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nique de Montréal who contributed their assistance to this project. My thanks go to

Ranjan Roy for his assistance and determination in the implementation of a number

of analytical protocols; to Helen Campbell for her assistance with scanning electron

microscopy and X-ray photoelectron spectroscopy (XPS); to Patricia Moraille for her

help and training in atomic force microscopy; to Josianne Lefebvre for her insights

and expertise in XPS analysis; to Jo-Ann Gadsby for her capabilities with all things

administrative; and to Gerald Lepkyj for his electronics expertise. I wish to also

thank Lou Cusmich, Melanie Gorman, Frank Caporuscio, Roberto Tariello, and all

iii



the other members of the Department of Chemical Engineering technical and ad-

ministrative staff, without whom the completion of this project would not have been

possible.

I would like to acknowledge the generous financial support of the Natural Sci-

ences and Engineering Reserach Council of Canada (NSERC), the Les Vadasz Engi-

neering Fellowship and McGill University, and Plasma Québec.
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ABSTRACT

This thesis presents a novel process for the synthesis of zinc/zinc oxide nanoparticle-

carbon nanotube composites. The process combines aerosol flow condensation for

the synthesis of nanoparticles with a radio-frequency glow discharge in order to facil-

itate the deposition of these nanoparticles on nanostructured surfaces consisting of

carbon nanotubes grown directly on stainless steel substrates. The design, construc-

tion and optimization of the process is described. A maximum observed nanoparticle

deposition rate of 500 nm/min was observed when layers of nanoparticles were de-

posited on silicon wafers. Significant variation in the nanoparticle deposition rate

was also observed; 95% confidence intervals on the prediction of nanoparticle layer

thicknesses were approximately ˘225 nm and ˘550 nm for the evaporative source

temperature range of 575 to 625 ˝C and measured average evaporation rate range of

0.009 to 0.048 g/min, respectively. A core/shell structure of zinc/zinc oxide nanopar-

ticles is inferred from electron diffraction, X-ray diffraction, and X-ray photoelectron

spectroscopy data.

The utility of the synthesized nanocomposites as cathode materials is evalu-

ated in a model direct-current glow discharge system. No significant reduction in

the voltages required to sustain the glow discharge were observed when the synthe-

sized nanocomposites were tested, as compared to cathodes of nanostructured carbon

nanotube surfaces or bare stainless steel cathodes.
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ABRÉGÉ

Cette thèse présente un nouveau procédé de synthèse de nanotubes de carbone

décorés de nanoparticules de zinc et oxyde de zinc.

Le procédé combine la condensation d’un aérosol pour la synthèse de nanopar-

ticules avec le traitement des particules en vol dans une décharge luminescente par

radiofréquence. Cette méthode facilite le dépôt de nanoparticules sur ces surfaces

nanostructurées telles que des nanotubes de carbone formés directement sur des

substrats en acier inoxydable dans le cas présent. La conception, la construction

et l’optimisation des processus sont décrits. Une vitesse de dépôt maximale de

500 nm/min a été observée lorsque les couches de nanoparticules ont été déposées

sur des plaquettes de silicium. On a également observé une variation significative

dans le taux de dépôt de nanoparticules; les intervalles de confiance à 95% pour

le prédictions de l’épaisseur de la couche de nanoparticules étaient approximative-

ment ˘225 nm et ˘550 nm pour la plage de température de la source d’évaporation

de 575 à 625 ˝C tandis que le taux d’évaporation moyen mesuré variait de 0,009 à

0,048 g/min, respectivement. À partir des données de diffraction des électrons, de

diffraction des rayons X ainsi que de spectroscopie photoélectronique aux rayons X,

il a été possible de déduire que les nanoparticules ont une structure coeur-écorce

composée de zinc et d’oxyde de zinc.

L’utilité des nanocomposites synthétisés comme matériaux pour une cathode

est évaluée dans un système de décharge luminescente en courant continu. Aucune
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réduction significative des tensions nécessaires au maintien de la décharge lumines-

cente a été observée lorsque les nanocomposites synthétisés ont été testés, par rapport

aux cathodes formées de surfaces nanostructurées de nanotube de carbone ou aux

cathodes en acier inoxydable non-traité.
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CHAPTER 1
Introduction

In engineering non-thermal plasma processes, comparatively little work outside

of the lighting industry has been done on engineering electrode materials for sus-

taining the electrical discharge. Design challenges caused by the interaction of such

plasmas with the electrode material can often be resolved by choosing another re-

actor configuration for plasma generation, such as the use of dielectric barriers to

shield the electrodes from plasma exposure, or by changing the method by which

the plasma is excited [1, 2]. However, recent research towards miniaturized plasma

applications, such as display panels [3, 4, 5], analytical sensors [6, 7], and micro- and

nano-electrical mechanical systems [8, 9] has renewed interest in developing nano-

structured electrode materials that have been engineered to provide specific material

properties [10, 11, 12]. More specifically, nanostructured materials are promising

cathode materials, as reports of their enhanced electron emission could reduce the

need for high-temperature and high-voltage emission modes in non-thermal plasmas

[13, 14].

In particular, carbon nanotubes (CNTs) have been the subject of many inves-

tigations relating to their elevated electron emission under vacuum, which results

from the geometrical enhancement of the local electric field as a result of the high

aspect ratio of the CNTs [15, 16]. The synthesis of composite CNT materials by their

chemical modification and the incorporation of nanoparticles has been of interest as a
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method for engineering a broad range of materials with, for example, improved field

emission properties [17, 12, 18]; high electron- and ion-induced secondary electron

emission yields [19, 20]; elevated catalytic activities [21, 22]; mechanical durability

[23]; and applications as electrode materials in solar cells, fuel cells, and sensors

[24, 25, 21, 26]. However, most techniques rely on liquid-phase chemistry and/or the

use of toxic, or expensive reagents, and this can create barriers to the scale-up of the

process for commercial production. Alternatively, dry techniques tend to have higher

scalability, since reactions are not limited to liquid volumes. Moreover, non-thermal

plasmas can be used in these processes to chemically modify nanoparticles in-flight

according to the species present in the plasma, thereby obviating the use of pure

liquid reagents [27, 28, 29].

With regards to the use of nanocomposite materials as cathodes, zinc oxide

(ZnO) and other metal and metal-oxide nanoparticles deposited on CNTs or other

nanostructured surfaces show promise. These materials have been reported as having

enhanced field electron emission [30, 12, 31], higher values of ion-induced secondary

electron emission [32, 33] and the potential for photoelectron emission [34, 35, 36].

These properties have the potential to reduce the voltages required to sustain direct-

current (DC) glow discharge plasmas by improving the electron emission at the

cathode. Similarly, these nanocomposite materials may have further applications in

reducing the power requirements of alternating current (AC) discharges, which are

found in fluorescent and compact fluorescent lighting, by mitigating the need for

high-temperatures at the cathode to allow for the thermionic emission of electrons

that sustain these discharges [1]. In consideration of the size of the fluorescent and
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compact-fluorescent lighting market, this could represent significant power savings

[37, 38].

1.1 Objectives

This PhD thesis focuses on the synthesis and use of ZnO nanoparticle-CNT

nanocomposite materials as cathodes to sustain direct-current (DC) glow discharges

to investigate their utility in reducing the sustaining voltage requirements of these

electrical discharges. The DC glow discharge is selected as a simple model system in

which the performance and engineering challenges of these nanocomposite materials

can be evaluated and better understood. Consequently, the objectives of this project

are:

1. Report the design and construction and characterization of an integrated aerosol

flow condensation (AFC) and radio-frequency (RF) glow discharge plasma re-

actor to synthesize ZnO nanoparticles and create ZnO-CNT nanocomposites.

2. Evaluate the utility of CNTs and ZnO-CNT composites as cathode materials

in reducing the voltage requirements for sustaining DC glow discharges.

3. Characterize the morphology and surface chemistry resulting from exposure of

the deposited nanoparticles to the RF plasma.

1.2 Organization of the thesis

This thesis is organized into eight chapters. Following this introductory section,

a review of the literature related to this project is given in Chapter 2. Particular

attention is paid to reviewing the use of CNTs and CNT-nanoparticle nanocom-

posites as electrode materials and gas phase synthesis methods with the intent of

providing insight to the rationale for the designs and experiments used in this thesis.
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Chapter 3 describes the synthesis method used for producing CNT forests solidly

anchored to stainless steel (SS) substrates, details the design and construction of a

DC glow discharge apparatus to evaluate the performance of the synthesized cath-

odes, and discusses the results of experiments using CNT-SS cathodes. In Chapter 4,

the design considerations of the reactor used to synthesize ZnO-CNT nanocompos-

ites are described briefly. Chapter 5 presents a manuscript published in the Journal

of Nanoparticle Research and provides an overview of the reactor used to synthe-

size Zn/ZnO-CNT nanocomposites and their physical characteristics. Chapter 6

describes the attempted optimization of the nanoparticle deposition conditions in

the reactor and evaluates the performance of the as-synthesized nanocomposites and

untreated CNT-SS cathodes. Chapter 7 describes the results of an evaluation of

the nanoparticle deposition rates in the reactor, and examines the effect of the RF

plasma conditions on the surface chemistry and bulk composition of the synthesized

nanocomposites. Lastly, a summary of the work performed is given, including the

original contributions to knowledge, and recommendations for future work are made.
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CHAPTER 2
Literature Review

2.1 Background

Man-made plasmas produced by electrical discharges in gases can manifest them-

selves in many different forms with a wide range of physical, chemical, thermal, and

electrical properties. As ionized gases, they are good electrical conductors, and can

have electron temperatures ranging from a few thousand Kelvin in high-pressure arc

discharges to millions of Kelvin in magnetically-constricted fusion plasmas. Finer

distinctions in the classification of plasmas can be made in terms of the degree of

ionization, the number density of electrons, the extent of thermodynamic equilibrium

between the temperature of electrons (Te´) and the temperature of “heavy” species

(i.e. ions and neutral atoms/molecules, Th), and the source of the energy sustaining

the plasma. Yet for arc discharges and direct-current (DC) glow discharges, there

is an intimate relationship between the interaction of the plasma with the cathode

(the more negatively-biased electrode in DC discharges) and the nature of electron

emission.

With regards to thermal arc discharges, where Te´ « Th, high temperatures are

required at the cathode spot (the point at which the arc contacts the cathode) in order

to sustain thermionic emission, where electrons are emitted from the metal cathode

as a result of the thermal energy present, or to sustain thermo-field emission, where

electrons are emitted as a result of the combined effects of the thermal energy present
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and the applied electric field [2, 39]. These modes of electron emission are necessary,

as it is this electron emission that allows the arc to sustain itself at a given externally-

applied power by providing sufficient current in the discharge. Recent efforts have

attempted to reduce the negative effects of temperature-sustained electron emission

(i.e. cathode erosion) through the use of nanostructured coatings in an attempt to

increase electron yields and/or distribute the cathode spot over the cathode surface

to mitigate cathode erosion [40]. In the case of self-sustaining alternating-current

(AC) non-thermal arcs, which are found in fluorescent and compact fluorescent light

sources, heating of the electrodes by Joule heating and ion bombardment from the

plasma is required to maintain thermionic emission from the electrodes [1]. The

engineering of these cathode materials has generally been limited to metal oxide

coatings to lower their work function, thus improving electron emission [41], and

coiling of the cathode to improve radiative heating between the turns of the coil

in order to better sustain the elevated temperatures required for high-temperature

electron emission modes [1].

Within the scope of the current work, the interaction between the non-thermal

plasma of a DC glow discharge, where Te´ " Th, is of interest as a model system

to study the performance of nanostructured cathodes in sustaining a non-thermal

discharge. Recent work has shown great promise in the use of arrays of carbon

nanotubes (CNTs) as cathode materials, whose structure can drastically reduce the

voltages required to sustain DC glow discharges by allowing for the field emission of

electrons from the cathode surface [13, 14]. Similar improvements in the sustaining
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voltages and stability of discharges in plasma display panels (PDPs) have been re-

ported for CNT cathodes/electrodes [4, 42, 3], yet a growing body of work suggests

the degradation of CNT cathodes/electrodes is an inevitable consequence of the ion

bombardment of the electrode surface [43, 44] and electrical contact resistance be-

tween CNTs and their substrates [45]. In PDPs, nanocomposite electrodes made of

CNTs coated with metal oxide nanoparticles have been used to provide a nanostruc-

ture resistant to ion degradation, thereby allowing for field emission of electrons, and

to enhance ion-induced secondary electron emission (ISEE) from the cathode as a

consequence of the material’s higher coefficient of ISEE, γi [46, 19]. Of course in

these devices, the inter-electrode gap, d, may be on the order of tens or hundreds of

microns. Thus the benefits of the observed enhancement attributed to field electron

emission are ultimately dependent upon the applied electric field, which is a func-

tion of the magnitude of d and which attains values sufficiently high to sustain field

electron emission as a result of the particular structure of DC microdischarges and

geometric effects at the cathode [47].

Yet the utility of nanostructured composite cathode materials composed of

CNTs coated with metal oxide nanoparticles in sustaining glow discharges at val-

ues of d beyond the micro-scale remains unaddressed. Specifically, it is of interest to

determine whether the higher field emission capability of nanostructures supported

on CNTs and different values of γi for metal oxides can lower the sustaining voltages

of glow discharges with larger inter-electrode gaps to values below those previously

observed for untreated CNTs. If this proves to be the case, then these materials may

have applications in mitigating the need for thermionic emission in fluorescent and
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compact fluorescent electrodes by replacing this emission mode with field emission

and ISEE.

With regards to the objectives of this PhD project, this Chapter reviews the

literature relevant to the synthesis of the Zn/ZnO nanoparticle-CNT nanocomposite

materials that were produced and their testing in a DC glow discharge system. The

role of the cathode in sustaining glow discharges is first introduced, followed by

the properties and applications of ZnO nanoparticle-CNT nanocomposites and other

CNT-based materials as cathodes. A review of the methods available to synthesize

such nanocomposites is then made, with particular attention paid to the aerosol flow

condensation (AFC) process used in the current work.

2.2 The role of the cathode in DC glow discharges

The mechanism by which a DC glow discharge is generated (i.e. the electrical

breakdown of the gas) is most often described by the Townsend breakdown mecha-

nism, provided that pd ă 4000 Torr ¨ cm, where p is the system pressure and d is the

inter-electrode distance (for larger values of pd, other breakdown mechanisms, such

as spark breakdown, become relevant) [2]. Thorough descriptions of this mechanism

are given elsewhere [2, 48]. A summary of this process from these references that

highlights the role of the cathode in sustaining the DC glow discharge, and explains

the potential for energy savings by increasing the efficiency of electron emission at

the cathode, is presented below.

The conditions for the Townsend breakdown mechanism to occur can be de-

scribed in terms of the Townsend ionization coefficient (α), which is the electron

production per unit length of d, and the ISEE coefficient γi, which is the number of
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electrons produced at the cathode per ion impact. Whereas α is a function of the

electric field, E, and conditions in the gas such as the ionization frequency, number

density and type of neutral gas species present, and the electron mobility, the value

of γi depends on the cathode material and its surface properties, in addition to the

gas present, and the reduced electric field E{p [2].

The Townsend formula describes the current in the discharge regime known

as the “dark discharge” that exists prior to the ignition of a DC glow discharge

(when the electric field is uniform and independent of ionization events across d),

and establishes the criterion for breakdown to occur [2]. In a dark discharge, two

electrodes that are maintained at a given electric potential, with pd ă 4000 Torr ¨ cm,

and with sufficient ohmic resistance in the electric circuit to prevent transition to an

arc discharge, will experience a current that can be described by:

i “ i0 exp pαdq
1 ´ γi rexp pαdq ´ 1s (2.1)

where i0 is the current of primary electrons produced in the inter-electrode gap.

Excluding any artificial sources of primary electrons, these electrons occur naturally

in the inter-electrode gap as the result of random ionization of the gas by high-

energy photons from the surroundings, or by cosmic rays that have penetrated the

atmosphere.

The exponential terms in Equation 2.1 result from the exponential growth in

the number of electrons produced by the ionization of neutral gas molecules in the

inter-electrode gap by primary electrons accelerated towards the anode, and by the

production of secondary electrons at the cathode as the ions produced are accelerated
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towards the cathode. By definition, the dark discharge is non-self-sustaining as it

depends on the production of primary electrons by external sources. Transition to

a self-sustained DC glow discharge (where the electrons necessary to maintain the

current density of the discharge are produced by ISEE at the cathode) occurs if the

electric field is increased by increasing the applied voltage, causing the denominator

of Equation 2.1 to approach zero, and which provides the following conditions for

breakdown [2]:

αd “ ln

ˆ
1

γi
` 1

˙
(2.2)

Once breakdown occurs, the electric field in the discharge is no longer uniform

as a result of varying charge densities across d. The cathode layer, comprising the

Aston dark space, cathode glow, and cathode dark space, is of particular interest as

the ISEE in this region causes the discharge to be self-sustained. Here, the electric

potential decreases from approximately the applied sustaining voltage, VS, to zero at

the cathode in what is known as the “cathode fall,” VC . Similarly, E decreases from

a maximum at the cathode to approximately zero at the edge of the cathode layer

[2]. Based on the Engel-Steenbeck model of the cathode layer, it can be shown that

VC and the corresponding reduced electric field at the cathode Ec{p can be modelled

as:

VC “ B ppdcq
C ` ln ppdcq (2.3)

and

Ec

p
“ B

C ` ln ppdcq (2.4)
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where dc in Equations 2.3 and 2.4 corresponds to the length of the cathode layer,

and C is defined as:

C “ lnA ´ ln ln

ˆ
1

γi ` 1

˙
(2.5)

The values of A and B correspond to the following semi-empirical expression for

α, and have been calculated for a variety of gases [2]:

α

p
“ A exp

ˆ
´ B

E{p
˙

(2.6)

Since α and γi are both functions of E{p, and both generally increase with

increasing values of E{p [2], Equations 2.1 and 2.2 imply that breakdown of the

DC glow discharge can be achieved at lower values of E{p (corresponding to lower

applied voltages across d) by increasing the value of γi for the cathode. Furthermore,

increased dark discharge currents could similarly be achieved through increases in

the value of γi.

Examining the influence of the magnitude of γi in the model of the cathode layer

given by Equations 2.3, 2.4, 2.5, and 2.6 similarly indicates that, for fixed values of

pdc with A and B constant and corresponding to a given gas, an increase in the value

of γi would increase the value of C, thereby predicting a reduced value of VC needed

to sustain the DC glow discharge. Since VC is proportional to the applied voltage,

VS, these lower required voltages could provide reductions in the power required to

sustain these types of plasmas.

The effect of cathode engineering on the breakdown voltage and dark discharge

currents has been reported in a few studies using nanostructured cathodes in gas

ionization sensors [7, 6]. When gold nanowires were used to induce breakdown in air,
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a reduction in the breakdown voltage of 50–100 V was reported over a pressure range

of approximately 0.25–1 Torr [7], with a better performance when the nanowires

were used as cathodes rather than anodes. This was attributed to electrons being

repelled from the nanowires in the cathode configuration, although it is conceivable

the effect of ISEE could have contributed to this effect. In the same study, the dark

discharge current for the gold nanowire cathode was more than doubled as compared

to a parallel-plate control. The authors speculated the enhanced electric field of the

cathode contributed to this enhancement, although no conclusions could be drawn

in this work as to the existence of field emission.

2.3 Nanostructured cathodes in non-thermal plasma generation

2.3.1 Properties and applications of carbon nanotube cathodes

In the more than two decades following their discovery [49], a large body of work

has been published regarding the synthesis and applications of CNTs. In particular,

the field emission properties of CNTs has been well-documented where, as a result of

the combination of their high aspect-ratio and high electrical conductivity, electrons

can be emitted from CNT cathodes at room temperatures given the application of

sufficient electric fields [50, 16, 15, 51]. A review of early works has reported turn-

on (Eto) and threshold (Eth) electric fields (defined as the electric fields needed to

produce current densities of 10 μA/cm2 and 10mA/cm2, respectively) ranging from

0.75–4.8 V μm´1 and 1.5–7 V μm´1, respectively, with maximum current densities

(Jmax) between 0.1–10 A/cm2 [51]. Almost a decade later, ranges for Eto “ 0.7–

2.2 V μm´1 and Jmax “ 0.001–0.077 A/cm2 were reviewed [16], with more recent

works continuing to develop CNT synthesis methods and structures to give values of
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the same orders of magnitude [52, 53, 54]. With the broad range of CNT synthesis

techniques available, and given that electric fields corresponding to Eto and Eth can

be realized with the judicious design of gate electrodes, Spindt-type cathodes, or

other cathode configurations, CNT cathodes for field emission have been used in

a wide variety of devices and applications, including X-ray sources [55, 56], cold

cathodes for lighting applications [57, 58, 59], and field-emission displays [60, 61].

Yet despite the enhanced electron emission of CNTs, very few reports exist of

the application of CNT cathodes to sustain gaseous discharges. As noted in Sec-

tion 2.1, the use of CNT cathodes in PDP has been investigated, and other work has

documented their use in generating plasmas at the micro-scale, also known as “mi-

croplasmas” [62]. The work of Zou et al. [63] concluded that microplasmas at 50 kPa

(375 Torr) could be generated with marginal changes to the CNT film of the cathode

for d “ 100 μm, however at a smaller inter-electrode gap of d “ 20 μm, the CNTs of

the cathode were severely eroded. Moreover, this study reported data for the micro-

and nano-second time scale, thus the ability of the CNT cathode used to sustain a

microplasma is questionable. Greater success in sustaining DC microplasmas was

reported in [64], where CNTs were grown outside the inter-electrode gap, which re-

duced the sustaining voltages required by 22% (30V) and evidently avoided CNT

degradation by ion bombardment. The authors concluded the role of the CNTs was

to provide “auxiliary” electrons by field emission, thus supplementing those produced

by ISEE in the discharge.

It appears that one significant barrier to the use of CNTs as cathode materials

at values of d beyond the micro-scale is their susceptibility to ion erosion. There has
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been some interest in the use of vertically-aligned CNTs as protective materials in

plasma-based space-propulsion systems [65]. Despite concluding that the resistance

of these materials to ion-erosion was less than that of diamond films deposited by

chemical vapour deposition (CVD), the authors speculated vertically-aligned CNTs

had potential as protective coatings. Further study indicated erosion rates as high

as 2.5 μmh´1 occurred for vertically-aligned CNTs when they were irradiated by

250 eV Xe ions, which were able to expose the underlying SiO2 substrate in as little

as 10 min.

One successful application of CNTs as a cathode material for plasma generation

was their use in a gas discharge tube (GDT) protectors, which are devices used to

isolate sensitive electrical components from transient over-voltages in a circuit [66].

When an over-voltage is present, these devices ignite a plasma between two electrodes

in a sealed, gas-filled tube, thus creating an intentional short-circuit which protects

other components in the system from exposure to the over-voltage. When CNT

electrodes were used, a reduction in the breakdown voltage of approximately 100 and

150 V was observed when a device constructed with CNT electrodes was compared

to two commercially-available units, with a maximum reduction in the variability of

the breakdown voltage by a factor of approximately 20. Yet this study also reported

a decrease of approximately 50V in the breakdown voltage between the two CNT

electrodes over the duration of 1000 repeated tests, and noted the “depletion” of

CNTs from the electrode surfaces when they were examined by scanning electron

microscopy.
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In fact, the exposure of CNTs to plasmas, specifically as a method for reducing

the lengths of the CNTs [67], or as a means of inducing defects in the structure of

CNTs, usually to improve their field emission properties [68, 69, 70, 71, 72, 73] is

far better documented than the use of CNTs as cathodes for sustaining plasmas.

Thus, if CNTs are to be viable as cathode materials with enhanced electron emission

for sustaining glow discharges, a coating which might provide protection against

CNT degradation by ion bombardment and/or enhance electron emission would be

of interest. The deposition of metal, or metal oxide nanoparticles, such as zinc

oxide, upon CNT surfaces may be a method for achieving this objective by creating

nanocomposite materials with better electron emission and possibly better resistance

to degradation by ion bombardment. In general, the deposition of nanoparticles

on CNTs has been studied extensively elsewhere [74], thus the properties of and

applications of ZnO nanoparticle-CNT nanocomposites are reviewed below.

2.3.2 Properties and applications of ZnO nanoparticle-CNT nanocom-
posite cathodes

By far the most promising property of ZnO nanoparticle-CNT composites is the

enhanced field electron emission that has been reported in a number of studies. For

example, in [75], synthesized ZnO-CNT nanocomposites required an electric field

of 1.3 V μm´1 to achieve an emission current of 2 μA, relative to CNT cathodes

which required an electric field of 2.5 V μm´1 to reach the same emission current. In

another study, where ZnO nanorods of approximately 200 nm in length were grown

from the surfaces of CNTs, values of Eto “ 3.72 and 2.68 V μm´1 were reported for

the ZnO-CNT nanocomposite, relative to Eto “ 5.58 and 3.50 Vμm´1 for the CNT
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controls [76]. Similarly, values of Eto “ 3.75 V μm´1 and Eth “ 5.0 V μm´1 for ZnO-

CNT nanocomposites, relative to Eto “ 4.9 V μm´1 and Eth “ 6.0 V μm´1 for the

CNT control have also been reported [12]. Repeatedly, CNTs decorated with ZnO

nanoparticles have been demonstrated to be more efficient field emitters of electrons

by requiring smaller applied electric fields to achieve equivalent current densities,

relative to the control case of bare CNTs.

It is worth noting that the enhanced field emission of ZnO-CNT nanocomposites

appears to be dependent on the size and shape of the ZnO nanoparticles. In [77],

a value of Eto “ 1.5 V μm´1 was reported for aligned ZnO-CNT nanocomposites

with ZnO nanoparticle sizes of 5–15 nm, which was an improvement as compared

to the CNT control with Eto “ 3 Vμm´1. However, for CNTs decorated with ZnO

nanoparticles approximately 100–300 nm in diameter, Eto increased to a value of

5 Vμm´1. Regarding the effect of shape of the nanoparticles on field emission, it

has been reported that 3 nm diameter, spherical ZnO nanoparticles in a ZnO-CNT

nanocomposite actually increased Eto to 2.3 V μm´1 relative to Eto “ 1.8 V μm´1 for

the CNT control [31]. However, this study also concluded that the ZnO nanoparticles

increased the robustness of the nanocomposite by increasing its lifetime by a factor

of approximately 2.5.

Overall, in comparing studies of the field emission of ZnO-CNT nanocomposites

to those of CNTs in Section 2.3.1, it appears that, while ZnO-CNT nanocomposites

have enhanced field emission properties relative to the CNT controls in these studies,

the values for Eto and Eth reported vary widely and are dependent on the synthesis

conditions of the materials tested. Despite the enhanced field emission properties
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of ZnO-CNT nanocomposites, there appear to be no reports of their use as cathode

materials in sustaining non-thermal plasmas.

As a material, ZnO possesses a number of properties that are potentially useful

in plasma generation. With the ability of ZnO nanoparticles to enhance the field

emission of CNTs as reviewed above, coatings of ZnO nanoparticles on CNTs may

have the ability to enhance ISEE by lowering the energy required for incident ions

to induce electron emission from the surface by potential electron emission processes

such as Auger neutralization [78]. An example of this can be found in [5], where the

ISEE in a PDP was increased by alloying ZnO with MgO. This was done in order

to create an alloy with a band gap lower than that of pure MgO, thus increasing

the efficiency of ISEE by Auger neutralization of the incident Xe+ ions. The result

was a reduction in breakdown voltage ranging from 30–60 V once these alloys were

incorporated into the test panel.

Other work with PDPs has taken advantage of the columnar structure of ZnO

nanowires to increase the effective secondary electron emission (which is an aggregate

measure of the secondary electron emission by ISEE, bombardment by metastable

ions, and field emission) [11]. Although the ZnO in this study was coated with a

100 nm-thick layer of MgO, the effective secondary electron emission coefficient was

estimated to have increased by approximately 60%, and this was attributed to field

emission of electrons by the coated ZnO nanostructures.

2.4 Synthesis of ZnO nanoparticle-CNT composites

A number of methods exist to synthesize nanoparticle-CNT nanocomposites.

A brief review of liquid phase techniques is given, followed by “dry” techniques
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performed in the gas phase. In the following, emphasis is placed on methods to

synthesize ZnO-CNT nanocomposites.

2.4.1 Liquid phase nanocomposite synthesis methods

There are two major challenges in decorating CNTs with nanoparticles in the

liquid phase. Firstly, CNTs are hydrophobic by nature, which limits reaction media

to non-polar liquids or requires a pre-treatment step to make the CNTs hydrophillic

for aqueous treatment [74]. The latter partially addresses the second challenge:

selecting an interaction by which the nanoparticles can be attached to the CNTs (for

example, covalent bonding, van der Waals forces, etc.) [74].

With regards to decorating CNTs with nanoparticles, one approach that has

been described is the use of short polymer chains which bond to CNTs, thus solvat-

ing the CNTs and providing functional groups on the polymer chains that can be

further reacted to attach nanoparticles [74]. In the work of Sun et al. [79], poly-

acetylene polymers with a variety thiol-containing aromatic side-chains were used to

non-covalently bond to CNTs through interactions of the π´bonds of the aromatic

groups with the π´bonds of the CNTs, also known as “π–stacking.” ZnO nanopar-

ticles were then attached to the CNTs by chemical adsorption between the thiol

groups and ZnO nanoparticles.

Another approach to decorating CNTs is the pre-treatment of CNTs with con-

centrated acid solutions to induce defects in the structure of the CNTs [80, 81, 24, 82].

Although this method makes it easy to disperse CNTs in aqueous solutions for sub-

sequent reaction with pre-synthesized ZnO nanoparticles [24] or colloids produced

from the reduction of metallorganics such as zinc acetate or zinc acetylacetonate
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[80, 81], the introduction of defects into the CNT structure may enhance properties

such as the field emission of the CNTs by increasing the number of emission sites

[83], but may also negatively affect properties such as the thermal [84] and electrical

[85] conductivities.

One unique liquid-phase approach to the deposition of ZnO nanoparticles on

CNTs was the use of an unfocused CO2 laser to induce the growth of the nanoparticles

directly onto CNTs from a liquid solution of zinc acetate dihydrate in methanol [36].

Not only did this create ZnO nanoparticle coatings with a variety of nanoparticle

morphologies, but created covalent bonds between the nanoparticles and the CNTs

based on X-ray photoelectron spectroscopy results (XPS).

The above is by no means a complete list of the chemistry available to synthesize

ZnO-CNT nanocomposites, however this is intended to highlight the complexity and

challenges of these methods. For further details on the wide variety of liquid-phase

chemical synthesis techniques, the reader is directed to reviews by Eder [74] and Chu

et al. [86], which provide excellent overviews of chemical synthesis routes available

for a variety of nanoparticle materials.

2.4.2 Gas phase nanocomposite synthesis methods

In the following section, common gas phase synthesis techniques for nanopar-

ticle production are reviewed. According to classical theory for aerosol formation,

nanoparticle production using these techniques depends on combinations of evapora-

tion and condensation via homogeneous and heterogeneous nucleation, coalescence,

coagulation, and agglommeration for nanoparticle formation and growth [87, 88].

The principles of these processes are reviewed first and following this, descriptions
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of the applications of these principles as they relate to the synthesis of ZnO-CNT

nanocomposites are considered.

2.4.2.1 Evaporation-condensation mechanism for nanoparticle pro-
duction

To generate nanoparticles in evaporation-condensation processes, a vapour source

of the material of interest is first required. The evaporation of a material A from a

free surface at a constant temperature and system pressure can be described by the

Hertz-Knudsen equation [89]:

JA “ α ppÅ ´ pq?
2πmAkT

(2.7)

where JA is the atomic or molecular flux of the material being evaporated

(the evaporant) from the surface, α is a combined evaporation-codensation con-

stant unique to the evaporation system and accounts for the discrepancy between

experimentally measured and theoretical evaporation rates [90], pÅ is the saturated

vapour pressure of the evaporant at T , p is the the pressure above the surface of the

evaporant, mA is the atomic mass of the evaporant, k is Boltzmann’s constant, and

T is the temperature of the material being evaporated, in degrees Kelvin.

As p decreases, the mean free path of evaporant atoms/molecules increases.

Large mean free paths are desirable in thin-film deposition processes, as operation

in the free molecular regime allows for the deposition of uniform films on substrates

[91]. However, as p is increased to pressures where continuum mechanics become

relevant, the mean free path is sufficiently short such that collisions of the evaporant

atoms/molecules with each other and/or inert gases in the system result in rapid
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cooling, which favours the production of nanoparticles [89]. The driving force for

this is the saturation ratio, S, which is defined as:

S “ pA
pÅpT q (2.8)

where pA is the partial pressure of A and pÅpT q is the saturated vapour pressure

of A at a temperature, T [87]. When S ą 1, the gas is supersaturated with A

and this favours the production of nanoparticles through homogenous nucleation.

At any value of S (although the following becomes extremely unlikely at values

of S ! 1), nuclei of A will form as they collide with other atoms/molecules or

nuclei of A and conversely, nuclei will also disperse into smaller nuclei or individual

atoms/molecules. However, for S ą 1, nuclei larger than a critical radius, r˚, will

begin to form as a result of the sum total of all collisional and dissociative processes

in the system. At this size, the continued growth of nuclei into stable nanoparticles

is thermodynamically favourable and so nanoparticles begin to condense from the

vapour phase. Nuclei with radii less than r˚ are thermodynamically unstable, and

these clusters tend to dissociate and disappear [87]. By minimizing the change in

Gibb’s free energy resulting from changes to the radius of any nucleus, it has been

shown r˚ corresponds to:

r˚ “ 2συ

kT lnS
(2.9)

where σ is the surface tension of the nucleus and υ is the atomic volume of A.

Practically, the homogeneous nucleation and growth of nanoparticles will occur

in a limited region above the evaporation surface that is characterized by steep tem-

perature gradients and high saturation ratios. Moreover, the growth of nanoparticle
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nuclei is not limited to the homogeneous interaction of one species. In systems with

more than one species heterogeneous nucleation may occur, where these species may

nucleate and grow into nano- and micro-particles.

Outside the region above the evaporation surface, vapour and nuclei of A are

depleted and nanoparticle growth transitions to mechanisms of coalescence and co-

agulation. Temperatures remain sufficiently high to allow nanoparticles to merge or

partially merge, respectively, into larger nanoparticles. Lastly, the temperature of

the particles lowers to a point where agglomeration occurs, where the surface ener-

gies of individual nanoparticles drive their attachment (reversible or irreversible) to

each other without any coalescence or coagulation.

While it is convenient to think of the processes contributing to nanoparticle

growth as occurring in discrete stages, in reality they may occur with different de-

grees of concurrence, depending on the configuration of the system [92, 93]. These

processes have been studied extensively and form the basis of aerosol science and

technology [87, 94, 95, 96]. Given this body of work, the control of nanoparticle

size, size distribution, and production rate are of particular interest with regards to

synthesizing nanoparticle-CNT nanocomposite materials by depositing nanoparticles

on CNTs. Nanoparticle production via evaporation-condensation is almost always

performed under vacuum in order to provide evaporation rates high enough for suffi-

cient nanoparticle production and five main techniques exist: inert gas condensation,

aerosol flow condensation, chemical vapour condensation, pulsed laser ablation, and

arc discharge. The characteristics of each method are described briefly in the follow-

ing subsections.
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2.4.2.2 Inert gas condensation (IGC)

IGC nanoparticle production processes are characterized by the thermal evap-

oration of one or more materials of interest (typically metallic elements or alloys)

into a low-pressure, quiescent, inert gas atmosphere where vapour of the material

evaporated condenses into nanoparticles with lognormal particle size distributions

and mean particle diameters on the order of 10 nm [97]. Smaller mean diameters

closer to 6 nm have been reported [98], as well as particles with much larger diam-

eter values of 450 nm [99]. Control over the particle size distribution is possible by

varying the system pressure, the gas present in the system, and the evaporation tem-

perature and evaporation rates of the material [100]. The system pressure in IGC is

usually approximately 10 Torr, although pressures ranging from 0.375 to 100 Torr

[101, 102, 103] have been used.

Nanoparticles produced in IGC systems are transported by natural convection

that is induced by the thermal gradients caused by the presence of the thermal

evaporation source(s) present in the system. With no flowing “carrier gas” in the

system that can be used to direct the transport of nanoparticles, thermophoretic

collection methods, such as liquid-nitrogen cooled surfaces are frequently employed

[99, 104, 97]. While the simplicity of nanoparticle production using IGC has facili-

tated ample research in nanocrystalline materials [105] and formed the basis for the

earliest research in nanophase materials [106, 107, 108], the lack of directed nanopar-

ticle transport has perhaps limited its application in synthesizing nanoparticle-CNT

composites. Some work has been done with IGC to synthesize nanoparticle-CNT
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nanocomposites for gas sensor applications [26] and to generate samples for the in-

vestigation of the physical and electronic effects of nanoparticles deposited on CNTs

[109, 110]. However the use of carrier gases in AFC to better control the deposition

of nanoparticles on CNTs has become more prevalent, as described below.

2.4.2.3 Aerosol flow condensation (AFC)

Whereas nanoparticle production in IGC processes are facilitated by natural

convection of the system gas, the nanoparticles produced in AFC processes are con-

densed from vapours of the material of interest by one or more gas streams intro-

duced to the low-pressure system. These gas streams are introduced directly over

or near the evaporated material in order to enhance the temperature gradient di-

rectly above the evaporant and the mass transport of vapour from the solid or liquid

phase [111, 112, 113]. These two factors increase the driving force for nanoparticle

production by increasing the saturation ratio. Combined with the dilution effect of

the introduced gas(es), this favours the production of smaller nanoparticles. Con-

trol over the mean sizes of the nanoparticles produced has been demonstrated by

adjusting the flow rates of the gases used, as well as adjustments to the system

pressure, the gas present in the system, and the evaporation temperature, similar

to IGC [112, 113, 97]. Practically, the introduced flow rate of gas into the system

can drastically increase the pumping capacity requirements to maintain the desired

system pressure, and this should be considered in the design of AFC systems.

Although nanoparticle losses to the reactor walls are inevitable in AFC systems,

the ability of the carrier gas to direct the location of nanoparticle deposition has been

used to synthesize nanoparticle-CNT nanocomposites. Evacuated tube furnaces with
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carrier gases injected co-axially are used frequently, and have been used to deposit

nanoparticles of ZnO [76, 77, 114], Ge [115], and W [116] on CNTs. Combined with

the current understanding of the evaporation-condensation mechanism of nanopar-

ticle production, AFC shows promise for the synthesis of nanocomposite materials

[117, 111]

2.4.2.4 Chemical vapour condensation (CVC)

CVC processes used to produce aerosols of metal nanoparticles under vacuum

do so by evaporating or sublimating an organometallic precursor which, once decom-

posed in the gas phase, produces vapours of the metal of interest for nanoparticle

formation. The precursors used typically have very high vapour pressures, relative

to the metal of interest. Decomposition of the precursor is usually accomplished by

pyrolysis in a resistively-heated furnace [118, 119, 120], although CO2 lasers have also

been used [121, 122] as well as microwave plasma for non-thermal decomposition of

the organometallic precursor [123]. Once decomposed, the formation of nanoparticles

proceeds according to the condensation mechanism described in subsection 2.4.2.1.

The primary advantage of CVC is that it is a versatile and well-studied tech-

nique that can be used to produce a vast range of nanoparticles and other nanoscale

materials. Effectively, the nanoparticle material to be produced by CVC is limited

only by the chemical and physical properties of the precursor and the reactor configu-

ration. Additional flexibility in the reactor design for CVC processes is facilitated by

the low temperatures required to evaporate the precursor (thus allowing for a wider

choice in the reactor’s materials of construction) and by the fact that the location

in the process at which nanoparticles are condensed can be far removed from the
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evaporation location if the reactor temperature profile is imposed judiciously [91].

Moreover, the technique lends itself well to producing nanoparticles of compounds,

such as oxides [124], carbides [125], nitrides [126], and sulphides [119], in addition to

pure-metal nanoparticles [127].

However, the precursors used in CVC are frequently toxic, carcinogenic, py-

rophoric, flammable, or highly chemically-reactive. Coupled with their high vapour

pressures, the handling of these substances and the associated safety considerations

are often sufficiently disadvantageous to preclude the application of this technique.

Additionally, the produced nanoparticles often require annealing at high tempera-

tures to remove residual carbon, oxygen, or other atomic impurities remaining from

the decomposition of the organometallic precursor [118].

With regards to the synthesis of zinc oxide nanoparticles or nanostructures,

precursor molecules such as zinc acetate [128], diethyl zinc [129], zinc acetylacetonate

[130] have been used. To create ZnO-CNT nanocomposites, diethyl zinc has been

used [12, 31, 35].

2.4.2.5 Pulsed laser ablation (PLA)

In PLA processes, lasers are used to generate nanoparticles directly from targets

of the material of interest, thus replacing the need for an evaporative source. The

interaction of the pulsed laser beam (typically of 5–10 ns pulse width and fluence

exceeding 10 J{cm2) with the target generates rapid, localized heating of the tar-

get, leading to the formation of a plasma plume and the rapid ejection of material

from the surface, with nanoparticle formation proceeding in a manner similar to
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the condensation mechanism described above, except that shockwaves and super-

sonic speeds are typical and this leads to relatively narrow particle size distributions

[131]. For example, Fazio et al. [132] generated approximately 110 nm thin films

of ZnO nanoparticles using a pulsed excimer laser at 248 nm with a pulse width

of 25 ns and a repetition rate of 10 Hz to ablate a zinc target in a pure oxygen

atmosphere at 10 Pa for 1 h. Other work has deposited nanoparticles of Cu, Ti,

and TiN on CNTs to produce nanocomposite materials [84, 133]. Although PLA

techniques make it significantly easier to generate nanoparticles from materials with

high melting points and low vapour pressures, the need for expensive lasers which can

only ablate small amounts of material makes this technique better suited to research

applications rather than large-scale synthesis.

2.4.2.6 Arc discharge

Electric arcs produce thermal plasmas that can be used to generate nanoparticles

in processes similar to laser ablation, albeit only for conductive materials that can be

used as cathodes. The attachment of the arc at the cathode spot causes significant

heat fluxes (ranging from 106Wm´2 to 1010Wm´2) [39], which then causes metallic

vapour to form, usually through the formation of plasma plumes, shockwaves, and

the supersonic ejection of material, providing a source for nanoparticle nucleation.

The formation of microparticles in addition to nanoparticles in pulsed arc discharge

processes can be problematic, leading to large cathode material losses [134, 135].

Copper nanoparticles formed by a rotating arc discharge have been collected on CNTs

[136], although with regards to synthesizing nanoparticle-CNT composites, limited

work has been done with vacuum arcs for the synthesis of metallic nanoparticles. The

27



literature appears to favour single-step methods where CNTs and nanoparticles are

simultaneously synthesized from graphite electrodes impregnated with metal powders

[137, 138] or where the cathode is immersed in a liquid medium [139, 140].
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CHAPTER 3
Carbon nanotube cathodes for sustaining DC glow discharges

3.1 Introduction

The results from preliminary experiments in testing the efficacy of nanostruc-

tures of CNTs and SS316 (or SS304) as cathodes for sustaining a DC glow discharge

as a model system for evaluating their utility are presented in this chapter. The

details of the CNT-SS nanostructured cathode synthesis are outlined, as is the de-

sign and construction of a DC glow discharge system used to evaluate the cathode

performances.

3.2 Experimental procedure

3.2.1 CNT-SS synthesis

The details for synthesizing CNTs directly from stainless steel have been de-

scribed elsewhere [141, 142, 143, 144]. A summary of the particular details relevant

to this work is given, below.

3.2.1.1 Apparatus

The apparatus for CNT synthesis directly from stainless steel consists of a cus-

tom assembly of a quartz tube (ID=5.5 cm, length=1.22m (Technical Glass Products,

USA)), and two KF NW50 quartz flanges (EVAC AG, Switzerland). Both flanges

are sealed to end caps with an elastomer seal and KF chain clamp (all from EVAC

AG, Switzerland). At one end of the tube, the end cap is connected to a 6.35mm

(1{42) glass tube, which is connected to the laboratory exhaust system. At the inlet,
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the end cap is connected by 6.35mm (1{42) SS304 tubing to acetylene and argon

tanks (both from MEGS Specialty Gases, Canada), whose flow rates are regulated

by individual rotameters upstream of a tee where mixing of the argon and acetylene

occurs. To provide heat for the CNT synthesis reaction to occur, the quartz tube is

centered in a split-hinge tube furnace (HTF55000 series, Lindberg/Blue, USA).

3.2.1.2 Method

The substrates for CNT synthesis were 14.3mm (9{162) and 3mm diameter circles

of 400ˆ400 SS316 and SS304 wire cloth (9319T189 and 85385T117, respectively,

McMaster-Carr, USA). Arch punches of the appropriate sizes were used to manually

punch circles from the cloth. These were then cleaned ultrasonically for 30 min in

a 150mL Pyrex® beaker containing acetone, using an ultrasonic bath (Model 2510,

Bransonic, USA). The substrates were removed from the acetone using forceps, and

left to dry at room temperature for approximately 30 min. These were arranged in a

single layer in a 3.5 cmˆ6 cm ceramic boat, which was placed inside the quartz tube,

at its midpoint.

Once the ceramic boat was sealed inside the tube, the system was purged with

argon at a flow rate of 600 sccm while the furnace was heated to 700 ˝C over 30 min.

Then, 45 sccm of acetylene was added to the argon flow for 5 min, and the system held

at 700 ˝C for an additional 30 min. The addition of acetylene to the hot furnace causes

it to pyrolyze, and the presence of austenitic iron phases present on the surface of

the substrate catalyzes the growth of CNTs without the need for any acid or catalyst

pre-treatment of the substrate. Specifically, the temperature of the furnace allows

chromium present in the stainless steel to migrate to the surface, leaving behind
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islands of iron. Carbon from the pyrolyzed acetylene diffuses into this iron and, once

it becomes saturated, CNTs precipitate and grow, as previously reported [141, 144].

After this time, the system was allowed to cool back to room temperature, taking

approximately 2.5 h. The argon flow was then shut off, and the CNT-SS composites

removed from the system.

In preparation for additional syntheses, the carbonaceous residue resulting from

the pyrolysis of acetylene was removed from the interior of the quartz tube by me-

chanically scrubbing the walls with ethanol. To pyrolize any remaining residue, the

tube was then heated under ambient atmospheric conditions using the same temper-

ature program.

3.2.2 DC glow discharge cathode testing

3.2.2.1 Experimental apparatus

The DC glow discharge apparatus, depicted in Figure 3–1 consists of a custom

six-way cross (MDC Vacuum, USA), which is used as a chamber for the glow dis-

charge and composed of a 6.99 cm (2 3{42) ID tube (length=17 cm) equipped with

LF NW80 flanges, with four 4.45 cm (1 3{42) ID tubes arranged evenly around the

radius and at the midpoint of the large tube. These four tubes are fit with KF NW40

flanges, which are used to connect the assembly to standard KF vacuum fittings. The

cross is mounted to an optical board using custom supports to provide clearance for

all components. One of the LF NW80 flanges is sealed with a stainless steel blank,

while the other holds a 7056 borosilicate glass window with greater than 80% trans-

mission between 300 and 400 nm and greater than 90% transmission between 400 and

900 nm (Part: 450012, MDC Vacuum, USA). This provides a view of the discharge in
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the chamber and allows for the acquisition of optical emission spectra. DC power is

provided to the interior anode located at the top of the cross through a high-voltage

single-pin feedthrough (Part: 9443002, MDC Vacuum, USA) and is supplied by a

600V DC power supply (Model: Sorensen XG 600-1.4, AMETEK, USA). A variable

resistor acts as a ballast in the circuit, and is set at 2 kΩ. The flow rates of argon

or nitrogen from the cylinder are regulated by mass flow controller (MFC) (Model:

5850E, Brooks Instruments, USA), before entering the system through a custom gas

feedthrough with a tube size of 6.35 cm (1{42). A custom water-cooled copper elec-

trode with three shielded thermocouples enters the chamber through the lowest tee,

and is grounded along with the chamber walls. Cooling water is supplied from the

laboratory tap, and the temperature of the electrode is controlled via on-off control

of a solenoid valve. The controller is implemented by the data acquisition system

(DAQ) (NI 9174, NI 9211, National Instruments, USA) through a custom electri-

cal relay system for the solenoid, all of which is controlled by a program written in

LabVIEW™ 8.0 (National Instruments, USA). Similarly, the voltage sustaining the

glow discharge is measured by a separate module of the DAQ (NI 9215, National

Instruments, USA). The pressure of the system is measured using a Pirani gauge

(Model 910 DualTrans, MKS, Denmark) and the pressure is regulated manually by

adjusting a gate valve upstream of a pump-oil trap and the vacuum pump.

32



To

Exhaust

DAQ TIC

Cooling 

Water

To Drain

MFC

DAQ

V

PI

N

or

Ar

2

Vacuum

Trap 2kΩVacuum

Pump

Six-Way 

Cross

High-Voltage

Feedthrough

Borosilicate Glass Window

Water-Cooled Copper Electrode

Figure 3–1: Schematic of the DC glow discharge cathode testing apparatus.

A cross-sectional diagram and dimensions of the BN cathode holder is given

in Figure 3–3. Parts A, C, and D are machined from BN, with part B machined

from 99.99% pure oxygen-free copper (Part: 8312K16, McMaster-Carr, USA). The

cathode material to be tested is placed below the upper opening of Part A. Part

C is placed in Part B in order to prevent any attachment of the plasma to the

copper, and this assembly threads into part A to hold the cathode in-place. The

electrical contact resistance between the cathode material and Part B is assumed to
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be negligible. Lastly, Part D threads onto the assembly, and a 5 cm long, 6.35 cm

(1{42) diameter copper pin is friction-fit into part B to provide thermal and electrical

contact with the water cooled electrode shown in Figures 3–1, 3–3, and 3–4.
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Figure 3–2: Boron nitride cathode holder, with dimensions.
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Figure 3–3 shows a cross-section of the DC glow discharge chamber, and Fig-

ure 3–4 is an image of the interior of the DC glow discharge chamber with the as-

sembled BN cathode holder. The anode in the DC glow discharge chamber is an alu-

minum disc with a thickness of 3mm and radius of 1 cm whose face is hand-polished

with a buffing compound (Part: 4783A3, McMaster-Carr, USA). Borosilicate glass

tubing with a 1.27 cm (1{22) OD (Part: 8729K37, McMaster, USA) surrounds the an-

ode’s electrical connection, and the DC discharge is surrounded by an outer borosil-

icate glass tube (2.54 cm OD, 2.08 cm ID, Part: 8729K51, McMaster-Carr, USA) to

prevent its interaction with the walls of the system.
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Figure 3–3: Cross-section of assembled DC glow discharge test apparatus.
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Figure 3–4: A photo of the interior of the DC glow discharge chamber, depicting
the BN cathode holder, Al anode (top), the inner borosilicate glass tube, and water-
cooled cathode (bottom). Note that in this photo, the outer borosilicate glass tube
has been removed.

3.2.2.2 Design considerations

With the objective of evaluating the performance of the synthesized cathodes in

sustaining electrical discharges, a DC glow discharge system was chosen as a simple

model system which could be used to measure both the breakdown and sustaining

voltages required. As discussed in Section 2.2, these voltages are functions of the

system’s temperature, pressure, gas composition, and cathode properties, and their
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regulation in the design of the apparatus was considered as follows. The tempera-

ture control of cathodes in plasma systems is commonly accomplished using water

cooling, with the cathode electrically grounded to simplify safety considerations. To

regulate the temperature of the plasma, the system was designed to accommodate

a gas flow through the chamber with the DC glow discharge. In closed systems, the

temperature regulation of a DC glow discharge (even though it is a non-equilibrium

plasma) is difficult because the elastic collisions between plasma species result in

temperature increases which raise the system pressure. This leads to increased volt-

age demands from the current-limited power supply. The net effect is a positive

feedback loop which results in either a steady state at an unknown temperature and

pressure particular to the system, once the heat generated by the plasma is balanced

by its transfer out of the system, or in the extinguishment of the plasma once the

sustaining voltage required exceeds the maximum voltage of the power supply. In

addition to providing a means to control the temperature, the regulation of the gas

flow rate through the system provided an effective method of controlling the chamber

pressure. To ensure that only the effect of the cathode on the discharge was being

measured, a test cell for the synthesized cathodes was constructed from boron nitride

(BN, an insulating ceramic) and copper, and the distance between this holder and

the anode was fixed. Lastly, sections of borosilicate glass tubing were used in the

design to ensure the plasma was sustained only between the cathode to be tested,

and the face of the anode.
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3.2.2.3 Testing procedure

Optimization of the DC glow discharge testing procedure revealed that chamber

pressures between P “ 2.5–3.5 Torr for an inter-electrode gap of d “ 7.5mm re-

peatedly produced glow discharges with distinct breakdowns that could be sustained

within the 600V upper voltage limit of the DC power supply. The minimum break-

down voltage required for any gas is often determined from Paschen curves, which

plot the breakdown voltage of a gas as a function of the similarity parameter Pd.

The Paschen curve is a function of the gas present and, more weakly, a function of

the cathode material as a result of different values of γi [48, 2]. For nitrogen, the

minimum breakdown voltage generally occurs at approximately Pd “ 0.7 Torr ¨ cm,

however breakdown voltages less than 600 V for values of Pd ranging from 0.5 to

5 Torr ¨ cm should be possible for this system [145].

The lower controllable current limit of the DC power supply was 3mA. However,

it was observed during tests at the above values of P and d that fluctuations in the

current below this threshold to approximately 1mA continued to produce cathode

glows which still uniformly and completely covered the exposed surface of the cathode

material.

Once the cathode to be tested was mounted in the system as described in Sec-

tion 3.2.2.1, the sealed system was pumped-down for 15 min, and the system flushed

three times with argon or nitrogen by filling the chamber to approximately atmo-

spheric pressure and then fully opening the gate valve. The flow rate of the gas was

then set at 100 sccm, and the gate valve adjusted to give the desired pressure. Data

was collected for 1 min prior to activating the DC power supply.
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3.2.3 Analytical techniques

3.2.3.1 Electron microscopy

All electron microscope images shown or discussed in this chapter were obtained

using a FEI Phenom Desktop SEM (FEI, The Netherlands). As a result of this

system’s design, the accelerating voltage and probe current are unknown.

3.2.3.2 Optical emission spectroscopy (OES)

Light from the cathode and negative glow regions of the discharge is collected

through the window of the DC glow discharge chamber using an optical fiber mounted

on a post on the optical board at a 45° to the normal of the cathode. Spectra

are recorded using a spectrometer (Model: USB2000, Ocean Optics, USA) using

acquisition times of 3000ms.

3.3 DC glow discharge testing of carbon nanotube composites

Based on previous reports of voltages less than 100V sustaining DC electrical

discharges when CNT-composite cathode materials were used [13], investigations as

to the sustaining voltages required for unaligned CNT surfaces (synthesized as per

the procedure given in Section 3.2.1.2) were undertaken. During experimentation

at a pressure of 3 Torr, the cathodes tested generally resulted in glow discharges

where the positive columns occupied approximately half the inter-electrode distance

and the negative glow extended approximately 0.5 cm above the surface of the BN

cathode holder.

Shown in Figure 3–5 is the result of one experiment where the performances

of five samples (n “ 5) of 14.3mm diameter (9{162) circular CNT-SS316 composite

mesh cathodes from the same synthesis batch were compared to that of a similar
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cathode composed only of the untreated SS316 mesh substrate as a control. Each of

the five CNT-SS316 cathodes was used to sustain a total of six DC glow discharges

at 3 Torr and 3mA in nitrogen for 10 minutes. The order in which all cathodes

were used to sustain this discharge was randomized in order to mitigate the effects of

any confounding variables. The arrow shown in Figure 3–5 indicates the decreasing

sustaining voltages observed for increasing trial numbers (i.e. progressing from the

highest sustaining voltages required for the first trial through to the sixth trial).

95% confidence intervals are indicated at 1 min intervals with error bars for the first,

sixth, and control trials.
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Figure 3–5: Preliminary investigation of the sustaining voltages required for un-
aligned CNT-SS316 cathodes. The arrow indicates the reduction observed for the
required sustaining voltages in successive trials and the error bars indicate the 95%
confidence intervals for Trial 1, Trial 6, and the control of untreated SS316 with
n “ 5.

As observed in the first trial of Figure 3–5, the approximately 60V increase in the

sustaining voltage (and thus the corresponding power increase) of Trial 1 (relative to

the SS316 control) to 400–410V indicated that the CNT coating as-grown from the

SS316 surface made sustaining the plasma more difficult and inefficient. This increase

was unexpected given the reviewed use of nanostructured CNT cathodes to reduce
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voltage requirements in Section 2.3, and in consideration of the work of Dionne [13],

which was able to sustain discharges at less than 100V when using a CNT composite

cathode, as compared to the sustaining voltages of 220 and 260V needed in control

experiments with bare aluminum and copper cathodes, respectively. As such, it was

expected that the nanostructured surface of the CNT-SS316 composite used in this

experiment would similarly reduce the sustaining voltages required to below that of

the bare cathode material, and that this reduction would become smaller with time

as the CNTs were degraded by the flux of ions and neutral species at the cathode of

the DC glow discharge.

With regards to the former, the lack of an observed voltage reduction is at-

tributed to the difference in the test apparatuses used, as a similar synthesis proce-

dure with the same equipment was used in this work. In the work of Dionne [13],

the cathode testing equipment relied on the transfer of a DC glow discharge from

a primary, “starter” cathode to the nanostructured CNT cathode via the introduc-

tion of a high gas flow rate, and then measured the voltages required to sustain the

discharge between the composite cathode and anode. Furthermore, the lack of CNT

degradation observed indicates that these cathodes were not subjected to significant

bombardment by ions or fast-moving neutral species. However, the use of a DC glow

discharge in the current work meant that the electric field present at the cathode

was that caused by the cathode fall, and that particle bombardment was present at

the cathode. Considering the applied voltages used in this work were in the range of

350 to 450 V, with d “ 7.5 mm, the resultant applied electric fields were in the range

of 0.05 to 0.06 V μm´1. This is one to two orders of magnitude below the turn-on
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electric fields reviewed in Section 2.3.1, and based on this, field emission in these

experiments cannot be expected. Despite evidence that unaligned CNT cathodes

can possess structures where the surface density of the tips of the CNTs is such that

geometric enhancement of the applied electric field allows for field emission [13], no

such effect was observed in the experiments performed. It was only possible to exam-

ine net effect of the composite cathode materials on the sustaining voltages required.

In this regard, the disadvantage of increased sustaining voltages resulting from the

presence of CNTs on the cathode is clear.

Regarding the trend seen in Figure 3–5 of the decreasing sustaining voltages

required with increasing trial number, this could be attributed to erosion of the CNTs

by bombardment of nitrogen ions and neutrals from the plasma. Since self-sustaining

DC glow discharges rely on particle-induced secondary electron emission to replace

electrons lost to ion-recombination, wall losses, and other processes dependant on the

plasma species present, the magnitude of the secondary electron emission coefficient,

γ plays an important role [2]. Secondary electron emission coefficients generally

increase with an increase in the reduced electric field (E{P ) above values greater

than a few hundred V ¨ cm´1 ¨ Torr´1 [2, 48, 146]. Very little data exists for the

value of γ for CNT surfaces; a value of γ “ 0.36 has been reported [147], although

this seems high as surfaces contaminated by adventitious carbon have been noted

as having smaller values of γ than their pristine counterparts [78], and that Cu

and Fe cathodes have values of γ on the order of 10´3 to 10´2 for E{P “ 10 to

300 V ¨ cm´1 ¨ Torr´1. Thus assuming that the value of γ for the CNT surface in this

experiment is lower than that of the underlying SS316, and that no field-emission
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is occurring from the CNTs, then it stands to reason that the gradual exposure of

more of the SS316 surface by erosion of the CNTs could increase the effective value

of γ, thereby reducing the sustaining voltage of the plasma.

Another, more likely explanation for the erosion of CNTs from the SS lies in the

nature of the interface between the CNT and the SS substrate. It has been shown

that the growth mechanism of CNTs from SS is a phase transition from austenitic

iron to the CNT [141]. Consequently, the CNTs are extremely well-adhered to the

SS surface [144, 13]. This results in an electrical contact resistance at the interface

of the CNT and SS substrate that is sufficiently high to result into significant Joule

heating of the CNT during current flow in the discharge, which ultimately leads to

the destruction of the CNT [13]. It is likely this effect is responsible for the observed

erosion of CNTs from the surface over time.

From Figure 3–5, it appears that there is only a slight reduction in the sustaining

voltage over time in any given Trial. This is an artefact of plotting the mean of

voltages measured. As seen in Figure 3–6, the individual runs comprising Trial 1

show reductions in the sustaining voltage over time.
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Figure 3–6: Sustaining voltages measured for the cathodes comprising Trial 1. The
decreasing trend in the voltage is attributed to erosion of the CNTs at the cathode.

Confirmation of the removal of CNTs from the SS316 substrate was observed

from SEM images of the cathodes before and after their use in sustaining DC glow

discharges. Shown in Figure 3–7 is an example of a cathode before and after sustain-

ing a discharge at 5mA in argon at 3.5 Torr for 10 minutes. A residue of CNTs can

be seen remaining on the substrate after its exposure to the plasma, with a greater

amount of CNT residue present on the sides of the mesh’s wires, where geometrical
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effects may have reduced the amount of CNT erosion by ion bombardment and Joule

heating. In general, all CNT residues on the SS cathodes tested were observed to

be similar over the surface areas of the cathodes exposed to the plasma regardless of

whether the discharge was sustained in argon or nitrogen, and subsequent use of the

cathodes resulted in complete removal of these residues.

Figure 3–7: SEM image of a CNT-SS316 mesh cathode before (left) and after (right)
its use in sustaining a DC glow discharge at 5mA and 3.5 Torr for 10 min.

Figure 3–8 shows selected OES spectra of the combined regions of the glow dis-

charge obtained at 15 s intervals of a discharge with a CNT-SS316 cathode sustained

at 3mA and 3 Torr. After initiation of the discharge, the spectra were time-invariant.

Closer examination of the spectrum obtained at t “ 10 min (Figure 3–9) shows that

the ultraviolet and violet spectral lines for nitrogen dominated and assignment of

the measured peaks is given in Table 3–1. The presence of peaks at approximately
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300 nm indicates that carbon may have been present as a result of CNT degradation,

however given the relatively small mass of CNTs deposited on the substrate relative

to the amount of nitrogen present in the system and the fact that no other atomic

lines corresponding to carbon are present, this assignment is highly suspect.
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Figure 3–8: OES spectra of Trial 1 as a function of time. No evidence of carbon or
zinc erosion was observed.
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Figure 3–9: OES spectrum of the combined regions of the glow discharge at t “
10 min.

In light of the eventually complete removal of CNTs from the SS substrates,

the fact that a significant difference existed between the sustaining voltages required

for Trial 6 of Figure 3–5 and the control of untreated SS316 may be explained by

the changes in the SS substrate as a result of CNT growth. It has been observed in

other studies of the CNT synthesis procedure that the heat treatment of the sub-

strates results in an increase in the surface roughness [144]. This increased roughness,

specifically micro-scale features, can play an important role in reducing the voltage
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Table 3–1: Peak assignments for Figures 3–8 and 3–9.

Wavelength Intensity Assignment Reference
nm counts

337 713 N2 [148]
354 220 N2 [148]
357 647 N2 [148]
371 58 N2 [148]
375 215 N2 [148]
380 303 N2 [148]
394 48 N2 [148]
399 119 N2 [148]
405 111 N2 [148]
391 611 N`

2 [148]
427 228 N`

2 [148]
314 53 C2` [149]
316 180 C2` [149]

requirements to initiate and sustain microplasmas [47], and this effect has also been

observed at the macro-scale (electrode gaps between 3.0 and 12.1mm) for vacuum

breakdown (10´7mbar) [150]. Thus, in light of this, a SS mesh which had previously

been used to grow CNTs and subsequently been cleaned of CNTs might have been a

more appropriate control in the experiment described, and may have exhibited sus-

taining voltages equivalent to those of the CNT-SS meshes that had been exposed

repeatedly to the DC glow discharge test system.

3.4 Summary

Experiments with CNT-SS composite cathodes were unable to reproduce DC

glow discharges sustained with less than 100V. The combination of the inter-

electrode distance, d “ 7.5mm and the applied sustaining voltages of 350 to 450V

resulted in applied electric fields on the order of 10´2V μm´1 and this was one to
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two orders of magnitude below the turn-on electric fields required for field electron

emission. Erosion of the nanostructured CNT surface during testing in the DC glow

discharge was attributed to Joule heating of the CNTs that resulted from the elec-

trical resistance arising from the phase transition from the sites of CNT growth on

the SS to the CNTs themselves [141, 13].
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CHAPTER 4
Design considerations for the ZnO nanoparticle deposition reactor

After having reviewed the technologies available to synthesize such materials

nanocomposites of ZnO nanoparticles and CNTs in Section 2.4.2, AFC was identi-

fied as a process which could be used to generate ZnO nanoparticles for deposition

on CNTs. Previous work demonstrated the use of untreated CNTs as substrates

for nanoparticle deposition [136], however the structural stability of these compos-

ites is unknown although there are indications that the high surface energies of the

nanoparticles and CNTs are sufficient to maintain the adherence of nanoparticles to

the substrate [74, 86]. In anticipation of addressing stability issues of the ZnO-CNT

composites, a RF glow discharge was integrated into the AFC process to treat the

surface of the nanoparticles in-flight, in the event that altering the surface chemistry

of the nanoparticles became necessary to attempt to enhance their adhesion to CNTs.

Similar in-flight treatment processes have been demonstrated previously as effective

in generating both functional groups on nanoparticle surfaces, and plasma-polymer

coated nanoparticles [151, 152, 28].

In this Chapter, a brief discussion of the design considerations of the ZnO

nanoparticle deposition reactor is given.

4.1 Nanoparticle source

AFC was chosen as a nanoparticle production method for the following reasons:

53



1. In comparison to IGC processes, the presence of a gas flow over the metal

vapour source serves to maximize nanoparticle production rates as well as direct

the flow of nanoparticles through the system.

2. In order to reduce nanoparticle deposition on the walls, a “sheath gas” can be

introduced around the primary, “quench gas” flow [112, 113]. This method of

reducing losses is more easily implemented than those that attempt to direct

the location of nanoparticle deposition by adjusting the temperature gradient

driving thermophoretic deposition.

3. The nanoparticle production rate scales with the evaporative surface area of

the metal vapour source.

4. The nanoparticle size can be controlled by adjusting the flow rate of quench

gas [112, 113].

5. Given the motivation for including a RF glow discharge immediately down-

stream of the nanoparticle production location, the use of a resistively-heated

nanoparticle source, rather than a plasma-based source such as cathodic arc

erosion or magnetron sputtering, avoided design challenges inherent to dual-

plasma processes. In such processes, the close proximity of two separately-

powered electrodes can make it difficult to prevent interaction between the

nanoparticle production plasma and its electrodes and the treatment plasma

system [153].

To implement ZnO nanoparticle production using AFC, a molecular beam epi-

taxy cell (Model HTS-W-40, MBE Komponenten, Germany) was purchased and

re-purposed to heat the substrate. Although effusions cells normally operate under
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ultra-high vacuum conditions, operation at pressures on the order of 1–10 Torr was

confirmed with the manufacturer to be within this equipment’s specifications.

As reviewed in Chapter 2, and with regards to the production of ZnO nanopar-

ticles in the designed process, both AFC and IGC have been demonstrated to be

capable of producing metal and metal oxide nanoparticles. However, the produc-

tion of metal oxide nanoparticles is slightly more involved, as either oxygen must

be present in the reactor or the nanoparticles must be treated post-synthesis, either

by exposure to ambient conditions or an active oxidation step, usually at elevated

temperatures and/or imposed oxidizing atmospheres.

The production of ZnO nanoparticles by evaporation poses a particular problem,

as ZnO does not appreciably evaporate, but rather thermally decomposes at tem-

peratures above 1400 ˝C [154]. However, provided with excess O2 in the quench gas,

ZnO yields can be as high as 99%, or as low as 10% in O2-limited atmospheres [155].

Yet the refractory metals which compose the effusion cell, in particular tungsten,

become brittle when oxidized at high temperatures. Consequently, it was decided to

produce Zn nanoparticles by evaporation and oxidize these either by the introduction

of O2 to the RF glow discharge downstream of the nanoparticle source, or rely on the

oxidation of nanoparticles by atmospheric oxygen during storage of the synthesized

nanocomposites under ambient laboratory conditions [156].

The manuscript presented in the following Chapter describes the experimen-

tal apparatus designed for the production of ZnO nanoparticles by AFC and their

in-flight treatment with an RF glow discharge. An introduction to the nanocom-

posite materials synthesized is given in this manuscript, with the results of further
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nanocomposite synthesis experiments to those presented being detailed in Chapters 6

and 7.
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CHAPTER 5
Synthesis of Zn/ZnO nanoparticle-CNT composites

5.1 Preface

The following chapter presents an article published in the Journal of Nanoparti-

cle Research, which was submitted in June 2012 and published in October 2012. This

work was authored by the candidate, Martin Lennox, based on research done dur-

ing the course of this project. Sylvain Coulombe, the research supervisor, provided

project oversight and suggested changes to the manuscript.

Dusty plasma synthesis of nanostructured Zn/ZnO-CNT

composites

Martin Lennox, Sylvain Coulombe

Department of Chemical Engineering, McGill University

Journal of Nanoparticle Research 14(10):1245, 2012

5.2 Abstract

A new, dusty plasma process for depositing nanoparticles generated by aerosol

flow condensation and treated using a 13.56 MHz capactively-coupled non-thermal

glow discharge is described. The use of organometallic compounds as nanoparticle

precursors is avoided, thereby allowing for a processing plasma free of contaminat-

ing degradation products. Nanostructured composites of zinc and zinc oxide were

deposited on carbon nanotubes with complete coverage, and the influences of the

argon quench and sheath gas flow rates, and the presence of 0.5%vol. ethane in
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the processing plasma on the synthesized composites was investigated using elec-

tron microscopy and X-ray diffraction (XRD). In the absence of plasma, „ 1 μm Zn

microparticles composed of agglomerated nanoparticles were formed on the carbon

nanotube surface. Plasma processing produced coatings of nanoparticles with log-

normal size distributions and median diameters of „ 5 nm. At maximum argon flow

rates, the distribution was monomodal, whereas lower flow rates produced bimodal

size distributions with the second mode having median values of „ 70 nm.

5.3 Introduction

Metallic and semi-conducting nanoparticles are integral components of emerging

technologies that make use of carbon nanotube (CNT) composite materials, such as

photovoltaics, sensors and catalytic materials, yet the deposition of nanoparticles on

CNTs to create such nanocomposites poses a significant manufacturing challenge.

In liquids, this frequently necessitates chemical treatment of the CNTs [86, 21],

which can damage their structure [82]. Moreover, the synthesis and deposition of

nanoparticles is often complex and results in incomplete coverage of the CNTs, often

referred to as nanoparticle “decoration” [86, 21]. Laser-induced coating of CNTs

with ZnO nanoparticles in an “all-laser” process has been developed where chemical

bonding of the nanoparticles to untreated CNTs has been suggested [36]. However

“high” nanoparticle production rates in laser ablation processes are considered to

be on the order of grams per hour [131] and generally have significant challenges in

scale-up.

In the gas phase, nanoparticles have been synthesized and deposited on CNTs

from evaporative processes [109] and plasma-based processes, including arcs [136, 29]
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and plasma-enhanced chemical vapour deposition (PE-CVD) [157, 158]. In arc-based

processes, rapid, localized heating of the cathode material at the arc attachment

point causes vaporization of the cathode and ejection of the cathode material at

high velocities, which subsequently condenses to form nanoparticles. On the other

hand, PE-CVD of nanoparticles relies on the plasma-induced decomposition of an

organometallic precursor, which produces metal vapour that then forms nanoparti-

cles by condensation. Particularly interesting is the use of non-thermal plasmas in

combination with the nanoparticle generation process, as the plasma can be used

to add chemical functional groups and organic coatings to the nanoparticles in-situ

[152]. The use of organometallics as nanoparticle precursors in PE-CVD processes

can pose significant health and safety considerations, as well as placing restrictions

upon the plasma composition. The decomposition products of the organometallic

will be present in the plasma, consequently the chemistry of the nanoparticle coating

or functionalization will be coupled to the chemistry of the chosen organometallic

compound.

The following presents a dusty plasma process for depositing metal nanoparticles

produced by evaporation/condensation in an aerosol flow condenser [113] on CNTs

to synthesize a nanostructured composite material without the use of organometal-

lic precursors. The nanoparticles are exposed in-flight to a non-thermal RF glow

discharge and are deposited with complete coverage of the exposed CNT surfaces.

This offers a new approach to aerosol-based nanoscale synthesis, which traditionally

uses organometallics in PE-CVD, or thermal plasmas, flames, laser ablation, or other
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thermal methods for nanoparticle synthesis [111], and allows for the functionaliza-

tion of nanoparticles in-flight by a plasma whose chemistry is decoupled from the

nanoparticle synthesis method.

5.4 Experimental

5.4.1 Nanoparticle synthesis

The experimental apparatus is shown in Figure 5–1 and consists of six connected

systems: the gas handling system, the evaporative source, the cooling system, the

plasma generation system, the substrate mounting system, and the vacuum system.

In the gas handling system, Zn nanoparticles are condensed from the evaporative

source using argon introduced by a water-cooled nozzle. This consists of a 20.64mm

ˆ 1.59mm (13{162 ˆ 1{162) rectangular orifice centred in a “shower-head” arrangement

of sixteen 1.59mm (1{162) diameter holes spaced evenly around the circumference of

the reactor’s interior wall. The flow rates of quench gas (QN) to the rectangular

orifice and sheath gas (QS) to the shower-head are regulated by two rotameters.

During heating and cooling of the system to the operating temperature (T), the

quench and sheath gas is shut off and argon is introduced to the base of the reactor

by a rotameter at a flow rate of 5-10 sccm to maintain the evaporative source in an

inert atmosphere. The flow rates of argon and mixtures of argon and ethane used

in plasma processing (QPP) are controlled by mass flow controllers (MFC) (Brooks

5850E) and are introduced downstream of the evaporative source. The pressure of

the reactor (PR) is regulated by choking the total flow (QT) to the vacuum pump.
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Figure 5–1: Schematic of the nanoparticle production and deposition apparatus.
The six connected systems are 1) the gas handling system, 2) the evaporative source,
3) the cooling system, 4) the plasma generation system, 5) the substrate mounting
system, and 6) the vacuum system.

The evaporative source (MBE Komponenten HTS-W-40) is mounted directly

below the rectangular orifice of the nozzle, with the centre of its 16 mm ID Al2O3

crucible located 20 mm downstream. The source was initially loaded with approxi-

mately 20 g of 99.99% pure, 6.35mm (1{42) diameter ˆ 6.35mm (1{42) cylindrical Zn

pellets (Kurt J. Lesker), which subsequently melted during experimentation. Addi-

tional pellets were added between experimental trials to maintain the mass of Zn

in the crucible between 15 g and 25 g. Cooling is supplied to the reactor wall via
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eighteen turns of 6.35mm (1{42) copper tubing. Cooling water is circulated in a closed-

loop between the nozzle, evaporative source, and copper tubing, and was maintained

during experiments at 16 ˝C using a recirculating water bath (PolyScience 9601).

A capacitively-coupled, RF glow discharge operating at 13.56 MHz and 20W was

generated between two NW25 insulating glass breaks (MDC Vacuum). RF power is

supplied by a Dressler CESAR model 1312 generator and model VM 1000 A matching

network. Substrates were mounted on a 12.7mm (1{22) square copper target at the

end of a linear motion (MDC Vacuum) and were exposed to the nanoparticle stream

for the desired deposition times (td). A summary of the experimental conditions

used is presented in Table 5–1.

For the CNT substrates, CNTs were grown directly from 14.29mm (9{162) diam-

eter circles of 400ˆ400 stainless steel 316 (SS316) mesh, using the method described

previously [142].
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Table 5–1: Experimental conditions used in the synthesis of Zn/ZnO-CNT nanocom-
posites. All flow rates listed are for argon, with the exception of QPP in Trial 5, whose
composition is listed in the “Plasma Composition” column.

td T QN QS QPP QT PR

Plasma

Composition

min ˝C SLPM SLPM SLPM SLPM Torr %vol.

1 15 500 4.43 2.99 1.000 8.42 10.0 N/A

2 15 450 2.00 2.00 0 4.00 10.0 N/A

3 5 500 4.43 2.99 1.000 8.42 5.2 100% Ar

4 5 500 0.84 0.90 0.324 2.06 5.2 100% Ar

5 5 500 0.84 0.90 0.324 2.06 5.2 99.5% Ar

0.5% C2H6

5.4.2 Electron microscopy

Images of the nanocomposites were obtained using a Hitachi SU-8000 FE-STEM

and Hitachi SU-4700 FE-SEM. Bright field TEM images and the corresponding se-

lected area diffraction patterns (SAEDs) were obtained at an accelerating voltage of

200 kV using a Philips CM200 equipped with an AMT XR80C CCD and a cam-

era constant of 65 mm·Å. SAED patterns were integrated radially to index the

Debye-Scherrer rings in ImageJ (v. 1.45s). Nanoparticle size distributions of the

nanocomposites were estimated by measuring particle lengths from STEM images

using ImageJ [159].
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5.5 Results and discussion

5.5.1 Nanoparticle deposition

The results from Trials 1 and 2 show that in the absence of plasma, hexagonal Zn

microparticles were deposited on the CNTs of the substrate with separation between

the particles on the order of 1 μm (image not shown). The shape of these particles was

similar to those reported in earlier studies of inert gas condensation [97]. However,

high-resolution FE-SEM imaging revealed that the microparticles appeared to be

composed of individual nanoparticles that had agglomerated, as shown in Figure 5–

2. In some instances, it appeared that these microparticles had formed around the

CNTs of the substrate. This suggests the microparticle formation proceeds in two

steps: firstly, nanoparticles nucleate from metal vapour produced by the evaporative

source, then agglomerate in a preferential orientation.
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Figure 5–2: a) SEM image of a Zn microparticle composed of agglomerated nanopar-
ticles deposited on CNTs (Trial 1) and b) SEM image of a Zn microparticle appearing
to have formed around a CNT from (Trial 2).

In the presence of an argon plasma and at maximum flow rates of argon through

the system (Trial 3), Zn nanoparticles were rapidly deposited on the CNT surfaces,

as seen in Figures 5–3a) and 5–6. It is likely that the charge acquired by the nanopar-

ticles while passing through the plasma prevents their agglomeration in-flight into

microparticles. Upon deposition on the grounded CNT substrate, this charge would

be lost, leaving the nanoparticles free to deposit as a coating of the exposed CNTs.
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Reduction of the argon flow rates (Trial 4) favoured the production of a bimodal

distribution of nanoparticles deposited on the CNTs (Figures 5–3b) and 5–7), with

the smaller particles arranged in filamentous structures between larger particles.

However, the addition of 0.5%vol C2H6 (Trial 5) prevented the formation of this

mixed-mode filamentous structure, as seen in Figure 5–3c). Nanoparticles processed

in similar plasmas [28] were coated with a plasma polymer coating, thus it is con-

ceivable that a change in the surface chemistry of the nanoparticles could explain the

observed formation of large agglomerates of nanoparticles, and so work is currently

in progress to quantify the functional groups present in films of these nanoparti-

cles. Particularly interesting is the structure of the coating on the CNTs between

the agglomerates; the addition of C2H6 appears to have favoured the formation of

a uniform nanoparticle coating similar to that of Trial 3, but at much lower argon

flow rates. With regards to the uniformity of the nanoparticle deposition in Trials 3,

4, and 5, no lateral position-dependant variation of the nanoparticle deposits was

observed under the electron microscope. However in areas of dense CNT coverage

on the substrate, nanoparticles were prevented from depositing on CNTs lying un-

derneath other CNTs as a shadow effect of the deposition process. An example of

this, observed in Trial 4, is given in Figure 5–4.
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Figure 5–3: STEM images of nanoparticle-coated CNTs from a) Trial 3, b) Trial 4,
and c) Trial 5.
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Figure 5–4: An example of reduced nanoparticle deposition in the vertical direction
in Trial 4 as the result of the shadowing effect of overlying CNTs.

The measured nanoparticle size distributions for Trials 3, 4, and 5 are given

in Figure 5–5. Log-normality of the distributions was confirmed from lognormal

probability plots (not shown) and a summary of the values from the fit continuous

lognormal probability distribution functions is given in Table 5–2. The modes of

the measured distributions in Figure 5–5b) and 5–5c) are presented on separate axes

since it was impossible to accurately measure smaller nanoparticle sizes at the magni-

fications required to obtain a representative sample of the larger nanoparticles. Thus
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the ordinate of the larger and the inset axes correspond to the percent frequency of

particles by count for that mode, rather than the overall frequency of particles by

count. Two-tailed Kolmogorov-Smirnov tests at 95% confidence indicated that the

size distributions of the larger nanoparticle modes in Trials 4 and 5 were statisti-

cally identical (p “ 0.680), but the size distributions of the smaller nanoparticles in

Trials 3, 4 and 5 were statistically unique (p ă 1 ˆ 10´6 in all cases). This provides

evidence that, for nanoparticles ă 20 nm, the sizes synthesized were sensitive to both

the system flow rate, and the composition of the processing plasma.

An explanation for the bimodal size distributions seen in Trials 4 and 5 may be

found by analogy to experimental studies of RF silane plasmas [160, 161]. In this

work, similar bimodal size distributions of nanoparticles were observed, although

the gas flow rates were two orders of magnitude less than the present study and

the nanoparticles were of course formed in the discharge, rather than condensed

upstream of it. Referring to the model proposed by [160] and recent numerical

investigations [162], it is possible that the injection of nanoparticles into the plasma at

the lower argon flow rates of Trials 4 and 5 allowed for the growth of larger particles by

coagulation, whereas the residence time in the plasma for the nanoparticles produced

in Trial 3 was sufficiently low that growth by coagulation was not favoured.
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Figure 5–5: Measured nanoparticle size distributions and the fit continuous lognor-
mal size distribution for a) Trial 3 b) Trial 4 and c) Trial 5.
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Table 5–2: Summary of the means (μ) and standard deviations (σ) of the corre-
sponding normal distribution of the lognormal size distributions fit to the data in
Figure 5–5. Also given are the median of the measured particle sizes and the number
of measurements (n). Shaded rows indicate statistically identical size distributions.

Trial n Median μ CI95 σ CI95

nm nm nm nm nm nm nm

3 180 4.2 1.43 1.40 1.47 0.229 0.208 0.255

4 353 4.6 1.53 1.51 1.55 0.183 0.167 0.202

295 67.6 4.21 4.17 4.26 0.342 0.314 0.377

5 218 5.2 1.65 1.59 1.71 0.450 0.410 0.498

228 67.8 4.22 4.16 4.28 0.393 0.355 0.440

Indexation of the the SAED patterns for Trials 3 and 4 (Figure 5–6 and 5–7)

indicated a mixture of both Zn and ZnO was present. Debye-Scherrer rings unique

to (100), (101), (102), and (201) for Zn, and to (100), (102), (103), (110), (200),

and (203) for ZnO were identified. Given the lack of oxygen in the system during

nanoparticle synthesis, this was attributed to the surface oxidation of the nanopar-

ticles by atmospheric oxygen, as previously reported [156].
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Figure 5–6: TEM image of the Zn/ZnO-CNT nanocomposite synthesized in Trial 3,
and the corresponding indexed electron diffraction pattern. Unmarked indices cor-
respond to ZnO rings, while those marked with † correspond to Zn. Rings marked
with ‡ may correspond to either Zn or ZnO.
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Figure 5–7: TEM image of the Zn/ZnO-CNT nanocomposite synthesized in Trial 4,
and the corresponding indexed electron diffraction pattern. Unmarked indices cor-
respond to ZnO rings, while those marked with † correspond to Zn. Rings marked
with ‡ may correspond to either Zn or ZnO.

5.6 Conclusions

Zn/ZnO-CNT nanocomposites were synthesized using a dusty plasma process

based on aerosol flow condensation of Zn nanoparticles at low pressures from an

evaporative source into a capacitively-coupled RF glow discharge of both pure Ar

and a Ar/C2H6 mixture. The morphologies of the nanoparticle films on the CNT

substrates and the measured nanoparticle size distributions showed a dependence

on both the flow rate of Ar as well as the gas composition of the plasma. Indexed

SAED patterns indicated the presence of both Zn and ZnO, which was attributed to
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surface oxidation of the nanoparticle coating. The structure and composition of the

produced nanocomposites, with complete coverage of the CNTs with nanoparticles of

mean sizes of approximately 5 nm and 70 nm, makes them interesting candidates for

further study in solar energy harvesting applications for the generation of electron-

hole pairs, as electrode materials with potential enhanced electron emission and

photo-luminescent properties, and in catalytic and photo-catalytic applications. The

described nanocomposite synthesis method provides a new approach to coating CNTs

with non-thermal-plasma-treated nanoparticles that avoids liquid-phase chemistry

and organometallic precursors, in contrast to other aerosol-based techniques.
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CHAPTER 6
Optimization of the Zn/ZnO-CNT nanocomposite synthesis conditions

6.1 Introduction

In this chapter, the optimization of the nanoparticle deposition conditions in

the AFC reactor is described. The results and interpretation of DC glow discharge

experiments for the synthesized Zn/ZnO nanocomposite cathode materials are then

presented, followed by a characterization of the Zn evaporation rates observed in the

synthesis procedure. The latter prompted further characterization of the nanoparticle

deposition rate and the effect of the RF glow discharge on the surface chemistry of

the synthesized nanoparticles, which are explored in Chapter 7.

6.2 Experimental Procedure

Except where noted, all procedures for the synthesis of CNT-SS nanostructures

and Zn/ZnO-CNT nanocomposites on SS, and the acquisition of OES spectra, TEM

images, and SEM images were executed as previously described.

6.3 Optimizing nanoparticle deposition conditions

During the synthesis of the nanocomposites as described in Chapter 5, it became

apparent that CNT-SS meshes exposed to the same deposition conditions (i.e. for

identical values of td, T, QN, QS, QPP, and PR) could result in pronounced differ-

ences in the extent of nanoparticle coverage when these samples were examined by

electron microscopy. An example of this is given in Figure 6–1, where two 3mm

diameter CNT-SS316 meshes were exposed to the nanoparticle deposition conditions
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listed in Table 6–1 in separate trials. The sample shown in Figure 6–1 a) exhibited

none of the mixed-mode coverage reported in Chapter 5; instead only nanoparticles

approximately 10 nm in size were deposited, with some agglomerated particles in

isolated areas (for example, the upper-right region of the field of view in Figure 6–

1 a)). In contrast, the sample shown in Figure 6–1 b) exhibits coverage similar to

that previously reported.

Table 6–1: Nanoparticle deposition conditions for Figure 6–1.

td T QN QS QPP QT PR

Plasma

Composition

min ˝C SLPM SLPM SLPM SLPM Torr %vol.

6 500 0.84 0.90 0.324 2.06 1.8 99.5% Ar

0.5% C2H6
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(a) Sporadic nanoparticle deposition. (b) Nanoparticle coverage typical of that re-
ported in Chapter 5.

Figure 6–1: Two composites produced in separate trials using the conditions listed
in Table 6–1.

In a similar experiment, 3mm diameter CNT-SS316 meshes, covered with CNTs

with diameters of approximately 40 to 60 nm were exposed to the deposition con-

ditions listed in Table 6–2 for 6 s, 1min, and 6min. Figure 6–2 reveals a marked

increase in the deposition rate of nanoparticles on the CNTs with time. A ten-fold

increase in the deposition time from Figure 6–2 a) to Figure 6–2 b) only produced

an approximately 60% increase in the diameter of the coated CNT from „ 70 to

„ 100 nm. However a six-fold increase in the deposition time from Figure 6–2 b)

to Figure 6–2 c) produced an approximately 450% increase in the diameter of the

coated CNT to „ 450 nm. This increase in the deposition rate could be attributed to

the three-dimensional structure of the underlying CNTs. As compared to deposition
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processes where the substrate surface area is flat and effectively two-dimensional (i.e.

ignoring the effects of surface topography), the surface area available for nanopar-

ticle deposition on the coated CNTs increases as its diameter increases. Given the

collisional nature of nanoparticle deposition, the frequency with which individual

nanoparticles will collide with, and be deposited on, the substrate will increase with

the surface area, and so the nanoparticle deposition rate increases.

Table 6–2: Nanoparticle deposition conditions for Figure 6–2.

td T QN QS QPP QT PR

Plasma

Composition

min ˝C SLPM SLPM SLPM SLPM Torr %vol.

a) 0.1 500 0.84 0.90 0.324 2.06 1.8 100% Ar

b) 1 500 0.84 0.90 0.324 2.06 1.8 100% Ar

c) 6 500 0.84 0.90 0.324 2.06 1.8 100% Ar
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(a) Nanocomposite synthesized with td “ 6 s.

(b) Nanocomposite synthesized with td “ 1 min.

(c) Nanocomposite synthesized with td “ 6 min.

Figure 6–2: Variation in the nanoparticle coating thicknesses for CNT-SS nanostruc-
tures with initial diameters of approximately 40 to 60 nm that were exposed the
conditions listed in Table 6–2.
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Prior to addressing the challenge imposed by the observed variability in the

nanoparticle deposition rate, other practical and theoretical considerations were

taken into account. For the rotameter used to meter the gas flow rate through

the nozzle, the upper limit of QN is 4.43 SLPM for argon. However at this flow rate,

the crucible was often dislodged as a result of the 5mm distance between the nozzle

orifice and crucible edge. Consequently, a useable upper limit of QN “ 2.00 SLPM

was established, which prevented crucible displacement.

Secondly, the nanoparticle deposition rate for nanoparticle synthesis had to be

minimized, since heavily-coated CNT-SS samples, such as that shown in Figure 6–3,

could not be used to ignite DC glow discharges when used as cathodes in experiments.

Given the semiconducting nature of ZnO, it is reasonable to assume that the thick

film of the as-deposited nanoparticles increased the effective resistance in the circuit

of the DC glow discharge, increasing the slope of the load line such that, when the

DC power supply provided its maximum potential of 600V, negligible currents were

observed. Moreover, it has been previously reported that the electrical resistivity of

similar porous ZnO nanoparticle films is higher than films with less porosity and/or

larger particle sizes [163, 164]. Thus, it was of interest to investigate and evaluate

methods of controlling the thicknesses of the nanoparticle layers deposited in order

to minimize the thicknesses of the layers deposited, thereby minimizing the effect

of electrical resistances introduced by the deposition of the nanoparticles upon the

CNT substrates.
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(a) CNT-SS substrate prior to coating. (b) Heavy nanoparticle coating after deposi-
tion.

Figure 6–3: CNT-SS nanostructure before and after nanoparticle deposition using
the same conditions listed in Table 6–1, but for td “ 15min.

Similar motivation for reducing the nanoparticle deposition rate to levels that

would produce usable cathode materials was provided by other studies of elec-

tron emission from nanoparticle-CNT composite materials. Enhanced electron field-

emission has been reported for decorated CNTs, as reviewed in Section 2.3.2, thus

the interest in this project was to produce structurally similar materials, i.e. CNTs

with very thin or sporadic coatings of nanoparticles with diameters on the order of

10 nm.

Consideration of the evaporation-condensation mechanism of nanoparticle for-

mation (Section 2.4.2.1) suggested process conditions to synthesize the nanoparticle

coatings described above. By increasing the cooling rate of the zinc vapour and
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consequently the saturation ratio in the system, the resulting increased driving force

for nanoparticle nucleation would favour the increased production of small nanopar-

ticles. In the deposition system, this suggested increasing the value of QN. Yet with

the simultaneous objective of achieving low nanoparticle deposition rates to yield us-

able cathode materials when exposing the CNT-SS substrates to the process stream,

the use of decreased values of QN was implied. Examination of the literature indi-

cated that the average synthesized nanoparticle diameter in similar systems was not

a strong function of the nozzle gas flow rate; for systems that produced nanoparti-

cles with median diameters less than 20 nm, the median diameter was altered by less

than 10 nm for gas flow rates of 0–1 SLPM [113] and for increments of 5 SLPM [112].

These studies also reported a similar trend with respect to the median nanoparticle

size and the total gas flow rates. Thus, in the interests of lower deposition rates,

it appeared that not only low values of QN, but low total gas flow rates would be

useful. With regards to other process parameters, using reduced temperatures of

the metal vapour source should favour reduced deposition rates resulting from lower

evaporation rates [112]. Reduced pressures also favour the production of smaller

nanoparticles as a consequence of the reduced metal vapour density [97].

Overall, the above suggested the following process parameters for minimizing

the observed nanoparticle deposition rates in order to reproduce cathode materials

for testing in the DC glow discharge apparatus. Firstly, the flow rates of argon for

the nozzle and sheath gas flow rates were set to values near their lower metered limit,

87



that is QN “ 0.84 SLPM and QS “ 0.90 SLPM, respectively. Whereas C2H6 concen-

trations between 0.05 and 1%vol. have been previously used to deposit organic func-

tional groups and plasma polymer coatings on nanoparticles in RF glow discharges

[28, 27, 151], and given an upper limit of 10 sccm for the metered flow rate of C2H6

through its MFC, the value of QPP was adjusted so that the total concentration of

C2H6 in contact with the synthesized nanoparticles could be controlled between 0.1

and 0.5%vol. For the reactor pressure, a base pressure of approximately 30 mTorr

could be achieved, and with a nominal pumping speed of 6.5m3h´1 for the rotary

vane vacuum pump (Pascal 2006SD, Pfeiffer Vacuum, Germany), the lower limit of

the reactor pressure was PR “ 1.8 Torr at a total gas flow rate of QT “ 2.06 SLPM.

With the observed variability in the nanoparticle deposition rate, a strategy

of testing small batches of replicated composite cathode materials in the DC glow

discharge was adopted, and this is described below in Section 6.4. In order to charac-

terize the variability of the the nanoparticle production process, a brief investigation

of the evaporation rate of zinc in the process was undertaken in parallel, which is

described in Section 6.4.3.

6.4 Zn/ZnO-CNT composite cathode evaluation

Following the above strategy, a number of experiments were performed for small

batches of Zn/ZnO-CNT composites, which were produced from the same batch

of CNT-SS316 substrates. In all cases and regardless of the deposition treatment

on the CNTs, no statistically significant reduction in the sustaining voltage was

observed over the entire duration of experiments when the Zn/ZnO-CNT composites

were compared to controls of untreated CNT-SS316 substrates, or bare, untreated
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SS316. Presented below are the results of one such experiment as an example of the

investigations conducted.

6.4.1 Effect of nanoparticle treatment on DC glow discharge sustaining
voltages

In this experiment, the Zn/ZnO-CNT composites listed in Table 6–3 were syn-

thesized and tested in the DC glow discharge apparatus previously described us-

ing N2 at a system pressure of 3.5 Torr and 5 mA current. Whereas prior ex-

periments had indicated the Zn/ZnO-CNT nanocomposites synthesized from RF

glow discharges containing only argon were also subject to degradation by ion- and

molecular-bombardment at the cathode, ethane was introduced to the RF plasma to

surface-treat the synthesized nanoparticles with functional groups.

Trials 1, 7, and 8 were controls of CNT-SS316 that were not exposed to nanopar-

ticle deposition, while Trials 2–6 and Trials 9–12. The measured sustaining voltages

are presented in Figures 6–4, 6–5, 6–6, and 6–7, below.
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Table 6–3: Sample synthesis conditions to evaluate the effect of Zn/ZnO and C2H6-
treated Zn/ZnO coatings on CNT-SS316 substrates as cathode materials for sustain-
ing DC glow discharges.

Trial td T QN QS QPP QT PR

Plasma

Composition

min ˝C SLPM SLPM SLPM SLPM Torr %vol.

1 N/A N/A N/A N/A N/A N/A N/A N/A

2 1 500 0.84 0.90 0.324 2.06 1.8 99.5% Ar

0.5% C2H6

3 1 500 0.84 0.90 0.324 2.06 1.8 99.5% Ar

0.5% C2H6

4 1 500 0.84 0.90 0.324 2.06 1.8 100% Ar

5 1 500 0.84 0.90 0.324 2.06 1.8 100% Ar

6 1 500 0.84 0.90 0.324 2.06 1.8 100% Ar

7 N/A N/A N/A N/A N/A N/A N/A N/A

8 N/A N/A N/A N/A N/A N/A N/A N/A

9 1 500 0.84 0.90 0.324 2.06 1.8 99.5% Ar

0.5% C2H6

10 1 500 0.84 0.90 0.324 2.06 1.8 99.5% Ar

0.5% C2H6

11 1 500 0.84 0.90 0.324 2.06 1.8 99.9% Ar

0.1% C2H6

12 1 500 0.84 0.90 0.324 2.06 1.8 99.9% Ar

0.1% C2H6

13 5 500 0.84 0.90 0.324 2.06 1.8 99.5% Ar

0.5% C2H6

14 5 500 0.84 0.90 0.324 2.06 1.8 99.9% Ar

0.1% C2H6
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Figure 6–4: A comparison of the average sustaining voltages required for the controls
of untreated SS316 (n “ 3) and the control samples from Trials 1, 7, and 8. Error
bars indicate 95% confidence intervals.

In Figure 6–4, a comparison is made between the two controls used in this

experiment: untreated samples of SS316 and CNT-SS316. The only statistically

significant difference between the two trials occurred within approximately 60 s after

breakdown at t “ 0 s, where the CNTs coating the SS316 acted to increase the

sustaining voltage required. Contrary to the results presented in Chapter 3, the

erosion of the CNTs resulted in both controls requiring statistically similar sustaining
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voltages at approximately t “ 100 s. This could be attributed to the 0.5 Torr increase

in pressure used in this experiment, as the current density (and thus the rate of

bombardment of the cathode) in abnormal glow discharges scales with the square of

the pressure [2]. Thus it is possible that this higher rate of CNT erosion led to the

statistically similar performance of the CNT-SS316 cathode to the control after less

than 5min of exposure to the DC glow discharge.

Figure 6–5: A comparison of the average sustaining voltages required for Trials 4–6,
as compared to the CNT-SS316 control (n “ 3). Error bars indicate 95% confidence
intervals.
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Figure 6–6: A comparison of the average sustaining voltages required for Trials 2, 3,
9, and 10, as compared to the CNT-SS316 control (n “ 3). Error bars indicate 95%
confidence intervals.

Treatment of the CNT-SS316 substrates with either Zn/ZnO nanoparticles de-

posited from RF glow discharges containing only argon (Figure 6–5) or 0.5%vol.

C2H6 (Figure 6–6) resulted in cathode materials which required sustaining voltages

statistically similar to the CNT-SS316 and SS316 controls. The sole exception to this

in these experiments occurred at approximately t “ 30 s in Figure 6–6 when less volt-

age was required to sustain the DC glow discharge for the C2H6-treated sample than
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the CNT-SS316 control. This indicated that, for less than 30 s, the treatment was

effective in reducing the sustaining voltage required, as compared to the untreated

CNT-SS316. However, this point is moot in consideration of Figure 6–7, where at

this time the average sustaining voltage required for the C2H6-treated composite was

statistically similar to the untreated SS316 control. In terms of utility, this indicates

that the as-synthesized C2H6-treated Zn/ZnO-CNT composite performed no better

than the raw cathode material. It should be noted that in Figure 6–5, the sudden

rise in the sustaining voltage at approximately t “ 430 s was the result of the sudden

extinguishment of the DC glow discharge when testing Trial 6, which was attributed

to a fluctuation in the DC power supply. Once the plasma was extinguished, the

power supply attempted to re-ignite the discharge by increasing the system voltage,

however the trial was aborted at this point.
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Figure 6–7: A comparison of the average sustaining voltages required for Trials 2, 3,
9, and 10, as compared to the untreated SS316 control (n “ 3). Error bars indicate
95% confidence intervals.

Shown in Figures 6–8 and 6–9 are the OES spectra of Trials 2 and 4, which

were typical of their replicates in Trials 3, 9, and 10, and Trials 5 and 6, respectively.

OES spectra for all trials were examined for evidence of CNT degradation or the

liberation of nanoparticles from the CNTs. However, the spectra were invariant with

time, moreover, the peaks present could only be attributed to N2 and N`
2 , as per

Chapter 3. This was attributed to the much smaller concentrations of CNTs and
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Zn/ZnO nanoparticles present, relative to the concentration of N2 in the DC glow

discharge system.
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Figure 6–8: OES spectra of Trial 2 as a function of time. No evidence of carbon or
zinc erosion was observed, despite the presence of 0.5% C2H6 in the RF plasma.
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Figure 6–9: OES spectra of Trial 4 as a function of time. No evidence of carbon or
zinc erosion was observed.

Evidence of the degradation of the Zn/ZnO composite coatings was observed in

SEM images of the synthesized cathodes by comparing images of the cathode surfaces

before and after testing in the DC glow discharge. For example, shown in Figure 6–10

is the cathode surface of Trial 4, while Figure 6–11 shows that of Trial 2. Generally,

the residues of the composite coating appeared, by visual inspection, to be more

pronounced in samples composed of nanoparticles treated with ethane (Figure 6–

11) than those that were treated with RF plasmas containing only argon. However,
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this observation appeared to have no statistically significant effect on the sustaining

voltages required during testing.

(a) Before exposure to the DC glow discharge. (b) After cathode testing.

Figure 6–10: SEM images of the nanocomposite cathode produced in Trial 4, before
and after testing in a DC glow discharge in N2 at 3.5 Torr, 5 mA for 10 min.
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(a) Before exposure to the DC glow discharge. (b) After cathode testing.

Figure 6–11: SEM images of the nanocomposite cathode produced in Trial 2, before
and after testing in a DC glow discharge in N2 at 3.5 Torr, 5 mA for 10 min.

6.4.2 Sample performance variability during testing

Comparing the performance of the synthesized Zn/ZnO-CNT nanocomposite

cathodes against controls of CNT-SS cathodes was hindered in this project by the

observed variance in the sustaining voltage measurements for both types of samples,

as indicated by the relatively large and overlapping 95% confidence intervals in the

measured sustaining voltages of samples tested in the DC glow discharge. Given

the variability observed in SEM and TEM images of the number of nanoparticles

deposited on CNT substrates for identical experimental conditions in the AFC-RF

deposition apparatus, the amount of nanoparticle deposition from trial-to-trial is

the likely source of the observed variance in the sustaining voltage measurements.
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However, the SS controls exhibited significantly less variance when replicate measure-

ments were made in the DC glow discharge apparatus. Consequently, the following

presents a brief discussion of the statistical power of these tests by using the results

of Section 6.4.1 as an example.

In the case where the null hypothesis is false when testing two normally-distributed,

random variables with unknown variances, then the distribution of the test statistic

for Student’s t-test is unknown. Consequently, no operating characteristic curves or

tables of values exist to determine the minimum difference in means that can be dis-

criminated in using a two-tailed t-test [165]. However, if we consider the performance

of replicated trials in Table 6–3 as representative of that treatment, some insight can

be inferred as to the difference in means that can be detected at a given power, and

the number of samples required to do so.

For example, since the SS316 control of Figure 6–7 was not subjected either

to CNT growth or Zn/ZnO nanoparticle deposition, then the variance observed in

this sample can be attributed to the measurement error if we assume the control

samples were identical. Using the mean measured sustaining voltage and the sample

variance as estimates of the true mean and variance, the minimum mean that could

be discriminated with a power of 0.95 was calculated at each point of the measured

values of the SS316 replicates using Matlab® for samples sizes of n “ 3 and n “ 5.

The results of this, shown in Figure 6–12, indicate that for a hypothetical sample

of n “ 3 or n “ 5, with a sample variance statistically equivalent to that of the

measurement error, then a shift in the mean sustaining voltage of approximately

20V and 10V, respectively, could be detected with a probability of 95%.
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Figure 6–12: Minimum difference in means that can be discriminated with a power
of 0.95 for n “ 3 and n “ 5, based on the mean measurements of the SS316 control
as representative of the measurement error.

However, the variances of the CNT-SS316 controls and those of the synthesized

composites were significantly different than that of the SS316 control, thus there is

no way to calculate the difference in means that can be discriminated between these

samples and the SS316 control. Yet, to gain a better sense of the obfuscating effect

of the increased observed variances in the CNT-SS316 and composite samples, the

same calculation can be performed on these samples in order to assess what shift
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in the mean sustaining voltage could be detected for a presumably different level of

treatment. In this analysis, the implicit assumption is that any hypothetical sample

with a shift in the sustaining voltage caused by a treatment would have a statistically

equivalent variance to that of the sample to which it was being compared.

For example, this analysis was performed on the mean of Trials 2, 3, 9, and 10,

and is shown in Figure 6–13. Since these trials pertained to composite cathodes,

the upper and lower bounds shown for n “ 3 and n “ 5 contain the effect of both

measurement error and variance from the sample treatments. This indicates that

if, for example, a set of three additional replicated samples were to be synthesized

and tested against the mean values of the 0.5%vol. C2H6 treatment of Trials 2, 3,

9, and 10, only an approximately 60V difference in the sustaining voltage would be

detected with a probability of 95%.
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Figure 6–13: Minimum difference in means that can be discriminated for n “ 3 and
n “ 5 based on the mean measurements of Trials 2, 3, 9, and 10 as an illustrative
example of the obfuscating effect of the sample variance.

In this analysis, the increased variance in the cathode performance that was

caused by the synthesis of CNTs or Zn/ZnO-CNT composites may have prevented

the detection of any reduction in the DC glow discharge sustaining voltage. An

example of this may have occurred in Trial 10, shown in Figure 6–14. If the variance

of the 0.5%vol. C2H6 treatment had a statistically equivalent sample variance to that

of the SS316 control, then the ultimate reduction in the sustaining voltage of Trial 10
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would have been detected as significant. However, calculation of the sample mean

and variances from Trials 2, 3, 9, and 10, and the testing of these two populations

at 95% significance, as illustrated in Figure 6–7 indicated that no such improvement

occurred. However, given that a rather large reduction in the sustaining voltage is

expected, on the order of 100V [13], the most likely explanation remains that the

applied electric field, as discussed in Chapter 3, was at least an order of magnitude

too small to initiate the field electron emission required.

Figure 6–14: A comparison of Trials 9 and 10 with the untreated SS316 control as
an example of the possibly confounding effect of the measured sample variance.
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Given the obfuscating effect of the variances as discussed above, it was of interest

to isolate and adjust their source(s) in the composite synthesis procedure in order

to mitigate their effects on the statistical comparison of the measured sustaining

voltages. As discussed in Section 6.3, the rate of nanoparticle deposition appeared

to introduce significant variation in the composite synthesis, and investigations into

this are detailed in the following Chapter. Presented below are the results of an

investigation into the evaporation rate of Zn as a source of variance in the composite

synthesis procedure.

6.4.3 Zinc nanoparticle production rate

Shown in Figure 6–15 are the evaporation rates measured from the mass change

of the Zn-containing crucible as a function of the evaporation source setpoint tem-

perature. In order to obtain measurable mass changes, all measurements were taken

after at least 15min of evaporation with an average evaporation time of 43min,

using argon as the carrier gas with the operating conditions of QN “ 0.84 SLPM,

QS “ 0.90 SLPM, QPP “ 0.324 SLPM, and PR “ 1.8 Torr. At evaporation temper-

atures of T “ 575 ˝C and above, the measured evaporation rates were statistically

identical at 95% confidence. Further examination of the data revealed a decreasing

trend in the evaporation rate with respect to increasing values of the initial mass of

the zinc and crucible, shown in Figure 6–16. This suggested a heat transfer limita-

tion in the process resulting from the construction of the evaporation source and the

mode of heat transfer.
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Figure 6–15: Measured zinc evaporation rate as a function of the evapora-
tion source setpoint temperature. Error bars indicate 95% confidence inter-
vals about the mean values for the set of n “ t3, 7, 4, 3, 24, 3, 10u at T “
t450, 500, 550, 575, 600, 625, 650u ˝C, respectively.
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Figure 6–16: A comparison of the gravimetrically measured evaporation rates of Zn
from the evaporation source for various crucible loadings and evaporation source
setpoint temperatures.

In the evaporation source, heat is supplied to the bottom of the crucible by a

double-layer coil of a 30 cm length of tungsten filament with a diameter of 0.6mm.

This is located 3.1mm from the bottom of the crucible, with a Type C thermocou-

ple placed approximately 2mm below the bottom layer of the tungsten coil. Since

the dominant heating mode of the crucible in the evaporation source is normally
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by radiation under UHV, the use of elevated pressures in the deposition apparatus

described in this work would have reduced the heat flux to the bottom of the cru-

cible by heat lost to heating the gas present in the system. This is demonstrated in

Figure 6–17, where the temperature of the tungsten filament was calculated from its

resistivity [166] and measurements of the voltage and current supplied by the evap-

oration source’s power supply at a pressure of 2.0 Torr. The approximately 400 ˝C

difference in the measured and filament temperatures can be attributed to convective

heat losses if we assume the heat transfer between the filament and thermocouple

is comparable to that between the filament and crucible. Thus, with heat losses by

convection and the presence of a flowing gas over the semi-molten surface of the zinc

pellets, it is likely that a large temperature gradient existed between the bottom of

the crucible and the zinc surface. Moreover, the geometry of the nozzle and the ex-

pansion of the quenching gas into the vacuum and over the surface of the evaporation

source likely caused eddies which may have contributed to the variable evaporation

rates observed in Figures 6–15 and 6–16. Since the causes attributed to the observed

variable evaporation rates were fixed by the reactor design, a quantification of the

deposition rates was undertaken and this is described in the following Chapter.
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Figure 6–17: Calculations of the filament temperature in the evaporation source
from measurements of the supplied voltage and current, as compared to the setpoint
temperature, indicating a heat transfer limitation.

6.5 Summary

Experimentation in synthesizing Zn/ZnO-CNT nanocomposites using the con-

structed deposition apparatus revealed that CNT substrates could be rapidly coated
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with nanoparticles from an evaporative source. However, examination of the synthe-

sized nanocomposite materials using electron microscopy revealed large variation in

the extent to which samples were coated with nanoparticles.

The evaluation of the synthesized Zn/ZnO-CNT composites as cathode mate-

rials used to sustain a DC glow discharge in N2 revealed no significant reduction in

the sustaining voltages required when these samples were compared to controls of

CNT-SS316 and untreated SS316 substrates. This was attributed to the observed

degradation of the composite materials resulting from erosion by ion bombardment at

the cathode surface and a significant increase in the variance of the voltage measure-

ments for treated samples. Examination of the evaporation rate as an explanation

for this increased variance revealed large variance at elevated temperatures which,

between 575 ˝C and 650 ˝C, were statistically equivalent.
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CHAPTER 7
Characterization of nanoparticle deposition rates and composition

7.1 Introduction

For the developed metal nanoparticle synthesis and deposition technique to be

viable as a deposition process for synthesizing nanoparticle coatings, then control of

the process, regardless of the substrate, is imperative. The apparatus constructed

to synthesize these coatings posed a number of challenges resulting from variability

in the metal evaporation rate of the nanoparticle evaporation-condensation process.

This translated to limitations in the temperature and gas flow rates that could be

used in the process to obtain the nanoparticle coatings desired.

Given the clear need for future design iterations to reduce the process vari-

ance, the establishment of a baseline for future process improvements was necessary.

Consequently, presented in this Chapter is an investigation of the thicknesses of

nanoparticle layers deposited on silicon wafers and their correlation with the mea-

sured evaporation rates in the system. Following this, the effect of the RF glow

discharge on the surface composition of the nanoparticle films is evaluated using

XPS, and the bulk composition is evaluated using XRD.
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7.2 Nanoparticle coating thickness measurements

7.2.1 Experimental procedures

7.2.1.1 Masked substrate preparation

In order to generate nanoparticle coatings for surface analysis using atomic force

microscopy (AFM), flat, 5mm ˆ 5mm silicon chip specimen supports (Part: 16008,

Ted Pella, USA) were used as substrates. A masking technique using freshly-cleaved

mica was used to generate sharp discontinuities between the silicon substrate and the

deposited nanoparticle coatings in order to measure the thicknesses of the nanopar-

ticle layers.

Masked silicon wafer substrates for thickness measurements were prepared for

deposition by first ultrasonically cleaning the wafers for 5min in a 150mL Pyrex®

beaker containing methanol, and left to dry at room temperature for approximately

30min. Freshly-cleaved mica (Part: 52-6, Ted Pella, USA) was used as a masking

material. A short length of approximately 5mm-wide mica was cut from the larger

sheet, and cleaved using adhesive tape. This thin layer was then applied to the

silicon wafer and trimmed using scissors to cover approximately half of the wafer’s

surface area. No adhesives were required as the mica layer was held in place by

electrostatic forces. Following nanoparticle deposition on the wafer, the mica mask

was lifted at one corner using tweezers and removed. This resulted in a clearly defined

discontinuity in the deposited nanoparticle layer that could be measured using AFM.
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7.2.1.2 Atomic force microscopy measurements

AFM measurements were performed using a Veeco MultiMode V in semi-contact

mode. For each sample generated, the thickness of the nanoparticle layer was mea-

sured at three random locations along the discontinuity. All scans of the discontinuity

were made for a 1 μm ˆ 1 μm area at a resolution of 128 lines/μm, except as noted.

Exceptions to this were either caused by particularly thick nanoparticle coatings, or

by defects in the uniformity of the nanoparticle layer resulting from ambient particle

contamination. In the former case, the scan speed was reduced and the resolution

increased in order to ensure the AFM probe was able to track sudden changes in

height. In the latter case, the scan area was reduced in order to avoid disruptions to

the scan caused by the defect or contaminant.

7.2.1.3 Experimental conditions

The evaporation source temperatures corresponding to the samples synthesized

for step height measurements are listed in Table 7–1. In all trials, argon was used as

the carrier and RF glow discharge gas. The deposition reactor conditions used were:

td “ 1.5 min QN “ 0.84 SLPM QS “ 0.90 SLPM QT “ 2.06 SLPM PR “ 2.0 Torr.

The surface area of the RF electrode is 39.4 cm2, which at the applied RF power

of 20W gave a power density of 0.5Wm´2.
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Table 7–1: Evaporation source temperatures corresponding to the synthesized sam-
ples.

Trial T
˝C

2, 3, 4 575

1, 5, 6 600

7, 8, 9 625

7.2.2 Results and discussion

Nanoparticle coatings with distinct discontinuities were synthesized and exam-

ined using SEM prior to AFM analysis. Examples of the generated discontinuities

in the nanoparticle layers are shown in Figure 7–1 and in Figure 7–2 for SEM and

AFM, respectively.
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Figure 7–1: SEM image of a discontinuity in the nanoparticle layer deposited on a
Si wafer, produced using the described masking technique.
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Figure 7–2: An example of the step heights generated using mica masks and measured
using AFM. Shown is a film thickness of 109.5˘ 0.9 nm (95% confidence interval for
n “ 128 scan lines across the measured area shown).

As shown in Figure 7–3, the surface of the nanoparticle layers appeared to be

quite granular and porous with many topographical features at the nm-scale. The
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deposited nanoparticle layers were also susceptible to mechanical damage; shown in

Figure 7–4 is the effect of the brief physical contact between the sample and plastic

tweezer tips used in positioning the sample of the AFM mount. Practically, the

porosity and fragility of the films had little effect on the 1μm ˆ 1 μm scans used for

film thickness measurements, however they posed significant challenges in obtaining

high-resolution AFM scans of the sample surfaces, as the AFM probe had difficulty

resolving sudden height changes resulting from the porosity of the film. Moreover,

contamination of the probe was frequently an issue at high resolution. This was most

likely caused by nanoparticles dislodged from the film as a result of the increased

frequency of interaction between individual nanoparticles and the AFM probe at

high resolution in semi-contact mode.
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Figure 7–3: SEM image of the porous, granular structure of the deposited nanopar-
ticle layers.
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Figure 7–4: Damage to the deposited nanoparticle layer caused during sample mount-
ing in the AFM.

The film thickness measurements of all trials are shown in Figure 7–5. Excepting

the last two measurements of Trial 5, all measurements were significantly different at

95% confidence, indicating that the films of nanoparticles varied in height over the

surface of the substrate. Certainly this can be attributed to the previously-measured

variance of the zinc evaporation rate, yet another likely effect is that of the reactor

pressure of 2.0 Torr. As reviewed in Chapter 2, the increased system pressures of

AFC reduces the mean free path of evaporated atoms/molecules, thus favouring the

nucleation and condensation of nanoparticles near the source of evaporated material

and transporting these nanoparticles downstream in the process. As a consequence,

the deposition of nanoparticles from the carrier gas is a function of the flow field of the

gas around the substrate. This was observed qualitatively in the visible diffraction
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pattern of the nanoparticle films deposited on the silicon wafers, an example of

which is shown in Figure 7–6. In all samples, these diffraction patterns appeared

to be uniform near the masked edge, but changed markedly near the edges of the

460–530 μm thick Si wafers.

Figure 7–5: Triplicate film thickness measurements of the samples synthesized in
Table 7–1. n “ 128 for for all measurements excepting the first and second mea-
surements of Trial 1 (n “ 358 and n “ 462, respectively), and the first measurement
of Trial 2 (n “ 65). 95% confidence intervals on individual measurements are on
the order of « 1 nm and thus are below the resolution of the Figure. Statistically
equivalent measurements at 95% confidence are indicated by *.
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Figure 7–6: Diffraction patterns caused by variations in the thickness of the deposited
nanoparticle layer on silicon wafers.

Linear regressions of the measured film thicknesses as functions of the source

temperature and the measured evaporation rate, shown in Figures 7–7 and 7–8 re-

spectively, were performed in order to assess the extent to which the evaporation

temperature could control the rate of nanoparticle deposition, and to evaluate the

contribution of the variability observed in the evaporation rate to that observed in

the deposition rate of nanoparticles on the silicon wafers. The regressions presented

in Figures 7–7 and 7–8 are for the data from Trials 2–9. Initial regressions of the
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entire data set revealed no influential points as possible outliers using the criterion

of Cook’s distances greater than unity, yet those for Trial 1, ranging from 0.1045

to 0.2479, were generally an order of magnitude larger than those of the other data

points. Moreover, in both regressions of the full data set, normal probability plots of

the residuals revealed strongly non-normal distributions resulting from the residuals

of Trial 1. Removal of this data restored linearity to both normal probability plots,

and further plots of the residuals against the predicted values of the film thicknesses,

or of the residuals as functions of the source temperature and evaporation rate re-

vealed no trends remaining in the data. Thus, in the following analysis, the results

of Trial 1 were not considered.

The regression of Figure 7–7 resulted in:

Deposited Film Thickness “ 7.48T ´ 4060 (7.1)

where the Deposited Film Thickness is measured in nm and T is the setpoint

temperature of the evaporation source in ˝C. For this regression, R2 “ 0.766 and the

95% confidence interval on the slope is r5.66..9.31s. While this analysis indicates the

regression is technically valid, from a practical standpoint the primary issue is the

large 95% confidence interval on the value of a future predicted response. Effectively,

any attempt to control the deposited film thickness using the given experimental

conditions is 95% likely to have a margin of error of approximately ˘225 nm. Thus,

while rapid deposition of nanoparticles is possible, control of the rate of deposition

using temperature would require further development.
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Figure 7–7: Linear regression of the measured nanoparticle film thicknesses for Tri-
als 2–9 as a function of the evaporation source temperature. Confidence intervals on
the mean response of the model and on the prediction of a future measurement are
given at 95%.

Examining the regression of Figure 7–8 requires a slightly different analysis, as

both the measured evaporation rate at the source and the deposited film thickness are

random variables. The correlation coefficient between the evaporation rate and film

thickness was 0.728 thus, unsurprisingly, the two variables are positively correlated.

The regression equation was determined to be:
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Deposited Film Thickness “ 9830pEvaporation Rate at Sourceq ` 180 (7.2)

where the Evaporation Rate at Source is measured in g{min. For this regression,

R2 “ 0.529 and the 95% confidence interval on the slope is r5730..13900s. Assuming

n “ 24 is a sufficiently large number of samples to infer the distribution of the

correlation coefficient from the experimental data, a 95% confidence interval for the

correlation coefficient can be estimated as r0.459..0.874s [165]. From this it can be

inferred that although approximately 53% of the variation in the film thickness can

be attributed to the evaporation rate at the source, the strength of the positive

linear relationship between the evaporation rate and the deposited film thickness

(i.e. the 95% confidence interval on the correlation coefficient) is wide, and other

process variables are most likely contributing to the variability in the deposited film

thickness.

Similar to the analysis of Figure 7–7, a 95% confidence interval on the predicted

value of a future response was constructed by treating the measured evaporation

rate as an independent variable, and this is shown in Figure 7–8. The resultant

margin of error is approximately ˘550 nm which, when considered with the margin

of error from Figure 7–7, provides an important piece of evidence regarding the

variability observed during the course of this project in the coating thicknesses of

the synthesized Zn/ZnO-CNT nanocomposites and in the variability of the measured

sustaining voltages when these nanocomposites were used as DC glow discharge

cathodes. It is extremely likely that the difficulties in obtaining reproducible data

in this project, as described in Chapters 5 and 6, can be attributed to the inability

of the constructed system to deposit nanoparticle coatings with a precision less than
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the calculated margins of error of approximately ˘225 nm and ˘550 nm when the

source temperature or the evaporation rate at the source are known, respectively. As

a result, further development of the AFC reactor design is needed to obtain better

control of the nanoparticle deposition rates before this technique can be applied

to reliably produce CNT nanocomposite materials with reproducible nanoparticle

coating thicknesses.
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Figure 7–8: Linear regression of the deposited film thickness for Trials 2 to 9 as
a function of the zinc evaporation rate measured at the high-temperature source.
Confidence intervals on the mean response of the model and on the prediction of a
future measurement are given at 95%.
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7.3 XPS analysis of deposited Zn/ZnO nanoparticle layers

Given the morphological differences of the deposited nanoparticles on CNTs,

as described in Chapter 5, the generation of nanoparticles versus microparticles in

the presence/absence of the RF glow discharge in the deposition apparatus, and

the mixed Zn and ZnO signals from the electron diffraction patterns of Chapter 5,

an investigation of the surface and bulk compositions of the synthesized materials

was undertaken. Films of Zn/ZnO nanoparticles were deposited on Si wafers using

experimental conditions similar to those for nanocomposite synthesis. This was done

in order to obtain samples that were analogous to the synthesized nanocomposites,

but were comparatively “flat,” so that they could be analyzed via X-ray photoelectron

spectroscopy (XPS) and X-ray diffraction (XRD).

7.3.1 Experimental procedures

7.3.1.1 XPS

XPS was performed using a Thermo Scientific K-Alpha spectrometer which uti-

lized a monochromated aluminum X-ray source (Al Kα at 1486.6 eV). All spectra

were collected at an analysis chamber pressure of less than 10´8 Torr. For peak

identification, all spectra were normalized to the C1s peak at 285.0 eV. Atomic com-

position depth profiles were generated by argon ion sputtering at an accelerating

voltage of 3000 eV and 10 nA, where the sputtering time for each sample was deter-

mined by a series of rapid trial-and-error survey scans prior to the collection of high

resolution scans for Zn, O, C, and Si.
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7.3.1.2 XRD

XRD data was collected using a Bruker D8 Discover equipped with a general area

detector diffraction system (GADDS). Low incident X-ray angles (1˝–3˝) were used

as a result of the flat samples, thus 2θ scans were limited to between approximately

10˝–105˝.

7.3.1.3 Nanoparticle layer synthesis

The analysis of the following samples is described below. All samples shared the

following synthesis conditions. Argon was used as the nozzle and sheath gas, and

was supplied at flow rates of QN “ 0.84 SLPM and QS “ 0.90 SLPM. The reactor

pressure was maintained at PR “ 2.0 Torr and the total gas flow rate through the

system was QT “ 2.06 SLPM.

1. Sample 1 was generated without the RF glow discharge in order to deposit

microparticles on the Si wafer. Argon was supplied at a flow rate of QPP “ 0.324

SLPM in order to maintain the system pressure and total flow rate, as above.

The deposition time for the synthesis of the microparticle layer was td “ 5 min.

2. Sample 2 was generated in the presence of an Ar RF glow discharge at 20W in

order to deposit nanoparticles on the Si wafer. Argon was supplied at a flow

rate of QPP “ 0.324 SLPM in order to maintain the system pressure and total

flow rate, as above. The deposition time for the synthesis of the nanoparticle

layer was td “ 1.5 min.

3. Sample 3 was generated in the presence of an Ar RF glow discharge at 20W

containing 16%vol. O2. This corresponded to an O2 flow rate of QPP “ 0.324

SLPM. The deposition time for the synthesis of the nanoparticle layer was
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td “ 1.5 min. In order to evaluate the effectiveness of the oxygen plasma in

generating ZnO nanoparticles, a plasma polymer layer was deposited on the Si

wafer following the nanoparticle deposition to inhibit the diffusion of oxygen

to the as-synthesized nanoparticles once the sample was removed from vacuum

[167]. All gas flow rates were shut off, and 10 sccm of ethane was introduced to

the reactor. A RF glow discharge at 20W was ignited and the sample was re-

introduced to the process stream using the linear motion for 2.5 min to deposit

the plasma polymer. During this time, the reactor pressure was PR “ 2.0 Torr.

7.3.2 Results and discussion: XPS of nanoparticle layers on Si wafers

Similar to the results of Chapter 5, the absence of a RF glow discharge to prevent

nanoparticle agglomeration similarly resulted in the formation of microparticle films

on the silicon wafer substrates, as shown in Figure 7–9. The deposited film appeared

to have a structure characteristic of dendritic growth.
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Figure 7–9: SEM images of the microparticle layers deposited on the Si wafer sub-
strates when no RF glow discharge was present in the nanoparticle deposition system.

Figure 7–10 shows the atomic composition of the microparticle film as a function

of the Ar` sputtering time (i.e. the depth profile). The decrease in the C1s signal

from over 70%at. to approximately 40%at. in the first 10 s of sputtering is difficult to

explain. Such a high carbon content normally indicates a carbon contamination of

the surface beyond that of adventitious carbon, which is plausible since the carbon

content remained above 20%at. until 100 s of sputtering, at which point the C1s

signal reached zero. Normally, adventitious carbon should be removed within the

first 10 to 20 s of sputtering for the accelerating voltage and beam current used. If

this is the case, then the source of the contamination is unknown.
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Meanwhile, the 1:1 ratio of the O1s signal to the Zn2p3 signal, indicated that

Ar` was unable to remove the surface oxidation of the zinc microparticles. How-

ever, examination of Sample 1 before and after XPS analysis showed attrition of

the microparticle surface (Figure 7–11), thus the incident Ar` ion energy was likely

sufficient to generate depth profiles, and that further sputtering would likely remove

the surface oxidation.
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Figure 7–10: Atomic composition depth profile of Zn microparticles deposited on a
Si wafer (Sample 1).
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(a) Before Ar` sputtering. (b) After Ar` sputtering.

Figure 7–11: SEM images of Sample 1 before and after the generation of the XPS
depth profile in Figure 7–10.

However, XPS depth profile studies of the deposited nanoparticle layers were

complicated by the apparent porosity of the nanoparticle films. It appeared that

the films were sufficiently porous that the unknown carbon contamination discussed

above was capable of permeating the film. The XPS depth profile of Sample 2 is

shown in Figure 7–12. After approximately 250 s, all carbon was removed from

the sample, however this also corresponded to a removal of the nanoparticle layer.

This removal of the nanoparticle layer was visually observed during data acquisition

as a change in the diffraction pattern on the Si wafer, and this was confirmed by

observation of the sputtered area using SEM. Consequently, no conclusions could be

drawn as to the extent of Zn nanoparticle oxidation caused by ambient oxygen.
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Figure 7–12: Atomic composition depth profile of Zn/ZnO nanoparticles deposited
on a Si wafer (Sample 2).

The XPS depth profile of Sample 3, shown in Figure 7–13, indicated that the

plasma polymer layer was rapidly removed by Ar` sputtering. After approximately

100 s, sufficient plasma polymer was removed to allow for detection of the underlying

Zn/ZnO nanoparticle layer. Similar to the results of Sample 2, Ar` sputtering also
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removed the nanoparticle layer from the Si wafer, again preventing any inferences as

to the extent of Zn nanoparticle oxidation from process and ambient conditions.

Figure 7–13: Atomic composition depth profile of Zn/ZnO nanoparticles deposited on
a Si wafer and sealed with a plasma polymer layer to prevent nanoparticle oxidation
by ambient oxygen (Sample 3).
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7.3.3 Results and discussion: XRD of nanoparticle layers on Si wafers

Samples 2 and 3 were replicated and analyzed using XRD, shown in Figures 7–14

and 7–15, respectively. In both figures, the background signals were subtracted via

Bezier curve. The reference patterns for Zn and ZnO are also included in Figures 7–

14 and 7–15. In each Figure, the reference patterns were scaled by relative height

to the peak in the scan closest to their 100% intensity lines. For Zn, this occurs at

2θ “ 43.26˝ and for ZnO at 2θ “ 36.29˝ [168].

In Figure 7–14, it appears the sample is predominantly composed of Zn, since

the most intense peaks for Zn (i.e. at 2θ “ 39.03˝, 43.26˝, 54.37˝, 70.15˝ and 70.70˝

[168]) all appear at appropriate relative intensities, as indicated by the Zn reference

pattern. Conversely, the relative height of 21.94% used for the reference pattern of

ZnO, combined with the fact that none of the other peaks in the scan corresponding

to ZnO appear at intensities greater than those of the scaled ZnO reference pattern,

provides evidence that very little ZnO was present in this sample. In Figure 7–14,

the 100% intensity line for ZnO is being obscured by the XRD peak for Zn at 36.32

[168] and it is likely that any ZnO present in Sample 2 was the result of atmospheric

oxidation of Zn nanoparticles synthesized in the AFC-RF process.

It appears that in Figure 7–15, both Zn and ZnO were present in the sample, and

both in sufficient quantities such that their corresponding diffraction peaks appear

at similar intensities. While a quantitative analysis of the amounts of Zn and ZnO

present cannot be deduced from the data obtained, this result does indicate that the

16%vol. O2 glow discharge had a significant effect in oxidizing the synthesized Zn

nanoparticles. More oxygen is present in the sample exposed to the oxygen plasma

135



(Sample 3) than in Sample 2, where oxidation of the nanoparticles could only occur

from exposure to ambient oxygen.

Figure 7–14: XRD spectrum of Sample 2, where no O2 was present in the RF glow
discharge. The reference patterns of Zn (�) and ZnO (�) are indicated, with each
scaled by relative height. For Zn, the relative height shown is 129.50% and for ZnO,
the relative height shown is 21.94%.
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Figure 7–15: XRD spectrum of Sample 3, where 16%vol. O2 was present in the RF
glow discharge. The reference patterns of Zn (�) and ZnO (�) are indicated, with
each scaled by relative height. For Zn, the relative height shown is 88.93% and for
ZnO, the relative height shown is 91.73%.
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CHAPTER 8
Conclusions

The primary contribution of this PhD project is the development of a novel

process which combines aerosol flow condensation for the generation of nanoparticles

with a radio-frequency glow discharge plasma to facilitate their deposition by prevent-

ing their agglomeration into larger micro-particles while in-flight with the objective

of synthesizing nanocomposites of nanoparticles and carbon nanotubes. Specifically,

this process was used to synthesize nanocomposites of nanoparticles containing Zn

and ZnO on carbon nanotubes. Neither atmospheric oxidation of the nanoparticle

films, nor the presence of a 16%vol. O2 RF plasma at 13.56 MHz and 20 W in the

deposition apparatus were able to generate pure ZnO nanoparticles.

With regards to the synthesized nanocomposites, it initially appeared that maxi-

mum gas flow rates through the system of around 8 SLPM tended to deposit nanopar-

ticles with a lognormal size distribution and median size of approximately 4 nm.

There was some evidence that decreasing the gas flow rate through the system to

around 2 SLPM tended to produce bimodally-distributed nanoparticles, with both

modes having lognormal distributions and median sizes of approximately 4 to 5 nm

and approximately 67 nm. Changing the composition of the RF glow discharge to

include 0.5%vol. C2H6 appeared to have no effect on the size distribution, but this

did seem to favour the deposition of the larger nanoparticles in clusters over the

surface of the CNT.
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During the course of experimentation leading to this thesis, it became appar-

ent that the developed process exhibited large variation in the rate of nanoparticle

deposition. The variation in the deposition rate of nanoparticles was quantified by

measuring the thicknesses of nanoparticle layers deposited on silicon wafers by AFM.

A maximum rate of deposition of the nanoparticle layer of approximately 500 nm/min

was observed, however linear regressions of the measured layer thicknesses as func-

tions of the evaporative source temperature and measured average evaporation rate

resulted in 95% confidence intervals on the prediction of future layer thicknesses of

approximately ˘225 nm and ˘550 nm, respectively, for the evaporative source tem-

perature range of 575 to 625 ˝C and measured average evaporation rate range of 0.009

to 0.048 g/min. Thus, although the developed process was able to rapidly deposit

nanoparticles on the substrate, the variability of the deposition rate made it effec-

tively impossible to produce reproducible nanocomposite samples for testing as DC

glow discharge cathodes.

The evaluation of the synthesized Zn/ZnO-CNT nanocomposites as cathode

materials revealed no significant reduction in the sustaining voltages required to

maintain a DC glow discharge in nitrogen, as compared to control samples of nanos-

tructured CNT surfaces and untreated stainless steel. This result can be attributed

to the measured variability in the designed Zn/ZnO-CNT nanocomposite synthesis

process. However, this result can also be attributed to the experimental conditions

under which the nanocomposites were tested. Compared to the literature values,

the applied electric fields to which the nanocomposites were exposed was one to two
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orders of magnitude lower than those required for field electron emission. More-

over, the previously-documented interfacial resistances between the CNTs and their

SS substrates were likely responsible for the destruction of CNTs by Joule heating

during DC glow discharge testing.

8.1 Recommendations for future work

In consideration of the conclusions of this study, particularly those resulting from

the measured variability in the evaporation rate of zinc and in the deposition rate of

nanoparticles, further development of the process conceived in this work is imperative

if it is to be used reliably as a process for nanocomposite synthesis. Consequently,

the following recommendations for future work are strongly made:

• The variability in both the average evaporation rate of zinc and the deposition

rate of nanoparticles in the process must be addressed with the objective of

reducing this variability such that nanocomposites with similar characteristics

(e.g. nanoparticle coating thicknesses, nanoparticle size distributions, and per-

formances as cathode materials) can be created. Toward this objective, the

following suggestions are made:

– In consideration of the likely heat transfer limitation between the filament

of the evaporation source, its crucible, and the thermocouple used to reg-

ulate the setpoint temperature, this component should be replaced with

a heating element whose mode of heat transfer is conductive, rather than

a combination of convective and radiative heat transfer, as is the case

in the current apparatus. This would result in better regulation of the

evaporation source temperature, as the system pressure, gas flow rates,
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and surface properties of the crucible and filament could no longer affect

the heat transfer from the heating element to the evaporant. Moreover, in

such a configuration, the thermocouple used to regulate the temperature

of the evaporant should be in direct contact with a surface located close

to the evaporant in order to obtain more precise temperature regulation.

A promising candidate for a replacement heat source which meets these

criteria would be a graphite heating element, since these can be manu-

factured in a wide range of sizes and configurations that could allow for

a design which heats the crucible and thermocouple by conduction. It is

further recommended that such a heating element be coated with a ce-

ramic resistant to oxidation, such as silicon carbide. Although graphite

heating elements can provide temperatures in excess of 2000 ˝C, they are

readily oxidized at these temperatures and this results in reduced lifetimes

in oxidative atmospheres.

– Since the saturation ratio is a strong function of temperature, the temper-

ature gradient above the evaporative source should be better controlled.

To this end, the use of a Knudsen cell is recommended, rather than an

open crucible design. This would provide better regulation of tempera-

ture of the evaporant and its vapours. Additionally, the presence of an

orifice with a surface area smaller than the available surface area of the

evaporant should allow for better regulation of the rate at which vapours

of the evaporant leave the evaporation source.
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– The introduction of a constrained gas flow above the orifice a Knudsen

cell may be of use in providing a more uniform flow of gas, and thus help

better control the condensation of nanoparticles. Such a design may be

difficult to implement, as the orifice of the Knudsen cell would have to be

connected to a channel perpendicular to the gas flow, and with a minimum

distance between the orifice of the Knudsen cell and the gas flow in order

to minimize recirculation caused by tee junctions.

– Computational fluid dynamic simulations are recommended prior to the

construction of any similar processes in order to ensure any recirculation

or turbulent flows are avoided in the process. Additionally, such simula-

tions could be used to model the nanoparticle condensation process with

appropriate, additional software. Although this represents a significant

amount of work, such information would be useful not only in designing

effective modifications to the developed process, but would provide valu-

able information regarding the factors affecting nanoparticle production

upon comparison with experimental data.

• The problem of CNT destruction by Joule heating in samples that have been

synthesized by the CVD method used in the current work has been previously

studied. Moreover, this CVDmethod can produce CNTs of variable quality and

quantity. It would be of interest to make use of other CNT synthesis techniques

which produce CNTs with fewer defects and, more importantly, less contact

resistance with the substrate. The development of a project to measure and

quantify the contact resistance of CNT nanostructures for electrical discharge
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applications would be of long-term value, as it could form the basis for further

study in modifying and evaluating the effect of plasma processing on CNT-

based nano structures.

• The effectiveness of the RF glow discharge in preventing agglomeration of the

produced nanoparticles remains unaddressed. A study of the nanoparticle size

distributions as a function of the distance downstream of the evaporative source

and comparing the effect of the presence and parameters of the RF glow dis-

charge is recommended. However, a significant challenge to this proposed study

would be the effective application of a measurement technique which could

manage the sizes of the produced nanoparticles, their surface charges resulting

from the RF glow discharges, and the sampling of particles under vacuum.

• Given that the RF glow discharge and plasma composition used in this project

have previously been used to synthesize coated or other surface-functionalized

nanoparticles, a detailed study of the RF glow discharge used in the developed

process is recommended. Specifically, the ability of the discharge to function-

alize the synthesized nanoparticles is of interest. However, if XPS is to be used

as the primary method of investigation, an evaporant material other than zinc

should be used since the binding energy shifts occurring between zinc, oxygen

and carbon are relatively small and particularly difficult to de-convolute for

XPS analysis. Consequently, the use of alternative evaporant materials or RF

glow discharges with different atomic species for functionalization is recom-

mended.
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• Similarly, once better control of the nanoparticle synthesis and deposition is

established, a review of the effects of the RF glow discharge on the morphology

of the nanoparticles in the nanocomposite should be confirmed in a future work.
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