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Chapter 1 

· General introduction 

The element carbon occurs in various appearances ('allotropes'), each of these 
with a number of useful properties, such as a high hardness, low friction coeffi
cients, chemical inertness, biocompatibillty, and (in some forms) a high thermal 
conductivity and/or optical transparency. Compared to other elements or com
pounds with comparable properties, carbon has the additional property that it is 
not poisonous and, not detrimental to the environment- Over-the last ~ecades 
the research on the ~ynthetic production of carbon materials, particularly in the 
shape of thin films, haS grown explosively. Initially, the common techniques for 
depositing thin films of a material on a substrate were Chemical Vapour Deposi
tion (CVD) and the hot filament technique. In these methods a carbon containing 
gas is dissociated by. a hot substrate or a hot filament respectively, leading to 
the deposition of carbonaceous materials on the substrate. In the last decades, 
with the advance of plasma techniques, this method has largely been replaced 
by Plasma Enhanced Chemical Vapour Deposition (PECVD), in which the dis
sociation of the feed gas is promoted by electronic impact. Initially, plasmas like 
radio-frequency (RF) and direct current (DC) glow discharges were employed. 
Gradually reactors using various types of plasmas, among others microwave 
cavities and magnetrons were adapted for deposition purposes. Most methods 
have the drawback that the transport of the active particles occurs by diffusion, 
resulting in limited deposition rates of maximum up to about 10 p,m per hour 
(for amorphous carbon). The most recent development is the employment of 
expanding plasma jets. In these methods, the convective transport of particles to 
the substrate results in deposition rates which are higher by orders of magnitude. 
As a source, mostly a DC arc, an acetylene-oxygen flame or an Inductively Cou
pled Plasma (ICP) is used. In the group Equilibrium and 'Ii'ansport in Plasmas 
(ETP) of the Department of Physics of the Eindhoven University of Technology, 
a flowing cascaded arc is used as a particles source. In this type of arc, a plasma 
is generated in a channel, composed of a number of annular plates, the arc being 
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2 Chapter 1: General introduction 

stabilized by the water cooled channel walls. The power dissipation is relatively 
high, typically of the order of 5 kW, and the carrier gas argon is flowing at a 
high rate oftypically 100 standard cm3s-1• The main feature of a technique like 
this is that the three functions, production, transport and deposition are spatially 
separated and the optimization of these functions can occur more or less inde
pendently. Besides for carbon deposition, this technique is also in use for fast 
deposition of amorphous hydrogenated silicon for solar cell applications [1 ]. In 
Fig. 1.1 an outline of the deposition reactor is shown. For carbon deposition, 
a hydrocarbon is admixed in the ru:gon carrier gas, and by charge exchange and 
dissociative recombination a plasma of excited and ionized carbon and hydro
carbon particles is created. The anode side of the arc is connected to a vacuum 
vessel in which the arc plasma expands towards a substrate, where the deposition 
of different types of carbon occurs. 

Ar 

monomer 

••• expanding 
I 

to pumping plasma 
system shock 

vacuum 
chamber 

Figure 1.1: Outline ofthe deposition reactor. 

Depending on reactor and substrate parameters, various forms of carbon can be 
deposited from amorphous carbon to the crystalline forms graphite and diamond. 
A specific carbon allotrope is characterized by the prevalent bonding type in the 

· bulk material. Carbon bas four valence electrons, two in the 2s-subshell and two 
in the 2p-subshell. The wave functions of the electrons can overlap in various 
degrees, and form three hybrid states, denoted as sp3, sp2 and sp1 hybridization. 
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Examples of the resulting bonding types are the diamond bonding, the graphitic 
bOnding and the carbyne bonding respectively. The sp1 bonding type can be 
found in polymers, and is only of limited importance in the present work. 

Graphite is an example of sp2 hybridization, with three strong q bonds (bond 
energy 7.43 eV [2]) and one weaker and delocalizecl'lr bond. The structure 
is shown in Fig. 1.2 (a). The strong q bonds are trigonally directed in one 
plane, leading to planes with two-dimensional hexagonal configurations, the 
basal planes. Bulk graphite consists of a stacking of these planes, with a weak 
interplanar bonding (energy 0.86 eV). This structure explains the anisotropic 
properties of graphite. 

(a) (b) (c) 

Figure 1.2: Schematic respresentation of the structure of(a) graphite, (b) diamond and 
(c), with hydrogen depicted by the solid symbols, a-C:H. 

Within the plane the electrons ofthe 1r bonding types are more or less free, and 
lead to the metallic behavior of a high electrical and thennal conduction in the 
planes. Between the planes the conductive properties are poor, the bonding is 
weak, leading to the practical applications of graphite like in pencils and as a 
lubricant. A particular carbon fonn based on the sy bonding type are therecently 
discovered Buckminster fullerenes ('bucky-balls') [3]. Up to now, the presence 
of this fonn of carbon could not be demonstrated in the films deposited with the 
expanding cascaded arc. As the practical relevance of this carbon allotrope is still 
limited, no specific research has been done on depositing this fonn of carbon. 

In this thesis the thermoconductive and thermomechanical properties of 
plasma deposited graphite are studied for a novel application: The protection 
against and repair of erosion damage on the plasma exposed components of fu
ture fusion reactors. This project is treated in Chapter II and m of this thesis. 
These chapters have also been published in Fusion Technology 19 (1991) 2049, 
and Thin Solid Films 212 (1992) 282 respectively. 

The sp3 hybridization leads to four equivalent, strong Cf-bondings in a tetra
hedral configuration, the diamond bonding, with a C-C bond energy of 7.41 eV 
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[2]. In Fig. 1.2 (b) the structure of the resulting diamond crystal is shown. The 
structure is Face. Centered Cubic (FCC), with a cubic unit cell. Macroscopically, 
a number of crystal types occur, ranging from purely cubic to octahedral, depend
ing on the conditions during the formation of the diamond. Diamond is has a 
high optical band gap and is extremely hard. Applications of diamond films can 
be found in the tribologic field, as wear resistant and low friction coatings, and 
in the. IC technology,· as insulating layers and as a heat sink. Plasma deposited 
films of diamond are in general polycrystalline which limits their practical appli
cation for optical purposes. Depositing a monocrystalline (epitaxial) film on a . 
non-diamond substrate is a worldwide issue, unsolved up-to,.date. The solving of 
this problem is also out of the scope of this thesis. The present work, presented in 
Chapter V of this thesis, was primarily aimed at further optimizing the deposition 
of diamond films with the expanding cascaded arc technique. 

An increasingly important branche of the carbon materials is the group of the 
amorphous hydrogenated carbon (a-C:H) materials. In Fig. 1.2 (c) the structure 
of a-C:H is shown. All three bonding types are present, and the structure can 
be considered as a random network of graphitic and diamondlike bondings, with 
hydrogen saturation of the dangling bonds. The amount of sp1 bondings is mostly 
small. The properties of a-C:H are mainly determined by the ratio of the amount 
of sp3 and sp'l bonds, and the hydrogen content. With increasing sp3/ sp2 ratio and 
decreasing hydrogen content, the material changes from soft, polymer-liketo hard · 
diamond-like. Particularly diamond-like carbon (DLC) has properties resembling 
those of diamond, such as a high hardness, low friction coefficients and chemical 
inertness. In contrast to the polycrystalline diamond films, a-C:H films are 
smooth, which makes them more suited for optical applications. This typical 
combination of properties makes the importance of a-C:H films comparable, 
and in some fields complementary, to that of diamond films. In Chapter VI 
of this thesis the field of the deposition of a-C:H layers with the expanding 
cascaded arc method is further explored and optimized. As an application the 
anti-corrosion performance of plasma--deposited amorphous carbon layers was 
investigated. In Table 1.1 some important properties of the three types of carbon 
under investigation are summarized. 

In the past, extensive studies have already been carried out on the arc plasma, 
the expanding plasma and the reactor parameters for deposition. Extensive the
oretical modelling has been carried out, and by means of Thomson and Rayleigh 
scattering experiments [ 4, 5] and emission spectroscopy [ 6, 7, 8] temperatures and 
densities of species present in the expanding plasma jet have been· determined. 
An issue in the plasma deposition is the role of metastables in energy transfer pro
cesses to the hydrocarbon feed gas. In this thesis, using absorption spectroscopy, 

· densities of the argon 4s metastables, which are not observable in emission, are 
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presented. The theory and the results of the absorption spectroscopy are adressed 
in Chapter Iv. 

Table 1.1: Room-temperature electrical conductivity O'RT, thermal conductivity .\c, op
tical band gap E6, density and hardness of diamond, graphite (in-plane) and a-C:H 
(adopted from [9, 10, II]) 

C1RT Ac density hardness 
(n-1cm-1) (Wm-lK-1) (g cm-3) (kgmm-2) 

diamond w- 800 3.515 10 
graphite 2.5·104 1600-2000 2.267 

a-C:H 10-1_10-16 <100 1.3-2.4 1250-6000 

The structure of this thesis reflects the progress of the research on the depo
sition of carbon in the course of time. Each chapter can be regarded as the result 
of a more or less independent study, and can also be read independently from the 
others. This structure has been chosen aimed at a systematic presentation of the 
papers which were already published (Ch. n and nn, and of the other results in 
the approximate shape in which they will be submitted for publication. 
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abstract 

An expanding cascaded arc plasma is used for the deposition of different types of carbon 
layers at high growth rates. In the past amorphous hydrogenated carbon films have been 
deposited at rates of up to 200 nm s-1 on areas of about 100 cm2• Single diamond crystals 
of 60 J.tm and 25-J.tm-thick continuous films were deposited within one hour on areas of 
"" 3 cm2• In recent experiments pyrolytic graphite films have been deposited. The film. 
type and growth rate depend on the choice of the optimum reactor parameter settings. 
To maximize the growth rate and crystallinity of the film, the reactor settings are varied. 
High growth rates (maximum of 762 nm s-1) have been obtained at high temperatures 
(600-1000 °C). Films of up to 200 J.tm thick have been produced within 20 minutes on 
an area of,.... 12 cm2• Several diagnostic techniques are used to analyze the films. The 
purity of the films has been confirmed by means of Auger electron spectroscopy. 

1This article has been published in Fusion Technol. 19 (1991) 2049 

7 



8 Chapter 2: Thick carbon deposiUon by cascaded arcs 

2.1 Introduction 

During the last decades, many different types of discharges have been used in the 
field of plasma surface modification, etching and deposition. The most current 
method is the application of a low-pressure radio-frequency or DC glow discharge 
[1]. In this method, the substrate is immersed in an argon/hydrocarbon plasma 
and the deposition process is governed by diffusion. The deposition rates are 
relatively low, of the order of 1-20 p.m h-1• 

In 1981 the flowing cascaded arc was introduced as a powerful pai]ticle source 
[2]. A hydrocarbon gas can effectively be dissociated inCH radicals aii.d in excited 
and ionized carbon particles. Combined with the supersonic expansion of the 
plasma into a vacuum chamber toward the substrate, deposition rates of hundreds 
of nanometers per second have been reached for amorphous hydrogenated carbon 
films (a-C:H films). The main feature of the method is the separation of the 
three functions of production, transport, and deposition. The type, quality and 
growth rate of the films can be controlled by variation of the reactor parameters. 
The growth rate can be raised by increasing the flux of active particles on the 
substrate, e.g. by increasing the arc power. With this configuration, very high 
growth rates (200 nm s-1) have been reached for amorphous carbon films at low 
substrate temperatures (20-100 °C) with argon!CJ4 and argon!C2H2 plasmas 
(ratio typically 10011, flow rates in cm3s-1). For higher deposition temperatures 
and with addition of Hz to the gas tlow, the growth rate is strongly requced [3, 4]. 
Diamond films have been deposited at 1000 °C in an argonfhydrogenfmethane 
environment (ratio 20/20/0.2) at a rate of ,..., 10 nm s-1• The main factors 
determining the crystallinity of the film are the substrate temperature and the 
amount of hydrogen admixture in the argon flow. 

The growth rate, the refractive index and the thickness of the film are mon
itored in situ, with helium-neon (He-Ne) ellipsometry [2]. Ex situ, the layers 
are analyzed by a number of techniques. T.ntraviolet-visible-infrated spectro
scopic ellipsometry [5] gives information on the band gap, the absorption bands 
(presence and type of carbon-hydrogen bonds) and the refractive index. Raman 
scattering is applied to determine the carbon-carbon bond type and the degree 
of crystallinity in the film. Information on the morphology is also obtained by 
scanning electron microscopy (SEM). Additional techniques are electron spec
troscopy for chemical analysis to determine the type of film, Rutherford back 
scattering to determine hydrogen content and depth profile, low energy elec
tron diffraction to determine crystallinity, and Auger electron spectroscopy to 
determine impurities. 

In a joint effort among Eindhoven University of Technology, the Netherlands 
Energy Research Foundation and the Next European Torus (NET) team, a fea-
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sibility study is being performed on the possibility of in situ repair of erosion 
damage on divertor plates in NET [6] by means of fast carbon deposition by 
a cascaded arc. Graphitic or diamond-like layers may be particularly suitable 
candidates, because of their high thermal conductivity and shock resistance and 
their.mechanical strength. Deposition experiments with a variety of plasma and 
deposition parameter settings have been carried out based on the experience ac
quired during the amorphous carbon and diamond deposition experiments. A 
brief survey of these earlier projects is given first. 

2.2 Experimental configuration 

Fig. 2.1 shows a schematic of the arc. The arc consists of three cathodes, a stack 
of ten insulated copper plates, and an end plate with a ring shaped copper anode, 
the nozzle. Only one cathode is shown in Fig. 2.1; the other two are situated 
circumferentially at 120-deg angles to each other. The components are all water 
cooled. The cathodes are 1 mm diameter tungsten thorium tips for currents up to 
30 Ncathode. The cascade plates have a 4-mm inner bore and are 5 mm thick. 
Thgether with the 1-mm-thick insulation plates, they form a 60-mm-long plasma 
channel. The carrier gas argon is injected at a pressure of 0.5 bar at the beginning 
of the arc channel at room temperature at a flow rate of typically 100 cm3s-1• 

The electron temperature is approximately constant in the axial direction and is 
"'15 000 K for standard operating conditions (arc current of 50 A, argon flow rate 
of 100 cm3s-1 ). The heavy particle temperature reaches a value of about 12 000 
K in the middle of the arc channel and decreases slightly again toward the exit 
of the channel [7]. The ionizationdegree is typically about rvlO%, rendering an 
electron density in the order of to22 m-3• Hydrogen can be added in the middle 
of the channel. To prevent obstruction of the arc channel by graphite formation, 
the monomer gas is injected through the nozzle at the end of the anode. The 
condition of the cathodes can be inspected through the viewing port. 

The position of the cascaded arc in the vacuum chamber is shown in Fig. 
2.2. A movable sample support, with an additional sample pedestal is mounted 
opposite the arc. The plasma mixture is extracted into the vacuum vessel. Conse
quently, a beam of ions and electrons (10%), atoms and radicals (argon, carbon, 
hydrogen and CH) emerges, directed toward the substrates on the sample support. 
A carbon ion flux of typically 8.1018 s-1 is obtained through charge exchange 
with the argon ions [2]. Three regions can be distinguished in this expanding 
beam, a region of supersonic expansion, a shock region and a subsonic expansion 
region. In the past model calculations and measurements [2, 8] have been carried 
out on the plasma parameters in these regions, using the reactor settings 



10 Chapter 2: Thick carbon deposition by cascaded arcs 

1 

s-

4 

5 

6 

2 

L.-:.:;:::==1"-- 3 ...._ ___ 9 

Figure 2.1: Schematic of the cascaded arc: 
( 1) cathode, (2) copper plate, ( 3) end plate, 
(4) nozzle, (5) insulation plate, (6) plasma 
channel, (7) argon injection site, (8) hy-. 
drogen injection site, (9) monomer injec
tion site, and (10) viewing port. 
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Figure 2,2: Schematic of the deposition 
reactor: ( 11) position of the arc .in the vac
uum chamber, (12) vacuum chamber, (13) 
movable sample support, and (14) sample 
pedestal. I: supersonic expaMion region; 
11: shock region,· 111:·subsonic expansion 
region. 

summarized above. In region I, the particles are accelerated to supersonic ve
locities ("" 4000 rnls). During this expansion the electron and the heavy particle 
temperatures decrease to ,...,4000 K, and the electron density decreases strongly to 
the order of 1019 m-3• At a distance of about 10 em from the nozzle (depending 
on the chamber pressure) a shock (region II) exists. The temperatures and the 
electron density rise again to about 8000 K and typically lOW m-3 respectively. 
Beyond the shock (region lli) the plasma expands subsonically and the plasma 
composition remains constant ("frozen"). The temperatures drop to values in the 
range of 2000 to 4000 K. 

The particles are transported further toward the substrate at subsonic veloc
ities. More recent measurements [9], have shown that the subsequent changes 
in the temperatures in the respective regions are less explicit when the reactor 
settings are different. With an arc current of45 A, an argon flow of 3.51 min-1 

and a chamber pressure of 40 Pa the temperatures drop to "" 2500 Kin the super- · 
sonic expansion region, rise to ""3500 K in the shock and decrease again in the 
subsonic region, to values of the order of 2000 K at 50 em from the nozzle. 

On the addition of the monomer gas cooling of the plasma takes place and 



2.3 Different types of carbon deposits 11 

the power and flow settings should be adjusted to prohibit "overloading", i.e. 
incomplete dissociation of the monomer into active CH and carbon species. A 
typical value for the monomer flow is 1% of the argon flow. The chamber pressure 
is variable from 1 to 1<f Pa, the nozzle to sample distance from 2 to 80 em. More 
information on the cascaded arc, the reactor and the expanding plasma can be 
found elsewhere [2, 8, 10, 11 ]. · 

2.3 Different types of carbon deposits 

As pointed out earlier, there is a direct relationship between the different reactor 
settings and type and growth rate of the film. To characterize this relationship the 
following parameters (and definitions) are of interest: 

1. The power fiowproduct P P =arc power x argon fiow rate (W·cm3 s-1) 

2. The hydrocarbon fiow rate { C2:H11 } (cm3 s-l) 
3. The type of hydrocarbon CH¢, C2H2 or C7Hs 
4. The inverse power factor Q Q =carbon fiow rate/P 
S. The hydrogen fiow rate, expressed as the 

hydrogen-carbon ratio (WC) 
6. The chamber pressure Pe 
7. The substrate temperature T. 
8. The nozzle to sample distance dn-• 

(Pa) 
(OC) 
(em). 

The growth rate is a function of all of these parameters. For the film type, 
parameters 4, 5, and 7 are of particular interest. This dependence may be 
summarized in Fig. 2.3. The inner part of the triangle represents the whole 
spectrum of possible a-C:H compounds. With an increasing WC ratio in the 
beam and an increasing substrate temperature, the hydrogen content in the film 
tends toward zero, resulting in the limiting cases of graphite and diamond. The 
hydrogen radicals in the beam etch away hydrogen atoms from carbon-hydrogen 
bonds. Under specific conditions, the radicals etch graphitic carbon-carbon 
bonds so that diamond may be obtained. In the opposite case of a low substrate 
temperature and no hydrogen admixture highly polymer-like films with a high 
hydrogen content (> 40%) can be deposited. 
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Figure 2.3: Relationship between film 
type and deposition parameters. In this 
figure HIC indicates the film HIC ratio. 

Figure 2.4: Optical band gap A, hardness 
•. and refractive index•ofa-C:Hjilmsas 
a junction of the inverse power factor Q. 
(Adapted from [2].) 

The reactor settings for some specific deposits are summarized in Table 2.1. 
The values for graphite should be considered as indications based on experiences 
acquired during the diamond deposition experiments [4]. 

Tabl~2.1: 'JYpical Parameter Settings for a-C:H, Diamond, aiul Graphite Deposition 

a-C:H diamond graphite 
Argon flow rate (cm;,s '1} 100. 20. 100-,150 
Monomer flow rate (cm3s-1) 1.8 0.2 1-8 
Molecular hydrogen 
flow rate (cm3s-1} 0. 20. 0-15 
Arc current {A) 50. 35. 35-50 
Arc voltage (V} 88. 110. 74-100 
Arc power (kW) 4.4 3.85 2.5-5 
Q (lo-6 w-t> 4.1 2.6 >4 
we ratio 0. 100. <5 
Ts c>c> 20. 1000. 400-800 
dn-s {em) 80. 5. 20-40 

Pc {Pa) 1o2. 6·103• lo2-103 

2.3.1 a-C:H films 

In Fig. 2.4 some of the properties of a-C:H films, obtained at room temperature, 
are shown as a function of Q. Steel samples with a thin {2 ttm) gold layer 
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were used as a substrate. This facilitates monitoring of the refractive index and 
the film thickness by in situ He-Ne ellipsometry [5]. The optical band gap was 
determined using spectroscopic ellipsometry determined by way of a Tauc plot 
[2]. Furthermore, the presence of hydrogen in CH2 and CH3 binding forms was 
also observed from the carbon-hydrogen absorption bands. The total hydrogen 
content was estimated to be in the 10 to 60% range for films with refractive 
indexes ranging from 1.3 to 2.2. The hardness of the films increases strongly 
with an increasing value of Q, from 400 Vickers for polymer-like- to 5000 for 
diamond-like films [11] . It can be noted that for graphite deposition (band gap 
0 eV, refractive index 2.18) the Q factor may have to be high. 

-. 
.J.!l 
§ 1500 

.i ~ 1l 1000 
"""' ,e. ..... 
"' 500 = ~ 
.5 

0 
1200 1400 1600 1800 

wave number (cm-1) 

(a) (b) 

Figure 2.5: (a) SEM image oftrenchesji.lledwith an a-C:Hji.lm (1 bar corresponds to 1 
p,m) and (b) Raman spectrum oftheji.lm. 

The maximum deposition rate achieved is 200 nm s-1 on an area of rvlOO 
cm2 • The film morphology as shown in Fig. 2.5 (a) does not reveal any distinct 
features. The Raman spectrum (Fig. 2.5 (b)) exhibits the typical continuous bulk 
signal for a film of non-crystalline nature [12]. 

2.3.2 Diamond 

In the past, diamond single crystals and films were produced in a collaborative 
effort with Philips Aachen [4]. The deposition conditions used are given in 
Table 2.1. Three-inch silicon wafers were used as the substrate. The substrate 
was heated by the plasma beam itself. The substrate temperature was monitored 
with an optical pyrometer. Without special pretreatment of the surface faceted 
individual crystals of 15 to 25 p,m, (up to a maximum of 65 p,m) were deposited 
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within 1 h (Fig. 2.6 (a)). If the substrate surface is pretreated by scratching with 
diamond powder (1 J.lm particles) continuous diamond films were grown on an 
area of about 3 cm2 (Fig. 2.6 (b)). The number of nucleation sites is strongly 
increased in this case as a consequence of surface roughness. 

For the individual crystals as well as for the continuous film, the structures 
are well faceted only in the center of the deposit. Raman spectroscopy reveals 
that, in both cases, the morphology changes from diamond to graphitic ball
shaped and amorphous structures towards the edges of the sub*ate. This is 
caused by a combination of three factors: a reduced substrate temperature near 
the edge, a different effective pressure as a consequence of the flow pattern and 
a change in particle densities. In Fig. 2.7 some Raman spectra ar¢ shown. It is 
clearly demonstrated that moderate chamber pressures can lead to the deposition 
of graphitic material. 

(a) (b) 

Figure 2.6: SEM image of (a) individual diamond particles (1 bar represents 10 11-m) and 
(b) a continuous diamond film ( 1 bar corresponds to 1 11-m) 
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Figure 2.7: Raman spectra of deposits obtained under the diamond conditions ( cf. Table 
2.1 }, with variable chamber pressure. At 1 cP Pa, only the peaks associated with graphitic 
material can be observed. From 2.2·1()3 Pa on, the diamond precursor peaks at,..., 
1150 and,..., 1470 cm-1 appear, and then the single crystal diamond peak at 1332 cm-1 

becomes predominant. (adopted from {8]) 

2.4 Graphite deposition 

In the next-step fusion device NET/International Thennonuclear Experimental 
Reactor (ITER) the materials for the plasma-facing components are a critical 
issue. Of most concern is the design of the divertor. which will receive a peak 
heat tlux of 15 MW m - 2 during normal operation. The divertor surface will reach 
temperatures up to 1000 °C, and. suffer from the effects of severe disruptions with 
peak energy dumps of 20 MJ m-2 in milliseconds [6]. Disruption erosion is a 
primary lifetime- determining factor. Covering the divertor plates with either 
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pyrolytic carbon (PyC) or carbon-fiber composite (CFC) is considered one of 
the best engineering solutions. Recent estimates for the erosion of a carbon 
divertor indicate values of 0.5 to 1 mm material loss per disruption event [13]. 
Avoiding frequent shutdown of the machine for replacement of the plates is a 
major problem. 

Graphitic or diamond-like carbon deposition by cascaded arc gun is an option 
for in situ repair of erosion damage. The primary requirements for the coating 
to be deposited are that it should be crystalline (good thermomechanical perfor
mance) and that the deposition rate should be high [thick (several millimetres) 
layers within acceptable periods of time]. As a first research stage, a program of 
reactor settings, starting from the graphite values ofTable 2.1, has been attempted 
in which increasing the growth rate is emphasized. 

2.4.1 Specific experimental data 

All experiments were performed with the setup shown in Fig. 2.2. The desired 
deposition temperature was attained by direct heating of the substrate by the 
plasma beam itself. The sample holder consisted of a stainless steel hollow 
cylinder with an auxiliary heating facility up to 500 °C. A stainless steel (type 
AISI 316 TI) pedestal with a sample support was mounted on this. The head 
could be screwed on the pillar. The dimensions of this pedestal were chosen 
such that an extensive range of substrate temperatures from 400 to 1200 °C 
could be covered on different substrate-to-sampl~ distances. The cross section 
of the top disc was 6 em; the 1-cm long pillar had a 1.5-cm cross section. 
A Chromel-Alumel thermocouple for temperature measurements was mounted 
right next to the sample. Surface temperatures were also measured by an optical 
pyrometer (type Chino IR-AHIS). A water cooled sample holder was used for 
deposition experiments at 100 °C. As substrates, 10-mm discs (5 mm thick) of 
CFC (DunlopDMS 678) were used. Experiments with the fiber planes parallel 
and perpendicular to the surf~e normal were carried out. As a reference for 
weight gain determination and for morphology considerations experiments were 
also executed with samples of commercial graphite and of stainlC$S steel (AISI 
316 TI). 

The graphitic samples were baked on a temperature of 200 °C for 24 hours. 
They were preheated up to a temperature of 600 °C by an Ar/H2 plasma (1 00 : 5 
ratio) in 20 minutes in the deposition reactor. As feed gases, C:H4 and CzHz were 
used. To encourage the deposition of a crystalline layer rather than an amorhous 
hydrogen-containing layer, several experiments were done with different amounts 
of hydrogen addition. Observations for morphology were done by SEM. The 
crystallinity of the layer was determined by Raman spectroscopy. Film thickness 
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and growth rate were determined by weight change measurements. 

2.4.2 Results and discussion 

For convenience, we introduce the following quantities and notations: 

• P' = normalized power product: P' =P / Ps, where P8 is the power product 
at the following standard settings: Iarc = 35 A, Varc = 74 V. argon flow= 
100 cm3s-1• It follows that P.s=2.59 ·lOS cm3 kW s-1• 

•· Q' = normalizedinversepowercoefficient: Q' = Q/Q 8 , whereQ8 is the 
Q-factor for a flow of 1 cm3s-1 CH.t. At the standard power product P8 , 

Q 8 has the value 3.86·10-6 w-1• 

• Rd =growth rate, determined from weight measurements, assuming a 
density of 1 g cm-3• Inaccuracy in Rd by this way of determination is 
generally< lnm s-1• 

• · { C.xHy }=z= monomer flow of z cm3s-1• 

Note that in this experimental configuration, T8 is a function of dn-s• P, 
Pc. and, to a minor extent, of the monomer admixture. The growth rate is a 
function of substrate temperature [3]. This should be taken into account when 
considering the results presented below. The main tendencies, however, are not 
disturbed by this temperature dependence. Furthermore, no definite distinctions 
between the growth rate results for the parallel and perpendicular CFC samples 
were observed. 

The following results are for films produced at a nozzle-to-sample distance 
of 20 em, substrate temperatures between 600 and 1000 °C (determined by 
pyrometry), and with HIC = 0 (no H2 admixture) unless otherwise indicated. In 
the SEM pictures one bar represents 100 p,m unless otherwise indicated. 

Growth rate 

Figures 2.8 through 2.11 show the dependence of the growth rate as a function 
of the relevant deposition parameters. 
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Figure 2.8: Deposition rate Ra as a func
tion of normalized power product; Pc = 
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Figure 2.9: Deposition rate Rd as a func
tion of chamber pressure. 

For the initial standard power product (P' = 1) saturation arises readily at low 
C~ flow rates ( < 1 cm3s-1 ). The energy available for dissociation to CH radicals 
and excited carbon species is totally consumed. Consequently, by increasing the 
power product and the monomer flow, the growth rate can be upgraded (Fig. 2.8). 
In addition, a further improvement has been achieved by using C2H2 instead of 
C~. This is a consequence of the smaller amount of energy necessary for 
complete dissociation and ionization of the monomer. 
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Figure 2.10: Deposition rate Rd as a func
tion of nozzle-sample distance; P' = 1. (At 
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Figure 2.11: Deposition rate Ra as a func
tion of HIC ratio in the beam. 
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By increasing the chamber pressure, Rd can be upgraded almost linearly (Fig. 
2.9), but there are a few drawbacks. At high Pc (> 103 Pa) the radial diffusion 
of the plasma beam particles is severely restricted, and the beam cross section 
is reduced to ""1 cm2, decreasing the exposed substrate area. Consequently the 
substrate temperature is higher, but the beam is instable. FromFig. 2.10, it 
follows that closer to the nozzle, within practical limitations, even higher growth 
rates may be achieved. With the addititon of hydrogen (Fig. 2.11 ), the growth 
rates are greatly reduced. ·Appreciable growth rates can be achieved with small 
amounts of added H2 only with CzHz as the feed gas. Because hydrogen addition 
is necessary to improve the film quality, other parameter settings will have to be 
studied in the future. The most relevant results on the growth rate are summarized 
in Table 2.2. 

Table 2.2: Survey of deposition time (td), film thickness (da). growth rate (Ra) and 
deposited area (Ad) for the most relevant trials 

ta da Rd Ad 
Trial Setting (min) (pm) (nms-1) (cm2) 

1 {C~}=l,pc =102 Pa, P' =1 110 75 11.6 30 
2 +{C~}=8 30 30 16.7 30 
3 +Pc ~·1o2Pa,P'= ~ 7 115 274. 12 
4 +Pc =6·103 Pa 4 183 762. 1 
5 {CzHz}=8, Pc J·lol Pa, P' =! 7 241 574. 12 
6 {CzH2}=3, {Hz}=5, 

Pe = ~·lol Pa, P' = l 30 133 74. 12 

Morphology and type of the film 

Figures 2.12 and 2.13 show SEM micrographs and Raman spectra of films de
posited under the divergent conditions of trials 4 and 6 (cf. Table 2.2). 
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Figure 2.12: Film deposited on (a) perpendicular and (b) parallel CFC (1 bar= 10 {lm) 
and (c) associated Raman spectrum for the perpendicular CFC film: { CH4}=8, T. = 
1200 °C, Pc =6·lrf3 Pa, P' = ~. Q' = 3. 

Figure 2.14 shows some interesting pictures of a film obtained un~er the condi
tions of trial 2. 

Most Of the deposits exhibit a cauliflower morphology, which is similar to 
that of conventional pyrolytic carbon (PyC). In this case the basal planes of the 
graphite packets are parallel to the substrate surface [14]. A characterization of 
the deposits in terms of the random fractal-like structure model as described by 
Messier and Yehoda [15] is appropriate. The main features of this model are low 

I 

mobility (Tdepo < 0.5 · Tmelt). competitivecone growth, and self-similarity on 
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every dimension of scale. The layers are more continuous on the steel substrate. 
This may be caused by the lack of preferential sites for nucleation. The sharp 
edges that can be observed are an indication of the crystalline nature of the 
deposit. 

In all Raman spectra both the first order graphite ( 15 81 em - 1 ) and defective 
graphite peak (1355 cm-1) are prominently present. From the intensity ratio of 
these peaks, a measure for the crystallite size can be estimated [16]. When the 
peaks are equal in intensity, this size is ""3 nm. 
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Figure 2.13: Film deposited on (a) parallel CFC and (b) steel (1 bar= 10 J.lm) and 
(c) associated Raman spectrum for the parallel CFC film: { C2H2}=J, {H2}=S, HIC = 
10/6, T, = 700 °C, Pc = ~ ·102 Pa, P' = 1 and Q' =6. 
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Unfortunately, however, as demonstrated in Figs. 2.12 (c) and 2.13 (c), 
this is the case for almost all of our films, regardless of the deposition settings. 
Also no substantial change in Raman spectrum could be observed for the films 
produced with admixture of low amounts of hydrogen. A broadening of the 
Raman graphite peaks was observed only for the films deposited at 100 °C, 
indicating a more amorphous film character. Furthermore, the Raman spectra of 
the films on the steel substrates are very similar to those of the associated films 
on the CFC substrates. For the films of Fig. 2.14 on the graphite and the steel 
substrate, the intensity ratios J1355/It581 amount to 1.30 and 1.25, respectively. 
Consequently, a more sophisticated analysis of the spectra will be performed in 
future. The width of the peaks and their shift with respect to the ideal single 
crystal values and analysis of the second order peaks will provide additional 
information [16]. 

(a) (b) 

Figure 2.14: Films deposited on (a) commercial graphite and (b) steel: 1 bar =10 J-lm, 
{ CH4}=8, T, ~ 700 °C, Pc =102 Pa, P' =1, Q' =8. 

Conclusions 

The growth rates obtained without added H2 offer a perspective for further re
search. Layers that are hundreds of microns thick on an area of "'12 cm2 have 
been deposited within < 30 minutes. The production of very thick (several mil
limetres) carbon films within an acceptable period of time (hours) seems to be 
within the range of possibilities. 

The morphology and crystallinity of the deposited film seem to be not very 
dependent on· the deposition parameters, at least in the range used up to now. 
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Most of the films consist of pyrolytic graphite with a crystallite size of ""3 nm 
and with the basal planes parallel to the substrate surface. In view of the desired 
thermomechanical qualities of the film, a method for growing films with the basal 
planes perpendicular to the substrate surface will be sought. 

Up to now, the effect of Hz admixture on the film quality could not properly be 
investigated. With a minor Hz content ( <5%) in the flow, no change in crystallite 
size could be observed. 

Addition of a substantial amount of hydrogen leads to etching of the graphitic 
substrates; this shows that deposition is in fact a balance between deposition and 
etching. The amount of Hz admixture against the arc power may need a very 
delicate balance in view of optimal ionization and dissociation. 
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Chapter 3 

Plasma deposited carbon films as a possible 
means for divertor repair 1 

abstract 

A. J. M. Buuron, J. J. Beulens and D. C. Schram 
Dept. of Physics, Eindhoven University of Technology 
P. 0. Box 513, 5600MB Eindhoven, The Netherlands 

P. Groot and J. Bakker 
Netherlands Energy Research Foundation, ECN, 

P.O. Box 1, 1755 ZG Petten, The Netherlands 

Fast deposition of graphitic carbon layers by an expanding cascaded arc plasma was 
studied as a means for in situ repair of graphite erosion damage in the next step fusion 
. reactor NET/ITER. Amorphous graphitewas produced at rates of hundreds of nanometers 
per second on several square centimeters with an argon-hydrocarbon plasma. Crystalline 
graphite was produced at rates of 10-50 nm s-1 on several square centimeters by means of 
an argon~hydrogen-hydrocarbon plasma. Relations between the deposition parameters, 
morphology (from scanning electron microscopy) and Raman spectra were determined. 
Using laser thermal shock testing, the erosion resistances of the best crystalline coatings 
were determined at about 2 MJ m-2 (in a 10 ms pulse). 

1This article bas been published in Thin Solid Films 212 (1992) 282 
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3.1 Introduction 

In the next step fusion device NETII1ER the surface armor for the plasma-facing 
components is a critical issue. Disruption erosion, particularly on the divertor 
plates, is a primary lifetime determining factor. One of the best engineering 
solutions is coating the divertor plates with carbon-based materials, either with 
highly oriented pyrolytic graphite (HOPG) or carbon fiber composite (CFC) .. The 
erosion of a carbon divertor is estimated as a total of 50 kg material loss per 
disruption event [1]. This would necessitate frequent shutdown of the machine 
for replacement of the plates. Performing this by remote handling techniques 
would require months. In situ repair methods are under investigation as an 
alternative solution. 

Eindhoven University of Technology, The Netherlands, Energy Research 
Foundation (Petten ECN) and the Next European Torus (NET) teru;n are coop
erating in the study of .fast carbon deposition by an expanding cas~aded arc as 
an option for in situ repair of erosion damage. With this particular deposition 
method, in the past deposition rates of up to 200 nm s-1 for a-C:H (amorphous 
hydrogenated carbon) [2] ~d of up to 10 nm s-1 for diamond films [3] have 
been obtained. These rates are an order of magnitude higher than those with the 
conventional RF or DC glow discharge methods. 

For the present purpose, attention was focused on the deposition of graphitic 
carbon. In a feasibility study the possibility of very fast deposition qf nanocrys
talline ("amorphous'') graphite at hundreds of nanometers per second by an argon
hydrocarbon plasma has been demonstrated (cf. Chapter ll). The miCrostructure 
of the coatings was analyzed by scanning electron microscopy (SEM) and Raman 
spectroscopy. At the Netherlands Energy Research Foundation, ECN, disruption 
simulation experiments with a laser thermal shock set-up [4] were carried out. It 
appeared that the amorphous graphite coatings cannot sustain a thermal shock of 
4 MJ m-2 in 10 ms (alowerlimitfor fh:edisruption energy dump). 

In an extensive second stage of the project the crystallinity of the graphite was 
optimized. To this end hydrogen was admixed in the argon-hydrocarbon plasma 
while other parameters were also varied. In this study direct relations between 
morphology (from SEM), Raman spectra and thermal shock (erosion) resistance 
of the coatings on the one hand and the reactor parameters during deposition on 
the other hand are demonstrated. Interrelations between the results of the three 
diagnostics are also shown. 
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3.2 Design of the next step fusion reactors 

In Fig. 3.1 an outline of the design .of ITER, the International Thermonuclear 
Experimental Reactor, is shown [5]. It is designed to operate in a double null 
separatrix configuration with divertor plates. By virtual crossings of the magnetic 
field lines (the X-points), the fusion product helium, impurities and thermal power 
are diverted from the plasma edge toward the plates. After neutralization the 
particles are abducted by the torus vacuum pumping system. A relevant feature 
of the machine with respect to maintenance are the giant dimensions. The torus 
center radius is 5.8 m. The required divertor plate .area is about 200m2• 

divertor plate (DP) 

I 
to pumping 
system (PS) 

.X-point 

separatrix 

plasma 

fnt wall 

X 

Figure 3.1: Outline of ITER design with the divertor plates 

The choice of materials for the plasma-facing components, divertor plates 
and first wall, is a critical issue. Particularly the divertor plates are subjected 
to high heat loads and particles fiuxes. The principal requirements for surface 
armor material can be summarized as follows: a low atomic number Z, a high 
thermal conductivity and a high thermal shock resistance, and, a dense structure 
to minimize the tritium retention. · 

We will summarize the estimated. performance data of carbon as a surface 
armor material [1, 4, 5]. Compression annealed pyrolytic graphite (CAPO) and 
carbon fiber composites (CFC) in particular are considered as suitable materials. 
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In the most recent design [5] the latter were selected primarily because of their 
unique thermal shock resistance and the potential for tailoring them to specific 
other requirements such as a high thermal conductivity. 

During normal operation the divertor plates will have to accommodate an 
average heat flux of 0.6 MW m-2, with static peak surface heat fluxes of 15-30 
MW m-2• In addition the surface wlll suffer from an average neutron wall load 
of0.5 MW m-2, and a DT-ionpeak flux of 4·1023 m-2s-1 (energy 50-100 eV). 
The surface temperature of the carbon divertor armor has to be controlled to 
maximally "' 1000 °C in order to limit "run-away" erosion by self sputtering. 

Estimates for the energy deposition on the divertor plates in a disruption are 
10-20 MJ m-2 in 0.1-3 ms (in the thermal quench) and 2 MJ m..:.2 in 5-50 ms (in 
the consequent current quench). 

In one of the main design options [1] the divertor armor will consist of 5·10S 
replaceable carbon tiles brazed to a metallic alloy as a heat sink. In the case 
of a full power disruption, the material loss is predicted to be 50 kg of carbon, 
equivalent with a damage track of ,....., 0.7 mm depth on a total area of rv 3.6 
m2• The thickness of the armor is limited by its maximally allowable surface 
temperature of 1000 °C, and thus by its thermal conductivity. For CFC/graphite 
the maximum is "'1 em, which limits the the allowable number o{ disruptions 
per plate to 8-12. The local erosion can be reduced by sweeping the X-points 

I 

of the separatrix (by values in the order of± 10 em and at 0.1 Hz), reducing the 
number of necessary replacements. An estimated minimum of 100 dlsruptions in 
the first operation phase ('physics' phase) would still imply a number of divertor 
plates replacements of 6-10. In an alternative calculation [5] a number of 9-17 
replacements is obtained (see also [4] on this issue). Considering the estimate 
that each replacement will require 3-6 months, the need for an effective in situ 
repair method is obvious. The in situ deposited material should approach the 
specifications summarized above. An. additional requirement is an adequately 
high deposition rate. The feasibility of achieving high carbon deposition rates 
with the expanding cascaded arc technique has already been reported in (Chapter 
m. The present study was primarily focused on depositing (crystalline) coatings 
with good thermal shock resistance, while retaining a reasonably high growth 
rate. 

3.3 Carbon deposition by an expanding cascaded arc plasma 

3.3.1 The expanding cascaded arc set-up 

In Fig. 3.2 an outline of the expanding cascaded arc set-up for carbon deposition 
is shown. The main feature of the method is the separation of the three functions 
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production, transport, and deposition. The principal advantages of this method 
compared to conventional methodes are high growth rates by the active particle 
transport towards the substrate, and flexibility in handling arc and substrate 
parameters. A cascaded arc plasma (4 mm diameter, 6 em length), expanding in 
a vacuum chamber is used as a particle source. Specific features of this source 
are a high power dissipation ( ,...,5 kW), a thermal plasma (temperatures of """1 
eV) and, very long times of continuous operation (days). The carrier gas argon 
is injected at the beginning of the arc channel at a flow rate of 100 scc/s, which 
means a flow rate of 100 cm3s-1 normalized on a pressure of lOS Pa. The inlet 
pressure is in the order of 5.104 Pa. The ionization degree is typically about 
10%, rendering an electron density in the order of to22 m-3• As a consequence 
the arc plasma is close to local thermal equilibrium (L1E). A hydrocarbon (CF4 
or C2H2) can be injected (at rates of 0 to 10 standard cm3s-1 at the end of the 
arc channel. Hydrogen can be admixed as an etching agent in the middle of the 
channel. By dissociation and charge exchange a beam of excited species, radicals 
and ions (Ar, C, H, C:~:H11) is created, expanding out of the end of the arc channel 
(the nozzle). The particles are accelerated to supersonic velocities of up to ,.... 
4000 m s-1, pass through a shock and are transported further towards a substrate 
at subsonic velocities, decreasing down to a few hundreds of meters per second. 
A typical value for the chamber pressure is lo2 Pa (for a-C:H deposition); in this 
case the shock can be observed at about 4 em from the nozzle. Beyond the shock, 
the total energy of the species decreases to typically about 0.5 e V. A typical value 
for the carbon ion flux is 1019 s-1• The total transport time of all partiCles is 
relatively small (of the order of 10"""4 to 10-3 s), the radiative recombination is 
negligible, the loss of ionization by three particle recombination is less than 1% 
[6]. 

An important aspect in the present framework is the radial expansion of the 
beam, which is governed by diffusion. From Fig. 3.3 we can deduce that the beam 
cross section area A0 is approximately linearly proportional to the distance to the 
nozzle d,._,, and reciprocal to the chamber pressure Pc· For instance, for a-C:H 
deposition with dn-s=80 em and Pc=20 Pa, Ao is"' 120 cm2• Extrapolating, for 
all values of chamber pressures, we can calculate the beam cross-section area by 
dividingtheareaatpc = 1 mbar(lo2Pa)bypc(expressedinmbars). Inasimilar 
way the beam cross-. section areas for various nozzle to substrate distances can 
be deduced linearly from the value at one specific dn-s. We define a normalized 
deposition rate Rn as a measure for the volume deposition rate by dividing the 
linear deposition rates by Pc: ·Rn := Rd/ Pc· More details on the reactor and the 
cascaded arc can be found elsewhere [2, 7, 8, 3, 8, 9]. 
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Figure 3.2: The expanding cascaded arc 
set-up for deposition 

Figure 3.3: Measured (- - -)and calcu
lated(-· -) beam profiles in the expansion 
(from [2]). 

3.3.2 Deposition conditions and materials 

By variation of the reactor parameters, the type, quality and growth rate of the 
films can be modified. As reported in Chapter II, the (linear) deposition rate Rd 
is a function of all reactor parameters: the arc power (Pare). the gasJlow rates 
( {argon}, {hydrocarbon}, {hydrogen}, the type of hydrocarbon (monomer) feed 
gas, the number of carbon atoms in relation to the arc power (expressed by an 
inverse power factor Q), the chamber pressure Pc. the deposition temperature 
T8 and the nozzle to substrate distance dn-a· In Chapter II a survey of reactor 
settings for different materials was given. For the actual goal of crystalline 
graphite deposition the following considerations have been taken into account: 

1 For the specified purpose, a coating without hydrogen and weakly bonded 
carbon is required. This can be done by increasing the hydrogen admixture 
in the plasma while reducing the nozzle to substrate distance and increasing 
the chamber pressure. At a nozzle-substrate distance of 20 em the addition 
of a moderate amounts of hydrogen in the plasma leads to etching of the 
CFC substrates (Chapter II). Currently, for most trials a nozzle-sample 
distance of 5 em has been applied (unless indicated otherwise). 

2 A high deposition temperature, of at least 600 °C, to avoid hydrogen 
incorporation [1 0], and probably even >900 °C [ll]to favor crystallization, 
is required. 
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3 For high rate graphite deposition acetylene (C2H2) is more efficient than 
methane (CR.). with and without hydrogen addition (Chapter II). This 
choice is also indicated by others. 1he Cz radicals play an important role 
[12]. 

Taking into account these data. the properties of the deposited graphite have been 
studied primarily in relation to the following three main deposition conditions: 

1 The hydrogen admixture ftow rate {H}; the effect of hydrogen in the 
plasma beam may also be expressed as the ratio of the total hydrogen ftux 
(including the hydrogen from the hydrocarbons) and the carbon ftux in the 
expanding beam: 
{Htot}I{C} 

2 The hydrocarbon injection rate {CzH11}. expressed in an inverse power 
factor Q (W-1) 

Q ={C}/({Ar}·Parc) 
3 The substrate temperature 

Ts fC) 

For the actual purpose, the relation of layer quality with growth rate and layer 
thickness and the infiuence of the substrate type and feed gas (methane or acety
lene) has also been studied. 

In the present experimental configuration the desired deposition temperature 
is obtained by direct heating of the substrate by the plasma beam itself. ·It is a 
function of dn-s• P arc. Pc and, to a minor extent, of the hydrogen and monomer 
admixture. 

In order to achieve high substrate temperatures, on the movable sample 
support an extra pedestal with S. substrate supports is mounted (Fig. 3.4 (a), 
(b)). One of the substrate supports is centered because of the reduced deposition 
area (rv 1 cm2) at high chamber pressures. An extensive range of substrate 
temperatures from 400 to 1400 °C can be covered on different nozzle to substrate 
distances. Right underneath the center sample a chromel-alumel thermocouple 
for. temperature checking is mounted. As actual deposition temperatures, the 
surface temperatures Tp11 as measured with an optical pyrometer (type Chino 
IR-AHIS) were adapted. 

As substrates, 10 mm discs (thickness 5 mm) of carbon fiber composite 
(CFC, Dunlop DMS 678) and stainless steel (type AISI 316 TI) were used. The 
composite consists of plane matrices of carbon fibers, with pyrolytic graphite 
in between. CFC can be applied in two orientations: as a CFC or as CFC..L 
substrate. The most useful orientation is CFC , with the fiber planes parallel to 
the surface normal. In this case the direction of highest thermal conductivity 
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is perpendicular to the surface. In Fig. 3.4(c). a schematic view of the CFC 
surface is shown in the two orientations. As a pretreatment substrates can be 
polished, for equal reference conditions. The substrates were baked. in vacuum 
on a temperature of 200 °C during 24 hours, in order to dehydrate them. In 
most trials, a batch of several substrates was installed consisting of polished and 
unpolished CFC and CFC..L substrates. Furthermore, a substrate of stainless steel 
(AISI 316 TI) was mounted as an extra facility for weight gain determinations. In 
this way the influence of substrate material on morphology and Raman spectrum 
could be studied. Deposition times were on the order of20 minutes. 1bicknesses 
and growth rates were estimated by weight change measurements, normalized to 
a density of 1 g cm-3• In general growth rates on the center substrate are higher 
than on the sideways placed substrates, particularly at high chamber pressures. 

Some experiments with a modified substrate geometry were also performed. 
After finding the estimated optimal settings (trial B40, 47 or 54) these trials 
were repeated with oblique incidence of the beam on the sample, and, with a 
recirculation cup (resp. B56+59 and B57). The aim of the former was trying to 
influence the orientation of the deposited graphite. In the latter trial the purpose 
was to create small convective cells over the substrate, in order to achieve an 
enhanced carbon deposition effiency. 

t(:···-~9 ..... )1 
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Figure 3.4: (a) Front and (b) side view of the pedestal with the 5 substrate suppons. T: 
thermocouple insert hole,· C: optional recirculation cup (dimensions in mm). (c) (adapted 
from { 4 ]) top view of CFC substrates in the two orientations. 
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3.4 Diagnostics 

3.4.1 Raman spectroscopy set-up 
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Figure 3.5: Outline of the micro-Raman set up with DA, the diode array for multichannel 
analysis; PMT, photo multiplier tubesjor optional photon counting; B, beam splitters; 
M, mirrors: Sl-4, slits. 

Spectra were recorded with the micro-Raman set up (Dilor) of the Department 
of Inorganic Chemistry of the University of Amsterdam (Fig. 3.5). This ar
rangement enables accurate laser spot adjustment and direct sample inspection. 
The spectra were measured in a 180° back scattering geometry. As a source the 
514.5 nmlineofan argon ion laser was used. In general the power was lOOmW 
and the area of cross section 4 p m2• Signal detection was done by means of a 
double monochromator (in the subtractive mode for straylight rejection) and a 
diode array with signal accumulation (20 x ). The width of the apparatus profile 
was 6.6 cm-1• As this is still much smaller than the relevant peak widths, no 
deconvolution was performed. · 

3.4.2 Set-up for thermal shock experiments 

In Fig. 3.6 an outline of the set-up for thermal shock tests is given. As a source a 
pulsed Nd-YAG laser (LASAG KLS-321) is used. The laser is equipped with a 
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plan-parallel resonator with a length of 500 mm and a diaphragm with a diameter 
of 5.8 mm. Experimental conditions of the laser and the shape of the pulse are 
given in the inset of Fig. 3.6. 

The laser beam is transmitted to the specimen by an optical system. The 
beam is expanded to a diameter of 13 mm and then focused on the specimen by 
a lens (focal distance 100 mm). The minimal spot diameter is 0.5 mm in the 

I 
focal. plane. The specimen is placed in a vacuum chamber with a pressure of 
less than 10-2 Pa. By positioning the specimen out of focus, the spot diameter 
and the energy density on its surface can be varied. Assuming a homogeneous 
distribution of the intensity over the laser beam, the spot diameter c in mm at the 
defocus distance x (in mm) can simply be calculated according to the following 
formula: 

c = (x + 4)/(100+ 4) · 13 (3.1) 

For example with a defocus distance of 30 mm, the energy density is 2.82 MJ m2• 

For the actual values of x the relative inaccuracy in the energy density is about 
two times the relative inaccuracy in x, which means only about 2%. 

For an inhomogeneous distribution of the intensity.over the laser beam all of 
the energy density values used in this investigation should be corrected to a peak 
energy density of 1.3 times the given values [13, 14]. More details on the facility 
can be found elsewhere [15]. 

The results of the thermal shock testing, were primarily quantified by the 
parameter erosion threshold, i.e. the lower limit of the laser pulse power at which 
erosion starts to occur. Secondly, a qualitative study of the damage by a 3 MJ 
m-2 energy dump (in 10 ms) was performed. 
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Figure 3.6: Set-up for laser thermal shock tests (from [15]); in the inset some specific 
experimental data and the shape of the 10 ms pulse are given. 

3.5 Results and discussion 

3.5.1 Introduction 

In this section, the morphology and Raman spectra of the films, their macroscopic 
properties, the relations between Raman spectrum parameters and the erosion 
resistance of the coatings on the one hand and the reactor parameters during 
deposition on the other hand, growth rates and efficiency, the qualitative damage 
study, and some particular deposition results are presented. 

3.5.2 Morphology and crystallinity of the coatings; hydrogen admix-
ture, the principal determining factor. 

In Fig. 3.7(a) an example of the typical morphology of a graphitic film grown 
without or with a small amount of hydrogen admixture is shown. A cauliflower 
or ball-like morphology with a columnar growth mechanism can be observed. Its 
appearance is similar to that of conventional pyrolytic carbon [16]. In pyrolytic 
carbon the basal planes are quasi-parallel to the substrate surface. It is not 
sure whether this was the case for our deposits too. Possibly there is no two-



36 Chapter 3: Plasma deposited carbon films~ a possible .... 

dimensional ordering of the basal planes at all, and that we are dealing with 
isotropically distributed nanocrystallites of graphite. In Fig. 3.7(b) the Raman 
spectrum of the film is shown. It is typical for nanocrystalline graphite without 
long range order [17, 18]. All of the films deposited in the previous Fesearch stage 
(Chapter II) had a similar spectrum. The following features are present, denoted 
by their specific character: The single crystal graphite peak G (sp2 bonding), 
shifted with respect to its ideal position at 1581 cm-1 ; a defective graphite peak 
D at about 1355 cm-1 and a shoulder S at about 1621 cm-1, originating by 
edge effects of the finite microcrystals. A component A at approximately 1500 
cm-1, which is often observed in a-C:H [17]; a fluorescence background F. In 
the following we refer to this material as "amorphous graphite", and denote it as 
AG. 
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Figure 3.7: (a) SEM image (side view, 1 bar=l00JJm) and (b) Raman spectrum of a 
typically amorphous graphite film (Bl9): substrate steel; dn-s=lO em; { C2H2}=8, 
{H1}=8; Tpy = 860 °C; Pc = Jo2 Pa; Pa.rc=3.12 kW,· Q=51·10-6 w- 1; d=359 JJm, 
Rd=99nmr 1 

The spectra were resolved in their components by a least squares fitting 
program [19]. It appears that they are best fitted by Lorentzian di~tributions, in 
accordance with [20], on top of the background. In the case of highly crystalline 
graphite e.g. HOPG, only a sharp G-peak would be present [21 ]. Several methods 
for deducing information on the quality of the material are given in. literature: A 
measure for the crystallite size of the graphite can be deduced from! the intensity 
ratio of the D and the G peak Id/ 19 [21] and from the shift of the G peak with 
respect to its ideal value [18]. From the widths of the D and the G peaks an 
impression of the degree of amorphization can be obtained [22]. A study of the 
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shoulder S gives an indication of quality [23]. We will mainly use the Id/ !9 

intensity ratio as a quality indication; in Section 3.5 .4 the use of the other Raman 
parameters is briefly discussed. 

The crystallinity of our deposited materials was improved by increasing the 
hydrogen addition. In the sequence of Fig. 3.8(a)-(c) the gradual structural 
transition with increasing hydrogen admixture is illustrated. All other reactor 
parameters were kept approximately the same. The defective graphite 1355 cm- 1 

D peak decreases strongly with respect to the 1581 cm-1 Gpeak. In comparison 
with Fig.3. 7(b) the amorphous component could not be resolved significantly. In 
Fig.3.8(d) the morphology of the film of Fig. 3.8(c) is shown. Distinct foliates 
can be observed, with dimensions of several micrometers, obviously separated 
by pores. Most likely, the foliates are actually oriented graphite single crystals. 
Estimating the crystallite size from the ratio Id/ 19 according to Thinstra and K()nig 
[21] in the sequence of Fig. 3.8(a) to (c), we get an increase from approximately 
3 to 30 nm. The discrepancy with the dimensions observed in the SEM image of 
Fig. 3.8(d) maybe caused by the presence of minor misorientations of the basal 
planes within the crystals [24]. 

3.5.3 Macroscopic properties of the films: appearance, cohesion and 
adhesion, density 

Macroscopically all of the materials which were produced with C~. or with low 
amounts of C2H2 admixtures (less than 1 standard cm3s-1 ), consist of a black, 
sooty material with poor coherence. As a consequence the adhesion of these 
layers as a whole to the substrates was weak. It was found that the principal 
requirement for obtaining coherent and hard films is the use of C2Hz at high flow 
rates (8 standard cm3s-1). An additiona1 advantage of the high flow rate are 
high growth rates, tens to hundreds of nanometers per second on several square 
centimetres, for crystalline graphite (CG) and AG coatings respectively. In the 
thick ("" 1 mm) AG films the cauliflower structure could even be observed visibly. 
The CG films are smoother. Most likely the materials are a kind of hard carbon 
without hydrogen (i-C), with predominantly (in AG) or exclusively (in CG) sp2 

bondings. A similarity with the sooty and the hard materials (re)deposited on the 
walls of a tokamak during operation can be noted [10]. 

In general the adhesion of the layers depends on the type of substrate; for all 
graphitic films adhesion to steel substrates is poor; the adhesion to CFC substrates 
is rather good for the AG films, and excellent for the CG films (film coalesced to 
substrate). 

A well known feature of amorphous films grown by various methods is the 
existence of large voids between columnar growth structures, leading to a very 
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Figure 3.8: (a)-( c) Effect of increasing H2 admixture on the Ranian spectr¥m. with other 
reactor settings constant: {C2H2}=l; Pare::::::- 2.6 kW.· Q ::::::- 7.10-6 w- 1; p0 =102 Pa; 
Tpy ::::::- 840°C; increasing H2 addition, 5, 10 and 20 standard cm3 s- 1 respectively. (d) 
Micrograph oftheji.lm of(c). 

porous material [16, 25]. Comparing thickness estimates from SEM images and 
from weight change measurements, it appears that both our AG and CG coatings 
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have a low density: ...... o.s to 1 g cm-3, compared to a value of 2.27 g cm-3 

for HOPG [24]. It is expected that by optimizing the substrate geometry and 
chamber pressure higher densities can be achieved in future. 

3.5.4 Relations of the Raman spectra parameters and the thermal 
shock resistance with the deposition conditions. 

Similar to 1\linstra and KOnig [21 ], we studied the intensity (peak height) ratio of 
the D and G peaks Id/ 19 as a suitable parameter for describing the crystallinity 
of the materials. For our materials we found a direct linear relation with the inte
grated intensity (peak area) ratio Ad/ A9 • Furthermore, globally, linear relations 
of this ratio with the full widths at half maximum (FWHM) of D, G and S peaks 
(dd, d9 , d8 ), and with the intensity ratios of the A and the S peak with the G 
peak exist ( Aa/ A9 and As/ A9 ), so these do not render much extra information. 
As an example this is illustrated in Fig. 3.9 for the trial sequence of Fig. 3.8. 
For this specific trial sequence the width dd of the D peak does not decrease. In 
general however, we obtained an approximately constant ratio for the width of 
the D and the G peaks. As a second example in Fig. 3.10 an almost linear relation 
exists between the intensity ratio Is/ 19 of the shoulder S and the G peak, and the 
intensity ratio Id/ 19 , in agreement with [23]. 
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Table 3.1: Legend for Figs. 3.10, 3.11 (a), 
Table 3.2: Legend for Figs. 3.11 (b), 3.12 3.12 (a), 3.15 and 3.16 b 
( ), 3.13, 3.14 and 3.15 

Lines ofconstant Q-factor 
+ CFC variousQ 
+ Steel variousQ 

-+- CFC Q ~3·10-6 

--+-- CFC Q ~60·10-6 

-+- CFC Q ~7·10-6 

co AG Substrate 

• 0 CFC 
& t::. Steel 

• 0 CFC special trial 

• v Steel special trial 

In the following the results of Raman spectroscopy and of the laser heat 
shock tests are treated quantitatively as a function of the most relevant param
eters hydrogen admixture, growth rate, inverse power factor Q and deposition 
temperature by pyrometry Tpy· The Raman measurements served as a direct 
feedback diagnostic medium on a selected number of samples for finding trends 
during the project. It appeared that the Raman intensity ratio (I a,/ In) was only 
a function of the hydrogen addition, and the growth r~te. These relations are 
shown in Fig. 3.11(a) and 3.12(a). No definite functional relationship between 
the Raman intensity ratio and Q or Tpy could be found, so these graphs are not 
shorn. 3 
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Figure 3.11 (a) Raman intensity ratio (cf. Table 3.1 for legend) and (b) erosion threshold 
vs. total H2 input { H2} ( cf. Table 3.2 for legend). 

The erosion threshold values Et were determined afterwards. In the graphs of 
the erosion thresholds all available data have been displayed in order to find 
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global trends. All the results are for layers deposited onto polished CFC or steel 
substrates. Furthermore, all erosion threshold measurements were accompanied 
by SEM observations. The results of these observations are included in the 
figures: whenever the coating exhibited the foliate structure of CG, a solid 
symbol is used. When the coating had the cauliflower-like structure of AG an 
open symbol is used. Furthermore, the results of the modified-geometry trials 
are denoted by a specific symbol. 

In Fig. 3.11(a) and (b) the role of the H2 admixture is clearly illustrated. In 
Fig. 3.11 (b) it can be observed that both the erosion threshold and the crystallinity 
increase with an increasing hydrogen admixture, consistent with the decrease of 
the Raman intensity ratio in Fig. 3.11(a). In Fig. 3.12(b) it can be observed that 
the layers with the top values of erosion threshold have been obtained for the 
lowest growth rates. These low growth rates are a direct consequence of high 
hydrogen admixtures. The large scatter in Fig. 12(b) however shows that for the 
medium Et values the relation of coating quality with growth rate is certainly 
not strict. A few of the fast grown amorphous coatings (B34 and B39) have a 
relatively high Et of 1.68 MJ m-2• Crystalline graphite (low Raman intensity 
ratios) with high Et of up to 1.94 MJ m-2 were also produced at reasonably high 
rates (tens of nanometers per second), e.g in trials B47 and B54 and B55 (cf. 
Table 3.3). 
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Figure3.12: (a) Raman intensityratio(cf. Table 3.lfor legend) and(b) erosion threshold 
it vs. growth rate Rd (cf. Table 3.2for legend) 

In Fig. 3.13 and 3.14 erosion thresholds are given in relation to Q and Tpy 

respectively. In Fig. 3.13 it can be observed that particularly for high values 
of Q ( ""60·1 o-6 w-1) the higher values of erosion thresholds were measured. 
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These Q values are equivalent with an acetylene flow rate of 8 standard cm3s-1• 

This result confirms the observation (not shown here) thatEt does not explicitly 
depend on the {H}/ { C} ratio but rather on the absolute hydrogen admixture (Fig. 
3.11(b)). High absolute hydrogen admixtures together with high Q-values give 
a low {H}/{C} value, but a high Et. In Fig. 3.14 two tendencies seem to be 
present. For the CG materials (full symbols) the erosion threshold$ Et tends 
to decrease, and for the AG coatings (open symbols) E1 tends to increase with 
increasing deposition temperatures. The first effect is caused by the fact that the 
large hydrogen admixtures used for the deposition of crystalline coatings quench 
the plasma, and so reduce the plasma heating of the substrate. For the second 
effect no explanation is available yet. 
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Figure 3.13: Erosion threshold it vs. in
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legend). 
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Table 3.2 for legend). 

Concerning the erosion threshold as a function of coating thickness a distri
bution similar to that of Fig. 3.12(b) is obtained, because of the direct coupling 
of thickness with growth rate. This implies that as a function of thickness only, 
taking into account the influence of the growth rate, no real deterioration of the 
erosion resistance is present. 

Regarding the influence of the substrate type it has been observed that, com
paring the erosion thresholds for coatings on steel and on CFC that have been 
deposited under the same conditions, in general the erosion thresholds on steel 
are lower. 
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3.5.5 Summary and evaluation of the results of the diagnostics 

The best results of Raman intensity ratio and erosion threshold are summarized 
in Table 3.3. In interesting cases the result for more samples of the same batch 
are also given. The reduction in deposition area at high chamber pressures Pc is 
taken into account by dividing the estimated area of deposition for 1 mbar by Pc 
(in millibars). 

The best coating B38 shows slight erosion at an energy density of 2.82 MJ 
m-2• (For comparison, the CFC substrate begins to show erosion at about 2.8 MJ 
m-2 [4]). According to SEM observations this is a crystalline coating. However, 
the coating thickness is only 4 Jlm. The second best coatings are B8 and B57 
with a threshold of 2.14 MJ m - 2• These are all crystalline coatings on a substrate 
of CFC . Coating numbers B57 were made by means of a cup to control the 
mass flow towards the substrate better. The result for coating B39c is striking. It 
concerns an amorphous graphite coating, with a very high deposition rate and a 
relatively high erosion threshold. The coatings of B40 and #B56 were deposited 
at somewhat less favorable, equal settings. In trial 56 the substrate had been 
tilted with respect to the plasma beam. It can be noticed that this may improve 
the thermal shock resistance. The best coating on steel is sample B47St with a 
threshold of 1.25 MJ m-2• The coating is also crystalline. The conditions of 
trial B47 (Tpy = 825°C, Pc = 102 Pa) are considered as representing the optimal 
reactor settings for crystalline graphite 
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Table 3.3: Trials with lowest Raman intensity ratios ld/ 18 and highest erosion thresholds 
Et. in relation to reactor parameters { C2H2} and {H2},jilm thiclmess d, growth rate Rd, 
and approximated deposited area Aa: dn-• = 5 em and Pe = 1o2 Pa unless indicated 
otherwise. Flow rates in sees, = standard cni3 r 1• 

Sample {CzH2} {~} d Rt~. At~. lt~.flg Ee Remarks 
(sees) (sees) (pm) (run s-1) (cm2) (MJ m-'-2) 

B38e 1 21 4. 3. 7.5 '-- 2.82 

B57c 8 40 57. 12. 7.5 -- 2.14 Recirculation cup, 
B57St 76. 16. 12. 0.14 <0.5 dn-• =Scm 

B47 8 40 39. 7.9 7.5 0.16 1.68 Optim.um 
B47c 212. 44. 7.5 0.30 1.12 

B54 8 40 204. 43. 0.75 0.22 1.94 Optim.um, but 
B54c -1900. -400. 0.75 1.66 -- · Pc l to' Pa 
B55 193. 38. 0.75 0.25 1.94 repetition of B54 

B52c ~ 21 2. 0.8 0.75 0.25 1.85 Pe:;:: to' Pa s 

B40c 8 20 265. 147. 7.5 1.42 0.80 

' 
B56c 69. 19. 7.5 0.26 1.68 o::lique incidence 
B59e 282. 78. 0.75 0.25 0.94 o lique incidence, 

B46c 8 40 -2300. "'2600. 0.13 0.43 -- Pc = 6.103 Pa 

B8c 8 20 5.9 1.6 30. 0.44 2.14 dn-•=20cm 

B39c 8 8 377. 314. 7;5 1.87 1.68 AG 
B34 8 0 42. 83. 15. --. 1.68 AO, dn-•=lOcm, 

bias-261 v 
c, sample in center position of pedestal; St, steel. 

deposition so far, and equally B54 and B55 with a higher Pc· All three trials 
yield coatings with a high erosion threshold. 

Considering the equal results of trials B54 and B55 it can be deduced that 
the reproducibility of both the deposition process and the erosion threshold mea
surement is good. 

In Fig. 3.15 the results of Raman spectroscopy and erosion threshold are 
combined. In general the highest Et values coincide with the most crystalline 
coatings according to the Raman spectrum. This means that Raman spectroscopy 
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is a suitable means for a first fast prediction on the thermomechanical properties 
of the coating. There are exceptions, e.g. B39, an amorphous coating with a 
high erosion threshold. Other properties (e.g. density) of the coating play an 
important part in determining the thermomechanical qualities. 

3~5.6 Growth rate and efficiency considerations. 

In Fig. 3.16 the normalized growth rates as a measure for the volume deposition 
rates are shown as a function the hydrogen admixtures. The deposition rates 
decrease with increasing hydrogen admixtures generally. In order to control the 
relative etching effect by the hydrogen radicals, the use of a small nozzle to 
substrate distance of 5 em was necessary. The area of deposition was measured 
directly on the sample pedestal. It appears that this area is somewhat larger than 
the cross section area of the actual (light emitting) plasma beam as shown in 
Fig. 3.3. This is caused by the stagnation by the pedestal causing a sideways 
expanding flow of plasma over the pedestal. For dn- 8 = 5 em and Pc = tOZ 
Pa the area of deposition Ac~ is "'7 .5 em. This value is used as the standard 
value, and can be linearly adjusted for dn-8 and reciprocically for Pc· Again 
the three lines for constant Q are drawn. The two dashed lines are for trials 
with chamber pressure of 1 mbar. The solid line represents a trial sequence with 
various high chamber pressures. In this view mostly the results for the high Q 
values (Q ~ 60·10-6 w-1 ), i.e. a high acetylene flow of 8 standard cm3s-1 are 
practically useful. For smaller deposition areas, with these high Q values, CG 
can be obtained with much higher (linear) growth rates, e.g. B46 (more than 
2000 nm s-1 !). 

A way of describing the efficiency of the deposition proces is the following. A 
monomer flow rate of 1 standard cm3s-1 (at room temperature) means a carbon 
injection rate of 0.488 mg s-1 for each carbon atom in the monomer. When 
every carbon particle is deposited at the substrate we get the following equivalent 
deposition rate (in nanometers per second) 

(3.2) 

with n the number of carbon atoms in the monomer, <2 (standard cm3s-1) the 
monomer flow rate, p (g cm-3) the density of the deposit, Aa: (cm2) the estimated 
area of deposition. We define an effiency factor F as the ratio of the observed and 
oftheequivalentdepositionrate, F = Ra:/Req· In Table 3.4themostinteresting 
results are given (for AG and CG calculated with p= 1 gem - 3). In the calculations 
the inhomogeneity of the growth rate over the area was not taken into account. 

It can easily be calculated that, with a flow rate of 1 standard cm3s-1 and · 
a deposition efficiency F of 1, it would take "'1200 days to repair a typical 
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Table 3.4: Summary of deposited areas, equivalent deposition rates, observed deposition 
rates and deduced deposition efficiency factor F · 

Ad Req Rd F type reference· remarks 
(cm2) (nms-1) (nms-1) or sample 

3. 93 10 0.11 diamond [3] {014}=0.2 
7.5 10410 44 0.004 CG B47 {C2H2}=8 
7.5 1301 21 0.016 CG B38 {C2H2}=1 
7.5 10410 314 0.03 AG B39 {C~H2}=8 
7.5 1301 196 0.15 AG B35 {C2H2}=1 

30. 2603 383 0.15 AG B5 {C2H2}=8 
120. 239 200 -1. a-C:H [2] {C2H2}=6.7 

disruption erosion damage. For AG with a F of 0.1 and with the application 
of 10 arcs with a tlow rate {C2H2}= 10 standard cm3s-1 (essential to keep 
the number of arcs limited!) a value of about 120 days is obtained. With the 
application of more arcs this period could be reduced further, or CG (F typically 
...... Q.01) could be applied. Covering the total divertor plate area of 2QO m2 would 
take about 50 times as long, so this is problematic. · 

The calculations for diamond and a:C-H ([2, 3]), although unsuited for the 
present purpose, are interesting. For diamond we obtain a surprising1y high F of 
....., 0.11. However, because of the low tlow rate {C~}=0.2 standard cm3s-1 only 
a very low part of the actual arc capacity is used. For a:C-H we obtain F ....., 1. 

3.5.7 Qualitative study of thermal shock damage 

In a second heat shock test sequence the best erosion resistant coatings were 
subjected to a 3 MJ m-2 (in 10 ms) thermal shock. Erosion depths were measured 
with a light microscope by focusing on the highest and lowest point of the erosion 
crater respectively. The light microscope is equipped with a nonius, so the depth 
can be measured in microns. However, this method is not accurate and the error 
may be tens of percents. SEM analysis yields more detailed information of the 
surface damage of the coatings. The most interesting results of tests of the CG 
coatings are given in the Figs. 17-19. The structure of all these coatings is well 
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Figure 3.17: 838c; highest E 1 =2.82 MJ m-2; d= 4 J-Im; partly eroded and cracks 

Figure 3.18: 857c; "recirculation" trial; Figure 3.19: 847; lowest Id/ 19 = 0.16 on 
d = 57 J-Im; lowest Ed = 32 J-Im; layer CFC; crystallinity optimum; d = 39 J-Im; 
modification partly eroded, small cr:acks. 

Figure 3.20: 834; bias -261 V d.c.; d = 43 
J-Im; Rd = 83 nm s-1; high Et = 1.68 MJ 
m-2; eroded and large cracks. 

Figure 3.21: 839c; d= 377 JJm; high Rd 
= 314 nm s-1; high E 1 = 1.68 MJ m-2,

eroded depth 145 J-Im; flattened cauliflow
ers. 
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represented by the typical foliate structure shown in Fig. 3. 7, with only minor 
variations. In Fig. 3.17 a micrograph of the thin coating of substrate B38c, with 
the highest erosion threshold is shown. ·The Raman spectrum of this sample is 
not available, but the spectrum of B38St out of the same batch (cf. Fig. 3.8(c)) 
indicates a highly crystalline material. It can be observed that on thermal shock 
testing the layer remains in place but has been partly eroded. In the residue cracks 
protruding in the CFC substrate are present. In Fig. 3.17 the result fQr the specific 
batch B57 (the "recirculation trial'') is shown. The center sample of this batch 
(B57c) appeared to have the smallest erosion depth. It can be noted that the layer 
has remained in its place. The foliates have changed in structure somewhat, but 
are still clearly observable. The loss of thickness can be explained by erosion, 
but also by layer modification due to a kind of annealing effect. In Fig. 3.19 
the micrograph for the interesting trial of B47 is shown. This. coating is highly 
crystalline (Table 3.3). Under the 3 MJ m-2 thermal·shock the l~yer suffered 
by erosion but remained largely intact. As for trial B57, some modification of 
the foliate structure has occurred. In Figs. 3.20 and 3.21 the micrographs of 
two typical AG coatings after thermal shock testing are shown. It concerns B34 
and B39c. Both had a rather high Et of 1.68 MJ m-2 and were produced at 
high groWth rates (Table 3.3). Upon thermal shock testing they appear to remain 
in their place. The former shows extensive cracks, while the latter suffers by 
erosion, resulting in a crater of flattened cauliflowers. 

3.5.8 Diamond conditions 

Applying hydrogen admixtures suitable for diamond deposition ontp silicon [3], 
on CFC substrates etching becomes predominant Only in one trial pn the center 
CFC substrate a small peak of CG was deposited. On the accompanying steel 
substrate diamond was formed. Images of these deposits are shown in Figs. 3.22 
and 3.23. In Fig. 3.22 it can be observed that underneath the diamond crystals 
an amorphous carbon sublayer has first been formed on the steel. As direct 
diamond formation on steel is theoretically impossible, this has been a necessary 
condition. The influence of the substrate type in the deposition process is once 
more stressed. The present finding is in agreement with the assqmption [26] 
that diamond deposition on graphite is impossible. Recently however Angus has 
reported the growth of diamond on graphite [27]. 



3.6 Conclusions 

Figure 3.22: SEM image of diamond (pre
cursor) deposited onto steel, top view, B45; 
{C2H2}=J/8; {H2}=37.5; {H}I{C}=101; 
Tpy ::' 810 °C Pc = 6.0 · 1rY Pa; Pare = 
3.19 kW,· Q = 2.3 · w-6w-1; d ::- 7JJ.m, 
Rd ::- 2.0 nm s- 1• 
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Figure 3.23: SEM image of diamond 
film deposited onto steel, top view, B49; 
{ C2H2} =0.25; { H2} =50; { H}/{ C} =20 1; 
Tpy ::' 900°Cpc = 6.4·103 Pa;Parc = 4.17 
kW.· Q = 1.2·1o-6w-1: d ::-17 JJ.m, Rd ::-
4.7 nm s-1• 

• A diverse range from amorphous to highly crystalline graphite was de
posited. Amorphous graphite shows a typical cauliflower structure. In 
crystalline graphite distinct foliates with dimensions of several microme
ters can be observed. The Raman spectrum of the most crystalline materials 
is comparable with that of the substrate CFC, i.e. of conventional CVD 
pyrolytic graphite. For the deposition of crystalline materials the addition 
of an etching medium such as hydrogen is essential. Growth rates were 
on the order of hundreds of nanometers per second for the amorphous 
graphites and tens of nanometers per second for the crystalline graphites, 
both on areas of several square centimeters. 

• For an application as a plasma-facing material processing of the coating 
material still needs improvement. Upon laser thermal shock tests the best 
crystalline coatings have an acceptable erosion threshold of about 2 MJ 
m-2 (in 10 ms). Of the amorphous coatings only one (B39) showed a 
reasonable thermomechanical behavior, with a threshold of 1.7 MJ m-2. 

This coating could be produced with an adequate growth rate of hundreds 
of nanometers per second. Under the 3 MJ m-2 pulse most coatings 
suffered from substantial damage. The adhesion of most coatings to the 
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CFC substrates is good, to steel it is poor. The mechanical strength of the 
material is moderate. It is porous. This may be an advantage in resisting 
heat shocks as it may prevent cracking. In view of tritium retention it is an 
undesired property. 

• Relations between deposited material and the deposition conditions were 
found. The three diagnostics SEM, Raman spectroscopy and laser thermal 
shock testing give consistent results: hydrogen addition, growth rate and 
possibly the Q-factor play a major role in determining the quality of the 
graphite. The correlation between the results of the diagnostics implies 
that SEM and Raman spectroscopy are suitable and fast methods to obtain 
a prediction of the coating quality, and in particular its thermomechanical 
qualities. 

• The type of substrate is a principal factor in the deposition process. It 
appeared that the general condition of a large hydrogen admixture (to 
obtain a hydrogen-free crystalline layer), on CFC results in etching. With 
the hydrogen concentrations necessary for the deposition of pure diamond 
(on silicon [3]), crystalline graphite was deposited onto the center CFC 
substrate. On a steel substrate diamond was deposited onto an amorphous 
sublayer, once more indicating the intluence of the substrate. 

Concerning optimization of the deposition proces, recent investigations in
dicate that with the use of another etching medium, e.g. oxygen[ crystalline 
materials can be produced at much higher growth rates [28].. An issut is to verify 
that no incorporation of oxygen in the layer occurs. • 

The best coatings appear to have been produced with the aid of a ~ecirculation 
cup (B57). Also a coating with oblique incidence of the beam (B56) gave a good 
result, as well as one with bias (B34). Optimization of other aspects of the 
deposition technique, such as substrate geometry, is promising. 

The optimum between (volume) growth rate and crystallinity is most probably 
not yet reached. At present, it is approximated best by the conditions of B47. 
It is expected that with independent control of the various reactor parameters, 
e.g. substrate temperature and nozzle to sample distance, the results can still be 
improved. 
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Chapter4 

Absorption spectroscopy on the expanding 
cascaded arc plasma jet 

abstract 

An expanding cascaded arc plasma jet is used for the deposition of amorphous and 
crystalline carbon films. In the expanding jet, an important radicalization process is the 
charge exchange between the argon ions of the carrier plasma and the injected hydrogen 
and deposition monomers, followed by dissociative recombination. Besides this process, 
excitation transfer from argon metastables to the admixed species may occur. In order to 
investigate the order ofmagni tude of the latter effect, the densities of argon- and hydrogen 
metastable states were determined by means of absorption spectroscopy. An experimental 
set up using a cascaded arc as a continuum light source with optical multichannel detection 
is presented. Some specific aspects in employing these components for absorption 
spectroscopy are treated. Measurements were done on strong argon lines in the range 
between 790 and 860 nm, and on the 656.3 nm Ha line. Analyzing the experimental data 
using a common Abel inversion technique resulted in radial density profiles obscured 
by oscillations due to the noise in the data. Therefore, an efficient numerical method 
for obtaining radial density and temperature profiles, using Abel integration in stead of 
Abel inversion was developed. For a pure argon plasma the Ar(3p54s) metastable and 
resonance state densities lay in the range of 1018 to 1016 m-3 at a chamber pressure of40 
Pa. The decay of the metastables and resonance states densities in axial direction were 
also calculated using a local quasi steady state model. It appears that the (re)capture 
of resonance radiation is keeping up the population density of the argon 4s states. The 
effect of the admixture of various gases used in deposition experiments, such as hydrogen, 
oxyge~and methane on the Ar(3p54s) metastable and resonant states was investigated. 
The addition ofhydrogen to the argon plasma leads to a rapid disappearance of the argon 
4s states. Possible explanations are the excitation energy transfer with the H* (n=2,3) 
levels, and a lowering of the argon ion density by dissociative recombination. Densities of 
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the hydrogen H(2s) metastable state could only be measured at a relatively high chamber 
pressure and a high hydrogen partial pressure. For a pressure of 1.1 · llY Pain a 1:4 
hydrogen/argon plasma, at the plasma axis at a distance of 20 mm from the nozzle, the 
densities are of the order of 1016 m-3. 

4.1 Introduction 

With the expanding cascaded arc method layers of all types of carbon from 
amorphous ll.ydrogenated carbon to the crystalline forms graphite and diamond 
are deposited at high rates. To this end, ·hydrocarbons, and hydro.gen and/or 
oxygen are admixed in the argon carrier gas. In the past, the expanding cascaded 
arc plasma jet has been subject of extensive studies already [1, 2, 3]. It has been 
postulated [2], that carbon ions, hydrocarbon radicals and excited carbon species 
are created through multiple charge transfers from the argon to the hydrocarbon 
radicals, followed by dissociative recombinations of the radicals. The question 
has risen whether the argon Ar(3p54s) metastable states (in the following denoted 
as argon 4s states) can also play an important role through excitaqon energy 
transfer to other species, since the rate coefficients for charge transfer from argon 
ions and excitation transfer from argon 4s metastables are often of the same order. 
E.g. for methane these rate coefficients are both of the order of 1·10-15 m3s-1 

[4, 5]. Ion densities in argon/methane plasmas have been determip.ed in the 
past [2] using emission spectroscopy and, recently, by probe measurements [6]. 
Absorption spectroscopy enables the determination of densities and temperatures 
of metastable states, which are not observable in emission spectroscopy. The 
influence of the admixture of various gases used in deposition experiments like 
hydrogen, oxygen and hydrocarbons on the density of the argon 4s states was 
studied on various positions in the expanding plasma jet. In [7] a method was 
presented for solving radial profiles of the species densities, using a cop.ventional 
deconvoluting Abel inversion method in combination with the common! correction 
procedure for nonlinearity in.the case of strong absorptions [8]. An important 
restriction in applying this method is that one has to assume that the absorption 
line profile does not change significantly over the line of sight. In othe~ words the 
gradients of the temperatures and the densities in radial direction are assumed to 
be small. This assumption only holds in the subsonic part of the expansion. In the 
supersonic part and the shock interesting features are averaged out by applying 
this simplification. Furthermore, by employing a deconvolution teclmifle like 
Abel inversion, results are obscured by the noise amplifying character of these 
techniques. In the present study an efficient numerical method is developed, 
based on a reverse approach using Abel integration over a line of sight. This 
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method enables the implication of radial variations of the absorption line profile 
and leads to a noise diminishing convolution technique. 

Practically, the present study also serves as a prestudy of future absorption 
spectroscopy on the species which may be important for the deposition of the 
crysWiine forms. The abundance of carbon ions in a plasma used for the depo
sition of amorphous hydrogenated carbon layers has already been proven with 
other methods [2, 1 ]. Absorption spectroscopy supplies a means to study whether 
also hydrocarbon radicals in the ground states play a role in the deposition of 
diamondlike carbon, graphite and diamond. It is generally accepted that for 
graphite deposition the C2 radical is beneficial (cf. Chapter lll). Concerning 
the species prevalent for the deposition of diamondlike and diamond materials, 
no unanimity exists in the literature. Generally it is assumed that hydrocarbon 
radicals are relevant. Various hydrocarbon radicals have been postulated, such 
as CH3 [9, 10, 11]. C2Hz [12, 13], CH [14] and many others [15, 9, 16]. We 
believe that in our method, using a thermal plasma with a high ionization degree 
as a source, the roie of the complex radicals will be limited and future absorption 
studies will be directed to the simple radicals CH and C2 and the C atoms and 
ions. Up, to now,· with the present experimental arrangement, no absorption on 
these species could be measured. Probably a multipass optical sytem ts required 
for this purpose; in a comparable situation a system of 30 passes was needed to 
obtain a measurable absorption (a few percent) on the molecular radicals [17]. 
This is due to the distribution of the signal over the rotational bands. 

In this chapter, firstly a brief survey of techniques, theory and data analysis 
methods of absorption spectroscopy will be given. Subsequently the experimental 
set up will be described and some specific aspects of the absorption technique 
using a continuum light source will be discussed. The convolution method for 
elaborating the experimental data will be treated. In Sec. 4.4.1 the results for the 
purely argon plasma will be presented, recapitulating firstly the results of [18]. 
Then the more accurate results as obtained by the actual convolution method will 
be given and compared with theoretical values .as calculated with a local quasi 
steady· state approximation. Finally, the results of the effect on the argon 4s 
densities of admixing various gases in the argon plasma and a preliminary result 
on the hydrogen 2s metastables will be discussed. 

4.2 General description of absorption spectroscopy 

4.2.1 Techniques of absorption spectroscopy 

Techniques of optical absorption are frequently used for the determination of the 
absolute concentrations in a plasma of atoms and molecules in ground and excited 
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states. Nowadays, the sensitivity of spectroscopic instruments is adequate for the 
measurement of the absorption on the metastable and resonant levels of various 
radicals and stable particles, even in the case of a low pressure. plasma. 

Different methods have been used for the quantitative determination of the 
absorption in a medium. Line reversal and reabsorption methods do not require 
[19, 20, 21] the application of an independent light source, and the results can 
easily be interpreted if the spectral lines emitted and absorbed by the medium 
have a Gaussian profile owing to the Doppler effect. In that case one must also 
know the temperature of the heavy particles in the plasma. The interpretation of 
the results of reabsorption measurements may be more complicated in the case 
of additional van der Waals [22] and Stark broadenings and shifts of the spectral 
lines [23]. But serious complications arise when the medium is inhomogeneous 
and at the same time both emission and absorption of radiation occur [19]. 

Another method, developed in [24] and [25] uses a mirror placed at the end 
of the absorbing medium in order to reflect the light towards the photon detector 
placed at the other end. One can determine the absorption by comparing the 
intensities obtained with and without the mirror~ The main difficulty of this 
method consists of determining the intensity of the reflected component, taking 
into account the reflectivity of the mirror and the transmission efficiencies of the 
windows (which may change in time). 

Many authors use for the determination of the absorption coefficient an inde
pendent light source, which radiates either spectral lines, or continuum [26, 27]. 
The recently developed cascaded arc plasma source [28] has already proven to be 
a very versatile continuum light source. It has a high intensity in the ultraviolet, 
visible and near infrared wavelength range (with spectral line emission approx
imately according to Planck's law (with T = 15 000 K)). The source fulfills the 
requirement of emitting a narrow beam of sufficiently high intensity. On the other 
hand, it has to be checked that perturbation of the plasma under observation by 
the strong radiation does not occur. 

If the absorbing medium emits the same lines as for which one measures 
the absorption, then the application of a modulated source and phase-sensitive 
detection are indicative. Another method is to measure the pure emission of the 
absorbing medium without the light source, and subs tract it from the measurement 
with the light source on. 

Currently, the method with a cascaded arc as a light source is used for the 
measurement of metastable particles in the expanding cascaded arc plasma, a 
nonequilibrium low-pressure atomic and molecular plasma. 
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4.2.2 Absorption coefficient of spectral lines 

The general case of the transport of radiation through inhomogeneous, radiating 
plasmas is very complicated, and has been solved only for some particular exam
ples [19]. Significant simplification is obtained in our case where the emission of 
the absorbing medium is small compared to the intensity of the light source. Con
sider a beam of parallel light from a source emitting a continuum spectrum with 
constant spectral intensity Io, passing through an (in)homogeneous absorbing 
medium (cf. [26].) 

The attenuation of the intensity on passing through a slab of thickness dx of 
a medium is then: 

dlo 
dx = -k(v,x)Io, (4.1) 

where k(v, x) is the frequency and spatially dependent absorption coefficient of 
the medium. If the. medium is homogeneous then the spectral intensity of the 
transmitted light 111 shows an exponential dependence: 

lv = Io exp( ....,kvl), (4.2) 

where k11 is the frequency dependent absorption coefficient of the medium, l 
is. the thickness of the absorbing layer. (As common, frequency dependence 
or definition per unit of frequency of a quantity will be expressed with v as a 
subscript, so kv = k(v) etc.) Eqs. (4.1) and (4.2) express the Beer-Lambert 
relationship in its differential and integral forms respectively. The first has to be 
used in the case of inhomogeneous media. 

The dependence of the absorption coefficient kv on the frequency v can be 
described by a line profile P11 , which, as a rule, is normalized on unity area: 

00 

j P11dv.= 1. (4.3) 
0 

The integration up to infinity implies the integration over the line profile as a 
whole. 

If it is assumed, that the upper quantum level k of the optical transition i -+ k 
is not significantly populated from the quantum level i, then the absolute value 
of k11 results from the relationship [29]: 

(4.4) 
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with Nt, the total number of absorbing particles per unit volume. h Planck's con
stant. c the speed oflight and Bik the Einstein coefficient (transition probability) 
for absorption. Bik is related to the Einstein coefficient for spontaneous emission 
AkibY 

Ui 81thv3 · 
Aki = -Bik-. -3 -, (4.5) 

Uk c 
with Ui and Uk the statistical weights of lower and upper level respectively. By 
this equation the Einstein B coefficient is defined in terms of radiati~n density 
(cf. [26] where a definition in terms of isotropic radiation is used). :Wrom (4.3) 
and ( 4.4) one immediately obtains the line absorption coefficient: 

hv hv 
k11 = -NiBikPv = -· Ni11Bik ( 4.6) 

c c 
with Nt,11 . the number of absorbing particles per frequency interval and per unit 
volume. If the upper level of the transition is being populated from the lower level 
i, then induced emission occurs. Usually the contribution of the induced emission 
is included in the absorption coefficient. This is convenient, since the induced 
emission has the same frequency and direction as the incident radiation. and thus 
may be considered as negative absorption. Assuming that the line profiles for 
emission and absorption are the same. then the absorption coefficient k~. with a 
correction for induced emission has the following form: 

(4.7) 

Taking into account thatgkBki = UiBik> one canobtain theintegrated absorption 
coefficient in general form: 

00 

Jk
' hv ( g;.Nk) · dv= -B-kN· 1---
11 c ' ' N ' 0 ft i 

(4.8) 

with Ni and N k the total number of absorbing particles per unit volume in the 
lower and the upper level respectively. Often the ratio N k/ N;, is very small and 
using Eq. (4.5) we can write the frequency integrated absorption coefficient in a 
more convenient way as: 

(4.9) 



4.2 General description of absorption spectroscopy 59 

For the description of absorption processes often the oscillator strength fki is 
used in stead of the Einstein transition probabilities. This concept was introduced 
by Ladenburg [29]. Classical theory yields for the integrated absorption: 

00 2 

Jk11dV = _e -Ndki, (4.10) 
£omec 

0 

where e and me are the electron elementary charge and mass and £o is the dielectric 
permittivity of vacuum. The oscillator strength !ki is directly proportional to the 
Einstein Aki coefficient. 

Furthermore, the degeneracies of the states i and k have to be taken into 
account leading to a different absorption !ik and emission oscillator strength fki: 

(4.11) 

Now combining Eqs. (4.9) and (4.10), fik is related to Aki in the following way: 

F 4£omec>.2 
9k A ( ) 

Jik= 21re2 •
9
i. ki· 4.12 

The Einstein Aki coefficient is related to the radiative lifetime r of a state by: 

(4.13) 

So in the case of one distinct transition (e.g. a resonance line), Aki is inversely 
proportional to the lifetime of the upper state. 

4.2.3 Spectral line shapes and broadening mechanisms 

The particular shape of the profile of the absorption coefficient depends on the 
mechanisms of spectral line broadening in the plasma. For this purpose one can 
consider three types of lines profiles [26, 30]. 

1 The Gaussian profile: 

kv = koexp {- [2v1n2(vLl~;o)r}, (4.14) 

with Llvv the full width at half-height. The value of Llvv depends only on 
the temperature T, and on the atomic weight M of the absorbing (emitting) 
particles: 
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( 4.15) 

with kB the Boltzmann constant. 
By integrating Eqs. (4.14) and using (4.9) the value of tpe absorption 
coefficient at the center of the line, k0, is expressed as a function of the 
density of the absorbing particles Ni as follows: 

ko = 2..;r:;;!i laNiAhi9k. 
l::!:,.vv 81r3/2gi 

(4.16) 

2 The Lorentzian profile: 

(4.17) 

where l::!:,.vL is the full width at half-height. This profile results from the 
finite lifetime of the states (natural broadening), collisions (homogeneous 
broadening) and influences of charged particles (Stark broadening). The 
absorption coefficient at the center of the line is in this case: 

ko = ~ >..5NiAhi9h. (4.18) 
AVL 81r312gi 

In Sec. 4.4.1 the specific case of only natural broadening lis adressed in 
more detail. I 

3 . The Voigt profile, resulting from the convolution of Gaussian/and Lorentzian 
profiles 

+oo 
k - k !!.. j exp( -y2)dy 
v- o'lr a2+ (w- y)2' (4.19) 

-oo 

with a = Vfi12t:::,.vLfl::!:,.vv, w = 2Jfi12(v- vo)/Avv andy = c · 
2Vfi12/ Avv; c expresses the variable distance to a point v - vo of the 
Lorentz profile (which is centered at v0). The Lorentz profile (with pa
rameter v - v0) is folded with a Gaussian profile (with parameter 6). In 
this case k0 is defined by expression (4.16), but it should be emphasized, 
that this value of ko does not correspond to the absorption coefficient at the 
center of the line. The Voigt profile can only be approximated numerically 
(cf. e.g. [31]). 
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4.2.4 Total absorption of spectral lines 

Frequently, one is interested more in the integrated (total line) intensity and in the 
integrated line absorption than in the spectral line intensity Ill. For example, one 
wants to determine the density of the absorbing species from the absorption of 
continuum radiation. If the intensity of the transmitted radiation is plotted against 
the frequency in the vicinity of an absorption line, the obtained dependences may 
appear as the solid and dashed curves in Fig. 4.1. 

> -
I 

I 

I 

/ 
/ 

I 

v 

Figure 4.1: TYpical profiles obtained in an absorption experiment. The shaded area 
indicates the integrated absorptionA9 for the solid line profile (adopted from [26]). 

The total absorption A9 is defined as ratio of the absorbed energy (shaded area 
in Fig. 4.1) and the incident intensity [26]). If the incident intensity is Io, the 

00 

absorbed fraction will be Io f[1 - exp ( -k11l)]dv, and: 
0 

00 

J Io- Ill 
A9 = [1 - exp( -k11l)]dv = ~lie Io , 

0 

(4.20) 

with ~vc the spectral width of the detection device and l the optical pathlength. 
The total absorption of the line depends on the absorption coefficient and the 
thickness ofthe layer, that is on the product Ndikl. It follows from (4.20) that. 
in general, the relation between measured total absorption A9 and density Ni 
of the absorbing particles is non-linear. A graph which represents the relation 
between A9 and the product Ndikl is called "curve of growth". The calculation 
of these curves is very laborious [31] for the general case of a Voigt profile. In 
the literature many different methods of calculation and representation can be 
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found (cf. e.g. [8, 19, 31, 32, 33, 34]). In [18] the reproduction of the exact 
curve for the specific case ofa purely Gaussian profile was given, as obtained by 
a simple numerical algorithm. Generally the curves are presented as .a function 
of parameter a == Vfii2t::.vL/ l1vD. In Fig. 4.2 they are shown in their most 
common representation. 

3r---------------------~~~~~--~~ 

2 

0 

log( 1 0.6· kol) 

Figure 4.2: The curves of growth for various ratios a of the Lorentz and the Gauss 
fraction of the line (adopted from [19)). 

In the linear part the optical thickness is small ( k11l < 1 ), and the curves with 
different values of a fall together. The measured total absorption is proportional 
to the density of the absorbing species. For k11l - oo all curves (for a > 0) 
converge into straight line of equal slope which means that the total absorption 
increases proportionally to the square root of the product Ndikl. For the case 
of strong absorption this situation can be explained by the 1/w2 dependence of 
the Lorentzlan profile on the line wings. In the limit of a --+ 0 (only Doppler 
broadening of the spectral lines) and/or strong absorptions, the curve of growth 
shows an almost fiat part, reflecting that a large part of the line is optically thick 
(the solid curve in Fig. 4.1). 

So by· measuring the total line absorption .49 , ·it is possible to obtain the 
product Ndu~l from the "curves of growth" and to calculate the concentration of 
the absorbing particles. To this end values for the parameter a and fik and l have 
to be known. 
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A special case is the case of weak absorption, when k11l < L The general 
expression (4.20) can then be simplified: 

00 00 

A9 = /[1- exp(-k,))]dv £! l j k11dv. (4.21) 
0 0 

Therefore, using Eqs. (4.9) and (4.20) one can obtain: 

Io- lv >.2 Uk 
ll.vc L = -

8 
-NiAkil, (4.22) 

o '11" Oi 

and for the determination of the product Ndikl, it suffices to measure only 
the value of the relative absorption ( Io - I v) I Io, and the spectral width of the 
detection device ll.vc. Thus, for the case of weak absorption it is not necessary 
to determine the detailed profile of the spectral line, which is a complicated and 
time-consuming procedure. Only the frequency integrated relative absorption is 
required. 

4.2.5 Measurement and data analysis techniques in the case of spa-
tially inhomogeneous absorbing media 

In many experimental situations one can suppose that the analysed absorbing 
medium has cylindrical symmetry and that the observation occurs perpendicularly 
to the axis of symmetry. As in emission, the radial dependence of the absorption 
can then be obtained by making a number of measurements in lateral direction 
and by Abel inverting the measured values. Strictly speaking, for the optically 
inhomogeneous medium one has to introduce an absorption coefficient k( v, x ), 
depending on frequency and location. A simplified case occurs when one can 
assume that along the observation path, the profiles of the spectral lines do not 
change. The latter requirement will be fullfilled if the radial gradient of the 
heavy particles temperature (for Doppler broadening) and the radial gradients of 
the electron temperature and density (for Stark broadening), are small enough. 
In that case the only parameter is the density of the absorbing particles, and 
a straightforward Abel inversion technique [3] can be used. However, care 
should be taken still; itis not allowed to Abel invert the measured values of 
the total absorption immediately; at each lateral position the profile of the total 
absorption is different, as a result of the non-linearity as a function of the density 
of the absorbing species. This implies that first one has to calculate the ko value 
associated with the measured value of A9 , by using the curves of Fig. 4.2. The 
value obtained for k0l can now be Abel inverted in a straightforward manner. In 
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the following we will refer to this method as the deconvolution method. lbis 
method was applied in [18]. 

When the profiles of the spectral lines change along the observation path 
a straight forward Abel inversion is no longer adequate. In that case one ob
tains a set of equations for the. different lateral positions, with parameters Ni 
(absorbing particles density), Tn, (heavy particles temperature), and additionally 
ne (in the case of a Lorentz Stark fraction in the profile). These ~an be solved 
by sophisticated numerical techniques ([35] and references therein). A method 
to circumvent these complicated procedures and still implement a variation of 
the spectral line profile over the line of sight is the following. One may adapt a 
profile for the densities and temperatures in the plasma beam, and calculate the 
expected values of the total absorption over a line of sight Consequently, by 
fitting the calculated val\).es to the measured values in a least squares procedure, 
the parameters of the profiles can be determined. For the expanding cascaded arc 
jet radial density profiles may be approximated by (combinations of) Gaussian 
profiles (cf. [1]). In section 4.3.4 this method will be addressed in more detail. 

Another important aspect is the shape of the absorption line profile. Close to 
the exit of the arc, the electron density is high and besides Doppl~r broadening, 
Stark broadening may become significant too. The resulting line profile is a Voigt 
function. In principle the present method can cope with all types of absorption 
line profiles, using appropriate initial assumptions. In Sec. 4.3.3 it wlll be shown 
that in our case the absorption line profile is predominantly Doppler broadened 
and that a Gaussian shape. may be adapted for the absorption line profile. 

4.3 Experimental 

4.3.1 The cascaded arc set-up for deposition 

The plasma is generated in a cascaded arc (Fig. 4.3). The arc consists of three 
I 

tungsten thorium cathodes, with a diameter of 1 mm and a maximum current of 
30 A, a stack of ten insulated copper plates, and an annular copper anode. The 
cascade plates have an inner bore of 4 mm and a thickness of 5 mm. They are 
insulated from each other by boron-nitride spacers (thickness 1 mm). Together 
they build up a plasma channel with a length of 60 mm. Argon is injected in 
the cathode space as a carrier gas, at flow rates adjustable over a wide range of 
about 10 to 400 standard cm3s-1, and a pressure of the order of0.5 bar (0.5 ·lOS 
Pa). The total current can be adjusted from 30 to 100 A, with a voltage of the 
order of 50 -150 V. So the power density in the arc is very high, of the order of 
10 kWcm-3• A plasma is generated with temperatures of the order of 1 eV, an 
electron density of the order of 10Z2m-3, and an ionization degree of"' 10%. 
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Figure 4.3: Schematic of the cascaded arc: ( 1) cathode, (2) copper plate, (3) end plate, 
(4) nozzle, (5) insulation plate, (6) plasma channel, (7) argon injection site, (8) hydrogen 
injection site, (9) monomer injection site, and ( 10) viewing pon. 

In Fig. 4.4 the position of the arc in the deposition and spectroscopy set-up 
is shown. The deposition vacuum chamber is evacuated to pressures of"' lc¥ 
Pa by two roots blowers and a rotating piston pump with a total capacity of 
2600 m3hc 1• Using a stepper motor controlled valve the pumping speed can be 
modified, and in this way the chamber pressure can be adjusted, independently 
of the gas fiow rate. The plasma expands supersonically through a ring shaped 
anode, the nozzle, into the vacuum chamber. In the nozzle a hydrocarbon gas can 
be injected, and by charge exchange from the argon to the hydrocarbon radicals, 
followed by dissociative recombination of the hydrocarbons, a beam of active 
carbon containing species is created. The active particles are accelerated into 
the vacuum chamber, pass through a shock, and are transported subsonically 
toward the substrate where the deposition takes place. Specific features of this 
method are that the three functions, production, transport and deposition can 
be optimized independently, and that there is convective transport of the active 
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particles. Consequently the deposition rates are orders of magnitude higher than 
in diffusion governed plasmas. More information on this technique can be found 
elsewhere ([1, 2, 3]). 

4.3.2 The spectroscopic set-up 

The light source 

In Fig. 4.4 the optical set up for performing emission- end absorption spec
troscopy on the expanding plasma beam is shown. As a lightsource, a stagnant 
cascaded arc is employed [28]. This arc is specifically tailored for the purpose 
of emitting high intensity radiation from the near infrared, through the visible, to 
the ultraviolet range. The arc is similar to the arc for deposition, but consists of 
a stack of only six plates. The length of the arc is 42 mm, and the diameter of 
the channel2 mm. The aperture is,.., 3·10-3 sr. The arc operates on argon, at a 
pressure of the order of 2 to 5 bars; the argon is fiushed at a low rate of only 3 
cm3min-1• The current can be adjusted from ""20 to 50 A, at a voltage ranging 
from "'60 to 110 V. The temperature in the arc is of the order of 1.5 eV. The 
intensity of the continuum radiation is only a factor of'"" 10 lower than according 
to Planck. In the spectral lines, the intensity approaches the value according to 
Planck's law and is of the order of 1014 wm-3sc1• The Stark broadening of the 
argon lines is very large (several tenths of nanometers), compared to the widths 
of the lines under investigation, and we can consider the source as a continuum 
source in the vicinity of the studied line. Besides for absorption spectroscopy the 
source can be used for spectroscopic ellipsometry [28] and infrared absorption 
measurements [36]. 
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Figure4.4: Outline of the spectroscopic set-up,· S: cascaded arc light source; M: mirrors; 
L: lenses; P: pinholes; B: beam splitter; C: chopper: T: translator; CA: cascaded arc,· 
EP: expanding plasma: SS:movable substrate support; W.· quartz window; F: order filter: 
Mp: monochromator; PDA: photo diode array: (PM: photo multiplier;) PC: personal 
computer 

Influence of the photoabsorption of external source radiation on the plasma 
paramaters 

It should be checked if the high intensity cascaded arc light source does not 
influence the plasma under investigation. Based on the experimental data on the 
cascaded arc light source given in [28], it is not difficult to estimate quantitatively 
the rate of the photoexcitation of 4s atoms in the analysed plasmas. Let us restrict 
the analysis to the spectral range between 750 and 850 nm, where the strongest 
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argon lines are situated. The lower quantum levels (configurationAr(3r4s) of 
this transition are, as a rule, significantly populated in low-temperature plasmas. 
Then it follows, that for the cascaded arc (radius to length ratio ~ 1121) with a 
pressure of 4 bar, and a current of 40 A, the intensity of the continuum radiation 
will be~ 1013 wm-3sr-1 and the intensity at spectral lines~ 1014 wm-3sr-1. 

One can estimate that the maximum number of atoms D.Nik• photoexcited per 
unit of time and per unit of volume as consequence of light absorption. In a 
transition with an oscillator strength /=0.01 D.Nu~ is equal to~ 2·101 Ni for the 
photoexcitation by continuum radiation, and 2·102 Ni for the photoexcitation by 
spectral lines. Ni is the concentration of the absorbing atoms. 

It is interesting to compare these photoexcitation rates with tljle same atom 
excitation rates by collisional processes in plasma. For the typical conditions in 
the expanding cascaded arc argon plasmas: ne ~ 1019 m-3, Te ~ 2-3·103 K [3], 
and for the rate constants < uv > of direct electron excitation of argon atoms 
Ar( 4s - 4p) [33], it is easy to find, that D.Nik = Nine < uv >~ lOS Ni. Thus, 
the estimations shows that the efficiency of photoexcitation of the argon atoms 
in expanded arc plasmas, is of much lower order than the electron excitation of 
the atoms in the plasma. So, in this case, the influence of the external source 
radiation on the properties of the plasma under investigation can1 be neglected 
and the use of filters is not necessary. 

The optical system and the detection section 

By the lenses Ll and L2 (focal lengths 75 and 400 mm respectively) a beam 
of parallel light is created, and passed on by the beam splitter (B). Rotating the 
chopper (C) now makes it possible to image a selected signal on the detection 
system. By using the mirror Ml a reference measurement of the source signal 
(/8 ) can be obtained. By blocking e.g. the source, the plasma emission (Ie) 
is transmitted to the detection elements. In a similar way the dark current of 
the detection system (I a) can be measured. The transmission of the light beam 
through the plasma (It) is measured in the following way: The beam is passed on 
by the mirror M2, M3 and M4 and focused by a lens L3 (focal length 700 mm), 
through the plasma, on the mirror MS. The mirror M3, and mirror M4 together 
with lens L3 are translatable, which enables axial and lateral scanning. The light 
is reflected, passing the plasma once again, and is transmitted, through the order 
filter F, to the detection section. Simultaneously the plasma emission Ie of the 
beam itself is collected by. an additional measurement and is subtracted. The 
beam is focused on the entrance slit of the monochromator by the optical system, 
consisting of the lenses L4 and L5; the focallenghts of these lenses are 400 and 
75 mm respectively. The pinhole P (diameter 1 mm) limits (by backprojection) 



4.3 Experimental 69 

the actual detection volume in the plasma. The detection volume is a conus with 
a top diameter of 2 em on lens L5, and the pinhole diameter on mirror MS; so on 
the plasma axis the diameter of the detection volume is ~ 1 em. 

The detection section consists of a Czerny-Thrner high resolution monochro
mator (THR-1000 of Jobin-Yvon), with a focal length of 1 m. The entrance angle 
of the light beam is 1/10 rad, the entrance slit width is 25 pm, and optimum 
filling of the diffraction grating (1200 lines/mm) is obtained. The dispersion of 
the monochromator is 0.8 nm/mm (at a wavelength of 500 nm). On the exit plane 
a Peltier cooled (-14 °C) photodiode array (Reticon RL 1024S) is placed [3]. It 
consists of 1024 elements with a width of 25 pm per diode and a height of 2.5 
mm. With this element a spectral range of 17 nm (at 800 nm) can be recorded in 
one time. After AD conversion, by a PLC718 lab-card (4096 bits), the signal of · 
the photodiode array is recorded by a personal computer. 

Deconvolution of the measured absorption to the desired integrated absorp
tion 

Here we want to discuss briefly some details of the application of photodiode 
arrays for absorption spectroscopy experiments, in view of lack of discussion of 
that problem in the literature. The measured integrated absorption Am is given 
by: 

I (It + Ie) - I Ie 

1 ,-.Am= aj{Is + Ia)-J Ia. (4.23) 
app app 

I denotes convolution of the intensities with the apparatus profile of the detection . 
app 
system, that is the monochromator and the diode array. The following reasoning 
now applies: 

The measured source intensity per pixel is 

j <J M(v)Iodv)dv. (4.24) 
pixel app 

M (v) expresses the apparatus profile. As usual the profile is normalized to unity: 

j M(v)d(v) = 1. ( 4.25) 
app 

As the source is a continuum source, Eq. (4.24) is true for every pixel in the 
array. Considering that the width of the absorption line (,..., 4 pm) is much smaller 



70 Chapter 4: Absozption spectroscopy on the expanding .... 

than the spectral width of one pixel (,.... 17 pm), the measured absorbed. source 
intensity per pixel is the integrated absorption area f I aba( v )dv and the measured 

line 
absorbed source·intensity per pixel Ap can be written as: 

Ap = j M(v)(j Iaba(v)dv)dv. (4.26) 

pixel line 

This equation is similar to the one for an emission line. Some care should be 
taken in applying Eq. ( 4.26). In general it is not allowed to apply this equation for 
each pixel separately; only in the case of a large entrance slit width, a rectangular 
profile arises and the value of Eq. (4.23) is equal for each pixel. So it is more 
convenient to integrate the intensities over the entire apparatus profile (N pixels). 
By using Eq. (4.25), we can write equation Eq. (4.23) as: 

. I Apdv 
1 

I Iabs(v)dv 
1 

Am = - apip T d = - N A line T = - N A • Ag' 
.tO V uVpixel .tO L.l.Vpixel 

(4.27) . 

app 

with A9 the total absorption as defined in Sec. 4.2.4 and N x AVpixei = Avmono· 

Eq. (4.27) is equal to Eq. (4.20). It should be noted that increasing the entrance 
slit width of the monochromator does not change the surface area of the total 
absorption (Fig. 4.1) at all. The slit width enters the calculation only, because a 
modified total source intensity is measured. It should be stressed that N is the 
number of pixels over which the apparatus profile spreads the absorption, and it 
is clear that this number should be taken not too small. However, the exact value 
of N is not clear. Fortunately Eq. (4.27) remains valid if the number of pixels 
N is taken larger than the number over which the apparatus profile is spread, and 
this supplies us the following method of determining A9 without determining 
N exactly. By numerically integrating the last term of (4.27) over a variety of 
values N, A9 can be determined from the slope in a graph of measured absorption 
Am· Avpixet vs. 1/ N. This procedure was applied on every measured absorption. 

4.3.3 Measurementconditions 

In Fig. 4.5 the studied section of the argon system and the selected spectral 
transitions are shown. The four argon 3y4s states under investigation can be 
distinguished in two metastable states e Po and 3 Pz, also denoted as s3 and ss) 
and two resonant states (1 Pt and 3 P1, s2 and s4). 
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Figure 4.5: The four argon 3ps4s states and the spectral transitions under investigation. 
In italics the absorption oscillator strengths fu, are given. 

By means of the photodiode array absorption measurements could be performed 
simultaneously on the eight spectral transitions depicted in Fig. 4.5. These 
lines were covered by selecting only two monochromator positions. In Table 
4.1 the specific parameters of the studied spectral transitions are given (adopted 
from [37]). Using Eq. (4.12) the relationship between the absorption oscillator 
strength irk and the transition probability Aki of these transitions is given by: 

{4.28) 

Most of the lines have large oscillator strenghts. They were selected to obtain 
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Table 4.1: The transitions from the 4s-states under investigation 

transition Paschen ..\(nm) Ui Uk Aki 
notation 10s s-t 

4s'[ 1 ]0 
- 4p'[~] ls3- 2p4 794.8 1 3 0.196 

4s[l]o - 4p[jJ ls4- 2p6 800.6 3 5 0.0468 
4s[l]o - 4p[l] Iss- 2ps 801.4 5 5 0.096 
4s[ ]0 -4p[-] ls4- 2P7 810.3 3 3 0.277 
4s[i]0 

- 4p[i] Iss- 2p9 811.5 5 7 0.366 
4s'[I]o- 4p1[~J lsz- 2p3 840.8 3 5 0.244 
4s[l]o - 4p'[SJ 1s4 ..... 2ps 842.4 3 5 0.233 
4s'[\]0 

- 4p'[\] 1sz- 2p4 852.1 3 3 0.147 

strong abS"Orption, leading to an acceptable signal-to-noise ratio. We can easily 
estimate the detection limit for the various transitions, because in this case it is 
allowed to use Eq. (4.21) for weak absorptions (and applying Eq. (4.27)). For 
the measured total absorption Am we find, with Llvc = 8 ·109 s-1: 

(4.29) 

with Ni expressed in units of 1015 m-3, Aki in units of 108 s-1, lin em (and the 
coefficient multiplied by 2 for the double pass). As an example, taking a density 
of 1015 m-3 and for the length l the diameter of the chamber (50 em), for the three 
transitions coming from the s4 substate, we will find measured absorptions of 
0.025, 0.089 and 0.124 respectively. The error in one measured lateral absorption 
value is of the order of 0.05. However because many lateral data are available, 
this error will be averaged out by the fit procedure and the real error is of the 
order of 0.01. This implies that using the strong lines, the lower limit of the 
detection is of the order of a density of 1015 m-3 over a length of 5 em, that is 
the plasma core. This means also, that when the optical pathlength is longer e.g. 
for the background gas, also lower densities will give significant absorption data. 
An illustration of this sensitivity can be found in Sec. 4.4.3. 

Measurements on the densities of the argon 4s-states were done for the reactor 
settings given in Table 4.2. These are the standard settings also used in Thomson 
scattering experiments [3] and Fabry-P~rot line profile measurements [3, 23]. At 
six axial positions, 20, 40, 60, 80, 100 and 120 mm from the center of the nozzle, 
45 lateral measurements were made, 2 mill apart from each other. 
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Table 4.2: The standard reactor settings for the argon plasma 

I arc 

Yare 

~Ar 
Pchamber (spectrosc.) 

45A 
85V 

58 cm3s-1 

40Pa 

73 

On these measurement positions the Lorentz fraction of the absorption line pro
files can be neglected compared to the Gauss fraction. This is justified as follows: 
The Doppler broadening in the expansion, with an argon heavy particle tempera
ture of"" 3000 K is "" 4 pm (picometer). The Stark broadening for the observed 
4s-4p transitions, assuming a typical electron density of 1019 m-3, is of the order 
of5·10-3 pm [33] The natural widths oftheresonant4s lines (withAki = 1.2·108 

s-1 and 5.1·108 s-1) are about 5·10-4 and 2.5·10-3 pm. Resonance broadening 
(including homogeneous broadening) at 40 Pa and 3000 K is 0(10-4) pm. Con
sequently the ratios of the Lorentz and Gauss fraction of the line profiles are less 
than 0.01, in which case the effect of the Lorentz fraction is very small (cf. Fig. 
4.2) for optical depths k01 S 100. So in the data analysis we can adopt a pure 
Gaussian line profile. 

4.3.4 Treatment of experimental data 

Convolution method for determining the absorption in inhomogeneous me
dia 

As mentioned already in Sec. 4.4.1 sophisticated numerical methods are neces
sary to obtain an exact solution (cf. [35] and references therein) if the absorption 
line shape is not constant over the line of sight. In the actual case of a Gaussian 
absorption line profile, with Doppler broadening as the predominant broaden
ing mechanism, the following efficient numerical method can be applied. On 
the basis of known experimental data [1], [3] we may adapt also a Gaussian 
radial profile of the density and the temperatures of the absorbing species in the 
following way; 

. (r-ro) 2 
Ni(r) = Ni(O) exp[- --x;:- ] 

" 

(4.30) 

with Ni(O) the density at the axis of the plasma, D..r is the width of the Gaussian 
distribution (lie width), and r the radial.coordinate, r = Jx2 + y2, with x 
the coordinate along the line of sight which is taken at a height y (the lateral 
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coordinate). In the present case ro is taken equal to 0. For the temperature a 
similar Gaussian profile can be adapted An issue is the physically reasonable 
combination of profiles. From experimental data on the expanding cascaded arc 
plasma jet [1], [3], it is plausible to take for the density a combination of a narrow 
Gauss (the plasma core) on top of a wide Gauss as a background (metastables 
in the recirculating background gas, created by capture of resonance radiation). 
For the temperature we adopt a narrow Gauss (with the same width as the narrow 
density Gauss) on top of a constant low background temperature. In Fig. 4.6 (a) 
and (b) the geometry and the adapted profiles are illustrated. 

(b) 

(a) 

Figure 4.6: (a) Geometry of a line of sight at height y through the expanding plasma 
beam and (b) adopted density and temperature profiles over a line of sight. 

This leads to the six parameters given in Table 4.3 in the fit procedure: 

Table 4.3: Fit parameters 

Parameter Notation 
top value of the plasma core density profile nt 

width of this profile ~rt 
top value of the density profile of the background gas n2 

width of this profile ~r2 

the top value of the temperature profile To 
width of the temperature profile ~r1 

basis temperature of the background gas TB 
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A dip in the center of the density profiles, which is often observed in emission 
profiles for other levels [3], can be simulated by subtracting a third Gaussian in 
the total density profile, leading to two more parameters, given in Table 4.4. 

Table 4.4: Additional fit parameters 

Parameter Notation I 
top value of the 'negative' Gaussian density profile n3 

width of this profile ~r3 

Using the prescribed temperature and density profiles, at each point (x, y) the 
Gaussian profiles ofk(v, r(x, y)) and the density Ni(x, y) are defined. Eqs. (4.2) 
and ( 4.14) can now be integrated over the line of sight and per frequency channel 
using (4.16). To this end, the line of sight has to be divided in a large number of 
small steps (250 steps of 2 mm), giving sufficient resolution of the density and 
temperature profiles. The integrated absorption area, which expresses the line 
integrated absorption in traversing (in our case two times) the plasma, can now be 
obtained by integrating over all frequency channels. It appears that 30 channels 
of 1110 of the Doppler line width, covering .the profile over three times this width, 
is sufficient to keep the error in the integrated area less than 1%. Numerically, 
the most convenient way for obtaining the integrated absorption is to determine 
the frequency step by the smallest Doppler width (at the plasma edge), and than, 
going to the center, increase the number of steps proportionally with the Doppler 
width, illustrated in Fig. 4.7. 
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Figure 4.7: Numerical step procedure for calculating the integrated !~Qsorpti()n. 

This procedure was carried out for each lateral position, and the calC!flated values 
can be fitted to the measured integrated absorption values using a least-squares 
parameter fit method. In this way optimum values for the parameters of the 
densities and temperatures profiles can be obtained. As a measute for the fit 
quality the following least-squares error function was used: 

1 Nil 

x2 = N L:CAm,y- At,y?, 
y 1 

(4.31) 

with Am,y and At,11 the measured and fitted total absorption respectively on 
lateral position y, and Ny the number of lateral data points. No weighing was 
applied because the (absolute) detection device noise was the predominant noise 
source. 

Approximation of the temperature profiles. and their effect on the density 
determinations 

In Ref. [ 18] it was already demonstrated that, despite a large difference in oscilla
tor strength, the use of different spectral lines leads to roughly to the same densities 
if the correct heavy particle temperatures are used. In the present method, fol
lowing the reverse way, temperature profiles can actually be determined, making 
use of the non-linear behavior of the absorption. Because the Doppler width 
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appears in (4.14), the temperature has e:ffect on the density determination in the 
case when lines with strong absorptions are used. This fact is illustrated by the 
curve of growth for the purely Gaussian profile (a=O in Fig. 4.2). For weak ab
sorptions the region of linear relation between measured absorption and optical 
depth, is entered, as described by Eq. ( 4.21). In this case the e:ffect of temperature 
becomes negligible, because of the fact that the area of the absorption profile, in 
the Gaussian case ko!::..va,.J'i, is proportional to the density, independent of the 
broadening mechanisms in the plasma [26]. For strong absorptions the flat part 
on the right hand side of the curve is entered, and the line width determines the 
amount ofloss in measured absorption due to saturation in the top of the profile. 

As an example the absorption data for the three lines from level s4 were 
used. The optical depths kol for these three lines di:ffer widely. For the weak 
800.6 nm line (!=0.092) the measured values of kol are of the order of unity, 
and the measured absorption is about linear with the density. For the two strong 
lines (810.3 nm, 842.4 nm) values of k0l of up to ""20 are obtained, and the 
measured absorption is non-linear with the density. Making use of the difference 
in non-linearity in measured absorption a determination of the parameters of 
the temperature profile is possible by fitting the measured absorption valueS for 
these three lines simultaneously with the same density and temperature profiles. 
All seven parameters of Table 4.3 were used. In Fig. 4.8 the temperatures 
profiles obtained from this procedure are shown. It can be observed that for 
the axial positions 20, 40, 60 and 80 mm from the nozzle realistic values of the 
temperatures were obtained, roughly in agreement with the ones of Ref. [23] 
and [2]. With the present method, temperature determinations for the positions 
z=100 and z=120 mm were not possible, as the non-linearity in the absorption is 
small. 
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Figure 4.9: Analysis of the top values of 
the radial density profiles for the three s4 

spectral lines, •, A, •: >.=800.6, 810.3 
and 842.4 nm respectively. and for two ax
ial positions: z=20 mm: solid symbols, 
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In Fig. 4.9 this is Ulustrated. The variation of this best-fit density with the 
top value of the temperature profile (on the plasma axis) for the three lines of 
level s4 is shown, for the two axial positions z=20 (solid symbols) and z=120 
mm (open symbols). Regarding the position close to the nozzle, it can be 
observed that for the two strong lines 810.3 and 842.4 nm the variations can 

·be substantial (for the 842.4 nm line even > 100 %), while for the weak line 
(8()0.6 nm) the effect is still small. For the location (z=120 mm) where the 
densities are much lower the variation is small even for the strong lines, of the 
order of 10%. It becomes clear now why the numerical algorithm could do a 
temperature determination for the locations close to the nozzle, using the three 
lines simultaneously. The numerically optimum density determination is laying 
somewhere in the triangle crossing of the lines at about 2800 K. For z= 120 mm 
the three lines vary smoothly with temperature in an almost parallel fashion. This 
implies that for weak absorptions (kokl)an accurate temperature determination 
is not possible, but also not necessary. For large values of kol a temperature 
estimation is desired and on the other hand, feasible. 

For the first four axial positions the determined temperatures agree reasonably 
well with determinations of other experiments. Heavy particle temperatures and 
rotational temperatures were determined to be around 3000 K [2, 23] at all 
of the six axial positions. So for the elaboration of all other measurements the 
following procedure was followed. A standard Gaussian temperature profile with 
a top temperature of 2300 K on top of an (averaged, non-critical) background 
temperature of700 K was adopted. The population densities for the four 4s-states 
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. were fitted to the measured absorption for the available lines on each state: the 
three lines for the 84 state, two lines for the states 82 and ss and one line for the 
s3 state. Because of the above reasoning, the errors in density will be small on 
all· positions. The result of the density profiles obtained by fitting of the s4 three 
lines simultaneously for these temperature profiles is treated in Sec. 4.4.1 (Fig. 
4.11 (a)). 

4.4 Results and discussion 

In the following figures, radial density or temperature profiles at the six axial 
positions of measurement will always be depicted by the following symbols: 
o, •, o, 'f, b.,+, at axial positions z=20,40, 60, 80, 100 and 120mmrespectively. 
It should be noted that these profiles are calculated and do not show fits, the 
symbols only serve to clarify the lines for the various axial positions. Only in 
figures showing fit qualities the symbols depict measured absorption values on · 
these positions. 

4.4.1 Absolute density of the Ar( 3r 4s) states in a pure argon plasma 

Density profiles obtained with the conventional deconvolution method (adopted 
from [18]) 

As an example, in Fig. 4.10 (a) through (c) the results for the three transitions 
from the s4 substate, with various oscillator strengths, are given. These results 
were obtained with the Abel inversion method [3, 38]. The figures show that the 
reproducibility of the obtained densities using three lines of varying strengths is 
reasonably well, indicating that the method for analyzing the non-linear absorp
tion is adequate. For most axial positions the values vary within 20%. 

tols ...__~_,__ _ __,_~_...__~_, 1015 L.._.......__._~_...-~_.__~__J 
-0.04 -0.02 0.00 0.02 0.04 -0.04 -0.02 0.00 0.02 0.04 

(a) S4, 801.4 nm x (m) (b)s4, 810.3nm x (m) 
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Figure 4.10: (a)-( c) Radial density profiles of the argon s4 -substate, using various lines, 
as obtained using Abel inversion. x is the lateral coordinate, z the distance from the 
nozzle, o, •, o, Y, b., + 20, 40, 60, 80, I 00 and 120 mm respectively. 

However, the use of this method implied several severe restrictions: 

• As explained in Sec. 4.2.5, the heavy particle temperature had to be taken 
constant over a line of sight through the plasma. 

• . the heavy particles temperatures have to be obtain~ by other measurement 
techniques. Based on the results obtained by Fabry-Perot line profile 
measurements on a similar cascaded arc set up [23], with the sime standard 
conditions, values of the order of 3000 K were applied. ' 

• It can be observed that the profiles are obscured by oscillations due to the 
Abel inversion of the noise in the measured lateral profiles. Pue to these 
oscillations, the exact shape of the profiles in the supersonic expansion 
and the shock region (at z ~60 mm) could not be resolved properly. The 
typical central dip in the density profiles (as observed for other species in 
the supersonic expansion (3]) can not be observed. It is not clear whether 
the dip is actually absent, or whether it is obscured by the oscillations. 

Density profiles obtained with the convolution method and accuracy of the 
results 

The main goal of the actual method is to obtain a more accurate density deter
mination on the plasma axis. This method now enables to establish whether the 
absence of the central dip is a real physical phenomenon. To this end, firstly it 
was investigated what combinations of Gaussian density functions describe the 
measured absorption adequately. It appeared that applying only one Gaussian 
yielded values which were to low in the center of the plasma. This implied that 
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a second broad profile was needed, representing metastables which were appar
ently also present in the background gas. In Fig. 4.11 (a) density profiles in the 
expansion for the s4 sublevel are shown as obtained in the combined 4-parameter 
fit for the three s4 -lines simultaneously in a pure argon plasma, using a combina
tion of two Gaussian profiles. The temperature profiles were fixed, following the 
reasoning of Sec. 4.3.4. A dip in the central densities was simulated by fitting 
the measured data with an extra 'negative' Gaussian density profile in the center. 
As an example the result of this fit is given for the s4-substate, for the first four 
axial positions in Fig. 4.11 (b). The temperature profile was again a centralized 
Gaussian on top of a constant background. Only insignificant central dips can 
be observed for the positions z=40 and 60 mm, so it is reasonable to limit the 
modelling to two centralized Gaussian profiles. 
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Figure 4.11: (a) 64 radial density profiles obtained byjitting with two Gaussians. (b) 
s4 radial density profiles obtained by fitting with three Gaussians (one negative). (c) 64 
radial density profiles of Fig. (a) throughout the chamber, showing the summation of the 
narrow and the broad Gaussian profiles. o, •, o, Y, !::., +, axial positions z=20, 40, 60, 
80, 100 and 120 mm respectively. (Note that here the symbols only serve to clarify the 
lines for the various axial positiOns.) 

Its interesting to observe the extension of the profiles throughout the vacuum 
chamber in Fig. 4.11 (c). Although the lateral scan range was only 9 em, the 
representation with two Gaussians renders a physically very reasonable picture 
of an expanding beam of 4s states, extending throughout the chamber on position 
z=120mm. 

In Fig. 4.12 (a) through (c) the fit quality for the three lines separately is 
shown, using the combination of two Gaussian profiles. It can be observed that 
for the first four positions the fits are indeed reasonably good. For ~=100 and 
120 mm however, significant deviations for the expected absorption for the three 
lines can be observed. Systematic deviations of the whole profiles from their 
expectation value for the optimized density, can be observed. The reason for this 
is.that the signal-to-noise ratio for these weak absorptions was moderate. The 
pixel blurring of the array may give rise to an artlfical positive of negative total 
absorption area, depending on the position of the line on the array. 
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Figure 4.12: Fit quality for the three s4 lines obtained in the simultaneous fit (with fixed 
Gaussian temperature profiles). The zero axis for the various positions has been shifted 
to get a clearer image; the small figures on the left hand axis indicate the zero axis for 
the respective axial position. (Note that here symbols depict actual measured absorption 
values.) 

The results of the 4s densities for the four substates sz, s3, s4 and ss as determined 
with appij.cation of the standard Gaussiantemperature profile ofSi!C.''4.3A are 
shown in Fig. 4.13 (a) through (d). So only the four density parameters of Table 
4.3 were included in the. fit prQcedure. 
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Figure 4.13: Radial density profiles of the four argon4s sub states in a pure argon plasma. 

The accordance with the results of the deconvolution method in [18], shown 
. in Sec. 4.4.1, is very well. But a major improvement obtained by the present 

method is that the results are not obscured by oscillations arising from the Fourier 
transform in the Abel inversion procedure. Now a more detailed image of the 
decay of the argon 4s-metastable and resonant states in axial direction has been 
obtained. 

In Fig. 4.14 the axial profile ofthefour4s substates is elucidated for two radial 
positions, at the plasma axis, and at 4 em from the axis (which is approximately 
the limit of the plasma core at this chamber pressure). The triangles depict the 
resonant states. It appears that the densities of the four states per statistical 
weights 9i (3, 1, 3, 5 respectively) are approximately equal, indicating a strong 
collisional coupling between the four states (cf. [33, 39]). The densities of the 
upper levels are slightly less populated. This leads us to simplify the analysis 
further, by just considering the sum of the densities of the 4s states. In Fig. 4.15 
the radial profiles of this total density of 4s states is given. 
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Figure 4.15: Radial profiles of the total density the argon 4s-state x is the lateral 
coordinate, z the distance from the nozzle, o, •, o, Y, !::., +,axial positions z=20, 40, 60, 
80, 100 and 120 mm respectively. 

Estimate of the population densities of theAr (3p54s) states 

The measured argon 4s densities can be explained using a simple model. In the 
expansion the situation is quasi-stationary and we can use the time-independent 
mass balance equation 

(4.32) 

with n and w the density and the velocity of the species concerned. The source 
term on the right hand side is built up by several contributions. The most 
important in the case of pure argon plasma are: 

1 For the production, the three-particle recombination: 

Ar+ + e + e !!.; Ar4s + e. (4.33) 
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Here it is assumed that all three particle recombinations cascade down to 
the 4s. states (supported by the findings of Benoy [ 40]). 

2 For. destruction, radiative decay (after 4s-mixing) through the resonant 
states, followed by production by capture of the radiation: 

(4.34) 

The contributions of other reactions to production and destruction appear to be 
negligible: 

• Production: 

- Formation of Ari, followed by dissociative recombination [41, 42]. 
- Three-body recombination (Ar+ + e + Ar) (a factor )MAr/me 

slower than reaction (4.33)). 
- Radiative recombination [3]. 

• Destruction: 

- Quenching of metastables by electronic coiUsions [33]. 
- Association to ArZ [43, 44] 
- Diffusion to the walls [45]. 

Eq. 4.32 now becomes: 

(4.35) 

with A the escape factor for resonance radiation and wz and Wr the axial and radial 
components of the velocity of the particles respectively. For the three particle 
recombination we adopt the following expression given by Biberman [3, 46]: 

(4.36) 

with ne= 10Z0 m-3, Te = 3000K.and no=0(1021) m-3, K1 = 2.5·10-36 m6s-1• 

Furthermore, ~s-3p = 1.57·10S s-1 and A= 0(10-3) [33]. 
An exact solution of Eq. (4.32) is readily obtained only in tlle subsonic 

expansion region. Here the gradients are small and the entire left hand side of 
Eq. (4.32) can be neglected. So in this region we can apply the following local 
balance between production and destruction: 
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K1n~ = n4s~s-+3pA. (4.37) 

The escape factor A now appears to be the determining factor on the 4s-density. 
It is related to the optical depth kR [33], given by: 

- - . Jiii2 >.:P Oq kR-
4 

;;;;~-Aqpnpp,R, (4.38) 
7ry 7r CL.\Aqp Up . 

with p, a geometrical factor (p,= 1.2) and R the radius of the plasma beam. The 
escape factor A is then given by: 

47rcgp~AL 

gqAqpnp>.4pJ.tR. 
( 4.39) 

Here kL and ~AL are the quantities taking only the Lorentzian part of the line 
into account, which is valid as t~; ::; ~· · 

The Lorentzian broadening mechanisms in the expansion which we should 
consider are natural broadening, Stark broadening and resonance broadening. 
The first has values of ~Anat=5·10-7 nm and 2.5·10-:-6 nm respectively for the 
two lines. The Stark broadening is of the order of ~Astark = 5 · 10'-27 ne nm [33], 
so in the subsonic part of the expansion, with ne =0(1019) m-3, ~Astark < tQ-7 

nm and we may neglect it in first order approximation. Resonance broadening of 
the two resonant lines can be estimated at 4 · tQ-8 and 1.5 · tQ-7nm [47], [48], 
[49] (with no,..., 10Z1 m-3) and can also be neglected. So in the subsonic part of 
the expansion, natural broadening is the most important Lorentzian broadening 
mechanism. Now using ~VL = z!r = z~v (for a resonance line) and A;r. = 
A~r., equation (4.39) becomes 

A(kR) = (4.40) 

It appears that the escape· factor for the resonant lines is independent of the 
transition probability A, caused by the proportionality of the Lotentzian width 
with the A -value. Furthermore it implies that the effective transition probabilities 
A · A of the levels s2 and s4 remain linear in A, and that the level with the largest 
transition probability A (5 .1·108s-1) represents the most important loss channel 
for the argon 4s-states. Furthermore, because of the strong coupling between the 
four 4s-sublevels, the radiative decay through the resonant lines is also indirectly 
providing a rapid depopulation of the metastable levels. Now for calculating 
the decay rates of the 4s-states first one has to calculate the effeetive transition 
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probability A · A per line and average it over the entire 4s-group [33]. This leads 
to an average effective 4s transition probability of 

4 
E g~cA~c-oA~c ..... o 

A4:-3,:::: k=l 4 =A ·1.57 · 108s-1 (4.41) 
E Yk 
k=l 

Using the values for ne, Te and no as obtained with Thomson scattering, and 
values of R from a quasi one-dimensional model [3], an axial dependence of the 
total4s-density in the subsonic expansion region is obtained (cf. Fig. 4.16). In 
the supersonic part the situation is much more complicated. First of all, axial 
transport and radial diffusion cannot be neglected. Moreover the production of 
4s-states by three particle recombination in the first millimeters of the expansion 
is large, because of the high electron density and the relatively rapidly dropping 
electron temperature. In other words, the plasma is recombining. Furthermore 
the escape factor cannot easily be calculated, because several line broadening 
mechanisms come into play. An exact solution in this region is out of the scope 
of this thesis. An indication for the 4s densities at the point z=O can be obtained 
in the following way: In the arc the plasma is approximately in Partial Local 
Thermal Equilibrium (PLTE). Using the Saha equation with ne=10Z2 m-3 and 
Te=1 eV the 4s-densitycan be calculated to be~ 1.5·1018 m~3 Now for the 
missing part in the graph. the supersonic expansion, it is reasonable to assume 
that the production of 4s compensates for the density decrease by the expansion, 
and the actual profile in this region can be approximated by a gradual density 
decrease. The assumption that there is a large net production of 4s-states in the 
supersonic expansion is justified by considering the·increase in the 4s-fiuence. 
The diameter of the nozzle (z=O) is only 4 mm, the diameter of the plaSma beam 
in the subsonic expansion is ""5 em, while the velocities and the densities are in 
the same order. 

Tile specific features of the results of Fig: 4.13 (a) through (d) can now be 
explained: 

• AsalreadynotedinSec. 4.4.1, the densities per statistical weightofthefour 
substates are approximately equal. The explanation for this is the strong 
collisional coupling by electrons and by neutrals. between the sublevels 
[33, 39]. 

• Compared to the densities for the electrons and the neutrals, the 4s density 
is relatively low in the first millimeters of the supersonic expansion. The 
absolute values of the densities are in the same order as the ones obtained 
in [23]. With respect to the argon ion level, these 4s densities imply an 
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underpopulation factor of about 3.5·10-4 [3], indicating the recombining 
character of the plasma. 

• the supersonic density drop appears to be absent for the 4s-densities. 
There is a production by recombination and a large transport of 4s states 
in the supersonic region. Also transport of radiation from the arc into the 
expansion may increase the 4s densities. Furthermore, it should be noted 
that the results are somewhat averaged spatially, due to the relatively 
large beam diameter (about 1 em) of the light source. So, for future 
measurements a smaller light beam is recommendable. 

• · lil the subsonic part (z > 60 mm) the 4s densitities remain approximately 
constant This is confirmed by the local balance model. Only a quantitative 
difference is present. This is caused by the discrepancies for the three
particle recombination formulaes found in the literature [3, 40, 50, 51]. 
Using the values of [3], which are a factor of 6 lower than those of 
Biberman, the estimated densities come out lower than the measured 
ones. So, on the average, the agreement of the measurements with the 
simple model is quite good. Another possible cause for the deviation is 
the sensitivity ofEq. (4.36) to the inaccuracy in the determination ofTe. 
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Figure 4.16: Total density of 4s-states n4, as a junction of axial position z; 6., as 
calculated by the model of Eq. (4.37), and, •. measured values. The symbol o on 
position z =0 denotes the value of the 4s-density, obtained using the Saha equation. 
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4.4.2 Absolute density of Ar(3p54s) states in plasmas used for carbon 
deposition 

The effect of the addition of hydrogen, methane and oxygen on the argon 4s 
metastables has been investigated. When only methane is added and the chamber 
pressure is low (0(10-100 Pa). a plasma suited for amorphous hydrogenated 
carbon (a-C:H) is obtained. The combination of the three admixtures yields 
a plasma which is used for diamond deposition. The reactor parameters for 
crystalline diamond deposition are given in Table 4.5. JYpical is the high chamber 
pressure of 6·1()3 Pa, needed for this type of deposition. Due to the lack of line 
profile data for these settings, the analysis of absorption data at this pressure 
would be very cumbersome. Therefore we reduced the chamber pressure to 40 
Pa, and obtained standard reactor settings for which the necessary data have been 
determined ([2, 3, 23]). 

Table 4.5: The additional reactor parameters for diamond deposition using the standard 
argon plasma. (The basic settings were already given in 'Rlble 4.Z.) 

CRHz 
<RcH4 
<Roz 

Pchamber (diamond depo) 
Pchamber (spectrosc.) 

dn-s 

3.2 cm3s 1 

0.8 cm3s-1 

0.4 cm3s-1 

6·103 Pa 
40Pa 

120mm 

Flrst of all the effect of each gas admixture separately was investigated. As data 
on the heavy particles temperatures for these mixed plasmas are not available yet, 
the temperatures were estimated based on experiences in emission spectroscopy 
[2] and deposition experiments. For the argon/methane plasma an axial tem
perature of 2500 K, for the argon/oxygen a temperature of 3000 K, and for the 
argon/hydrogen plasma and the argon/hydrogen/methane/oxygen an axial tem
perature of 2000 K was adopted. It should be noted that for all the admixtures, 
no central dips were observed in the measured absorption data. It appeared that 
applying again the two centralized Gaussian density profiles yielded adequate 
fits. 1\vo interesting axial positions were chosen, close to the nozzle (z=20 mm) 
and at the substrate location (z=120 mm). 
In order to discuss the result for each admixture separately in more detail, the 
main results are summarized in the following figures. In Ftg. 4.17 (a) through 
(d) the radial profiles of the total density of the 4s states are given for the various 
gas admix.t:u.res. In Fig. 4.18 (a) through (d) the axial decay ofthedensities of 
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the four 4s substates are given separately for the various gas admixtures. Again 
the results for the two radial positions are shown. In Fig. 4.18 (c) and (d) the 
lower limit of the displayed densities had to be decreased to 1014 m-3, in order 
to observe still some trends. It Sec. 4.3.3 it was argued that these data may still 
be realistic. 
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Figure 4.17: Radial profiles of the total density of the argon 4s state upon the addition 
of various gases: (a) 0.8 CfTi3 s-1 CH4 in the nozzle. (b) 0.4 CfTi3 s-1 0 2 in the nozzle. (c) 
3.2 cm3 s-1 H2 in the middle of the arc. (d) combination of the gas admixtures (a)-( c). o, 
+ z=20, 120 mm respectively,· 

Comparing the profiles of Figs. 4.17 and 4.18 (a) through (d) with those for the 
pure argon plasma, Figs. 4.14 and 4.15 generally the following features can be 
noted: 

• The shape and the values of the radial profiles are only slightly affected 
by the admixture of oxygen and methane in the nozzle. The admixture of 
hydrogen (in the arc), both separately, Figs. (c) and the admixture of the 
three gases simultaneously (the combination used for diamond deposition), 
Figs. (d), leads to narrower profiles, and substantially lower density values. 

• The densities per statistical weight are no longer approximately equal for 
most of the positions. Particularly for the off-axis positions (the open 
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symbols) the electronic coupling appears to be bad. This may be due to a 
lower electron density caused by the. admixture. Particularly the methane 
admixture in the nozzle seems to have a perturbing effect at the plasma 
edge, probably due to a bad mixing into the plasma core. 
In Figs. 4.17 (c) and (d) the inaccuracy in the 4s densities on the o:ff·axis 
positions may be too large, although the total densities (the + symbols) 
yield a realistic picture. 
Concerning the positions at the plasma axis (the solid symbols), we note 
the following: For the cases of methane and oxygen addition, Fig. 4.17 
(a) and (b), the coupling is still reasonable for the metastable states. The 
densities for the radiative levels (the triangles (up and down)) are no longer 
equal. The reason for this is not clear. For the cases of hydrogen and 
the combined addition, Fig. 4.17 (c) and (d), it is just reversed. The 
densities of the resonant states remain approximately equal, while those of 
the metastable states have decreased strongly at the position z=120 mm. 
The populating of these states has to be provided by electronic collisonal 
coupling to the resonant states, which appears to be inadequate. 
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Figure 4.18: Axial decay of the densities of the argon 4s substates upon the 
addition of various gases: (a)0.8 cm3r 1 CH4 in the nozzle. (b) 0.4 cm3s- 1 

0 2 in the nozzle. (c) 3.2 cm3s- 1 H2 in the middle of the arc. (d) combination 
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of the gas admixtures (a)-{ c). •. •, . Y, 11, +, 82, 83, 84, ss and total4s density 
respectively. nvo radial positions: solid symbols, solid lines ~=0 (plasma axis), 
open symbols, dashed lines ~=40 mm respectively; Note that here the lines merely 
serve to connect the associated data points and do not reflect an actually measured 
dependence. 

• For the present small amounts of methane and oxygen admixture, Figs. 
4.17 and 4.18 (a) and (b), both the ionization degree of the plasma and the 
argon 4s densities are hardly affected compared with that of a pure argon 
plasma The electron densities remain of the order of 1019 m-3• This has 
been established by emission spectroscopy [2] and probe measurements 
[6] respectively. These findings support the assumption that the argon 4s 
densities are coupled to the ion density. The ion densities are a factor of 10 
higher than the argon 4s densities .. On admixture of methane in the argon 
plasma the following reactions are of importance: 

Ar++CH11 
K, 

Ar+ CH~ +(y-x) H (4.42) -
Arm+CH11 

K2 
Ar+CHt+e (4.43) -

e+CHy 
K3 CH.:r:+ (y-x) H + e (4.44) -

Arm+CH11 
K4 -Ar+ CH.:r:+ (y-x) H (4.45) 

e+CHt ~ CH.:r:+ (y-x) H. (4.46) 

For y=4 (starting with methane) rate coefficients are given in the literature 
(mostly for low-temperature afterglows): 

K 1 = 1.1 · I0-15m3s-1 [4] 
K3 = 5 · 10-15m3s.,..1 [52] 
K4 = 0.3-0.6 ·10-15m3s-1 [53, 5] 

The cross-section for reaction (4.46) is known to be orders of magnitude 
larger than that for (4.45) and so this reaction is a important dissociation 
mechanism. For K4 no data are available. Penning ionization of Cl4 can 
most probably be ruled out because of its ionization potential of 12.6 eV, 
which is 0.9 eV higher than the highest metastable state. The ionization 
potentials of the CHJ; radicals however are 11.1, 10.4 and 9.8 eV for 
x=1,2,3 respectively [54], so Penning ionization of these species can easily 
occur. No rate coefficients are available but for the comparable reaction on 
acetylene (ionization potential 11.4 e V), 

( 4.47) 
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the rate coefficient is known: K~ = 0.56 · w-15m3s-1. [55] Compar
ing rate constants and densities we may conclude that the role of the 
metastables is limited and that the most important mechanism for the cre
ation of active (hydro)carbon species is the direct charge exchange with 
the argon ions followed by dissociative recombination. 

• On the admixture of hydrogen, and the combination of the three gases 
methane, oxygen and hydrogen, Figs. (c) and (d), the following features 
can be observed: 

- On both axial positions the argon 4s densities are much lower than 
those for the pure argon plasma. 

- The density profiles are narrower in comparison with pure argon 
case. 

The following reactions are proposed to account for the loss of argon 
4s-states: 

- Assuming that all4s-states come from recombination of argon ions, 
the loss of argon ions by charge transfer followed by dissociative 
recombination is responsible for the decrease of production of the 4s 
densities: 

Ar++H2 K6 H++Ar (4.48) --+ 2 

Ar++H2 K1 ArH++H (4.49) --+ 

e+ArH+ --+ Ar+H* (4.50) 

e+Hi --+ H+H*. (4.51) 

Reactions (4.51) and (4.51) are known to be very effective. For 
the charge exchange reactions approximate values are given in the 
literature. In [56] cross-sections of the order of 15 A.2 are given for 
reaction 4.49 (f~r argon ions with a high energy of 100 e V). For K 7 

estimates are given in [57]. 
K6 = 3 . w-tsm3s-1 [56] 
K1 = 0.54 ·10-15m3s-1 [57]. 

In this view the observed decrease of metastables in the plasma is 
consistent with the observed decrease of the ion density in argon
hydrogen plasmas [2]. 

- Direct interaction (excitation transfer) with the H*( n = 2, 3) levels 
[58, 59]: 
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Arm + H _,. Ar + H*(n=2,3). (4.52) 

The typical narrow profiles could be caused by the following mechanisms: 

- Again the predominant mechanism may be that the a4mixture of 
hydrogen leads to a substantial loss of ions and thus to ~ lower 4s
density in the core. As a result, the resonance radiation ha:s decreased 
considerably which leads consequently to a lower prodUction of 4s 
stares in the periphery by radiation capture. 

- The mixing of the injected hydrogen into the argon plasma core may 
be bad, leading to a relatively high reduction of the 4s density in the · 
periphery (again by loss of ionization). Also it could be an indication 
for the recirculation of Hz, Hz. will be more abundant than atomic 
hydrogen in the edges of the plasma core. In this case the following 
loss channel is present: 

H2+~ ~ ArH*+H, 

with Ks = 0.11 · w-ts m3s-1 [5]. 

(4.53) 

Summarizing, in Fig. 4.19 the axial decay of the total density of the argon 4s 
states is shown in one figure, for the various gas admixtures. In this case, the 
results for two radial positions are shown, viz. at the plasma axis (x=O) and on 
the approximate edge of the plasma core (x=40 mm). 

Also the values for the pure argon plasma are repeated, in this figure. It can 
immediately be observed that the effect of the admixtures of oxygen and methane 
on the 4s density is negligible. Moreover, the slope of the axial decrease are 
about equal to the slope for the case of the pure argon plasma. This indicates 
that no significant further interaction takes places between these species and the 
argon 4s metastables in the expansion. The effect of the admixture of hydrogen, 
and the combination of the three gases is clear. Notonly are the values at position 
z= 20 mm lower as for the case of the pure argon plasma, but also the slopes of 
the decrease are steeper. This confirms the influence of the addition of hydrogen 
on the argon 4s densities. 
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Figure 4.19: Comparison of the axial decay of the total density of the argon 4s state 
upon the addition of various gases: A standard argon plasma; • 0.8 crrf s-1 CH4 in the 
nozzle: ' 0.4 cm3 s-1 02 in the nozzle. • 3.2 cm3 s-1 H2 in the arc: + combination of the 
three admixtures (diamond condition). Radial positions: solid, open symbols, z=O, 40 
mm respectively 

4.4.3 Density ofH*(n = 2) states in an argon/hydrogen plasma 

Attempts have been made to measure also the hydrogen ( n = 2) densities. Using 
the reactor settings given in Table 4.5 both with the low (40 Pa) as with the high 
pressure (6·1()3 Pa) these could not be measured. It appeared that only at high 
fiow rates (14 cm3s-1) and an intermediate chamber pressure of 103 Pa, they 
could be measured. (A similar phenomenon has also been observed in emission, 
were the emission of the H 01 appears to be maximum for a pressure of several 
times 102 Pa [60]). 
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Figure 4.20: (a) Radial density profiles of the Jr (n = 2) state upon the addition of 14 
cm3s-1 H2 in the middle of the arc (in 58 cm3r 1 argon). o z=20 mm, + z=120 mm; 
Pc=l.l·lrP Pa and (b)fit quality. 

The result of this measurement(with T=2000 K) is given in Fig. 4.20. As an 
. illustration of the sensitivity of the fit method, and the analysis of the detection 
limit given in Sec. 4.3.3, the result of the position z= 120 mm is also given. Using 
Eq. (4.29), andA~ci,Ha=0.441,g~c=18 andgi=8, wefindAm=6.35·10-3 NJ That 
is a density of 0.3·1015 m-3 over a length of 5 em already gives a value for the 
absorption (of 0.01) in the order of the (statistically reduced) noise. So, at z = 
120 mm the measured absorption data yield H*( n = 2) densities of the order 
of the detection limit for H* ( n = 2) of ~ 3 · 1014 m - 3 • Unfortunately, in this 
case it can not be ruled out that the measured absorption values are caused by 
a systematic error (due to the localized effect of the pixel blurring on the diode 
array). The source of the H*(n = 2) states is probably the following reaction 
sequence, with H2 produced during recirculation in the chamber: 

Ar+ + H2 -+ ArH+ + H 
ArH+ + e -+ Ar+H*(n=2, 3) 

4.5 Conclusions 

(4.54) 
(4.55) 

1 An efficient and relatively easy numerical method has been developed for 
analyzing spectroscopic absorption data for inhomogeneous media. The 
results prove to be satisfactory; besides density profiles, in the case of 
accurate measurements also temperature determinations can be done in 
principle. 

2 The profile of the 4s densities in the expansion can be approximated 
adequately by a combination of two radial Gauss profiles, a narrow one 
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the plasma core and a broad one for the background gas. 
3 The densities of the argon 4s metastables are a factor of ,..., 10 lower than 

the ion densities. So their effect in deposition is limited compared to that 
of ions. 

4 The axial profile of the 4s states does not show the typical supersonic ex
pansion behaviour, which can be observed for the densities of the electrons 
and the neutrals, There is an actual net production of argon 4s in the 
supersonic expansion caused by recombination. Furthermore, most likely 
transport contributes to the observed high densities. 

5 In the subsonic expansion region the 4s-densities can be described by a local 
balance. An uncertainty is the value of the three-particle recombination 
coefficient and strong dependence on the electron temperature, which is 
only known approximately. 

6 Addition of hydrogen affects the metastable density drastically. Most likely 
this is due to two reasons: a) the hydrogen-induced loss of ionization; b) 
the excitation transfer between argon and hydrogen atoms~ No interaction 
with methane was observed, confirming the negligible role of the argon 
metastables in deposition processes. Addition of small amounts of oxygen 
has no effect on neither the ion density nor the 4s densities. 

7 Hydrogen 2s metastables can be detected only in specific reactor condi
tions, a relatively high hydrogen flow and an intermediate chamber pres
sure. 
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Chapter 5 

Diamond deposition by an expanding 
cascaded arc plasma 

abstract 

With the expanding cascaded arc method, diamond single crystals and continuous films 
were deposited onto silicon and molybdenum substrates. SEM was used for analyzing 
the morphology and estimating the deposition rates. Quantitatively, the quality of the 
deposited diamond was investigated by means of Raman spectroscopy. In the present 
work an upgrading of the power and flow settings of the deposition reactor was performed, 
using the conventional 1:100:100 hydrocarbon/hydrogen/argon plasma mixture, and a 
substrate temperature of 1000 °C. Based on these experiments, successfull trials were 
carried out using the novel oxygen/hydrogen/hydrocarbon/argon plasma mixture. The 
oxygen to carbon ratio typically had to be of the order of 1:1, in accordance with the 
values reported in the literature for other types of plasma reactors. In order to try and 
optimize the deposition rate (while retaining a high quality) the hydrogen flow rate was 
reduced as far as possible, and the influence of changing the location of admixture of 
the various gases was investigated. Good quality diamond was deposited reducing the 
hydrogen flow rate as far as to a 4:1 ratio to the hydrocarbon flow rate. Using this 
mixture, the highest growth rates were obtained with the substrate at a short distance 
( 4 em) from the exit of the arc. The maximum growth rate was of the order of 15 nm 
s-1• The width of the diamond Raman peak was 7.2 cm-:- 1 (a typical value for plasma 
synthesized diamond). The main advantage however using oxygen as an etching gas is 
that the substrate temperature required for diamond formation may be much lower. In 
the present project diamond was deposited at a substrate temperature of 400 °C, but at a 
low rate of some tenths of nm s-1 • 
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5.1 Introduction 

Diamond has a unique combination of physical properties. Among others these 
are a high hardness and wear resistance, a low friction, optical transparency in 
a wide wavelength range, a high thermal conductivity (while it is electrically 
insulating) and biocompatibility. In the form of a continous coating diamond is 
suited for a vast field of technological applications [1]. In the last decades the the 
efforts to synthesize diamond artificially have grown explosively. Up to 1958 the 
only method to produce artificial diamond crystals was the HP/HT technique in 
which coal was transformed into diamond by submitting it to simultaneously an 
extremely high pressure (HP) and a high temperature (HT) [2]. In that year the 
onset for a low pressure chemical vapour deposition technique for the deposition 
of diamond was given by Eversole [3]. The major breakthrough for the plasma 
enhanced diamond chemical vapour deposition techniques was achieved in the 
early eighties [4, 5, 6]. Extensive surveys of the various method$ and recent 
developments can be found in review papers [7, 8, 9, 10, 11, 12t and in the 
proceedings of the specific conferences and symposia in this field [13, 14]. The 
main requirement is the establishment of a superequilibrium of atomic hydrogen, 
that is an atomic hydrogen concentration much higher than the gas value of the 
chemical equilibrium for the temperature and the partial gas pressures concerned. 
The role of the hydrogen radicals is to etch away undesired codeposited graphite 
and to hinder polymerization in the reacting gases. With all types of plasma 
discharges this superequilibrium of atomic hydrogen can be achieved. Initially 
the most common reactors used were hot -filament (HF) reactors and conventional 
RF, microwave, or DC glow discharges. In these types of plasmas the deposition 
is governed by diffusion and the deposition rates are limited (up to about 1 p.m 
h-1 ). In the last decade other more efficient techniques have been developed e.g. 
the acetylene-oxygen flame (welding torch) [15]. The most recent development 
is the use of expanding plasma jets, with all types of plasmas (RF microwave, 
DC arc, ICP) operating as a particle source. Particularly with the DC and ICP 
jets, revolutionary growth rates have been achieved. A deposition rate of even 
up to 1 mm h-1 has been reported, using a DC ate jet with counterflow injection 
of liquid alcohols [16]. 

With the expanding cascaded arc plasma method, in the past [ 17, 18] diamond 
single crystals and continuous films were produced at high rates of the order of 
10 nm s-1 over an area of a few cm2• The present project is aimed at optimizing 
the conditions for high quality diamond deposition with this method. The most 
common gas mixture used is a hydrogen/methane admixture in the carrier gas 
(mostly argon). Disadvantages of the gas mixture used are, that the ratio of H:C 
has to be typically 100:1, and that the substrate temperature has to beofthe order of 
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1000 °C,which makes the method unsuited for many substrate materials. In recent 
years also succesfull diamond deposition using other etching gases like oxygen 
and fluorine has been reported [11, 19, 20] in various types of reactors. The 
principal gain is that the specific thermodynamic equilibrium conditions needed 
for the growth of diamond can be satisfied at lower deposition temperatures. In 
[ 17] already some succesful diamond deposition experiments using oxygen as an 
additional etching agent were reported, but no reduction in the hydrogen gas fiow 
rate was applied. In the present project firstly the reactor power and fiow rates 
were increased in order to investigate whether a further upgrade of the deposition 
rate is feasible. In a second stage the hydrogen flow rate was reduced as far as 
possible, using oxygen as an etching agent. The crystallinity of the deposited 
carbon material was studied as a function of the ratios H/C, 0/C and H/0 in the 
total gas admixture. An additional purpose was the investigation of the effect of 
these gas ratios on the morphology of the grown crystals. It is reported in the 
literature (cf. [21]) that by promoting the growth in one specific crystallographic 
direction, smooth films may be obtained. Furthermore, the influence of changing 
the injection sites of the gases was investigated. As substrates both molybdenum 
and silicon wafers were used. Initially the substrate temperature was kept on 
IV 1000 °C. Later the most promising trials were repeated for lower substrate 
temperatures (IV 400 °C). Besides operation at a lower substrate temperature, 
the use of oxygen in stead of hydrogen has many other advantages like higher 
growth rates, quality improvement, less power and gas consumption and a safer 
gas handling. Finally some experiments were carried out using C2H2I01f Ar and 
CF4/CH4- or CF4/C2HvAr plasma mixtures in order to investigate the possibility 
of growth of diamond with other gas mixtures. The crystallinity and the quality of 
the deposited diamond were analyzed by Scanning Electron Microscopy (SEM) 
and Raman spectroscopy. In this chapter, first some properties of diamond 
and the influence of the deposition conditions will be reviewed. Then we will 
discuss the experimental set up. Subsequently we will discuss the results of the 
SEM observations and the Raman spectroscopy, and the influence of various gas 
mixtures on the quality of the diamond films. 

5.2 Structure and properties of diamond 

The diamond structure consists ofsp3 hybridized carbon bonds, which build up 
a tetrahedral crystal lattice ((dc-c=l.54 A, angle CCC=l09° 28'). The crystal 
type is face centered cubic (Fig. 5.1), The unit cell is composed of two par
allellepipeds. By stacking identical units of structure in different sequences, a 
number of different modifications (polytypes) arise. The two principal polytypes 
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are the cubic and hexagonal (lonsdaleite), composed of units in which the atoms 
form a chair-like or a boat-like configuration respectively [22]. Macroscopically, 
diamond crystals occur in all kinds of geometrical shapes. 

Figure ~.1: The atomic configuration of diamond, with the atoms (with the solid pattern) 
expressing the tetrahedriil configuration. 

Diamond is very hard (hardness to-4 kg mm-2), and has a large band gap (5.5 
eV) which makes it transparent in large wavelength range, a high resistivity 
(1016 Om) and high thermal conductivity (800 W (mK.)-1) [23, 24]. These 
properties make plasma deposited diamond films suited for a lot of industrial 
applications. Practical examples are the application on cutting and grinding 
tools, the application as a heat sink in IC-technology and in diamond coated 
biomedical components. In [l] an outline of the field of applications is given. 

5.3 Diamond nucleation and growth 

In order to grow continuous diamond films the nucleation density on the sub
strate has to be enhanced by pretreatment of the substrate. In our case we applied 
scratching of the sample with diamond powder and ultrasonic cleaning of the 
substrate in ethanol. It is obvious that for delicate substrates this pretreatment 
technique is unsuited. Other methods for nucleation enhancement have been 
reported such as electrophoretic seeding [25] and the use of halogens [20], which 
simultaneously modify the substrate. Another important method, favouring de
position on unconventional substrate types like steel, is firstly depositing a DLC 
(diamond-like carbon, or a-C:H film) (see also Chapter DI). A systematic investi
gation on this method is given in [26]. There are several possible explanations for 
this type of growth. The first mechanism proposed is that the higher nucleation 
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density of diamond on amorphous (diamond-:like) carbon is achieved by a trans
formation of the amorphous carbon into diamond. The second is based on the 
structure of diamond-like carbon films. These films, being either nanocrystalline 
or amorphous. can be characterized by a high density of defects at the surface, 
which act as nucleation sites for diamond crystals. However, for the present pur
pose of studying the deposition of diamond as a function of the reactor settings, 
the scratching method was adequate. 

nucleation and surface energy dominate growth regime critical nuclei dominate 
kinetics dominate 

cubo--~ 

-@&-: 
low"""" 5-fold ... J:Fft 

,--rm_. cr 0-+ 
amorphous :miCJo-

carbon . c:ry.stalline facets appear 

decreasing hydrocarbon I hydrogen (or oxygen) ratio increasing T 

FigureS.2: lnjluenceoftheplasmacompositiononthe crystal shape of plasma synthesiZed 
diamond (from [26]). 

In the plasma synthesis_of diamond the morphology can be tailored by con
trolling the deposition conditions (Fig. 5.2). Below a certain H/C (or 0/C) ratio 
only graphitic carbon is formed. In the appropriate superequilibrium conditions 
the formation of diamond is prevalent above that of graphite. From the literature 
[11] it is known that the ratio ofH/C should be about 100:1, and of 0/C about 
1:1. irrespective of the type of plasma which is used. These findings will appear 
to be valid also for the cascaded arc deposition technique. 

An actual issue is that the diamond films are polycrystalline. This property 
makes them unsuited for most optical applications. For mechanical applications 
the surface roughness has to reduced by a treatment like polishing or laser treat

. ment [27]. The general aim is to produce a monocrystalline layer by epitaxial 
growth. The latter has only been achieved on substrates of natural diamond 
{homo-epitaxial growth) [28]. Hetero-epitaxial growth has been out of reach 
up to now and is also out of the scope of this thesis. Practical requirements 
necessary for hetero-epitaxial growth are a ultra-high vacuum system and a con
trolled stepwise growth [29]. Furthermore, the lattice constant of the substrate 
material has to match that of diamond, and only a few materials e.g. copper 
fulfill this requirement (but with other drawbacks such as carbon solvability and 
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a low melting temperature). Hetero-epitaxial growth by the present method may 
be impossible at all because the growth starts on a limited number of distinct 
sites on the substrate (the nucleation sites), resulting in a structure·of coalescing 
grains. The grain boundaries act as secondary nucleation sites and the result is 
a polycrystalline layer. One of the best alternatives to achieve the deposition of 
flat· films is promoting the growth in one crystallographic direction [4, 21, 30]. 
By variation of the hydrocarbon/hydrogen (or /oxygen ratio) andth.e substrate 
temperature the morphology of the deposited crystals may be tuned from cubic 
to octahedral [26, 31]. • 

Up tp now, several questions exist concerning the underlying cnemical and 
physical processesJor diamond growth. First of all, graphite is the thermOdy
namically stable form of solid carbon in the pressure and temperature ranges 
used in diamond depoSition. This fact is based on elementary thermodynamic 
energy calsulation~~ using the quasi-equilibrium (QE) model for calCulating gas 
compositions above a solid [32]. In the C-Hphase diagram [33] the.region of 
stability ofdiamond lies completely within that of graphite, so the model can not 
explain why the growth of diamond is prevalent. Additional non-th~odynamic 
parameters such as sticking coefficients and; desorption co~fficienWhav,e to be 
included in the model [33], e.g. a desorption coefficient of less than unity for 
Hz on ,graphite is proposed, leading to an enhanced etching (by C~ formation). 
The second issue concerns the exact gaseous precursor for diamond deposition. 
Generally it is assumed that hydrocarbon radicals are relevant. Depending on 
the deposition reactor used ann on the applied diagnostic, different radicals like 
CzHz [34, 35), CzH [36], CH3 [37], CHz [38] and CH [39]; Cz [40], C3 [41] 
and, recently, C litoms [42]. Mostly, chemical equilibrium models are used to 
calculate the abundance of the various species. Recently an extensive paper [ 42] 
has been presented reviewing the work in this field up to date and extending it to 
a comprehensive model for an expanding DC plasma jet. A serious limitation of 
these types of models is that they do not take ionized species and electrons into 
account. We will briefly summarize the results of these models which are now 
generally agreed upon. In the conventional HF, RF and microwave methods most 
likely the CH3 radical is the dominant growth species [29]. In the methods using 
an expanding jet, both C and CH3 radicals may be important species, depending 
on the relative concentration of atomic hydrogen [42]. The exact value of the 
latter is determined by the dissociation degree of the injected molecular hydrogen. 

The main surface reaction sequence, leading to the formation of diamond is 
given in reactions (5.1) through (5.4) [43]: 

C(diam) · +H· ·-+ C-H, (5.1) 
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C-H + H· -+ C(diam) ·+Hz, (5.2) 

C(diam) · +CH3· -+ C-C(diam) · +H · +H2, (5.3) 
or C(diam) · +C -+ C-C(diam)·, (5.4) 

with· denoting a dangling bond, and C(diam) an atom in the diamond congigura
tion. The surfaces of the growing diamond are temporarily hydrogen terminated 
due to the abundance of the atomic hydrogen (5.1) [29, 35]. After the hydrogen 
abstraction reaction (5.2), radical adsorption (5.3 or {5.4) occurs, followed by a 
new cycle of hydrogen adsorption, abstraction and radical absorption reactions. 
These reactions are all exoenergetic, after energy barriers of the order of 0.5 eV 
have been passed. 

The role of oxygen is explained by the production of CH3 and H by way of 
the reactions [43]: 

Cl4+0 -+ CH3+0H, 
Cf4 + OH -+ CH3 + HzO, 

Hz+O -+ OH+H, 
Hz+OH -+ HzO+H, 

(5.5) 

(5.6) 

(5.7) 

(5.8} 

and of dangling bond creation by etching of carbon atoms in the graphite config
uration, 

C-C(graph) · +0 -+ C · +CO (5.9) 

It is doubtful whether chemical models give an adequate description of what is 
actually happening in an expanding plasma jet Models and observations on the 
expanding cascaded arc plasma [17, 44] point to an important role for the charged 
species. Kroesen [44] elaborated a model on the expanding cascaded arc plasma 
jet, for compositions used for amorphous carbon deposition, in which the effect 
of charged particles is partly implemented. Beulens [17] measured carbon ions 
as important species. The mechanism for the production of carbon ions is charge 
exchange followed by dissociative recombination [17]: 

Ar+ +CH:c -Ar + CH;f_1 + H, (5.10) 

CH;f_1 + e -CH;_z,:c-3 + H* or H~, (5.11) 

Ar++c· -Ar+C+, (5.12) 

(5.13) 
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in total, 

3Ar+ + CH4 +2e -+ 3Ar + c++ 4H, (5.14) 

or2Ar++C~+e-+ 2Ar+C++2H+H2, (5.15) 

The species in the right hand side will be electronically or vibrationally 
excited. Adopting a average value of 4.3 eV for breaking all the C-H bonds 
of the methane [45], and ionization energies. of 15.6 eV (argon) .antl 11.3 eV 
(carbon), it can be conCluded that these mechanisms lead to a surplus I excitation 
energy for the resulting species of 18.3 eV and 2.7 eV respectively (without 
taking kinetic energies into account). 

From the reactions, it can be concluded that the addition of a small amount 
of a hydrocarbon (typically 1%) for diamond deposition) only slightly affects the 
plasma ionization degree in the plasma (cf. Chapter IV). A typical carbon ion 
density in the expansion is 1018 m-3 (with a chamber pressure of 100 Pa) [17]. 
The loss by radiative and three-particle recombination in the expansion appears 
to be negligible [46]. So from these findings, it can be concluded that carbon ions 
play an important role in the deposition process with the expanding cascaded arc 
plasma. 

However, in the conditions for diamond deposition, this picture is obscured. 
The admixture of large amounts of hydrogen reduces the ionization degree 
severely through the following reactions: 

Ar++ Hz -+ Ar+ Hf or ArH+ + H*., (5.16) 

Hf or ArH+ + e -+ H* or Ar+ H"', (5.17) 

In this case the argon ion density in the expansion will be of the order of 1016 

m-3 [47], and the dissociation of the hydrocarbons maybe incomplete. Assuming 
that the ions play an important role in the deposition process, this is another 
argument for switching to oxygen, which hardly affects the ionization degree [ 48]. 
An additional question is still whether the plasma composition in the expanding 
jet is representative for that close to the substrate. Generally it is accepted that 
close to the substrate a boundary layers exist with kinetics deviating of that in 
the plasma jet [42, 43, 49, 50]: In the relatively low temperature boundary gas 
layer on the substrate stable species C~ being the most prevalent, are rapidly 
produced, followed by CH3 radicals production by the partial equilibrium of the 
reaction C~ + H ;:::: CH3 + H2• [43]. Furthermore, during recirculation in 
the chamber hydrocarbons may originate, by association reactions on the walls. 
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Summarizing, the role of hydrocarbon radicals in the diamond deposition process 
using the cascaded arc plasma jet can not totally be ruled out. It is also possible 
that both ions and radicals play a role in a synergetic way. 

5.4 Experimental set-up 

The cascaded arc was introduced in 1956 by H. Maecker [51]. The composition 
of the arc itself was already described in Chapter II. In Fig. 5.3 an outline of 
the expanding cascaded arc set-up used for deposition is shown. The carrier 
gas argon is injected in the beginning of the arc channel at room temperature at 
a pressure around 0.5 bar. Standardized to a pressure of 1 bar its flow rate is 
typically 100 standard cm3s-1• A hydrocarbon is injected through the annular 
anode (the nozzle). As an etching agent hydrogen and/or oxygen can be injected 
in the middle of the arc or in the nozzle. The anode side of the arc is connected 
to a vacuum vessel with a pressure of the order of 6·1 03 Pa. The vacuum vessel 
consists of a stainless steel cylinder with a length of 1.2 m, and a diameter 
of 0.5 m. This vessel can be pumped by a series of two roots blowers with 
a combined pumping speed of 700 1 s-1• The vessel pressure is controlled 
by a throttling valve in the pumping line and is kept in the range 5-104 Pa 
during operation. A beam of active particles (carbon, hydrogen and oxygen, 
ions and radicals, and electrons) expands into the vessel. Firstly the particles 
are accelerated to supersonic velocities of about 4000 m s-1• The expansion 
and subsequent cooling of the heavy particles occurs approximately adiabatically 
[46]. The heavy particle temperature decreases from about 8000 Kin the arc to 
about 2000 Kin the supersonic expansion. The electron temperature drops from 
about 14000 Kin the arc to about 2000 K. At a distance of some millimeters from 
the nozzle (depending on the chamber pressure) a shock occurs. After the shock 
the particles are conveyed subsonically (with velocities of still several hundreds 
of meters per second) to the substrate where the deposition occurs. 

For diamond deposition the chamber pressure typically has to be of the order 
of"" 6·103 Pa [17]. 

The heating of the substrate is supplied by the plasma beam itself. To achieve 
1000 °C, the distance of the substrate to the nozzle has to be of the order of 
maximum 20 em. Furthermore, at a larger distance from the nozzle, the plasma 
beam exhibits a turbulent behaviour due to the relatively high chamber pressure. 
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Figure 5.3: Outline of the cascaded arc set-up 

In the vacuum chamber recirculation vortices exist. With increasing pressure the 
residence time of the particles in the vacuum chamber increases. anp recirculating 
particles may pass the substrate several times, leading to an enhanced deposition 
(and graphite etching) efficiency. This may be another mechanism contributing 
to the relatively high growth rate and to the better diamond qualjty. attained at 
higher chamber pressures (cf. Chapter m. 

5.5 Raman Spectroscopy 

5.5.1 Introduction 

Raman spectroscopy is a suited and fast technique for the analysis of the deposited 
crystalline carbon materials. The technique is based on the principle that the 
frequency of light scattered by matter may shift by a small amount depending 
on the vibrational properties of the matter. The specific advantage of the method 
is that it can distinguish clearly between the different allotropes of one element • 

. e.g. diamond and graphite in this case. in comparison with for instance Auger 
electron spectroscopy (AES) or X-ray photo-electron spectroscopy (XPS) where 
the differences in spectra for various allotropes are small. We will briefly treat 
the theory of the method followed by a description of the measurement set-up. 
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A very practical guide on this technique is [52], out of which the theory in the 
following section is adopted. 

5.5.2 Theory of the Raman effect 

In the classical approach the Raman effect can be regarded as the scattering of 
light by a collection of atoms undergoing simple harmonic vibrations, while no 
account of the quantization of the vibrational energy is taken. When a molecule 
is subjected to an electric field the atoms acquire an electric dipole moment. For 
small fields, the induced dipole moment J.Li is proportional to the field strength E. 

J.Li = aE. (5.18) 

The proportionality constant a is the polarizability of the molecule. Electromag
netic radiation generates an electric field which can be expressed as: 

E = E0 cos(21l'vot). (5.19) 

E0 is the equilibrium field strength and vo is the angular frequency of the radiation. 
When a diatomic molecule vibrates harmonically at a frequency vv, its vibration 
as a function of time t can be expressed as 

(5.20) 

with qv the elongation of the molecule along the axis and qo the equilibrium 
elongation of the molecule. 

A necessary condition for the occurence of Raman scattering is that the 
polarizibility a changes during the vibration. For small vibrational amplitudes 
its value will be 

a= a
0 + (g:) 

0 
qv. (5.21) 

Substituting Eq. (5.20) in Eq. (5.21 ), and using Eqs. (5.19) and (5.20), the effect 
of incident radiation of frequency vo on the induced dipole moment J.Li can be 
written as: 

J.Li = a 0 E0 cos(27rvot)+ (g:) 
0 

E0qof2x[cos(21r(vo+vv)t+cos(21r(vo-vv)t)]. 

(5.22) 
The first term in Eq. (5.22) describes the Rayleigh scattering and the remaining 
terms describe the Stokes and the anti-Stokes Raman scattering. Eq. (5.22) 
shows that light will be scattered with frequencies: 
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v0 = Rayleigh scattering 
and 
vo ± Vv = Raman scattering 

In addition, Eq. (5.22) shows that Ram~ scattering only occurs if: 

(5.23) 

which means that the polarizability of the molecule must change during a vi
bration. In reality the polarizability is a tensor of second order. It is given 
by: 

(5.24) 

which· means that incident light with wave vector coordinate qk induces po
larizabillty changes in the· material in the direction of the coordillates i and j 
(indicating crystallographic axes). 1 

It is clear that all elements will have different specific polarizability changes. 
Moreover, the type of structure in which the atoms are bonded will tie decisive for 
the detennination of the frequencies of the phonons which can occur. In a crystal 
with a periodic structure only vibrations with discrete frequencie~ (the normal 
modes) can occur. 1bis means that different crystal structures of one element 
can easily be distinguished. In the Raman spectrum sharp and narrow peaks will 
occur at specific frequencies. The full width at half maximum (F\vHM) of the 
peak is an indication for the perfectness of the crystal and lattice defects will 
cause a broadening of the peak. An amorphous material will give rise to broad 
bands in the spectrum. For carbon the Raman peak designation is given in Table 
5.1. 

· Table 5.1: Raman peak designation for carbon. (Adaptedfrom![53 ]) 

position typical FWHM shape assigned 
(cm-1) (cm-1) to i 

1150 80 Lorentzian nanocryst. diamond 
1332 2 Lorentzian natural diamond 

I 

1332 7 Lorentzian plasma deposited diamond 
1355 250 Lorentzian disordered graphite 
1470 80 Gaussian diamond precursor 
1470 5 ? C6o. C1o Buckminster fullerenes [54] 
1580 100 Gaussian graphite 
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The band at 1470 cm-1 is also associated with to the 'bucky-balls' [54], besides 
to nanocrystallinediamond. Some of our samples exhibited this band. A decisive 
test however is that using different polarization directions of the incident light 
the peak should alternately come up or completely disappear. In the testing of 
our samples the peak intensity was practically independent of the polarization of 
the incident light [55], so the peak cannot be attributed to full-grown bucky-balls. 
This finding is also supported by the fact that the presence of oxygen prevents the 
formation ofbucky balls [56] Maybe incomplete balls (curved graphitic sheets) 
are present in the material. Furthermore, in our samples the 1470 em - 1 band 
is always accompanied by the presence of the 1150 em - 1 which is generally 
assigned to a short range order of tetrahedrally bonded carbon (nanocrystalline 
diamond). The 1581 and 1355 em -I graphitic peaks were already addressed in 
Chapter m. Analog to the 1150 em -t diamond peak, the presence oftheJ355 
cm-1 band is an indication for the existence of graphitic bonding over a short 
range. 

The results of the diamond deposition experiments have been evaluated with 
micro-Raman spectroscopy. In this technique the microscope objective serves 
both for focusing the inCident light on the sample as for collecting the scattered 
light. For solid samples this is the common technique. It has the advantage that the 
alignment is very easy. Furthermore, by selecting the appropriate magnification, 
small sections of the samples (e.g. single crystals (facets)) can be studied. On the 
other hand the small spot in this technique hinders an exact interpretation of the 
overall coating quality [53]. However, because of the transparency of diamond a 
kind of averaging in depth is obtained. In Fig. 5.4 an outline of the Raman set-up 
(Dilor XY) is shown (cf. Chapter ill). 
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Figure 5.4: Outline of the set-up for micro Raman spectroscopy 

The double monochromator is necessary to suppress straylight from the nearby 
Rayleigh scattering peak (intensity 103 to 106 times as high as the intensity of 
the Raman peaks). Depending on the measured intensity, different entrance slit 
widths (200, 100 and 50 pm) were chosen, resulting in spectral widths of 6.6, 3.3 
and 1.65 cm-1 respectively. As these widths are comparable with the peak widths 
of the diamond Raman peak, deconvolution of the measured diamond peaks was 
done by fitting the Lorentzian peak convoluted with a Gaussian apparatus profile 
to the measured data. It should be noted that the Raman scattering efficiency for 
sy (grahitic) carbon bonds is 50-100 times as high as that for sp3 (diamond) 
bonds [43]. The magnification of the objective of the microscope was chosen on 
SOx, resulting in a spot size of4 pm2• As a source, the 514.5 nm line of an argon 
ion laser was used. In general the laser power was 100 m W. ·The photo diode 
array enables fast data-acquisition over a wide wave number range ("' 500 em -l) 
so the entire interesting region for carbon could be covered in one measurement. 
Signal-to-noise ratio was improved by averaging over 20 measurements of 1 s 
duration. Signal detection was done by means of a photo diode array coupled to 
a PC. 
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5.6 Results and discussion 

5.6.1 Deposition conditions 

In Table 5.2 the main parameters with which diamond deposition was obtained 
in the present project are given, compared to those used in the past [17]. It can 
be observed that significant extension of the parameter space has been achieved. 
In the first stage of the present work the power and gas tlows were substantially 
increased (column n, Table 5.2), in order to further increase the deposition rates. 
The H/C ratio was varied by varying the methane tlow from 0.6 to 1.05 cm3s-: 1• In 
a second stage the hydrogen was gradually replaced by oxygen. In column m and 
IV the lower limits of the hydrogen tlow rate with which diamond was deposited 
are given. With this modified gas mixture, lower deposition temperatures come 
into reach [19]. In order to reduce the substrate temperature, also the power and 
tlow settings had to be reduced. In column IV an optimum setting for these low 
power trials are given. Furthermore the intluence of modifying the admixture 
locations of the methane and the hydrogen was studied. Hydrogen was adrnixed 
in the cathode space, in the middle of the arc, in the nozzle, and in the vessel. 
Methane was admixed in the nozzle and in the vessel. Oxygen was injected in the 
middle of the arc, in the nozzle and in the vessel, and, in some preliminary trials, 
even in the cathode space. Furthermore, the use ofC2H2 and CF4 (the latter with 
tluorine as the etching agent) has been investigated. 
lnitially,1 inch wafers ofB-doped < 100 >-silicon were used as a substrate, but 
because of frequent cracking due to non-uniform heating and cooling, most trials 
were carried out using 1 inch molybdenum disks. With exception of the first few 
experiments (with hydrogen injection in the middle of the arc), the substrates 
were scratched with diamond powder (20-40 pm). All substrates were cleaned 
ultrasonically in ethanol (96 % purity). One striking discovery is that finger
print contaminations enhance the nucleation of diamond (also reported in [57]). 
In general, deposition temperatures were measured with an optical pyrometer 
(Chino-IR.-AIDS). Only for the low temperature experiments, a thermocouple 
measurement had to be used, and corrected to an actual surface deposition tem
perature. The pressure in the vessel was slightly unstable, and was kept around 
6.5·103 Pa by adjusting the valve to the pumping system (variation ±3 ·1o2 
Pa) The nozzle-to-sample distance was chosen such that the substrate tempera
ture was about 1000 °C, slightly varying (± 50°C) because the slightly varying 
pressure (and change in emissivity of the sample). 
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Table 5.2: Parameter ranges used in the past (column 1) and of the present project 
(column 11, III and W). 

past [17] parameters using low power 
upgrading oxygen low temp 

{Ar} (cm3s '1) 20-45 58 58 29 
{C:l4} (cm3s-1) 0.2-0.4 0.6-1.05 0.8 0.8 
{H2} (cm3s-1) 20-45 35 l1.6 0.4 
{02} (cm3s-1) 0-0.4 - 0.4-0.3 0.4 
Iarc (A) 20-45 45 45 i 25 
Varc (V) 110-133 128 90 69 
Pare (kW) 3.85-6 5.8 4.1 1.7 
Q (lo-Gw-t) 2.6-1.9 2.4 3.4 1.6 
HtotfC ratio 204 121-71 L8 5 
0/C ratio 0-1 1 1 1 
Ts r>c> 1000 1000 1000 ±400 
dn-s (em) 2-10 12 12,4 12 

Pc (lo2 Pa) 60 65 65 65 
Atdepo (min.) 60 60 60 I 60 

5.6.2 Crystallinity, morphology and deposition rate of the deposited 
diamond 

The conventional methane/hydrogen/argon plasma 

In Table 5.3 the FWHM value is given as a function of the variation of the 
hydrogen tlow rate and injection site. Injection of large amounts of hydrogen 
in the cathode space was not investigated. The power supply is inadequate to 
sustain the arc in that case, due to the high plasma resistivity. The reactor settings 
used are given by column n, Table 5.2. 
In Figs. 5.5 and 5.6 the fitted Raman spectra (a)-( c) and the morphology (d)-(t) 
are shown for diamond, deposited with hydrogen admixture in the middle of the 
arc and in the nozzle respectively.· Depending on the substrate pretreatment, both 
separate single crystals as aggregations of single crystals forming continuous 
layers were deposited after one hour. In Fig. 5.6 (e) the nucleation enhancement 
due to the scratches can be noticed clearly. In all cases the predomillant crystal 
habit is cubo-octahedral. The effect of changing the H/C ratio appears to be 
small. The H/C region in which cubic diamond crystals are formed may be very 
narrow [31]. Reducing the H/C ratio (Fig. 5.6 (e) and (f)) leads to a sudden 
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Table 5.3: FWHM values of the deconvoluted Lorentz diamond peaks as afunction 
of hydrogen flow rate and injection site; -g means: no diamond peak observed, only 
graphitic bands 

injection site---. halfway arc nozzle vessel 
HtotiC ratio t FWHM(cm-1) FWHM(cm-1) 

121 9.6 6.8 -g 
92 10.2 4.8 -g 
71 -g -g -g 

transition to a typical graphitic structure [58]. 
In most trials the deposition occurred over an annular area with radius of 

about 1 em and a few millimeters wide. This may be due to relatively high argon 
flow (compared to [17]). In the literature [59] it was reported that argon can 
annihilate nucleation sites for diamond deposition. 
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Figure 5.5: (a)-( c) Fitted Raman spectra and ( d)-(j) morphology of diamond deposited on 
silicon (not scratched) with hydrogen injection in the middle of the arc (H means Htot). 

Another possible explanation is a non-uniform plasma composition, due to in
sufficent mixing of the admixed gases into the argon. The maximum growth 
rates obtained are of the order of 10 pm h-1 (Fig. 5.5 (b)). which is lower as 
reported by [17]. It is possible that the loss in deposition rate due to the larger 
nozzle-substrate distance is larger than the gain by upgrading the power and flow 
settings. The distribution of the -g's in Table 5.3 confirms the ibportance of 
atomic hydrogen for the deposition of diamond. Comparing the sequences of 
Figs. 5.5 (a) through (c) and 5.6 (a) through (c), and the Raman widths in Table 
5.3, it can be observed that the addition of the hydrogen in the rozzle led to 
somewhat higher quality diamond then injecting it in the middle of the arc. The 
graphitic components are almost absent and the widths of the diamond peaks are 
smaller. This may be an indication for the importance of retaining a high ion
ization degree of the plasma in the diamond deposition process. fe ionization 
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is affected less in the case of hydrogen admixture in the nozzle. Furthermore, 
again the non-uniform plasma composition may play a role. In the case of Fig. 
5.6 (b) the SEM observation is not consistent with the Raman determined crys
tallinity. The crystals exhibit rough edges, while the Raman width (4.8 cm-1) is 
the smallest of that sequence. A possible explanation is that both diagnostics are 
not always applied on the same location on the sample. 
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Figure 5.6: (a)-( c) Fitted Raman spectra and (d)-(f) morphology of diamond deposited 
on silicon with hydrogert admixture in the nozzle. 

Effect of replacing the hydrogen with oxygen as an etching agent 

In Table 5.4 the FWHM value is given as a function of the ratio the hydrogen 
flow rate to the oxygen flow rate (H/0 ratio) and the injection site of the oxygen 
(the hydrogen was injected in the middle of the arc). The 0/C ratip was kept on 
unity. The other reactor settings are given by column III, Table 5.~. In Fig. 5.7 
(a) through (e) the Raman spectra, and in fig. 5.7 (f) through (j) th~ morphology 
of the deposited diamond is shown. When relevant, the effect of <!leconvolution 
with the apparatus profile is also shown. 

Table 5.4: FWHM values of the deconvoluted Lorentz diamond peaks as a function of 
oxygen flow rate and injection site; -g means: no diamond peak observed, only graphitic 
bands 

injection site -+ nozzle vessel 
HtotiO ratio l FWHM (cm-1) 

37.5 8.2 -g 
25.3 4.6 -g 
12.0 6.0 -

8.0 10.2 -g 
4.0 (no H2) -g -
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Figure 5.7: Fitted Raman spectra ((a) through (e)) and morphology ((f) through (j)) 
obtained with hydrogen injection in the middle of the arc and oxygen injection in the 
nozzle (H means Htot: 0/C=l. Fig. (b2) displays the the measured diamond peak of 
fig. (bl), and its deconvoluted shape (the higher one), and the fit quality, and Fig. (d2) 
that of (dl). Figs. (gl,2) and (il,2) show two SEM images of the typical diamond 
shapes associated with the spectrum of Figs. (bl) and (dl) respectively. Substrates: 
molybdenum 

Observing Fig. 5.7 (a) through (e)), there is an optimum H/0 ratio (25.3) 
for obtaining the best quality crystalline material. In the Raman spectrum the 
graphitic components are almost absent and the width of the diamond peak 
is at a minimum. Observing the SEM images leads to a similar conclusion. 
The diamond shown in Fig. 5.7 (g1,2) has the best defined crystal boundaries. 
No graphitic growth can be observed. Furthermore, again the crystal habit is 
predominantly cuba-octahedral, almost independent of the variation of the gas 
ratios, and changing to microcrystalline material for low 0/C ratios. Finding 
reactor settings which lead to the deposition of cubic diamond is desirable in 
future, with respect to the possibility of depositing a more smooth coating [21 ]. 

Total omission of the hydrogen admixture does not lead to diamond deposition 
with the present reactor settings. In the literature successfull diamond deposition 
with a methane/oxygen/argon mixture [60] has been reported. However, besides 
a small diamond peak, the Raman spectra exhibit also large graphitic bands. 
Obviously, the hydrogen radicals out of the methane are sufficient under specific 
conditions. Generally it is accepted [11]. that total omission of hydrogen (e.g. 

using CO) as a feed gas, can not lead to diamond deposition. 
The growth rates are somewhat higher than with the hydrogen/hydrocarbon 

mixture but still not revolutionary. With a better cooled substrate holder the 
substrate might be placed closer to the nozzle and even higher power and flow 
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settings might be applied. Furthermore, diamond nucleation and growth seems 
to be more effective on the molybdenum than on the silicon substrates. 

Analysis of the materials, deposited using oxygen in the plasma, with Low 
Energy Ion Scattering (LEIS) [61], indicated silicon contaminations. Diamond 
deposited using hydrogen did not show this contamination. For further opti
mization using oxygen, changes in the gas injection system are recommended. 
Protection of the substrate by first depositing an amorphous carbon sublayer 
without the use of oxygen may be necessary. 

Addition of hydrogen and oxygen in the vessel only led to graphite deposition 
and will not be discussed any further. Addition of methane in the vessel in stead 

I 

of the nozzle also led to highly crystalline diamond deposition (wi~ a FWHM of 
6.5 cm-1). 

Optimization of the deposition rate 

The·most promising experiments were repeated at a distance of 4icm from the 
nozzle. In this case both the hydrogen and the oxygen was admixed in the cathode 
space, in order to study the upper limit of the growth rate, simultaneously with 
the lower limit of the oxygen addition. The idea was that the dissociation of the 
hydrogen and oxygen gas is more complete in this case, and the :required flow· 
rates of these gases can be lower. The hydrogen flow rate was 3.2 cm3s-1 and 
the methane flow rate0.8 cm3s-1• The oxygen flow rate was varied from 0.4 to 
0.3 cm3s-1• The risk of sputtering cathode material was taken deliberately. as 
for the present purpose it was of secondary importance. Unfortunately, for this 
sequence again silicon had to be used as a substrate, by lack ofmolypdenum. The 
deposition temperature reached about 1200 ° C in the center, and the substrates 
cracked. Nevertheless, on the surrounding pieces diamond was depPsited. In Fig 
5.8 Raman spectra and SEM micrographs of diamond deposited in these trials 
are shown. From the SEM images (d) through (f) layer thicknesses of about 50 
p.m h-1 can be estimated (on limited areas ofsome mm2). In FigJ (d) it can be 
observed that the film is not uniform in thickness. This may be the result of a 
non-uniform flow pattern due to the protruding of the (cracked) ~ilicon pieces. 
Another cause may be cracking of these (thick) layers due to the rapid cooling 
of the substrate after switching of the plasma. The predominant triangle facets 

I 

in Fig. (e) indicate a prevalent octahedral crystal habit in this trial; This may be 
induced by the high deposition temperature in this trial (cf. 5.2). 
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Figure 5.8: (a)-( c) Raman spectra and (d)-(h) SEM micrographs of diamond deposited 
upon reducing the 0/C ratio; both oxygen and hydrogen injected in the cathode space; 
dn _, = 4 em; Silicon substrates. 

Table 5.5: FWHM values of the deconvoluted Lorentz diamond peaks as a function of the 
oxygen flow rate; -g means: no diamond peak observed, only graphitic bands 

injection site --> cathode space 
0/C ratio l 

1 7.4 
7/8 7.2 
6/8 -g 

In Table 5.5 the FWHM value of the Raman peaks are summarized. When 
the oxygen/carbon ratio was reduced to 6/8, a purely graphitic Raman spectrum 
was obtained (Fig. (c)). Nevertheless, the ballas in Fig. (h) seem to tend to facet 
formation. 

Reduction of power flow and substrate temperature 

In Fig. 5.9 Raman spectra and SEM micrographs are shown of carbon deposited 
on different substrate sites with the low power and flow settings given in column 
IV of Table 5.2. As a substrate, molybdenum was used. The surface temperature 
had to be estimated by way of a thermocouple measurement of the bulk of 
the substrate holder. This temperature reached 320 °C. From the experience 
of simultaneous thermocouple and pyrometer measurements during the graphite 
project (Chapter III), it appeared that the difference was approxim~tely a factor 
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5/4. This leads to an estimated real deposition temperature of"' 400 °C in this 
case. 

In the Raman spectra of Fig. (5.9) (a)-(b) it can be observed that both graphite 
and diamond are present on the substrate, depending on the location. In Fig. (e) 
leaf shaped deposits are shown, which weretypical for this trial. Mosflikely these 
are graphitic sheets. Bulk structures with facets could not be detected. In Fig. (c) 
and (d) spectra recorded on the back side of the substrateareshown. Apparently, 
traces of both materials were present there, too. In the SEM micrograph of the 
back side (Fig. (f)), some bulk structures with rough facets could be detected. 
The small dimensions of the structures are in accordance with the expected low 
growth rate at this temperature. The phenomenon of deposition on the back side 
appears to be present on some samples out of the other sequences too. It can not 
be ruled out that the diamond crystals observed in these trials were the residual 
of deposits of previous trials on the sample holder. 
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Figure 5.9: (a)-( d) Raman spectra obtained on different substrate locations after depo
sition with the low power, low flow settings of col. N, 5.2 Substrate Molybenum; ( e)-(f) 
SEM images of (e) typical needle shaped carbon deposit (front side of sample), (f) typical 
bulk structures (on back side of sample) 

Application of acetylene, and, fluorine containing gases 

Finally, a number of trials have been carried out using C2H2/02 and C2H2/CF4 

mixtures. Only graphitic material could be deposited up to now. The C2H2 we 
used was low grade quality. It is reported that the use of high grade acetylene 
(without nitrogen) is essential [11]. On using CF4 it should be nbted that the 
fluorine radicals are already very reactive at the injection site. Injection in the 
nozzle resulted in the sputtering of copper and subsequent deposition (often in the 
shape of (diamond like!) FCC crystals) on the substrate. As a spin-off, this may 
prove to be a suitable method to deposit carbon-metal layers. In order to achieve 
diamond deposition, besides a change in gas admixture method, further study is 
necessary to find the appropriate gas ratios. An indication can be found in [20], 
where successfull diamond deposition on Si < 100> wafers is reported, using a 
low-pressure RF-plasma assisted CVD sytem. Deposition parameters given are: 
a chamber pressure of 5 torr, a substrate temperature of 850 °C and a gas mixture 
of 8% CF4 in Hz. 

5. 7 Conclusions 

• In the cascaded arc deposition method hydrogen can be replaced largely 
by oxygen as an etching agent. Advantages are a lower power and gas 
consumption, safer gas handling and a lowering of the depoSition temper
ature. The total omission of the hydrogen is not feasible (only graphitic 
formation). With the high power and flow settings we have obtained a 
high growth rate (the estimation is about 50 J.Lm h- 1 ), but only on a limited 
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annular area (some mm2). Probably, the large argon flow is responsible for 
this, as it may destroy nucleation sites for diamond. Another explanation 
is that the mixing of the various gases is insufficient. 

•· The variation of the location (in the arc) of the admixture of oxygen and 
hydrogen has only little influence on the quality of diamond. Admixture 
of these gases in the chamber leads to deposition of graphitic material, 
confirming the requirement of an abundance of highly reactive radicals in 
the plasma jet. Admixture of the methane in the chamber atso leads to 
diamond deposition, indicating the possibility of diamond deposition by 
way of methyl radicals. 

• Most likely low power, low temperature diamond deposition is possible 
with the hydrogen/oxygen/hydrocarbon gas admixture, but the growth rate 
is rather low .. In this case most likely methyl radicals govern the deposition. 

• With C2H2 or CF4 no diamond wa8 deposited up to now. Further trying 
out to find appropriate reactor settings is necessary. The use of high purity 
gases may be necessary, to avoid nitrogen admixture .. 

• The use of oxygen and fluorine results in the production of highly reactive 
radicals already at the injection site. In order to avoid damage to the arc 
components and contamination of the deposited material the configuration 
of the gas inlet system should be changed. 
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Chapter 6 

Fast deposition of amorphous hydrogenated 
carbon by·an expanding cascaded arc 

plasma 

abstract 

Using an expanding cascaded arc plasma jet, amorphous hydrogenated carbon films were 
deposited on silicon, glass and steel substrates at high rates of tens of nanometers per 
second and on large areas of up to 50 cm2• The present work was aimed at depositing 
amorphous carbon films suited for optical and protective applications. Films deposited 
with the common argon/methane or argon/acetylene mixture, tend to d~laminate from 
the substrate when the film is thicker than about ""' 1 p.m, due to internal compressive 
stresses. For this reason, also trials using other compounds like C1Ha (toluene), CF4 and 
H:h and mixtures of these were used. With the use of toluene, several p.m's thick films, 
with a good adhesion to the substrate were deposited. With spectroscopic ellipsometry 
and infrared absorption optical parameters were obtained. Appropriate numerical models 
were developed for analyzing the data. The hydrogen and oxygen content in the films 
were determined with nuclear recoil techniques. It appeared that the films deposited 
with the use of toluene, are mainly polymer-like, have a high hydrogen content (40 at. 
%), and were partly oxidized (15 at.%). Films deposited with methane and acetylene 
are more diamond-like, with a lower hydrogen content, and low (2-3 at. %) oxygen 
incorporation. Refractive indices ranged from 1.3 to 2.2, band gaps are of the order of 
1 to 2 eV. By the admixture of hydrogen in the deposition plasma diamond-like films 
were produced with a larger band gap of 2.2 eV. The corrosion performance of the films 
was studied by storing them in a humidity cabinet. The corrosion protection of films 
deposited with hydrocarbon/argon plasma mixtures appeared to be limited. Thick films 
with a good corrosion performance were produced by admixing a fluorine containing gas 
in the plasma. Analysis of the infrared absorption spectra showed that these films consist 
of amorphous fluorinated carbon, with little or no hydrogen incorporation. 
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6.1 Introduction 

Plasma polymerization is a relatively new technique for surface modification and 
for deposition of amorphous hydrogenated carbon films (a-C:H films) [1, 2, 3]. 
Compared to conventional gas-phase deposition methods, the plasma deposited 
films are known to be highly crosslinked. In general the films are insoluble and 
pinhole free, and adhere well to the substrate up to film thicknesses of "" 1 pm. 
[1, 4]. The a-C:H films have an extensive field of potential applications, because 
of their unique combination of specific properties such as hardness, low friction 
coefficients, chemical inertness, biocompatibillty and optical transp1:1fency in a 
wide wavelength range [5]. Some practical applications of a-C:H' films are: 
overcoats. on thin-film media for magnetic recording [6], protective and anti
reflection coatings for optical devices, working in the infrared [7], insulating 
layers in electronic devices [8] and coatings for biomedical purposes [9]. 

The deposition rate with conventional plasma reactors like RF, microwave 
or DC glow discharge reactors (a few nanometers per second [10, 11]) how
ever are low and hamper large-scale industrial applications of a-C:H films. In 
the last decade in our group a method has been developed, using an expanding 
cascaded arc plasma jet, with which all types of carbon coatings are produced 
at deposition rates which are orders of magnitude higher [12, 13, 14] than with 
the conventional methods. For a-C:H films very high growth rates of up to 200 
nm s-1 were achieved on areas of 100 cm2, Conventional gases like methane 
and acetylene in the argon carrier gas were used [12]. The band gap of plasma 
deposited a-C:H films are mostly of the order of 1-2 eV. Furthermore, the films 
tend to delaminate from the substrate at thicknesses larger than about 1 pm. In 
the first part of the present project, acetylene (CzHz) and toluene (C7Hs) were 
used as the hydrocarbon admixture and, in some trials, hydrogen (H2) was added. 
The aim of this project was to find parameter settings with which thick films (3-4 
pm) could be deposited, with a good adhesion to the substrate, and with optimum 
combinations of film properties for optical applications. The optical parameters 
were determined using spectroscopic ellipsometry and infrared absorption spec
troscopy. From the results of the latter information on the predominant bonding 
types in the film was derived. Finally, the hydrogen and oxygen contents in the 
film were determined by nuclear scattering and recoil techniques. 

In a second study the corrosion behaviour of cold-rolled (CRS) steel and 
electrogalvanized (EGS) steel, .coated with a film of amorphous carbon was in
vestigated. Research on the feasibility of depositing films with these qualities on 
steel for corrosion protection has increased rapidly in the last years. The implica
tions of the possibility of replacing conventional steel protection techniques like 
galvanization :would be enormous. The energy consumption per coated steel area 
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would decrease drastically, as well the energy necessary for the recycling of the 
steel. Also from an environmental point of view the advantage of using carbon 
materials in stead of metallic coatings is obvious. Recently, films deposited with 
trimethylsilane were reported to have a good corrosion performance [4]. These 
films were deposited in an RF parallel plate reactor, or in a DC bell-jar-type 
reactor. The deposition rates obtained (about 1 p,m h-1) are rather low. In 
the underlying study the possibilities of the cascaded arc method in this field 
were investigated. The corrosion performance of the coatings was studied as a 
function of substrate type, pretreatment, gas mixture and gas flow rates. Gases 
admixed in the carrier gas argon were Cli4, CzHz, C1Hs and CF4, and mixtures 
of these. In order to map the requirements on elemental composition and struc.;. 
ture to this specific aim, the films were also characterized using Glow Discharge 
Optical Spectroscopy (GDOS), Time-of-Flight Secondary Ion Mass Spectrome
try (TOFSIMS) and Electron Impedance Spectroscopy (EIS). On some samples, 
also Scanning Electron Microscopy and X-ray photoelectron spectroscopy (XPS) 
were carried out. In this chapter, firstly data analyis techniques for the optical 
diagnostics are treated. Subsequently, the experimental arrangements for depo
sition, and analysis of the optical, structural and protective properties of the films 
are adressed. Then the results of the analysis of the films are treated in the same 
order, that is starting with those of the optical diagnostics and followed by the 
results on the elemental composition and the corrosion performance. 

6.2 Techniques and evaluation methods for analysis of the 
optical properties of the films 

6.2.1 Spectroscopic ellipsometry 

With ex situ spectroscopic ellipsometry the optical parameters of the deposited 
films, such as refractive index, absorption coefficient and band gap were deter
mined. The theory of this method has been described extensively in [15]. Briefly, 
the method determines the change in polarization of linearly polarized light upon 
reflection on the system film-substrate. This polarization change is expressed in 
the complex reflection ratio p: 

(6.1) 

Rp and Rs are the complex reflection coefficients for the light components po
larized parallel and perpendicularly to the plane of incidence respectively. (For a 
semi-infinite medium they are directly equal to the Fresnel reflection coefficients 
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[16].) Sop is a complex quantity and is generally expressed in the ellipsometric 
angles 'il! and~: 

p =tan 'il! expj~ (6.2) 

In measurement. set-ups either a rotating analyzer or a rotating polarizer system 
is used. In both methods a periodic signal on the detection device arises. By 
Fourier analysis of this signal the ellipsometric Fourier coefficients a and b are 
determined. When the polarizer angle is chosen at 45°, these coefficients are 
related to the ellipsometric angles 'il! and ~ by the following relationships: 

a = -cos2'i!! 
b = sin2w cos~ 

(6.3) 

(6.4) 

The parameters refractive index n and the extinction coefficient k, enter the 
formulas through the Fresnel reflection coefficients Rp and R8 • The band gap 
can be implied in the formulas using the Tauc relation [5, 12, 17, 18]. 

(6.5) 

with a= 41rk/ ,\;,\is the wavelength, E is the photon energy (in eV), E9 is the 

band gap (in e V), G is a density-of-states coefficient (in em-! e v-!) 
Because of the limited thickness of the deposited layers, interference os

cillations as a function of wavelength appeared in the signals, due to multiple 
reflections within the film. The method in which substrate and film considered 
mathematically by one semi-infinite bulk medium [15] is no longer adequate. 
The system substrate-layer has to be described by a multilayer system. This 
prohibits a straightforward calculation of n, k and E9 using the formulas above. 
The problem can be solved by reversing the solution method. This means that 
a fit procedure to the measured data can be applied, starting from a given set of 
thicknesses and optical parameters. From these values the expected values of 
the coefficients a and b can be calculated and by an iterative mean least-squares 
algorithm an optimum fit to the measured data can be obtained. Mathematically 
the multilayer system can be described most conveniently in terms of complex 
optical impedance factors for each layer [12]. In the past computer programs 
have been written to analyze the data of He-Ne in situ ellipsometry. Recently 
[19], the program has been adapted for calculations over a large wavelength 
range. A variable number of parameters can be included in the model: Often 
the system substrate-layer is extendend With a top layer, with different optical 
parameters. The theory of Bruggeman [20] gives an adequate formulation for 
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these surface parameters. The top layer is then described by a void fraction and a 
limited thickness (of some nanometers). However, it appeared that for the present 
amorphous carbon films, the implication of this top layer did not improve the fit 
quality, so we omitted it in our calculations. 

The following parameters were then included in the fit procedure: 

1 The thickness of the film d 
2 The refractive index n, taken constant over the wavelength range. 
3 The density-of-states factor G 
4 The optical gap E9 • 

The interference oscillations permit an initial film thickness estimates using the 
equation 

d = AiAi+t 1 ' 
Ai- Ai+t2n 

(6.6) 

with Ai and Ai+1 the wavelength of two succesive interference maxima. Initial 
estimates n, G and E9 can be found (after some practicing) from the amplitude 
of the fringes, and from the level and the slope of the a and b coefficients. 

As a measure for the quality .of the fit the least squares error function 

N 
xz = ~ 1)ai:;p- a~"''c>z- (br~p- brzlc>2, {6.7) 

i=l 

was adopted, with a and b the Fourier coefficients, N the number of points. 
Weighing was not applied, because the absolute instrument noise (equal over 
the entire frequency interval) was predominant over the effect of the relative 
inaccuracies in a and b. 

6.2.2 Infrared absorption spectroscopy 

Infrared absorption spectroscopy supplies a means to determine the abundance 
of bonding types in a coating. 

The transmitted tntensity IT through a layer of thickness d is described by 
the same exponential relationship as the transmission through a gas or plasma: 

IT= Ioexp( -k ·d), (6.8) 

with Io the intensity of the incident beam and k the extinction coefficient. The 
absorption coefficient a is related to k by a = 4:rr k I A. 

As in the case of the ellipsometric spectra the measured spectra are disturbed 
by interference oscillations, caused by multiple refiection in the layer. Further
more the attenuation of the beam through the substrate has to be taken into 
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account. This was done by measuring the transmission of an uncoated piece and 
a coated piece of silicon out of the same wafer. It can easily be deduced that the 
ratio of the intensity Io transmitted through the bare substrate and of the intensity 
lin transmitted through the substrate, and entering the deposited layer is given 
by: 

(6.9) 

with T1, 2 the transmission through the bare substrate and the coated substrate 
respectively. d8 and dr are the substrate thicknesses in the uncoated and the 
coated sections respectively, and they will be approximately equal in general. In 
fact this formula is an illustration of an a-C:H layer as an optical coating. The 
transmission of the .system substrate-coating is often higher than the transmission 
of the bare substrate. Taking the multiple reflection in the layer into account, Eq. 
(6.8) is transformed to [15, 21]: 

Ix = ti exp( -ad) 
lin 1 - 2rar3 exp( -ad) cos 4> + ( r2r3)2 exp( -2ad) ( 

6
·
10

) 

with t3 the transmissivity of the coating. r2 and r 3 are the reflectivities at the 
coating-substrate and the coating-air interface respectively and are related to the 
optical parameters n and k by the Fresnel relations. All of the parameters (except 
the thickness) are a function of frequency (wave number), so a = ltv etc .. Using 
Eqs. ( 6.9) and ( 6.10) the measured transmission can now be converted to the real 
absorption coefficient ltv. Two approaches are possible: When the thickness and 
refractive index of the coating and of the substrate are known, ltv can be solved 
point by point by a simple computer iteration ofEq. (6.10). For a-C:H materials, 
the profile of lt11 in a vibration band can be fitted approximately by a Gaussian 
function [22]. When the thicknesses are not exactly known, the spectrum can 
be fitted starting from a suited set of initial values for the thicknesses, refractive 
indices and Gaussian absorption profiles in the vibrational bands. An estimate 
for the film thickness can be found using Eq. (6.6). A starting estimate for 
the refractive index is yielded by the amplitude of the interference fringes (with 
Eq. 6.10). A reasonable assumption is that overall absorption through the 
layer can be neglected (in the infrared). Inserting these data in formula (6.10) 
the transmission can be approximated over an entire wavelength range, and by 
a subsequent least-squares fit, optimum values of the profiles of the absorption 
coefficient areobtalned. In this way the Gaussian absorption bands are convoluted 
to the measured transmission. 
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6.3 Experimental 

6.3.1 The expanding cascaded arc set-up for deposition 

The main features of the expanding cascaded arc technique for deposition, are 
the separation of the three phases production, transport and deposition of active 
species. The argon carrier gas enters the cathode space of the cascaded arc at a 
pressure of about 0.5 bar. A plasma is generated in the channel of a cascaded 
arc and expands through the annular anode into a vacuum chamber (pressure of 
the order of 100 Pa). The monomer is injected in the anode and ionized and 
dissociated by the plasma. In the expanding plasma jet excited and ionized atoms 
and molecular radicals are transported toward the substrate, where deposition 
occurs at high rates. To maintain a low deposition temperature (necessary for 
a-C:H deposition) the substrate support was. water-cooled. The exact reactor 
settings for a-C:H deposition are given in Table 6.1. The inverse power-flow 
factor Q is a specific parameter in the case of deposition with a plasma jet. It 
is similar to the WI F M ratio, which is the common parameter in the case of 
stationary RF and DC deposition methods [4]; W is the power, F is the monomer 
tlow rate and M is the molecular weight of the monomer. The factor Q is defined 
as F I AW with F, the net carbon tlow rate, A the argon tlow rate and W the 
power of the arc. In contrast to e.g. in [4], we can not simply state that a high Q 
factor leads to a precursor-similar structure in the film. In our case the monomer 
dissociation degree is much higher, and various mechanisms contribute to the 
observed relationships between reactor settings and carbon film properties. More 
details on the deposition reactor, the reactor settings and the relations with the 
deposited materials are given elsewhere [12, 13]. 

Table 6.1: The reactor settings and gas flow rates used for a-C:H,F deposition 

I arc 50 A 
Varc 90 v 
{Ar} 100 cm3s-1 

{C:cHy} 0.3-10.8 cm3s-1 

{C1Hs} 0.07-0.38 ml/min 
{Hz} 3, 14 cm3s-1 

{CF4} 0.4,0.6 cm3s-1 

Pchamber 22, 100 Pa 
Ts 20-200 oc 

dn-s 70 em 
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In the present project, two sequences of deposition experiments were carried out. 
The first sequence was aimed at checking and improving the optical properties 
of the films, the second at producing films with good anti-corrosive properties. 
A major demand for both sequences was depositing films with a good adhesion 
to the substrate. In the first sequence acetylene (CzHz) and toluene (C7H8) 

were used as a feed gas. With acetylene a sub-sequence of thin ("" 500 nm) 
films was deposited, in order to update the results found by Kroesen [12] and 
Beulens (13] in the past (cf. Chapter II). In a second sub-sequenc~, thick films 
(> 1 pm) with a good adhesion to the substrate were deposited with the use of 
toluene. The most promising trials of both sub-sequences were repeated with 
admixture of hydrogen as an extra feed gas in order to try and deposit more 
diamond-like films with enhanced sp3 bonding. In the second main sequence, 
the corrosion-performance study, films were deposited using various flow rates 
ofthe hydrocarbons, and with CF4 as an extra admixture. In Table 6.1 the range 
of the applied flow rates is given. 

6.3.2 Adhesion improvement by pretreatment 

Adhesion of a-C:H films to the substrate is a major issue in the study of the 
applicability of these films for protective purposes. A distinction can be made 
between the polymer-like, hydrogen-rich films, which are deposited in low Q
factor trials, and the diamond-like, hydrogen-lean films at the high Q-side of the 
reactor parameter range [13]. In general polymer-like films are soft and adhere 
reasonably well to the substrate. Using gaseous precursors like C~ and CzH2 this 
is valid for thicknesses of up to about 1 pm. However, using C7 Ha (toluene), soft 
films were produced, which adhered well even with thicknesses of several pms 
(cf. Sec 6.4.1). The diamond-like films contain internal stresses [17], and have 

· a tendency to delaminate at thicknesses of only a few hundreds of nanometers. 
It is well-known that a thorough cleaning of the substrate before depositing an 
a-C:H layer on it is essential for the adhesion of the film. For the glass and silicon 
substrates 5 minutes ultrasonic cleaning in an organic solvent (trichloroetylene) 
was carried out. For the cold-rolled (CRS) and electro-galvanized (EGS) steel 
substrates this treatment has to consist of a few stages. In order to remove 
stamping oil, at first the substrates were cleaned ultrasonically in trichloroetylene 
{purity>99 .5%) for 5 min. As a second stage, the steel substrates were cleaned in 
a 100/5 Ar/H2 plasma for 5 minutes, with a substrate temperature rising to "" 300 
°C. In a recent study [23] it was found that optimum cleaning was achieved by 
cleaning in a pure hydrogen plasma for 60 min. This may be preceded by cleaning 
in an oxygen plasma for 2 min. This hydrogen plasma cleaning has the effect 
that organic residues on the substrate are etched away partly and the residuals are 
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crosslinked which improves the sticking to the substrate. An important finding 
reported in [23] is that on the EGS substrates the hydrogen plasma is able to 
remove the (insulating) oxide layer completely, and that on the CRS substrates it 
is not. 

The actual deposition was divided into two stages; In the first stage of 
the deposition, the substrate was DC negatively biased for 20 seconds. This 
can be considered as a third pretreatment stage, in which it was attempted to 
implant carbon ions in the top layer of the steel, and create an interlayer of mixed 
composition. Unfortunately, the bias potential was limited to "" -200 V. by the 
high conductivity of the plasma, and it is not sure whether this value is high 
enough to effectively implant the ions [24, 25]. After switching off the bias the 
actual deposition was carried out for about 20 seconds. 

6.3.3 Diagnostic arrangements 

Ellipsometry and spectroscopy 

For the ellipsometry a rotating polarizer system with a cascaded arc as a light 
source [26] was used. The set-up used was that of the group Surface Physics 
[27]. The angle of incidence was 68.3°, and signal detection occurred by means 
of a photo diode array. The ellipsometric coefficients a and b were determined 
over the wavelength range from 300 to 1100 nm ( 4.5 to 1 e V). 

The infrared spectra were recorded with a Broker IPS 66 Fourier transform 
interferometer (of the EPG plasma physics group), with a resolution of 4 em -t 
using a cascaded arc as a light source. 

Nuclear recoil techniques for determining the atomic H/C and 0/C ratios 

In order to determine the hydrogen content and possible oxygen incorporation in 
the films (both bonded and not bonded), nuclear recoil techniques using a beam 
of high energy a-particles, produced by the A VF-cyclotron of the Department 
of Physics of the Eindhoven University of Technology was utilized. In each 
measurement two techniques were used simultaneously, Nuclear Back Scattering 
(NBS) for calibration purposes and (non-coincident) Elastic Recoil Detection 
Analysis (ERDA) for the actual concentration <;letermination. Experiments were 
carried out on a selection of the samples. 1\vo different experimental configura
tions, beam energies and detection methods were used, for the detection of the 
heavy elements oxygen and carbon, and the light element hydrogen, respectively. 
In Fig. 6.1 the measurement set-up for the determination of the carbon and 
oxygen contents in the layers is shown (adopted from [28]). 
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~NBS detection . 
thin film 

-f 
only He 

Figure 6.1: Measurement set-up for the determination of the carbon and oxygen contents 
in the .films. 

The energy of the a particles was 13.4 MeV. The beam spot size was "' 3 
mm2• The angle of incidence with respect to the surface normal was 75°. Dose 
calibration was obtained using NBS under a 150° angle with the through-passing 
beam, and equalizing for each sample the signal of the silicon substrate. The 
oxygen content was determined absolutely using ERDA and by comparing the 
measured signal with that of an Si02 sample with a known thickness and oxygen 
content. The detection of the recoiled particles occurred under an angle of 30° 
with the through-passing beam. For the detection a thin (4 pro) foil detector, type 
Ortec surface barrier detector, was used. The thin detector stops the heavy recoils, 
but lets the a-particles pass through, which facilitates the discrimination between 
the two types of species. Particles, recoiled from deeper layers in the carbon 
film loose an amount of energy proportional to their depth by electronic stopping. 
So, by detecting the recoiled particles per energy channel a depth profile of the 
film was obtained. The signals were integrated over the depth to obtain the total 
number of atoms per cm2• The measurement set-up for the determination of the 
hydrogen contents is shown in Fig. 6.2 (cf. also [29]). 
In this case a particles with an energy of 4 MeV were used. The angle of 
incidence was 75° with respect to the surface normal. Dose calibration of the 
signal was obtained using NBS under a 105° scattering angle with the through
passing beam and equalizing for each sample the signal of the Si-substrate. 
Absolute determination of the hydrogen contents in the films was obtained using 
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H-d.etector 

c. 

--
Figure 6.2: Measurement set-up for the determination of the hydrogen contents in the 
films 

ERDA and by comparing the signal with that of an ShN4 sample with a known 
hydrogen content (3.3 at. % ). In this case signal detection occurred under a 30° 
angle with the through-passing beam and the recoiled carbon and oxygen ions 
and a particles were eliminated by a stopping foil in front of the detector. The 
scattered H atoms passed through the foil and were detected with a standard PIPS 
(Passivated Implanted Planar Silicon) detector. In this case no depth profiling 
was obtained because of the negligible electronic stopping of the hydrogen. 

Diagnostics for structure analysis of :films for corrosion protection of steel 

The diagnostics treated in this section were all carried out by Armco Research 
and 'Thchnology. Middletown (USA) and related companies. The films of the 
anti-corrosion study were analyzed using Glow Discharge Optical Spectroscopy 
(GDOS) and Electrochemical Impedance Spectroscopy (EIS). The corrosion per
formance of the films was tested by storing them in a humidity environment 
for 96 hours. GDOS renders depth profiles of the elements in the film. In the 
GDOS diagnostic (cf. e.g. [30)) the film is sputtered by beam of high energy Ar 
ions. Typical operating parameters were a voltage of 700 V and a current of 30 
rnA. The device used was a LECO GDS-1000 Glow Discharge Spectrometer. A 
qualitative picture of the sputtered elements is obtained by observing the optical 
emission of the glow discharge. In this way a depth profile of the elements in 
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the film is obtained as a function of time. It should be noted that the GDOS 
technique has a widely varying sensitivity for the different elements and can only 
be used for a qualitative analysis. For instance, it appears to be very insensitive 
to hydrogen. On the other hand it is known that small amounts of nitrogen in a 
plasma can lead to strong optical emission bands. On a few samples Scanning 
Electron Microscopy (SEM) was carried out, in order to study the morphology of 
the films. From correlating the GDOS sputter rate with the thickness of the layer 
as estimated by SEM observations, an estimate for the growth rate of the films 
was deduced. Electrochemical Impedance spectroscopy (EIS), [4, 23] yields in
formation on the barrier properties of the films. This is a relatively novel method. 
The most important parameter is the pore resistance Rpo· Rpo is equal to the 
modulus of the impedance of the system in the limit of zero frequency. This 
parameter is a direct measure for the porosity of the layer and consequently for 
the corrosion performance. On a few samples Time-Of-Flight secondary Ion 
Mass Spectrometry, (TOFSIMS) was applied for analyzing the toplayer (3 A). 
The analysis was performed on a Kratos PRISM instrument. More information 
on this technique can be found in [31 ]. 

6.4 Results and discussion 

6.4.1 The optical parameters 

In Table 6.2 a survey of the trials aimed at studying the optical parameters is 
given. 
In Fig. 6.3 an example of a representative fit to the measured a and b coefficients 
is shown. It can be observed that the fit is satisfactory and that the model is 
adequate for the present purpose. The fit could probably be improved by using 
the program options of a frequency dependence of the refractive index, and of the 
top layer. The drawback is that the number of fit parameters increases. Another 
cause may be the fact that the spectroscopic data are very sensitive to a slight 
error in the angle of incidence [15]. Moreover, the validity of the Tauc relation 
is limited. This hinders the selection of the appropriate wavelength range, since 
this depends again on the (unknown) band gap. So future refinements on the 
application of this method are desirable. Nevertheless, the accuracy of the fit 
was sufficient to obtain approximate results on the thicknesses, band gaps and 
refractive indices of the films. 
In Fig. 6.4 the deposition rate as function of the fiow rates is given, as obtained 
from the best-fit thickness of the ellipsometric data (starting from Eq. 6.6). 
It can be observed that the deposition rate increases almost linearly with the 
hydrocarbon fiow rate up to large values. The area of deposition was rv 100 
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Table 6.2: Survey of the trials for the optical applications; { CH4}, { C2H2}, { C1Hs} 
{Hz} and {CF4}, gas flows, d and Rd. film thicknesses and growth rates as obtained 
from the ellipsometricjits, td, period oftkposition, T,, tkposition temperature. All other 
reactor settings are given in Table 6.1 

Sample 1 { C_:Hz} {C1Hs} {H2} d Rd ta T, 
cm3s-1) ml min-1 cm3s-1) (JtiD) (nms-1) (s) (OC) 

E8 - 0.068 - - - 180 190 
E9 - 0.151 - 720 6.0 120 180 
E10 - 0.227 - 1660 5.5 300 200 
Ell - 0.302 - 1730 9.6 180 210 
E12 - 0.378 - 2300 15.4 150 --
PI 0.36 - - 370 2.9 125 160 
F2 0.90 - - 370 6.2 59 150 
F3 1.90 - - 395 13.6 29 110 
F4 3.6 - - 265 19.0 14 70 
F5 6.6 - - 310 44.0 7.3 30 
F6 10.9 - - 245 61.0 4.0 30 
01 10.9 - 14 500 15.4 32.5 50 
02 6.6 - 14 50 1 50 50 
03 3.6 - 14 <50 <0.5 26 50 
H2 - 0.151 3 2380 9.6 240 --
H3 - 0.151 3 8120 9.0 900 --

cm2• In Fig. 6.5 the refractive index and the band gap are shown as a function 
of the flow rates of acetylene and toluene. G-values were in the order of ·150-
300 em-~ e v-!. For acetylene the same tendencies for the refractive index and 
the bandgap as found in the past (cf. Chapter nand [12]) were obtained. ·For 
toluene, the refractive index is hardly dependent on flow rate. The actual band 
gaps are somewhat higher and may be more realistic, because most of the films 
are transparant for red and orange light. The band gap tends to .decrease with an 
increasing hydrocarbon flow rate. For toluene the same tendency can be noted. 
For optical purposes the ratio of the diamond-like sp3 bonding and the polymeric 
and graphiticsp1 and sr is of importance. With infrared absorption spectroscopy 
the prevalent bonding types in the film can be determined. Extensive studies of 
the assignment of theIR absorption bands observed in a-C:H layers were carried 
out by Dischler et al., [11, 32, 22]. Table 6.3 gives a selection, summarizing the 
C-C and C-H bonding types observed in our a-C:H layers. 

In Fig. 6.6 (a)-(e) the deconvoluted IR absorption bands are shown as a 
function of the acetylene flow rate (sequence F, Table 6.2), as obtained with the 
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Figure 6.3: Measured andjitted ellipsometric spectrum; sample F6. 

method described in Sec. 6.2.2. 
It appeared that for all films deposited with C2H2 only the sp3 bands around 
2900 cm-1, 1450 cm-1 and 1370 cm-1 were present. Tills confirms. the finding 
of Beulens [13] that the films are predominantly diamond-like. In this case the 
ratio of the integrated intensity of the 2920 sp3CH1,2 em -t band to the integrated 
intensity of the 2970 cm-1 sp3CH3 band can be used as an indication for the 
degree of crosslinking (more C-C bondings ). In Fig. 6. 7 (a) the band (integrated) 
intensity ratio (b) the band widths are given as a function of the acetylene fiow 
rate. The variation with fiow rate is small. For the higher fiow rates an increase 
in ratio and width, indicating a more diamond-like and harder film (11] can be 
noted. 
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Table 6.3: Peak assignment for the infrared C-H absorption bands observed in our a
C:H layers (from [32]). The first block gives the stretching vibrations, the small second 
block gives the observed bending vibrations (from [ 13] ). 

band frequency (em '1) assignment 
polymer-like diamond-like 

H1 3300 3300 sp1CH 
H2 3045 3060 sp2CH aromatic 
H3 - 3025 sp2CH olefinic 
H4 3000 3000 sp2CH olefinic 
H5 - 2970 sp3CH3 
H6 - 2945 sp2CH2 olefinic 
H7 2920 2920 sp3CHz 
H8 2920 - sp3CH 
H9 - 2875 sp3CH3 
H10 2850 2850 sp3CHz 
C2 1620 1600 sp2 C=C olefinic 
C3 1580 1580 sp2 C=C aromatic 
B1 1370 1370 spjCH 
B2 1450 1450 sp2•3CH2 
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Figure 6.6: Measured transmittance (left hand axis) and fitted IR absorption bands (right. 
hand axis) as a junction of the acetylene flow rate, (a)-(f) 0.36, 0.90, 1.9, 3.6, 6.5, 10.8 
cm3s-1 respectively 

Preliminary trials were carried out (sequence G) in order to improve the optical 
properties of the deposited films, by admixing various amounts ofhydrogen in the 
plasma, following the experiences from crystalline diamond deposition trials [13]. 
In Fig. 6. 7 the results for three values of the acetylene flow rate, under addition 

·of 14 cm3s-1 of H2 are shown. It can be observed that the ratio of sp3CH1,2 to 
sp3CH3 increases with an increasing H/C ratio in the plasma, indicating a more 
diamond-like film. that is the films become more diamond-like. Only on one film 
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Figure6.7: (a} • Integrated intensity ratios A mol A2t:no and(b}-, •, .& widths of the 2875, 
2920 and 2975 cm-1 band respectively, as a function of the acetylene flow rate: Solid 
symbols: no hydrogen addition; open symbols: with 14 standard cm3s-1 H2 addition. 

(G2) the ellipsometric spectrum was recorded. The refractive index appeared to 
be low (1.5) but the band gap was enlarged to 1.6 eV (with G=280 cm-!ev-!). 
The growth rate was reduced to about 15 nm s-1, so the hydrogen flow rate may 
have to be optimized. This results looks promising and future trials with this 
mixture are recommanded. 

In Fig. 6.8 (a)-(e) the deconvoluted 1R absorption bands are shown as a · 
function of the toluene flow rate (sequence E, Table 6.2). The films deposited 
with toluene as a feed gas all have a polymeric character. In Fig. 6.8 (f) a typical 
1R absorption spectrum over a wide wave number range is shown. Besides the 
sp3CHx bands also the aromatic and olefinic sp2CH bands at 3000-3050 cm-1, 

the sp1CH band at about 3300 and the aromatic sp2C=C band at about 1580 em - 1 

can be observed. A second band at about ·1700 em -I can be distinguished. This 
is most probably due to C-0 bondings indicating the presence of oxygen in the 
film. In Fig. 6.8 (a)-(e) the fitted bands around 3000 cm-1 are shown. The 
absolute values of the (integrated) absorption coefficients decrease with higher 
flow rates; this may indicate that the layers are less dense. In this case besides 
the intensity ratio of the 2920 sp3CH1,2 cm-1 band and the 2970 cm-1 sp3CH3 
band, also the ratios with the sp1CH band at 3300 and the sp2C=C band at 1580 
cm-1 give an indication for the degree of crosslinking. In Fig. 6.9 these ratios 
are given as a function of toluene flow rate. Again the dependence is only weak, 
and for higher flow rates the films become more diamond-like. 

A substantial improvement was again obtained by admixing hydrogen (using 
a small amount with regard to the lower deposition rate for toluene). In Fig. 6.10 · 
(a) and (b) two 1R spectra of trials (H2 and H3) are shown, admixing 3 cm3s-1 

H2 and 0.151 ml min - 1 C1 H8 in the plasma. The equality of the deconvoluted 
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absorption bands demonstrates not only the reproducibility of the deposition 
process but also the correctness of the deconvolution method. The two films 
have widely different thicknesses, but yield the same values for the absolute 
absorption coefficients. Trial H3 was carried out aimed at depositing a thick (and 
protective) film, with good optical properties and a good adhesion. A deposition 
period of 15 minutes 
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Figure 6.8: IR absorption bands as a function of toluene flow rate, (a)-e) 0.()8, 0.15, 0.23 
0.30, 0.37 ml min-1 resp.; (/) Example of a wide wavenumber-range fit of inteiference 
fringes and absorption bands (spectrum (d)). 
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resulted in a thick (8.1 pm) film with a good adhesion to glass and silicon 
substrates (trial H3). From the ellipsometry data a refractive index of 1.55 and an 
optical band gap of2.2 eV (with G=600 cm-tev- i) were determined. Optically 
the films have are yellow transparant, confirming this value for the optical gap. 
Similar results have been reported in [33]. In the lR spectrum of the film the 
sp2CH bands at 3000-3050 cm-1, the sp1CH band at about 3300 and the sp2C=C 
band at about 1650 cm-1 were not present anymore. The admixture ofhydrogen 
favourS the formation of a diamond-like (sp3 dominated) structure. 
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Figure6.10: Measured transmittance (left hand axis) and fitted IR absorption bands (right 
hand axis) for two films of different thickness, deposited with equal reactor settings. Gas 
flow rates: 0.151 ml min-1 C1Hs and3 cm3s-1 H2 

The actual values of the absorption coefficients (order 500-1000 em -t) are 
of the same order as those reported by [32] for RF-deposited a~C:H layers. 
Unfortunately almost no reports exist in literature how the deconvolution actually 
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has been carried out. 
In principle the exact number density of bondings C H (and also C c) per cm2 

can be calculated from the absolute values of the absorption coefficients, and 
in this way a density determination should be possible. To this· end following 
formula (e.g. [34]) can be used: 

CH = Aa J ~ dv, (6.11) 

with A a ·the oscillator strength, w the wavenumber. The value of A8 can be 
averaged over the three CHx modes and is then"' 1Q21 cm-2• It should be noted 
that av is the dimensionless absorptance, that is the absorption coefficient av 
times the thickness d. Substituting the absorption coefficient yields the number 
ofC-H bondings per cm3• Rather low values of the order of1&2cm-3·arethen 
obtained. The c~c vibrations are lying in the range 700-1500 cm-1 [ll], and in 
the actual measurements which were done on Si substrates, we could not resolve 
them due to severe absorption of this substrate material. In [11], densities for 
a-C:H layers of typically 2 g em - 3 are reported, with comparable values for the 
C-H absorption bands. 

6.4.2 The H/C and 0/C ratio 

In Fig. 6.11 some typical carbon/oxygen-ERDA spectrum are spown. The 
high intensity peak at about 5.4 MeV is caused by elastically recoiled C-atoms 
which pass through the thin foil detector and only reflect a relative impression 
of the layer thickness. The inelastically recoiled carbon atoms (with emission 
of gamma radiation) exhibit an intensity distribution independent of the recoil 
energy, showing that the film is homogeneous over the thickness. 
The slowly decreasing low-energy edge of especially the carbon signals may be 
due to layer thickness or density variations (besides the gradual decrease seen 
for the reference oxide which is due to the variation of the cross-section with 
energy). In Fig. 6.12 some typical hydrogen-ERDA spectra are shown. In this 
technique depth profiling can only be obtained using the variation in electronic 
stopping of the incoming a-particles with depth and the subsequent variation in 
energy of the recoiled hydrogen ions. 
In the actual case the layer thickness was insufficient and the measured signals 
reflect the apparatus profile of the detection device.. From the ERDA signals 
integrated over the energy channels, the total numbers of carbon, oxygen and 
hydrogen atoms per cm2 and their ratios were obtained. In Table 6.4 the results 
are summarized. It should be noted that for these measurements special thin films 
of about 50 nm were required. So the trials denoted in column I of Table 6.4 
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Figure 6.11: Carbon-oxygen ERDA spectra of samples F4, F6 and G 1 ,· the deposition 
settings can be found in Table 6.2. 

are reproductions of those in Table 6.2, with a very short deposition time (a few 
seconds). The ERDA measurements for carbon and oxygen were carried out one 
day after the deposition of the films. Also the hydrogen content for samples E9, 
H2 and F2 was measured on this day. The hydrogen content for the other samples 
were measured three months later. As a check the H/C ratio of sample F1 was 
determined in both measurement sequences. The H/C ratios were 0.56 and 0.57 
respectively, giving an indication for the good reproducibility of the results of 
this technique and indicating that the hydrogen contents in the film do not change 
substantially in time. 
It can be observed that with increasing acetylene How (F1 through F6) the hydro
gen contents in the film decrease, indicating an increasing diamond-likecharacter, 
in agreement with theiR results and [13]. The absolute values oftheH/C ratio are 
much lower than in [13], where a different measurement technique was applied. 
The actual values around 0.5 are of the same order as, again, the ones reported 
in [11]. In general the oxygen content in the films is small. The high oxygen 
content for sample E9, deposited with toluene as a feed gas may be due to the 
relatively large amount of double and triple carbon bonds in the deposited film. 
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Figure 6.12: Hydrogen ERDA spectra of samples E9, Fl and H2; the deposition settings 
can be found in Table 6.2. 

Table 6.4: Results of the ERDA measurements; flow rates C1Hs in ml min-1, other (gas) 
3 1 admirtt res in cm'·s-

sample feed gas Cnumber Onumber Hnumber 0/C HIC 
+ fiowrate (1015 cm-2) (101s cm-2) (101s cm-2) 

Fl o.9C2H2 300 4.5 168 O.ot5 0.56,0.57 
F4 3.6C2Hz 830 25 374 0.030 0.45 
F6 10.8 C2H2 2400 36 860 0,015 0.36 
01 10.8 CzH2 + 14 H2 1600 43 400 0.027 0.25 
E9 0.151 C1Ha 290 64 156 0.22 0.54 
H2 0.151 C1Hs +3Hz 480 37 210 0.076 0.44 

By exposure to air these are easily oxidized. Possibly, the oxygen was already 
dissolved in the liquid toluene. The actual values of the atomic number densities 
per cm2 allow a rough estimate of the density of the films. Assuming a film 
thickness of"' 50 nm densities of the order of 2 g cm-3 can be calctllated. (So 
by introducing a coupling factor, the results of theIR transmission measurements 
and the ERDA measurements can in principle be related to each other.) 
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6.4.3 The application of a-C:H layers for anti-corrosion protection 

Morphology 

In Table 6.5 a survey of the trials aimed at producing a good anti-corrosive film 
is given. The films of trials D5 through D12 were deposited on large substrates 
(25 cm2) and these were analyzed by several techniques. Only for D7 a stable 
thermocouple temperature measurement was obtained, but the other temperatures 
can be estimated to be of the same order (depending on deposition time). 

Table 6.5: Survey of the trials for the protective applications.· { CH4}, { C2H2}, { C7H8} 

and {CF4} gas flows, d and R4 film thicknesses and growth rates from the GDOS 
experiments, t4 duration of deposition, Vbias negative bias voltage applied during the 
first 20 seconds of the actual deposition, T, deposition temperature. For trial sequence 
A, andtrialsDI-D4: chamber pressure Pe = ufl Paarea ofdepositionA4 ::: 25 cm2 For 
trials D5-D12: Pc = 22 Pa, Ad ::: 100 cm2: All other reactor settings are given in Table 

.1 
Sample {C~} {CF4} d Rd t.t Vi,;.,. T. 

cm3s-1} cm3s-1} (pm) (nms-') (s) (V) fC) 
D5 610 12 50 -70 70 

450 9 
D6 6.0 910 30 30 -110 

850 28 
D7 3.0 0.6 1060 21 50 -50 110 

830 17 
DB 6.0 0.6 1000 22 45 -50 

830 19 
D9 1.5 0.6 480 8 60 -100 

270 4 
DlO 1.0 540 9 60 0 

450 7 
Dll 0.4 1440 36 40 -800 

2090 52 
D12 0.4 0.6 60 0.5 120 -10 

Results ofthe GDOS 

In 6.13 a representative GDOS spectrum (trial D7) is shown. As the sputter rate 
is. approximately constant for films of the same type it can be deduced that "' 1 
p,m of an amorphous carbon film is. sputtered in about 35 s. From this relation 
estimates ofthe growth rates and thickness (also given in Table 6.5) of the films 
for all trials were deduced. 
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Figure 6.13: Typical GDOS spectrum of a coated CRS substrate (trial D7) 

The GDOS spectrum reveals some specific features. The peak in the first seconds 
is an artefact during stabilization of the ion beam. Contaminations of oxygen, 
nitrogen and iron can be observed .. The former are probably due to residual gases 
in the deposition chamber. The latter is an indication for a porous film. Physical 
sputtering of iron during the deposition of the film is very unlikely, in view of the 
low bias potential and thus ion energy. Furthermore, it can be observed that the 
substrate film interface appears diffuse. This may be a consequence of the third 
pretreatment, the bombarding of the substrate with carbon ions, but more likely 
it is also an artefact of the method (rapid simultaneous sputtering of film and 
substrate). All the films deposited on CRS substrates showed a spectrum similar 
to the one of Fig. 6.13, with slight variations in contaminations signals. In films 
deposited at a higher chamber pressure, these signals were relatively lower (as 
expected). 
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Figure 6.14: Typical GDOS spectrum of a coated EGS substrate (trial D7) 
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In Fig. 6.14 a spectrum, representative for the same film grown on aEGS substrate 
is shown. Besides the contaminations already mentioned, a very interesting 
feature can be observed in the substrate-film region. The carbon signal shows a 
strong increase. This may be an artefact due to the conductivity of the substrate. 
However, secondly, it appeared that the film deposited on EGS was always thinner 
than the one deposited on CRS. A possible explanation for these two features 
may be the following: It is known [23] that both films are covered with a thin 
insulating oxide layer. Upon cleaning with a hydrogen plasma, on zinc this oxide 
is easily reduced. On CRS however the insulating oxide layer is still present. This 
leads us to distinguish deposition on an conducting and an insulating substrate. 
The deposited carbon layer also has a high resistivity [5]. The observed two 
phases layer on zinc, can be explained by a two phase deposition proces: at first 
on the conductive substrate, and secondly, when the resistance (both electrically 
as well as therm(llly) of the growing film has reached a specific limit, a phase 
transition to another type of material, with relatively less carbon. The deposition 
on CRS is always one-phased, because the substrate is insulating everywhere. 
The infiuence of the conductivity of the substrate can also be responsible for the 
difference in observed film thickness. As the absolute value of this difference 
is approximately constant, it points to some kind of incubation time before the 
growth starts on zinc. This indicates that the initial growth is different on CRS 
and CGS substrates. This initial growth mechanism may have a large influence 
on the subsequent growth mode of the bulk of the film. 
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Results of the TOFSIMS 

In Fig. 6.15 the positive ion spectrum·for a typical a-C:H film, deposited with 
a low tlow of methane (low Q-factor) is shown. The predominant radicals are 
C2H3, C3Hs and with a lower intensity C2Hs, C3H7, C4H9. The former two point 
to an abundance of carbon sp2 bondings over· the sp3 bonding form, indicated 
by the latter three species. This finding is consistent with the results of the IR 
measurements (Sec. 6.4.1), which shows that low Q-factor films are polymer
like. Some aromatic compounds were found, too. In the negative ion spectrum 
of this film large contaminations of oxygen and nitrogen, and also chlorine and 
sulphur were found. As TOFSIMS is a surface sensitive technique, this points to 
reactions of the top layer with the ambient air. It is. known that on the surface of 
plasma deposited films, highly reactive free radicals exist [31 ]. 

Zl 
c 

8 

4500 

3000 

1500 

0 40 80 120 
MIZ 

Figure 6.15: Positive ions TOFSIMS spectrum of a typical polymer-like a-C:H coating 
on a CRS substrate. 

Results of the corrosion performance studies 

In Fig. 6.16 the qualitative results of the corrosion tests are shown. Bare CRS 
substrates show severe corrosion in this test (Fig. 6.16 (d)). The corrosion 
performance of films deposited with an argon/hydrocarbon plasma (e.g. D11) 
is moderate, particularly of the thicker films. Most probably the adhesion is a 
very important factor, in addition to the film composition. Samples D7 and D9 
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showed a good corrosion resistance. These were films produced with acetylene, . 
with additional admixture of CF4 . 

Figure 6.16: Photographs of the result of the corrosion tests on the a-C:H,F coated CRS 
substrates. The deposition parameters are given in Table 6.5. 

In Fig. 6.17 the IR transmission spectrum of the film (on a silicon reference 
sample) is given. It appeared that no C-H bands at all could be observed anymore. 
Only the C-F band at 1200 cm-1 [35] is present. Recent XPS measurements [13] 
indicated a content of 10 at. % F, 3% N, 12% 0 and 75 % C for sample D7(CRS) 
[36] . In Fig. 6.18 the growth rates on the CRS substrates are shown as a function 
of the hydrocarbon flow rate. 
Upon the admixture of CF4 the following peculiarities can be noted: 

1 As shown by the IR spectrum of CF4 assisted deposition of a-C:H films, 
the saturation of the carbon bondings was partially provided by F~atoms, 

in stead of H-atoms. 
2 The growth rate was of the same order as in the trials without CF4 addition 

(compare • and • in Fig. 6.18). 
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Figure 6.1: Typical IR absorption spec
trum of an a-C:F film deposited with a flow 
of 0.15 ml.min-1 C1H8 and 0.4 cm3s-1 

CF4. 

-. 100 
i ... 80 
8 - 60 
~ .. 
o£i 40 
a: e 20 Oil 

0 
0 2 4 6 

C21h flowrate(cm3s-1) 

Figure 6.2: Growth rate (on CRS sub
strates) as a junction of various gas ad
mixture flow rates, • C2H2, • CH4 (Pc =100 
Pa),· A, Y C2H2, C2H2 + 0.6 CF4 (Pc = 22 
Pa); 

The first effect may have led to lower internal stresses, diminishing the de
lamination, which would lead to direct exposure of the CRS substrate to the 
environment. The second finding implies that, in order to obtain a high quality 
film, the growth rate does not necessarily have to be reduced. It is possible that 
the growth mechanism for films deposited with the use of CF4 is different, due to 
the simultaneous etching by the fluorine radicals. This hypothesis is supported 
by recent findings in the deposition of a-Si:H films [37]. It is assumed that 
the initial growth of the film plays a major role in determining the subsequent 
growth type of the bulk of the film. A model is suggested in which the initial 
growth occurs from specific preferential gettering sites of the arriving species 
(in analogy to the nucleation sites in diamond deposition). The initial growth 
sites expand to islands, and subsequently to columnar grains. In the course of 
the deposition these grains coalesce to each other, causing grain boundaries with 
unsaturated bonding types or even dangling bonds. In the a-Si:H samples an 
aging effect was observed, coinciding with an increasing oxygen content in the 
layer. This is probably due to the gradual diffusion of ambient air through the 
voids, throughout the film, and subsequent passivation of the grain boundaries. 
It is assumed that this island growth model is also valid for the growth of a-C:H 
films, and that the voids promote the diffusion of corrosive species to the sub
strate. The effect of the addition of an etching gas like fluorine may be that, the 
initial growth takes place in a different mode, leading to a morphology, different 
from the grain model A more gradual and regular structure may arise, without 
or with lesser voids, minimizing the diffusion of ambient air. These assumptions 
are confirmed 
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by the following SEM images. In Fig. 6.19 (a) and (b) images of samples D11 
and D7 are shown. It can be observed that For D 11 a typical columnar growth 
mechanism has occurred, which starts from island growth and results in colum
nar grains with curved domes on top [38]. Typical for this growth mode are the 
existence of voids. In Fig. (b) for the film deposited with CF4 a very smooth film 
was obtained. It appears that by the simultaneous etching by the fluorine radicals 
and subsequent reorganization of the ~anostructures, the columnar growth mech
anism can be avoided, resulting in more uniform and dense film. The mobility at 
the surface can be enhanced by a chemical mechanism 

(a) (b) 

Figure 6.19: SEM micrographs ofana-C:H (Dll) andana-C:Fji.lm. A striking difference 
in the film structure can be noticed. The deposition parameters are given in Table 6.5. 

As a third explanation it is possible that the substrate is etched by the fluorine 
radicals creating a very high density of defects, which act as gettering sites, 
resulting in a more uniform growth (the growth of seperate columns is avoided). 
A similar effect can be noted in the case of diamond deposition. An enhanced 
nucleation density on the substrate ends up in the growth of smoother films. In 
[40] successful! utilization of the high etching activity of fluorine on silicon for 
this purpose was reported. 

Results of the EIS 

As a second diagnostic, the films on the EGS samples were subjected to EIS. In 
Fig. 6.20 the modulus of the impedance II Z II is shown as a function of frequency, 
for various trials. The values for the best CRS films D7 and D9 however, were not 
very high. The highest value was obtained for film D 11. On CRS the protection 
of this film was low. This is another indication that the growth mode on CRS 
is deviating from that on EGS. D11 was produced with a relatively high flow of 
toluene (low Q-factor), without admixture of fluorines. The only factor deviating 
from other trials using toluene, was the bias in the pretreatment stage. This 
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reached a high value of "' -800 V, because of the increased impedance of the 
plasma in this trial. This was a consequence of the loss of ionization, caused by 
the high concentration of hydrocarbons in the plasma [13]. 
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Figure 6.20: EIS spectra of a-C:H coatings on EGS substrates 
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Conclusions 

1 Polymerlike and diamond-like a-C:H. coatings can be deposited at high 
rates of tens of nm s-1 with the cascaded arc deposition technique using 
acetylene as a carrier gas. Using toluene results in the deposition of 
polymer-like films. 

2 In general the adhesion of the films deposited with toluene is very good, 
even for films with a thickness of several pms. Using acetylene results in 
films with a moderate adhesion. 

3 The optical and protective properties of the films can be improved, by 
admixing additional feed gases to the argon/hydrocarbon plasma. Addition 
of hydrogen leads to more diamond-like films with a larger optical band 
gap. 

4 To obtain a high corrosion resistance, the addition of a fluorine containing 
gas is beneficial. Three explanations are o:trered: 

- The deposition process consists of a simultaneous etching and rede
position, to an enhanced surface mobility and resulting in a a different 
growth morphology is obtained, leading to a less porous structure. 

- By etching of the substrate by the fluorine radicals the number of 
sites from which the growth starts, is increased, resulting in a more 
Uniform growth. 

- the incorporation of ftuorines leads to a-C:F films with much smaller 
internal stresses compared with those of a-C:H films, and avoiding 
delamination. 

4 Different film types were obtained on the CRS and the EGS substrates. 
This may be reduced to a distinction in insulating and conductive substrate 
type. On the latter the initial growth appears to require an incubation 
period, and the actual film growth occurs in two phases, phase I on the 
conductive substrate, and phase n on the insulating a-C:H layer of phase I. 

5 A thick film is not a prerequisite for a high corrosion resistance. On. 
the contrary, these films tend to delaminate from the substrate, providing 
gangways for the corrosive species. 

6 The initial growth of the a-C:H film may be the main factor in determining 
the subsequent film morphology. By controlling the growth in this stage, 
the film properties for the bulk of the film may be predefined. 
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Summary 

This thesis concerns the plasma deposition of carbon materials, ranging from 
amorphous carbon to the crystalline forms graphite and diamond. As a result 
of the wide variation in properties, these materials cover an extensive field of 
potential technological applications. 

In the deposition method a cascaded arc plasma is used as a particles source. 
In the arc channel a thermal argon plasma is generated with an ionization degree 
of the order of 10 %. The exit of the arc is connected to a vacuum chamber 
with a relatively low pressure. A hydrocarbon compound is admixed in the 
plasma and by energy transfer processes from the argon to the hydrocarbon, a 
beam of argon atoms and ions and (hydro)carbon ions and radicals is created, 
expanding supersonically into a vacuum chamber. On a substrate placed in this 
beam, a layer of carbon is deposited. With this method high deposition rates are 
achieved; in general, the rates are several tens of nanometers per second on areas 
of some cm2 for the crystalline carbon forms, to about 100 cm2 for amorphous 
carbon. The potential for applications on a large scale of the deposition of carbon 
films with this method has been studied. Their suitability for thermomechanical, 
optical and protective applications has been investigated. The properties of each 
of these materials are dependent on the reactor settings during deposition. A 
distinction is made between the three forms of plasma deposited carbon, based 
on some principal differences in their properties. 

Graphite has good thermoconductive and thermo mechanical properties and is 
electrically conductive. The plasma deposition of graphite is treated as a possible 
means for in situ repair of erosion damage on the plasma-facing components in 
a fusion reactor. Amorphous (nanocrystalline graphite) and crystalline graphite 
are deposited at high rates of several hundreds an several tens of nanometers per 
second respectively. By experiments with a pulsed, high-power laser it appears 
that the crystalline types of graphite have the highest thermal shock resistance, 
with a maximum of 2.8 MJ m-2 (in a 10 ms pulse). For the deposition of 
crystalline graphite the substrate temperature has to be high, typically of the 
order of 800-1000 °C, and the use of acetylene and hydrogen as feed gases is 
beneficial. Probably the Cz radicals play an important role. 

In contrast with graphite, both amorphous carbon and diamond are electri
cally insulating. As a result. they are tranparent over a wide wavelength range. 
Furthermore, both diamond and amorphous carbon are hard materials. These 
properties make them particularly suited to serve as a coating material. 

The deposition of diamond has been optimized using a novel type of plasma 
mixture. Compared to the conventional 1:100:100 methane/hydrogen/argon 
plasma. the large amount of hydrogen, needed as an agent for preventing the 
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deposition of other forms of carbon, can be replaced by a small ~ount of 
oxygen. The 0/C ratio in the plasma typically has to be of the order of 1:1, 
and the H/C ratio in the plasma can be reduced as far as to an 8:1 ratio. By 
Raman spectroscopy and Scanning Electron Microscopy (SEM) it appears that 
the quality of the diamond is high. The maximum deposition rates are of the 
order of 50 p,m h-1 on some mm2• The dependence of the morphology of 
the crystals on the H/C and 0/C ratio in the plasma is dicussed. The substrate 
temperature for diamond deposition with this plasma mixture can be reduced 
from 1000 to 400 °C, but with a decrease of the growth rate. 

Films of amorphous hydrogenated carbon (a-C:H) were deposited onto 
cooled subtrates of silicon, glass and steel (temperature 20-200°C). High rates 
of tens of nanometers per second on large areas (up to 100 cm2) were achieved: 
Compounds used are CH4, CzHz, CF4, C1Hs (toluene), H2, and mixtures of 
these. Aimed at Optical applications, several p,m 's thick films, with a good adhe
sion to the substrate were deposited with the use of toluene. With spectroscopic 
ellipsometry and infrared absorption spectroscopy the optical parameters were 
determined. The system substrate-film often gives rise to interference fringes in 
the spectra. An appropriate numerical model is treated, which takes these fringes 
into account and permits the determination of the refractive index, the band gap 
and the film thickness. The hydrogen and oxygen content in the films were 
determined with nuclear recoil techniques. For both the admixture of acetylene 
and toluene, it appears that the refractive index and the amount of diamond-like 
bonds increases, while the band gap and the hydrogen content decrease The most 
relevant parameter for many optical applications, the band gap, decreases from 
to 2.0 to 1.2 e V. By the admixture of hydrogen in the deposition plasma the films 
become more diamond-like, while the band gap remains relatively high (1.6 eV). 

The initial growth mechanism of amorphous carbon films on steel appears 
to be different on different types of steel. The conductivity of the substrate is 
probably an important factor. In order to obtain films with a good corrosion per
formance, the admixture of a fluorine-containing gas in the hydro~arbonlargon 
plasma is beneficial. The analysis of the infrared absorption s~a shows that 
fluorine has been incorporated in these films. From SEM observations it appears 
that these films have a more uniform and and smooth structure than a-C:H films .. 

By means of absorption spectrocopy an important plasma physical aspect of 
the present method has been investigated, viz. the role of argon metastables in 
the excitation tranfer to the admixed species. An experimental set up using a 
cascaded arc as a continuum light source with optical multichannel detection is 
presented. Some specific aspects in employing these components for absorption 
spectroscopy are treated. Measurements were done on the strong argon lines in 
the range between 790 and 860 nm, and on the 656.3 nm 1Ia line; An efficient 
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numerical method, using Abel integration in stead of Abel inversion has been 
developed for obtaining radial density and temperature profiles. For a pure argon 
plasma the densities of the Ar(3p54s) metastable and resonance states are of the 
order of 1018 to 1016 m-3 at a pressure of 40 Pa. These densities are lower than 
the ion densities by a factor of 10, which implies that the contribution of the 
metastables to the energy transfer from argon tot the admixed hydrocarbon is 
small. The decay of the densities of the metastables and resonance states in axial 
direction is also calculated using a local quasi steady state model. It appears that 
the (re)capture of resonance radiation is keeping up the population density of the 
argon 4s states. 

The effect of the admixture of various gases used in deposition experiments, 
such as hydrogen, oxygen and methane on the Ar( 4s) metastable and resonant 
states is treated. The addition of methane has only a slight effect on the argon 4s 
densities. This means that energy transfer from argon metastables to methane is 
not particularly effective. The addition of hydrogen to an argon plasma leads to 
a rapid disappearance of the argon 4s states in an indirect way, by the decrease 
of the argon ion density upon hydrogen admixture. 
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Dit proefschrift behandelt bet met behulp van een plasma deponeren van kool
stofachtige materialen, varH~rend van amort koolstoftot de kristallijne vormen 
grafiet en diamant. Door de brede variatie in eigenschappen hebben deze ma
terialen een uitgebreld veld van·mogelijke technologische toepassingen. In de 
depositiemethode wordt een cascadeboogplasma gebruikt als deeltjesbron. In de 
boog wordt een thermisch argonplasma gegenereerd, met een ionisatlegraad in de 
orde van 10%. Een koolwaterstofverbinding wordt toegevoegd aan qet plasma 
en na energie-overdrachtsprocessen van bet argon naar de koolwaterstof wordt 
een bundel van argonatomen en -ionen en kool{waterstot)ionen en '-radicalen 
gecr~d. die supersoon expandeert in een vacuumvat. Op een ondergrond 
{het substraat) die in deze bundel wordt geplaatst,. wordt een laagje van koolstof 
gedeponeerd. Met deze methode worden hoge depositiesnelheden bereikt; in bet 
algemeen bedragen deze enige tientallen nanometers per secondeop oppervlaktes 
van enige vierkante centimeters voor de kristallijne vormen, en op oppervlaktes 
van ongeveer 100 cm2 voor amort koolstof. De mogelijkheld van toepassingen 
op grote schaal van de depositie van koolstof films met deze methode is on
derzocht. De gescbiktheld van de lagen voor thermo-mechanische, optische en 
beschermende toepassingen is onderzocht. Een onderverdeling wordt gemaakt 
tussen de bovengenoemde drie hoofdvormen van plasma-gedeponeerd koolstof, 
gebaseerd op de verschillen in hun eigenschappen. De eigenschappen van elk · 
van deze materialen zijn afhankelijk van de instellingen van de depositiereactor. 

Grafietheeft een goede warmtegeleiding en uitstekende thermo-nrechanische 
eigenschappen en, is elektrisch geleidend. De plasma-depositie van grafiet 
wordt behandeld als een mogelijke methode voor in situ reparatie :van erosie
schade aan de componenten in een kemfusiereactor. Amort (nanokristallijn) en 
kristallljn grafiet worden gedeponeerd met hoge snelheden van respectievelijk 
enige honderden en enige tientallen nanometers per seconde. Bij experimenten 
met een gepulste, hoog-vermogen laser blijkt dat de kristallijne gr~etvormen 
de hoogste thermische schokresistentie hebben, te weten maxlmaal2.8 MJ m - 2, 

in een pulsduur van 10 ms. Voor de depositie van kristallijn graftet moet de 
substraat temperatuur hoog zijn, typisch in de orde van 800 tot 1000 oc, en is bet 
gebruik van acetyleen als bijmenggas en toevoeging van waterstof bevordelijk. 
Vermoedelijk spelen Cz radicalen een belangrijke rol. 

In tegenstelling tot grafiet zijn zowel amort koolstof als diamant elektrisch 
isolerend. Tengevolge daarvan zijn zij doorzichtig over een groot golfiengte 
gebied. Verder zijn zowel amort koolstof als diamant harde materialen. Deze 
eigenschappen maken hen bijzonder geschikt om te dienen als coating materiaal. 

De depositievan diamant is geoptimaliseerd voor een nieuw type plasma-



Samenvatting 173 

mengsel. Vergeleken methet conventionele 1:100:100 methaanlwaterstof /argon 
plasma kan de grote hoeveelheid waterstof die benodigd is om de depositie van 
andere vormen van koolstof te verhinderen vervangen worden door een kleine 
hoeveelheid zuustof. De 0/C verhouding in het plasma moet typisch van de 
orde 1:1 zijn, en de H/C verhouding kan teruggebracht worden tot de waarde 
8:1. Met behulp van Ramanspectroscopie en elektronenmicroscopie blijkt dat 
de kwaliteit van het diamant goed is. Maximale groeisnelheden liggen in de 
orde van 50 ftm/uur op een gebied van enige mm2. De morfologie van de 
kristallen als functie van de H/C en 0/C verhouding in het plasma wordt bespro
ken. De substraattemperatuur voor diamantdepositie met ditplasmamengsel kan 
teruggebracht worden van 1000 naar 400 °C, maar met verlies van groeisnelheid. 

Laagjes van amorf waterstofhoudend koolstof (a-C:FI) werden gedeponeerd 
op gekoelde substraten van silicium, glas and· staal (temperatuur 20-200°C). 
Snelheden van enige tientallen nanometers per seconde en op grote gebieden tot 
aan 100 cm2 zijn bereikt. Stoffen die gebruikt worden zijn CF4, C2H2, CF4, C7Hs 
(toltieen), H2 en mengsels daarvan. Voor optischetoepassingen zijn met het ge
bruik van tolueen laagjes met een dikte van verscheidene micrometers, met een 
goede hechting aan het substraat gedeponeerd. Met spectroscopische ellipsome
trie en infrarood-absorptiespectroscopie zijn de optische parameters bepaald. 
Het systeem subtraat-laag geeft vaak aanleiding tot interferentie effecten in de 
gemeten spectra van beide technieken. Een numeriek model wordt behandeld, 
dat deze effecten verdisconteert en dat de bepaling van de brekingsindex, bandaf
stand en laagdikte mogelijk maakt. De waterstof- en zuurstofconcentratie in de 
laagjes zijn bepaald met kernfysische technieken. Voor zowel de bijmenging 
van acetyleen als die van tolueen blijkt dat de breldngsindex en de hoeveelheid 
diamantachtige bindingen toeneemt, terwijl de bandafstand en het waterstofge
halte in de laagjes afneemt bij een toenemende koolwaterstofbijmenging in het 
plasma. De belangrijkste parameter voor veel optische toepassingen, de bandaf
stand, neemt afvan 2.0 naar 1.2 eV. Door waterstofin het depositieplasma bij te 
mengen worden de laagjes meer diamantachtig, terwijl de bandafstand relatief 
groot blijft (1.6 eV). 

Het initit!le groeimechanisme van amorfe koolstoftagen op staal blijkt ver
schillend te zijn op verschillende types staal. De geleiding van het substraat is 
waarschijnlijk een belangrijke factor. Om laagjes met een goede roestwerende 
werking te verkrijgen is het bevordelijk een ftuorhoudend gas in het koolwa
terstof/argon plasma bij te mengen. Analyse van de infrarood absorptiespectra 
toont aan dat in deze laagjes ftuor wordt ingebouwd. Uit SEM observaties blijkt 
dat dergelijke laagjes een meer uniforme en egale opbouw hebben dan a-C:H 
laagjes. 

Door middel van absorptiespectroscopie is een belangrijk plasmafysisch as-
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pect van de depositiemethode onderzocbt, te weten derol van argon-metastabielen 
in de overdracbt van excitatie-energie van argon naar de bijgemengde stoffen. 
Een experimentele opstelling met een cascadeboog als continuUmlicbtbron en 
met een optiscbe meerkanaals detectie wordt gepresenteerd. Enige specifieke 
aspecten van bet gebruiken van deze componenten voor absorptiespectroscopie 
worden bebandeld. Metingen zijn verricbt aan de sterke argon lijnen in bet 
golfiengtegebied tussen 790 en 860 nm, en aan de 656.3 nm HQ lijn. Een ef
ficiente numerieke methode, die gebruikt maakt van Abel-integratie in plaats 
van Abel-inversie is ontwikkeld voor bet verkrijgen van radiale dichtheid- en 
temperatuurprofielen. Voor een plasma van puur argon zijn de dichtheden van 
de Ar(4s) metastabiele en resonante toestanden in de orde van 1018 tot 1016 

m-3 bij een druk van 40 Pa. Deze dicbtheden zijn een factor 10 lager dan de 
ionendicbtheden, betgeen betekent dat de bijdrage van de metastabielen tot de 
energieoverdracbt van argon naar de bijgemengde koolwaterstofverbinding klein 
is. De afname van de metastabiele en resonante toestandsdicbtheden in axiale 
ricbting wordt ook berekend met een locaal quasi-evenwicbtsmodel. Het blijkt 
dat de invangst van straling de bezetting van de argon 4s toestanden op peil 
boudt. Het effect van de bijmenging van de verschillende gassen die gebruikt 
worden in de depositie-experimenten, zoals waterstof, zuurstof en methaan op 
de dicbtheden van de argon 4s metastabiele en resonante toestanden wordt be
bandeld. De bijmenging van methaan beeft slecbts een gering effect op de argon 
4s dichtheden. Dlt betekent dat de energie-overdracbt van argon-metastabielen 
naar methaan niet effectief is. De bijmenging van waterstof in een argonplasma 
leidt indirect tot een aanzienlijke afname van de argon 4s dichtheden, door de 
aantasting van de argon-ionendicbtheid in dit geval. 
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De mensen die ik vervolgens wil bedanken zijn de technische medewerkers 
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zijn hand niet omdraait (tot voor kort ... ). Daarnaast wil ik ook Marius en 
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Vervolgens veel dank aan Johan Wevers die mij de weg heeft gewezen in kleine 
oorzaken-grote gevolgen land van Latex, en ook Danny Benoy. 

Sjaak Beulens, die mij wegwijs heeft gemaakt in het depositie-onderzoek, 
zijn werk was ook in belangrijke mate de basis, waarop ik heb voortgebouwd. 
Met name de opbouw van de spectroscopie..opstelling is voor een groot deel in 
zijn promotie uitgevoerd. Daarbij wil ik ook Gerrit Kroesen bedanken, in wiens 
promotiewerk de basis voor het depositie-onderzoek is gelegd, en tevens voor 
de toepassing en de programmatuur van de ellipsometrie en John Gielen, die als 
mijn opvolger ook heeft meegewerkt aan de laatste experimenten. 

Jeanne wil ik graag bedanken voor het vlotte administratieve werk, en haar 
positieve en relativerende inbreng. . · 

Vervolgens wil ik de mensen bedanken die een en ander ook financieel mo
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en die van ECN Petten, die onze groep in het contract voor het grafietproject 
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hebben betrokken, te weten Prof. C.H. Wu van NET en Dr. B. v.d. Schaaf 
van ECN petten. Naast een wetenschappelijke uitdaging op een zeer boeiend 
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(Middletown (USA)) en Hauser (Venlo) door resp. Dr. W.J. van Ooij en Dr. 
MUnz. De firma Armco en aanverwante instituten wil ik bedanken voor het 
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hoofdstuk IV waren mogelijk door de steun van Electricit~ de France. In het 
kader van het Erasmus uitwisselingsproject kwam Christian Chauveau van de 
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ik hen graag bedanken. 

Tenslotte wil ik iedereen bedanken voor defijne en stimulerende sfeer waarin 
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1 

Bij ·de depositie van dunne lagen met bebulp van expanderende thermiscbe 
plasma's spelen ionen een belangrljke rol. Voor een volledige beschrijying van 
bet depositieproces moeten in de bestaande chemiscbe en thermodynamische 
evenwicbtsmodellen dan ook de invloed van geladen deeltjes en afwijkingen van 
evenwicbtsbezettingen in rekening gebracbt worden. 

C.H. Kruger, Plasma Chem. Plasma Process., 9, 4, 435 (1989). 
Dit proefschrift, hoofdstuk 5. 

Het supersone gedeelte van een expanderend boogplasma kan niet gemodel
leerd worden door middel van ee.n lokaal botsing-stralingsmodel. Het transport 
van metastabielen is dominant t.o. v. de lokale produktie- en destructieprocessen. 

Dit proeftchrift, hoofdstuk 4. 

3 

Het depositierendement van expanderende thermiscbe plasma's en de' kwaliteit 
van bet gedeponeerde materiaal kunnen worden opgevoerd door de keuze van 
een geschikte depositiegeometrie waarin recirculatiecellen boven bet1 substraat 
gecret!erd worden. 

4 

Door de gepulste bijmenging van een etsend medium zoals waterstof, zuurstof of 
een halogeen in een depositieplasma kan de etsen-deponerenbalans, vereist voor 
de depositie van kristallijne materialen, geoptimaliseerd worden. 

5 

I 
Absorptiespectroscopie met behulp van een thermiscbe boog als contiquUmlicht-
bron kan benut worden als een snelle on-line methode voor de ~tecti~ van 
luchtverontreiniging. 



6 

Volledig Lokaal Thennodynamisch Evenwicht in een plasma met een hoge elek., 
tronendichtheid wordt verstoord door het toenemende stralingsverlies in de tlan
ken van de resonante spectraallijnen. 

7 

De opvatting dat de aarde de enige planeet in het heelal. is waarop intelligent 
levert tot ontwikkeling gekomen is, getuigt van een hedendaagse vorm van an
tropocentrisme. 

8 

De huidige algemene tixatie op korte-termijn economisch voordeel berokkent 
emstige schade aan de fundamentele behoeften van de mensheid en haar omge
ving, en is bovendien op termijn onrendabel. 

9 

De opkomende trend om wetenschappelijke onderzoekers in dienst te nemen 
als "vrijwilliger" met behoud van wachtgeld of uitkering is bedreigend voor de 
fundamentele wetenschap als onatbankelijk maatschappelijk instituut . 

. 10 

In de huidige wereld waarin overbevolking het primaire probleem dreigt te 
worden, dient kinderbijslag niet Ianger als een vanzelfsprekende voorziening 
te gelden. 

11 

Ondanks de toenemende vergrijzing van de bevolking wordt daar niet op in
gespeeld met bet aanbrengen van adequate voorzieningen voor de verzorging en 
de verpleging van behoeftige ouderen. Het gevolg daarvan is dat meer en meer 
levenspartners hun laatste levensjaren in gedwongen scheiding moeten doorbren· 
gen. \ 



12 

Het percentage studiestakers kan teruggedrongen worden door de invloed van 
tijdelijke of secundaire motieven bij de studiekeuze te verminderen. Dit kan 
bereikt worden door de standaard toepassing van meer betrouwbare indicatoren 
zoals een beroepskeuzetest. 

13 

Plasmatechnologie biedt perspectieven voor toepassing in de kunstwereld. Niet 
aileen kan chemisch etsen vervangen worden door plasma-etsen, maar boven
dien betekent het plasma-schilderen (het zogenaamde "plasma-painting") voor 
de (beter-gesitueerde) kunstenaar een revolutionair nieuw medium. 

14 

Met het veelvuldige gebruik van het t-teken bij auteursnamen in publicaties 
worden de ongezonde kanten van het bedrijven van wetenschap overdreven. 


