasma expansion is smaller than the inter-electrode gap (~1 mm), the 

produced metal vapors homogeneously nucleate within the metallic plasma/gas 

boundary zone (Figure 3-3 (A». When this radius is larger than the inter-electrode gap, 

the confined metallic plasma contacts the anode. As a result, the beam of high-energy 

metal ions/atoms within the metallic plasma bombards the anode inside surface, 

producing a metal coating and generating nanoparticles, most likely from the high 

surface mobility of the atoms [106]. However, within the remaining of the plasma/gas 

boundary zone which does not get into contact with the anode, homogeneous nucleation 

of the metal vapor happens. The metallic plasma expansion cloud and the expected 

zones of particle formation are schematically shown in Figure 3-3. In addition, it is 

likely that sorne metal vapors diffuse out of the metallic plasma into the im~rt gas, and 

subsequently cooled by the same gas to form metal nanoparticles within it. The airborne 

metal nanoparticles are transported upwardly into the plasma polymerization section by 

the inert gas. 

Cu Steel tube 

(A) 

40 

Boundary zone/ 
Nucleation zone 



Plasma vapor 
deposition 

Cu Steel tube 

(B) 

Figure 3-3. Schematic of the metallic plasma expansion cloud and the expected 

zones ofparticle formation. (A) The steady-state radius of the metallic plasma 

expansion is smaller than the inter-electrode gap; (B) The steady-state radius of 

the metallic plasma expansion is larger than the inter-electrode gap. 

3.3.1. Electrical insulation 

The mam features of the electric circuit used for the cathodic arc 

evaporation/condensation section will be presented in section 3.4. AlI reactor walls and 

flanges are grounded, while the cathode assembly, including the water-cooling tubes 

and flanges, is connected to the negative terminal of the pulsed DC power supply. In 

this arrangement, only a small exposed section of the reactor system is not grounded, 

thus providing safe operating conditions. The electrical insulation between the cathode 

and anode electrodes is achieved by isolating the two assemblies with a ceramic to 

metal adapter (MDC Vacuum, model K200-CB), which features high-voltage insulation 

capabilities. 

Since arc discharges tend to occur in the shortest inter-electrode gap, the cathode to 

anode distance in the cathodic arc evaporation section was kept minimal in the region 
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defined by the cathode rod and the anode sleeve. On the other hand, it was found in 

preliminary experiments that arc discharges can fOTIn between the edge of the water­

cooling tube (cathode) and the stainless steel sleeve (anode). Thus, an electrical 

insulation (ceramic tube) was added over the downstream end of the water-cooling tube 

to eliminate this problem. 

3.3.2. Water-cooled cathode holder and cathode tip 

Due to the small surface area of the cathode tip exposed to the surrounding cool inert 

gas, the concentrated input power of the cathode spots could not be effectively 

dissipated. As a result, the cathode tip was heated to high temperatures. Although a 

pulsed DC power supply (section 3.4) is used to decrease the average heat load imposed 

on the cathode tip, the tip melted when the system was operated at high pulsing 

frequencies and high arc peak currents. For this reason, a water-cooled cathode 

assembly has been designed to achieve efficient heat transfer from the cathode tip, yet 

maintaining high metal vapor production rates. The water-cooled cathode assembly, 

schematically illustrated in Figure 3-2, features a double-wall stainless steel tube 

arrangement with a stainless steel screw welded on its end to secure the changeable 

cathode tips. The inner diameters of the two tubes are approximately 5 mm and 7.5 mm, 

respectively. The length of the screw is 8 mm. Cold water enters the inner tube, reaches 

the holding screw before it leaves the assembly through the annular space defined by 

the two tubes. The typical water flow rate is 750 mL min-1
. Cathode tips are secured at 

the top ofthe water-cooled cathode holder. 

3.3.3. Expansion and gas/nanoparticle contact zone 

A stainless steel funnel connects the cathodic arc evaporation/condensation section to 

the plasma polymerization section. The inner diameters of the two ends of this 

expansion tube are 0.75" (19.05 mm) and 1.5" (38.1 mm), respectively while its length 

is 2" (50.8 mm). When initially condensed metal nanopartic1es and possibly diffused 

metal vapors enter the expansion zone, their concentrations are reduced so as their 

collision rates, thus limiting the agglomeration of metal nanopartic1es. A monomer gas 

(CZH6 in the present study, Matheson, chemically pure grade 99.0%) is vortically 
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introduced at the base of the funnel and mixes with the condensed metal nanopartic1es 

and the inert carrier gas. The mixture is formed in the expansion/condensation region 

before it reaches the plasma polymerization chamber. 

3.4. Pulsed DC power supply 

3.4.1. Motivation and operation principle 

The necessity to use a pulsed DC power supply with the cathodic arc evaporation source 

has been explained in Chapter 2. In contrast to continuous arc operation, pulsed arc 

operation allows to maintain high arc evaporation rates while limiting the formation of 

liquid volumes under the cathode spots, which in turn leads to the formation of 

macropartic1es even at relatively modest power levels. The operating princip le of the 

pulsed DC power supply is based on the arc-triggered charging and discharging of a 

high-voltage capacitor whose terminaIs are connected with the cathode and anode of the 

arc evaporation reactor through a RLC circuit. The capacitor is charged by a high­

voltage power supply until the voltage across the inter-electrode gap (i.e. capacitor 

voltage) reaches the breakdown level. Then, an arc discharge forms between the two 

electrodes, rapidly discharging the capacitor. Vpon extinction of the arc plasma, the 

capacitor is charged again until a new breakdown event occurs. As a result, this process 

se1f-oscillates, leading to the formation of a periodic train of pulsed arcs. 

3.4.2. Construction of the pulsed DC power supply 

A schematic and photographs of the homemade pulsed DC power supply are shown in 

Figure 3-1 and Figure 3-4, respectively. A high-voltage capacitor (General Atomics, 

C=336 IlF, 1.5 kV maximum) is being continuously charged by a 1.5 kW capacitor­

charging power supply (Analog Modules, model 5723-1000N, maximum (negative) 

voltage of -1 000 V). When the voltage across the inter-electrode gap (1 mm) reaches the 

breakdown level of the system (approximately -300 V at 10 torr), the capacitor 

discharges through the gap, forming an electric arc, which severely erodes the cathode 

surface due to the action of the cathode spots. Vnder nominal conditions, a 75 n resistor 

is used to limit the capacitor-charging current and pulsing frequency, while the 
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discharging cUITent is limited to a peak value of approximately 30 A by a IOn ballast 

resistor. A homemade inductor (L=90 IlB) placed in the discharging circuit loop is used 

to stabilize the train of pulsed arcs. The stability of the discharging circuit is discussed 

in Section 4.2. 

(A) (B) 

Figure 3-4. (A) Photograph of the pulsed DC power supply. (B) Front panel. 

The charging and discharging circuit resistances can be adjusted by a simple 

replacement of the power resistors. These resistors are cooled with the help of an 

electric fan mounted inside the power supply. AlI components of the pulsed DC power 

supply are enclosed in a metal box which is grounded. The output voltage of the 

capacitor-charging power supply is adjusted through a potentiometer. The values of the 

output voltage of the capacitor-charging power supply and voltage across the capacitor 

are displayed using LED displays mounted on the front panel, as shown in Figure 3-4 

(B). A circuit breaker is used as an on-off switch to short the high-voltage capacitor. 
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When the circuit breaker is in the "OFF" position, the high-voltage capacitor is allowed 

to charge. When the circuit breaker is in the "ON" position, the high-voltage capacitor 

is shorted. 

3.4.3. Arc voltage and current waveforms 

Figure 3-5 shows typical arc voltage and current wavefonns measured with a digital 

oscilloscope (Tektronix, model TDS2024) equipped with a high-voltage probe 

(Tektronix, model P6015A, 1000X) and a current transfonner coil (Pearson electronics, 

model 411, 100 mV A-1
), respective1y. The operating conditions were: cathode-anode 

gap of 1 mm, Ar flow rate of 400 sccm, pressure of 10 torr, charging resistance of 75 n 
and discharging resistance of IOn. The slowly descending portion of the voltage pulse 

is associated with the charging process, while the rapidly ascending portion is 

associated with the discharging process. Under these conditions, the breakdown voltage 

of the system is approximately -300 V. The reported values of the breakdown voltage of 

argon in the geometry of plane-parallel copper electrodes are in the 200-300 V range for 

a pd product of 10 torr-mm (1.33 Pa-m) [107]. The breakdown voltage obtained in our 

system is in agreement with these numbers, though the electrode geometry is slightly 

different [108]. The current pulses (Figure 3-5 (B)) stand out of the base line with a 

frequency of approximately 10Hz. Figure 3-5 (C) shows an enlarged view of a current 

pulse. The peak of the arc current is approximately 27 A, and the current pulse duration 

is approximately 3 ms. Due to the coupling effect caused by the current variation in the 

capacitor, inductor and the resistors, slight noises are found in the wavefonns of the arc 

currents and voltages. 
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Figure 3-5. Typical charging capacitor voltage (A) and arc CUITent (B) waveforms. 

Enlarged view of one current pulse (C). 
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3.5. Plasma polymerization reactor 

A schematic of the plasma polymerization section is shown in Figure 3-1. The plasma 

confinement tube consists of a Pyrex tube (114 mm LD. by 305 mm height), vacuum­

sealed with two stainless steel end flanges, and wrapped with five thin copper sheets 

(38 mm wide). Both end flanges and two of the copper sheets are used as ground 

electrodes, while the other three copper sheets are used as RF electrodes. In the CUITent 

arrangement, the live and grounded electrodes altemate with a spacing of approximately 

12 mm to sustain a large and uniform plasma volume whose capacitive impedance faIls 

in the tuning range of the RF matching network. A Dressler RF power supply (model 

Cesar 1312, 13.56 MHz, 0-1200 W, RF pulse frequency range of 1-30 kHz, RF pulse 

dut y cycle range of 0-99%) connected with a matching network (Dressler, model 

V ARIOMATCH) to produce the CCRF plasma. Ethane is used as the organic monomer 

source. The residence time of the monomer gas in the plasma polymerization reactor is 

in the 12-2.4 s range with the Ar flow rate ranging from 200 to 1000 sccm at a pressure 

of 10 torr. Since the calculated values of the Reynolds number of the gas flow in the 

Pyrex tube are less than 20 with gas flow rates in the 200-1000 sccm range and a reactor 

pressure lower than 10 torr, a laminar flow develops in the Pyrex tube. 

3.5.1. RF electrodes 

The RF electrodes are made of 38 mm-wide copper sheets wrapped around the Pyrex 

tube. The main concem about the arrangement of the RF electrodes was to make sure 

that a stable RF plasma filled the whole volume of the Pyrex tube. A capacitively­

coupled RF plasma can be electrically represented as a diode, a resistor and a capacitor 

mounted in parallel, as shown in Figure 3-6 (A). A typical impedance-matching L­

network using a fixed inductor and two variable capacitors is schematically shown in 

Figure 3-6 (B). The fixed inductor is connected in series with two variable capacitors, 

thus allowing to vary the inductance L by adding or subtracting an opposite reactance. 

The function of the impedance-matching network is to transform the resistive and 

capacitive characteristics of the CCRF plasma to a constant resistive value (e.g. 50 Q). 
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Figure 3-6. (A) Simplified model of a capacitively-coupled RF plasma. 

(B) Schematic drawing ofthe impedance-matching network. 

In exploratory experiments, one or three copper sheets were used, the impedance of the 

CCRF plasma inside the Pyrex tube could not be matched within the available range of 

the impedance-matching network (resistive part: 1.3 to 45 0 and reactive part: -j220 to 

+j50 0), which resulted in high reflected RF power to the RF power supply and caused 

instabilities of the RF plasma inside the Pyrex tube. When five electrode she~~ts are used, 

the impedance of the RF plasma is properly matched, and a uniform and stable RF 

plasma is formed. 

3.5.2. Shielding for the RF electromagnetic radiation 

Although the RF plasma is formed inside the Pyrex tube, the RF electromagnetic field 

can strongly disturb the functioning of mass flow controllers and pressure gauges used 

with the system. Furthermore, exposure to the RF electromagnetic field can bring 

possible hazards to human health such as headache and palpitation. Therefore, the RF 

plasma chamber needed to be completely shielded, preventing the harmful effects from 

the RF electromagnetic field. In practice, a copper cylinder (0.5 mm in thickness) was 

made to enclose the whole RF plasma chamber. Since the skin depth for copper at 13.5 

MHz is approximately 0.02 mm [109], the thickness ofthis copper cylinder is sufficient 
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to shield the internaI RF electromagnetic field. In addition, shielded cab les are used to 

conne ct the mass flow controllers and pressure gauges to the computer. AIl shields are 

grounded in order to avoid any charge build-up. 

3.6. Nanoparticle collection 

In order to observe the plasma inside the reactor or collect samples of the produced 

nanoparticles, the elbow tube located on top of the conical section of the system (Figure 

3-1) was sometimes replaced by a stainless steel cross tube equipped with a quartz view 

port or an electrically-insulated electrical feedthrough. Two different collection 

approaches were used to collect nanoparticles from the exhaust stream of the reactor. 

The collection locations are illustrated in Figure 3 -7. 

EIOCtrl~ 

Sam pie point-1 

i'e' ........ .. 

~~~~ ~ Tovacuumpump 

Sam pie point-2 

------ Pyrex tube 

Figure 3-7. Schematic of the nanoparticles collection systems and locations. 

As can be seen, the first collection point (sample point-l) was located inside the conical 

section of the vacuum line following the Pyrex tube. A piece of a copper sheet mounted 
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at the end of an electrical feedthrough was used as collecting surface. The electric 

feedthrough was positively charged to strengthen the collection efficiency of metal 

nanopartic1es through the electrostatic force. The bias voltage used was + 100 V. The 

deposited metal nanopartic1es were scratched off the copper sheet for further analyses. 

Carbon-coated TEM grids were attached to the copper sheet for the collection of 

nanopartic1es for TEM analyses. The specimen for FT -IR analyses were collected by 

using KBr plates instead of TEM grids. 

The second collection point (sample point-2) was located at the entrance of the filter 

filled with silica wool. Ultrafine polymer filters (~25 nm average pore size) were placed 

perpendicular to the flow direction. The nanopartic1es were captured by the pol ymer 

filters for further analyses. Since the largest pores of the polymer filter are larger than 

the produced copper nanopartic1es, it is suspected that nanopartic1es penetrate into the 

filter and deposit on the fibrous structure without size selection. It is thus assumed that 

the partic1e size distribution obtained from the partic1es collected onto the filter surface 

is representative of the actual distribution. The measurement of the metal nanopartic1e 

size is based on the visual inspection of FE-SEM images of the collected partic1es. For 

FE-SEM analyses, small pieces of the polymer filters hosting deposited nanopartic1es 

were coated with a thin layer of gold (~4 nm in thickness) to make their surface 

electrically conductive. Generally, the metal nanopartic1es collected from the two 

collection points showed no difference in their dimensions. Nanopartic1es were a1so 

captured by the silica woo1 packed inside the filter chamber. 

3.7. Gas and data handling 

AIl the connections among the stainless steel components are made via compression 0-

ring seals. A rotary vane vacuum pump (Alcatel, model Pascal 2005SD) combined with 

a manual vacuum valve (MDC Vacuum, mode1 KA V-IOO) are used to obtain the 

required vacuum conditions. The base pressure of the system is 0.008 torr (~, 1 Pa). The 

reactor pressure is measured by a pressure gauge (MKS Instruments, model HPS series 

910, Dualtrans™ MicroPirani/Absolute Piezo Transducer). Two mass flow controllers 

(Brooks, model 5850E) with 0-2000 sccm and 0-100 sccm ranges are used to meter the 
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argon and ethane flow rates, respectively. The pressure gauge and the two mass flow 

controllers are powered by an OMRON S82K-00727 power supply and two OMRON 

S82K-00728 power supplies, respectively. The data acquisition and control is achieved 

using a National Instrument LabView™ virtual instrument running on a personal 

computer. A shielded data acquisition card (National Instruments, SCB-IOO/BRD) is 

used to transmit analog signaIs between the pressure gauge and mass flow controllers, 

and the personal computer. The readings of the pressure gauge and mass flow 

controllers are displayed in the LabView™ interface. 
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Chapter 4 

Synthe sis of metal nanoparticles 

4.1. Introduction 

The synthesis of uncoated metal nanoparticles is considered in this chapter. As such, no 

monomer gas was introduced into the plasma polymerization chamber and the CCRF 

plasma was not tumed on. Copper (McMaster-Carr, 99.99% purity) was used as the 

metal source while argon (MEGS, ultra high purity 99.999%) was used as the inert gas 

to cool down and transport the produced metal vapors/nanoparticles. 

This chapter is presented as follows. First, the experimental procedure for operating the 

cathodic arc evaporation system is described in detail. Next, the stability of the pulsed 

DC arc discharges is discussed and the cathode erosion rates are estimated. The steady­

state radius of the expanding metallic plasma and the density of metal vapors within the 

plasma are ca1culated. The morphology of the produced copper nanoparticles is 

characterized by FE-SEM and TEM microscopy. Finally, the effects of experimental 

conditions such as the reactor pressure and inert gas flow rate on the nanoparticles' size 

and size distribution are investigated. 

4.2. Experimental procedure 

4.2.1. Preparation stage 

1. The cathode rods and the interior of the Pyrex tube are cleaned with water and 

acetone. The interior of the stainless steel sleeve anode and connecting flanges 

are cleaned with a brush. A new cathode rod is mounted at the top of the water­

coo1ing tube. In order to collect nanopowder samples for analyses, a piece of 

copper sheet or a TEM grid is attached at the end of the electrical feedthrough 

located at the first collection point, or a piece of polymer filter is placed at the 

second collection point. 
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2. The whole cathodic arc evaporation reactor is re-assembled. The two Wlre 

terminaIs of the pulsed DC power supply are connected to the cathode and 

anode. The high-voltage probe (Tektronix, model P6015A, 1000X) and the 

CUITent transformer coil probe (Pearson electronics, model411, 100 mV A-1
) are 

connected to two input channels of the digital oscilloscope (Tektronix, model 

TDS2024). 

3. After the system is completely set up, the reactor is evacuated to the base 

pressure (typically, 0.008 torr (~l Pa) after 30 minutes). Then, argon is 

introduced into the system at a pre-set gas flow rate. The reactor pressure is 

regulated to the required value by adjusting the opening of the vacuum valve. 

Cold water runs through the water-cooled cathode holder. 

4.2.2. Experiments 

1. Turn on the pulsed DC power supply with the circuit breaker in the "ON" 

position (for safety consideration). Make sure the voltage control potentiometer 

is in the "ZERO" position. Switch the circuit breaker to the "OFF" position and 

slowly increase the charging voltage across the capacitor until an are discharge 

train initiates. 

2. Monitor the pulsed arc voltage and circuit current waveforms displayed on the 

digital oscilloscope in order to detect any anomalous operation of the pulsed 

power source. The arcing frequency can be estimated from these waveforms. 

This arcing frequency can be further increased by increasing the output voltage 

of the capacitor-charging power supply. 

3. The experiments are carried out for certain durations, for example, 30 or 60 

minutes. At the end of the experiment, the pulsed DC power supply is tumed off 

and the argon is allowed to flow for additional 10-15 minutes in order to cool 

down the system. The cooling water is also allowed to flow for an additional 10-

15 minutes to bring the cathode rod to room temperature. 

4. Close the vacuum valve with the argon still flowing. Then, tum off the argon 

flow when atmospheric pressure is reached inside the reactor. 

5. Dismantle the reactor. Remove the sample collectors and store them. 
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4.2.3. Experimental conditions 

The main experimental conditions are displayed in Table 4-1. 

Table 4-1. Summary of the experimental conditions 

Duration 30-90 min 

Reactor pressure range 2.5-500 torr 

Argon flow rate 200-2000 sccm 

Arc pulse frequency ~22Hz 

Arc peak current 10-100 A 

4.3. Stability of the pulsed arc plasma source 

Since the surface of the cathode metal rod is evaporated by the action of cathode spots, 

it is of primary importance to sustain their formation. Under the action of a stable train 

of pulsed arc discharges, the cathode surface is strongly eroded and metal vapors are 

continuously produced. When the stability of the pulsed arc source is intermittent, the 

arc discharge sometimes evolves into a stable De glow discharge following a 

breakdown event such that the current pulsations terminate and metal vapors are hardly 

produced. For this reason, the generation of a stable train of pulsed arc discharges is a 

prerequisite for the high and consistent production of metal vapors. 

Preliminary experiments revealed that the presence of an inductor in the discharging 

circuit loop of the pulsed De arc power supply plays an important role in stabilizing the 

train of pulsed arcs. Without an inductor, the train of pulsed arc discharges was unstable 

and momentarily stable De glow discharges were often formed. With an inductor in the 

discharging circuit loop, the pulsed arc system was consistently stable. 

The effect of the inductor in the discharging circuit loop can be analyzed on the basis of 

the formation of discharging current channels between the two electrodes. In theory, the 
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presence of an inductor in the discharging loop influences the behavior of the circuit 

current, mostly at the beginning of the capacitor discharge since the rate of change of 

the circuit CUITent (di/dt) is then the largest. For this reason, one can compare the 

dynamics of the capacitor discharge with and without the inductor assuming that, after 

the breakdown of the inter-electrode gap, the arc discharge channel forms a low 

resistance path due to the high CUITent density cathode spots [110]. Without the inductor 

present in the discharging circuit loop, the circuit CUITent can be expressed with the 

following equation: 

(4-1) 

where VB is the breakdown voltage of the inter-electrode gap, R2 is the ballast resistor in 

the discharging circuit loop, and C is the capacitance of the high-voltage capacitor. The 

discharge time constant, R2C (~3 ms), and initial circuit cUITent, VB/R2, can be adjusted 

through the resistor R2• With the inductor present in the discharging circuit loop, the 

circuit CUITent is expressed with the following equation: 

1 

LC 

(4-2) 

where L is the inductance of the inductor. Equations (4-1) and (4-2) are plotted in 

Figure 4-1 (A) using a logarithmic scale for the time and for a typical configuration 

using R2 = 10 n, C = 336 ~F, L = 90 ~H, and VB ::::; 300 v. 

As can be seen in Figure 4-1 (A), the behaviors of i dt) and i2(t) are noticeably different 

during the beginning of the capacitor discharge process: ij(t) monotonically decays 

from the initial value of 30 A with a time constant of ~3 ms, while i2(t) first increases 
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from zero to its maximum value of about 30 A over a time interval of ~30 ~.ts before it 

decays following the same trend as i](t). Since the initial CUITent rise occurs over quite a 

smaller time scale than its decay, a straight ascending line rather than a curved 

ascending behavior is evidenced when i2(t) is plotted using a linear time scale (Figure 4-

1 (B)). A comparison of Figure 4-1 (B) to Figure 3-5 (C) reveals that the simple model 

for the capacitor discharge accounts reasonably well for the actual dynamics. 
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Figure 4-1. (A) Model prediction of the discharge current pulse with and without 

the inductor present in the discharging loop (logarithm scale for time). (B) The 

same discharging CUITent pulse as a function of real time. 

The initial ascending behavior of the discharging CUITent pulse with an inductor present 

in the loop appears to be beneficial to the consistent formation of arcs. We attribute this 

phenomenon to the dynamics of cathode spot ignition, which involves the formation of 

low-pressure arc spots in a micro second time scale [43, 111]. With the inductor present 

in the discharge loop, the lag in the CUITent rise gives enough time for the local heating 

of the cathode surface and the formation of cathode spots [112], which in turn provide 
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conditions for high electron emlSSlOn through thermo-field emlSSlOn. Without the 

inductor present in the discharge loop, a 10w-cUITent DC glow discharge may form in 

the inter-electrode gap since there is no means to establish the high electron emission 

flux conditions. In fact, in the glow discharge regime, the electron emission from the 

cathode surface is assumed by secondary electron emission [108], which process can be 

sustained at low cathode surface temperatures, providing a considerably lower electron 

emission flux. Actually, it was found that the capacitor can not be completely 

discharged when the glow discharges were formed. That is, a voltage around -100 V 

was constantly maintained between the cathode and anode when the glow discharges 

happened. It is noteworthy to report that this stability problem tended to vanish with 

long arcing times since the ignition of cathode spots is favored on aged (i.e. roughened) 

cathodes. 

4.4. Erosion rate 

4.4.1. Macroparticles and nanoparticles produced from the cathodic arc 

evaporation 

Due to the high concentration ofpower density (~1010 W m-2
) [55] and correspondingly 

high surface temperature under cathode spots, small molten pools are forrned on the 

cathode surface. Macroparticles (>100 nm) are splashed away from these molten metal 

pools due to the high local plasma pressures, thus leaving numerous craters on the 

cathode surface. FE-SEM images of characteristic craters formed by the cathode spots 

are shown in Figure 4-2. Craters with a diameter of approximately 10 !lm are scattered 

over the eroded cathode surface. Metal nanoparticles with diameters smaller than 50 nm 

and macroparticles ranging in diameter from 100 nm to 1 !lm deposited on the rim and 

concave surfaces of the craters. The macroparticles are associated with the displacement 

of liquid volumes upon cathode spot extinctions. The nanoparticles are formed both 

from the expulsion of liquid in the nanometer range [113] and, more likely, from the 

condensation of produced metal vapors. 
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(A) (B) 

Figure 4-2. (A) FE-SEM image of a crater formed by a cathode spot. (B) Enlarged 

view of a crater. 

A numerical integration of individual current pulses (Figure 3-4 (B)) over the arcing 

time gives rise to an average of 0.06 C transferred per pulse. Since the reported erosion 

rate ofa copper cathode in vacuum arcs ranges from 40 to 140 f..lg Cl, the mass 10ss per 

pulse is estimated to be of the order of 2.4 to 8.4 f..lg. For a typical arcing frequency of 

20 Hz, the mass 10ss rate falls in the range of 48 to 168 f..lg S-l. If it is assumed that aIl 

the eroded material is used to pro duce fully-dense copper nanoparticles with a mean 

diameter of 30 nm, a nanoparticle production rate of approximately 1011 
S-1 is obtained. 

Obviously, such high production rate is not reached since a significant fraction of the 

erosion rate is associated with the production of macroparticles, which are in the form 

of emitted droplets from the cathode spots. Additionally, sorne metal vapors might be 

swept away by the inert gas flow without condensation as metal nanoparticles. 

Both the amount of evaporated cathode materials and the individual fractions of 

nanoparticles and macroparticles depend on many parameters such as the peak arc 

CUITent and arcing frequency [58]. Based on weighing the cathode rods before and after 

arc evaporation for 8 hours with the pressure of 10 torr, erosion rates of 54 f..lg S-1 and 88 
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Jlg S-I were estimated for peak arc CUITents of 30 A and 60 A, respectively. For the 

actual arcing frequency of 22 Hz, the calculated erosion rates were approximately 38 

and 32 Jlg Cl, respectively. Generally, a higher arc current leads to a more intensive 

energy input into the cathode spot and consequently, to a higher erosion rate. However, 

the erosion rate for the lower pulsed arc current (30 A) was found to be slightly more 

significant than the higher pulsed arc CUITent (60 A). This result may be associated with 

the re-deposition on the cathode surface of macroparticles emitted from the cathode 

spots since a larger amount of bigger metal particles were observed on the cathode 

surface at higher pulsed arc CUITent (60 A). This phenomenon may also be partially 

caused by the condensation of sorne metal vapors from the higher density metallic 

plasma generated at higher arc currents [51]. 

Macroparticles are ejected away from the cathode spots mainly in the cathode plane 

[58]. With the copper cathode located at the axis of a coaxial electrodes assembly, most 

macroparticles deposited on the inside surface of the anode tube, while a small fraction 

re-deposited on the cathode surface. Small amounts were collected on the collection 

copper sheet, TEM grids and collection polymer filters. When the inter-electrode gap is 

smaller than the steady-state radius of the expanding metallic plasma (section 4.4.3.), 

only the nanoparticles formed within the expanding metallic plasma and having a 

direction parallel (or small angle) to the upward axial direction can be brought away 

from the arc evaporation zone, while the remaining flux is captured by the sUITounding 

anode tube. 

Samples of the deposit left on the inside surface of the anode tube was observed with 

FE-SEM, as shown in Figure 4-3. A considerable amount of copper nanoparticles with 

size ranging from lOto 20 nm and a large copper macroparticle of approximately 

200 nm are displayed. Sorne copper nanoparticles attached on the surface of the 

macroparticle, while most nanoparticles heavily agglomerated together on the anode 

surface. The macroparticles are produced by the emission of liquid metal drop lets from 

the cathode spot. The nanoparticles are formed by the homogenous nucleation of metal 

vapors within the metallic plasma and possibly, by plasma vapor deposition of metal 
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ions/atoms on the surface of the anode tube (Figure 4-3 (A)). Since the plasma/vapor 

plume is limited within the narrow inter-electrode zone, a significant fraction of the 

formed copper nanoparticles deposit on the inside surface of the anode instead of 

diffusing out of the metallic plasma, thus leading to the heavy agglomeration of copper 

nanoparticles on the anode surface. The accumulation of individual copper 

nanoparticles also confirms that such nanoparticles are formed within the expanding 

metallic plasma before they deposit onto the anode surface. 

(A) (B) 

Figure 4-3. FE-SEM images of copper macroparticles (A) and nanoparticles (B) 

deposited on the inside surface of the anode steel tube. 

4.4.2. Net production rate of diffused Metal vapors/nanoparticles 

Since both copper macroparticles and sorne copper nanoparticles deposit on the inside 

surface of the anode tube, it is impossible to separate the condensed nanopruticles from 

the splashed macroparticles in the deposit and to obtain the net production rate of metal 

vapors from the cathode spot. However, the net production rate of diffused metal 

vapors/nanoparticles from the metallic plasma can be inferred by deducting the 

deposition rate of particles on the anode tube from the total erosion rate of the cathode 

materials. 
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The deposit left on the anode tube was collected and weighed. An approximate 

macropartic1e production rate of 15 ~g S-l (or 10.6 ~g Cl) is calculated for peak arc 

current of 30 A in 10 torr argon. Since the total erosion rate is 54 ~g S-l (or 38 ~g C-l), 

the production rate of the diffused metal vapors/nanopartic1es is calculated to be 39 

~g S-l (or 27.4 ~g Cl). We can estimate that the net erosion rate of metal vapors is 

between 27.4 ~g C- l (the measured production rate of metal vapors) and 38 ~g C- l (the 

total erosion rate ofthe cathode materials) for peak arc CUITent of30 A in 10 torr argon. 

Following the same way, the macropartic1e production rate of 43 ~g S-l (or 15.6 ~g Cl) 

and the production rates of the diffused metal vapors/nanopartic1es of 45 ~g S-1 (or 16.4 

~g Cl) are obtained for peak arc current of 60 A in 10 torr argon. 

The increase of macropartic1e production with the increase of peak arc CUITent indicates 

that, although the operation at higher peak arc current enhances the cathode erosion rate 

and thus, the nanopartic1e production rate, it leads to an increase of the macropartic1es 

yield (e.g. from 15 ~g S-l to 43 ~g S-l with peak arc current from 30 A to 60 A). 

Furthermore, it is very probable that the increased production of macropartic1es 

contributes, in most part, to the increased erosion rate observed at higher current levels, 

white the production of nanopartic1es is only slightly increased (from 39 ~g S-l at 30 A 

to 45 ~g S-l at 60 A). This result is also consistent with model predictions that 

demonstrated an increase in the rate of liquid volume formation under the cathode spot 

with the arc current [112]. Arcing current levels of 10 to 40 A lead to a good 

compromise between the production rate of metal nanopartic1es and the macropartic1e 

yield. Finally, since more nanopartic1es are produced at higher arcing frequencies, this 

frequency was kept near the maximum reachable value for all experiments (22 Hz, in 

practice). 

4.4.3. Estimation of the metal vapor density 

According to Meunier [52], the radius of the expanding metallic plasma can be 

estimated by the equation: 
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(4-3) 

with M p (t) = i E,I(t )dt . Er is the vacuum erosion rate of copper, 80 !-lg Cl [51], Va is 

the vacuum expansion velocity of the metallic plasma, 104 m S-l. With a reactor pressure 

of 1333 Pa (10 torr) and a peak arc current of 30 A, integrating the expansion velo city 

(dR/dt) to the sound velocity C of argon (323 m S-l) allows to obtain te, the plasma 

expansion time (5 !-ls) and the steady-state radius of the expanding metallic plasma (4.8 

mm). Since the estimated net erosion rate of metal vapors lies between 27.4 and 38 !-lg 

Cl for a peak arc current of 30 A in 10 torr argon, the density of metal vapor within the 

metallic plasma is estimated to be approximately 1019 m-3
. 

4.5. Characterization of metal nanoparticles 

The collected metal nanopartic1es were characterized by transmission electron 

microscopy (TEM) and field emission scanning electron microscopy (FE-SEM). Metal 

nanopartic1es were directly deposited onto the TEM grids for TEM analysis, while the 

collection polymer filter with the deposited metal nanopartic1es needed to be coated 

with a thin gold layer to make its surface electrically conductive for FE-SEM analysis. 

The gold layer was approximately 4 nm in thickness, and evenly spread over the surface 

of the polymer filter and metal partic1es. The TEM images were obtained with a JEOL 

JEM-2011 transmission electron microscope, operated at 200 kV and equipped with a 

CCD imaging system. The SEM images were obtained with a Hitachi S-4700 scanning 

electron microscope. 

Figure 4-4 shows FE-SEM and TEM images of copper nanopartic1es produced under 

the following conditions: argon flow rate of 200 sccm, reactor pressure of 2.5 Torr, arc 

pulse frequency of 20 Hz, and peak arc current of 30 A. The nanoparticle diameter 

ranges from several to approximately 50 nm. It was found that the size of the copper 

nanopartic1es collected at the downstream end of the reactor (Figure 4-4 (A), (B) & (C)) 

shows little difference with the size of the nanopartic1es that deposited on the inside 
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surface of the anode tube (Figure 4-3), thus indicating that most copper nanoparticles 

are formed within the metallic plasma, and that their size does not further change when 

carried away from the arc evaporation zone by the inert carrier gas. 

(A) (B) 

(C) (D) 

Figure 4-4. FE-SEM (A) and TEM (B & C) images ofuncoated copper 

nanoparticles obtained with an argon flow rate of 200 sccm, reactor pressure of 2.5 

Torr, arc pulse frequency of20 Hz, and peak arc CUITent of 30 A. (D) Electron 

diffraction pattern of a single copper nanoparticle (about 20 nm in diameter). 
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As a consequence of their high surface free energy, most of the copper nanopartic1es 

agglomerated, as can be c1early seen with Figure 4-4 (A), though several individual 

nanopartic1es are also observed. The TEM images (Figure 4-4 (B) & (C» show that a 

large fraction of the copper nanopartic1es have a spherical shape, while sorne 

nanopartic1es have an irregular shape, suggesting a crystalline structure. In fact, the 

electron diffraction pattern obtained by directing the TEM electron beam perpendicular 

to a small agglomerate of copper nanoparticles shows a pattern of diffraction spots (Fig. 

4-4 (D», thus revealing the crystalline structure of this nanopartic1e. For a crystalline 

nanopartic1e, different crystal facets possess different surface energies. When the 

surfaces of the crystalline nanopartic1e are combined in a certain pattern, a minimal 

surface energy can be obtained. Therefore, crystalline nanopartic1es tend to form facets, 

thus leading to irregular shapes. However, the difference in surface energy of various 

crystal facets can be negligible if the thermal motion predominates because of high 

temperatures. Therefore, the produced crystalline nanopartic1es do not form facets and 

are spherical in shape [114]. Such a crystalline structure is caused by the homogeneous 

nuc1eation process taking place inside the high-density metal vapor c10uds produced by 

cathodic arc spots. It was reported that the homogeneous nuc1eation from metal vapors 

rnay lead to the formation of initial nano-sized c1usters having a mono-crystalline 

structure [10]. 

It is noteworthy that no large agglomerates of metal nanopartic1es were collected on the 

TEM grid (Figure 4-4 (B) & (C». In fact, the copper nanopartic1es individually 

scattered onto the TEM grid. A floating potential collecting surface like a nanopartic1e 

accumulates a negative surface charge to balance the electric currents of the very mobile 

electrons and less mobile ions when exposed to a plasma [115]. This surface charge 

may hinder the agglomeration process due to the repulsive electrostatic interactions that 

develop between charged nanopartic1es. The fact that no large agglornerates were 

observed on the TEM grids might be an indication that the nanopartic1es retained their 

negative surface charges up to the collection point located several cm downstream the 

plasma region. However, a severe agglomeration of metal nanopartic1es can be observed 

in the SEM image (Figure 4-4 (A». This agglomeration is caused by the overlap of 
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numerous metal nanoparticles. The ultrafine polymer filter used to collect the metal 

nanoparticles fully blocks the aerosol flow of nanoparticles in argon (Section 3.6). A 

considerable amount of nanoparticles produced during the experiment deposit onto the 

polymer filter, so that many nanoparticles accumulate on the surface of the polymer 

filter forming severallayers. 

4.6. Effect of reactor pressure 

In the arc evaporation/condensation reactor, metal vapor condensation and cluster 

formation occur as a result of the confinement of the fast expanding metallic: plasma by 

the low-pressure background gas and the formation of shock wave front. The size of the 

produced nanoparticles strongly depends on the chemical composition and pressure of 

the background gas. The effect of the inert gas pressure on the size of the formed 

nanoparticles was investigated. The reactor pressure was varied in the 10-500 torr range 

keeping the Ar flow rate constant. 

Since a large amount of copper nanoparticles deposited on the collection pol ymer filter, 

it was possible to estimate their mean size and obtain their size distribution based on a 

visual survey of the FE-SEM images. FE-SEM images of copper nanopartides as well 

as corresponding size histograms of the nanoparticles produced under different 

pressures with the same argon flow rate are shown in Figure 4-5. Experiments were 

carried out with an argon flow rate of 400 sc cm and reactor pressures of 10 (A), 60 (B), 

120 (C) and 500 torr (D), respectively. 

(A) 
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Figure 4-5. FE-SEM images and corresponding size histograms for copper nanopartic1es 

produced under different reactor pressures with peak arc current of 30 A and an argon 

flow rate of 400 sccm. (A) 10 torr, (B) 60 torr, (C) 120 torr, and (D) 500 torr. 
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As can be seen, most of the produced copper nanopartic1es have a spherical shape, 

while sorne nanopartic1es have an irregular shape. At the lower reactor pressures of 10 

and 60 torr, smaIl agglomerates of several nanopartic1es were produced (Figure 4-5 (A) 

& (B)). At higher reactor pressures (120 and 500 torr), large agglomerates containing 

tens of copper nanopartic1es were produced (Figure 4-5 (C) & (D)). 

The average partic1e sizes and size distributions of these copper nanopartic1es were 

obtained based on the visual observation of at least 250 randomly selected nanopartic1es. 

Since the polymer filters as weIl as aIl the copper nanopartic1es deposited on their 

surface are coated with an approximately 4 nm-thick gold layer, the actual size of the 

individual copper nanopartic1es was obtained by subtracting the thickness of the go Id 

layer from the measured values. Since the thickness of the gold layer deposited onto the 

nanopartic1e surface is not uniform, the obtained values of the copper nanopartic1e size 

carry certain measurement error (approximately 15% as l discussed with the SEM 

experts). The average diameter of the individual copper nanopartic1es produced at 10 

torr was Il.1 nm, while this average size increased to 13.2 nm, 18.3 and 25.5 for reactor 

pressures of 60, 120 and 500 torr, respectively. The average partic1e size and standard 

deviation of the size distribution are plotted in Figure 4-6. 
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Figure 4-6. Plot of average particle size and standard deviation of the size 

distribution versus reactor pressure. 

The increase of the average diameter of copper nanoparticles with reactor pressure is 

thought to be caused by the fact that the background gas limits the expansion of the 

metallic vapor/plasma cloud formed at the cathode spots and that a shock wave front is 

formed between the metallic plasma and background gas [45, 50-52]. Because of the 

high plasma density and high pressure within the metallic plasma [44, 116], it is 

assumed that the mechanism responsible for the cathodic arc evaporation is not affected 

by the background gas with pressure up to atmospheric and that the initial cathodic arc 

plasma can be assumed to operate at the vacuum evaporation rate [51]. The estimated 
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values for the metallic plasma expansion time Te, steady-state radius of the expanding 

metallic plasma Re and the density of generated metal vapor Peu for an argon flow rate 

of 400 sccm and a peak arc current of 30 A are reported in Table 4-2 for a range of 

operating pressures. 

Table 4-2. Metallic plasma expansion time Te, steady-state radius of the 

expanding metallic plasma Re and density of metal vapors Peu at different 

ambient gas (Ar) pressures. 

Pressure / Torr 10 60 120 500 

Te / ilS 5.0 2.0 1.4 0.7 

Re/mm 4.81 1.96 1.38 0.68 

Peu / m-3 (x1019
) 0.9 5.4 10.7 45.0 

The highest ambient gas pressure leads to the smallest volume for the expanding 

metallic plasma as weIl as to the highest density of metal vapors within the plasma. It is 

suspected that with a cooling rate of3x109 K S-l, the condensation and nucleation of the 

metal vapors happen so quickly that the metal nanoparticles are formed within the 

boundary zone. The higher concentration of metal vapors gives rise to a more 

significant supersaturation of the metal vapor cloud, and higher rates of collisions 

amongst metal atoms and formed nanoparticles. Both processes enhance homogeneous 

nucleation and particle growth. The larger agglomerates seen with the high reactor 

pressure are also an outcome of this increased collision rate. 

4.7. Effect of inert gas flow rate 

The inert gas flow has three main functions: the cooling of the diffused metal 

vapors/nanoparticles, the transport of the formed metal nanoparticles, and the dilution 

of the aerosol of metal nanoparticles. Although this inert gas flow does not influence the 
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homogeneous nucleation process of metal vapors, which happens within the expanding 

metallic plasma, it can cool the metal vapors diffusing out of the metallic plasma, 

thereby leading to the formation of metal clusters and small nanoparticles. Furthermore, 

the inert gas dilutes the generated metal nanoparticle mixture, thus avoiding the 

formation of bjg agglomeration of metal nanoparticles. The inert gas flow rate was 

varied between 200 and 2000 sccm with the reactor pressure in the 10-500 torr range. 

Its effect on the dimension of generated copper nanoparticles was investigated. 

Figure 4-7 presents FE-SEM images of copper nanoparticles produced with argon flow 

rates of 600 (A), 1000 (B) and 2000 sccm (C), at a reactor pressure of 60 torr, as well as 

the corresponding size histograms. The average nanoparticle sizes are 12.8 nm, Il.2 nm 

and 9.2 nm, respectively. An average particle size of 13.2 nm was obtained at 400 sccm 

(Figure 4-5 (B)). 
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Figure 4-7. FE-SEM images and corresponding size histograrns of copper 

nanoparticles produced with different argon flow rates under a reactor pressure of 

60 torr. (A) 600 sccm, (B) 1000 sccm, (C) 2000 sccm. Results for an argon flow 

rate of 400 sccm were presented in Figure 4-5 (B). 

The plot of the average nanoparticle size and standard deviation of the size distribution 

versus the argon flow rate is shown in Figure 4-8. Although the average size of the 

copper nanoparticles slightly decreases as the argon flow rate increases, the obtained 

values at different argon flow rates are essentially the sarne considering the 

measurement error. The size of most metal nanopartic1es falls in the 8-16 nrn range over 

the 400-2000 sccm Ar flow rate. This result also confirrns that the copper nanoparticles 

are forrned within the metallic plasma and that the inert gas flow rate has little effect on 

the size of the forrned copper nanoparticles. 
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Figure 4-8. Plot of the average nanoparticle size and standard deviation of the 

size distribution versus the argon flow rate. 

At a reactor pressure of 60 torr and an argon flow rate ranging from 400 to 2000 sccm, 

the mean velo city of the argon flow through the inter-electrode gap ranges :from 3.7 to 

18.3 m S-l. Such velocities are much smaller than the velocity of the metallic arc plasma 

expansion (102 to 104 m S-l). Consequently, the characteristic time of the metallic 

plasma expansion (0.1 to 10 ms) is much smaller than the residence time of argon in the 

inter-electrode gap (~100 ms). With the high cooling rate of 3xl09 K S-l within the 

plasma/gas boundary zone, the nucleation of metal vapors and nanoparticlt: formation 

within the boundary zone occur so rapidly that the inert gas flow has no significant 

effect. 
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However, it is possible that sorne metal vapors diffuse from the metallic plasma, cooled 

and transported away by the argon flow, thus forming small nanopartic1es. The higher 

the argon flow rate, the more and smaller nanopartic1es are generated outside the 

cathodic arc plasma. This could explain why the size distribution of the produced metal 

nanopartic1es spreads out as the argon flow rate increases. 

4.8. Summary 

The experimental results revealed that the homemade pulsed De power supply is 

capable of producing a steady train of pulsed arcs which, through the formation of 

cathode spots, lead to the formation of dense metal vapor c10uds which, in tum, lead to 

the production of metal nanopartic1es. The size of the copper nanopartic1es ranges from 

several nanometers to 50 nm, while most of the nanopartic1es are in the 10-30 nm size 

range. Sorne of the formed copper nanopartic1es have a crystalline structure. 

It has been demonstrated that low reactor pressures (below 20 torr) lead to the 

production of small nanopartic1es (~1 0 nm) and that the argon flow rate has little 

influence on the average size of the produced metal nanopartic1es. On the other hand, a 

higher argon flow rate leads to a wider size distribution. It was also shown that the 

macropartic1es yield increases with the arc peak CUITent, in agreement with previous 

model predictions. 
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Chapter 5 

Synthe sis of plasma polymer-coated 

metal nanoparticles 

5.1 Introduction 

The metal nanopartic1es produced in the cathodic arc evaporation/condensation region 

are transported into a Pyrex chamber where they are coated in-flight with an organic 

film by plasma polymerization. In practice, the combination of the arc evaporation 

reactor with the plasma polymerization reactor requires compromises to be made with 

the operating conditions in order to accommodate the requirements of both processes, 

and to obtain the desired product. Mainly, the reactor pressure and inert gas flow rate 

need to be adjusted to obtain coated metal nanopartic1es. 

The experimental procedure for obtaining coated metal nanopartic1es is presented first. 

Next, the operating conditions of the plasma polymerization are optimized. The 

morphology of the coated copper nanopartic1es is characterized, and the chemical 

structures of the plasma polymer coating and of the interface between the organic 

coating and the metal nanopartic1e are analyzed. Finally, the mechanism of plasma 

polymerization from ethane is discussed on the basis of the experimental results and 

mode1s taken from the literature. 

5.2. Experimental considerations 

5.2.1. Experimental procedure 

The reactor was evacuated for 30 minutes, and then argon and ethane were introduced. 

The reactor pressure was adjusted to the required value. In order to ensure that all 

produced metal nanopartic1es are coated, the CCRF plasma was ignited before the 

puised arcs and aIso, switched off after. After the experiments, the ethane flow was shut 

off while argon was allowed to flow for an additional 10-15 minutes in order to cool 

down the reactor. 
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5.2.2. Experimental conditions 

Preliminary experiments showed that a stable, uniform and large volume CCRF plasma 

in a mixture of argon and ethane could not be sustained at high pressures above 30 torr 

with the present reactor configuration. In fact, we found that reactor pressures under 

20 torr ensured both stability and uniformity of the plasma volume for RF power levels 

under 100 W and argon flow rates in the 200-800 sccm range. Under such conditions, 

extensive plasma polymerization onto the metal nanoparticles' surface occurred even at 

high ethane dilution (e.g. 0.25% v/v). In practice, an ethane flow rate of 2 sccm was 

used in aU experiments, since this flow rate proved to be enough to ensure a :fuU coating 

of the produced copper nanoparticles. The arcing current and arcing frequency were 

kept at the values used in Chapter 4: arc current ranging from 10 to 40 A and an arcing 

frequency of 22 Hz. AU experiments were carried out for 30 to 60 min. The main 

experimental conditions are displayed in Table 5-1. 

Table 5-1. Summary of the experimental conditions 

Duration 30-60 min 

Reactor pressure 2.5-20 torr 

Argon flow rate 200-800 sc cm 

Ethane flow rate 2 sccm 

Arc pulse frequency ~22Hz 

Arc peak current 10-40 A 

RF power 40-100 W 

5.3. Characterization of coated metal nanoparticles 

5.3.1. Product of plasma polymerization from ethane 
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TEM images (Figure 5-1) of the coated copper nanoparticles show that two kinds of 

plasma polymer films were generated in the plasma polymerization reactor: one is a 

smooth, uniform and dense film onto the copper nanoparticle's surface (Figure 5-1 (A) 

& (B)); another is an oily film (Figure 5-1 (C)). 

(A) (B) (Cp 

Figure 5-1. TEM images of plasma polymer-coated Cu nanoparticles. (A) & (B) solid­

film coated Cu nanoparticles produced with a pulsing frequency of 22 Hz, Ar flow 

rate of 400 sccm, C2H6 flow rate of 2 sccm, pressure of 10 torr and RF power of 60 

W; (C) oily films with Cu nanoparticles produced with a pulsing frequency of22 Hz, 

Ar flow rate of 400 sccm, C2H6 flow rate of 2 sc cm, pressure of 15 torr and RF power 

of 100 W. 

In the first case, the solid film appears as a translucent thin shell surrounding the copper 

nanoparticles. Such solid coatings were formed by the plasma polymerization from the 

ethane monomer onto the copper nanoparticles' surface, which is confirmed with other 

characterization me ans such as FT-IR and XPS. The characteristic thickness of the 

organic layer ranges from 3 to 10 nm. The spread in thickness is due to the range of 

residence times of the copper nanoparticles in the plasma polymerization chamber (e.g. 
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residence times ranging from 6 to 1.5 s with a reactor pressure of 5 torr and an argon 

flow rate in the 200-800 sccm range). 

In the latter case, no dense solid coating is observed, and the oily deposits onto the 

copper nanoparticles appear like sticky liquid drop lets. When collected with TEM grids, 

the oily deposits spread on the grids, forming blurred backgrounds on the TEM images. 

Unfortunately, a co-product was formed in the first case. Polymer powders (Figure 5-1 

(A)) with a mean diameter of about 100 nm were formed inside the plasma 

polymerization reactor. They have spherical shape and agglomerate together. Géraud et 

al. [93] also reported that white spherical particulates with diameters in the 200-800 nm 

range are generated in the CCRF methane plasma. Kobayashi et al. [90] proved that the 

chemical structure of the organic powders and the coatings on the metal nanoparticles' 

surface are 'not significantly different, while the oily films are composed of highly 

branched oligomers. Stoykov et al. [117] have studied the synthesis of nanosized 

organic particles in a C2H2 RF discharge and indicated that the reactor pressure and 

plasma power both have dramatic effects on the clustering process. In the present 

reactor, small amounts of polymer powders mixed with coated copper nanoparticles 

were consistently found. Unfortunately, we could not identify the relationship between 

the quantity of polymer powders produced and the operating conditions. 

It is also seen from the FE-SEM image (Figure 5-2) of coated copper nanoparticles that 

they tend to deposit onto the polymer filter surface as individual entities. This 

observation suggests that the thin organic layer deposited onto the metal nanoparticle's 

surface significantly reduces its surface free energy and thus, hinders the agglomeration 

process leading to the formation of large micrometer-sized particles. 

77 



Figure 5-2. FE-SEM images of coated copper nanopartic1es produced with a pulsing 

frequency of 22 Hz, Ar flow rate of 400 sccm, C2H6 flow rate of 2 sccm, pressure of 

10 torr and RF power of 60 W. 

5.3.2. Hydrophobicity of the plasma polymer coating 

The coated copper nanopartic1es were dispersed in various polar solvents (water, 

ethylene glycol and acetone) in order to assess their hydrophilicity. A 10-minute­

ultrasonic agitation was used to prepare the suspensions. The mixture of water and 

coated copper nanopartic1es could not form a stable suspension. In fact, the 

nanopartic1es floated at the water-air interface even after 10 minutes of ultrasonic 

agitation. On the other hand, when dispersed in moderately polar (ethylene glycol) and 

weakly polar (acetone) solvents, the nanopartic1es were suspended in the suspension for 

at least 6 hours. These results confirmed the hydrophobicity of the plasma polymer 

coating deposited onto the copper nanopartic1es. The FT-IR analysis (Section 5.3.4) 

showed that the coating mainly consists of C-C chains with attached hydrogens, which 

are non-polar groups [78]. 

5.3.3. "Characteristic map" for the in-flight plasma polymerization process 
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The outcome of the plasma polymerization process is quite sensitive to the RF power 

level, reactor pressure and argon flow rate. It could be a solid nanoscaled film, an oily 

film, or a mix of the two kinds of films. A series of experiments with different 

combinations of the operating conditions have been carried out. The RF power was 

varied in the 40-100 W range, the argon flow rate in the 200-800 sccm range, and the 

reactor pressure in the range extending from the purnp limit to 20 tOIT. The collected 

coated copper nanoparticles were observed using the JEOL JEM-2011 TEM microscope 

to determine the morphology of the produced plasma polymer film. Based on the 

analysis of the TEM images, a "characteristic map" of the plasma polymerization from 

ethane generating an organic layer onto the copper nanoparticle was developed (Figure 

5-3). 
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Figure 5-3. Characteristic map for plasma polymerization of ethane onto Cu 

nanoparticles. 

In a nutshell, the map presents regions in the operating pararneter space where oily and 

uniforrn solid films are forrned. Oily films were consistently produced at reactor 

pressures above 10 torr and argon flow rates under 300 sccm, independently of the RF 
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power level. While in the remaining of the region located above the vacuum pump limit, 

uniform solid films were formed. In fact, the transition from solid films to oily films is 

not so abrupt and consequently, the boundary line that separates the two regions must 

be regarded as approximate. Since the process of plasma polymerization is known to be 

highly system-dependant [78], critical conditions for the formation of oily films can be 

defined for the present system: reactor pressures above 10 torr and argon flow rates 

under 300 sccm. Jensen et al. [91] reported that tacky films and, occasionally, oil 

droplets were formed by plasma polymerization from the ethane monomer at high 

reactor pressures and independently of other experimental conditions. Kobayashi [90] 

observed that the plasma polymer from the ethylene monomer appears in the similar 

oily film form at high reactor pressures and high ethylene flow rates. Based on the 

literature and present experimental results, it appears fair to assume that the reactor 

pressure is the main parameter inducing the generation of oily films from the plasma 

polymerization of ethane and other simple hydrocarbon monomers. 

The effect of RF power levels, reactor pressures and argon flow rates was investigated 

with more attention in the region where solid films were obtained. The results of such 

investigation are reported as operating curves at various RF power levels in the 

"characteristic map" (Figure 5-3). More specifically, operating curves corresponding to 

each RF power level and correlating the reactor pressure with the argon flow rate are 

plotted in the map. These operating curves show that at a given value of the RF power, 

the reactor pressure must be reduced when increasing the argon flow rate in order to 

pro duce the solid film on the copper nanoparticle surface. At a given value of the argon 

flow rate, the RF power must be increased when increasing the reactor pressure. The RF 

power also needs to be increased with increasing argon flow rate at a given value of 

reactor pressure. 

These operating curves are representative of the combined operating conditions of RF 

power, reactor pressure and argon flow rate under which uniform solid films form. The 

calculated energy densities, the energy input per unit mole of gas molecules, are in the 

1.0xl05 to 3.3xl05 J mOrl range for the operating conditions corresponding to the solid 
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film region. The results presented in the "characteristic map" are further discussed in 

section 5.4, after the results ofthe FT-IR and XPS analyses are presented. 

5.3.4. FT -IR analysis for coated copper nanoparticles 

In order to determine the structure and chemical composition of the organic films 

deposited onto the surface of the copper nanoparticles, FT-IR spectra of coated copper 

nanoparticles were taken. The specimens were prepared by depositing uncoated copper 

nanoparticles and coated copper nanoparticles onto plates made of pressed anhydrous 

KBr powders placed at the sample collection point-l (see section 3.6.) for 30 minutes. 

A Bruker TENSOR 27 FT-IR spectrometer was used to acquire the IR spectrum of the 

samples. By setting the spectrum of uncoated copper nanoparticles as the background, 

the IR spectrum obtained with coated copper nanoparticles shows only the features of 

the deposited organic coating (Figure 5-4). 
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Figure 5-4. FT-IR spectrum of coated copper nanoparticles. The spectrum of 

uncoated copper nanoparticles has been subtracted. 
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Because of the existence of plasma polymer powders mixed with coated copper 

nanopartic1es, the obtained IR spectrum contains information from both structures. We 

assume that the structure of the plasma polymer powder is similar to the one of the 

plasma polymer film since both were generated under the same plasma polymerization 

conditions. It must be noted that the coating results from a heterogeneous reaction with 

the metal partic1e while the powder forms in a homogenous reaction. On the other hand, 

it was reported that the chemical structures of the organic powders and coatings on the 

metal nanopartic1es' surface are not significantly different [90]. So, it appears 

reasonable to assume that the obtained IR spectrum represents the structure of the 

coating. 

The absorption peaks at 3200 cm-1 to 3500 cm-1 are attributed to the O-H stretch bonds. 

The peaks at 2953 cm-l, 2924 cm-1 and 2855 cm-1 are associated to the saturated C-H 

stretch bonds, the peak at 1454 cm-1 to the C-H bending bond, and the peak at 1361 cm-

1 to the C-H bending bond of the CH3 group. In addition, a small part of the C-O stretch 

bonds around 1250 cm-1 and C=C stretch bonds around 1650 cm-1 are present in the FT­

IR spectrum. Due to the presence of C=C bonds in the samples, the IR peaks of 

unsaturated C-H stretch bonds may also exist in the spectrum, but it is too weak to be 

observed. 

The presence of the O-H stretch bonds in the FT -IR spectrum of the organlc 

hydrocarbon coating is most likely due to the contamination of the KBr powders by 

sorne remaining humidity. Owing to the presence of little air in the reactor, a small 

quantity of oxides is formed in the reactor, which is represented by the C-O stretch 

bonds in the spectrum of the coating. The most noticeable peaks in the IR spectrum are 

the saturated C-H stretch and bending bonds, which indicates that the coating has a 

macromolecular structure with the presence ofa small part ofC=C bonds [84]. 

Generally, the result of FT-IR analysis confirms that an organic hydrocarbon coating 

with a macromolecular structure is formed onto the surface of the copper nanopartic1es. 
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The presence of a great quantity of CH3 groups in the organic coating reveals that the 

plasma polymer coating is highly branched. 

5.3.5. XPS analysis of the coated copper nanoparticles 

X-ray photoelectron spectroscopy (XPS) is a useful tool for the surface analysis of 

coated metal nanoparticles. It can be used to investigate the elemental composition of 

the surface layer and their chemical state of the elements. The low kinetic energy (by 

definition < 1.5 keV) of the emitted photoelectrons makes the XPS technique inherently 

surface sensitive with the majority of the photoelectrons in a given sample originating 

from the top 5 nm layer. The detected electron number of one given element is 

proportional to its concentration in the sample. Most importantly, the exact binding 

energy of the detected electron is a function of the local environment of the atom, 

yielding a chemical state-sensitive tool [1l8]. In practice, the organic layer deposited 

onto the metal nanoparticle surface of our samples is only a few nanometers thick, so 

the XPS analysis can be performed to gain insight into the chemical structure of the 

polymer film as well as on the interfacial bonding between the copper nanoparticle and 

the polymer film. 

The sample for XPS analysis has been prepared by collecting coated copper 

nanoparticles at the sample collection point-l using a circular piece of copper sheet (12 

mm in diameter) for 12 hours. Then, the deposited coated copper nanoparticles were 

removed from the copper sheet and stored in a sealed desiccator. The XPS analysis was 

performed using a Kratos system (Kratos Ultra) with a dual Mg-Al non-monochromatic 

anode. A depth of approximately 5 nm could be probed with the detector mounted 

perpendicular to the sample surface. The survey scans covered the 0-1200 eV binding 

energy range with a resolution of 1 eV and a dwell time of 300 ms. High resolution 

sc ans with a resolution of 0.05 eV were used to coyer specific regions close to the 

binding energies of wanted elements. The XPS spectra were analyzed with the help of 

the Advantage software from Thermo VG Scientific. The spectrum obtained from the 

survey scan of the coated copper nanoparticles is shown in Figure 5-5, and Table 5-2 

displays the concentration of detected eIements. 
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Figure 5-5. The XPS spectrum of coated Cu nanoparticles 

From the XPS spectrum, it is found that the main elements present in the top few 

nanometers of the coated copper nanoparticles sample are Cu, C, 0 and N, with carbon 

as the dominant element. This observation confirms the presence of carbon in the 

coating. The detected Cu elements are from the surface of copper nanoparticles beneath 

ultrathin «5 nm) organic coatings. The N and 0 e1ements originate from air 

contamination which is caused either by the residual air present in the reactor or by 

oxidation when the nanoparticles are removed from the reactor. Certainly, hydrogen 

should be present in the sample although it can not be detected by XPS. 
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Table 5-2. Elemental composition of the coating onto the Cu nanopartic1es 

obtained by XPS. 

Binding Height / FWHM/ Peak Area Atom 
Name Energy / eV cps eV / cps· eV percentage / % 

Cu2p3 932.0 7246.8 3.43 24138.77 1.8 

Cu2pl 951.0 3423.4 2.35 13538.89 0.0 

CKLL 990.0 11336.2 11.34 169857.25 0.0 

OKLL 743.0 5921.3 7.17 56188.93 0.0 

Ols 531.0 19834.9 3.69 78566.04 1l6.6 

N Is 397.0 6804.3 1.91 20935.52 5.9 

CuLMM 335.0 3685.3 2.91 17541.75 0.0 

C Is 283.0 59589.6 2.80 182261.20 75.7 

Cu3p 75.0 1382.4 4.13 6226.66 0.0 

The high resolution scans for the Cu, C, 0 and N elements are shown in Figure 5-6. 

Since chemical shifts in the spectra of the Cu, C, 0 and N elements were noticeable 

with high-resolution scans, the various components of these convoluted spectra could be 

assigned with the peak fitting routines of the XPS instruments. The binding energies, 

identification, and the atomic percentages of aH identified chemical bonds are reported 

in Table 5-3. 
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Figure 5-6. High resolution XPS spectra of C 1 s (A), Ols (B), Cu 2p3 (C) and N 1 s (D). 

86 



Table 5-3. Binding energies, identification, and atomic percentages of the 

elements C 1 s, Ols, N 1 s and Cu 2p3 obtained by XPS analysis. 

Name Binding Energy (eV) Identification Atomic % 

C IsA 282.9 Cu-C 30.7 

283.8 
Cu-C 

27.4 C Is B 
(-C=C-)n 

C Is C 285.1 C-C 15.4 

286.5 
c-o 

2.5 C IsD 
Cu-C-NO 

o IsA 530.3 O-Cu 5.3 

o IsB 531.6 
O-Cu 

4.2 
O=C-NH 

Ols C 532.6 
O=C 

3.3 
C-NOx 

o IsD 533.9 O-C 0.4 

N IsA 396.9 N-O 2.1 

NlsB 397.8 C=N 2.9 

N IsC 398.8 Cu-C-NH 1.1 

Cu2p3 A 931.8 Cu-C 1.8 

Cu2p3 B 933.5 Cu-O 1.8 

CU-C03 
Cu2p3 C 935.3 Cu-C-NO 1.1 

Cu-C-O 

It is shown in Table 5-3 that sorne Cu atoms were oxidized and the rest were bonded to 

C atoms. A major fraction of the C atoms were bonded to Cu atoms. Another large 

fraction of the C atoms were bonded to themselves. There is a weak indication that 

sorne C atoms were bonded to 0 and N atoms. For the binding energy of 283.8 eV of 

the C 1 s bond, it is impossible to distinguish between the Cu-C and (-C=C-)n bonds. 

However, based on the observations made with the FT-IR spectrum (section 5.3.4.), it 
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can be inferred that most of these C 1 s bonds are attributable to Cu-C liaisons, and to a 

much lesser extent to C=C bonds. The presence of a considerable amount of Cu-C 

bonds indicates that hydrocarbon radicals created in the plasma react with active sites 

present at the surface of bare copper nanopartic1es. Therefore, it is inferred that 

chemical bonds are formed between the organic film and the copper nanopartic1e' s 

surface. 

Since C2H6 does not polymerize under normal conditions because of the absence of 

functional groups, the C2H6 molecule has to be dissociated in the CCRF plasma, thus 

forming free radicals and active molecules such as 'CH3, 'CH2, 'C2H5 and C2H4• These 

radicals can adsorb onto the copper nanopartic1es and react with either gas-phase or 

neighboring adsorbed free radicals, resulting in the formation of an organic film onto 

the nanopartic1es (and of polymer powders suspended in the gas stream). The weak 

percentages of atomic bonds involving oxygen and nitrogen indicate that oxygen and 

nitrogen radicals, formed in the CCRF plasma due to air contamination, also react with 

the hydrocarbon radicals and the active sites present at the surface of the copper 

nanopartic1es. 

It is postulated that the (CHx-CHy)z configuration is the main structure of the plasma 

polymer film, and that the C-O-C, C-N-C and C=C configurations are also present in 

the plasma polymer film, but in a smaller percentages. The organic coating deposited 

onto the copper nanopartic1es has a macromolecular structure, and inc1udes a very small 

amount of carbon double bonds. 

5.4. Study of the mechanism of plasma polymerization 

Based on the FT-IR and XPS analyses of the coated copper nanopartic1es, it is 

conc1uded that the formation and reaction of free radicals in the CCRF ethane plasma 

play main roles in the plasma polymerization process. Radicals such as 'CH3, 'C2H3, 

'C2H5 and other hydrocarbon radicals are formed in the gas phase by the eollision of 

high-energy free electrons with hydrocarbon molecules, or at the surface of a substrate 

exposed to the RF plasma by the adsorption of free radicals and the hydrogen 
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abstraction from the already produced polymer film. The energy required to forrn free 

radicals in the plasma volume (~3-4 eV) is much lower than the energy required to form 

ions ( ~9-13 eV). Because the average electron energy in low-pressure RF discharge is 

typically of ~2-5 eV, it is anticipated that radicals are present in a much higher 

concentration than the ions. Kobayashi et al. [119] estimated that the concentration of 

free radicals in this kind of plasma is usually five to six orders of magnitude higher than 

that of the ions. Therefore, the mechanism of plasma polymerization from ethane lies 

mostly on the generation and reaction of free radicals. 

5.4.1. Simple model of plasma polymerization from the ethane mono mer 

On the basis of the above discussions and the literature, a simplifiedfree-radical 

mechanism of plasma polymerization is proposed. First, the collision of ethane 

molecules with either free energetic electrons or hydrogen atoms results in the 

formation of a considerable amount of free radicals such as ·CH3, ·C2H3 and ·C2Hs and 

active molecules such as C2H4 and C2H2. The dissociation of C2H6 to produce C2H4 is 

more important since this reaction happens more rapidly than other reactions with the 

present system [92]. C2H4 can be further dissociated to produce C2H2. The chemical 

reactions are shown below: 

e+C2H 6 ~C2H4 +H2 +e (5-1) 

e+C2H 4 ~C2H2 +H2 +e (5-2) 

e+C2H 6 ~ 2CH3 e+e (5-3) 

e + C 2 H 6 ~ C 2 H 5 e + H e +e (5-4) 

e+C2H 6 ~ CH2 e+CH4 e+e (5-5) 

e+H2 ~2He+e (5-6) 

H e+C2H 4 ~ C2H 5 e (5-7) 

H e+C2H 2 ~ C2H 3 e (5-8) 
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The formation of free radicals and active molecules can also happen at the plasma 

polymer surface exposed to the plasma through hydrogen abstraction of the organic 

bonds and the absorption of free radicals such as 'CH3, 'CZH3 and ·CZH5. These surface 

reactions are shown below: 

H. +M(s) ~ R(s) + Hl 

CH3 .(g)+S ~ CH3 .(s) 

(5-9) 

(5-10) 

(5-11) 

(5-12) 

where (g) and (s) denote the species in gas phase and on partic1e surface, respectively. 

M, R and S represent agas molecule, a free radical and a partic1e surface, respectively. 

For the reactor pressure (1~20 torr) used in the present study, the diffusion and 

adsorption of free radicals and active molecules onto the partic1e surface is expected to 

predominate over the gas-phase recombination between them [88]. So, the 

heterogeneous formation of plasma polymers onto the partic1e surface happens 

dominantly. The addition of CZH4 and CzHz molecules to the free radicals present at the 

copper nanopartic1e surface leads to the growth of plasma polymer films. These free 

radicals inc1ude 'CH3, 'CZH3, 'CZH5 and other high-molecular-weight radicals. The 

chemical reactions happening onto the partic1e surface are shown be10w [92]: 

ClH 4 (g) + CH3 • (s) ~ RI (s) 

Cl H 4 (g) + Cl H 3 • (s) ~ Rl (s) 

ClH 4 (g) + ClHs • (s) ~ R3 (s) 

ClHl (g) + CH3 • (s) ~ R4 (s) 

ClHl(g)+ClH3 .(s)~Rs(s) 
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(5-13) 

(5-14) 

(5-15) 

(5-16) 

(5-17) 



(5-18) 

The addition of CzHz to a surface free radical can lead to the formation of C==C bonds in 

the plasma polymer film, while the addition of CZH4 will form only C-C bonds. Most 

active CZH4 molecules react directly with the free radicals, resulting in the formation of 

more C-C bonds than C=C bonds. The active CZH4 and CzHz molecules also react with 

free radicals in the gas phase, thus generating longer radicals, which can be adsorbed 

onto the copper nanoparticle surface thus forming plasma polymer films. In parallel, 

they also can be used towards the gas phase synthesis of polymer powders. 

Therefore, the mechanism of plasma polymerization from ethane with the present 

reactor system can be described as the dissociation of ethane to produce ethylene, 

acetylene and free radicals and the addition of ethylene and acetylene to the adsorbed or 

generated free radicals at the copper nanoparticle's surface. 

5.4.2. Explanation for the "characteristic map" 

The simplified free-radical mechanism of plasma polymerization from ethane can 

provide an explanation for the "characteristic map" presented in section (5.3.3.). 

Basically, the concentration of free radicals and other active species in CCRF ethane 

plasmas depends on the operating conditions, such as the RF power, reactor pressure, 

and the inert gas flow rate. The increase in RF power leads to an incn::ase in the 

concentration of active molecules and free radicals; whereas inverse relationships are 

expected between reactor pressure and the concentration of active molecules and free 

radicals as well as between the argon flow rate and the concentration of active 

molecules and free radicals. As the RF power level is increased, the density of high­

energy electrons increases, thus intensifying the dissociation of hydrocarbon molecules 

and increasing the production of active molecules and free radicals. When the pressure 

is increased, both the energyand density of electrons decrease [98], resulting in lower 

active molecules and radical production yields. When the argon flow rate is increased at 

constant CZH6 flow rate, the residence time and concentration of the active molecules 

and free radicals are reduced. So, as it is shown in Figure 5-3 (A), the concentrations of 
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the reactive species are kept at similar levels in each operating curve, thus producing 

continuous solid films on the copper nanoparticle surface. 

5.5. Summary 

In this chapter, the preparation of copper nanoparticles of size ranging from several nm 

to ~50 nm and coated with a 3~ 10 nm-thick organic film in a dual-plasma process 

making use of a pulsed metal vapor arc source and an in-flight capacitivelY-Goupled RF 

plasma polymerization source has been demonstrated. The plasma polymer film has a 

macromolecular structure and contains a small fraction of C=C bonds. The film is 

hydrophobic and is chemically adsorbed onto the surface of copper nanoparticle. 

A "characteristic map" for the deposition of an organic layer by plasma polymerization 

from ethane onto copper nanoparticles has been developed. The concentration and 

reaction of free radicals and active molecules, which both depend on the operating 

conditions, plays an important role in the formation of the plasma polymer coating. 
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Chapter 6 

Further experiments 

6.1 Experimental considerations 

Since the cathodic arc evaporation/condensation reactor is quite univers al with respect 

to the choice of the metal material and the plasma polymerization process can be 

performed from a wide range of organic monomers, the dual-plasma process and reactor 

assembly developed in this Ph.D. project are supposed to be versatile enough to 

accommodate other metal sources and gaseous organic monomers. In order to confirm 

the versatility of this dual-plasma reactor and extend its applications with other metal 

and organic monomer sources, further experiments were carried out on the basis of the 

experience gained from the arc evaporation of copper and the plasma polymerization 

from ethane. 

6.1.1. Synthesis of uncoated and coated iron and aluminum nanoparticles 

Further experiments with other metal sources such as iron and aluminum were 

performed. Iron (McMaster-Carr, 99% purity in the present study) and aluminum rods 

(McMaster-Carr, 99% purity in the present study) of dimensions similar to the copper 

ones were used. The experimental conditions were also similar: argon flow rate of 400 

sccm, ethane flow rate of 2 sccm, reactor pressure of approximately 10 torr, RF plasma 

power of 60 W, and 30 minutes duration. Uncoated metal nanopartic1es were 

synthesized first and then, coated ones with plasma polymerization from ethane. 

6.1.2. Plasma polymerization from ethylene glycol (EG) vapors 

Metal nanopartic1es have a useful application as dispersed phase lU nanofluids. 

Common host fluids for such applications inc1ude deionized water and ethylene glycol 

(EG). The preparation of nanofluids requires low agglomeration of nanopartic1es and 

the formation of even and stable suspension of nanopartic1es. These requirements can 

be achieved with the surface modification of nanopartic1es before they are dispersed in 

the liquid phase. In practice, the preparation of the surface-functionalized metal 
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nanoparticle suspensions in EG is being carried out in our laboratory. The laboratory­

scale process used by the plasma group researchers combines a cathodic arc 

evaporation/condensation source for the synthesis of metal nanoparticles with an hybrid 

(plasma-liquid) down-flow CCRF reactor for the in-flight coating and in-situ dispersion 

of the metal nanoparticles into the host fluid (i.e. EG). The present experiments aimed 

at studying the feasibility of using EG vapors as a monomer source for the plasma 

polymerization of a coating onto the metal nanoparticles. EG is a low-vapor pressure, 

mildly polar solvent. It is be1ieved that the plasma polymerization from EG wi11lead to 

the deposition of a coating onto the metal nanoparticle that will enhance the 

dispersibility ofthe nanoparticles into EG. EG, which is in the liquid form under normal 

conditions, was introduced into the system by the use of an argon flow (200 sccm) 

bubbling through a reservoir ofEG, as shown in Figure 6-1. 

Argon and EG vapors 
to the rnonorner inlets 
of the reactor. 

Ar 

-------- --------------- --------------- --------------- ------------------------

Figure 6-1. Schematic of the EG injector. 

The reactor pressure was maintained around 8 torr. Preliminary experiments at low RF 

power leve1s «60 W) led to a dimmed and unstable RF plasma. The RF power level 

was set to 80 W from then on. Copper rods were used as the metal source. The 

experiments lasted 30 minutes. 

6.2. Morphology of uncoated and coated iron and aluminum nanoparticles 
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Consistent with common knowledge [45], the breakdown voltage of the int~~r-electrode 

gap did not change significantly when aluminum and iron rods were used instead of 

copper ones. Representative TEM images ofuncoated and coated (with plasma polymer 

from ethane) iron and aluminum nanoparticles are shown in Figure 6-2. 

(A) (B) 

(C) (D) 

Figure 6-2. TEM images ofuncoated and coated iron and aluminum nanoparticles. 

(A) uncoated Fe nanoparticles, (B) uncoated Al nanoparticles, (C) coated Fe 

nanoparticles, (D) coated Al nanoparticles. 
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As it can be seen, the appearance of iron and aluminum nanoparticles shows little 

differences with the coated Cu nanoparticles. The diameter of these nanoparticles is 

under 50 nm, and sorne nanoparticles have a spherical shape, while sorne have an 

irregular shape. The TEM images also reveal a thin translucent film (~6 nm in thickness) 

deposited onto the metal nanoparticles. Organic powders are also formed as eo-products. 

These results indicate that the cathodic arc evaporation/condensation reactor can be 

used to produce metal nanoparticles from various metal sources, including copper, iron 

and aluminum, with sizes lower than 50 nm. 

6.3. Morphology of copper nanoparticles coated from EG vapors 

A TEM image of copper nanoparticles coated from EG vapors is shown in Figure 6-3. 

100 nm 

Figure 6-3. TEM image of a copper nanoparticle (small nanoparticle on the left) 

coated from EG vapors. The nanoparticle is agglomerated with a macroparticle. 
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It can be seen that the coating is thicker than the plasma polymer film obtained from the 

ethane monomers, and that the EG coating do es not have a uniform structure. It appears 

like as an agglomerate of tiny particles. Finally, both the ethane and EG monomer 

sources seem to pro duce a coating that completely covers the metal nanoparticles. 

6.4. Summary 

The additional experiments reveal that uncoated and coated (with ethane plasma 

polymer) iron and aluminum nanoparticles can be synthesized with the dual-plasma 

reactor, and that plasma polymerization from EG vapors can be achieved. The 

morphology of the produced uncoated and coated iron and aluminum nanoparticles is 

similar to the one of copper nanoparticles. The plasma polymer film from EG vapors 

completely encapsulates the copper nanoparticles, though its morphology is different 

from the plasma polymer obtained with ethane. These results confirm that the dual­

plasma reactor can be generally used to produce coated metal nanoparticles with 

organic films from a wide range of metal and organic monomer sources. 
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Chapter 7 

Conclusions and recommendations for future work 

7.1. Conclusions 

7.1.1. A novel dual-plasma process 

The main contribution of this PhD project is the development of a novel dual-plasma 

process for the synthesis of metal nanoparticles coated with a thin organic layer. The 

process combines a pulsed arc evaporation/condensation process for the production of 

metal nanoparticles with in-flight plasma polymerization of an organic layer onto the 

produced metal nanoparticles. The combination of the two processes inside a single 

vacuum chamber avoids the contamination of the metal nanoparticles by the 

environment and enables the control of the product chemistry. 

A wide range of metal sources can be used as the raw cathode and metal nanoparticle 

precursor. Similarly, various organic gas monomers can be used to generate different 

kinds of plasma polymer films. Furthermore, the results showed that the morphology of 

the metal nanoparticles is controlled solely by the experimental parameters associated 

with the pulsed arc evaporation reactor, while the properties of the plasma polymer 

films depend on several of the operating parameters. The main parameters that couple 

the two processes are the reactor pressure and inert gas flow rate, which needed to be 

optimized in order to accommodate both processes' requirements. 

7.1.2. Copper nanoparticles coated with plasma polymer films 

Most of the experiments reported in this thesis concentrated on the synthesis of copper 

nanoparticles coated with ultrathin organic films obtained from the plasma 

polymerization of the ethane monomer. Other metal sources such as iron and aluminum 

as well as another organic monomer source (ethylene glycol vapors) have also been 

studied, but to a lesser extent. The important conclusions obtained from this research 

project are summarized below. 
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• The size of the produced copper nanopartic1es ranges from several nanometers 

to 50 nm, and the thickness of organic films obtained from plasma 

polymerization of the ethane monomer ranges from 3 to 10 nm. The metal 

nanopartic1es have a crystalline structure, while the organic films have a 

macromolecular structure as showed with a FT-IR analysis of the coating. The 

plasma polymer produced from ethane is hydrophobie, in agreement with the 

fact that the monomer source does not contain polar groups. It was evidenced 

with the XPS analysis probing approximately 5 nm inside the coated 

nanopartic1es that the organic coating is chemically bonded to the metal 

nanopartic1e surface. When ethylene glycol vapors were used as the organic 

monomer source, the generated plasma polymer films were thicker and showed 

a rougher surface than the plasma polymer films obtained with the ethane 

monomer. 

• The mean size of the produced metal nanopartic1e is influenced mainly by the 

reactor pressure. It was demonstrated that low reactor pressures (below 20 torr) 

lead to the production of small copper nanopartic1es. The argon flow rate has 

little influence on the mean size, but higher gas flow rates (about 2000 sccm) 

seem to lead to the production of smaller metal nanopartic1es and to the 

broadening of the partic1e size distribution. Additionally, the metal 

macropartic1e production rate increased with increasing pulsed arc current. 

• The actual outcome of plasma polymerization from the ethane monomer 

strongly depends on reactor pressure, RF power level, and inert gas flow rate. A 

"characteristic map" has been developed to elucidate the re1ationship between 

the operating conditions and the product of plasma polymerization. In this 

particular study, the reactor pressure range covered the pump limit (~8 mtorr) to 

20 torr, RF power levels of 40 to 100 W, and inert gas flow rates of 200 to 800 

sccm. 

• A simplified free-radical mechanism for the plasma polymerization from ethane 

has been proposed based on the characterization of the plasma polymers and the 
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literature. This mechanism qualitatively explains the operating curves traced in 

the "characteristic map". 

7.2. Recommendations for future work 

The cathodic arc evaporation/condensation process could also be used to synthesize 

metal alloy nanopartic1es. Since metal nanopartic1es made of copper, iron or aluminum 

have been synthesized with the use of pure cathode metals, it is most probable that alloy 

nanopartic1es can be produced in the cathodic arc evaporation reactor with sorne kind of 

alloy used as the cathode metal source. Then, extensive studies on different cathode 

metal sources from pure metals to alloys could be performed in the cathodic arc 

evaporation reactor. 

The erosion rate of cathode materials is known to be a strong function of reactor 

pressure in the range from 0.1 torr to atmospheric pressure, which ranges covers the 

pressure conditions used in the present study. The relationship that exists between these 

parameters should be characterized in a future work. 

In the present reactor design, the inter-electrode gap (~1 mm) is smaller than the steady­

state radius of the metallic plasma expansion. This causes a considerable metal 

ions/atoms deposition on the inside surface of the anode tube. Therefore, increasing the 

inter-e1ectrode gap could lead to an increase of the production rate of metal 

nanopartic1es for the same operating conditions. 

It should be noted that macropartic1es were also found mixed with the nanopartic1es, 

although the use of a pulsed arc power supply strongly attenuates the production of 

macropartic1es in the cathodic arc evaporation process. The elimination of 

macropartic1es from the condensed metal nanopartic1es needs to be further studied. 

It was evidenced that the structure and morphology of the produced metal nanopartic1es 

are only dependent on the arc evaporation parameters, but the formation process is still 

poorly understood. Modeling the generation of metal nanopartic1es using the present 
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experimental conditions could shed sorne light on the mechanism of fonnation of metal 

nanopartic1es. 

A detailed study of the plasma polymerization from the ethane monomer should be 

perfonned, inc1uding a characterization of the reactive species present in the CCRF 

plasma, their residence times, and chemical reactions amongst active species. 

Characterization techniques such as optical emission or laser absorption spectroscopy, 

and gas chromatography could be employed to detennine the species in the plasma. 

Since the residence time of radicals and other active species in the plasma is very short, 

the development of a chemical kinetics model would be useful in exploring the plasma 

polymerization process. 
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C 

CCD 

CCRF 

DC 

DLC 

Er 
EG 

FE-SEM 

FT IR 

HMDSO 

1 

k 

L 

LED 

M 

Mg 

MW 

R 

Re 

R(t) 

RF 

S 

S 

sccm 

Abbreviations and symbols used 

capacitance of the (high-voltage) capacitor (F) 

sound velo city of the background gas (m S-I) 

charge-coupled device (camera) 

capacitively-coupled radio frequency (plasma) 

critical size for a stable nucleus (m) 

direct current (discharge) 

diamond -like carbon (coating) 

vacuum erosion rate (f.lg C-I
) 

ethylene glycol 

field emission scanning electron microscopy 

Fourier-transform infrared spectroscopy 

hexamethyldisiloxane 

current in the discharging circuit loop (A) 

Boltzmann's constant (1.380658x 10-23 J) 

inductance of the inductor (H) 

light-emitting diode (display) 

gas molecule 

atomic mass of the background gas (kg) 

microwave (discharge) 

free radical 

resistor in the charging circuit loop (0) 

ballast resistor in the discharging circuit loop (0) 

Steady-state radius of the metallic plasma (m) 

radius of the expanding metallic plasma 

radio frequency (discharge) 

vapor saturation ratio 

particle surface 

standard cubic centimeters per minute (cm3 min-I
) 
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TEOS 

TEM 

torr 

0' 

u 

electron temperature (K) 

gas temperature (K) 

ion temperature (K) 

tetraethyloxysilane 

transmission electron microscopy 

pressure unit (1 torr = 133.32 Pa) 

vacuum expansion velo city ofthe metallic plasma (m S-I) 

breakdown voltage of the inter-electrode (V) 

X-ray photoelectron spectroscopy 

mass density of the background gas (kg m-3
) 

surface tension of the nucleus (N m-1
) 

plasma expansion tÎme (s) 

monomer volume ofmetal vapors (m3
) 
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