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Summary
In the recent years there has been a growing demand of specialized, tailored particle

materials, which feature defined properties. A promising way to fulfill these

requirements is to combine material properties by coating a core particle with a

different film material. Possible applications are the deposition of a functional

coating, e.g. catalytic layer, on a carrier particle, or a diffusion barrier coating to

protect a core particle against environmental attack.

The plasma enhanced chemical vapor deposition (PECVD) is a reliable process to

deposit thin films on flat or particulate substrates. The deposition is obtained by
applying a cold plasma, where the substrate temperature ranges between ambient

temperature and a few 100°C. Thus, depending on the plasma conditions, even

thermally sensitive materials may be treated by this process. Compared to classical

deposition methods, PECVD offers a three dimensional, uniform coating with a dense

and coherent film structure. In contrast to wet chemical coating methods, PECVD

does not produce toxic waste water nor requires a subsequent drying step.

In the field of particle processing the circulating fluidized bed represents an efficient

reactor concept. The low density and the homogeneous dispersion of the particulate
phase in the gas phase, as well as the high relative velocity provides an intense mass-

and heat transfer between the gas- and the solid phase, which allows high reaction

rates. Therefore the combination of the CFB concept with the PECVD process is

promising high deposition rates and a good monomer efficiency. The goal of this

work was the investigation of the deposition process in this new reactor type.

Especially the growth structure of SiOx films deposited on different substrate particles
with sizes in the range of 200 - 300 urn is studied.

An overview of the state of the art and the principles concerning particle processing,
PECVD and film growth mechanism is given in the first part of this work. Then the

fluid dynamics in the reactor are studied by means of a simple numerical gas-solid
flow model. Important process parameters, like the residence time of the particles in

the plasma zone are calculated by this model.

One of the major issues of this work is the investigation of the influence of the

substrate surface morphology on the film growth structure. The film growth evolution

and the resulting cross sections of the deposited coatings are studied by means of

scanning electron microscopy (SEM). Generally, the coatings on smooth salt crystals
feature a dense and coherent morphology, while on rough surfaces, such as on silica-

gel granulates, a distinct columnar structure can be observed. The formation of

columnar structures is caused by shadowing effects, which is the dominating growth
mechanism at low substrate temperatures. In further deposition experiments the

dependence of the temperature on the film morphology is clearly demonstrated. The

number of columns is significantly reduced at elevated substrate temperatures.
However, the shadowing effect also causes nodular outgrowths in dense films on salt

particles, induced by dust particles on the particle surface.

Beside the film morphology characterization, the diffusion barrier performance of

the deposited SiOx coatings is determined. For that purpose the water vapor uptake
rate of coated silica-gel particles, which are exposed to a saturated water vapor
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atmosphere, is measured. But the analyzed coatings reveal an insufficient barrier

effect, due to film defects.

In the last section of this work, the limits of the CFB/PECVD reactor concept are

discussed, in order to determine the application field of such a process. The most

important limiting factor represents the particle size, because particle diameters below

20 urn cause severe handling problems in the reactor and increase the processing
time. Another important limiting aspect raises the coating costs, which are also

discussed in detail.

Finally recommendations for future work in the field of particle coating in a

circulating fluidized bed by PECVD are given in an outlook. Interesting subjects of

investigation would be highly porous catalytic coatings featuring columnar structure

or the deposition of nano particles in a dusty plasma, to reduce the cohesive forces of

fine powder particles and to improve its flowability.
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Zusammenfassung
In den letzten Jahren ist die Nachfrage nach speziell hergestellten Stoffen in

Partikelform mit klar definierten Eigenschaften stetig gewachsen. Ein viel

versprechender Lösungsansatz, um diese Anforderungen zu erfüllen, stellt die

Kombination der Eigenschaften eines Kernpartikels mit denen eines Beschichtungs-
materials dar. Eine mögliche Anwendung dieses Prinzips ist die Abscheidung von

funktionalen Schichten, wie zum Beispiel einer katalytischen Schicht auf Träger¬
partikeln, oder auch von Diffusionssperrschichten zum Schutz des Kernmaterials

gegen äussere Einflüsse.

Die Plasma gestützte chemische Abscheidung aus der Gasphase (PECVD) ist ein

bewährter Prozess, um dünne Schichten auf flachen oder partikelförmigen Substraten

abzuscheiden. Die Beschichtung findet in einem kalten Plasma statt, wobei die

Substrattemperaturen zwischen Raumtemperatur und wenigen 100°C liegen können.

Unter bestimmten Bedingungen können deshalb auch temperaturempfindliche
Materialien mit diesem Prozess behandelt werden. Verglichen mit klassischen

Beschichtungsmethoden, bietet die PECVD eine allseitig gleichmässige Beschichtung
mit einer geschlossenen, dichten Schichtstruktur. Im Gegensatz zu nass-chemischen

Beschichtungsverfahren verursacht PECVD keine giftigen Abwässer und benötigt
auch keinen zusätzlichen Trocknungsschritt nach der Beschichtung.

Im Bereich der Partikelverarbeitung stellt die zirkulierende Wirbelschicht (ZWS)
ein sehr effizientes Reaktorkonzept dar. Sowohl die geringe Partikeldichte, verbunden

mit einer gleichmässigen Verteilung der Feststoffphase, als auch die hohe

Geschwindigkeitsdifferenz sorgen für einen intensiven Wärme- und Stoffaustausch

zwischen der Gas- und der Feststoffphase, was hohe Reaktionsraten erlaubt. Aus

diesem Grund verspricht die Kombination aus zirkulierender Wirbelschicht und

PECVD hohe Abscheideraten und eine effiziente Monomer-Verwertung. Das Ziel der

vorliegenden Arbeit ist die Untersuchung des Beschichtungsprozesses in diesem

neuen Reaktortyp. Insbesondere soll die Wachstumsstruktur von SiOx-Schichten
untersucht werden, die auf verschiedenen Substratpartikeln im Grössenbereich von

200 bis 300 um abgeschieden worden sind.

Im ersten Teil dieser Arbeit wird eine Übersicht über den Stand der Technik im

Bereich der Partikelbehandlung, der Plasma gestützten Abscheidung aus der

Gasphase, sowie der heute bekannten Mechanismen des Schicht-Wachstums gegeben.
Danach wird die Gas-Feststoff-Strömung im Reaktor mittels eines einfachen

numerischen 2-Phasentnodells beschrieben. Dieses Modell erlaubt die Berechnung
wichtiger Prozessparameter, wie die Verweilzeit der Partikel in der Plasmazone.

Einer der Schwerpunkte dieser Arbeit ist das Studium des Morphologieeinflusses
der Substratoberfläche auf die Schichtstruktur. Das Schichtwachstum und die

resultierenden Querschnitte der abgeschiedenen Schichten werden im Raster-

Elektronen-Mikroskop (REM) untersucht. Im Allgemeinen zeigen Beschichtungen
auf glatten Salzkristallen eine dichte und geschlossene Morphologie, während auf

rauen Oberflächen, wie auf Silikagelgranulat, eine ausgeprägte Säulenstruktur

beobachtet werden kann. Die Bildung der säulenartigen Strukturen wird durch

Abschattungseffekte verursacht, welche bei tiefen Substrattemperaturen den

Wachstumsmechanismus dominieren. Diese Abhängigkeit zwischen der Temperatur
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und der Schichtmorphologie wird in weiteren Experimenten eindeutig aufgezeigt. Die

Zahl der beobachteten Säulen in der Schicht ist bei höheren Substrattemperaturen
geringer. Auf den Salzkristallen verursacht der Abschattungseffekt, ausgelöst durch

Staubpartikel, sogar Schichtdefekte in den ansonsten dichten Schichten.

Neben der Schichtmorphologie wird auch die Diffusionssperrwirkung der SiOx-
Schichten bestimmt. Dazu wird die Wasseraufnahmerate von beschichteten

Silikagelpartikeln gemessen, welche einer gesättigten Wasserdampfatmosphäre
ausgesetzt sind. Die untersuchten Schichten zeigten jedoch wegen Schichtdefekten

eine ungenügende Sperrwirkung.

Im letzten Abschnitt werden die Grenzen des ZWS-PECVD-Konzeptes erörtert, um

das Einsatzpotential dieses Verfahrens abzuschätzen. Der wichtigste limitierende

Faktor ist dabei die untere Partikelgrösse, da unterhalb einem Partikeldurchmesser

von 20 rnn Probleme in der Handhabung der Partikel im Reaktor auftreten, und die

Beschichtungsdauer ansteigt. Doch auch die hohen Prozesskosten spielen eine

wichtige Rolle. Diese werden abschliessend detailliert diskutiert.

Abschliessend werden im Ausblick Empfehlungen für künftige Arbeiten im Bereich

der Partikelbeschichtung mittels PECVD in einer zirkulierenden Wirbelschicht

gegeben. Interessante Fragestellungen wären die Untersuchung von hoch porösen,
katalytischen Schichten, die eine säulenartige Struktur aufweisen oder die

Abscheidung von Nanopartikel in einem „Dusty-Plasma", um die kohäsiven Kräfte

innerhalb feiner Pulver zu reduzieren und somit ihre Rieselfähigkeit zu verbessern.
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Nomenclature

Latin Letters

A [m2] Cross section area

a [m/s2] Acceleration

b [m] Width of cyclone entrance duct

c [g/g] Specific water vapor concentration

CD [-] Drag coefficient

d [m] Diameter

D [m] Diameter of riser tube

D [m2/s] Diffusion coefficient

E [V/m] Electrical field strength

e [m] Film thickness

F [N] Force

f [N/kg] Field force

h [m] Height

k [s'1] Overall diffusion parameter

Kn [-] Knudsen number

M [kg/mol] Molecular weight, molar mass

m [kg] Mass

m [kg/s] Mass flow rate

n [m"3] Number density

N [-] Number

P [Pa], [mbar] Pressure

P [W] Power

r [m] Radius

R [nm/s] Deposition rate

Re [-] Reynolds number

"J/o/ [W/m2] Total infra red emission intensity

t [s] Time



X Nomenclature

T [K], [°C] Temperature

Us [V] Sheath potential

V [m3] Volume

V [m3/s] Volume flow rate

V [m/s] Velocity

Vfinm [m/s] Minima] fluidization velocity

Vf [m/s] Terminal settling velocity

Vipi [m/s] Radial velocity

W [J] Energy

xc [m] Critical particle size

Xq [m] Oscillating Amplitude

z [m] Axial coordinate

Greek Letters

a H Effective conformality factor

£o [-] Emission Ratio

V [Pa-s] Dynamic viscosity

1)tot [-] Total separation efficiency

<p [-] Solid volume fraction

X [m] Mean free path

Ad [m] Debye length

Me [-] Particle loading ratio

V [s"1] Electron-neutral collision frequency

P [kg/m3] Density

a [N/m2] Stress tensor

T [s] Residence time

?Fp [N/m2] Shear stress (particle-wall friction)

0) [s"1] Angular frequency

4 [m] Diameter of a gas molecule
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Sub- and superscripts

A ambient

B buoyancy, bulk

C centrifugal

D drag

dp deposition process

e electron

eff effective

f fluid

G gravitational

g gas

i iteration step

i inlet

i ion

m melting point

n volume element number

o outlet

P particle

r radial coordinate

rel relative

s substrate

S surface

sat saturated

tr transfer

z axial coordinate

0 standard conditions

0 angle coordinate



XII Nomenclature

so 8.854-1012 [As/Vm] Permittivity of vacuum

e 1.602-10"19 [C] Elementary charge

g 9.81 [m/s2] Acceleration of gravity

kB 1.381-10"23 [I/K] Boltzmann constant

NA 6.022-1023 [mol"1] Avogadro constant

R 8.314 [J/kg-K] Universal gas constant

a 5.668-10"8 [W/m2K4] Stefan-Boltzmann constant

Abbreviations

CEM Controlled evaporation mixing

CFB Circulating fluidized bed

CVD Chemical vapor deposition

DAQ Data acquisition

dc Direct current

HMDSO Hexamethyldisiloxane

TR Infra red

MAIC Magnetically assisted impact coating

MW Micro wave

PECVD Plasma enhanced chemical vapor deposition

PVD Physical vapor deposition

rf Radio frequency

seem Standard cubic centimeter per minute

SEM Scanning electron microscope

SLAN Slot antenna

TEM Transmission electron microscope

UV Ultraviolet
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1 Introduction

1.1 Motivation

In chemical, pharmaceutical and food industry, a large amount of solid materials is

processed as particles of sizes below l mm. The advantages of such particles are the

easy handling and storage, the possibility of accurate dosing, and the high specific
surface area of the particles, allowing high reaction rates and conversion ratios.

Due to the development of advanced products and industrial processes in the past,
there is also an increasing demand for specialized particulate materials with controlled

properties and functions. This can be achieved by combining the properties of core

particles and adequate coatings, whereas diffusion barrier coatings and functional

coatings represent two major application fields.

1.1.1 Diffusion barrier coatings
Diffusion barrier coatings decrease the mass transfer rate from or to the particle by

encapsulating the entire particle with a dense film. Typical applications are controlled

release of a substance or corrosion protection of particles. In the pharmaceutical
industry the coatings are used to mask the taste, to modify and control drug release,
and to improve stability of pharmaceutical products [1]. Especially fine powders have

become of interest. They are applied in drug delivery systems, for example for asthma

treatment by inhalation [2]. In the field of agricultural products, the release of

herbicide to the soil is controlled by an encapsulation around granulates [3].
Another area of implementation is constituted by protective coatings against

environmental attacks. For instance, electroluminescent particles of ZnS are

encapsulated by thin films of TiOx or SiOx, in order to reduce the lattice degradation
by oxidation reactions and to increase the life span of the luminescence particles [4].
Another use is the coating of abrasive particles, which are embedded in a metal matrix

composite after the thin film deposition. The metal oxide barrier layer prevents the

hard particles from chemical dissolution at high temperatures. The resulting material

compound is suitable for high-temperature cutting processes [5].

1.1.2 Functional coatings
One of many applications of functional coatings are catalytic films on low cost

substrate particles. Ti02 coated glass beads are used for instance as photo catalyst for

water decontamination in wastewater treatment [6]. Wear resistant thin carbon

coatings on steel substrates can be applied to increase the lifetime of highly loaded

components [7]. The modification of particle surface properties is also used to

improve sintering properties by inhibition of grain growth and to process powders for

composites preparation [8]. Another demand of functional coatings is to enhance the

biological compatibility of a particle surface to immobilize bio-catalytic enzymes [9],
or to reduce the skin irritation problem of some pigments used for cosmetics [10].

1.1.3 Requirements
For diffusion barriers a dense, coherent film, which completely encapsulates the

entire particle surface is essential, because the barrier performance of thin films is

strongly reduced by defects in the coating [11]. In contrast, functional coatings
usually require a well defined film composition, whereas their uniformity is less

relevant. For catalytic applications a porous film structure is desirable, since the high
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specific surface area provides enhanced reaction rates. In order to design
systematically such coatings and meet the specific requirements, it is important to find

and understand the relevant processes of film growth.

1.1.4 Coating method and reactor concept

There is a variety of coating methods to deposit film material on particles. The

optimal coating method, as well as the suitable reactor concept has to be chosen

properly according to the properties of film material and the core particles. Plasma

enhanced chemical vapor deposition (PECVD) is a promising method to deposit thin

films on particle substrates, because it offers a three dimensional, uniform coating.
Since the deposition process can be performed at low temperatures, even thermally
sensitive materials are treatable. The circulating fluidized bed (CFB) is a suitable

reactor concept to perform the PECVD process on particles. It provides intense mass-

and heat transfer between the gas and the solid state particles. Additionally the solid

phase is highly dispersed in the plasma zone. As a consequence high deposition rates

and precursor conversion efficiencies can be expected in a CFB.



1.2 Goals 3

1.2 Goals

Investigation of the film growth mechanism:

Depending on the coating conditions, the spectrum of different film morphologies
reaches from completely coherent, uniform films to porous column like structured

coatings. The first is preferred for diffusion barrier coatings, whereas the latter is

suitable for catalytic applications. The influencing process parameters and the

corresponding growth mechanisms are well known for flat substrates, but have not

been closely analyzed for particulate substrates. The aim of this work is to investigate
the film growth mechanisms of SiOx coatings on particles (200 - 300 urn) deposited
by PECVD. The film growth evolution is studied on different substrate particles,
featuring different surface roughness, in order to determine the influence of the

substrate morphology on the film growth.

Study the operation of a CFB at vacuum conditions:

Because the deposition process in the riser tube is performed at vacuum conditions,
the common fluid dynamic fundamentals of CFBs have to be adapted. The numerical

analysis of gas- and solid velocities provides information on the particle concentration

and residence time in the deposition zone. Since the CFB reactor has to be operated at

stable and constant conditions over a long period of time, the cyclone and the return

system, have to be improved for vacuum operation.

Determination of the lower particle size limit:

In the future, the preferred particle size of particulate products will decrease down to

a few microns. Therefore, it is fundamental to investigate the lower size limit of

particles, treatable in a circulating fluidized bed by PECVD. The requirements for a

fully operative deposition process are a constant particle concentration without

fluctuations in the plasma zone and an efficient gas-solid separation in the cyclone.
The major challenge of small particle handling is the enhanced cohesion between

single particles and the reactor walls, resulting in agglomerate formation and clogging
of the reactor.

Diffusion barrier measurement system:
For the purpose of defining the optimal deposition parameters for diffusion barrier

coatings, an adequate measurement method has to be evaluated and developed to

quantify the barrier performance of coatings deposited on particles. Commercially
available gas permeation measurement systems for flat substrates are unsuitable for

this purpose.
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2 Basics and state of the art

2.1 Particle coating methods
In the following section, a short overview of the commonly used coating techniques

to deposit thin films on substrate particles is presented. The coating methods can be

classified by the phase of the deposited species. In Table 2.1 the most important
methods are summarized, and Figure 2.1 gives a schematic overview.

Table 2.1 Particle coating methods, classified by the phase of coating species.

Coating species Solid Fluid Gas

Coating method

Dry impact blending

Magnetically Assisted

impact coating (MAIC)

Spray coating

Spray coating

Wet-chemical

Physical Vapor

Deposition (PVD)

Chemical Vapor

Deposition (CVD)

2.1.1 Solid coating agents
The coating material is deposited as small particles on the surface of the substrate

particle. Dry particle blending uses small secondary particles, which are impacted on

the substrate particles during collisions between each other. The required mechanical

impact is generated using high speed rotating devices. Sufficient adhesion between

substrate and coating is achieved for hard secondary particles and soft substrate

particles and visa versa. The film is porous, and its thickness is normally in the size

range of the secondary particles [12, 13].

Secondary
fr partions

Dry impact

blending

polymer like

coating

0
9

catalyst,
temperature

I

Plasma

CVD

monomer
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Figure 2.1 Schematic overview of coating methods using solid, liquid and gaseous coating species.

The impact intensity and therefore the adhesion of the secondary particles can be

enhanced by using Magnetically Assisted Impacting Coating (MAIC). Large magnetic
particles are driven by alternating magnetic fields, thus the required energy is

transferred to the particles [14].
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Secondary coating particles can also be provided by liquid-solid suspensions, which

are sprayed on the core particles using a spray-coating process. The liquid solvent has

to be evaporated after the deposition.
Since the coating particles deposited by these processes are attached without

chemical reactions, the adhesion of the film to the substrate is lower compared to

other coating processes.

2.1.2 Deposition from the liquid phase
To deposit thick polymer films on particles, films are usually precipitated from the

liquid phase by chemical reactions or using saturated solutions. Ceramic films can be

applied using sol-gel processes with subsequent calcination, hydrolysis, or thermal

decomposition.
For many applications the dispersion of the liquid on the particle surface is done by

spray coating process. The droplet deposition is a line of sight process. Thus an

effective particle agitation is necessary to obtain a uniform coating. Fluidized or

spouted beds are suitable reactors for this purpose [15].
Sub-micron particles such as fine ceramic powders, pigments [16] and colloids [17]

cannot be well dispersed in the gas phase. Thus, gas-solid reactor concepts are

unsuitable, but the wet chemical coating by direct contact of the liquid-phase and the

substrate is commonly used.

All liquid methods require an evaporation of the solvent after the deposition, which

is a drawback due to the high energy demand of this process step. Another problem is

the emission of solvent charged exhaust gas or toxic wastewater.

2.1.3 Deposition from the gas phase

Physical vapor deposition (PVD) is a widely used technique to deposit ceramic or

metallic coatings from the gas phase. The coating material is evaporated from a solid

target by heating or by bombardment with energetic electrons, ions or photons. The

vaporized material condenses on the particle surface. Since this is also a line-of-sight
process, the particles must be completely exposed to the vapor. Therefore a sufficient

particle agitation is needed. PVD is especially promising for metallic coatings,
because many metals are easy to evaporate. In contrast, ceramic films can be

deposited only at low rates, due to lower evaporation rates of ceramic targets. Another

restricting factor is the needed low pressure environment, which is typically in the

range of 510"3 - 10"2 mbar [18]. As a consequence PVD processes can only be

performed in rotary reactors, featuring both, low pressure and sufficient particle
agitation [19].

Chemical vapor deposition (CVD) is a common way to deposit both, thin ceramic or

metallic films. Here, the coatings are formed by chemical reactions of a vapor, which

is provided by a suitable precursor. The deposition process is either dominated by
surface reactions on the substrate or by gas phase reactions [20]. If surface reactions

are dominant, then low deposition rates, but very uniform coating thicknesses can be

obtained. The CVD is initiated at high surface temperatures by adsorption and

subsequent surface reactions.

If the number of surface atoms is high compared to the number of reactive gas

molecules, much higher growth rates for CVD are achieved by gas phase reactions.

They are controlled by the gas temperature, by photons for laser/UV radiation, or by
ionization in a plasma (PECVD) [31]. In such processes, the deposition is always
locally restricted to the zone of activated gas or to the gas inlet. Thus it is important to



6 2 Basics and state of the art

provide a uniform residence time distribution of the particles in the deposition zone.

Fluidized beds, as well as circulating fluidized beds (CFB) are adequate reactor

concepts for particle coating by CVD [21, 22, 23]. At low precursor concentrations,
the deposition rate is proportional to the precursor gas flow rate. However, the

deposition rate is limited, due to the formation of fine particles by homogeneous gas

phase nucleation at higher precursor concentrations.

2.2 Reactor types for particle processing
In this section different reactor concepts for gas-solid processing are discussed.

Considering the gas-solid flow conditions in the reactor as a classification criteria, the

powder processing reactors can be categorized into three types:

1. Fixed or mechanically agitated particle bed reactors with low gas velocity
below the minimum fluidization velocity Vfmm

2. Fluidized beds with medium gas velocity between Vfmm and the terminal

velocity vt

3. Riser reactors with high gas velocities larger than vy, featuring pneumatic
conveying.

In Figure 2.2, the different flow conditions in a gas-solid reactor are schematically
illustrated. When the gas velocity reaches a certain level, all particles become

fluidized by the gas flowing through the particle bed. This gas velocity is defined as

the minimum fluidization velocity v/m,„. By increasing the gas velocity the fluidized

particle bed is expanded until the terminal velocity vT is reached, where the pneumatic
conveying regime begins. At the terminal velocity all forces acting on the particle are

balanced (see also chapter 3.1).
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Figure 2.2 Pressure drop and flow conditions in gas-solid reactors depending on the gas velocity.

2.2.1 Fixed and agitated bed reactors

Fixed bed reactors are commonly used for CVD of catalytic coatings on abrasion

sensitive materials with large particle sizes [24]. The film growth is supposed to be

slow and controlled by surface reactions to prevent the particles from non-uniform
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coating. Normally the fixed bed reactors are restricted to particles larger than 500 mm,

in order to have a sufficient coating efficiency.
Other reactor concepts with low gas flow rates are using mechanical agitation of the

particle bed to enhance the coating efficiency. The particles are moved in rotary
drums with or without internal obstructions or in various types of mixers with rotating
paddles. They are widely used for PVD processes or for solid/liquid spray coatings
[19]. For the dry impact blending process described in section 2.1.1 high-speed
rotating reactors are used. Another principle for particle agitation represents the

mechanical vibration.

2.2.2 Fluidized bed reactors

Fluidized bed reactors are suitable to coat particles with sizes between 50 urn and

500 p.m. Various coating processes, like spray-coating, CVD or PECVD are applied
to fluidized beds [8, 25, 26]. Three examples of PECVD fluidized beds are presented
in Figure 2.3. Due to the high relative velocity, there is an intense gas-solid contact

resulting in an enhanced mass- and heat transfer. Therefore, fluidized bed reactors

provide an enhanced heat transfer to the reactor wall (good temperature control), a

uniform temperature distribution in the bed, and a smooth particle agitation (reduced
material attrition). A technical challenge of deposition processes in fluidized bed

reactors is to achieve uniform coating. A narrow residence time distribution of the

particles in the deposition zone is thus required.
In case of spray coating, which is a line of sight process, the deposition zone is

restricted to the bed surface, because lower particle layers are covered by particles of

the bed surface. Due to the high particle density in the particle bed, no plasma can be

ignited between the particles. Thus the deposition zone of plasma enhanced CVD is

also limited to the bed surface. In contrast, for CVD the coating process preferably
takes place at the process gas inlet [27]. These drawbacks are compensated by the

random particle agitation. Thus it is important to have a narrow size distribution of the

particles, in order to avoid particle segregation in the bed, which would result in non¬

uniform coating.
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Figure 2.3 Fluidized bed reactors for PECVD on particles after [21]- (a) and (b), and after [8] (c).

Especially for plasma CVD processes it is often necessary to operate a fluidized bed

reactor at vacuum conditions below 10 mbar. Here the pressure drop in the cylindrical
reactor is in the range of the ambient pressure. Therefore the gas significantly expands
and the velocity is increased upward the reactor. As a consequence at certain

conditions the particles at the top of the bed are already entrained, whereas the
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particles at the reactor bottom still are in the fixed-bed condition. Due to this effect

the minimal operational gas pressure is limited.

2.2.3 Circulating fluidized bed reactors

At increased gas flow rates, the fluidized bed is further expanded. Since the gas

velocity is in the range of the terminal velocity the particles are transported upwards
and are entrained from the reactor (riser). The particle volume fraction is typically
about 5% in the reactor, which allows direct plasma excitation for plasma enhanced

CVD. Due to the entrainment, the residence time of the particles in the reactor is often

too short for deposition processes, so that they have to be recycled. Reactor concepts
with particle recycling are the circulating fluidized bed (CFB) and the Wurster

fluidized bed (cf. Figure 2.4a, b). In the CFB, the particles are separated from the gas

phase by a cyclone and controlled re-fed to the riser tube. The CFB is used for CVD

on particles in the size range of 20 to 300 u.m. The internal back-mixing in the riser

tube enhances the mass- and heat transfer between the gas and the solid phase. As in

the normal fluidized bed, the coatings deposited in the CFB are only uniform for a

narrow particle size distribution, because of the different residence time in the coating
zone [28-31].
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Figure 2.4 Coating reactors for high gas flow rates: circulating fluidized bed (a), Wurster fluidized bed

(b), and diluted CFB at diluted gas-solid flow conditions without internal circulation (c), after [31].

In the Wurster type fluidized bed, the particles are separated in a disengagement
chamber and are recycled coaxially by a moving bed. This apparatus is used for spray

coating of particles up to 1 mm size [32].
Further increase of the gas flow rate in a CFB results in a diluted gas flow or

pneumatic conveying in the riser tube. The particles are homogeneously distributed

over the reactor cross-section and the particle volume concentration is typically below
1%. Since virtually no internal back-mixing occurs at these conditions, most of the

particles pass the coating zone only once before being separated in the cyclone.
Therefore, the residence time is not strongly influenced by the particle size, and the

coating is more uniform for a broader particle size distribution. The back-mixing is

additionally suppressed by a round bend exit at the top of the riser tube (see Figure 2.4

(c)).
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2.3 Design and operation of the CFB reactor

Generally the circulating fluidized bed reactor can be divided into three parts: riser

tube, cyclone, and particle storage tube. In the riser tube solid and gas phase are

mixed and reactions can effectively take place, due to the intense mass- and heat

transfer between both phases. Then the particles are conveyed by the gas flow into the

cyclone. Here they are separated from the gas and discharged to the particle storage
tube, from where re-collected particles are controlled re-fed to the riser tube by
fluidizing the bottom part of the particle storage tube. In Figure 2.5 the pressure drop
in a CFB operated at vacuum conditions is presented. Since the pressure drop is in the

same range as the reactor pressure, the expansion of the gas has to be taken into

account.

Distance of solid transport

Figure 2.S Schematic of typical pressure profiles in the three sections of our CFB for high and low

solid circulation rate at vacuum conditions, adapted from [31]. Typical values of the solid volume

fraction <p, the separation efficiency tj of the cyclone, and the solid mass flow rate m
, are displayed.

2.3.1 Riser tube

Depending on the gas velocity and the solid mass flow rate there are four different

flow regimes in a riser tube [33]. The four regimes are schematically presented in

Figure 2.6. At rather low gas velocities bubbling or turbulent fluidization occurs,

showing a high particle density at the bottom of the riser. Particle clusters are ejected
from the dense bed surface by collapsing bubbles.

Above a critical gas velocity the dense bottom zone disappears, resulting in a fully
developed dense phase conveying with typically below 2% particle volume fraction.

Further increase of the gas velocity leads to dilute phase conveying with single
particles homogeneously distributed in the gas phase.
Between the turbulent fluidization and the conveying regime the fast fluidization

regime exists with 2-10% particle volume concentration. The flow pattern is similar to

conveying, but in contrast, the particle concentration is exponentially increased in the

bottom region of the riser due to high particle acceleration.

For plasma enhanced CVD, the generation of a stable plasma at low reactor pressure
is required. Therefore a developed gas-solid flow with moderate particle concentration

but without large fluctuations is desired in the coating zone. The preferred flow

regime is thus the fast fluidized bed or the dense phase conveying, respectively.
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Figure 2.6 Flow regimes depending on gas velocity and solid mass flow rate in a riser tube.

2.3.2 Gas-solid separation in the cyclone
After the coating process in the plasma zone of the riser tube, the particles are

transported to the cyclone, where they are separated from the gas phase. The major
requirement for the separation unit of a CFB reactor is a high separation efficiency,
because the particles pass the cyclone several hundred times during a coating

procedure. Therefore, particle loss must be low.

The particles enter the cyclone via a tangential entrance duct, which forces the gas-
solid flow on a circular trajectory, resulting in a vortex. Due to the centrifugal forces

the particles are pressed to the cyclone wall, and are separated from the gas phase.
The gas exits the cyclone over the vortex finder, which is a tube reaching into the

cyclone with radius r,. A schematic of a cyclone is presented in Figure 2.7.
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Figure 2.7 Schematic of a cyclone. The Figure 2.8 Illustration of the centrifugal and the

radius r, of the vortex finder defines the drag force acting on a particle in a rotational flow

cut off size of the cyclone. field of a cyclone.
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To describe this separation mechanism in the vortex, the momentum balance of a

single particle of critical size xc on a circular path with radius r, is derived. Whereas r,

represents the radius of the vortex finder. Neglecting the gravitation, only the

centrifugal force Fc and the drag force FD caused by the gas are acting on this particle
(cf. Figure 2.8). Assuming Stokes' regime for the drag coefficient the forces are given
by:

F(- =

mv

n 3
~) • v
p <pi

(2.1)

FD=3n-ri-dp-vrel=?,7t-ii-xc-vsr{r,)

With equating Fc = Fd the critical particle size is given as:

(2.2)

x. =

1877vg ,(r>,

(Pp-pfK
(2.3)

where v^r is the radial gas velocity and v^ is the tangential velocity of the particle.
Particles, smaller than xc, cannot be separated by the cyclone and are entrained by the

gas, therefore the radius r, of the vortex finder defines the cut of size of the cyclone.
Detailed cyclone theory uses empirical correlations for deriving the tangential
velocity of the particle and the radial gas velocity [34-36].
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Figure 2.9 Variation of the total separation

efficiency /?,„, with particle load ratio /4 [35].

Figure 2.10 Separation efficiency at low solid

mass flow rates and different pressures.

The total separation efficiency r]m of the cyclone is enhanced by the formation of

particle strands in the cyclone entrance, which could be observed beside the

separation process in the vortex. The influence of the strand formation at the cyclone
entrance is dominant at higher particle load ratios //„, which is defined as the ratio of

the mass flow rates of the solid- and gas phase, respectively. For a PECVD process in

a circulating fluidized bed, the particle mass flow rate is typically in the range of 10

g/s, whereas the gas mass flow rate is about 0.02 g/s. That results in a particle load
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ratio of 500. According to Figure 2.9, the total separation efficiency reaches values

over 99%. The particles are predominantly separated as strands at this flow regime.
The separation efficiency of the cyclone used for deposition experiments in this

work was 99.99% in case of salt particles, and 99.94%) in case of the lighter silica-gel
particles. The separation efficiency at reduced solid mass flow rates was investigated
in two pressure regimes. The results, presented in Figure 2.10, confirm the predictions
made in cyclone theory. The separation efficiency is enhanced by higher particle load,
due to strand formation, and at reduced pressure, due to higher gas-solid velocities in

the cyclone, caused by gas expansion.

2.3.3 Particle storage tube

The particle storage tube collects the particles after the separation in the cyclone.
Here, the particles remain as long as it takes to descend to the aeration zone, where

they are re-fed back into the riser tube at a controlled mass flow rate. The unit should

prevent gas bypassing from the riser tube to the cyclone, which is achieved due to the

large pressure drop in the particle bed.

In Figure 2.11 three types of aerated valves are presented. The simplest design
represents the aerated L-valve. It consists of a vertical standpipe and a horizontal pipe.
There is an inlet for the aeration gas near the bottom, for the pneumatic control of the

particle flow rate. In the vertical part, the particles descend in a moving-bed state,

while in the horizontal part, the particles move forward in a stratified flow state. This

means that solids in the upper part of the horizontal pipe form a moving bed layer, and

in the lower part of the horizontal pipe a fixed bed layer, providing a full moving-bed
flow state. Bubbles are formed near the upper wall of the pipe, which cause a

fluctuating particle transport towards the riser. Another drawback of this concept is

the large stagnant part of solids at the corner of the pipes.
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Figure 2.11 Particle storage tubes with L-valve (a), a loop seal (b), and a modified loop seal (c)

Stable operation condition provides the loop seal type valve (see Figure 2.1 l.b).
Feeding fluctuations are reduced and the stagnant zones are avoided by fluidizing the

entire particle bed at the bottom. The loop design also prevents gas bypassing even for

very small particle batches. Therefore this type is especially suitable for laboratory
facilities, processing only small batch sizes. Park et al. used a modified concept of a

loop seal as an aerated valve in [30], which is presented in Figure 2.11 .c.
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2.4 Plasma processing

2.4.1 Introduction

Plasma can be defined as a system composed of positive- and negative-charge
carriers and neutral species, which is electrical neutral from a macroscopic point of

view. This partially ionized gas includes the following species: electrons, positive
ions, negative ions, atoms and molecules. The degree of ionization ranges from low,
as in the case of plasma processing, to very high, like in fusion experiments. Within

these regions the gas features different physical and chemical properties than under

normal conditions. Thus plasma is known as the fourth state of matter, beside the

solid, fluid and gas state [37]. The different plasma systems can be categorized by the

electron number density ne and the electron temperature Te. The electron temperature
Te represents the equivalent of their mean kinetic energy. In Figure 2.12 the variety, as

well as the wide range of these ionized systems, is illustrated.
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Figure 2.12 Plasma types categorized by electron temperature and density, adapted from [39].

There are different ways to supply the necessary energy for the plasma generation.
One possibility is to supply thermal energy, for example in flames, where exothermic

chemical reactions are used as the main energy source. Adiabatic compression of the

gas is also capable to heat the gas up to the point of plasma ignition. Another way of

energy transfer to a gas reservoir is via energetic beams. The most common method of

igniting and sustaining a low-temperature plasma for technical applications is by
applying an electric field to a neutral gas. Low temperature plasmas are also known as

coldplasmas or nonequilibrium plasmas. Species in a low temperature plasma are not
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in a thermodynamic equilibrium, because the electron temperature Te is by a factor of

10 - 100 higher than the gas temperature Tg [38], The electron temperature Te is 1 - 10

eV at an electron density ne « 107 - 1014 1/cm3 [39]. Cold plasmas are characterized by
a low degree of ionization, i.e., they have a low charge carrier to neutral ratio (smaller
than 10" ). However, this small number of charged particles plays a major role in

plasma processing: The electrons contribute to ionization, excitation, or fragmentation
of atoms and molecules in the gas phase [40].
In the past, the most important application field of plasma based processes for

surface treatment was in the microelectronic industry. In particular, a rapid
development for the fabrication of silicon based integrated circuits could be observed.

Nowadays numerous other industrial applications exist. Some important plasma
surface treatment processes are listed in the following table.

Table 2.2 Examples of industrial applications of plasma processing of materials, adapted from [41].

Plasma based process Materials/properties Main applications

Plasma spraying Thermal barrier coatings

Clearance control coatings

Turbine blades

Machinery tools

Plasma etching Integrated circuits (ICs)

Plasma surface treatment

- Plasma cleaning
- Plasma activation Film adhesion

Hydrophilic/phobic properties

Grafting of chemical functions

ICs, surgical instruments

Polymers

Prosthesis, membranes

Textiles

Plasma deposition

- Plasma enhanced chemical

vapor deposition (PECVD)

(Plasma polymerization)

Plasma sputtering

Ti02 / functional coating

Si02 / gas barrier

Amorphous carbon / gas barrier

DLC / wear resistance

Organic or inorganic compounds

Metals, alloys, insulators

Photo catalysis

Packaging

Packaging

Machining tools

Biomedical applications

Packaging, ceramics,,..

Considering plasma processes it is not possible to modify the bulk properties of a

material, because the plasma effect is restricted to the outmost atomic layers of the

substrate. Additionally, the deposition rate of plasma deposition processes is rather

low and thus the film thickness is limited to a few microns. However, the surface

functionality of materials can be adapted by these minor modifications, in order to

fulfill specific requirements. Desired material properties are achieved by surface

modifications rather than by expensive bulk materials. Another advantage is the easy

tailoring of thin films composition.
In contrast to wet chemical processes, no hazardous waste water is produced,

because only gaseous and vaporized chemicals are used. However, on the other side

the removal of toxic compounds from the exhaust gas has to be taken into account

when working with plasma processes.
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2.4.2 Plasma parameters
The plasma is generally characterized by the following basic parameters:

• The number density of the neutral species nn, electrons ne, and ions n,. Due to

the quasi-neutral state of the plasma the densities of electrons and ions are

equal, n, « ne, also called the plasma density.
• The degree ofionization, a = njn. For plasmas sustained in low-pressure

discharges used for deposition processes, the degree of ionization is typically
10-6to10"3.

• The energy distributions of the neutral species /„(iT), ions f(E), and electrons

f(E). They define the temperatures of the corresponding species.

The plasma density is an important parameter in plasma processing because the

chemical processes in the plasma and their reaction rates depend directly on the

density of charged particles. The electrons are mainly responsible for the energy

transfer from an external electric field to the discharge gas. Since both, electrons and

ions are charged, they interact with the applied external electric field. In Figure 2.13

the effect of the electric field on the plasma species is illustrated.
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Figure 2.13 Acceleration of positive ions and electrons in a constant homogeneous electric field with

electrical field strength E.

An electric field of the field strength E causes the force F that affects a charged
particle, carrying an elementary charge e.

F = E-e (2.4)

The force F acting on a particle of the mass m causes an accelerations :

F = m-5 (2.5)

The energy gain of such a particle, which is moved by the distance x :
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W = F-x (2.6)

Considering a constant acceleration (constant electric field) of a particle without

initial velocity, the distance after a time period t is given as:

x=~-5-t2 (2.7)

Including equation (2.4) and (2.7) into equation (2.6) the energy gain is:

W = Ée-a-t2 (2.8)
2

Solving equation (2.5) for the acceleration 3 and using the correlation for F given in

equation (2.4) leads to:

-
E-e

a =— (2.9)
m

Equation (2.8) can be re-arranged by including equation (2.9) to:

W-^- (2.10)
2-m

Equation (2.10) describes the energy W, absorbed by a particle with the mass m and

the elementary charge e from the electrical field E. The absorbed energy is inverse

proportional to the particle mass. Due to the fact that the electrons are the lightest
particles in the plasma, they absorb the largest amount of energy from the external

field. The electrons transfer the energy to the molecules of the gas by collisions and

cause ionization and dissociation. The efficiency of these processes increases with

increasing electron density.
Also ions play a significant role in chemical reactions occurring in the plasma, since

many reactions are controlled or affected by ion chemistry [37]. Thus it is important,
to obtain high ion densities, in order to increase the reaction rates involving ions.

Like in all gaseous systems, the species in the plasma are in motion resulting in

collisions between them. There are two different types of collisions, elastic and

inelastic. Elastic collisions between electrons and heavy species do not result in

excitation of the heavy particles, because the transferred energy during the collision is

insufficient. Assuming a central, elastic collision between a moving electron (mass
me, velocity ve) and a stagnant, heavy particle (mass mp), the momentum balance is

given by:

mt-vt=mt-v'e+mp-vp (2.11)

where v
e
and vp represent the velocity of the electron and the heavy particle after the

collision, respectively. By using the kinetic energy balance, which is given by:
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mc-v) =~-me-ve2+--mp-v'p2 (2.12)

the two unknown velocities of the electron ve and the heavy particle vp after the

collision can be calculated. The velocity of the electron after the elastic collision is:

v.. =

2-m,

m + m
y 'c p J

(2.13)

The ratio of the kinetic energy of the electron before (We) and after the collision (We)
describes the energy transfer due to collision:

m_ —mw
V

Kme+mP;

— m.
V

= 1

Kmr J

(2.14)

Since the mass of the electron is much smaller compared to the heavy particle, the

ratio of the kinetic energy is almost 1. As a consequence, the kinetic energy of the

electron is equal, before and after the collision. Thus the electron transfers virtually no

energy to the heavy particle.
Inelastic collisions between energetic electrons and heavy species in the plasma

result in excitation, ionization, or dissociation, because the energy transfer in inelastic

collisions is much higher. Again, a center collision between a moving electron and a

stagnant, heavy particle is assumed. In the inelastic case, both species have the same

velocity after the collision. Solving the momentum balance in equation (2.11) for

these velocities leads to the following expression:

m,.

v, = v, =

m+mr
(2.15)

Therefore the ratio of the kinetic energies is:

W.

.'2
m„

\2 r y
m»

Kme+mpJ \mpJ

«0 (2.16)

According to equation (2.16) an electron can transfer almost its entire energy to a

heavy particle in an inelastic collision. Transferred energy amounts range from less

than 0.1 eV, for rotational excitation of molecules, to more than 10 eV for ionization.

Although a part of the kinetic energy of the electrons is transferred to the heavier

species, the mean kinetic energy Ee of the electrons is still much higher than the

energy of the heavier components. As a consequence the system is not in a

thermodynamic equilibrium. The mean kinetic energy of a system is often related to

its temperature. Assuming a Maxwellian energy distribution of the electrons, the

relation between energy and electron temperature is given as:

Ee =--k„T (2.17)
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where kn= 1.381-10" J/K represents the Boltzmann constant. The resulting electron

temperature Te can attain several 104 K, whereas the temperature of the heavy species
T, x T„ remains at 300 - 500 K. The temperatures of heavy particles in low

temperature plasmas are normally too small to promote chemical reactions in

thermodynamic equilibrium. Electrons are thus the most important source of energy to

initiate chemical reactions. The fraction of electrons with sufficient energy to cause

different reactions in the plasma, the overall efficiency of the plasma process, and the

reaction rates are increased with increasing electron temperature.

0 2 4 6 8 10 12 14
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Figure 2.14 Maxwellian and Druyvensteyn electron energy distribution/^ for different average
electron energies, adapted from [37].

The kinetic energy distribution of the electrons in the plasma can approximately be

described by a Maxwellian distribution. The Druyvensteyn distribution function gives
a better approximation for the electron energy distribution in low temperature
plasmas, since it considers the non-thermodynamic equilibrium behavior of the

species. In Figure 2.14 both energy distributions are illustrated for different average
kinetic electron energies. They are characterized by a high-energy tail. The electrons

in the high-energy tail of the distribution have a significant impact on the overall

reaction rates in the plasma, although their number is small. Some reactions in the

plasma have a high energetic threshold and will only occur if the energy of the

participating electron is above this value. The Druyvensteyn distribution predicts a

larger number of electrons, which contribute to reactions requiring high energies.
Another important plasma parameter is the Debye length %d- If an electric field is

applied, the charged particles react to reduce the effect of the field. Especially the

highly mobile electrons respond fastest to reduce the electric fields, created for

example by an excess of positive or negative particles. This effect is called Debye
shielding and the shielding gives the plasma its quasi-neutral characteristic.

If an electric potential is applied between two electrodes immersed in the plasma,
the surfaces attract equal amounts of positive and negative charged particles. The

charges near the two surfaces shield the charged electrode surfaces from the plasma
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bulk, which remains neutral. Therefore the applied electrical potential is only

developed near the electrode surfaces over a distance XD, which is known as the

Debye length:

^D ~

j£0 kR Te

n„ e

(2.18)

where e0 = 8.854 10"12 As/Vtn is the permittivity of vacuum, and e = 1.602 10"19 C
is the elementary charge. According to equation (2.18) the Debye length is decreased

with increasing electron density. A plasma can only exist if the density of charged

particles is high enough such that XD« L, where L represents the characteristic length
of the plasma environment. Otherwise the quasi-neutrality condition of a plasma is not

fulfilled. Considering the values of a typical low-temperature plasma, where the

electron temperature is Te = 1 eV = 11600 K and the electron density ne
= 1010 cm"3,

the Debye length is Xp = 74 p.m.

Since laboratory plasmas are in contact with the reactor walls, it is important to

understand the effects at the interface between the plasma and a reactor surface. Ions

and electrons reaching the surface recombine and are lost from the plasma. Because

the electrons have higher thermal velocities than the ions, they reach the surface faster

and recombine. Thus the number density of positive charges is larger close to the

surface (see Figure 2.15). This layer of positive space charge exists around all

grounded surfaces in contact with the plasma and is known as the plasma sheath. Near

Plasma potential
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Figure 2.15 Electric potential and ion/electron density of a plasma sheath [37].
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the surface an electric field develops that retards the electrons and accelerates the ions

in such a way as to make the net current zero. As a result, the surface is at a negative
potential relative to the plasma. Therefore the plasma is always at a positive potential
relative to any surface in contact with it. Due to the Debye shielding the layer of the

developed potential between the surface and the plasma is limited to several Debye
lengths. This potential is called the sheath potential Us.

2.4.3 Chemical reactions

The chemical reactions in a plasma reactor can be classified into homogeneous and

heterogeneous reactions. In homogeneous reactions only species from the gas phase
react with each other. These reactions are the result of inelastic collisions between

electrons and heavy species or collisions between heavy species. A variety of

homogeneous reactions involving electrons and heavy species is listed in Table 2.3

and Table 2.4, respectively.

Table 2.3 Gas phase reactions involving electrons [42].

Reactions Description Evidence

e" + A -» A + e" Elastic scattering Thermal electrons

-> A+ + 2e" Ionization Conductivity
*

*

->A +e Excitation

e" + A* -A1 +2e Two-step ionization Ionization efficiency

-» e" + A + h v De-excitation Light emission

e+AB -> A + B + e" Fragmentation Residual gas analysis

- A+ + B + 2e" Dissociative ionization

-» A" + B Dissociative attachment

e" + A'+B ->A + B Volume recombination Plasma decay / steady state

Considering inelastic collisions there are three general reaction types: excitation,
dissociation (fragmentation), and ionization. Ionization reactions are important to

sustain the plasma by generating free electrons. Since the ionization energy of atoms

or molecules is in the range of 10 - 30 eV, and the average electron energy in a low-

temperature plasma is smaller (1-10 eV), only a small amount of electrons from the

high energy tail of the energy distribution are capable for direct ionization. Other

possibilities represent the indirect ionization by two-step ionization (cf. Table 2.3) or

the Penning ionization (cf. Table 2.4). In the former mechanism the required
ionization energy is reduced, since the excited species are already on an elevated

energy level. Thus electrons with lower kinetic energy are able to ionize them. The

Penning ionization is a result of long-living excited species, the so-called metastables.

In contrast to other excited species (i.e. radiating states: 10"8 seconds), the lifetime of

metastables is much longer (10"6 - 1 s) [38]. Metastables can ionize neutral species
whose ionization potential is lower than the excitation energy. Due to the long
lifetime, the metastables are also important for the two-step ionization, mentioned

before.
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Table 2.4 Gas phase reactions invol ving ions and neutrals [42].

Reactions Description Evidence

A+ + B -~^ £> tA Charge exchange Ion energy spectra

->B + A+ Elastic scattering Ion energy spectra

-> A+ + B* Excitation Ionization efficiency

-> A+ + B+ + e" Ionization Ionization efficiency

A + B* ->A+ + B Penning ionization Ionization efficiency

A' +BC -> A+ + B + C Fragmentation/dissociation Residual gas analysis

e" + A'+B ->A + B Volume recombination Plasma decay

A+ + B -AB* Oligomerization Ion mass spectra

A + B ->AB Oligomerization Residual gas analysis

Heterogeneous reactions occur between plasma species and solid surfaces in contact

with the plasma. Some surface reactions are presented in Table 2.5. The

recombination of electrons and ions at a surface exposed to the plasma is the major
loss process of charges. Another important reaction concerning the film formation in

the PECVD process is the deposition process, which is further described in section

2.5.

Table 2.5 Heterogeneous reactions on the surface [42],

Reactions Description Evidence

AB + Ctoiij —> A + BC,a/!„r Etching Material erosion

AB —» A + Bm/,d Deposition Thin film formation

e" + A+ -+ A Recombination Major loss process

A* ->A De-excitation

2.4.4 Generation of low-temperature plasma
The most widely used method for plasma generation is to apply an external electric

field to a low-pressure gas. Discharges are classified as DC discharges using a

constant voltage, and as radio frequency (RF) or microwave (MW) discharges using
an alternating electric field. Commonly used industrial frequency standards are 13.56

MHz for RF discharges and 2.45 GHz for MW discharges.
Plasma generation using microwaves is widely used in technological applications. A

characteristic feature of microwaves is the wavelength, which is comparable to the

reactor dimensions (2.45 GHz: X = 12.24 cm). The excitation of the plasma by
microwaves is similar to the excitation by RP, while differences between MW and RF

result from the ranges of frequencies. The power absorption by a high-frequency
discharge can be either collisional or collisionless. The collisional power absorption in

a plasma is caused by collisions of electrons and ions or neutral particles. In a

collisionless situation, an electron oscillates in the alternating electric field and

reaches maximal velocity vemax, amplitude xe, and kinetic energy W. After Chapman
[43] these parameters are defined as:
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v-1-^ (2.19)
m„ -co

e- En
*,=—V (2.20)

m„ -co

W = --me-v^ (2.21)

where En is the amplitude of the applied electric field, and co its angular frequency. In

a typical microwave plasma the amplitude of the field strength is in the range of Eo =

100 V/cm [44]. Therefore, the maximum amplitude of an electron is xe
= 7.4-10"4 cm,

and the corresponding maximum energy absorbed by an electron during one cycle is

about 0.04 eV in the collisionless state. This energy is far too small to sustain a

plasma. However, collisions with atoms of the gas cause a random motion of the

electrons and thus the electrons acquire additional energy from the external field

during each collision with an atom. If an electron makes an elastic collision with an

atom, and its motion is reversed at the same time when the electric field changes
direction, it will continue to gain speed and energy. The electrons in a microwave

plasma can thus acquire enough energy to ionize other species.
The power absorption Pabs per unit volume F by a plasma in a high-frequency field

is given by [45]:

P. e'-Et-n v

2
,

,.2
V 2-me v + œ

where ne is the electron density and v is the electron-neutral collision frequency,
which depends on the gas pressure and the gas composition. For example for argon

the maximum absorption efficiency in a 2.45 GHz discharge is reached at a gas

pressure of 200 Pa. However, microwave discharges can also be operated at higher
pressures.

The microwave energy can be coupled by a variety of applicator designs.
Microwaves are easily absorbed or reflected by most materials and cannot be

transmitted by cables without significant losses. Thus for higher power levels (> 200

W), so-called waveguides have to be used, which are hollow rectangular tubes of high
conductivity. The cross section of a waveguide is determined by the wavelength of the

microwave.

A microwave power supply system to sustain a microwave plasma is illustrated in

Figure 2.16, and generally consists of four parts [37]:

1. A filtered microwave power supply of constant frequency but variable power.

2. A three-port circulator, which protects the power supply from large reflected

power, resulting from an impedance mismatch of the microwave applicator.
3. A water-cooled dummy load to absorb the reflected energy from the circulator.

4. A variable impedance matching of the applicator with the plasma. An

impedance mismatch will cause the microwave to be reflected instead of

propagating into the plasma.



2.5 SiOx thin film deposition by PECVD 23

Microwave

power supply

applicator
I

Plasma

Water

dummy load

Figure 2.16 Schematic of a microwave power applicator system.

The microwave power is transferred to the plasma by microwave applicators such as

waveguides, resonance cavities, or coaxial applicators. Except the coaxial types, the

applicator must be separated from the plasma by a dielectric wall, characterized by a

low absorption of microwaves. A window made of quartz-glass or aluminum

separates the microwave source from the plasma.
In this project, a slot antenna (SLAN) plasma source was used. This microwave

applicator transfers the microwave energy from a ring cavity through equidistantly
positioned resonant coupling slots into the plasma chamber which consists of a

quartz-glass tube. A detailed description of the SLAN plasma source is given in

section 4.1,1.

2.5 SiOx thin film deposition by PECVD

2.5.1 Principles of plasma enhanced chemical vapor deposition
Classical chemical vapor deposition (CVD) processes can only be performed at high

temperatures to obtain the required film quality. The high deposition temperature can

be reduced by applying a plasma. This process is known as Plasma Enhanced

Chemical Vapor Deposition (PECVD). The high-energetic species in the plasma
significantly reduce the required temperature for the deposition process.

The term PECVD is used for processes where the deposited films are of rather

inorganic character, whereas the deposition of organic films is usually called plasma
polymerization.
The principle processes occurring in a PECVD are schematically presented in

Figure 2.17. The components of the process gas mixture may by generally classified

into three types [46]:

• Excitation gas is important in order to produce a sufficient amount of

charged species to compensate the losses to the reactor walls and to sustain

the discharge. Typical gases are noble gases, nitrogen or oxygen.

• Source gas, also known as monomer or precursor, delivers the desired

elements to be deposited as a pure element or as a compound.
• Carrier gas is required for the transport of the monomer substance to the

plasma reactor in cases where the vapor pressure of a liquid monomer is too

low for direct evaporation.

The process gas mixture is fed into the plasma zone, where collisions cause

ionization, excitation, or dissociation, thus gas phase reactions occur, forming reactive
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intermediates, radicals, or molecules. These species, but also not reacted precursor

material, are transported to the substrate and reactor surfaces, where they are

adsorbed. Diffusion processes and surface reactions take place at the substrate surface,
resulting in film growth. A fraction of the adsorbed molecules is lost by desorption.
Another part is lost from the gas phase by powder formation [47]. Desorbed species,
powder, and volatile products are pumped out of the reaction chamber.

Process gases
Excitation gas

Carrier gas

Source gas Pi3Sm8
Excitation, Ionization, Dissociation

». Off gas
Volatile byproducts
Unreacted species
Desorbed species

Gas phase reactions
Reactive intermediates, Radicals, Molecules

Adsorption Surface reactions Desorption

Film

Substrate

Figure 2.17 Scheme of the main reactions of plasma enhanced chemical vapor deposition (PECVD).

The plasma process is characterized by a high fragmentation degree of the precursor

prior to deposition. Additionally a large number of different chemical species are

involved in simultaneous reactions. Experimental results indicate that free radicals

play a major role in plasma CVD [48]. Detailed descriptions of the reaction

mechanisms of PECVD are given in different models for example proposed by
Yasuda [49] or by Wrobel et al. [50].
The real processes occurring in the plasma are still not fully understood, due to the

challenging analysis of the short-life intermediates, and the enormous number of

different species. In section 2.5.3 the reaction pathways are proposed for the

deposition of SiOx films from the organosilicon precursor hexamethyldisiloxane
(HMDSO).

2.5.2 SiOx thin films

PECVD of silicon containing films is used for semiconductor, optical, wear

protection, diffusion barrier, and many other applications. Besides silane (S1H4),
tetraethyloxysilane (TEOS), and others, the nontoxic hexamethyldisiloxane
(HMDSO) is a commonly used precursor for PECVD of Si02 films. But also non-

stoichiometric films are deposited, which are known as SiOx or Si02-like films. Since

non-stoichiometric films have varying hydrocarbon contents the correct film

designation would be SiOxCyH7. The chemical structure of a HMDSO molecule is

illustrated in Figure 2.18. It consists of two silicon atoms, each connected to the

oxygen atom in the middle, and to three methyl groups. HMDSO also represent a

trend to use more and more complex organic compounds as precursors for PECVD,
because they offer a flexible control of film properties [51].
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Figure 2.18 Chemical structure of hexamethyldisiloxane (HMDSO).

2.5.3 Plasma chemistry in a HMDSO-oxygen plasma
At present, the mechanisms of plasma phase reactions and plasma-surface

interactions are not yet fully understood. A promising way to investigate the plasma
chemistry is the in-situ analysis of the plasma species by means of mass spectrometry

[52, 53]. By combining mass spectrometry with infrared adsorption spectroscopy

using Fourier-transform infrared (FTIR) spectrometers more detailed information on

reactive plasma and its chemistry can be obtained.
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Figure 2.19 Monomer fragmentation and production of carbonated radicals in a HMDSO-oxygen
plasma, adapted from [54].

Based on combined measurements, Magni et al. [54] proposed reaction pathways
for the most abundant species in an oxygen diluted HMDSO plasma. The first

reaction is the fragmentation of the HMDSO molecule by electron impact
dissociation. Possible pathways of the monomer fragmentation are illustrated in

Figure 2.19. Since the bonding energy of a Si-0 bond (8.31 eV) is higher than the Si-

C bond (4.53 eV), the dominating fragmentation process is the dissociation of the

methyl group, creating two neutral radicals CH3 and Si^OfCH^. The second reaction

path is presented on the right hand side in Figure 2.19. Further reactions lead to the

production of carbonated radicals, like SixOyCzHt, which are adsorbed on the substrate

surface and thus contribute to the film formation. A fraction of the monomer

fragments are again desorbed from the surface. The residual carbon on the film

surface mainly reacts with oxygen by a heterogeneous reaction to CO2. As a
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consequence, the carbon content of the deposited film can be controlled by the oxygen

concentration in the plasma.

Gas Phase Reactions

\K^l^w ^H* -«—— C2H; I lydrocarbon Chemistry
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radicals on surface \ 4

/

0.0>" COK.CO.H,
„,_..„ t.

CO CO HO
Combustion Reactions
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CHX + O2
Surface Reactions

1 formation

Amorphous SJO^-like film (SiO,

Figure 2.20 Schematic diagram of the gas phase and surface reactions of the most abundant species in

a oxygen diluted HMDSO plasma, after [54].

Methyl radicals cause two different reaction pathways in the gas phase. In the first

pathway, the formation of methane leads to acetylene by hydrocarbon chemistry. In

the second pathway, oxygen reacts with the methyl radical CHX to form

formaldehyde, formic acid, carbon monoxide, carbon dioxide, and water. The gas

phase and the surface reactions are schematically presented in Figure 2.20. Besides

the homogeneous combustion and hydrocarbon chemistry pathways in the gas phase,
a third pathway leading to powder formation has to be considered.

2.5.4 Powder formation

Particle formation in PECVD systems have widely been studied in the past, e.g. [55-
57]. Powder formation causes contamination problems in plasma processes for the

microelectronic fabrication or diffusion barrier applications. Therefore, it is important
to understand the mechanisms of the particle formation process, in order to adapt the

process conditions to prevent dustyplasmas.
The growth mechanism of dust particles can generally be divided into four steps

[58]. In a first step, primary clusters of atoms are formed up to a critical size, where

the nucleation takes place. Above the critical size the growth rate by condensation or

monomer reaction exceeds the loss rate, caused by evaporation or dissociation. This is

followed by the growth of small particles by avalanche condensation (rp < 5 nm). The

small particles are either neutral or single negatively charged. In the third step, the

particle size is increased by coagulation or agglomeration (rp < 50 nm). Macroscopic
particles collect multiple negative charges in the plasma, due to the higher electron

mobility. As a consequence of the negative charge they are trapped in the plasma.
Finally the agglomerates grow as individual multiple charged particles up to several

p,m size by condensation of neutral or ion species. These four steps are schematically
illustrated in Figure 2.21.
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Figure 2.21 Schematic illustration of the four steps of cluster formation, particle nucleation,

coagulation, and independent growth of multiple charged macroscopic particles by condensation [58].

Particle size evolution measurements in a deposition plasma by means of

polarization-sensitive laser-light scattering [59] showed clearly that the four growth

steps occur one after another. Therefore, coagulation and particle growth will be the

dominant mechanisms in presence of macroscopic particle in the plasma. This is

important for PECVD in a circulating fluidized bed reactor, where a lot of dust is

caused by abrasion during circulation of the substrate particles. The dust particles act

as nucleation sites and the particle growth becomes the predominant effect.

2.6 Film growth mechanism

The growth structures of deposited thin films on flat substrates have been studied

intensively in the past. Movchan and Demchishin [60] proposed first a simple
structure zone model (SZM) in 1969, based on the analysis of a large number of PVD

films deposited by electron beam evaporation. The model predicts three structural

zones as a function of the normalized temperature TJTm, where 7^ is the substrate- or

film temperature and Tm is the melting point of the coating material (cf. Figure 2.22

(a)):

Zone 1 : Ts/Tm < 0.3, corresponds to films consisting of conical or columnar

structures with domed tops separated by voided boundaries.

Zone 2: 0.3 < T/Tm < 0.5, in the second zone, columnar grains appear, which have

distinct boundaries and induce a smooth surface.

Zone 3: For TJTm > 0.5, corresponds to the structure of a fully annealed metal

showing grain morphology.

The model was revised in 1977 by Thornton [61]. He reported an additional

transition zone (Zone T) between Zone 1 and Zone 2 and extended the model by
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accounting for the working gas (argon) pressure during sputtering deposition. The

corresponding SZM diagram is illustrated in Figure 2.22 (b).

Figure 2.22 Structure zone model for coating growth, (a) Model proposed by Movchan & Demchishin

[60]. (b) Model proposed by Thornton for sputtered metal coatings [62].

The structure zone model is consistent with experimental results from different

deposition techniques like sputtering, ion beam evaporation, ion-plating, or CVD. In

recent publications it was shown, that the model is even applicable for PECVD

processes at elevated pressures [63, 64]. The growth morphology varies from

amorphous nodular film growth to crystalline dense coatings. The growth mechanism

depends mainly on the substrate temperature, the melting point of the coating
material, the deposition pressure, and the initial surface roughness of the substrate.

2.6.1 Fundamental processes

When a coating atom or molecule arrives at the substrate surface, the film growth
occurs in four basic processes: shadowing, surface diffusion, bulk diffusion, and

desorption. The shadowing effect is caused by a geometric interaction between the

surface roughness of the growing film and the angular direction of the arriving coating

species. This mechanism is discussed in detail in the next section. According to the

Arrhenuis relation, diffusion and desorption processes can be quantified in terms of

the activation energies for surface and bulk diffusion and the sublimation energy.

These processes are strongly related to the normalized temperature TJTm and are

dominant over different temperature ranges. The resulting differences of the coating
structures are described by the different zones of the SZM. The temperature ranges of

the different zones slightly depend on the coating process and coating material. In

Table 2.6 some temperature ranges are presented, observed by different authors.

Table 2.6 Temperature ranges of growth structure zones for sputtering or electron beam evaporation.

Process/Material Zone 1 Zone 2 Zone 3 Ref.

0.5 -\Tm [61]

0.3 - 1 Tm [65]

0 45 - 1 Tm [66]

0.45 - 1 Tm [66]

Sputtering/Metals, Oxide

Evaporation/Metals

Evaporation/Metals

Evaporation/Oxides

< 0.3 Tm 0.3 -0.57;,

<o.irm 0.1 -o.3rm

< 0.3 Tm 0.3- 0.45 Tm

< 0.26 Tm 0.26--0A5T„
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According to the SZM, geometric shadowing controls the film growth structure in

Zone 1, because at low substrate temperatures the surface diffusion process is

insufficient to overcome this effect. At elevated film surface temperature, in zone 2,
the adatom mobility is increased. Thus the surface diffusion is the dominant

mechanism, and the shadowing effect is completely compensated. In zone 3 the film

growth is controlled by bulk diffusion.

2.6.2 Shadowing effects

Since the PECVD process is mostly performed at low substrate temperatures, the

shadowing effect will be the preferential growth mechanism, as schematically
illustrated in Figure 2.23. Assuming an isotropic coating flux and a rough film surface

with bumps and valleys, the deposition rate at the top of bumps is higher, because the

incident angle for arriving coating species is wider than in deep valleys. Therefore the

bumps grow faster, resulting in a columnar film structure with deep crevices [67, 68]

(cf. Figure 2.24). These columnar structures can be observed in all films deposited at

low substrate temperatures, independent of the used deposition process [70].

Experimental results, as well as model calculations revealed another interesting
mechanism, called "survival of the fittest" principle. Due to shadowing effect small

columns are incorporated into the large ones and "die". As a result, the deposited
films show a structural self-similarity over a wide range of film thicknesses [71].

Figure 2.23 Schematic of geometric shadowing Figure 2.24 Simulated formation of columnar

effect, caused by surface roughness. structures during film growth in Zone 1 [69].

Beside the columnar film structures, so-called nodular outgrowths can be observed

in thin films deposited at Zone 1 conditions. These features are also formed due to the

shadowing effect. However, they do not originate from the surface roughness, but

from dust or particles, which act as preferred nucleation sites. The conical nodules

show a parabolic shape and a domed top. In Figure 2.25 some examples of nodular

outgrowth in deposited films are presented. It is remarkable that they grow through
the entire subsequent coating and are not covered. The interface between nodules

reveals a reduced film density [72], and thus reduced mechanical stability. As a

consequence, due to stress in the coating nodules may break off the coating, leaving a

large defect in the film.
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Figure 2.25 lracture cross-sections of deposited thin films featuring nodular defects [72 74].

The formation of nodules and their parabolic interface can be explained by a

geometric model applying the Huygens principle [75]. In a first step, an isotropic

coating flux, a hemispherical surface irregularity, and a seed (e.g. dust) much smaller

than the coating thickness are assumed (see Figure 2.26 (a)). In this case the layer
around the seed is a hemispherical cap concentric with the seed particle, fhe

intersection between the cap and the corresponding Hat film surface is a parabolic
function of the film thickness e. It is given as:

D1 =%cd (2.23)

where D ~ 2R is the nodule diameter, corresponding to the distance between the

nodule axis and the cap-film intersection, and d - 2r is the diameter of the seed

particle. This description is appropriate to a perfectly conformai film. The layer
duplicates the hemispherical irregularity because the thickness of the film during
deposition is assumed to be identical everywhere on the seed. Thus the nodule height
h remains equal to the seed diameter d.

Film surface

(a) (b)

Figure 2.26 Geometric model using Huygens' principle describing the nodular growth assuming
conformai deposition (a), where a 1, and (b) at non-conformal growth conditions with a I

However, in a more realistic deposition process the shadowing effect has to be taken

into account. As an approximation, shadowing can be incorporated into the model via

the effective conformality factor a. In the case of non-conformal layer deposition, it is

assumed that horizontal surfaces are covered with a film thickness e, whereas the film

thickness at vertical surfaces is thinner due to shadowing. It is given as a-e. Again, the

layer around the seed will be a hemispherical cap, but now, the center of the cap is

continuously rising above the seed center as the film grows. As illustrated in Figure



2.6 Film growth mechanism 31

2.26 (b), the centre of the hemispherical cap is positioned in such a way that the film

thickness is e above the seed and a-e on its flanks. Therefore, the curvature radius ri

of the nodule is a function of the conformality factor a, the film thickness e, and the

seed radius r [75]:

1

2(r + e)

The nodule diameter D is thus given by:

D2 =-^-\ad + e(\ + a2)} (2.25)
d + 2el J

The shape of the nodule is elongated compared to the shape described by equation
(2.23). This elongated shape corresponds more with the observed nodule shapes

presented in Figure 2.25. Note that for a perfectly conform film (a = 1), equation
(2.25) equals equation (2.23).
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3 Fluid dynamic model of a two phase flow in the

riser

In this chapter, the fluid mechanics in the riser tube of a CFB reactor are discussed.

The derivation of the model is adapted from the work done by Midler [76] and Durst

[77]. The two-phase flow in the riser tube consists of the process gas and the substrate

particles. The gas-solid mixture is passing the plasma zone, where the deposition

process takes place. For the deposition process, it is important to know how long the

particle surfaces are exposed to the plasma and how dense the particles are

distributed. To determine the residence time r and the solid volume fraction <p, the

velocity and the mass flow rate of the solid phase have to be known. These parameters
can be derived from the momentum balances of both phases and the continuity

equation, which are described below.

3.1 Single spherical particle in a fluid flow at steady state

To understand the gas/solid flow mechanisms in a riser tube it is helpful to consider

a single spherical particle in an upward gas flow at steady state. The forces acting on

the particle are presented in Figure 3.1. The gravitational force Fc and the buoyancy
force Fb are given by:

Fu=Vp-pp-g (3.1)

Fn=Vp-pK-g (3.2)

where Vp is the particle volume, pp and pg the mass density of the particle and gas

phase, respectively. Since particle and gas velocity are not equal in this case, a

relative velocity vrt,\ is resulting:

vr,i=v,-vP (3-3)

HFd

"

Fc - Fh

Figure 3.1 Forces acting on a spherical particle caused by an upward gas flow.

The gas phase, which is flowing around the spherical particle with a velocity vrei,

causes the drag force Fd given by:

FL)=CD-ApPgV-^- (3.4)
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Ap corresponds to the cross sectional area and Cd is the drag coefficient of the

spherical particle. Because of the low gas density at low pressures and the small

particle diameter the Reynolds number of the particle is smaller than 1. In this range

the flow is laminar and the Stokes regime is valid, where the drag coefficient Cd is

defined as:

c"-^t (3'5)

The Reynolds number of the particle is given by:

p d • v
,

Re„,=
* " rd

(3-6)
?»

If the drag force FD is larger than the absolute value of the difference between the

gravitational and the buoyancy force, the particle is accelerated upwards by the gas

flow. Since the particle velocity increases, the relative velocity vrei as well as the drag
force Fd is reduced until the forces are equal. At this state, the acceleration is zero and

the velocity keeps finally constant. This velocity is called the terminal settling

velocity vt, and it is given by the force balance:

FG-Fß=FD (3.7)

Using equations (3.1)-(3.3) and the relation vj = vre/ leads to:

24 v2
V (p -p )g = —-—A p

-£ (3.8)

Considering the particle volume Vp, the cross sectional area Ap, and the Reynolds
number Rerc/, equation (3.8) reads:

-dl-(pp-pg)-g =
—-± -d2p-pg-^- (3.9)

6 P,-dp-vr 4 2

Equation (3.9) can be re-written and solved for the terminal settling velocity vT:

(Pp-Pg)
j2

v
-—p

-g-di. (3.10)T

I877

The terminal settling velocity represents the minimal slip velocity between the gas-

and solid phase in the riser tube.

3.2 Two-fluid model

In the following section, a model is developed to describe the accelerated gas/solid
flow in the riser tube. In this case, the Eulerian approach is used to analyze the fluid
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mechanics. From this method, information on the flow is obtained in terms of what

happens at fixed points in space as the fluid flows past those points. The properties

(pressure, density, velocity, etc.) are given as functions of space and time.

In this two-fluid model, the solid and the gas phase are assumed to be two

continuous fluids. The properties at fixed points are supposed to be constant over the

time. Since a one-dimensional model is assumed, the properties are only changing in

direction of the z-axis (see Figure 3.2) and constant over the cross-section of the riser

tube. Further, the particles are assumed to be spheres of the same diameter.

t
•

i

I
•

t t
• •

M

t

T

M
•

velocity

1 solid feed

process gas

Figure 3.2 Idealized velocities ofthe gas- and solid phase in z-direction ofthe riser tube.

The general formulation of the differential equation for the momentum transfer using
the Eulerian method is given by:

Dv
a-

p —— = div a + p- f
Dt = -

(3.11)

The expression div er describes all normal and shear stresses acting on the surface of

the volume element dV. The field forces / like the gravitational force are as well

acting on the volume element.

Because the volume element is fixed, not only the internal momentum changes have

to be considered, but also the momentum flow to and from the element. The

convective derivative Dv/Dt takes this into account:

Dv
P'^ = P

Dt

^ + vgradv

dt
~

&
~

= div <7 + p- f (3.12)

Considering only the flow direction (z-axis) and using cylinder coordinates equation

(3.12) is written out in full:
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dt
+ v.

to*.
dr

v„ dv dv.
+——- + v_

de dz
= (div£ + p-f)z (3.13)

For the one-dimensional model it is assumed that the velocities vary only in flow

direction and that there are no time dependent fluctuations. Therefore, all derivatives

of vz disappear, except the one in flow direction z:

dv
p-v:-—^ = (dWa):+p-fz

dz —

(3.14)

3.2.1 Momentum equation of the solid phase

First the momentum equation of the solid phase is derived. The solid volume

fraction cp and the density of the solid pp define the mass of the solid phase, which is

present in the volume element dV:

p-dV = <p- ppdV (3.15)

Using this correlation and the one-dimensional momentum equation (3.14) and

inserting the particle velocity vp for the velocity in z-direction, the momentum

equation for the solid phase reads as:

dv.
<P-Pp-vr-—r = (<àu)z+(ppp-fz

dz
(3.16)

The volume element dV consist of a thin slice of the riser tube with thickness dz

(Figure 3.3). In the following all forces are discussed, which are acting on the volume

element d V.

V + dv
p p

o

Ç3

Figure 3.3 Fixed volume element d V with entering and leaving particles.

Dragforce: On the particles, which are in the volume element, drag forces are acting
in flow direction. For a single particle, this force is given by equation (3.4). Actually,
the drag force represents the resulting force of the pressure- and shear stress gradient

along the particle surface. But in this model of two interacting fluids, they are
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assumed to be continuously distributed field forces. If there are spherical particles
with the uniform diameter dp in the volume element dV, the following contribution of

the drag force/d to the total field forced is resulting:

f &_<» A', p. A
(3.17)

m. n/rdl-p
/6 p p

Considering the drag coefficient Co for the Stokes regime (equation (3.5)) and re¬

writing equation (3.17) leads to:

fD=-p-vrel (3-1S)
d„ P„

p r p

Pressure gradient: Additionally to the drag force, which is caused by local flows, the

particles are influenced by the global pressure gradient in the gas phase. This pressure

gradient is caused by the flow through the particle collective, the wall friction and the

static pressure drop (buoyancy). It contributes to the resulting stress tensor q_ which

is acting on the volume element.

dp
(diver),, =-^-grad/? =-#>— (3.19)

—

dz

Gravity acts on the solid phase against the flow direction:

fa=~g (3-20)

Wall-friction: The interaction between the particles and the wall of the riser tube are

described by an additional shear stress Ifp, which acts on the perimeter of the volume

element dV. Considering the diameter D of the riser tube, the wall friction is given by:

-n -D-dz-TFn 4rFn
(divo-) =

*L
= _^L (3.21)

TT
r.2 ,

D
>Fp

D2 -dz

4

Müller [76] proved by pressure difference measurements of accelerated gas/solid
flows at atmospheric pressure that the influence of the wall friction can be neglected
in case of the solid, as well as the gas phase. Therefore, the wall friction is not

considered in the subsequent calculations.

If all other contributions are considered, the momentum equation (3.16) can be re¬

written as:

dv

<P-PP-vp-£ = 9>-Pp-(fD+fa) + (div£)^ (3-22)
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dv

*!>,",-£
I87

q>-—~--v
dp

dl ^-<P-Pp-g-Vdz (3.23)

3.2.2 Momentum equation of the gas phase

The momentum equation of the gas phase is derived similarly to the momentum

equation of the solid phase for the volume element dV\

{\-(p)-p,-v
dv

s s ^"HJ?.v„-a-,>.,f.*-o-,>-f (3-24)

Most of the properties in both momentum equations vary along the riser tube,

particularly the volume-fraction of the solid phase cp, the pressure/?, and the velocities

of both phases v^ and vg. Therefore, three other correlations are required to solve the

two-phase flow problem.

3.2.3 Overall momentum equation
The addition of equation (3.23) and (3.24) leads to the overall momentum equation,

which does not include terms of interaction between both phases:

dv dv

<p-pp-vp-
—+ Q-<P)Pg-vg-— =

--^-(p-pp-g-(\-(p)-Px-g
(3.25)

However, this equation reveals no further information about the fluid mechanics.

3.2.4 Continuity equation

For the solid phase, as well as for the gas phase, the continuity equation is given by:

m.
m- p -v =——

V PP p
A

{\-<p)-p-v =

m„

(3.26)

(3.27)

where mp and m^are the mass flow rates of the solid phase and the gas phase,

respectively. A represents the cross section area of the riser tube.

3.2.5 Ideal gas law

Since gases show ideal behavior at low and normal pressures the ideal gas law is

reliable, which describes the correlation between pressure p and gas density pg as

follows:
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p = p.JL.Tg (3.28)
Mg

where R = 8.314 J/kgK is the universal gas constant, Mg the molecular weight of the

gas in [kg/mol], and Tg is the absolute gas temperature in [K].

The independent equations (3.23, 3.24, 3.26-3.28) discussed above, describe the

correlations between the five variables v^z), vs(z), cp(z), pg(z), and/?(z).

3.3 Flow regime

Depending on the pressure, three different states of the gas can be defined. At

atmospheric pressure or rough vacuum, the mean free path of the gas molecules is

very small so that the gas flow is limited by its viscosity. The gas is in a viscous state.

At lower pressures, where the mean free path of the molecules is similar to the

dimensions of the vacuum enclosure, the flow of the gas is influenced by viscosity as

well as by molecular phenomena. This is called the intermediate flow. At high
vacuum conditions, where the mean free path of the gas molecule is much larger than

the dimensions of the vacuum enclosure, the flow is molecular.

In the regime of the viscous state, the gas flow in a tube can be laminar or turbulent

depending on the Reynolds number, which is expressed by:

Re=Pg' 'Vg
(3.29)

n

where D is the tube diameter. For Reynolds numbers, larger than 2100, the flow is

fully turbulent, while for Re < 1100 it is completely laminar [78].
The limit between the laminar, intermediate, and molecular flow can be defined by

the Knudsen number:

Kn = Â/D (3.30)

Here, D represents the characteristic reactor dimension and Â the mean free path of

the gas molecules, which is given for Maxwell-Boltzmann distribution of the

molecule velocities by:

k T

A=
r- B\ (3.31)
42-n-£,

where kB= 1.381 TO"23 J/K is the Boltzmann constant, T the temperature, £, the

molecule diameter (^Argon = 3.69 10"10 m [78]), and/? is the pressure.

The different states, the flow regimes, and the corresponding conditions are

proposed by Roth in [78] and are listed in Table 3.1. Considering typical process

conditions (p = 1 mbar, T = 293 K, v^
= 15 m/s) and Argon as process gas, the

Reynolds number is Re = 47 and 1/Kn = 600. Therefore the gas in the riser tube is in

the viscous state and the flow is laminar.
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Table 3.1 Flow regimes and its conditions after Roth [78].

State of the gas Flow regime Condition

viscous

turbulent Re >2100

laminar
Re <1100

1/Kn>110

transition intermediate Kl/Kn<110

rarefied molecular 1/Kn<l

In the range of the viscous state, the viscosity of the gas is approximately given by
the following correlation based on the kinetic gas theory (cf. Roth [78]):

„.MM feu (3.32)
n-£, V n

where m is the mass of a single gas molecule (mAr = 6.63 10"26 kg). Since the

viscosity is independent of the pressure, it is assumed to be constant in the following
numerical calculations.

3.4 Numerical calculations

As mentioned above, the one dimensional two phase flow in the riser tube of the

reactor is represented by the momentum equations of the solid phase (3.23) and the

gas phase (3.24) combined with the continuity equations (3.26 & 3.27) and the ideal

gas law (3.28). Since the parameters vary over the tube length, the equations are not

analytically solvable, but a numerical approach has to be derived. The calculations

were made by a simple Visual-BASIC program code (cf. Appendix A), which was

coupled with an EXCEL sheet. In this chapter, first the structure of the program code

is described. Then the calculated results for the velocity profiles, the residence time,

and the solid volume fraction are presented and discussed in order to verify the

reliability of the model.

3.4.1 Two-phase flow in the finite volume element

The reactor tube is divided in 100 finite volume elements, which is a reasonable

compromise between accuracy and computational effort. Compared to calculations

using n = 1000 elements, the deviation of the particle residence time is below 0.8%.

Each element has a length of Az = h/n, where h represents the height of the reactor

tube. In the following the general case is discussed considering a volume element n

and the calculation of all relevant parameters. A given solid mass flow rate mp and

gas mass flow rate mg is entering the element n. It is assumed that the pressure p„ in

the element n remains constant. As a consequence all other variables vSJl, vp>n, pn, <pn

are constant within this element (cf. Figure 3.4).

Gas density: The density of the gas phase pgi„ in the volume element n is calculated

by rearranging the ideal gas law (3.28):

'*'"
RF

P^^Hrzr- (3-33)

g
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Element n
p.ir-l

P«' Pg.n' <Pn

Figure 3.4 The flow parameters v^„, vp,„, p„, pR„, and <p„ remain constant within the finite volume

element n. Due to the pressure drop within the element and the momentum transfer the particle and the

gas phase leave the element with the velocities vPi„,i and vÄ„- /, respectively.

Pressure drop: The pressure drop Ap» is calculated using the momentum equation of

the gas phase (3.24). In a first step, the equation is solved for the pressure gradient.

Considering the finite approach leads to:

Az \-<pn d\
fy , . AVg,n

(v -v )-p S-P v„
Az

(3.34)

As mentioned in chapter 3.3 the dynamic viscosity 77 of the process gas is independent
of the pressure. Due to the low density of the gas phase pg at vacuum conditions the

contribution of the last two terms on the right hand side to the pressure drop can be

neglected. Thus the pressure drop in the volume element n is given by:

Ap =__^!% _v ).Az (3.35)

The pressure of the following volume element is calculated by addition of this

pressure drop. Note that Ap„ is negative in all cases. Therefore, the pressure decreases

in flow direction.

P„+l =Pn+&Pn (3.36)

Particle velocity: The acceleration of the particles in the element n is derived from the

momentum equation of the solid phase (3.23):

Av

PpvP,n
P-n

Az

1877.
,

&P„
-—Mv -v )-p -e--^-2- (3.37)

Including the correlation of the pressure drop gradient found in (3.35) and solving

(3.37) for the particle velocity difference leads to:
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Av -_*
Pp-vp,"

1877

\-(pn d
2 (vg,n-vp,J-PP-g
p

(3.38)

The particle velocity increase is used to define the particle velocity of the next volume

element 77+i:

v „=v +Av (3.39)

p,n+\ p,n p,n
v /

Solid volumefraction: The particle velocity vp and the solid volume fraction <p are the

only variable parameters of the continuity equation of the solid phase (3.26). Solving
the equation for these two parameters leads to an expression consisting of constant

terms. As a consequence the solid volume fraction and the particle velocity of the next

volume element are known:

m

<P„ v„,„ =

7
= const = çn+l vpil+l (3.40)

p

PP-A

The solid volume fraction çn+i of the following volume element is given by:

^,=-^0, (3-41)

p,n+\

Gas velocity: The last variable, which has to be defined, is the gas velocity vK. The

velocity increase is caused by the expanded gas volume due to the pressure drop. The

gas velocity vgt„, 1 of the next element is calculated by rearranging the continuity

equation of the gas phase (3.27):

]~<Pn+] P,,n+rA I"?,
fl+1

The ideal gas law describes the reciprocal correlation between the volume flow rate

and the pressure. Using standard conditions as a reference point with known pressure

p° and volume flow rate V° the gas volume flow rate Vg n+1
can be calculated:

K^=~yi (3-43)
Pn+l

By means of this set of equations all variable parameters are defined and the two

phase flow is fully described over the whole length of the riser tube. To calculate the

two phase flow, the boundary conditions have to be included.

3.4.2 Boundary conditions

To start the calculation for the first volume element the variables at the riser tube

inlet have to be known. The pressure/?; corresponds to the measured inlet pressurep,.

The gas velocity vgj is deduced from the pressure and the total gas flow rate, which is

measured. The gas density is also defined by the pressure.
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Since the initial particle velocity vpj at the riser tube inlet is not known it has to be

estimated in a first step. The accurate value of the initial particle velocity is derived by

comparing the calculated with the measured value of the solid mass flow rate. But the

solid mass flow rate mp has to be specified as well for the calculation. This problem

is solved by using an iterative approach.

3.4.3 Iterative approach
For a given initial particle velocity and solid mass flow rate, the pressure at the riser

tube outlet is calculated using the expressions described in chapter 3.4.1. Since the

solid mass flow rate is not known, two values mpX and mpl between the exact value

are assumed and the corresponding outlet pressures p0i and p02 are calculated. If the

absolute difference between the calculated and measured pressure \p02 - p0\ is larger
than \poi -po\, then the solid mass flow rate mp2 is recalculated for the next iteration

step i+1 using the modified bisection method:

rfW,-^^**^ (3.44)

If \Po2 -Po\ is smaller, then mplis recalculated as follows:

<,.,=^^-^^ (3-45)

The bisectional method is adapted by introducing the second term on the right hand

side of equations (3.44 & 3.45), which causes additional iteration steps and, therefore,

a longer computational time. However, preliminary calculations revealed an instable

behavior of the classical bisectional method for certain input values. The modification

eliminates these instabilities.

The termination condition of the iteration is given by the difference between the two

solid mass flow rates:

\mpU-mp2j\< 10-* kg/s (3.46)

Finally the average of mpUl and mp2: represents the unknown solid mass flow rate

mp of the 2-phase flow, which causes the measured pressure drop between the riser

tube inlet and outlet.

3.5 Results

The required input data for the model calculations are listed in Table 3.2. Material

properties, process conditions, and facility dimensions are known values. However,

the in- and outlet pressures and the initial particle velocity have to be experimentally
determined.
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Table 3.2 Required input data for numerical calculations in the case of salt and silica-gel particles. The

in- and outlet pressure, as well as the initial particle velocity have to be experimentally determined.

Salt Silica-gel

Particle diameter dp [um] 207 309

Particle density pp [kg/m3] 2170 773

Gas flow rate P\° [seem] 1100 1100

Gas temperature Tg [K] 293 293

Gas viscosity ng [Pa-s] 22.17- 10"6 22.17- 10"6

Reactor height h [m] 0.56 0.56

Riser tube diameter D M 0.04 0.04

Inlet pressure p, [Pa] exp. exp.

Outlet pressure p0 [Pa] exp. exp.

Initial particle velocity vpj [m/s] exp. exp.

3.5.1 Reference measurements

The unknown initial particle velocity vpj at the reactor inlet is iteratively defined, by

minimizing the deviation of the calculated particle mass flow rate and the

experimental value of a so-called reference measurement. The reference point is

chosen, so that the mass flow rate is in the middle of the measured range of the data

sets (experiments: Salz900_200i & Gel900J200_2c). The experimental data of the

salt and silica-gel reference measurements, as well as the evaluated initial particle

velocity are listed in Table 3.3.

Table 3.3 Data of the reference measurements and the corresponding initial particle velocity.

Pi Po Ap mp vpJ

[Pa] [Pa] [Pa] [g/s] [m/s]

Salt 340.86 299.15 41.71 13.025 1.282

Silica-Gel 319.46 303.53 15.93 4.487 0.960

It is remarkable that the model calculations fit best the experimental results, when

using similar initial particle velocity for both cases. This fact might be explained by
the following consideration: The acceleration of a single particle in the tube section

below the reactor is assumed to be constant. The pressure and relative fluid velocity
are constant as well. The latter is assumed to be identical to the gas velocity.

Referring to equation (3.23) and considering the mentioned assumptions, the

acceleration of a single particle is given as:

dvn ] 877
\—T = -P—vrcl-g = a (3.47)

dz d- p„

p /- p

Using the correlation vp
= -Jlas for a constant acceleration, where s = 0.22 m

represents the acceleration distance below the reactor, leads to a initial particle
velocity at the reactor inlet of 2 m/s and 2.6 m/s in case of salt and silica-gel particles,
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respectively. These estimated values are too high. Tn reality, the acceleration is

reduced with increasing particle velocity, due to the decreasing relative velocity
between the solid- and gas phase. Additionally, the friction effects between particles
at the bottom of the tube, where the solid volume fraction is rather high, would also

reduce the particle velocity. However, this simple estimation predicts initial particle
velocities of the same order of magnitude as the evaluation using the combination of

experimental data and model calculation.

3.5.2 Gas and particle velocity

After determination of all required model parameters, the model calculations could

be performed. In this chapter, the calculated velocity profiles of the gas and the solid

phase along the riser tube are presented (cf. Figure 3.5) and discussed.

0.2 0 4

Reactor length [m]

0.6 0 2 0.4

Reactor length [m]

Gas - Particles Gas - Particles

Figure 3.5 Velocity profiles along the reactor in case of salt (left) and silica-gel particles (right).

In contrast to two-phase flows at atmospheric conditions, the gas phase velocity is

not constant, but it is increased in both cases. This is caused by the pressure drop

along the tube, which is considerable compared to the pressure at vacuum conditions.

The gas phase expands at reduced pressure, and thus the velocity is increased. The

ideal gas law describes this reciprocal correlation between pressure and velocity.
The gas velocity profile of the gas/salt flow is steeper than of the gas/silica-gel flow.

This can also be explained by the larger pressure gradient along the tube, caused by
increased momentum transfer from the solid phase due to the heavier salt particles.
Considering the data presented in Table 3.3, the total pressure drop for transporting
salt particles is larger by a factor of 2.6, and the particle density is 2.8 times larger

compared to silica-gel particles (cf. Table 3.2). Thus a linear dependence between the

pressure drop and the particle weight can be observed.

In both cases the gas velocities at the reactor outlet are almost identical, since the

outlet pressures are almost the same (cf. Table 3.3). Due to this fact and the smaller

pressure gradient in the case of silica gel, the mean gas velocity in the gas/silica-gel
flow is larger.
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Considering the velocity profiles of the solid phases there are also differences

between the heavier salt crystals and the lighter silica-gel granulates. Both solid

phases enter the reactor with virtually the same initial particle velocity. At the reactor

outlet the particle velocity is 2.1 m/s (salt) and of 2.6 m/s (silica-gel), respectively. It

is reasonable, that the light silica-gel particles, which additionally feature the larger
cross sectional area resulting in a larger drag force, are stronger accelerated. This

effect is even stronger, due to higher gas velocity.

Another interesting aspect is the velocity difference vre! between the gas and the

solid phase. In Figure 3.6, the calculated relative velocities for salt and silica-gel

particles are presented.

4

0.0 0.2 0.4 0 6

Reactor length h [m]

Salt Silica-gel

Figure 3.6 The relative velocities between the gas and solid phase are decreased along the reactor tube.

Along the reactor length, the relative velocities are asymptotically decreased to a

certain value. If the gas velocity would be constant, this value would correspond to

the terminal settling velocity vh which is described by equation (3.10). For a spherical

particle v, is 2.3 m/s (salt) and 1.8 m/s (silica-gel). But since the gas velocity increases

because of the pressure drop, this steady state is not reached and the relative velocity
is always larger than the terminal settling velocity. The graph of the gas/salt flow

shows an asymptotic value of 2.8 m/s, whereas the graph of the gas/silica-gel flow is

not reaching its asymptotic value yet.
Further the graph shows, that the light silica-gel particles are stronger accelerated,

and as a consequence the slip velocity decreases stronger.
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3.5.3 Residence time and solid volume fraction

The residence time of a particle in the reactor is given by the sum of the residence

times of each finite element, which is defined as the ratio of the element height to

particle velocity. The corresponding residence times of the salt and silica-gel
reference measurements are listed in the following Table 3.4.

Table 3.4 Residence time and solid volume fraction of the reference measurements.

Salt Silica-gel

Mean residence time f 0.32 s 0.29 s

Volume fraction <zw 0.37 % 0.48 %

Considering the continuity equation of the solid phase (3.26) the solid volume

fraction <p is reciprocal dependent on the particle velocity vp. Therefore, the maximal

solid volume fraction tpmax is defined at the reactor inlet, where the particle velocity is

minimal. The values obtained in the reference measurements are listed in Table 3.4. In

both cases the maximal solid concentrations are below 1 %. Thus we have a dilute gas-

solid flow in the riser tube, where the particle phase can be treated as free single

particles without any particle interaction. Therefore, the model assumptions,
neglecting any particle interaction, are correct.
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4 Experimental

4.1 CFB reactor

The CFB reactor can be divided in three major components, which are

schematically presented in the process and instrumentation scheme and as photograph
in Figure 4.1. The riser tube represents the first part, where a Microwave plasma
source is integrated, which is described in detail in chapter 4.1.1. The diameter of the

riser tube is 40 mm and its length 950 mm. The tube section in the plasma source (500

mm) consists of a quartz glass, in order to couple the microwaves to the plasma. A

bent tube connects the riser with the cyclone. Due to this riser head geometry without

an abrupt exit the particles are not reflected and thus the recirculation rate of particles
within the riser tube is negligible. The cyclone represents the second main component,
which is installed for gas-solid separation. The third section is the particle storage

tube, where the particles are collected from the cyclone, stored, and re-fed to the

process. At the lower end of the storage tube a siphon is installed.

Figure 4.1 Process and instrumentation schematic (left) and photograph (right) ofthe CFB reactor

consisting of the riser tube with integrated plasma source, the cyclone, and the particle storage tube

The particle circulation is started by introducing a small argon gas flow at the

bottom of the siphon. The aeration gas flow is distributed by a sintered metal plate.
This plate also prevents a backflow of particles into the gas line. Due to the aeration

gas flow, the particle bed in the siphon is fluidized and a pressure difference between

the riser tube and the siphon is established. As a consequence, the particles are

transported over a diagonal tube to the bottom of the riser tube. The particle mass

flow rate is regulated by the aeration gas flow. At the riser tube bottom the particles
are mixed with the process gas mixture, which is provided by the gas supply system
and also homogeneously distributed by a porous sinter plate. The particles are

accelerated and transported by the process gas upwards to the plasma source.
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By coupling micro wave power into the quartz-glass tube a stable, non-thermal

plasma is ignited and sustained. In the plasma zone, the PECVD process is performed.
Due to the intensive mass- and heat transfer between the process gas and the particle
surface in the riser, the deposition rate, as well as the monomer efficiency is high.
In the cyclone, the particles are separated from the off gas and are recollected in the

particle storage tube, whereas the off gas is pumped out of the setup by a multistage
vacuum pump unit (PI & P2) sustaining the desired low pressure. Between the

cyclone and the pumps an inlet dust filter Fl (ITM 800, BOC Edwards, West Sussex,

UK) and a glass micro fiber filter F2 (GF/A, Whatman, Maidstone, England) is

installed, in order to prevent damage to the pumps by particles. Further descriptions of

the single components are given in the following sections.

4.1.1 Plasma source

The plasma is generated by a slot antenna type 2.45 GHz microwave (MW) plasma
source (pSLAN, JE Plasma Consult GmbH, Wuppertal, Germany). The source

basically consists of a ring resonator (annular wave guide), which is coaxially

positioned around the quartz glass tube (cf. Figure 4.2). On the inner side of the ring
resonator, four coupling slots feed the microwave energy to the plasma, which is

ignited and sustained in the glass tube. The quartz glass tube is an integral part of the

riser tube. The inlet and outlet is connected to standard ISO-KF 40 flanges.

Wave Guide

Antenna

Tuning Plunger

200 - 2000W

2.45 GHz

Circulator ä
Magnetron

""

Coupling Slots-""

~-

Ring Resonator
''

"

Quartz Tube (0 40 mm)

Top View Side View

Figure 4.2 Schematic of the //SLAN microwave plasma source.

The microwaves of 2.45 GHz frequency are generated in a magnetron and are

coupled via a wave guide to the SLAN. The magnetron is powered and controlled by

high voltage power supply, which allows a MW power of 200 W to 2000 W. The

supplied power is measured and recorded (5% accuracy). Between the MW generator
and the plasma load a three port circulator redirects reflected microwave power into a

water cooled dummy load to protect the magnetron from possible damage. The

reflected power is measured by means of a Schottky diode with 5% accuracy.

Therefore, the net power, which is coupled to the plasma, can be calculated.

The microwaves are coupled by a movable antenna from the linear wave guide to

the ring resonator. Since the impedance of the plasma is strongly dependent on

different parameters like pressure, gas composition, or particle material and



4.1 CFB reactor 49

concentration, the waveguides have to be adjusted by a moving plunger to optimize
the microwave coupling and minimize the reflected MW power. Also, the active

length of the coupling antenna in the ring resonator can be varied. As a result, the

microwave coupling can be matched to an extended power and pressure range. For

further information concerning construction, functionality, and operation it is referred

to Werner [80] and Korzec [81].

4.1.2 Gas supply system
The process gas mixture consists of argon, oxygen, and HMDSO vapor. The desired

gas flow rates and the proper composition of the gas mixture is provides by the gas

supply system. The main part is the liquid delivery system CEM (controlled

evaporation mixing W-202, Bronkhorst High-Tech B.V., AK Ruurlo, The

Netherlands), consisting of a liquid mass flow rate controller V2 (HMDSO) and a gas

mass flow rate controller V3 (argon), a mixing valve, and a heated mixing chamber.

The temperature range of the mixing chamber can be set up to 200°C. The liquid

precursor is fed, due to the pressure difference, from a supply bottle, which is at

atmospheric pressure, over a dip pipe to the CEM at vacuum. The supply bottle is

mounted on a balance to determine the precursor consumption. Between the CEM and

the bottom of the riser tube the process gas pipe is heated up to 65°C and thermally
insulated to prevent condensation of the precursor.

The oxygen flow rate is regulated by means of a Rotameter VI (Type VI00,

Voegtlin Instruments AG, Aesch, Switzerland), and is mixed with the argon/HMDSO
mixture downstream the CEM. A part of the oxygen line is also heated to prevent
condensation in the mixing zone of the argon/HMDSO and the oxygen flow.

The aeration gas line is connected to the siphon of the particle storage tube. The

flow rate is regulated by means of a Rotameter V4 (Type VI00, Voegtlin Instruments

AG, Aesch, Switzerland) as well.

4.1.3 Measurement equipment
All sensors, except the microwave power probes, are schematically presented in

Figure 4.1. The pressure is measured 60 mm above the plasma source outlet by means

of a Pirani cold cathode pressure gauche (PIR, Balzers AG, Bakers, Liechtenstein).
The pressure difference between the inlet (+ port) and the outlet (- port) of the plasma
source is detected by a low-pressure differential sensor (PDIR, Honeywell,
Morristown, USA) with a pressure range of 0 to 12 mbar. Since the measuring point of

the outlet is 60 mm higher than the real source outlet, the measured pressure drop
corresponds to a tube length of 560 mm.

A thermocouple is installed above the siphon of the particle storage tube in order to

measure the particle bed temperature. The tip of the thermocouple is positioned in the

center of the storage tube.

The signals of all sensors are collected by a data acquisition (DAQ) board {National
Instruments, Austin, USA) and transmitted to a personal computer. The data are

indicated and recorded using the software LabVIEW (National Instruments, Austin,

USA).

4.1.4 Pumping unit

The multistage pumping unit (Leybold Vakuum GmbH, Köln, Germany) consists of

a two stage rotary vane pump PI (Trivac D65BCS PFPE) with a nominal pumping
rate of 65 m3/h as a backing pump and a roots pump P2 (RUVAC WS 1001 PFPE)
with a nominal pumping rate of 620 m3/h at 10"1 mbar. A frequency converter (VF-S9,
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400V / 3.7kW, Toshiba, Tokyo, Japan) controls the pumping speed of the roots pump.

Since a gas mixture with an oxygen concentration larger than 20% may be pumped,
for safety reasons chemically inert Perfluorized Polyether (PFPE) is used as sealant

and lubricant for both pumps. The rotary vane pump is equipped with a lubricant filter

and an exhaust filter with lubricant feedback. The pumping unit is installed in a noise

protection box, which is thermally controlled by a water-air-cooler.

4.2 Cyclone
In this work, four different designs of cyclones were tested. They are schematically

presented in Figure 4.3. Type A was already used in a former project by Karches [31].
This cyclone consists of a relatively large cylindrical body with a diameter of 200 mm

and large conical body. The riser head shows a 90° sharp exit, which is typical for

CFB reactors. However, the geometry of the Type A cyclone caused undesired

fluctuating particle concentrations in the riser during the circulation of fine particles.
Therefore, the Type A cyclone was not suitable for circulating fine particles. A

detailed description of the mentioned behavior is given in chapter 6.1.

Type A TypeB TypeC Type D

Figure 4.3 Schematic of the four different types of cyclones used in this work.

The separation efficiency of a cyclone for small particle sizes, can be enhanced by
choosing a smaller diameter of the body and of the vortex finder, but at the same time

the pressure drop of the cyclone is increased. As a consequence the body diameter of

the subsequent cyclone types was reduced to 100 mm. The riser head of all

subsequent cyclone types consisted of a round elbow tube with a bow radius of 51

mm, in order to ensure stable particle concentrations in the riser tube. The cyclone
inlet, as well as the solid outlet consists of 40 mm ISO-KF standard vacuum flange,
while the clean gas outlet is of the 100 mm ISO-K type.
The length to diameter ratio of Type B cyclone is much larger compared to that of

Type A. The cyclone inlet is inclined by an angle of 40°, in order to enhance the gas

solid separation. However, preliminary tests revealed only a poor increase of

separation efficiency. A possible reason might be the cyclone height, which is larger
than suggested by Löffler [36]. Therefore, the vortex does not reach down to the solid

outlet, resulting in a reduced separation efficiency. Another possible reason is the

steep inclination of the cyclone inlet. The vortex formation could be negatively
affected by the large axial velocity of the gas-solid flow. In order to overcome these

problems, the subsequent cyclone types C and D show a decreased height and reduced

inclination of the inlet.
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4.2.1 Standard cyclone Type C

The type C and Type D cyclones feature the same dimensions of the cylindrical and

conical body. The distance between the lower end of the cylinder and the upper edge
of the cyclone inlet is 146 mm, and the diameter is 100 mm. The conical body has a

height of 114 mm. Although the incline of the raw gas inlet is different for the Type C

cyclone (20°) and the Type D cyclone (horizontal inlet), both types offer a similar

separation efficiency at the given operation conditions. The cross-section of the raw

gas inlet is 48 mm x 12 mm (Type C), and 52 mm x 12 mm (Type D), respectively.
Due to the simple operation and efficient gas solid separation, Type C cyclone was

chosen as the standard cyclone. Most of the experiments were conducted with this

type.

4.2.2 Cyclone head

A special feature of the described cyclones is the vortex Under and the cyclone head

disk, which are individually adjustable in their axial positions. Furthermore, if a

different vortex finder diameter is needed, the cyclone head can be easily exchanged.
Thus this construction offers a high flexibility, in order to optimize the separation
efficiency and reduce the pressure drop of the cyclone. Considering Figure 4.4 the

cyclone head consists of the vacuum sealing ring, the vortex finder tube, and the

cyclone head disk. The sealing ring and the head disk are fixed to the vortex finder by
radial screws. Figure 4.5 schematically illustrates the position of the head construction

in the cyclone C and D. Due to the axial flexibility of the head disk, the cyclone head

can be used for cyclone B, C, and D, although the distances between the entrance duct

and the upper flange of the cyclone is different.

Figure 4.4 The cyclone head Figure 4.5 Here the positions of the cyclone head (dotted lines)
consists of three components. The in the Type C and D cyclones are presented. Note the different

sealing ring and the head disk arc height of the head disk, due to the different entrance duct

axially adjustable on the vortex angles,
finder.

4.2.3 Type D cyclone with pneumatic cleaning system

Due to increased inter-particle cohesion compared to larger particles, thick particle
layers are build up on the cyclone walls during the circulation of fine particles (cf.
section 6.1 ). To reduce the particle layer formation Type D cyclone is equipped with a

pneumatic cleaning system, consisting of a rubber membrane, which is fixed on the
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inner wall of the cylindrical part of the cyclone. The rubber membrane is cambered by
introducing air between the film and the cyclone wall (cf. Figure 4.6). Thus the sticky
particle layer is rejected from the cyclone wall during the circulation process. After

the cleaning cycle the air between the membrane and the wall is evacuated and the

rubber film is pressed to the cyclone.

Figure 4.6 Top view into cyclone Type D: a) The rubber film is tight on the cyclone wall during
normal operation, b) for cyclone wall cleaning the rubber film is inflated by introducing air.

The pneumatic cleaning system with the valves is presented in Figure 4.7. The air is

introduced and evacuated over two inlets in the cyclone wall. Both inlets are

connected over electro magnetic valves V5 and V6 to the atmosphere, as well as to the

vacuum system. The atmosphere line is additionally equipped with a reducing valve

V7, in order to adjust the inflating rate. The alternately opened valves are operated by
a timer module, which allows the setting of the inflate and the deflate time interval.

The inflate pulse was in the range of some tenth of seconds, while the deflate period
was about 30 seconds, depending on the particle load and the material. It took only
one or two seconds to deflate the rubber film. After this the rubber film was lightly
pressed on the cyclone wall, as can be seen in Figure 4.6 (a).
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Figure 4.7 Schematic of the pneumatic cleaning system.
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A high cleaning performance of the pneumatic cleaning system could be

demonstrated during circulating fine particles. However, only preliminary
experiments were carried out with this system, because its operation was more

complicated than other methods. Therefore, the durability of the rubber film bonding
to the cyclone wall could not be verified. Another problem, that should be considered,
is the abrasion of rubber material and the possible contamination of the product
particles.

4.3 Open loop configuration (solid mass flow rate

measurement)
The solid mass flow rate is a major process parameter of a CFB plasma reactor,

because it determines the particle concentration in the plasma zone. As a

consequence, the plasma chemistry and thus the deposition process are strongly
influenced. The circulation rate of the particles is a direct function of the solid mass

flow rate. The residence time of a particle in the storage tube is reciprocal
proportional to the mass flow rate.

In the following list, some possible measurement techniques to determine the solid

mass flow rate in a CFB are presented:

• Measurement of the particle bed velocity in the storage tube. However, not the

entire velocity profile, but only the boundary velocity can be detected.

Therefore, the error of this approach would be too high.
• Measurement of the particle velocity and concentration in the riser tube by

particle image velocimetry (PIV) and light scattering analysis. The velocity
can be measured accurately, while the error of the particle concentration is up

to 30%. Secondly the required visual access for the laser beam and the camera

is not available in the SLAN plasma source.

• The solid mass flow rate is controlled by a calibrated volumetric feeding
system instead of the siphon. However, the additional mechanical stress on the

particles would increase attrition of film or particle material.

• The so-called open loop configuration of the CFB allows to feed the particles
batch-wise through the riser tube. The solid mass flow rate is simply
determined by weighing the particle batch and stopping the feeding time. This

method offers a high accuracy, but it can not be applied in the looped CFB

reactor. Thus it represents an ex-situ measurement.

Since the instrumentation complexity of the open-loop configuration is low and the

measurements are accurate, this technique was chosen to determine the solid mass

flow rate. The standard CFB, as well as the open-loop configuration is illustrated in

Figure 4.8. The open-loop configuration is created by disconnecting the cyclone from

the particle storage tube. On top of the storage tube the particle reservoir (6.2 liter) is

mounted, where the entire particle batch is stored. After flowing through the riser

tube, the particles are separated in the cyclone and collected at the dust outlet by a

collector vessel (4.9 liter). The particle reservoir is connected to the vacuum pump

unit, in order to prevent blow out of particles into the riser tube during the evacuation

procedure, due to expanding gas in the reservoir. During operation, the vacuum line

also provides similar pressure conditions, like in the storage tube of the standard

configuration. Therefore, comparable particle feed is achieved.
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Figure 4.8 Schematic of the Standard- and Open-Loop Configuration of the CFB.

However, preliminary tests revealed a strong influence of the particle level in the

reservoir on the solid feed rate, due to the weight of the particle bed. The feed rate

was steadily decreased with decreasing particle level. This problem was solved by
installing an orifice between the cyclone and the particle storage tube (cf. Figure 4.9).
The orifice reduces the tube diameter from 40 mm to 15 mm. Downstream the cone

the particles flow through a tube, which is 70 mm long. The smaller cross section and

the small tube drastically reduce the gravitational force acting on the lower particle
bed. Thus the influence of the upper particle bed is eliminated. Since the solid feed

rate is only influenced by the level of the lower particle bed, which is constant as long
the storage tube is refilled by the reservoir, the solid feed rate is constant as well.

Upper Particle Bed --^ n
*"̂
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Particle Storage Tube

Lawer Particle Bed ~~-~.

!„, ^

_

-
- Venting Tube

Figure 4.9 The orifice is mounted between the particle reservoir and the storage tube in order to

eliminate the influence ofthe particle bed level. The venting tube provides stable pressure conditions.



4.3 Open loop configuration (solid mass flow rate measurement) 55

The function of the orifice is defined by two mechanisms. The reduction of the tube

diameter decreases the force caused by the bed weight. Assuming a frictionless

particle bed, this stress is proportional to the cross section area of the tube. The

second mechanism is caused by the increased friction between the particles and the

tube wall, due to the increased ratio of wall area to volume in the smaller tube.

Therefore, the friction gets more important in respect to the weight.
The pressure difference between the reservoir and the storage tube is compensated

over a venting tube that connects both gas volumes, in order to provide defined

pressure conditions.

4.3.1 Measurement procedure
The solid mass flow measurements were performed using salt and silica-gel

particles. Further information concerning the properties of these particles is given in

chapter 4.4. The particle batches were 1.5 kg of silica-gel or 4.5 kg of salt, which

correspond to a particle bed volume of 3.9 liters and 3.6 liters, respectively.
After the particles were filled into the reservoir, the setup was slowly evacuated,

avoiding large pressure gradients, in order to prevent a blow out of particles from the

reservoir. When the setup was completely evacuated, the process gas flow was

enabled. After this, the aeration gas was introduced at the bottom of the siphon. In

order to provide immediately a constant solid feed rate, it was important to ensure an

abrupt setting of the gas flow rate. Therefore, during the setting of the flow rate, the

aeration gas was redirected to the atmosphere by a three-way valve V5, which was

installed downstream the Rotameter V4 (see Figure 4.1). Subsequently the solid feed

was started by switching the three-way valve. Immediately, a constant steady state

feeding was established. The pressure difference in the riser tube, caused by the gas

solid flow, was measured and recorded by the DAQ system described above. When

the particle reservoir was empty, the measurement was stopped, by switching V5

again. The feeding time was measured by a stop watch. After the venting of the set¬

up, the mass of the particles in the collecting vessel was determined.

The measurements were made at different aeration flow rates, and consequently at

different solid mass flow rates, in order to investigate the relation between the

pressure drop in the riser tube and the solid mass flow rate. Additionally, the plasma
power, as well as the gas flow rate was varied. The results are discussed in detail in

chapter 5.1.

4.3.2 Error estimation

To characterize the accuracy of the experimental method described in section 4.3.1,
the error of the solid mass flow rate determination is estimated. The mass flow rate is

simply calculated by dividing the measured particle mass mp by the feeding time /

m

therefore, the maximal error propagation is given by the following function:

Amp =

dm(m.t)

dmp
Amp +

dmp(mp,t)
dt

At (4.2)
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Including the derivatives of the solid mass flow rate in equation (4.2), leads to the

final expression:

I m„
Amn =--Amfl +-fA/ (4.3)

'
/

'
t-

whereas Amp and At represent the maximal measurement errors of mass and time,

respectively. The error of the solid mass is mainly caused by the loss of particles in

the cyclone, which was maximal Amp = 5 g in the case of some measurements with

silica-gel and Amp = 7 g with salt. Thus the deviation of the balance (Mettier,

PM6000, ± 0.1 g) is negligible. The error of the manually stopped time is estimated as

At = 0.5 s, which is a rather conservative value. Considering the worst case, a

maximum solid mass mp and a minimal measuring time / is assumed. All parameters
of the measurements using salt and silica-gel and the resulting maximal relative error

are presented in the following table:

Table 4.1 Measurement Parameters, deviations and the resulting maximum relative errors.

Particles mp Amp t At ^rnpJmp
[gl \Û M [s] l%J

Salt

Silica-Gel

4526 7 267 0.5 0.34

1573 5 186 0.5 0.59

Since the relative error is below 1% in both cases, the open loop measurement is an

accurate method to define the solid mass (low rate.

4.4 Materials

4.4.1 Substrate particles
Two different materials, salt and silica-gel (Silicagel 490, Zcochem AG, lletikon,

Switzerland), were used as substrate particles. The cubical salt crystals feature a

relative smooth surface, while the granular silica-gel particles consist of agglomerated

primary particles, which lead to a rough, porous surface (Figure 4.I0). Therefore, the

influence of the substrate surface morphology on the film growth can be investigated.

Figure 4.10 SLM pictures of the surfaces of a) salt particle and b) silica-gel particle.
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The salt particles were also used for film yield analysis by dissolving the salt core

and defining the mass of the residual coating material. The silica-gel particles were

suitable to determine the diffusion barrier performance of the deposited SiOx films,
because of the hygroscopic behavior of the core material. Therefore, the water uptake
rate could be gravimetrically defined. All important properties of the substrate

materials are presented in Table 4.2.

Table 4.2 Properties of the substrate particles.

Salt Silica-Gel

Mean diameter dso [p.m] 207 309

Particle shape cubic granular

Composition NaCI Si02 (99%)

Pore diameter dpnre [nm] - 9

Pore volume vPore [ml/g] - 0.9

Material density p[kg/m3] 2170 2533

Particle density pp [kg/m3] 2170 773

Bulk density (loose) Mg/i] 1254 382

Bulk density (tapped) Pb [g/l] 1369 424

Due to the porosity of the silica-gel, the effective particle density pp is about three

times smaller. Assuming a spherical particle with pores, which are filled with air, the

particle density pp is given by:

'SiOl
p =

"
l + VporAPs,02-pAj

where vpore represents the specific pore volume of the silica-gel material.

(4.4)
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Figure 4.11 Particle size distribution ofthe salt and silica-gel particles.
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The mean diameters, as well as the particle size distributions of the particles were

measured by means of a laser diffraction sensor (HELOS, Sympalec GmbH, Clausthal

- Zellerfeld, Germany). The graph in Figure 4.11 shows the size distribution of the salt

and the silica gel, respectively.

4.4.2 Process chemicals

The process chemicals include the gases argon and oxygen (both technical quality),
which are stored in 50 1 gas bottles and the liquid monomer hexamethyldisiloxane
(HMDSO, (CH3)3-Si-0-Si-(CH3)3, Fluka). Some relevant properties of the process

chemicals are listed in the following table.

Table 4.3 Properties of the used chemical species.

Chemical
Purity

[%]

Density p(1)

[kg/m3]

Viscosity n(2)

[Pa-s] 106

Molar mass M

[g/mol]

Argon

Oxygen

HMDSO

> 99.99

>99.5

>99

1.784

1.429

764

22.17

20.18

39.95

32.00

162.38

(1)0°C, 1013 mbar

(2) 20°C

4.5 Experimental procedure for deposition experiments

4.5.1 Charging and evacuation

First a certain amount of substrate particles was filled into the storage tube section.

The particle bed volume was defined to be around 0.16 - 0.18 liters. Depending on

the particle material different mass and total substrate surface area resulted (cf. Table

4.4).

Table 4.4 Particle inventory parameters.

Salt Silica-gel

Particle inventory [g] 200 70

Particle bed volume [1] 0.16 0.18

Substrate surface [m2] 2.67 1.76

After the charging, the storage tube was sealed and the facility was evacuated by the

vacuum pump unit down to a pressure of 2-10"2 mbar. The evacuation rate was low, in

order to prevent the fluidization of the particle bed by the expanding gas between the

particles. Otherwise the particles could be lost over the cyclone, due to unstable flow

conditions in the CFB.

4.5.2 Pretreatment

After setting the argon and the oxygen flow to the desired rate, the circulation of the

particles was started by introducing the aeration gas flow at the bottom of the siphon.
The reactor pressure p and the pressure drop Ap were strongly increased due to the

particle transport in the riser tube. The pressures and the reflected microwave power
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during a complete deposition procedure are presented in Figure 4.12. It can be seen

that after a short period of time the pressures reached a steady state, which indicates

that the circulation was stabilized.
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Figure 4.12 Pressures and reflected power, recorded during a typical deposition procedure.

After setting the desired power value at the MW generator (see Figure 4.1), the

power was applied to the MW resonator of the /^SLAN plasma source. Since the

matching of the microwaves is in most of the cases not optimal, power becomes

mainly reflected, which can be seen on the chart in Figure 4.12. The microwave

coupling was optimized by moving the tuning plunger on the plasma source. Thus the

reflected power was minimized and a stable plasma was ignited and sustained in the

riser tube. The reactor pressure and the pressure drop were slightly increased after the

plasma ignition. A possible reason was the increased viscosity of the gas due to the

increased temperature. As a standard procedure, the particles were pretreated in the

argon/oxygen plasma during 10 minutes, in order to clean the substrate surface from

organic residuals and to heat-up the particles.

4.5.3 Deposition process

The deposition process was started by introducing the precursor material. The liquid
mass flow controller was set to 12.0 g/h. Since the controller was calibrated for

butanol this value corresponded to about 13.05 g/h of HMDSO. Assuming an ideal

gas, this corresponds to 30 seem of HMDSO.

However, the mass flow controller showed a delayed control characteristic. The

valve was not opened until 30 seconds after setting the desired value. After 50

seconds the flow rate reached 11.0 g/h, which is defined as the starting point of the

deposition process. On the chart in Figure 4.12, the injection of the precursor can be

seen. The reactor pressure is increased due to the additional gas flow of byproducts of

the decomposed precursor. The reflected power is also increased, because the changed
gas composition influences the plasma conditions. After re-matching the microwave

coupling, the reflected power was reduced to a minimum. During the entire deposition
process the pressure remained constant.

When the desired film thickness was deposited, the precursor flow was turned off.

After a minute, the plasma was switched off as well. The substrate particles were

effectively cooled down by circulating for another five minutes. Then the circulation
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was stopped, the process gas disabled, and the CFB reactor was vented. The coated

particles were removed at the bottom of the siphon.

4.6 Film characterization

4.6.1 Structure: scanning electron microscope

In a scanning electron microscope (SEM), an electron beam is scanned across the

sample. Simultaneously, the generated signals are being recorded, and an image is

formed pixel by pixel. Valuable information about morphology, surface topology, and

composition can be obtained.

In this work, the film structure analysis was made by a LEO 1530 Gemini SEM

(Zeiss, Oberkochen, Germany). The acceleration voltage of the field emission gun can

be varied between 0.2 kV and 30 kV. The image resolution is about 1.0 nm at 20kV

and 2.5 nm at 1 kV, respectively. The LEO 1530 Gemini is equipped with two

detectors for secondary electrons: an in-lens detector and a conventional secondary
electron detector, whereas the latter was not used. Imaging with secondary electrons

provides information about morphology and surface topography.
The in-lens detector is located arranged rotationally symmetric around the optical

axis. Due to a sophisticated magnetic field at the pole piece, the secondary electrons

are collected with high efficiency. In particular at low voltages and small working
distances, images with high contrast can be obtained. For imaging the deposited SiOx

films, the acceleration voltage was in the range of 5 kV - 8 kV and the working
distance was between 5 and 6 mm.

The sample particles were bonded onto sample holders by an electrically
conducting, adhesive tape. In order to investigate the cross section of the deposited
film, some coated particles were fractured by a sharp knife under an optical

microscope. To avoid interfering charge effects during SEM analysis, the samples
were coated with a 5 nm thick platinum layer in a sputter coater. The sputtering

process was performed with argon as carrier gas, at a pressure of 2-10" mbar, and a

sputtering current of 50 mA.

4.6.2 Permeation: water uptake rate

The diffusion barrier performance of SiOx films was investigated by measuring the

water uptake rate of coated, hygroscopic silica-gel particles, which are exposed to a

saturated water vapor atmosphere. The measurement set-up is schematically presented
in Figure 4.13. It consists of a sealed box with a water basin on the bottom. A radial

fan circulates the atmosphere, in order to provide a homogeneous and constant water

vapor concentration in the entire box. A door on the front side of the box allows the

exchange of the samples.
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Figure 4.13 Schematic of the measurement setup for determining the water uptake rate.

A small amount of particles (100 mg - 200 mg) is uniformly dispersed on a sample

plate (0 136 mm). The sample plate is placed on the holder in the box, which is

mechanically connected to a precision weighting module (Mettler-Toledo, PB303-S, ±

0.001g) outside the box. The signals of the module are recorded by means of a data

acquisition computer (DAQ). Thus the weight increase of the silica-gel particles due

to water adsorption is detected and the diffusion barrier performance can be

calculated.
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Figure 4.14 Schematic illustration of a transient diffusion problem into a volume V.

The water uptake of the silica-gel particles can be theoretically described by a

transient mass transfer process into a volume V. In Figure 4.14, this diffusion problem
is schematically presented. It is assumed that the volume V is exposed to an

atmosphere featuring a constant concentration cx of water vapor. Since the water

vapor concentration in the volume c(l) is lower than in the atmosphere, a mass

transfer to the volume is established. The mass balance of the volume is given by:
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V.± = -D.A.±
dt dx

(4.5)

On the left hand side of equation (4.5) is the accumulation term of the volume and on

the right hand side is the flow rate due to diffusion, which is described by the First

Fick's law. Assuming a constant concentration gradient, given as the fraction of the

concentration difference cx - c(t) and the thickness of the boundary layer Ax, and

rearranging equation (4.5) leads to the differential equation, which describes the

transient diffusion problem:

dt V-Ax
[cK-c(t)] (4.6)

where D is the diffusion coefficient, and A is the mass transfer area. Considering the

initial condition c(t=0) = 0 the solution of the differential equation by the following
exponential function:

<t) = ca — e
l'Ai

= *.(!-*-*) (4.7)

where cx corresponds to the water vapor concentration at saturated condition csat. The

parameter k includes all variables, which influence the diffusion rate. It is reasonable

to describe the diffusion rate by such an overall parameter, because the determination

of each single parameter is hardly possible. Additionally, the overall parameter k fully
describes the quality of the diffusion barrier coating and is thus suitable to compare

different sample coatings.

900 1800

Adsorption time [s]

2700 3600

Measurement . Calculation

Figure 4.15 Comparison of the measurements and the calculated values of the water vapor adsorption
of uncoated silica-gel particles, obtained by parameter fitting.



4.6 Film characterization 63

In order to quantify the water uptake measurements, the theoretical function is

matched to the experimental data by fitting the two parameters c^ and k. In Figure
4.15, the adsorption measurement of uncoated silica-gel and the fitted function are

presented. The saturated water vapor concentration was c«, = 0.734 gvapor/gsiiica-geh and

the diffusion rate parameter was k = 1.56 10~3 s"1. The theoretical prediction of the

concentration by the analytical model is in excellent agreement with the

experimentally obtained value. The mean deviation is below 1% of the saturated

concentration. The results of the comparison between coated and uncoated particles
are presented and discussed in section 5.5.
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5 Experimental Results and Discussion

The first three sections of this chapter deal with the experimental results concerning
the deposition process conditions in the CFB reactor, including the solid mass flow

rate, the process temperatures, and the deposition efficiency. In the fourth section, the

characterization of the deposited film structure is presented. Several factors were

found, which strongly influence the film morphology. Additionally, the deposition
rate could be determined from the film evolution analysis. In the last section, the

diffusion barrier effect of the SiO* film is investigated. A list of the parameters and

the obtained results of all deposition experiments can be found in the Appendix B.

5.1 Solid mass flow rate

The solid mass flow rates, as well as the resulting pressure drops in the riser tube

were measured by using the open loop configuration (cf. section 4.3), so that the

correlation between the two values can be defined. The measurements were conducted

with salt and silica-gel particles using different microwave power, in order to

investigate the influence of the plasma on the gas viscosity and thus on the pressure

drop in the riser. The total gas flow and the gas composition were varied as well. The

experimental parameters are listed in Table 5.1.

Table 5.1 Experimental parameters ofthe solid mass flow rate measurements.

Experiment Substrate
Argon

[seem]

Oxygen

[seem]

MW Power

[W]

Salt 700/200 600W 700 200 600

Salt 900/200 400W Salt 900 200 400

Salt 900/200 600W 900 200 600

Gel 700/200 0W 700 200 0

Gel 700/200 400W Silica-gel 700 200 400

Gel 900/200 400W 900 200 400

In all experiments, the oxygen flow rate corresponded to the default value of 200

seem. The total gas flow rate and the gas composition were slightly changed by

increasing the argon flow from 700 seem to 900 seem. Several measurements were

performed using the same parameters, varying only the solid mass flow rate. The

resulting correlations between the solid mass flow rate and the measured pressure

drop corresponding to the specified conditions are presented in Figure 5.1.

The filled symbols represent the results of the salt, whereas the outlined symbols
describe the behavior of the silica-gel particles. It is remarkable that all results can be

reproduced by the same fitting line. This linear dependency between the particle mass

flow and the pressure drop could be explained by the fact that the particle size, and

thus the particle drag force is in the same range. But the mass of a silica-gel particle is

about 3 times lower than a salt particle. Therefore, the momentum transfer from the

gas phase and thus the pressure drop is smaller. Because the mass flow rate of the

light silica-gel particles is smaller as well, the correlation is similar as for the salt

particles, but at a lower level.

The comparison of the series of different gas compositions but identical microwave

power (squares and triangles) reveals a rather weak influence of the gas composition
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and the total gas flow on the correlation between mass flow and pressure drop.

Correspondingly the change of the gas composition is of negligible importance,
because the viscosity of argon and oxygen are comparable. The increase of the total

gas flow rate by 22% is negligible as well, because it also caused an increase of the

reactor pressure. Thus the increase of the gas volume flow rate was partially
compensated and the resulting gas velocity was only slightly increased. Considering
the correlation between the gas velocity and the pressure drop, which is given by

equation (3.35) (cf. chapter 3.4.1):

\~9d2pK' p) (3.35)

and assuming a constant particle velocity, which is reasonable for a constant mass

flow rate, the relative velocity vg - vp is only slightly increased. As a consequence the

resulting pressure drop Ap is virtually independent of the total gas flow rate within the

mentioned flow rate range.
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Figure 5.1 Correlation between pressure drop in the riser tube and the solid mass flow rate of salt and

silica-gel particles at different gas compositions and MW-power values. The error bars represent the

accuracy of the pressure drop measurement. The error of the solid mass flow rate is below 1%.

Another effect is the plasma influence, which can be explained by means of the

correlation in equation (3.35) as well. Considering the measurements at reduced and

zero MW-power (circles), the pressure drop is smaller at the same solid mass flow.

Thus the pressure drop increases with increasing coupled MW-power, which may be

caused by the increased gas viscosity 7j due to probably higher gas temperatures in the
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plasma zone. The correlation between the viscosity and the temperature is given by
equation (3.32) in chapter 3.3.

5.1.1 Plasma influence on the gas viscosity
The observed influence of the plasma was further investigated in the CFB using the

loop configuration. Salt particles were circulated with a constant mass flow rate. The

process gas mixture consisted of 900 seem argon and 200 seem of oxygen. After the

ignition of the plasma by coupling a certain MW-power, there was an excursive

increase of the pressure drop, followed by a slower asymptotic increase (cf. Figure
5.2) until a steady state was reached. The step was caused by direct plasma heating of

the gas, while the slow rising of the pressure drop was a consequence of the heating-
up of the facility and the particle inventory, resulting in a further increase of the gas

temperature, and thus a higher viscosity. The temperature behavior of the reactor and

the particle inventory is described in detail in chapter 5.2.

The asymptotic value of the pressure drop, as well as the step value was determined

at different MW-power. In Figure 5.3 the increase of the pressure drop due to the

plasma influence at steady state versus the applied MW-power are presented.
Additionally the step values are illustrated. Both graphs reveal a linear dependency on

the MW-power. The ratio of the direct plasma heating in respect to the total plasma
influence is 25% to 36% for 400 W and 800 W MW-power, respectively.
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Figure 5.2 Pressure drop evolution after plas-ma
ignition. After a step due to direct plasma
heating, the pressure drop was asymptotically
increased.

Figure 5.3 Total influence and the direct influence

of the plasma on the pressure drop versus the

coupled microwave power.

5.1.2 Model versus experiment
In order to validate the proposed two-phase model described in chapter 3, the

calculations are compared with the experimental results obtained from the

measurements "Salt 900/200 600W" and "Gel 900/200 400W". After defining the

initial particle velocity vpj of the reference measurements, the correlation between the

particle mass flow rate and the pressure drop could be calculated. For the entire range
the same initial particle velocity was used. The theoretical, as well as the experimental
results are presented and compared for salt and silica-gel particles, respectively in

Figure 5.4.
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Figure 5.4 Comparison of the measured and the calculated solid mass flow rate versus the pressure

drop along the riser tube for salt (left) and silica-gel particles (right).

Considering the right diagram of the silica-gel particles, the solid mass flow rate is

very accurately predicted by the model. The deviations are in the range of the

measurement precision. In contrast, there is a systematic deviation in the case of salt

particles in the left diagram. The calculated correlation reveals a steeper gradient than

the measurements. However the maximum deviation is only 6.6% at minimal mass

flow rate. Therefore, the proposed model is suitable to describe the two-phase
solid/gas flow in a riser tube, including the velocity profile, the residence time, the

solid volume fraction, and the correlation between the mass flow and the pressure

drop.

5.2 Process temperature

According to the structure zone model the film growth is strongly influenced by the

substrate temperature. Therefore, it is important to investigate the temperature
environment of the substrate particles. In the first part of this section, the distribution

of the CFB reactor wall temperature is determined. Then the measurements of the

particle bed temperature are presented.

5.2.1 Reactor wall temperature
The reactor wall temperature was measured by means of an infrared camera

(VARIOSCAN 3021-ST, InfraTec GmbH, Dresden, Germany). This measurement

technique offers the ability to measure the temperature distribution of large areas at

high thermal resolution and high accuracy (< ± 2 K below 100°C). The infrared

emissions of the object are compared with the emissions of a reference emitter, which

is at known temperature. Thus the temperature of the object can be determined.

According to Schuster [82], there are three contributions to the total emission

intensity Stot: the self radiation of the object, the radiation of the surrounding area,

which is reflected from the object, and the radiation of the atmosphere between the

object and the IR-detector. Since the measurement distance was short, the third term

can be neglected. Thus the total emission intensity S,ot is given by:

Slnl=e0-(T-T*+(l-£»)-Œ-T (5.1)
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where Co represents the emission ratio of the object surface, a r_ 5.668 10"x W/m2-K4
is the Stcfan-BoIt/mann constant. TV and Tj represent the surface temperature of the

object and the ambient temperature, respectively. Depending on the surface material,
the emission ratio is a function of the emitted wavelength. Assuming the ideal emitter,

the so called "black-body" with no reflectance, the emission ratio is So
- 1 and it is

constant. Considering a black body, the second term of equation (5.1) can be

neglected as well.

Figure 5.5 CFB-reactor featuring the painted components and the numbered measurement points,
where the contact thermocouple measurements were performed (left). Resulting thermograph of the

CFB-reactor operated at 400 W (right) White color means temperature • 50°C.

The emission ratio of matt black color is sn 0.98 (cf. Schuster |82|), and it is

almost independent of the wavelength, like the ideal black body. In order to simplify
the thermographic analysis some interesting spots of the CFB reactor were painted
with matt black color, assuming an emission ratio of 1. On the left side of Figure 5.5

the CFB reactor with the painted components is presented. A part of the riser tube at

the plasma source inlet, the entire cyclone and the siphon were painted. The IR-

measurements were validated by means of a contact thermocouple at defined

locations, which are marked by the white dots and a number.

On the right hand side of Figure 5.5, the resulting thermograph of the CFB reactor is

presented, which was operated at 400 W of microwave power. It shows the

temperature distribution after 50 minutes of circulating salt with the standard gas
mixture (700 seem argon. 200 seem oxygen). The thermograph reveals the hot spots
(white color, T > 50°C) of the set-up. which are located at the siphon, the riser tube,
and the solid outlet of the cyclone. Another interesting observation is the temperature
gradient on the cyclone wall, which shows, where the hot particles are in contact with

the wall. Note, that the temperatures of reactor parts, which arc not black painted, are

not correctly displayed on the thermograph!
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In order to investigate the transient behavior of the reactor temperature, every 30

seconds after the ignition of the plasma an IR-thermograph was recorded. The

obtained IR-pictures were analyzed by a program, which allows determining the

temperature value of a certain pixel. The temperature devolution of the reactor, which

was operated at a microwave power of 400 W, as well as the results from the

thermocouple measurements are presented in Figure 5.6. These experiments were

performed using salt particles, without a deposition process.

plasma ignition

Thermograph 1

Thermograph 5

—Thermograph 6

O Thermocouple 1

A Thermocouple 5

O Thermocouple 6

20 40

Time [Min]

60

Figure 5.6 Reactor temperature devolution at different measurement points of the reactor wall at 400

W microwave power, obtained by thermograph analysis and thermocouple measurements, respectively.

The graphs represent the temperatures of the three hot spots (point 1, 5 and 6)
mentioned in the thermograph (cf. Figure 5.5). Right after the plasma ignition the

temperature was steeply increased, until a steady state was reached, where the heating
by the plasma and the heat loss over the reactor walls due to radiation and convection

were in equilibrium. The maximum reactor temperature of 65°C was measured at the

siphon (point 6). This was caused by the high solid volume fraction of the particle bed

and the long residence time due to the low flow velocity. Thus the heat transfer from

the hot substrate particles to the walls was higher than in the riser tube and the solid

outlet of the cyclone, resulting in the maximal temperature.
The steady state wall temperatures at the riser tube (point 1) and at the solid outlet

of the cyclone (point 5) was in the same range (52°C and 54°C), but the heating rate

at the riser tube was smaller, which was caused by the lower particle temperature at

the riser tube during the up-heating of the facility. The hot particles from the cyclone
are collected in the particle storage tube, where they cool down due to the cold tube

walls. Therefore, the particles are colder, when they are re-fed to the riser tube. As

can be seen in Figure 5.6, this temperature difference is reduced to a minimum, when

the CFB-reactor temperature is at steady state.

By comparing the results obtained from the thermograph and the thermocouples a

maximal deviation of 1.8K is determined. This good agreement confirms the validity
of the assumed emission ratio of So = 1 for black painted reactor parts.

5.2.2 Particle bed temperature in the storage tube

The measurements presented in the previous chapter only describe the temperature
distribution of the reactor walls, but not the correct particle temperature. These results
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can be used to determine the thermal stress of the single reactor components, but not

for investigations concerning the substrate material. Thus the particle temperature Ts

was measured by means of a thermocouple, which was mounted in the storage tube.

The tip of the thermocouple was located in the center line of the tube.

The particle temperature devolution presented in Figure 5.7, was measured during
deposition experiments on salt and silica-gel particles at different microwave power

values. The experimental procedure began with a pretreatment step in a pure argon-

oxygen-plasma for 10 minutes, in order to heat-up the particles and to clean the

substrate surface from residuals. This was followed by a 10 minute deposition process

by introducing the monomer. The gas flow consisted of 700 seem argon, 200 seem

oxygen, and 30 seem HMDSO.

200 200

Figure 5.7 Temperature devolution of salt (left) and silica-gel particles (right) during preheating step
and thin film deposition at different MW-power.

The salt experiments were performed with a MW-power of 400 W and 800 W. In

case of the silica-gel particles 400 W, 1200 W, and 1800 W were coupled. The

preheating step of the 1800 W experiment lasted longer (22 minutes), and the MW-

power was reduced, in order to keep the particle temperature below 200°C, because of

the thermal limit of the sealing material.

Table 5.2 Particle Temperature of salt and silica gel particles at different MW-power values.

Experiment Substrate
MW-power

[W]

Is Start

[°C]

T
K^Depantiori

[°C]

Salz-041013a

Salz-041013c
Salt

400

800

64.4

116.4

73.2

132.4

Gel-041014a

Gel-041014d

Gel-041020d

Silica-gel

400 60.9 68.2

1200 121.8 137.2

1400-1800 181.8 193.6

Considering the 400 W case, the salt and the silica-gel experiment revealed a similar

behavior of 7^, which reached a steady state at 64°C (salt) and 60°C (silica-gel) after

10 minutes. After injecting the monomer the substrate temperature Ts increased,

although it was stable during pretreatment. This temperature rise indicates an
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additional energy gain from monomer reactions. Assuming complete oxidation of the

HMDSO, which releases 1888 kJ/mol, and a monomer flow rate of 30 seem, the heat

production rate would be about 42 W. The time averaged substrate temperature Ts

during thin film deposition was 73°C (salt) and 68°C (silica-gel), respectively. After

another 10 minutes the deposition process was aborted. In Table 5.2, the different

temperatures of all experiments are listed.

At higher plasma power the situation appeared to differ. Since both materials have a

similar heat capacity and the silica-gel particle inventory was three times smaller (70

g of silica-gel in contrast to 200 g of salt) it is expected that the silica-gel particles are

heated-up faster than the salt. But although the silica-gel particles were treated at 1200

W, the temperature before deposition Ts start, as well as the mean temperature during

deposition Ts was similar to the values of the salt experiment at 800 W (cf. Table

5.2). The main reason why the temperature was similar in both cases is the water

which was adsorbed by the silica-gel particles. During heating-up a part of the heat

was used for evaporating this water, resulting in a reduced particle temperature.
Another reason could be the smaller heat conductivity of the porous material.

Therefore, the heating up is slower compared to the salt particles.

5.3 Deposition efficiency

Regarding the deposition process in a CFB, not the entire monomer material is

converted and deposited as thin film on the substrate particles. As illustrated in Figure
5.8, the monomer is lost by several mechanisms. A part of the monomer and

fragments of it are pumped out by the vacuum pump. Another part of the monomer is

deposited as SiOx film on the riser tube and the cyclone walls. The dust formation due

to heterogeneous gas-phase nucleation also contributes to precursor loss. Beside the

gas-phase dust, there is additional dust, caused by the attrition of film material during
circulation. These dust particles are also coated in the plasma zone, thus further

monomer material is lost. Some of the dust particles are deposited on the thin films

and are embedded into the film structure. Therefore, the deposition efficiency is

increased, but the film quality is reduced, due to induced film defects, as described in

chapter 5.4.5.
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Figure 5.8 Schematic of the monomer material loss in the CFB reactor.
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The deposition efficiency is defined as the ratio of deposited film material mass

Mfiimto the theoretical Si02 mass ms,02, resulting from the complete conversion of the

injected HMDSO amount. The theoretical Si02 mass ms,o2 is derived from the

correlation between the molar mass M and the mass m of Si02 and HMDSO,

respectively:

2-M
m

StOl

SiOl
M

HMDSO

m
HMDSO (5.2)

The mass of deposited film material mßm was defined by the following method: the

core of coated salt crystals was dissolved in water. The samples were washed several

times with distilled water to ensure a complete removal of the salt. The remaining
cubical SiOx shells were dried in a vacuum oven and the mass was determined.

For this investigation different process parameters were varied, like the gas

composition, the microwave power, and the circulation time. The determined film

deposition efficiency was between 60% and 80%. At the chosen process conditions,

no distinct tendency of the efficiency could be observed by varying the gas

composition and the microwave power. However, the deposition efficiency is slightly
reduced at longer deposition times (cf. Figure 5.9). But due to the large deviation of

the results and the small gradient, this correlation should be treated as an assumption.

30 60 90

Deposition Time [min]

120 150

Figure 5.9 The high deposition efficiency is only slightly reduced at longer deposition times.

In conclusion, these measurements show high deposition efficiency of the process,

which is between 60% and 80%. Thus the deposition process in the CFB-reactor is a

rather efficient process, compared to other PECVD processes. A reason for this is the

intense mass- and heat transfer between the gas- and solid phase in the riser tube.

Another reason is the large substrate area compared to the reactor wall area.

Considering a solid volume fraction of cp
= 0.5%, a riser tube diameter ofD = 0.04 m,

and a particle diameter of dp = 200 pm, the ratio between the substrate surface and the

reactor wall surface is 1.5. Thin film deposition processes on flat substrates with

much lower surface ratios exhibit reduced deposition efficiencies.

5.4 Film structure

In this section, the film structure analysis by means of SEM is presented. The SiOx
films were deposited on smooth salt particles and on porous silica-gel particles, in
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order to investigate the influence of the substrate surface morphology on the film

growth. The substrate temperature influence was investigated for silica-gel particles,

by depositing the SiOx films at different plasma power.

5.4.1 Film structure evolution and deposition rate

In a first step the film growth was investigated by analyzing the lllm structure and

thickness after different deposition times. All deposition experiments were performed
with the same conditions (standard conditions). The process gas consisted of 700

seem argon. 200 seem oxygen, and 30 seem HMDSO. The microwave forward power

was set to 400 W. The pretreatment step in the pure argon/oxygen plasma, lasting 10

minutes, was identical as well. After different periods of time, the deposition process

was aborted and the particles were removed from the set-up.
The fracture cross sections of the coated particles were observed in an SEM. Figure

5.10 shows the resulting time series of SiOx films deposited on salt particles,

revealing the thin film growth evolution. The film thickness is the averaged value of

several analyzed SF.M samples. The micrographs show a coherent and dense film

structure in all cases. Due to the smooth salt surface, the number of film defects is

marginal. On the first three pictures the number of dust particles on the film surface is

small, whereas after longer deposition periods it is increased. Due to the longer
circulation time, more dust is collected on the surface. Some of the dust particles were

embedded into the film and induced film defects. These defects are discussed in

section 5.4.4. On the last picture, the SiOx film is dclaminated from the substrate, due

to thermal stress in the SEM. caused by the electron beam.

Deposition time

50 seconds 2 minutes 5 minutes 30 minutes 60 minutes

28 nm 56 nm 100 nm 611 nm 1080 nm

Film thickness

Figure 5.10 The SF.M micrograph series of fracture cross sections of coated salt particles reveal the

evolution of the deposited SiOx thin film (magnification' 100'OOOx)

Not only the evolution of film morphology can be investigated by means of this

picture scries, but also the deposition rate can be determined. At the first sight, the

film thickness is almost linearly dependent on the deposition time. But the mean

deposition rate calculated by dividing the thickness by the corresponding deposition
time, is decreased with increasing deposition time. This behavior corresponds to the
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results presented in chapter 5.3, where the film yield was reduced at longer deposition
periods. The resulting mean deposition rates R are listed in the following Table 5.3.

Table 5.3 The mean deposition rate R and effective deposition rate ^//determined from the SEM

picture analysis (salt).

tdp s R m^ Reff

[s] [nm] [nm/s] [g/s] [nm/s]
50 28 0.56 16.8 19.6

120 56 0.47 15.4 17.8

300 100 0.33 16.2 12.1

1800 611 0.34 14.2 14.1

3600 1080 0.30 14.7 12.0

The theoretical value of the mean deposition rate R can be calculated by deriving
the film material mass balance. It is assumed that all Si-atoms from the HMDSO are

deposited on the substrate as a pure and dense Si02 thin film, without any pores. The

known mass flow rate of the liquid monomer HMDSO and the molar weight
correlation leads to the volume growth rate of the Si02 film:

V —

mSiQ2
_

r, MSl01 mHMDSO
(^-W

VStOl
~ —

w- \J-3)

PsiOl M
HMDSO PsiOl

where Ms,o2 = 60.084 g/mol and Mumdso - 162.38 g/mol represent the molar weights
and psi02 the density of dense silicon dioxide. The factor 2 takes into account that

from one HMDSO molecule two SiÛ2 molecules are formed. Inserting the measured

monomer mass flow rate of 13.46 g/h leads to a volume growth rate of 1.09210"9
m3/s. The substrate particles are assumed to be spheres with diameter dp and a total

surface area ofA,ot:

V
, 6w„

A„=N-Ap=-^-x-d2p=—£- (5.4)
Vp Pp'dP

mp is the mass of the particle inventory and pp the particle density. Therefore, 200 g of

salt particles with a diameter of dp = 207 urn have a surface area ofAm = 2.67 m2. The

mean deposition rate R is given by dividing the volume growth rate by the total

surface:

'•^-TTT^-*-^-*-— (5'5)
Alüt •> M

HMDSO PsiOl mp

which results in R = 0.41 nm/s. The resulting theoretical value is in good agreement
with measured values between 0.3 nm/s and 0.56 nm/s.

Another interesting value is the effective deposition rate. Since the particles pass the

plasma zone, where the deposition process takes place, in a very short period of time

compared to the residence time in the rest of the CFB-reactor, the effective deposition
period of one particle is much shorter, and thus the deposition rate is much higher. At

the given experimental conditions, the calculated residence time of a particle in the
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riser tube is rp
- 0.34 s per circulation. The number of passes through the reactor

during a certain deposition process time is given as:

N

m. m.

(5.6)

where ldp represents the deposition process time, m, the total mass of the particle
inventory (m, 200 g), and ms the solid mass How rate. The effective deposition

period is given as the number of passes yV multiplied by the particle residence time tp.
The effective deposition rate Rc/f is determined by dividing the film thickness .v by the

effective deposition period:

*// =

m.

K,P my-rp
(5.7)

The first term correspond to the mean deposition rate R, mentioned above, while the

second term considers the short effective residence time of a particle in the plasma
zone. I he resulting effective deposition rates and the corresponding solid mass flow

rates are listed in Table 5.3. Depending on the solid mass flow rate, the effective

deposition rate is by a factor of 35, up to 40 higher, than the mean value.

In the following the deposited thin films on porous silica-gel particles are

investigated. In figure 5.11, the SKM picture series of the cross-sections of coated

silica gel particles are shown. In contrast to the salt particles no coherent film can be

observed and the surface roughness of the deposited films is higher. At early stages of

the deposition (1 minute), it is impossible to identify a coating layer on the rough
substrate surface.
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Figure 5.11 1 racture cross section of deposited SiOx films on silica-gel particles after different

deposition limes.



76 5 Experimental Results and Discussion

After 5.4 minutes deposition time, significant column like structures appear. The

primary particles of the silica gel substrate act as nucleation sites where film

deposition is enhanced. The column growth is additionally promoted by the geometric
shadowing effect, which is enhanced with growing column length.
With increasing deposition time, the columns grow but the number is decreased, as

can be clearly seen on the micrographs. This can be explained by the fact, that smaller

columns are included into the larger ones. Subsequently, they coalesce. But the

individual column structures are kept separated by deep crevices. This behavior

follows the "survival of the fittest" principle, which is also caused by geometric
shadowing effects, which is, again, typically for the Zone 1 growth regime of the

structure zone model, as discussed in section 2.6.
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Figure 5.12 Aspect ratio of the column like film structures at different film thicknesses. The large
symbols represent the averaged values, and the error bars the standard deviation of the measurements.

This effect of coalescing columns can be quantitatively proven by analyzing the

aspect ratio of the columns (cf. Figure 5.12). Although the film thickness increases,
the aspect ratio remains in the same range of about 2.2 (averaged value). Therefore,
the columns grow not only in length, but also in diameter, which is only possible,
when columns are coalescing.
Again the SEM picture series were used to determine the mean deposition rate R, as

well as the effective deposition rate Reff(cf. Table 5.4). As for the deposition on salt

substrates, both values are decreased at longer deposition periods. The values are

comparable with the salt case, which are presented in Table 5.3.

In order to calculate the theoretical mean deposition rate, the following parameters
were used: ms

= 70 g, pp
= 773 kg/m3 (resulting density of porous silica gel), dp = 309

urn, mHMDso
= 13.59 g/h. According to equation (5.5), the theoretical mean deposition

rate is R = 0.62 nm/s, which is again comparable with the measured values derived

from the SEM picture series.
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Table 5.4 Deposition rates R and R,.ft on silica-gcl particles determined by means of SUM picture
scries.

/,*. s R ri\ R,-ff

Is] [nm] [nm/s] [g/s] [nm/s]

324 150 0.46 6.5 15.6

600 220 0.37 6.3 12.7

1800 600 0.30 6.5 11.2

3600 1200 0.30 7.7 9.5

5.4.2 Influence of the substrate morphology
The influence of the substrate morphology on the film growth can be seen by

comparing the SEM pictures in Figure 5.13 of a 600 nm SiOx film deposited on a

smooth salt particle (left) and on a porous silica-gel particle (right). On the salt

particle, the film features a dense and coherent structure with a layered pattern. The

layers arc caused by the repeated deposition process during circulation.

Figure 5.13 Cross-sections of a coated salt particle (left) and a silica-gel particle (right). A dense and

coherent film grew on the smooth salt substrate, whereas the porous surface of the silica-gel features a

large amount of nucleation sites, which cause a significant column growth.

In contrast to that, the coating on the porous substrate reveals a significant column

structure. No dense film could be observed on the silica-gel substrate at the given
experimental conditions. As mentioned in chapter 5.4.1 the column growth is induced

by the primary particles of the silica-gel substrate and the geometric shadowing effect.

5.4.3 Step coverage

On the next SEM picture the step coverage ability of the deposition process is

demonstrated. The film was deposited at the standard experimental conditions on salt

particles. The cross section, presented in Figure 5.14, shows two valleys in the salt

substrate, which are completely covered by the deposited SiOx film. The film

thickness at vertical surfaces and at the bottom of the valley is reduced, because the

deposition rate is decreased due to the shadowing effects and depletion of the

monomer in the gas phase.
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Figure 5.14 Complete coverage of crevices in the salt surface by the deposited film.

5.4.4 Mechanical stability of the film

During the circulation in the CFB reactor, the particles collide with the reactor walls

and with other particles. As a consequence, some film material is lost by abrasion.

When considering cubical salt crystals, the edges represent the critical spots with

maximal abrasion. In Figure 5.15, the cross-section of the edge of a coated salt

particle is presented at two different magnifications. On these pictures, the edges are

completely covered by a continuous film, and the film thickness is not reduced at the

critical particle edges. Therefore, the coating is mechanically stable and the abrasion

seems not to be a serious problem concerning the film integrity.

Figure 5.15 Cross section of the edge of a coated salt particle (left). F.ven at higher magnification
(right) no significant reduction of the film thickness is observed at the edges.

5.4.5 Film defects by dust particles
Most of the SiOx films deposited on smooth salt particles featured a dense coherent

structure. However, local macroscopic defects sporadically appear, induced by dust
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particles. The dust particles were mainly caused by abrasion of particle and film

material during the circulation. Figure 5.16 shows dust particles embedded in 600 nm

thick SiOx films, which were deposited during the experiments described before in

section 5.4.1. These particles have induced parabolic shaped outgrowths, which

pervade the following film. The so-called nodular growth is a well-known growth
mechanism for deposition processes at low substrate temperatures (cf. section 2.6).

Figure 5.16 Two examples of a nodular outgrowth in a dense SiOx film induced by a dust particle.

At the given experimental condition the substrate temperature was about 340 K.

Considering the melting point of the film material Si02 (Tm = 1990 K), the normalized

temperature T/T„, was 0.17. Thus according to the structure zone model, the

deposition conditions correspond to Zone 1 (T/Tm <0.26). In this regime, the

shadowing effects are dominant, and cause nodular growth structures.

Figure 5.17 Due to (he reduced cohesion between the outgrowths and the film, some nodules were

ejected out of the film at higher mechanical stress, resulting in large cavities in the film.
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On the SEM picture in Figure 5.17, two nodular outgrowths and a cavity are

presented. Again, the typical parabolic shaped interface between the outgrowth and

the dense film is clearly visible. Even at large film thickness, the defect is not covered

by subsequent film material, but it reaches the film surface. The curved layers of the

outgrowths suggest that they grow layer by layer due to the repeated deposition. The

parabolic interface as well as the multilayer pattern can be predicted by a simple
model using the Huygens'-principle. Assuming an isotropic coating of a sphere,
which is on a flat surface, leads to a parabolic interface. This model is discussed in

detail in section 2.6.2. The cohesion at the outgrowth/film interface is reduced. Thus

some nodules are ejected out of the film at a higher mechanical stress. The resulting
cavity significantly reduces the film thickness, and thus the diffusion barrier property
of the SiOx film is also decreased.

5.4.6 Substrate temperature influence

The substrate temperature Ts is suggested as the major parameter affecting the

adatom mobility. At elevated film surface temperature, the adatom mobility is

increased. According to the structure zone model (SZM), it is expected that the film

defects and the nodular growth are reduced at elevated adatom mobility.
Therefore, the influence of the substrate particle temperature on the film structure is

investigated in this section. For this purpose silica-gel particles were coated at three

different temperature conditions. The particle temperature was controlled by varying
the applied microwave plasma power, resulting in temperatures of about 70°C, 140°C,
and 195°C, respectively. The detailed measurements are presented in Table 5.2.

The cross sections of the coatings were examined by means of SEM. In order to

quantify the observed heterogeneous film morphology, a classification system had to

be defined. Thus the pictures of the fractured cross sections were classified in the

three categories columnar, columnar/coherent, and coherent (see Figure 5.18).
The percentage of each category observed at a certain temperature is listed in Table

5.5. The normalized temperature, defined as the ratio between the substrate

temperature Ts [K] and the melting point of the film material Tm (Tm = 1990 K for

SiÛ2) is listed in the second column of the table. This value defines the growth regime
in the SZM.

Table 5.5 Observed film morphology of coatings deposited at different substrate temperatures Ts.

Ts TJTm
Columnar

Film Morphology

Columnar/coherent Coherent

70°C

140°C

195°C

0.17

0.21

0.24

45%

23%

13%

45%

54%

53%

10%

23%

33%

Since the analysis is based on a rather low number of SEM pictures (61), the result

is, from a statistic point of view, not reliable, but it shows an interesting qualitative
trend. The fractions of the mixed category "Columnar/coherent" are around 50% for

all three temperature ranges. In contrast to this, the pure "Columnar" film

morphology is drastically reduced with increased substrate temperature, whereas the

percentage of dominating "Coherent" structures is increased from 10% to 33%. This

behavior is qualitatively predicted by the SZM and can be explained by the

competition of shadowing effect and adatom mobility. At elevated substrate
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Columnar/coherent: the portions of columnar and coherent film structures are equal.

Coherent: most of the coating is coherent and dense.

Figure 5.18 The SUM pictures were classified in three different structure categories.

temperatures the surface diffusion becomes the dominant mechanism, and the

shadowing effect is completely compensated. Therefore the formation of columnar

structures is reduced and the growth of dense and coherent films is preferred.
But even at the highest substrate temperature of 7j = 195°C, some areas of the

coatings revealed the columnar structure. That is because the maximum normalized

temperature reached during the experiments was TJTm = 0.24, which still

corresponded to Zone 1. I lowevcr, the observed coherent and dense film structure is a

characteristic morphology of Zone 2 of the SZM. That indicates, that either the limit

temperature between Zone 1 and Zone 2 of TJTm :~ 0.26 proposed by Günther [66] is

not suitable for the deposition process on particles or, more likely, the transition from

Zone 1 to Zone 2 growth regime is not sharp, but it occurs over a certain temperature

range.

5.5 Water vapor permeation
In this section, the water uptake rates of coated silica gel particles exposed to a

saturated water vapor atmosphere are presented. For a detailed description of the

measurement set-up it is referred to section 4.6.2. The results are compared with the

measurements of uncoated particles in order to determine the diffusion barrier effect

of the deposited film.
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5.5.1 Influence of the sample mass and the particle distribution

In preliminary tests, the influence of the sample mass and the particle distribution

on the sample holder on the water uptake rate was investigated. Therefore, 100 mg

and 200 mg of uncoated silica-gel particles (dp = 309 urn, pp
= 773 kg/m3) were

dispersed on the standard sample plate (0 136 mm) and 100 mg were dispersed on a

smaller plate (0 70 mm). The different sample mass and the different plate size leads

to a different number density n of silica-gel particles on the sample plate. Assuming
spherical and homogeneous distributed sample particles with diameter dp and density

pp the area specific number density n is given by:

opiate PP-K-dl n-D2Flme

The resulting number densities and the corresponding measurement conditions are

summarized in Table 5.6. The percentage of plate area, which is covered by sample
particles, is derived from the number density.

Table 5.6 Measurement conditions and the resulting number density n of sample particles and covered

plate area.

Condition
"'Sample

[mg]

Dpiate

[mm]

n

[1/ctn2]

Covered plate area

[%]

1 OOmg/large

200mg/large

lOOmg/small

100

200

100

136

136

70

57.6

115.3

217.6

4.3

8.6

16.3

Each measurement of the sample mass increase due to water adsorption was

repeated three times, and the averaged value was calculated. Since the standard error

of the three measurements was below 4%, the results were quite well reproducible. In

order to allow a comparison between the results of the different measurement

conditions, the sample mass increase was normalized by the initial sample mass.

The resulting specific water adsorption of the three test series are plotted versus the

time in the following diagram of Figure 5.19. The graphs show the typical transient

behavior of a mass transfer phenomenon into a volume (see section 4.6.2). After a

high adsorption rate in the beginning, the silica-gel particles became saturated and

thus the adsorption is stopped. At saturation the adsorbed water amount was around

0.72 g/g for all samples. The different gradients at the beginning suggest that the

specific adsorption rate is decreased at an increased number density of the sample
particles. That means that the adsorption rate of a single silica-gel particle is strongly
affected by neighboring particles, because they reduce the water vapor concentration

around the particle. Thus the silica-gel particles generate a larger concentration

gradient above the sample plate as expected, which can not be neglected, although the

atmosphere in the box is circulated by a fan. In order to determine the diffusion

barrier coefficient accurately, this influence has to be taken into account.
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Figure 5.19 The time resolved water adsorption of uncoated silica-gel particles revealed the influence
of the number density of sample particles on the plate.

There are two possibilities to overcome this problem. Increasing the agitation of the

atmosphere would reduce the concentration gradient. But the mass measurement

would be disturbed due to enhanced turbulences within the box. Another solution

would be the reduction of the sample mass, in order to reduce the adsorption influence

between the particles. But the handling of such small amounts of sample particles is

difficult. Also the gravimetrical resolution of the weighting module should be

increased, in order to get more accurate measurements.

Since the influence of the particle number density could not be completely
eliminated, this measurement method is not suitable to determine an absolute value of

the diffusion barrier coefficient of coatings on silica-gel particles. But if the number

density of the sample particles is kept constant, the relative difference between

coated- and uncoated particles can be determined, and thus the quality of the coating.

5.5.2 Comparison of coated and uncoated particles
The specific water adsorption rates of coated- and uncoated particles are compared

to determine the diffusion barrier effect. In order to minimize the influence of the

silica-gel particles, for these measurements a sample mass of 100 mg and the standard

sample plate with 136 mm diameter was chosen, featuring the lowest particle number
density. Two samples of coated silica-gel particles were analyzed, which were

obtained from the experiments Gel-041014d and Gel-04I020d described in section

5.2.2. The films were deposited at a substrate temperature of about 140°C and 195°C,
respectively. The mean film thickness was determined by SEM pictures. It is 230 nm

for the first experiment and 124 nm for the second. In Figure 5.20, the results of the

water adsorption measurements of these two samples are compared with uncoated

particles (condition "100mg sample / large plate" in Figure 5.19).



84 5 Experimental Results and Discussion

0.8 -

D)
,..

- "_^J*-i
—

D)

g 0.6-

a

o
''S*

«

« 0.4 -

; /f
k

a

(0 ;// ——-uncoated sample
3

Jt
o

• 0.2 -

iv 230 nm film, deposited at 140°C

co
/ 124 nm film, deposited at 195°C

0.0 -

30 60

Time [min]

90

Figure 5.20 Measurement of the specific water adsorption of coated- and uncoated particles.

All three samples reveal a similar adsorption rate at the beginning. Therefore,

qualitatively no significant effect of the deposited SiOx film on the water adsorption
can be detected with this measurement method. In order to describe the rates

quantitatively, the exponent k of the mass transfer equation (4.7), derived in section

4.6.2, is determined to fit the calculation to the measurements. The exponent k and the

saturated water concentration cSM are listed in the following table.

Table 5.7 Diffusion parameters of coated and uncoated samples.

film thickness k- 101 cmt

[nm] [1/s] [g/g]

uncoated 1.56 0.734

124 1.85 0.748

230 1.05 0.814

The quantitative analysis confirms the insufficient barrier performance. For example
the 230 nm film reduced the water vapor diffusion rate only by a factor of 1.5. For

industrial diffusion barrier applications this is far too low. Not only the two samples
presented here, but also all other samples of coated particles showed virtually no

barrier effect. This is surprising, because on the SEM pictures a large area of the

silica-gel particle is covered by a dense film, or at least by a columnar structure,

which should reduce the adsorption rate of the silica-gel particles. However,

according to the theoretical approach by Grüniger [83], already small defects cause a

significant reduction of the barrier performance.

5.5.3 Conclusions from adsorption measurements

As a conclusion of these measurements, it can be stated that the deposited SiOx films

on the silica-gel particles show poor diffusion barrier effect and thus are not suited to

reduce the water adsorption, due to film defects. Columnar film structure cause deep
crevices, reaching down to the substrate surface. Dust particles induce nodular
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outgrowths, which are ejected from the film at higher mechanical stress, resulting in

reduced film thickness. Since the dust production can not be prevented in a circulating
fluidized bed reactor, it is hardly possible to deposit thin films, fulfilling the quality
standard of diffusion barrier coatings.
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6 Limits of PECVD in a CFB applied to coat

microscopic particles
In this section, the operational limits of the PECVD process in a circulating

fluidized bed are discussed. One of the major process parameter of particle processing
is the minimal size of particle still treatable in the reactor, since the demand in

industry tends to smaller sizes down to a few microns. As a consequence, the powder
handling and its behavior in the CFB is getting difficult and the substrate area, which

has to be coated, is drastically increased, resulting in longer deposition procedures.
Another limitation of the process represents the reactor pressure, which strongly

influences the deposition process and thus the film quality. Due to the inevitable

pressure drop in the riser tube and the cyclone, and the necessary minimal gas flow

rate, the minimal reactor pressure is limited.

In the zone of the plasma, different influences act on the particles, such as charged
particles, the UV radiation, or high electric fields. These effects may damage the

particle product and change its properties in a undesired way.
Not only technological aspects, but also economical considerations have to be taken

into account. Since the PECVD process at vacuum condition is an expensive process,

it is only reasonable for highly specialized, valuable, and sophisticated products.

6.1 Handling and behavior of small particles
At reduced particle size, the behavior of particles changes. The surface dependent

forces, like electrostatic or Van-der-Waals forces, become dominant compared to

volume dependent forces, such as the particle weight. This is caused by the increased

specific surface area at decreased particle size. Some forces acting on particles with

different diameters are presented in Figure 6.1. Due to the dominating Van-der-Waals

forces at small particle size, the single particles attract each other and agglomerate.
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Figure 6.1 Theoretical adhesive forces compared with the particle weight, after [84].
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In the following, the behavior of 15 pm ZnS particles in a CFB reactor is described.

The increased cohesion between the particles and between the particles and the

reactor walls caused several problems. The fluidization in the storage tube, and thus a

stable dosage to the riser tube is hardly possible. This can be improved by applying
mechanical vibrations to the siphon of the return system. The fluidization behavior of

particles can be described by a classification scheme presented in Figure 6.2. In the so

called Geldart classification [85], the powders are divided into four different

categories as follows:

Group C: Fine, cohesive materials (e.g. flour) which channel rather than fluidize.

Typically particle diameter is less than about 20 pm

Group A: Quite fine, aeratable solids (e.g. cracking solids) which generally
fluidize nicely. For most cases the particle diameter ranges from 30-

100 pm.

Group B: Intermediate size particles (e.g. sand) in the range from 100-800 p.m

bubble as soon the minimal fluidization gas velocity is reached.

Group D: Coarse particles which can be spouted and which mix rather poorly
when being fluidized. Typically the particle diameter is larger than 1

mm.

Although this classification scheme was developed for fluidization characteristics in

air at atmospheric pressure, the fine ZnS particles in the vacuum CFB reveale the

typical Group C fluidization behavior in the particle storage tube.
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Figure 6.2 Powder categories characterizing the fluidization behavior depending on the particle
diameter dp and the density difference p„ - pK between the particles and the gas, adapted from [85].

Another problem is the particle film formation on reactor walls. The cohesive forces

between the particles are high enough to form a thick, stable particle film even in the
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cyclone, where the gas velocity is relatively high (see Figure 6.3). By this particle
Him formation a large amount (> 50%) of the product is lost in stagnant /ones. During
the circulation, pieces of the wall layer are released and arc mixed with the coated

product. As a consequence, the small particles cause a broadening of the residence

time distribution, resulting in a reduced product quality, due to different film

thicknesses.

Figure 6.3 Top view into the open cyclone shows Figure 6.4 The particle layer formation in the

a particle layer formation up to a thickness of 15 cyclone is effectively pievented by adding large
mm, due to the cohesive behavior of fine particles glass beads to the particle inventory.

There are two possible solutions to omit the particle layer formation: Since most of

the layer is formed on the cyclone walls, a cleaning system in the cyclone could

reduce the problem. As discussed in section 4.2.3 and shown empirically, the layer
can be released by an inflatable rubber membrane on the inner cyclone wall.

The second approach is to mix the fine ZnS particles with larger glass beads (100

pm). The glass beads improve the fluidization in the particle storage tube, and

reduced the particle layer formation in the cyclone by 98% (cf. Figure 6.4). The

particle layer is effectively removed by collisions of the glass beads. The fine/large
particle mixture can be circulated at stable conditions for several hours at high
separation efficiency in the cyclone. The two drawbacks of this concept are the

required sieving process after the film deposition and the possible contamination of

the product material by glass dust, caused by attrition. But since the technological
effort is at a low level, this is clearly the preferable concept to treat fine, cohesive

powders in a CFB reactor.

In a CFB riser head, which features an abrupt exit geometry, the particle layer
formation and its subsequent delamination also causes problems, fhe released

agglomerates fall back through the riser. The fluctuating particle concentration in the

plasma /one destabilizes or even extinguishes the plasma. Using a smooth riser exit

type prevents the particle layer formation in the riser head and provides stable

deposition conditions.

6.2 Substrate area

Another effect of smaller particles is the increased specific surface area. The mass

specific surface area A, of spherical particles with diameter dp is simply given by the

ratio of its surface area to its mass:
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A. =
n

PP-VP Pp-x/6-d3p pp
(6.1)

As can be seen, the specific surface area is inversely proportional to the particle size.

The resulting values of As for spherical salt particles are illustrated in Figure 6.5.

Considering for example a 1 kg batch of spherical salt particles with a particle size of

only 20 um, the total substrate surface is about 138 m2.
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Figure 6.5 Mass specific surface area of hypothetic spherical salt particles.

In section 5.4.1, a mean deposition rate of i? = 0.41 nm/s was determined during the

coating of a 200 g salt particle batch of 207 pm particle size, which corresponded to a

total substrate surface of 2.67 m2. Assuming a similar coating performance for the 1

kg batch of the small particles, this would lead to a coating procedure time of 3.5

hours, in order to deposit a thin 100 nm SiOx film. Thus beside the handling problems
in the CFB, small particles also cause an undesired extension of the processing time.

As a rough estimation, it can be stated that the same particle mass with half the

particle size needs twice the coating time, to get the same layer thickness.

6.3 Minimal process pressure

The reactor pressure in the plasma zone is an important process parameter, since the

deposition rate and the film quality are strongly influenced. High quality SiOx films

on fiat surfaces are usually deposited in the pressure range of 10 - 20 Pa. At higher

pressures, the dust formation by gas phase nucleation negatively affects the film

quality.
In contrast to that, particles are coated at a pressure of about 100 - 200 Pa in a CFB

reactor. The high reactor pressure is caused by the pressure drop in the riser tube due

to the particle transport. At a reasonable solid mass flow rate the pressure drop in the

riser is in the range of 60 - 80 Pa. Lower solid mass flow rates would reduce the

pressure drop, but the deposition rate would also be decreased. Further reasons for the

high pressure are the pressure drop in the cyclone due to the acceleration of the gas-
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solid flow, and by the pressure drop in the filter system, which protects the vacuum

pump unit from damage by particles.

6.4 Plasma impact on particle product
Plasma enhanced chemical vapor deposition in a CFB reactor represents an efficient

method for particle coating at moderate temperature conditions. Therefore,

temperature sensitive materials can be treated using this technique. But the highly
activated plasma environment may also damage the particle material. The material is

exposed to ion bombardment, to intensive UV-emissions due to radiative

recombination, or to high electric fields by the coupled MW energy. Therefore, the

PECVD process is restricted to powder materials, which are not significantly affected

by these influences.
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Figure 6.6 Reduction of the initial luminescence intensity of electroluminescent pigments after

different exposure times in a pure argon plasma and a argon/oxygen plasma.

As an example of material damage by plasma, the treatment of electroluminescent

(EL) ZnS particles is discussed in this section. EL-pigments are used for illumination

applications in the display or signal technology. The Cu-doped ZnS crystals emit

visible light, when they are exposed to an alternating electric field. To enhance the life

time of the pigments they have to be protected against humidity and oxygen by a

diffusion barrier coating. The pigments were treated in a pure argon and argon/oxygen
plasma, without monomer material, in order to investigate the impact of the plasma on

the pigments.
One of the primary properties of the pigments is their initial luminance, which is

reduced by lattice defects in the ZnS : Cu crystal. The analysis of EL-pigment
samples, treated in a pure argon plasma and in a argon/oxygen plasma with 10%

oxygen, revealed a significant reduction of the initial luminance with longer treatment

periods (see Figure 6.6). This effect was drastically enhanced in the case of the

argon/oxygen plasma.
One reason for the larger damage in the argon/oxygen plasma than in the pure argon

plasma may be the enhanced emission of UV-radiation caused by the oxygen atoms.

The UV enhancement can be clearly detected by optical emission spectroscopy
(OES). The spectra in Figure 6.7, show a drastic increase of the light intensity in the



6.5 Economie considerations 91

UV-range below a wavelength of 380 nm. The energetic UV-light damages the

sensitive crystal structure of the EL-pigments, resulting in a reduced luminance. Since

the exposure to UV-light in a plasma cannot be completely prevented, the PECVD

process is not suitable for UV-sensitive materials, like ZnS pigments.
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Figure 6.7 Optical emission spectra of a pure argon plasma and an argon/oxygen plasma
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However, another reason for the negative impact of the argon/oxygen plasma may
be the highly reactive oxygen in the plasma, which chemically reacts with the EL-

particles, and thus also destroys the structure of the ZnS : Cu crystals. Therefore the

process gas mixture can also limit the use of PECVD.

6.5 Economic considerations

Not only process limits, but also economic aspects define the application field of a

process. The technological effort of the PECVD method is rather high. Due to the

vacuum pumps and vacuum components, or the plasma generation equipment, the

construction and operation of a PECVD facility is more expensive, compared to other

coating processes, which are operated at atmosphere pressure. Therefore, the PECVD

coating process is only suited for highly specialized and valuable product materials.

In order to quantitatively estimate the coating costs in the CFB reactor, all evident

variable and fix costs are roughly determined in this section. First the fix costs of the

process are evaluated. Therefore, the components and their costs of the experimental
setup used in this project, are listed in Table 6.1. Major entries are the plasma
generation, the vacuum pump unit and the engineering/installation costs. One man-

hour for the engineering, as well as for the installation or operation of the facility is

estimated to cost 100 CHF. The maintenance cost is defined to be 10% of the total

equipment price, which is a usual value for small plants and installations. The

resulting total cost of the reactor is about 173'000 CHF, which is amortized over a

time span of 10 years. Assuming an operational time of 2000 hours per year, the

amortization of the CFB reactor causes expenses of 8.65 CHF per hour. Operational
time here, means not only the time during the deposition, but also the preparation or

cleaning times.
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Table 6.1 Component costs of the experimental CFB set-up.

Components Cost

Plasma generation 50'000 CHF

Vacuum pump unit 44'000 CHF

Mass flow controller 20'000 CHF

Measurement / data acquisition 6'000 CHF

Particle Filter 3'OOOCHF

Cyclone 4'000 CHF

Particle storage tube 3'000 CHF

Vacuum tubing, gas supply, mounting 6'000 CHF

Maintenance (-10% equipment cost) 13'000 CHF

Engineering/Installation (240h) 24'000 CHF

Total 173'000 CHF

The variable costs are caused by the consumption of electrical power, process gases,

and liquid monomer. Typical prices of these substances are listed in the following
Table 6.2. To calculate the cost per hour, the consumption rate of each category is

estimated, considering a typical deposition procedure, where salt particles with a

diameter of 100pm are coated with a 100 nm SiOx film.

Table 6.2 Consumable supplies of the PECVD process, they represent the variable costs of the process.

Position Cost Consumption Cost/hour

Electrical power 0.16CHF/kWh 10 kW 1.6 CHF/h

Process gas (Ar/02) 25 CHF/m3 2000 seem 3 CHF/h

Monomer 26.2 CHF/100g 13 g/h 3.4 CHF/h

Quartz glass tube 300 CHF/tube 1 Tube / 20h 15 CHF/h

The quartz-glass tube represents a drawback of the p-SLAN plasma source. Since

the deposition process occurs in the riser tube, the quartz glass is also coated with a

SiOx film. At a certain film thickness, the microwave power coupling is reduced and

the reflecting power is increased. Another problem are released fragments from the

tube coating, which contaminate the product particle batch. Therefore, the quartz-

glass tube has to be replaced every 20 hours of deposition time. One tube costs about

200 CHF. and the installation takes 1 hour. Thus the replacement costs 300 CHF, or

15 CHF/h, which corresponds to 65% of the total variable costs during deposition!
Considering an entire coating procedure, the process can be divided into five steps.

During the reactor loading the particles are filled into the particle storage tube and the

facility is sealed. Afterwards the reactor is evacuated during half an hour. It is

assumed that this step is independent of the batch size. Then the pretreatment step
takes 15 minutes per kg particles. For the deposition process a typical deposition rate

ofR- 0.41 nm/s is assumed (see section 6.2). The deposition of 100 nm SiOx film on

100 pm salt particles (substrate surface: 27.7 m2/kg) takes 45 minutes per kilogram
salt. The coating procedure is completed by removing the coated particles and

cleaning the reactor and the filters. This takes about half an hour. The five steps of the
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coating procedure are summarized in Table 6.3. The duration and the resulting costs

of a 1 kg and a 10 kg batch coating are calculated and compared. The amortization

cost is also included.

Table 6.3 Weight specific cost of thin film deposition by PECVD in a CFB reactor process depending
on the product particle batch size. The cost of the single process steps and the amortization are listed.

Item

1kg 10 kg

Process step

cost

[CHF/h]

time

[Min]

cost

[CHF]

time

[Min]

cost

[CHF]

Reactor loading Manpower 100.00 5 8.33 5 8.33

Evacuation Electrical power 1.60 30 0.80 30 0.80

Pretreatment Electrical power

Process gas

1.60

3.00
15 1.15 150 11.50

Deposition Electrical power

Process gas

Monomer

Quartz glass tube

1.60

3.00

3.40

15.00

45 17.25 450 172.50

Reactor cleaning Manpower 100.00 30 50.00 30 50.00

Amortization 8.65 125 18.02 665 95.87

Total [C HF/kg] 95.55 33.90

The comparison between the two particle batches reveals that the treatment of a 10

kg particle batch is three times cheaper. This significant difference is mainly caused

by the time consuming and expensive manual cleaning step after each deposition
procedure. In the case of the large batch these costs are clearly reduced. Therefore, the

batch size has to be maximized to minimize the deposition cost. Considering the

maximal operating time of the quartz tube of 20 hours and the deposition rate

mentioned before, the maximal batch size in this experimental CFB reactor would be

about 27 kg, corresponding with coating costs of about 30 CHF/kg. This large batch

sizes could be realized by installing a hopper at the solid outlet of the cyclone to

increase the storage capacity.
But the processing of large batch sizes may cause some problems, because the

residence time of the particles in the storage section of the CFB during the circulation

is also increased. At a maximal solid mass flow rate of 15 g/s and a batch size of 27

kg the time between two passes through the riser tube is 30 minutes. During this time

the particle will cool down. The influence of the changing temperature on the film

growth can not be predicted and has to be tested. A possible solution would be an

additional heating in the storage section to maintain the temperature.
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7 Conclusions and outlook

Here the main results of this work are concluded and discussed. Based on these

findings some recommendations for future work are given in order to improve the

performance of the PECVD process in the circulating fluidized bed reactor and to

establish new application fields. The first part is focused on processing aspects in a

CFB reactor, whereas in the second part the film growth structures are discussed. The

last section deals with the improvement of the particle coating process, and possible
new applications, respectively.

7.1 Characterization and deposition performance in the CFB

The numerical model of a one-dimensional two-phase flow in the riser tube

provides accurate predictions of the correlation between the pressure drop and the

solid-phase mass flow rate. The good agreement of the theoretical calculations and the

experimental results prove the validity of the model. Thus the flow condition of the

pneumatic conveying in the reactor tube can be described in detail. Considering salt

and silica-gel particles at typical circulation conditions, the calculations show a short

residence time of about 0.3 seconds in the riser tube. The solid flow is highly diluted

at a solid volume fraction of <p
= 0.4 - 0.5%.

The velocity difference between the gas and the particles causes an intense heat and

mass transfer between the phases in the riser tube. Therefore, high reaction rates and

good deposition efficiency can be achieved in the plasma zone. The series of SEM

pictures, taken after different deposition times, were used to determine the deposition
rate. The rates were estimated by neglecting the film porosity. The mean deposition
rate was defined by dividing the observed film thickness with the deposition process

period. It is between 0.3 and 0.5 nm/s for both, salt and silica-gel particles. But this

represents only an average value, which does not describe the real deposition
performance. Considering only the effective deposition time, which corresponds with

the residence time of the particles in the plasma zone, the effective deposition rate is

much higher. For salt and silica-gel particles effective deposition rates of 19.6 nm/s

and 15.6 nm/s were calculated, respectively. Typical rates of SiOx deposition from

HMDSO on flat surfaces are between 5 and 10 nm/s [86-88].
The deposition efficiency is defined as the ratio of the deposited film material to the

injected monomer amount. The weight of the deposited film was easily measured by
dissolving the core of coated salt crystals in water. Rather high deposition efficiencies

between 60% and 80% could be detennined by this simple method. One reason for

this good efficiency is the intense mass transfer between the gas and the solid phase.
Another reason is the high substrate surface area compared to the reactor wall surface.

Although the solid volume fraction in the riser tube is only 0.5%, the substrate surface

is larger by a factor of 1.5 than the reactor wall surface area.

But there are also relevant limitations of the CFB concept. The most striking is the

particle size. In industry, there is a growing demand to treat particle sizes below 20

pm. In this size range the particles cause several problems in a CFB facility, such as

instable plasma conditions due to fluctuations of the particle concentration or reduced

separation efficiency in the cyclone. These problems could be drastically reduced by
adding large particles to the fine, cohesive product.
Another limitation is caused by the plasma itself. The exposure of sensitive

materials to the energetic environment of a plasma may cause severe damage to the

substrate material. An important impact factor is supposed to be the UV-emission.
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The rough estimation of the cost of the coating of 1 kg of particles demonstrated,
that the PECVD process generally is an expensive method to coat powders. Therefore,
the use of this process is limited to specialized and high price products. The detailed

analysis of the operational costs showed, that the manual preparation and the

subsequent cleaning of the set-up caused the highest expenses of the CFB operation.
Of course, the experimental laboratory facility is not optimized for industrial

production, thus there is a certain potential to reduce costs. In such a way it can be

shown that the production cost could be drastically reduced by processing larger batch

sizes. The resulting long processing time could be reduced by the integration of a

plasma source with larger tube diameter and up-scaling of the particle return system
to enable higher solid mass flow rates. A critical parameter of larger plasma sources

might be the plasma homogeneity over the tube cross section, or the ion- and electron

density in the plasma. Another crucial point is the homogeneous particle
concentration in the riser tube, which is necessary to obtain uniform coatings on the

particles.
For an industrial application of the CFB the working procedure of the operator has

to be reduced to a minimum, in order to lower the costs. Another expensive
component of the CFB facility represents the quartz glass tube, which has to be

replaced approximately every 20 hours. Therefore, the goal of further investigations
should be the prevention or at least the reduction of film deposition on the riser tube.

7.2 Film structure and applications
The analysis of the deposited SiOx films on different substrate particles by means of

SEM revealed several different film morphologies. On smooth salt particles the films

featured almost a completely coherent and dense morphology. The step coverage and

the mechanical stability (adhesion and attrition) are remarkably good. Even at the

particle edges, where the attrition is enhanced, the film thickness is not significantly
reduced. Nevertheless the SiOx film also shows defects caused by so-called nodular

out-growths, which were induced by dust particles.
The coating on the porous silica-gel particles consists mainly of columnar

structures. Since the primary particles of the silica-gel substrate act as preferable
deposition sites columnar growth is dominant, but virtually no dense coating is

deposited. Therefore, no significant diffusion barrier effect could be observed during
water vapor uptake measurements, where the coated silica-gel granulates were

exposed to a water vapor atmosphere.
The columnar film growth, as well as the nodular outgrowth is caused by shadowing

effects, which is the dominant growing mechanism at low substrate temperatures.
When increasing the substrate temperature, the shadowing effect can be partly
compensated due to the higher surface diffusion rates of the deposited coating species.
Hence, a reduction of film defects could be observed by means of SEM pictures of

particle samples coated at higher temperatures. However, the number of defects is still

not low enough to reduce the permeability of films for water vapor.
The major problem concerning film defects is the combination of dust production

by attrition during the circulation and low coating temperature. Since the first effect

cannot be prevented, only the deposition at elevated temperatures could provide better

results for diffusion barrier applications. Thus, in future it would be interesting to

investigate deposition of films at particle temperatures above 200°C. For this purpose
the setup must be modified, in order to sustain the higher thermal stress.

The porous columnar film structure is not suitable for diffusion barriers. However, it

could offer some interesting possibilities for catalytic applications. The columns
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feature an immense specific surface area, which is much larger than that of flat

coatings, resulting in an increased reaction rate. Since the morphology of the substrate

particle surface is a key parameter defining the growing film structure, future

experiments using porous carrier particles and a catalytic coating could provide
interesting results.

7.3 Future work

Beside catalytic coatings, there might be another promising application for particles
treated in a CFB by PECVD. Up to now fine, cohesive powders are often mixed with

nano particles (e.g. fumed silica, AEROSIL) to enhance the flow ability. The surface

roughness of the cohesive particles is increased by the nano particles, which are

uniformly dispersed on their surface. The cohesive forces are thus reduced and the

flow ability is improved. A major drawback of this technique is the time consuming
mixing step, which takes several hours to achieve the required dispersion of the nano

particles.
A promising processing concept using the CFB reactor is the combination of Si02

nano particle formation in a dusty plasma by gas phase nucleation and subsequent
deposition on the cohesive product particles. The influence of the process parameters
on the dust formation, such as the pressure, the gas composition, the monomer flow

rate, or the plasma power have to be intensively investigated, in order to control the

particle size of the dust and its concentration. The big advantage of the proposed
process concept is the combination of two unit operations in the same reactor: the

production and the dispersion of the nano particles in a very short processing time

compared to common mixing processes. It is expected, that only a few minutes of

circulation will suffice to significantly improve the flowability.
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Appendix A: Visual Basic program code

Sub Massenstrom2()

' Macro 1 Macro
' Macro recorded 28.04.2003 by Beat Borer
'

Modified 01.10.2004 by Beat Borer

Dim m, ml, m2, dp, p, pol, po2, pu, po, dh, h, phi, phil, phi2 As Double

Dim rhog, rhop, a, V0, vg, vp, vpl, vpO, vs, dpart, D, pi, g, R, Tg, Mol, eta As Double

Dim n, i, j, k, check As Integer

j=0

p
= 0

vpO = Cells(l,2)

ml=Cells(2,2)/1000
m2 = Cells(3, 2)/1000

pu
= Cells(4, 2)

po
= Cells(5, 2)

V0 = Cells(6, 2) /1000000 / 60

n = Cells(7, 2)
dpart = Cells(l, 6)/1000000

rhop = Cells(2, 6)

Tg = Cells(3, 6)
eta = Cells(4, 6)

'Konstanten

pi = 3.141593

g
= 9.81

R = 8.314

'Anlagegeometrie
D = 0.04

h = 0.56

'Gas Eigenschaften (Argon)
Mol = 0.03995

dh = h / n

vs = dpart A 2 * rhop *
g /18 / eta

Do Until Abs(ml - m2) < 0.000001

'********** Berechnung mit Massenstrom 1 **********

p
=

pu

vp
= vpO

phil = ml /(pi/4 *DA2*vp* rhop)
vg

= V0 * 101325 / p / ((pi / 4 * D A 2) * (1 - phil))

For i = 1 To n

rhog =

p
* Mol / R / Tg

dp = (-phil /(l -phil)* 18* eta *
(vg - vp) / dpartA 2 - rhog * g) * dh

vpl =

vp + dh / (rhop * vp) * (18 * eta / dpartA 2 * (vg - vp) / (1 - phil) - (rhop - rhog) * g)
p
=

p + dp

vg
= V0* 101325/p/((pi/4 *DA2)*(1 -phil))

phil = vp/ vpl * phil

If vpl >(vg-vs)Then

vpl =(vg-vs)
End If
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vp
= vpl

Next

pol =p

'********** Berechnung mit Massenstrom 2 **********

p
=

pu

vp
= vpO

phi2 = m2 / (pi / 4 * D A 2 *
vp

* rhop)

vg
= V0 * 101325 / p / ((pi / 4 * D A 2) * (1 - phi2))

For i = 1 To n

rhog =

p
* Mol / R / Tg

dp = (-phi2 / (1 - phi2) * 18 * eta * (vg - vp) / dpart A 2 - rhog * g) * dh

vpl =

vp + dh / (rhop * vp) * (18 * eta / dpart A 2 * (vg - vp) / (1 - phi2) - (rhop - rhog) * g)

p
=

p + dp
vg

= V0* 101325/p/((pi/4*DA2)*(l -phi2))
phi2 = vp/vpl * phi2

If vpl > (vg - vs) Then

vpl = (vg - vs)
End If

vp
=

vp 1

Next

po2 -p

********** Bestimmung neuer Massenstrom ***********

If Abs(pol - po) < Abs(po2 - po) Then

m2 = (ml +m2)/2 + (m2-ml)/4
Else

ml =(ml +m2)/2-(m2-ml)/4
End If

Loop

i********** Auswertung mit optimalem Massenstrom **********

p
=

pu

vp
= vpO

m = (ml +m2)/2
phi = m / (pi / 4 * D A 2 *

vp
* rhop)

vg
= V0* 101325/p/((pi/4*DA2)*(l -phi))

For i = 0 To n

Cells(i + 9, 3) - i * dh

Cells(i + 9,4) = p

Cells(i + 9, 5) = vg

Cells(i + 9, 6) = vp

Cells(i + 9, 10) = check

rhog = p*Mol/R/Tg
dp = (-phi / (1 - phi) * 18 * eta * (vg - vp) / dpartA 2 - rhog * g) * dh

vpl =

vp + dh / (rhop * vp) * (18 * eta / dpartA 2 * (vg - vp) / (1 - phi) - (rhop - rhog) * g)
p
=

p + dp
vg

= V0 * 101325 / p / ((pi / 4 * D A 2) * (1 - phi))
phi = vp/vpl * phi
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check = 0

If vpl > (vg - vs) Then

vpl =(vg-vs)
check = 1

End If

vp
= vpl

Next

Cells(10, 12) = p

Cells(10, 13) = vg

Cells(10, 14) = vp

Cells(10, 15) = a

Cells(10, 16) = m* 1000

For i = 0 To 20

Cells(i + 48, 12) = Cells(i * 5 + 9, 3)

Cells(i + 48, 13) = Cells(i * 5 + 9, 4)
Cells(i + 48, 14) = Cells(i * 5 + 9, 5)
Cells(i + 48, 15) = Cells(i * 5 + 9, 6)
Cells(i + 48, 16) = Cells(i * 5 + 9, 5) - Cells(i * 5 + 9, 6)

Next

End Sub
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Appendix B: Experimental parameters

Experiment
Process gas P np MW Circulation Deposition Film thickness [nm] Conversion Tsubst

Ar/02/HMDS0 [mbar] [mbar] [W] [mm] [min] theo REM Masse [%] rc]

Gel-040715a 700/200/30 1.37 0 37 400 132 04 11

Gel-040715b 700/200/30 1 52 0 37 400 13.4 1 0 25

Gel-040715c 700/200/30 1.60 0 36 400 18 1 5.4 120 150

Gel-040715d 700/200/30 1 66 0 35 400 22.7 10.0 220 220

Gel-040715e 700/200/30 1 72 0 36 400 42 7 30.0 651 600

Gel-040715f 700/200/30 1.57 0.40 400 72 7 60.0 1294 1200

Gel-041014a 700/200/30 152 0 32 400 22 8 100 210 169 68

Gel-041014b 700/200/30 1 58 0.31 400 22 9 100 210 77

Gel-041014c 700/200/30 1 64 0.43 800 24 1 100 210 170 114

Gel-041014d 700/200/30 1 83 0 49 1200 22 7 100 210 230 137

Gel-041020a 700/200/30 1 69 0 49 1200 42.5 100 210 128 147

Gel-041020b 700/200/30 1 67 0 55 1200 52.8 20 0 419 197 180

Gel-041020d 700/200/30 1.66 0 57 1800* 38.6 14.3 300 124 194

Gel-041108a 700/200/30 1 74 0.51 800 85 3 68.4 1000 149

Gel-041108b 700/200/30 167 0.51 800 58 2 41 0 601 143

Salz-030924 900/200/20 1.74 0 65 400 1146 84 5 1000 908 63 74 9%
Salz-030930 600/300/30 166 0.59 400 109 6 88 0 2000 1786 5 61 6%
Salz-031006a 700/200/30 1 79 0 63

400 139.6 120 3 2000 2323 5 65 7%
Salz-031006b 600/300/30 1.79 0 61

Salz-040401a 700/200/30 1 53 0 59 400 186 50 96 100

Salz-040401b 700/200/30 1 58 0 65 400 23.5 100 222 221 82 65 2%

Salz-040401c 700/200/30 1.65 0 61 400 444 30.0 577 611

Salz-040401d 700/200/30 159 0.63 400 73 3 60.2 1138 1080 11378 57 8%
Salz-040401e 700/200/30 1 61 0.62 400 135 1 120 0 2193 2193 4 55 7%

Salz-040630a 700/200/30 1.53 0 72 400 152 08 16 28

Salz-040630b 700/200/30 1 55 0.74 400 13 7 1 1 23

Salz-040630c 700/200/30 1 56 0 66 400 14.1 20 39 56

Salz-040630gas1 800/100/30 1.53 0 70 400 17.7 5.0

Salz-040630gas2 500/400/30 1.68 0.70 400 173 5.0

Salz-040630mw1 700/200/30 1 75 0.77 600 183 50

Salz-040630mw2 700/200/30 1.83 0 83 800 105 50

Salz-040728a 700/200/0 126 0.63 400 114 0.0 0

Salz-040728b 700/200/30 (143) 0.72 420 12 8 22 s k.A

Salz-040728c 700/200/30 (148) 0 71 420 12.8 28 s kA

Salz-040728d 700/200/12.7 1.67 0 74 420 37.3 24 5 200

Salz-040728e 700/200/60 1 93 0.73 600 182 52 200

Salz-041013a 700/200/30 1 69 0 54 400 24 0 100 200 246 0 69 3% 73

Salz-041013c 700/200/30 1 84 0.72 800 23 4 109 200 284 5 80 1% 132

Salz-041013d 700/200/30 1 94 0.87 1200 23 6 100 200 265 4 71 8% 185

Salz-041014a 700/200/30 1 58 0 61 400 22.7 100 200 242 3 74 4% 84

Salz-041108a 700/200/30 1.82 0 86 800 88.0 69 0 1200 1446.3 71 2% 157

Salz-041108b 700/200/30 1 79 0.82 800 53 0 33 5 600 147
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Appendix C: Drawings

Schwelssflansph DN 40 ISO-KF

3D Rohrbogen 130°

Schwelssnansch DN 100ISO-K

Schwelssfiansch DN 40 ISO-KF

Cyclone Type B
Beat Borer, Massstab 1:3



Appendix C: Drawings 109

3D Rohrbogen 110"
Innan-Qu«schnitt

Schwelssflansch

DN 40 ISO-KF (kurz)

Schwefesflansch DN 100 ISO-K

Cyclone Type C
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Innen-Qu«schnitt

52x12

3D Rohrbogen 90'

Schweissflansch

DN 40 ISO-KF (lang)

Schwaissflansch DN 100 ISO-K

Cyclone Type D
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