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SUMMARY 

Amorphous hydrogenated carbon films (a-C:H-films) have been deposited by means of 
plasma beam deposition: an expanding thermal plasma is created after which the 
hydrocarbon gas acetylene is admixed to the plasma; the created radical particles lead to 
the growth of a-C:H-films. The influence of the substrate conditions on the deposition of 
a-C:H-films has been investigated. Therefore a new substrate holder has been 
implemented in the setup and a reliable substrate temperature control has been developed. 
With interferometry temperature measurements it has been shown that it is possible to 
control the substrate temperature within a few degrees Celsius by means of a helium back 
flow. It has also been shown that the energy of the i ons impinging on the substrate can be 
controlled from nearly 0 to 120 e V by applying an rf bias potential. 
The influence of the substrate temperature on the properties of the deposited a-C:H-films 
like refractive index, growth rate, hardness and hydrogen content have been examined. 
The refractive index increases with increasing substrate temperature whereas the growth 
rate decreases with increasing substrate temperature. The increase of the refractive index 
is 5-10% for a temperature increase of 350 °C, the decrease of the growth rate is 30-55%. 
The hardness increases with increasing refractive index and is therefore also temperature 
dependent The hydrogen content of the films has no significant dependenee on the 
substrate temperature, but it depends on the growth rate as obtained by the plasma 
settings. 
The hydrogen induced erosion of a-C:H-films has been investigated for several substrate 
temperatures. It has been observed that the hydrogen induced erosion is thermally 
activated and that it depends on the film quality. For hydrogen fluxes comparable to those 
during deposition, erosion rates in the order of 0.1 nm/s have been found. From this it is 
concluded that the temperature dependenee of hydrogen induced erosion cannot account 
for the decrease of the growth rate with increasing substrate temperature. 
Amorphous hydrogenated carbon films have been deposited for rf bias potentials up to 
120 V. Until now no influence of the ion energy is observed on the refractive index and 
the growth rate. 
Finally some reaction mechanisms for the growth of a-C:H-films have been proposed. 
From this a tentative growth model has been proposed to explain the results qualitatively. 
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CHAPTER 1 

INTRODUCTION 

1.1 a-C:H-FILMS 
Diamond-like carbon films (DLC-films) in general are of scientific and technologie interest 
because of a large number of useful properties, such as hardness, chemica! inertness, low 
friction and optica! transparency [ROB92]. This combination of useful properties caused an 
explosive growth of the research on carbon films. One direction of research concerns the so
called 'amorphous hydrogenated carbon films' (a-C:H-films). These films contain, besides 
carbon atoms, also a considerable amount of hydragen atoms. The prefix 'amorphous' 
concerns the non-crystalline structure of these films, which have no long-range order. This can 
be clarified with the accuring bonding types. The spectroscopie notation of carbon is 1 s2 2s2 2p2 

which implies 4 valenee electrons. The 2s- and 2p-orbitals of carbon atoms can overlap in 
various ways (sp-hybrides) and form three kinds of hybridizations with other atomie orbitals, 
denoted as sp3

, sp2 and sp 1• These hybridizations correspond with different co valent bonding 
types [BAR96]: 
• sp3 -bonding: the carbon atom farms four sp-hybrides which mix up with orbitals of four 

other atoms. It is therefore bonded with four other atoms in a tetrabedral configuration. The 
bonding itself between a sp3 -bonded carbon atom and another carbon atom is called cr
bonding. This type of honds can lead to a crystalline structure as shown in Figure 1.1 a. 
Diamond is an example of a material consisting of only sp3-bonded carbon. 

• sp2-bonding: the carbon atom farms three sp-hybrides which mix up with orbitals of three 
other atoms. The orbital which is not involved in the three hybrides farms a second bond, a 
so-called 1t-bonding, with one of the bonded atoms. The carbon atom is therefore double 
bonded (a cr- and 1t-bonding) with one atom and single bonded with two atoms. This leads to 
a trigonally configuration in a planar structure (Figure 1.1b). Graphite contains mainly sp2

-

bonded carbon. 
• sp1-bonding: the carbon atom farms two hybrides with the orbitals of two other atoms. The 

two remaining orbitals are arranged such that one of these atoms is three-double bonded 
(one cr- and two 1t-bondings) and the other only single bonded. This type of bonding occurs 
aften in polymers and causes a linear chain structure (Figure 1.1c). 

(a) (b) 

(c) 

Figure 1.1: Schematic representation of a diamond (a), a graphitic (b) a polymerie (c) and 
an amorphous (d) structure. 
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Amorphous hydrogenated carbon contains a mixture of these three bonding types which leads 
to an amorphous networkof carbon and hydrogen atoms as shown in Figure l.ld. There is no 
regular structure. The sp3

- and sp2-bondings are most dominant, sp1-bonded carbon is only of a 
limited importance and it can even be absent. The latter bonding type is therefore usually 
neglected in the description of a-C:H-films. An a-C:H-film can be situated in a temary phase 
diagram as shown in Figure 1.2 which shows the fraction of sp3

- and sp2-bonded carbon and 
the hydrogen fraction of the film. 

H 

Figure 1.2: Ternary phase diagramfor carbonfilms [MÖL93]. 

The hydrogen fraction plays an important role and therefore it is important to distinguish not 
only the bonding type of a carbon atom but also its extent of hydrogen bonding. The different 
bond types present in a-C:H-films are shown in Figure 1.3. 

H H H c\ /H H'\ /H 
H 

I I I I c-c-c C-C-H H-C-H c c c 
I I I 11 11 lil 
c c c c c c 

sp3CH sp3CH2 sp3CH3 sp2CH sp2CH2 sp1CH 

Figure 1.3: Schematic representation of bond types for carbon atoms. 

The properties of the a-C:H-films are determined by the fraction of sp3
- and sp2

- bonded carbon 
atoms and the hydrogen content of the film and therefore by the fractions of these bond types 
occuring in the films [ROB92]. Advantageous mechanica! properties as high hardness are 
caused by a large fraction of sp3 -bonded carbon, forming the skeleton of the material, and a 
small hydrogen fraction because the latter reduces the cross-linking. The optica! and 
electronica! properties are mainly determined by the sp2-bonded carbon because sp2-bonded 
carbon sites have electronic states closer to the Fermi level in comparison with sp3 -bonded 
carbon. 
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All together this leadstoa collection of unique 'diamond-like' properties of the a-C:H-films as 
high hardness, chernical inertness, low friction, electrical insulation, optical transparency and 
surface smoothness of which some are tunable by selecting the appropriate deposition 
conditions. 
Before turning to the deposition techniques for a-C:H-films, some of their (potential) 
applications are given: coatings for tools as knives or cutters because of the high hardness, or 
coatings for moving parts because of the low friction coefficient of the films, electrically 
insulating coatings, and optical coatings for e.g. barcode windows because of the hardness and 
(infrared) transparancy. 

1.2 DEPOSITION TECHNIQUES FOR a-C:H-FILMS 
In the past several techniques have been developed for the deposition of diamond-like carbon 
films. Initially, the common techniques used were chernical vapour deposition (CVD) and hot 
filament deposition. In both techniques a hydracarbon gas is dissociated, either by a hot 
substrate or by a hot filament, which leads to the deposition of carbon films. New deposition 
methods were developed with the advance of plasma techniques. With these plasma-enbaneed 
chernical vapour deposition techniques (PECVD) the hydracarbon gas is dissociated by 
electron impact. The most commonly used technique is the capacitively coupled rf discharge, 
but de glow discharges, inductively coupled rf discharges, all kinds of electron cyclotron 
resonance (ECR) discharges and ion beam deposition techniques are used as well [CAT91]. All 
techniques exhibit a number of advantages and disadvantages, which makes some techniques 
very useful for one specific deposition or for specific material properties. 
In the last decade the interest is grown in techniques for which the three essential steps for 
deposition are separated, the so-called 'remote plasma' deposition techniques. These three steps 
are: plasma creation, plasma transport and deposition. A separation of these processes enables 
an optirnization of all three processes and thus an optirnization of the total carbon deposition 
technique. Examples of the latter are ECR, Helicon and Inductive Coupled Plasma (ICP) 
sourees [CAT9l,LIE94]. 
In the Equilibrium and Transport in Plasmas group of the Eindhoven University of Technology 
another kind of remote plasma deposition technique bas been used for several years. The 
technique consists of the creation of a plasma at subatmospheric pressure in a cascaded are, 
which expands into a vessel at low pressure. At the position where the plasma enters the vessel 
a hydracarbon gas (e.g. acetylene) is admixed where it reacts with the plasma. The plasma with 
the created reaction products flows downwards as a beam to the substrate where the deposition 
of the carbon films takes place. Therefore the technique is called plasma beam deposition 
(PBD). The technique bas a number of specific features compared to other techniques. We 
mentioned already the spatial separation of plasma production, transport and deposition. This 
means that there is no power input to the plasma any moreafterit left the are: the plasma in the 
vessel is recombining. This leads to a low electron temperature (0.2-0.3 eV [SAN91]) in the 
expansion. The ions and neutrals are almost in thermal equilibrium with the electrans and 
therefore the ion and neutral temperature is equal to the electron temperature. Because of high 
flow rates and very effective plasma generation by the cascaded are the electron and ion 
densities are high (1019 m-3

) in front of the substrate (65 cm from the are) if no hydracarbon gas 
is admixed. Admixing e.g. acetylene leads to a very effective dissociation, even when the 
acetylene flow is up to 20% of the argon flow. Because of these high flows and effective 
dissociation reactions, it is possible to deposit a-C:H-films at a rate up to 70 nm s-1

• Compared 
to other techniques this deposition rate is very large. Nevertheless the quality of the films is 
comparable [GIE96c]. 
When this study started there had been investigations on the influence of the precursor flow and 
the are current on the quality of plasma beam deposited a-C:H-films. Relations between these 
parameters and film properties like refractive index, growth rate, hardness, hydrogen content 
etc. were deterrnined and the film properties were characterized. The plasma chemistry was 
also studied from which some information about the creation of radical particles in the plasma 
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was obtained. In order to try to imprave the film quality even more and to increase the 
understanding of the deposition mechanism of the films, the influence of substrate conditions 
had to be be studied. The development of a reliable substrate temperature control and the 
possibility of substrate biasing were therefore the objectives of this study as well as the 
determination of the influence of the substrate conditions on the properties of plasma beam 
deposited a-C:H-films. The results of this study are presented in this report. 
Chapter 2 starts with a general description of the setup after which a new substrate holder is 
presented. This substrate holder enables substrate temperature control which will be described 
in Chapter 4. Several diagnostic techniques used are briefly described in Chapter 3. Chapter 5 
concerns the characterization of the rf-biasing of the substrate which is also a feature of the 
new substrate bolder. In Chapter 6 the deposition of a-C:H-films is described for different 
substrate and plasma conditions and several mechanisms for the film growth are proposed. The 
conclusions and recommendations are given in Chapter 7. 
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CHAPTER2 

EXPERIMENTALSETUP 
In this section the deposition setup in general is briefly presented as well as the deposition 
conditions used. Furthermore, the most important reactions in the depositing plasma are 
discussed. The new substrate holder is described more extensively in the second part of this 
chapter. 

2.1 DEPOSITION SETUP 
The deposition setup [GIE96a] is shown in Figure 2.1. 

argon injection 

t 
cathode 

moveable souree holder 

plasma souree 

expansion vessel 

Figure 2.1: The plasma beam deposition setup. 

magnet field coils 

precursor 
injection ::i!!:.------ via 

ring 

substrata holder 

The plasma is created in the cascaded are at the top of the vessel. In the cascaded are a de 
discharge is sustained between three catbodes and an anode plate. Circular copper plates with a 
central bore of 4 mm form the plasma channel. The copper plates are water cooled and 
electrically separated by boron nitride and PVC rings. Argon gas is injected at a pressure of 0.5 
bar at the catbode side of the are and leaves the are through the plasma channel. In standard 
conditions the argon flow is 100 scc/s, which means an argon flow of 100 cm3 s-1 at 
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atmospheric pressure and room temperature. The ionization degree can be varied by varying 
the are currrent; an are current of 50 A causes an ionization degree of about 10%. The plasma 
which leaves the are bas a temperature in the 104 K range and an electron density of 
approximately 1022 m-3

. The vessel is at a much lower pressure (0.3 mbar) than the are which 
causes a supersonic expansion of the plasma in the vessel. This leads to a stationary shock 
wave downstream of the are after which the plasma flows subsonically towards the substrate. 
The velocity in this subsonic beam is in the order of 1000 m s·1

• For deposition a hydracarbon 
gas can be admixed to the plasma by a nozzle at the end of the plasma channel or by a ring, 
with symmetrically positioned holes, a few centimeters below the are. For standard depositions 
the hydrocarbon gas acetylene (C2H2) is admixed in the ring. The ring is also used for actmixing 
other gases like oxygen and hydrogen to the argon plasma. For example, the vessel is cleaned 
after deposition with an argon/oxygen plasma. 
The gas flows are regulated by mass flow controllers (Tylan FC 280 SA) and the pressure in 
the vessel is regulated by a large pumping system. This consist of two mechanica! booster 
pumps (Edwards EH2600: 2600 m3/hr; Edwards EH500A: 500 m3/hr) and a rotary piston 
pump (Edwards: 240 m3/hr) for pressure control during processing and a turbo molecular 
pump (Leybold Turbovac 1500: 90 m3/hr) and a rotary pump (Edwards: 40 m3/hr) to keep a 
base pressure of 10-6 mbar. Two additional features of the setup are the possibility of changing 
the arcs vertical position (and thus the distance from souree to substrate) and the possibility of 
applying a magnetic field. For the experiments described in this report, no magnetic field bas 
been applied and the distance between are and substrate was 65 cm. 
Most of the operation of the setup is PLC-controlled and operated with an Intouch windows 
program on a personal computer. The range of setup parameters is given in Table 2.1. 

Table 2.1: Setup parameters for plasma beam deposition 

parameter processing valnes 

Ar flow 50-100 scc/s 

C2H2 flow 0-20 scc/s 

are current Iare 20-100 A 

are voltage V are 45-80V 

are power pare 0.9-8kW 

are pressure Pare 0.4-0.6 bar 

vessel pressure Pvessel 0.15-0.5 mbar 

distance arc-substrate 15-65 cm 

Before tuming to the description of the new substrate bolder, some plasma parameters and 
reactions are given. The plasma created in the are bas an ionization degree of 5-20% depending 
on the are current. In pure argon the electron density is in the order of 1022 m·3 when the plasma 
leaves the are and in the order of 1019 m-3 in front of the substrate. The plasma in the vessel 
recombines implying an electron temperature of 0.2-0.3 eV (1 eV = 11600 K) in front of the 
substrate. Because of this low electron temperature the dissociation of admixed acetylene by 
electron impact is negligible. The most dominant reaction is non-dissociative charge exhange 
between an argon ion and an acetylene molecule [MAI65]: 

(2.1) 
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Thereafter the created acetylene ion, with possibly excited rotational and vibrational states, 
recombines dissociatively with an electron. Different possible dissociation reactions are: 

~ CzH* + H* 
~CH* +CH* 
~ Cz* + 2H* 
~ CHz*+ C* 

(2.2) 

Plasma chemistry studies and theoretica! considerations using different plasma diagnostics 
[GIE96c] showed that the first reaction is by far dominant, foliowed by the others in decreasing 
importance. If there are still argon ions left in the beam after the charge transfer, these can 
react with the carbon fragments to form also other reaction products. 

2.2 SUBSTRATE HOLDER 
To investigate the role of the substrate conditions on the deposition of a-C:H-films, a new 
substrate holder has been developed which meets three requirements: the possibility of substrate 
temperature control, the possibility of substrate biasing and the possibility of changing the 
substrate without opening the vessel at atmospheric pressure. The substrate holder which meets 
these three requirements is shown in Figure 2.2. 

10cm 

substrata 

small bore 
~ 

oopper block ----_. 

liquid nitrogen 
cooling ~~~ 

rf ronneetion 

partlal purnping -+----1~ 
or helium inlet 

dip 

I .....-- rerrovable 
substrata holder 

heating elerrents 

0-rings 39cm 

Figure 2.2: The substrate holder or, for clarity, in other nomenclature: the heater 
block with a substrate holder mounted on top of it. 

In the new nomenclature: the heater block is installed at the bottorn of the . vessel and the 
substrate holder can be detached from the heater block and changed for another. In the future 
this should be possible without opening the vessel at atmospheric pressure by means of a 
loadlock system. Until now this loadlock system has not been installed and the vessel is opened 
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every time the substrate is changed. How the substrate holder can be mounted to the heater 
blockis shown schematically in Figure 2.3. 

Put the holder 
on the arm 

Turn the arm 
90 dagrees 

Pull the arm 
down 

Figure 2.3: Mounting the subtstrate holder on the heater block. 

Put on the 
compressed air 

The substrates are attached to the substrate holder by two little clips. The substrates used are 
normally glass or silicon slides and they are cleaned extensively [KLE95,GIE96b]. 
The upper part of the heater block is a copper block, with a liquid nitrogen reservoir for cooling 
and 8 resistive heaters of 250 W each. The heating capacity of the heater block is therefore 
2kW, the cooling capacity is determined at 700 W. The heater block temperature is measured 
by means of a thermocouple which is connected to a PID-eontrolier (West 5010 Industrial 
Controller). In the Intouch program the desired set point temperature of the heater block can be 
adjusted. The PID-eontrolier switches the heating circuit and the liquid nitrogen valve on and 
off such that the stabie set point temperature is reached at highest speed. Therefore the PID
eontrolier has to be tuned before operation. The copper block temperature can be adjusted 
between -100 oe and 300 oe and it is thermally insulated from the other parts of the heater 
block by a heat resistance. 
For applying a substrate bias, the upper part of the heater block can be connected to an rf 
power supply. Since only an rf voltage is desired on the upper part of the heater block, this part 
is electrically insulated from the lower part with ceramic rings (Macor). To guarantee the low 
pressure in the vessel, 0-rings are placed at the transition between this ceramic and the metal 
parts. 0-rings cannot withstand large temperature variations and therefore the upper and outer 
0-ring is watercooled. The substrate biasing needs even more precautions: the thermocouple is 
electrically insulated from the copper block by means of a boron nitride cover and in the 
heating circuit several high-frequency filters (BeHing Lee, 16 A 250 V) are included. 
Because the substrate holder arm is movable, there is a vacuum transition along this arm. This 
vacuum transition can be pumped but it is also possible to inject a gas like helium for a helium 
back flow. This will be discussed in Chapter 4. 
The rf power supply (RF Power Products RF-SS) is connected to the water cooling pipe inside 
the heater block with a coaxial cable. For maximum power transfer, a matching network is 
placed between the power supply and the heater block. This LC-network (Figure 2.4) consists 
of an inductor and a few capacitors which can match the load to the source. 
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Capacitor Air Variabie 
Inductor Gardweil 154-33-1 
0.2-2J.LH 

Capacitor Vacuum Variabie 
Jennings UCSL-500-58 

Figure 2.4: Schematic representation of the matching network. 

This means that the impedance of the totalload i.e. heater block, plasma and matching network 
is regulated by the matching network such that it is equal to the impedance of the power supply 
(50 Q). The matching is adchieved by adjusting the capacitance of the capacitors by changing 
the distance or surface of the capacitor plates with a control unit. If the network is matched, the 
power supply denotes zero reflected power. The maximum applied power is 300 W. The 
applied rf bias can be measured with a high-voltage probe (Fluke PM9100) and a digitizing 
oscilloscope. 
The setup parameters for the heater block are summarized in Table 2.2. 

Table 2.2: Setup parameters for the heater block 

parameter processing valnes 

heater block temperature -100 oe- 300 oe 
heating power 2kW 

cooling power 700W 

mean heating rate 

mean cooling rate 

rfpower 0- 300W 
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CHAPTER3 

DIAGNOSTICS 

The diagnostics used are discussed briefly in this chapter. There is a distinction between 
plasma diagnostics and film diagnostics. The latter can be divided into in-situ and ex-situ 
analysis. 

3.1 INTERFEROMETRY 
Interferometry is an in-situ diagnostic based on interference. Befare discussing its applications 
the principle of interferometry is explained. 
Consider a laser beam with a wavelength Ào (in air or vacuum) incident on a non-absarhing 
thin layer with a thickness d and a refractive index n1 as displayed in Figure 3.1. The thin layer 
can be e.g. a substrate on a certain holder or a thin film deposited on a bulk materiaL The 
material underneath the thin layer has a refractive index n2 • 

The incident beam is reflected partially on the first interface and transmitted partially in the 
thin layer. The same happens for the transmitted beam at the second interface. The reflected 
part of the transmitted beam is reflected and transmitted at the first interface again, etc. The 
transmitted part is supposed to be lost in the bulk material, either by absorption or by diffusive 
reflection on the materials boundaries. If we ignore multiple internal reflections, the reflected 
light is only originating from the first two reflected beams. 

Figure 3.1: lnteiference in a thin layer. 

The difference in optica! path length I!:J.OPL is given by 

With 

and 

this becomes 

2nd 
!10PL=---x 

cose2 

x= 2dsin81 tan8 2 

sin81 = nsin82 
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(3.2) 

The corresponding phase difference Ö associated with this optical path-length difference is the 
product of the free-space propagation wavenumber k0 (=2rrl'Ao) and t!.OPL. If not both 
reflections are intemally or extemally a relative phase shift of ±7t bas to be added. A reflection 
is extemally if the beam is reflected at a interface with a larger refractive index and intemally if 
the beam is reflected at a interface with a smaller refractive index. For example there is a 
relative phase shift if n1>n2>no and not if no<n1<n2. 
The phase difference can be written as 

or 

with 

2n ~ 2 . 2 8=-2d n -sm el +qn 
Ao 

q = 0 without relative phase shift 

q = 1 with relative phase shift 

(3.3) 

(3.4) 

The reflected beams are parallel on leaving the film but by focusing them at a certain point P 
with e.g. a lense they can interfere. An interterenee maximum occurs at P when both beams are 
coherent and have a phase shift which is an even multiple of 1t. An interterenee minimum 
occurs when both beams are coherent and have a phase shift which is an odd multiple of 1t. In 
equations these conditions are (in case of no relative phase shift): 

interterenee maximum (3.5) 

interterenee minimum (3.6) 

If there is a slight change of the refractive index n1 or the thickness d fora certain wavelength 
Ào and angle of incidence e the above conditions will change and the spot at P can change e.g. 
from a maximum in a minimum and in a maximum again etc. We use this principle for 
example in monitoring the substrate temperature for substrates with a very temperature 
sensitive refractive index (Chapter 4) or for monitoring film growth by means of their 
increasing thickness (Chapter 6). The setup is shown in Figure 3.2. 
A laser is placed at one side of the vessel and its beam enters the vessel through a window, it 
reflects at the substrate and leaves the vessel through another window. Finally the beam is 
detected by a photodetector. The lens is not really necessary and therefore ommitted for 
practical reasons. The width of the laser beam is larger than the distances between the reflected 
'rays', which means there is only one wide beam reflected. The interterenee remains unaltered 
[DON89]. 
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IR-laser 

personal computer 
with ADC 

substrate 

Figure 3.2: The experimental setup for interferometry 

detector 

voltmeter 

An infrared laser is used for a reason which will be explained later. For the allignment of this 
laser a second (visible) laser is placed beside it and with a beam-combiner both beams are 
brought together. Both lasers are helium neon lasers: the infrared laser (Melles Griot 
05LIP171) has a wavelength of 1523 nm and the other one (Melles Griot 05LIP111) has a 
wavelength of 632.8 nm. The angle of incidence on the substrate is approximately 70°. A 
pinhole is placed in front of the Ge photodetectector (GPD GM5VHR). The output signal can 
be measured by a voltmeter (sensitive to millivolts) and by a personal computer after analog
digital conversion by a pc-labcard (PCL 718). More details are given in the 'Interformetry 
Temperature Measurements Manual' [KES96]. 

3.2 LANGMUIR PROBE MEASUREMENTS 
The Langmuir probe is a plasma diagnostic which is based on the drawing of a current when a 
biased probe (e.g. the tip of a thin wire) is immersed in a plasma. Depending on the sign of the 
applied voltage a positive or a negative current is collected giving information about the ion 
and/or electron current. From this information plasma parameters like the electron density and 
temperature can be deduced. 
In our case we use a cylindrical Langmuir probe consisting of a thin wire surrounded by a thin 
ceramic insuiator except at its tip, which is immersed in the plasma. The probe is biased with a 
power supply and the collected currents are measured by means of a resistor as shown 
schematically in Figure 3.3. 
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Computer 
with PC-lab card 

Power 
Supply 

Figure 3.3: The Langmuir probe setup: the current collected by the probeis automatically 
measured and calculated by a personal computer. 

If the probe voltage VP is sufficiently negative even the most energetic electrous are repelled 
from the probe and the current drawn by the probe consistsof ion current only. This is the 'ion 
saturation current' and corresponds to region A of the I-V-characteristic in Figure 3.4. The 
accelaration of the ions and the repelling of the electrous leads to an excess of ions near the 
probe surface and thus to a layer of positive charge, the ion sheath. In the plasma conditions 
considered the sheath is very thin, in the order of the Debye length of the plasma. Therefore the 
ion current consists of ions that enter the sheath through random thermal motion. Since the 
effective area of the sheath is relatively constant with the applied probe voltage the collected 
ion current remains fairly constant. 
Increasing the probe voltage (region B) enables the energetic electrans from the tail of the 
Maxwell distribution to reach the probe. At a certain voltage the numbers of electrous and ions 
arriving at the probe surface per unit of time are equal and therefore the collected current is 
zero (assuming singly ionized ions). This voltage is the so-called 'floating potential' (\'f). 
Because of the much larger mobility of the electrans compared to the i ons the floating potential 
is negative in comparison with the plasma potential Vp. 
At even higher voltages the collected current becomes negative. The ion sheath decreases with 
increasing probe voltage until the plasma potential is reached. There is no longer an electric 
field between plasma and probe and therefore no sheath exists. 
At probe voltages above the plasma potential (region C) the electrans are accelerated to the 
probe and the ions are repelled. This leads to a layer of negative charge and thus to an electron 
sheath. In this voltage range the collected electron current ('electron saturation current') 
remains also fairly constant, because of the relatively constant effective area [LIE94]. 
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Figure 3.4: Typical I-V-characteristic fora Langmuir probe. 

For all kinds of specific situations probe theories are derived. The results of the probe theory 
presented bere are obtained under the following assumptions [SWI70]: 
1. Electron and ion densities are equal at the sheath boundary (ne=n; ). 
Quasi-neutrality of the bulk plasma satisfies this assumption. 
2. Electron and ion meanfree paths are much larger than the probe radius (À;,Àe >>rp). 
The mean free paths of the particles in the plasma are in the order of millimeters, the probe 
radius rp is 0.23 mm. The sheath is thus collisionless. 
3. The probe radius is much larger than the Debye length ( rp >>Àn ). 
The Debye length Àn is in the order of micrometers for an electron density ne of 1018 m-3 and an 
electron temperature Te of 0.3 eV, the probe radius is 0.23 mm. The difference between sheath 
area As and the probe areaAp is therefore neglected. 
4. There is a Maxwellian distribution of electron and ion velocities. 
The electroos and ions are both in thermal equilibrium. 
5. Electron temperature is equal to ion temperafure (Te= T; ). 
The energy relaxation time 'te; [SCH95] is about 0.1 ms which is small compared to the time 
necessary for the particles to reach the substrate bolder. 
The Bohm sheath criterion, which states that the ion velocity from ions entering the sheath is at 
least (kTefm;) 112

, is therefore automatically satisfied. No pre-sheath region in which the ions are 
accelarated to this velocity has to be assumed. 

From these assumptions and for probe potentials V smaller than the plasma potential VP the 
electron current Ie to the probeis given by [SWI70]: 

1 ~8kT (e(V- Vp)) I =--n e __ e exp A 
e 4 e mne kTe P 

(3.7) 

with ne the electron density in the plasma bulk. The Bohm criterion is automatically satisfied 
and therefore the ion current I; to the probe is given by: 

(3.8) 
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with n; and ne the ion and electron density in the plasma bulk. The floating potential ~ is 
obtained when the ion and electron probe currents are equal: 

kTe [mi] V =V --In-
f p 2 e me 

(3.9) 

In the considered experiments we are only interested in the ion saturation current hsat which is 
obtained for probe voltages much smaller than the plasma potential. In the experiments the 
probe voltage is -8 V and the collected current I= l;,sat is given by equation (3.8). 

3.3 INFRARED SPECTROSCOPY 
Infrared spectroscopy is an ex-situ film analysis technique which can be used todetermine the 
refractive index, the thickness and the concentration of different bonding types of a-C:H-films. 
Therefore a spectrum of infrared light is directed on an a-C:H-film deposited on a glass or 
silicon substrate and the transmission is measured. Dividing this transmission spectrum by the 
transmission of the bare substrate, an interterenee pattem is obtained due to multiple 
reflections in the film. From this pattem the values of the refractive index n and the thickness d 
of the material can be obtained. Atomie honds in the film having vibration energies in the used 
infrared spectrum cause absorption peaks. When these vibrational energies for the different 
honds are known, the honds present in the film can be identified and with information about the 
oscillator strengtbs the concentration of the honds can be calculated 
A typical interterenee pattem is shown in Figure 3.5. A fit using the transmission equation 
derived by Kleuskens [KLE95] is shown. From this fit the refractive index and the thickness of 
the film is obtained. The absorption peaks are removed before fitting. In the experiments 
considered no absorption peaks are analyzed. 
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Figure 3.5: A typical infrared inteiference pattem of an a-C:H-film. The absorption peak 
around 3000 cm·1 is due to different types of C-H bonding. 

To measure the infrared wavelength spectrum a Biorad FTS-15/80 Fourier Transform Infrared 
Spectrometer is used. The films are deposited on glass or silicon. Glass bas a cut-off 
wavenumber of approximately 2000 cm-1

• 
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CHAPTER4' 

SUBSTRA TE TEMPERA TURE CONTROL 

In all kinds of processing techniques, such as plasma etching, molecular beam epitaxy and 
chemical vapour deposition, substrate temperature control is required for optimal processing 
conditions. This is also the case for the plasma beam deposited a-C:H films if we want to make 
an extensive study of the growth mechanism and determine the deposition conditions for the 
best quality films. An even larger problem than substrate temperature control is the 
determination of the substrate temperature during processing. In the following sections the 
substrate temperature control technique as well as a non-intrusive temperature measuring 
technique and its results are presented. We will start this chapter with a theoretica! 
consideration of the heat flux from the plasma towards the substrate. 

4.1 THE HEAT FLUX 
It is supposed that the heat flux of a pure argon plasma to the substrate consists of two kinds of 
contributions. The first contribution is the transfer of kinetic energy of particles colliding with 
the substrate, the second contribution is the recombination energy when an ion and an electron 
recombine at the substrate surface. The heat flux due to the transfer of kinetic energy of one 
kind of partiele (species x of the plasma) colliding with the substrate is of course proportional 
to its kinetic energy Ekin,X> to its flux rx towards the substrate and an energy transfer coefficient 
fx * which gives the probability or efficiency of energy transfer from a partiele to the substrate. 
The kinetic energy of species x together with its partiele flux to the substrate is called energy 
flux Sx. The heat flux to the substrate is this energy flux multiplied by the energy transfer 
coeffient. Por the calculation of the partiele flux or energy flux the Maxwellian velocity 
distribution must he taken into account in our case. 
The second contribution to the heat flux in a plasma, the recombination of ions and electrans at 
the substrate, is proportional to the recombination energy E,ec. the flux of ions C and the 
relative surface coverage with electrans 9., which depends on the electron flux re to the 
substrate. A probability of recombination l;rec bas to he taken into account, too. The relative 
coverage of the surface with electrans depends on the rate of recombination (probability l;rec) 

and the sticking of arriving electrans to the surface (probability Ss1). This means: 

(4.1) 

In steady state (d9e /dt=O) and because of C = C (See section 3.2) we obtain: 

(4.2) 

We consider our plasma to comprise three kinds of species: neutrals (x= a), ions (x = i) and 
electrans (x= e). The total heat flux can he written as: 

Qpla<ma = LfxSx +ÇreceeriErec (4.2) 
x=a,i,e 

* In literature the energy transfer coefficient for neutrals is called the accommodation coefficient and 

its value for high gas temperatures is given by 2.4f1 * /(1 + f.1*) 2 with Jl * the ratio of the mass of the 

gas atom to the mass of a surface atom [WEI91]. 
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In these equations Px is the partial pressure of species x, defmed as Px = nxkTx, nx is the density 
of species x and Tx its temperature, k is Boltzmann' s constant. f x ( v x) is the flux of the particles 

of species x divided by its density nx; it is thus only a function of the velocity V x. 
Assuming anideal gas the total pressure is given by Dalton's law: 

(4.4) 
x=a,i,e 

This leads to two important implications: the heat flux is dependent on the pressure in the 
vessel and on the ionization degree of the plasma. 

4.2 HELIUM BACK FLOW 
As mentioned in the experimental setup, the temperature control of the heater block is quite 
simple. With a liquid nitrogen flow, heating elements, a thermocouple and a PID controller a 
very good temperature control of the heater block can be realized. Problems arise when the 
substrate is mounted on a substrate holder which can be detached quite easily from the heater 
block. This is the case in our setup because we want to use a loadlock system in the near 
future. This enables the substrate in the vessel to be changed without opening the vessel at 
atmospheric pressure. This system of heater block and substrate holder creates two poor 
thermal contacts: the transition from heater block to substrate holder and the transition from 
substrate holder to the substrate itself. The only possibility for temperature measurements and 
control is by means of the thermocouple in the heater block. Measuring the substrate holder or 
substrate temperature with a thermocouple is not an easy task while using an rf bias. In this 
case the easiest solution is the impravement of the poor thermal contacts, because if the 
calibration metbod is performed once, further temperature measurements are superfluous. This 
can be done by several methods but we chose for a helium back flow. A very small flow of 
helium is inserted between the heater block and the substrate holder and between the substrate 
holderand the substrate. Helium has a very high thermal conductivity (À.= 144x10"3 W m-1 K 1 

at a temperature of 273 K [HAN76]) and therefore it minimizes the temperature difference 
between heater block and substrate holder and between substrate holder and substrate. The 
helium gas 'leaks' from the inner part of the heater block into the transition from heater block 
to substrate holder and can reach the bottorn side of the substrate through a little hole in the 
substrate bolder, just beneath the substrate. See Figure 2.2 in Chapter 2. It is desirabie to use a 
helium back flow as small as possible, because larger flows can influence the plasma and the 
deposition itself. This is also the reason for choosing the inert gas helium (ionization potential: 
24.6 e V) instead of hydrogen. Hydrogen has a higher thermal conductivity (À. = 17 4x 1 o·3 W m-1 

K 1 at 273 K [HAN76]) but it has also a large influence on the plasma due to its small 
ionization potential (13.6 eV) in comparison with argon (15.8 eV) and due to the possibility of 
dissociative reactions. The colour of the plasma above the substrate changes immediately even 
if a very small flow of hydrogen is inserted. 
Other possibilities of improving the thermal contacts is to put some indium wire or foil between 
the parts for which an optimal thermal contact is desired. Indium has a high thermal 
conductivity (À.= 83.7 W m-1 K 1 at 273K [HAN76]), it is deformable on microscale and it will 
not influence the plasma or the deposition, but a serious disadvantage is the low melting point. 
If the temperature is increased to 156.6 oe the indium starts to melt [HAN76]. Another 
possibility is using a very good thermal conducting pasta (e.g. colloidal carbon pasta 
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[KEU96b]), but after large temperature variations it cannot easily be removed. The underside 
of the substrate gets particularly dirty, which causes problems for example in analysing the 
films with infrared spectroscopy. 

The substrate temperature control procedure used is the following: 
• Mount a substrate on the substrate holder with two clips and mount the holder on the heater 

block in the vessel. 
• Pump the vessel. 
• Adjust the desired temperature of the heater block in the Intouch controlling system 

(Substrate Window). 
• Set up the argon flow. 
• Open the valve for helium inlet, make sure that the pressure increase in the vessel is almost 

negligible (~p < 0.01 mbar). 
Starting the plasma in standard conditions causes the substrate temperature to increase about 
10 oe above the heater block temperature. This will be shown in the last part of this chapter. 

The high thermal conductivities can be understood from the kinetic theory of gases. With a 
simple gas kinetic model an expression for the thermal conductivity is [BEI89]: 

with Cmv 
Na 
cr 

~=~: 

: the molar heat capacity at constant volume 
: A vogadro' s number 
: the atomie or molecular cross-section 

: the mean thermal velocity of the atoms or molecules. 

(4.5) 

The equation shows a linear increase of the thermal conductivity with the inverse square root of 
the mass. This explains the high thermal conductivity for hydrogen and helium. They have also 
a rather high molar heat capacity and small molecular and atomie dimensions i.e. small cross
sections. The thermal conductivity is temperature dependent due to the temperature dependenee 
of the molar heat capacity and of the mean thermal velocity. Suprising is the independenee of 
the density n of the atoms or molecules. This is only true if the mean free path (Amfp) of the gas 
is smaller than the dimensions dof the system containing the gas. Fora Knudsen gas (/1,m!P >> 
d) the thermal conductivity is [BEI89]: 

1 c -
À = - ____!!E!_ n d v (4.6) 

3 Na 

The limiting dimension d in our setup is the distance between the heater block and the substrate 
bolder. For the helium in our setup with a density of 6xl021 m·3 (assuming a pressure equal to 
the vessel pressure (0.26 mbar) and a temperature of 300 K) and a cross-section of 8x10-20 m2 

we find Am!P = 2xl0·3 m. As will be shown inthelast part of the chapter, the mean free path is 
a little bit larger than the distance between the heater block and the substrate. Taking the 
approximations into account the helium is probably in the transition region between continuurn 
and Knudsen region. 
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4.3 TEMPERA TURE MEASUREMENTS: INTERFEROMETRY 
InSection 3.1 the principles and experimental setup ofinterferometry is given. In this chapter a 
description of temperature measurements by means of interferometry is given. We will follow 
the metbod of Donnely and McCaulley [DON89]. 
For the temperature measurements, a silicon • substrate that is polisbed on both sides, is put on 
the temperature controlled substrate bolder. The infrared laser is directed on it and if the 
temperature of the substrate is either increased or decreased, the temperature dependenee of the 
refractive index, along with a smaller contribution from thermal expansion causes the optical 
path within the substrate to change. By this metbod a temperature change of the substrate can 
be observed by fringes in the detectors signal. From the observed fringes one can calculate the 
change of the refractive index and the change of the thickness, and if their temperature 
dependenee is known, one can calculate the temperature change of the substrate. 
If the substrate is heated from a temperature T1 to a temperature T2. the optical path difference 
and therefore the phase difference will change. In this change possible relative phase shifts will 
drop out, so that the number of observed fringes is given by: 

(4.7) 

For an infinitesimal temperature change 11T and neglecting higher order terms, it holds that: 

and thereby 

d(T. + ~T) = d(T. )+ ddl ~T 
êJI'T 

I 

(4.8) 

2 . 2 8 
11m=-d(J;)n(J;) 1- Sl~ 1 {(l+{J(J;)11T)(1+a(J;)11T)-1} (4.9) 

À n (I;) 

with a the temperature coefficient of the refractive index, defined as 

and ~ the thermal expansion coefficient: 

a(T)=-1-~1 
n(T) aTlT 

{J(T) =-1- àdl 
d(T) arT 

For silicon a =4.2x10-5 K 1 and ~ = 2.6x10-6 K 1 holds at 300 K [DON89]. 

(4.10) 

(4.11) 

For very large temperature changes this linear approximation leads to unacceptably large 
errors in the temperature. Therefore another technique is chosen by Donnelly and McCaulley. 
A thermocouple was adjusted to a silicon substrate and the substrate was heated. During this 
heating the fringes were recorded and a plot of the substrate temperature versus the fringe 
number was made. A fifth order polynomial was fitted to the calibration results to give the 

* Silicon bas a refractive index which is very temperature sensitive. Some other semiconductors have 
this same feature and can be used too. A crucial point is the transparency of the material for the used 
laser wavelength. Silicon is transparent for wavelengtbs over 1100 nm. 
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expression relating fringe number to temperature. A fit to the calibration data plotted as fringe 
number versus temperature was made too, for determining an offset number of fringes when 
starting heating or cooling at another temperature. 
All the data obtained was stored in a computer program which calculates the final temperature 
if the initial temperature, the sign of the temperature change, the substrate material, the 
substrate thickness, the laser wavelength and the angle of incidence is given. To determine 
whether the temperature change is calculated right or not in our case (probably we have 
different silicon substrates) a calibration should be done first. 

With this principle of interferometry it is also possible to measure the heat flux of the plasma to 
the substrate [A YD93]. The heat flux to the substrate can be determined by measuring the 
temperature changes while the plasma is gated on and off. For obtaining a higher accuracy a 
poor thermal contact between the substrate and the substrate holder is favourable. The 
substrate temperature change will be large when the plasma is gated on or off, which gives a lot 
of data points. 
Assuming that the dominant heat flux is from the underside of the substrate to the substrate 
holder and that the radiation losses are negligible, the energy balance for the substrate is given 
by 

de dT.ub - Q - h T -P p dt - plasma ( sub T,. ) (4.12) 

where p is the density, d the thickness and CP the heat capacity at constant pressure of the 
substrate. Th is the temperature of the substrate holder and T.,uh is the temperature of the 
substrate. Qplasma is the heat flux of the plasma to the substrate and h is the heat transfer 
coefficient from the substrate to the bolder. So the term at the left-hand side is the thermal 
energy flux into and out the substrate and the terms at the right-hand side are the heat flux from 
the plasma to the substrate and the heat flux from the substrate to the bolder. 
Integration of the energy balance gives the substrate temperature as a function of time in which 
we consicter two cases: 
• The time between gating the plasma on and off (t1 ~ t ~ to): 

Qplasma [ ( h Jl T = T. + 1-exp ---(t-t) 
sub h h dC 0 p p 

(4.13) 

• The time after gating the plasma off (t ~ t1): 

Qplasma [ h J T.ub = T,. + exp ---(t-tf) 
h pdCP 

(4.14) 

From fitting these equations to the plot of the substrate temperature versus time for the two 
time intervals, the two unknown parameters Qplasma and h can be obtained twice. Once from 
gating the plasma on and once from gating the plasma off. Both values should be equal for the 
two cases. 

4.4RESULTS 
Some experiments concerning the substrate temperature and its control were performed in a 
non-depositing plasma for obtaining a characterization of the substrate temperature controL In 
this part the experiments and their results are presented and discussed. This section ends with 
conclusions about the substrate temperature controL 
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----------------------------------

• Calibration of the technique 
When the temperature of a double-polisbed silicon substrate is changed, fringes can be 
measured with interferometry. From these fringes the temperature change can be calculated 
with the program WTLA TER.EXE. This program was not written in our plasma group nor 
especially for our double-polisbed silicon substrates, so a calibration had to be performed. 
The temperature of a double-polisbed silicon substrate (thickness d=0.51 mm) was decreased 
from 150 oe to 50 oe. The substrate was situated in the vessel in standard conditions (Argon 
flow = 100 scc/s, p = 0.26 mbar, helium back flow) but the are was not gated on. With a 
computer an interferogram was measured as shown in Figure 4.1. At the end of the temperature 
change the IR signa! stabilized after a small temperature oversboot 
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Figure 4.1: Calibration: inteiferogram and temperafure change. The cooling is started at 
t = 190 s. 

With the minima and maxima of the fringes the temperature change bas been calculated with 
the program mentioned above (more details about this calculation are given in the manual 
'Interferometry Temperature Measurements [KES96]). The initia! temperature of the substrate 
is equal to the heater block and initia! substrate holder temperature (no plasma). The calculated 
temperature change is given in the lower part of Figure 4.1. The heater block and substrate 
holder temperature were also measured (with a thermocouple) and these results are given in the 
same plot. 
It is clear that the program gives the right temperature change, because the calculated final 
temperature of the substrate is equal to the final temperature of the heater block and the 
substrate bolder. From Figure 4.1. it can also be concluded that the substrate follows the 
temperature of the holder very well. During cooling the temperature change of the heater block 
is a little bit faster than the temperature change of the substrate, during heating it is even faster 
because the heating power is about a factor of three larger than the cooling power. 
The non-Iinear dependenee of the substrate temperature on the number of observed fringes was 
mentioned before. Thus the substrate temperature change per fringe depends on the initia! 
temperature of the substrate. In the following experiments we wanted to relate the number of 
observed fringes immediately to the temperature change without using the program 
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WTLA TER.EXE. Therefore the temperature change per fringe has been determined for several 
initia! temperatures with WTLA TER.EXE. This is shown in Figure 4.2. 
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Figure 4.2: The substrate temperature change per fringe for several initia[ substrate 
temperatures. 

• Temperature change ofthe substrate caused by the plasma 
Now the influence of the plasma on the substrate temperature can he examined. With 
interferometry the number of fringes can be measured when the plasma is gated on. The 
substrate temperature increase is given by multiplication of this number of fringes with the 
temperature change per fringe for the appropriate initia! temperature. In Figure 4.3, the IR 
signalis given. The pure argon plasma wasgatedon at t = 45 s. The heater block temperature 
was 50 oe and the are current was 48 A. In the lower part of the figure the heater block and the 
substrate temperature are given. The substrate temperature increases quite quickly as the 
plasma is gated on. After 80 seconds, the substrate temperature is stabilized at 61 oe, 11 oe 
higher than the heater block temperature. This quite small temperature increase caused by the 
plasma is due to the helium back flow, which improves the thermal contact. ehanging to 
smaller or larger helium flows does not influence the substrate temperature increase. This 
means that the helium is not in the Koudsen region. Without the helium back flow the 
temperature increase would have been much larger (more than 100 °C), as will be shown in the 
heat flux measurements at the end of this section. 
The substrate reaches a temperature which differs only 3 oe from the stabilization temperature 
in 30 s after the plasma is gated on. So the largest temperature increase is in the first 30 s. This 
means that when the precursor gas for deposition is added to the plasma after 30 s (i.e. 
standard procedure), the substrate has almost reached its stabilization temperature. This is also 
the case for other heater block temperatures. 
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Figure 4.3: Interferogram and temperafure change when the plasma is gated on. 

• Substrate temperafure increase and heater block temperafure 

250 

The temperature increase Ll T of the substrate caused by the plasma was measured with 
interferometry for heater block temperatures from -50 oe to 250 oe. The results are given in 
Figure 4.4. In this figure the temperature increase of the substrate holder measured with a 
thermocouple is also plotted. The are current was 48 A. 
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Figure 4.4: The temperafure increase of fhe substrate and the holder due to a pure argon 
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The substrate temperature increase is 7 to 12 oe. The substrate temperature change decreases 
with increasing heater block temperatures. This is due to the increase of the thermal 
conductivity of the helium back flow with increasing temperatures as mentioned before 
(equation (4.5)). The accuracy in the temperature rise of substrate is about 1 oe. Greater 
accuracy is difficult, because this needs an interpretation of 118 fringe which is sometimes 
impossible because of the noise and small pass in the IR signal etc. 
The substrate holder increases in temperature between 7 and 11 oe. For heater block 
temperatures between 50 and 250 oe, there is a good agreement between the substrate holder 
temperature increase and the substrate temperature increase. For heater block temperatures of 
-50 and 0 oe, the substrate holder temperature increase is much smaller. The holder 
temperature was measured with a thermocouple at the edge of the holder and it may not always 
have had the same contact with the bolder. Neither was the contact between heater block and 
substrate holder always the same. The latter data points were obtained on another occassion 
than the other data points. 
With a simple model it is possible to calculate the mean distance between the substrate holder 
and the heater block using the temperature difference of 11 oe at a heater block temperature of 
0 oe. This distance is expected to be filled with helium which improves the thermal contact. In 
fact the substrate holder is in direct contact with the heater block at a few places, creating gaps 
at other places due to deviations of ideal plane surfaces. For a substrate temperature beneath 
room temperature for example, all the heat delivered by the plasma bas to be transported to the 
heater block by the helium. For this simplified case the energy balance is given by: 

Tholder - Theaterblock 
Qp/asma =À helium --'.C:..:.::.:..: __ d..;";";c_;_;_c:..:.:.:... (4.15) 

With a heat flux Qpiasma of 0.5 W cm·2 (see heat flux measurements at the end of this section) a 
mean distance d between substrate holderand heater blockof 0.32 mm is obtained. Although 
this a very simple model it generates no unphysical values for d. 
As mentioned above, hydrogen is expected to create even a better thermal contact between the 
substrate, holder and heater block. Experiments with a hydrogen back flow showed an 
substrate temperature increase of 8 oe caused by the plasma for a heater block temperature of 
50 oe. A temperature increase of 9 oe is expected from the ratio of the thermal conductivities 
of both gases. 

• Substrate temperafure and are current 
The influence of the are current on the substrate temperature increase was investigated for 
three heater block temperatures (0 oe, 100 oe, 200 °C). In Figure 4.5 the interferogram is 
shown for a heater block of 200 oe. The argon plasma is gated on and off three times with a 
different are current each time. When the plasma is gated on, the IR signal changes, which 
leads to some distinct fringes due to the substrate temperature increase. When, after 
stabilization the plasma is gated off the IR signal returns to its starting value the same way 
back. It is clear that the number of fringes after gating the plasma on is equal to the number of 
fringes after gating the plasma off. The number of fringes after gating the plasma on gives 
again the information about the temperature rise of the substrate. As can be seen in Figure 4.5 
the number of fringes caused by the plasma with Iarc = 29 A is 1.5. This corresponds with a 
temperature increase of 10 oe. For the plasma with Iarc = 48 A the IR signal changes a little bit 
more, which correspondends with a temperature increase of 11 oe. For Iarc = 87 A, the 
temperature increase is about 11.5 oe. Plotting this temperature increase as a function of the 
are current and extrapolating to zero are current gives a substrate temperature increase of 9.5 
oe which is due to the transfer of kinetic energy. Although this is only based on three data 
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points, it gives an indication of the contribution of the recombination of ions and electrans to 
the heat flux. 
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Figure 4.5: Inteiferogramfor three different are current settings. 

The measurements done at other heater block temperatures show the same behaviour of the 
substrate temperature in relation to the are current: for higher are currents the substrate 
temperature increase is larger than for lower are currents, but the difference is small. An 
increase of the are current (ion production in the are) with a factor two increases the substrate 
temperature only 0.5 - 1 oe. The heating of the substrate is therefore mainly deterrnined by the 
transfer of kinetic energy and only weakly govemed by the recombination of i ons and electrans 
at the substrate surface. This is quite suprising. Equation (4.3) shows that for an argon plasma 
a recombination of an argon ion at the substrate leads at least to an energy gain of the substrate 
of 15.8 eV. This recombination energy of argonionsis much larger than their thermal energy 
(± 0.3 e V), which led to the assumption that even a small increase of the i anization would 
cause a much larger substrate temperature increase. This leads to the condusion that the 
product of recombination probability l;rec and electron sticking probability Sst is small. 

• Substrate temperature and pressure 
The substrate temperature increase was measured for several vessel pressures after gating on a 
pure argon plasma. For all measurements the pressure was adjusted by changing the position of 
the valve to the pumping unit. The results are given in Figure 4.6. The heater block 
temperature was 50 oe and the are current 48 A. The dependenee of the substrate temperature 
on the pressure can he described quite well with a linear relation for pressures from 0.2 to 0.7 
mbar. This is probably also true for the dependenee of the holder temperature on the pressure, 
for pressures up to 0.40 mbar. For pressures above 0.40 mbar it is obvious that the holder 
temperature increase flattens off. A decrease of the beam diameter due to a pressure increase is 
a probable explanation for this. The beam gets small in comparison with the substrate holder 
(diameter = 10 cm), which causes a stabilization of the total heat flux (integrated over the 
bolders surface). This is nat observed for the substrate because of its small dimensions (2.5 cm 
x 2.5 cm). 
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Figure 4.6: The temperature increase of the substrate and the holder as function of the 
pressure. 

For the pressure range used, the ex panding beam is supposed to cover the substrate totally. As 
mentioned earlier a dependenee of the heat flux on the pressure was expected (equation (4.2)) 
and therefore a pressure dependenee of th~ substrate temperature increase after gating the 
plasma on. In fact a dependenee of the substrate temperature increase is found on increasing 
pressure, which is linear, to a good approximation. An extrapolation to zero pressure gives a 
substrate temperature increase of 1.7 oe. This can he contributed to recombination of ions and 
electrans at the substrate surf ace, because the contribution of kinetic energy transfer is zero for 
zero pressure. This is in good agreement with the 1.5 oe found for the recombination 
contribution for an are current of 48 A in the former part. 

• Substrate temperature for mixtures of gas es 
Until now only pure argon plasmas have been used to characterize the substrate temperature 
controL In this part the results are given when another non-depositing molecular gas is admixed 
to the argon. This can give some information about the influence of association reactions of 
radicals at the substrate on the substrate temperature increase. 
As a reference the first measurement was done with only a pure argon flow of 100 scc/s, with 
Iarc= 48 A and Theaterblock = 50 oe. Again a temperature increase of 10 oe was observed for the 
substrate. Thereafter two measurements were performed with mixtures of gases: an 
argon/oxygen mixture and an argonlhydrogen mixture. For these mixtures the highest possible 
flows of oxygen and hydrogen were used while keeping the pressure equal to that of the first 
measurement by adjusting the argon flow. Unlike the normal procedure the flows were set first 
before the plasma was gated on. The settings and the substrate temperature increase are given 
in Table 4.1. 
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Table 4.1: Substrate temperature increase caused by a plasma of gas mixtures. 

argonflow admixed gasflow pressure substrate temperature 
(scds) (scds) (mbar) increase (0 C) 

argon 100 0 0.258 10 

argon+ 85 17 02 0.261 8 
oxy~en 

argon+ 85 18 H2 0.260 5.5 
hydrogen 

Pram the table it is clear that admixing of oxygen and especially hydragen to argon leads to a 
smaller temperature rise of the substrate when the plasma is gated on. For an argon/hydragen 
adrnixture the substrate temperature rise is almost 50% lower than for a pure argon plasma. 
For both admixtures holdsthat less ions (15% less) are created because of a smaller argon 
flow. In case of the argon/oxygen admixture there is also a loss in ions by the reactions 
[BEL74]: 

Ar++ 0 2 --7 Ot +Ar (4.16) 
02+ + e --7 0 + 0* rate COefficient: ~ 10-ll m3s-l 

For hydragen the ion concentration is decreased by the reactions [GRA94,BEU92]: 

Ar++ H2-7 ArH+ + H 
ArH+ + e --7 Ar + H* 

rate coefficient: w-IS m3s-1 

rate coefficient: w-!3 m3s-l 
(4_17) 

This leads to a considerable reduction of ions, which means a smaller heat flux and substrate 
temperature increase. If all the ions are consumed by the admixed gases, this can lead to a 
temperature difference of about 1-1.5 oe. In this case the substrate temperature increase for the 
argon/oxygen can he explained, but the substrate temperature increase for hydragen is still 2.5 
oe smaller. Therefore there must he another reason for the relatively low substrate temperature 
increase in an argon/hydragen plasma. It can partially he explained by the much smaller heat 
transfer coefficient or energy accommodation coefficient of hydragen because of its small 
mass. Atomie hydragen bas an energy accommodation coefficient of 0.08 for silicon as surface 
atoms, wheras molecular hydragen bas an accommodation coefficient of 0.14, argon, 0.6, and 
oxygen, 0.5. This explains about 1 oe. The remaining difference is not understood yet. 
A reaction which would lead to more substrate heating is the association of H 2 or 0 2 from H 
and 0 radicals at the substrate with radicals from the gas phase. Although the released energies 
of these reactions are quite large (4.5 eV and 5.2 eV [HAN76]), this reaction is probably not 
frequent enough to have a large contribution to the heating of the substrate. We expect that 
similar arguments hold during deposition where bondings are created at the substrate and 
therefore energy is released. It is possible to make an estimation of the energy released by 
association, being ahead of the heat flux measurements at the end of this chapter and the 
deposition results in ehapter 6. The maximum growth rate during deposition, which is obtained 
until now, is 75 nrn/s. This corresponds toa grawth flux (of e 2H-radicals) of about 3xl021 m-2 

s-1 (the atom density in a-C:H is about 1029 m-3
). Assuming that for every growing radical 3 eV 

is released gives a contribution to the heat flux of 0.1 W cm-2. This overestimation bas to he 
compared with typical heat fluxes of 0.5 W cm-2 as will he shown later. eombined with the 
decrease of the substrate temperature increase when other gases · are admixed leads to the 
condusion that the substrate temperature increase will he of the same magnitude as in a pure 
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argon plasma. Even ifthe pressure increase due to the actmixing of acetylene (about 0.03 mbar) 
is taken into account. 

• Substrate temperature and the distance between are and substrate 
The deposition setup used bas the feature that the arc-substrate distance can be changed by 
lowering the are position. The temperature increase of the substrate after gating the plasma on 
in standard conditions was observed for different arc-substrate distances. The results are shown 
in Figure 4.7. 
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Figure 4. 7: The substrate and holder temperature increase versus the arc-substrate 
distance. 

The substrate temperature and the holder temperature increase is higherforsmaller distances. 
Only a few data points were taken, but it seems that the substrate temperature increase is much 
higher than the holder temperature increase for decreasing distances. 
The neutral partiele density in the vessel remains constant for smaller distances, but the 
electron temperature and electron density increase about 15% and 40% fora distance decrease 
of 20 cm. [SAN91]. Because of quasi-neutrality of the plasma this will be the same for the 
ions. The neutral partiele temperatures increase also because at a smaller distance the hot 
particles have less time to diffuse out of the beam. Hot particles diffuse out of the beam and 
cold particles diffuse into the beam keeping the neutral partiele density constant. 
A probable explanation of the smaller temperature increase of the holder is again the 
decreasing beam diameter for a decreasing arc-substrate distance. 
The reason for the few data points in this experiment is practical: after a measurement with a 
smaller distance (d = 40 cm) between are and substrate we found small spots on the silicon 
substrate, which also accounted for the strange observed interferogram for the last 
measurement. These spots were stuck fast on the silicon and electron probe microanalysis 
(EPMA) pointed out that it concerned aluminium spots. The substrate holder is the only part 
made of aluminium in the vessel but how the aluminium spots could arise is still not clear. 
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• Heatflux measurements 
During the former parts of this chapter the interest is risen in the heat flux of the plasma 
towards the substrate. The heat flux was measured as described before: a double-polisbed 
silicon wafer was mounted on a substrate holder which bas no hole for a back flow gas. This 
caused the substrate to heat up quite a lot because of the poor thermal contact between 
substrate and the bolder. Between the holder and the heater block there was a hydrogen back 
flow. This back flow was very small compared to the argon flow (about 1 %), so the hydrogen 
was not expected to influence the heat flux significantly, certainly not after it tumed out that 
the ions are less important. The temperature difference between substrate and holder was 
measured with interferometry. For one measurement the typical change of the temperature with 
respect to the substrate holder is shown in Figure 4.8. 
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Figure 4.8: The temperature response ofthe substrate to gating the plasma on and offand 
the fits of these responses. 

The relations ( 4.13) and ( 4.14) were fitted respectively to the temperature increase part and the 
temperature decrease part of Figure 4.8. From these fits the values of the plasma heat flux 
Qplasma and the energy transfer coefficient h were extracted. In Figure 4.9 the heat flux is shown 
for several heater block temperatures and are currents. 
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Figure 4.9: The heatflux ofthe plasma towards the substrate. 

The error bars in Figure 4.9 give only the errors obtained by the fit procedure, the real 
accuracy is probably much less. An indication of the accuracy is given by the difference in the 
results of both fits belonging to one experiment. The fits conceming the moment just after 
gating the plasma on (plasma on) are better than those after gating the plasma off (plasma of/), 
as can heseen for one measurement in Figure 4.8. The fits at plasma on are thus more reliable, 
they give systematic higher values for the heat flux as those for plasma off. Of course, the heat 
flux does not depend on the substrate temperature. All tagether we have only a limited 
accuracy for the heat fluxes: the inaccuracy is probably 30%. 
The variation of the are current from 22 A to 48 A does not seem to have any influence on the 
heat flux, but the varlation from 48 A to 87 A seems to decrease the heat flux. This decrease is 
not exceptionally large, particularly if the degree of uncertainty is considered, but the trend is 
clear. A decreasing heat flux with an increasing are current is not predicted by theory and not 
expected after the measurements of the substrate temperature increase with several are 
currents. The temperature increase was larger for larger are currents, but the differences were 
also not overwhelming. Until now there is no simple explanation for this effect. It can also he 
possible that sarnething else caused the trend and that the measurements are very inaccurate. 
This means that with these measurements the heat flux cannot he determined to one decimal 
place. Perhaps the only condusion that can he drawn from this is the magnitude of the heat 
flux: about a few tentbs of W cm-2

. The latter is in accordance with other heat flux 
measurements in a similar setup [TH096]. Fora pure argon plasma with an argon flow of 50 
scc/s and a pressure of 0.2 mbar, the heat flux was found to he 0.53 W cm-2 with twice as 
small a distance between are and substrate . 
Calculations of the heat flux with equation (4.3), and taking only a hot neutral argon gas (0.26 
mbar, 3000 K) into account with an accommodation coefficient of 0.6, reveal a heat flux of 1 
W cm-2

• This indicates perhaps a stagnation point in front of the substrate holder which 
partially deflects the argon flow. 

It bas been shown that the temperature of a substrate in the expanding plasma beam setup can 
he controlled very well using a helium back flow. With this helium back flow the substrate 
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temperature increases justabout 7 to 12 oe above the adjusted heater block temperature and 
depends on the setpoint temperature. The substrate temperature can he measured in-situ with 
an acurracy of 1 oe by means of interferometry. Several experiments have shown that the 
substrate temperature increase is mainly govemed by kinetic energy transfer from particles 
colliding with the substrate and therefore by the pressure in the vessel. Admixing of other non
depositing gases, the ionization degree and the adjusted heater block temperature have 
relatively small influences on the substrate temperature increase in comparison with the 
pressure. 
With interferometry it has been shown that the heat flux from the plasma to the substrate in 
standard conditions is approximately 0.3-0.7 W cm·2• The heat flux cannot he determined very 
accurately with the metbod used. 
From these results it is assumed that the substrate temperature is also well controlled during 
deposition because admixing another gas, increasing the pressure somewhat etc. does not 
change the temperature control drastically. The substrate temperature increase is assumed to he 
about 10 oe and this assumption is confirmed by the substrate holder temperature increase 
which can he measured during deposition (see chapter 6). 
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CHAPTER5 

SUBSTRA TE BIASING 

Substrate biasing is used in PECVD techniques to control the energy of the ions incident on the 
substrate independent of plasma generation. In the remote plasma used the ions are accelerated 
to the substrate by the difference between the plasma potential and the floating potential of the 
substrate. In our case this potential difference is about 2 V and therefore the increase of ion 
energy is about 2 eV. 
The easiest technique for increasing this ion energy is the application of a negative de voltage 
to the substrate. However, if an insulating substrate is used or an insulating film is deposited on 
the substrate, the impinging electrans will retain their charge at the insuiator surface. The 
surface potential will differ from the applied potential and finally approach plasma potential. 
Thus, the ions are not accelerated to the substrate and the ion energy is no longer controlled. 
Because our aim is the deposition of insulating a-C:H-films, the substrate is biased with an rf 
voltage which is applied to the heater block and the substrate bolder. With this technique it is 
possible to control the ion energy of the impinging i ons even if an insulating surface exists. The 
ions and electrans are accelerated to the substrate in turn so that no net current is drawn from 
the plasma and no charge will retain on the surface. The rf substrate biasing is explained in the 
following section. 

5.1 THEORETICAL CONSIDERA TI ONS 
The substrate holder (with heater block) can he considered as a large planarprobe immersed in 
the plasma with its potential changing according to the plasma conditions. Therefore similar 
equations as for the probe (Section 3.2) hold for the substrate bolder. If the substrate holder is 
not grounded nor biased with a power supply, the substrate holder potential v,h equals the 
floating potential "f: 

kT [m·] V =V __ e ln - 1 

f p 2 e me 
(5.1) 

When an rf voltage is applied, the substrate holder potential consists of two parts: a de voltage 
or de bias V de and an ac voltage with amplitude V tf and frequency ro: 

(5.2) 

The de part can he expressed as: 
(5.3) 

"fis the floating potential as mentioned above and Vb is the rf bias due to the rectification of the 
electron current by the sheath. Por eVtt>> kTe, Vb is given by [RA93]: 

V: = V - _e ln ---kT [2neVif l 
b if 2e kTe 

(5.4) 

Thus Vsh is given by: 

kT [ m.] kT [2neV l V:,h =V __ e In -' - Vif +-e In if + Vif sinrot 
p 2e me 2e kT_ 

(5.5) 

These formulas can he understood as follows: the substrate is electrically (in de sense) 
insulated from the ground by a capacitor and therefore the net current to the substrate holder is 
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zero. This will still hold when an rf voltage is applied as shown in Figure 5.1a. But due to the 
much smaller mass and therefore much larger mobility of the electons in comparison with the 
ions, the time to collect an electron current equal to the ion current is much smaller. Therefore 
the rf voltage alternates not around the floating potential but around a more negative potential. 
Most of the time in one rf cycle the substrate collects a positive current (V,h < lj), in the 
resulting time the substrate collects a negative current (V,h > lj). This is shown in Figure 5.lb. 
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Figure 5.1: Substrate biasing: the rfpower supply (a) and the substrate holder potential as 
ajunetion oftime (b). 

The energy E; gained by the ions incident on the substrate holder depends on the sheath 
thickness sof the ion sheath in front of the substrate bolder. Por large bias potentials the sheath 
thickness is given by the Child law [LIE94]: 

3 3 

s =À 2ifin [2eVdc )4 ""À 2ifin [2eVb ]4 
D 3 kTe D 3 kTe 

(5.6) 

with Àn the Debye length. In our case the sheath thickness is at most 0.6 mm and the mean free 
path Àmtp of the ions as a result of argon ion-neutral collisions is in the order of millimeters. 
The sheath is therefore collisionless for the ions and they will gain an energy E; corresponding 
to the difference between the plasma potential VP and the substrate holder potential Vsh: 

36 



(5.7) 

Assuming that the ions only respond to the time-averaged substrate potential gives: 

(5.8) 

This is a good approximation provided that the applied rf frequency is larger than the ion 
plasma frequency /p; [LIE94]: 

(5.9) 

with n; the ion density and Ea the permittivity of vacuum. In our case the ion plasma frequency 
(15 - 47 MHz) is in the order of the rf frequency (13.56 MHz) due to the relatively high ion 
density (n; =1017

- 1018 m-3
). This can cause some oscillations of the ion energy with the applied 

rf frequency but equation (5.8) still holds for the time-averaged energy of the ions accelerated 
to the substrate bolder. 
If all of the rf power is used to accelerate ions in the sheath to the substrate bolder, the applied 
rf power P rf is given by: 

(5.10) 

with J; the ion current density and A the current collecting surface area. Rewriting this equation 
gives: 

(5.11) 

The ion current density is given by (see section 3.2): 

]. = _!_n e ~8kTe 
1 

4 
e 

mn; 
(5.12) 

Under i deal circumstances the ion current density does not depend on the rf bias Vb and thus the 
rf bias increases linearly with increasing rf power. The total rf power is then used for the 
energy gain of the i ons. Although the sheath thickness s of the ion sheath depends on the de bias 
(equation (5.6)), the ion current density is independent of this thickness. The reason is that the 
substrate holder can he considered as a large planar probe. The ion collection area is constant 
for an increasing sheath thickness. This in contrast with e.g. a cylindrical probe: the ion 
collection area As increases with i. 

5.2 RESULTS 
Some experiments to characterize the substrate biasing were performed in a non-depositing 
argon/hydrogen plasma with a bare substrate bolder. Because the impedance of the plasma 
depends on the electron density and temperature in the plasma, the matching network between 
the rf supply and the substrate holder is specific for a certain electron density range. In our case 
the electron density is in the order of 1017-1018 m-3 in deposition conditions. In a pure argon 
plasma, the electron density is too large and gives rise to a too low plasma impedance for the 
matching network. Therefore hydrogen was admixed which is known to decrease the electron 
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density. The setup parameters were: 50 scc/s argon flow, 1 scc/s hydragen flow, 48 A are 
current and 0.47 mbar pressure. 
The ion saturation current was measured with the Langmuir probe (cf. Section 3.3) for several 
rf powers and thus several rf bias potentials. For every fixed rf power, the radial position of the 
probe in the vessel was also varied, giving information on the radial distribution r of the ion 
saturation current. The middle of the substrate bolder, which is circular, corresponds to r = 0. 
The edge of the substrate holder corresponds tor= 5 cm. The results are shown in Figure 5.2. 
The probe diameter was 0.45 mm and its length 4.5 mm, the probe area Apr was thus 6.4x 10·2 

cm2
• The distance between probe and substrate holder was 5 mm. The sheath thickness 

(equation (5.6)) was at most 0.6 mm (Ptf = 80 W, Vb = 120 V). The rf bias as a function of the 
rf power is shown in Figure 5.3. 
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For a fixed radial position the ion saturation current density for the Langmuir probe increases 
linearly with increasing rf power. The ion saturation current density for the Langmuir probeis 
assumed to be equal to the ion current density collected by the substrate holder because the 
substrate holder potential is beneath the plasma potential. Only the electron current density 
changes in time due to its dependenee on the substrate holder potential Vs. Thus the ion current 
density increases with increasing rf power. 
This means that not all rf power is used in the creation of the rf bias potential over the sheath 
and thus affects the plasma over a distance larger than the sheath thickness. For example at 5 
mm above the substrate bolder, the plasma is still affected by the rf bias. 
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Figure 5.3: The rf bias as a function of the rf power for two plasma conditions. The first one 
corresponds with the conditions for the Langmuir pro he measurements. 

The assumption that not all rf power is used in the creation of the rf bias is reinforeed by 
Figure 5.3. The rf bias is not linearly dependent on the rf power: it flattens off for higher rf 
powers. The dependenee of the rf bias on the rf power can be described quite well with a square 
root for the considered conditions and range: 

(5.13) 

The fits are shown in Figure 5.3. This dependenee is well known for real rf discharges 
[CAT91]. It can be explained by the expression for the power, P = V*/. If the ion current I; is 
linear dependent on rf bias vb. the rf power depends quadratically on vb. The increase of ion 
current density for increasing rf power can imply that some plasma parameters in front of the 
substrate holder are changed by the rf power. The rf power leads for example to plasma 
creation (increase of ne) or plasma heating (increase of Te). If no rf power is applied, the 
electron density can be calculated with equation (5.12) for an electron temperature of0.3 eV: ne 

= 3x1017 m·3• An rf power of 80 W leads to an increase in the ion current density of a factor 
three. This can be due to an increase of the electron density to 9x1017 m-3

, an increase in 
electron temperature to almast 3 eV or more likely a situation in between. This plasma heating 
and plasma creation can take place within the skin depth ö of the plasma for the rf frequency. 
The skin depth is in our case given by [LIE94]: 

(5.14) 

with c the velocity of light and ffipe the electron plasma frequency. This reveals ·a skin depth of 
about 5 to 15 mm. This is in agreement with the observation that the ion saturation current at 5 
mm above the substrate holder is influenced by the bias potential. 
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Another possible explanation for the increasing ion current density with applied rf power 
assumes a stagnation point in front of the substrate holder which partially deflects the argon 
flow (Section 4.4). When the rf power is increased more ions are attracted by the substrate 
instead of deflected. Thus a part of the rf power is used to attract more i ons. 
The product of rf bias and the ion current density, due to the bias potential, as a funtion of rf 
power gives information of the effective collection area of the substrate bolder. This product, 
which corresponds to power per unit area is given in Figure 5.4. 
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Figure 5.4: The product of if bias with the ion saturation current density (for r = 0) due to 
the applied bias potential as a function of if power. 

This figure shows indeed the Vb 312 dependenee as suggested by the square root dependenee of 
the bias potential on the rf power and the linear dependenee of the ion saturation current on the 
rf power. The linear fit will be explained next. Figure 5.4 gives the power per unit area created 
by the rf power versus the applied rf power. The reciprocal value of the slope from the linear fit 
gives therefore a rough indication of the effective current collection area of the substrate bolder. 
This gives an effective current collection area of about 130 cm2

, but depends actually on the 
range used for the fit. lt is therefore only a rough estimation. The real upper surface area of the 
substrate holder is 78 cm2

; the discrepancy can be explained with the side area of the substrate 
holder and the heater block. 
Retuming to Figure 5 .2, we see that the ion saturation current of the probe increases at the edge 
of the substrate bolder. lt reaches a maximum absolute value for r = 6 cm, one centimeter from 
the substrate edge. Theoretically one would expect a constant ion saturation current until the 
plasma beam gets less intense (ne and Te lower) and the ion saturation decreases. An increase is 
thus not expected at all but a stagnation point in front of the substrate holder can be the 
explanation again. The ions are deflected just in front of the substrate holder and will flow 
along the substrate holder edge. The ion concentration is thus larger at the substrate holder 
edge in comparison with the center of the substrate holder and therefore higher ion current 
densities are obtained at the substrate holder edge. 
Finally the value of the floating potential of the substrate holder is given as measured with the 
high voltage probe for zero rf power. Por the same conditions as used in the Langmuir probe 
measurements the floating potential V1 is -0.7 V in relation to ground potential. The difference 
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between plasma potential and floating potentialis 1.7 V according to equation (5.1). Thus the 
plasma potential Vp is 1.0 V above ground potential for the situation considered. 

It is thus possible to apply a bias potential at the substrate holder in an argon!hydrogen plasma 
which is, in a sense, comparable to a deposition plasma. Although the bias potential increases 
with increasing rf power, not all the rf power is used in the creation of the bias potential over 
the sheath. The ion current density, obtained by Langmuir probe measurements, increases 
linearly with rf power. Bias potentials of -120 V can be obtained in the argon/hydrogen plasma 
with an rf power of 100 W. The ion current density in front of the substrate is in the order of 
10Am·2• 
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CHAPTER6 

DEPOSITION OF a-C:H-FILMS 

After the description of the substrate temperature control and substrate biasing the deposition 
of amorphous hydrogenated carbon films for several substrate conditions is described in this 
chapter. Analysis of the film properties like the refractive index, the growth rate, the hardness, 
the hydrogen content etc. give information on the influence of substrate temperature and 
substrate biasing on film quality and the deposition mechanism. Usually quality is defined in 
terms of hardness and refractive index at which the latter increases for increasing hardness 
[ROB92, GIE96d]. The ratio sp2/sp3 increases for improving quality, at least if the hydrogen 
content decreases as wel!. This means that hydrogen is removed from sp3 -bonded carbon atoms 
and that the free bondings cross-link mainly by 1t-bonding formation. In this way sp3-bondings 
are transferred into sp2 -bondings which leads thus to higher quality material. Further 
impravement is obtained from transition to more unhydrogenated sp3 -carbon. 
This chapter starts with an analysis of the influence of the substrate temperature on the above 
mentioned film properties. In the second section the hydrogen induced erosion of a-e:H-films is 
investigated because this process might also influence the growth of the films during deposition. 
The influence of substrate biasing on the film properties is investigated in the third section and 
finally some surface reaction mechanisms are proposed from which a tentative growth model is 
deduced. An attempt is made to explain the obtained results qualitatively by this model. 

6.1 INFLUENCE OF THE SUBSTRATE TEMPERATURE 
To investigate the influence of substrate temperature on film quality and deposition rate, a
e:H-films were deposited for several substrate temperatures. As mentioned in ehapter 4, the 
substrate temperature is well controlled with a helium back flow. After gating the argon plasma 
on, the substrate temperature increases about 7 to 12 oe ( depending on the substrate setpoint 
temperature) above the setpoint value of the substrate temperature. As concluded from the 
results of ehapter 4 the admixing of the acetylene will not have a large influence on the 
substrate temperature and the substrate temperature is equal to the substrate holder temperature 
within an accuracy of 3 oe. In the following experiments the substrate temperature was 
therefore determined by measuring the substrate holder temperature with a thermocouple. In 
the presented experiments the pure argon plasma was gated on for 30 s after which the 
deposition was started by adding acetylene to the plasma with ring-injection. The argon flow 
was 100 scc/s, the are current, the acetylene flow and the substrate temperature were varied. 
The pressure in the vessel from a pure argon plasma is 0.27 mbar and increases with about 
0.002 mbar for every 1 scc/s admixed acetylene. 
The first experiments concerned depositions on glass substrates (Menzel-Gläser microscope 
slides). The deposited films were investigated by means of infrared spectroscopy (cf. Section 
3.3) in order to obtain information about the refractive index and the film thickness as a 
function of substrate temperature. The growth rate is obtained by dividing the film thickness by 
the deposition time. The plasma settings and the deposition time for the measurements are given 
in Table 6.1. The deposition time is reduced for higher are currents and higher acetylene flows 
because the growth rate increases for these conditions [GIE96b]. It is indicated whether the 
condition is underloaded or critical loaded [GIE96d]. In the critical loaded situation the 
admixed acetylene flow is of comparable magnitude as the argon ion flow from the plasma 
source. For every acetylene molecule only one argon ion is available for dissociation and only 
one dissociation step can occur (cf. Section 2.1). In the underloaded situation the admixed 
acetylene flow is smaller than the argon ion flow and several dissociation stepscan occur. 
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Table 6.1: Plasma settings and deposition time. 

are current (A) acetylene flow deposition time (s) underloadingl 

(scds) criticalloading 

22 4.7 180 criticalloading 

48 4.7 120 underloading 

48 10 60 criticalloading 

66 15 45 criticalloading 

87 20 30 underloading 

The obtained infrared refractive index and the growth rate as a function of substrate 
temperature are given in Figure 6.1 and Figure 6.2. 

2.3 r-.---------l-r-..----r--.----.----..------.-....,......, 
Plasna settillis 

(are current I acetyleneflow) 
-•-87 A /20.0 scc/s 

22 1- -o-66 A /15.0 scc/s 
-•-48A/t:l.Osoo's 

17~--~--._·~--~--._~--~--~~~-._·~--~--._~u 

-50 0 50 tlO 150 200 250 300 

substrate temperature (0 C) 

Figure 6.1: The refractive index ofthe a-C:H-films as ajunetion of substrate temperafure 
for several plasma settings. 

The refractive index tends to increase with increasing substrate temperature, at least for 
substrate temperatures up to 100 oe. For higher substrate temperatures this is much less 
convincing. For the underloaded condition larc = 87 A, the refractive index saturates at a 
maximum value between 150 and 250 oe. The refractive indexfora substrate temperature of 
300 oe is somewhat lower, but it is within the accuracy of the measurements (about 0.05). A 
similar behaviour is observed for the criticalloaded condition Iarc = 48 A. In the critica! loaded 
condition Iarc = 22 A and the underloaded condition Iarc = 48 A the refractive seems rather 
constant for substrate temperatures between 100 and 300 oe. The refractive index for the 
critica! loaded condition larc = 66 A seems to increase with increasing substrate temperature, 
but this is based on only three data points. In general it can be concluded that the refractive 
index increases for substrate temperatures up to 100 oe but for higher substrate temperatures 
no convincing increase or decrease of the refractive index can be concluded taking the accuracy 
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of the measurements into account. An interesting fact is that the films deposited with Iarc = 22 
A and CzHz-flow = 4. 7 scc/s are very transparent compared to the films deposited with other 
plasma settings. The infrared transmission spectra of these films showed a relatively large sp1

-

absorption peak at about 3300 cm·1
, especially at low temperatures (T < 100 °C). 
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Figure 6.2: The growth rate ofthe a-C.H-films as ajunetion ofsubstrate temperaturefor 
several plasma settings. 

The growth rate on the other hand, decreases with increasing substrate temperatures. The 
decreasein growth rateis 30 to 55% fora temperature increase of 350 °C, depending on the 
plasma settings. The maximum relative decrease is for the criticalloaded condition Iarc = 22 A. 
If the refractive index increases, the density of the film (proportional to (n2 -1)/(n 2 + 2) 
[GIE96a]) increases. This gives at most a density increase of 13% and thus a growth rate 
decrease of 2%. Therefore the observed growth rate cannot be contributed to this effect and 
there is really less carbon deposited. The decrease of the growth rate for increasing substrate 
temperatures is in agreement with literature, but the decrease of the growth rate is much 
smaller in our case. We observe a gradual decrease over a relatively large temperature range 
whereas in literature a large decrease over a relative small temperature range is reported 
[MÖL93, KEU96a]. In literature this decrease is contributed to e.g. the desorption of 
physisorbed neutral species from the film surface in an absorbed layer model 
[MÖL93,MAN96] or the erosion of the film by atomie hydragen [KEU96a]. For both the 
desorption of neutral physisorbed species in an adsorbed layer model and the hydragen induced 
etching the activation energies are in the range of 0.1 to 1 eV assuming an Arrhenius* 
dependenee on substrate temperature. If we assume that the growth rate of the plasma 
deposited films is thermally activated by a process which bas an Arrhenius dependenee on 
substrate temperature only an activation energy of about 10-20 meV is found. In Section 6.2 

* A rate constant r of a process which has an Arrhenius dependenee on temperature is given by 

r = r0 exp(-Eacr I kT) with ro a preexponential factor, Eact the activation energy, k Boltzmann's 

constant and Tthe temperature [BAR96]. 
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the hydrogen induced etching will be discussed in more detail and we will return to the matter 
inSection 6.4. 
The refractive index increases with increasing growth rates as observed before 
[GIE96b,GIE96c]. This is shown in Figure 6.3, where the refractive index is presented as 
function of growth rate for constant substrate temperatures. The different refractive indices 
were obtained by varying the acetylene flow and the are current. 
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Figure 6.3: The refractive index as ajunetion of growth ratefor constant substrate 
temperatures and a comparison withformer results [GIE96c]. 

A comparison with former results [GIE96c] is also given in Figure 6.3. The former results have 
been obtained with a watercocled substrate holder with a poor thermal contact between 
substrate holder and substrate. The substrate temperature was therefore unknown, but it is 
assumed to be reasonably constant (maybe within a few tens of degrees Celsius). The highest 
refractive index is obtained fora smaller growth rate for the new results. From Figure 6.3 it is 
concluded that the substrate temperature was between 200 and 250 oe for the experiments with 
the watercocled substrate bolder. 
The real influence of the substrate temperature on the refractive index can be observed if the 
refractive index is shown as a function of substrate temperature for constant growth rates 
(Figure 6.4). The data points havenotbeen obtained experimentally but from interpolation of 
the curves shown in Figure 6.3. 
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Figure 6.4: The refractive index ofthe a-C.H-films as ajunetion of substrate temperafure 
for constant growth rates. 

The refractive index increases almost 10% for a substrate temperature increase of 350 oe at 
constant growth rates. The refractive index levels out at substrate temperatures above 150 oe. 
From these results it can be concluded that the refractive index can be increased by increasing 
the growth rate and by increasing the substrate temperature. However for increasing the 
refractive index, the growth rate should not be increased by decreasing the substrate 
temperature but only by the changing the plasma settings i.e. increasing the flux of growth 
particles towards the substrate (cf. Figure 6.1 and Figure 6.2). 
Another important fact is the influence of the acetylene purity on the film quality. This 
influe~ce was noted after the acetylene cylinder was changed for a new full one. The fllms 
deposited with acetylene from the new cylinder have a larger refractive index, as is shown in 
Figure 6.5. The growth rateis not influenced significantly. 
The difference in refractive index can be attributed to a pollotion of the acetylene with acetone 
present in the acetylene cylinder. Acetone is admixed with acetylene on purpose, for obtaining 
acetylene in a safe liquid phase. In gaseous, liquid and solid state pure acetylene is very 
explosive but in a cylinder with a porous mass saturated with acetone, compressed acetylene 
can be contained without danger even at pressores over 20 bar [HAN81]. When the pressure in 
the cylinder becomes relatively small (below about 10-15 bar) the acetylene teaving the cylinder 
is polluted with aceton which affects the film quality negatively. Acetone (eH3eOeH3) 

probably creates polymer-like ebains in the fllm. The pollotion is probably small because the 
growth rate is not affecte!I significantly. The influence of this polluted acetylene has been 
observed quite recently. Therefore the following experiments were performed on films 
deposited with polluted acetylene. It is assumed that this pollotion with acetone bas no effect on 
the observed trends in the results. To avoid this problem of pollotion in the future, the acetylene 
cylinder must be changed in time, e.g. before the cylinder pressure drops below 15 bar. Another 
solution is the application of a condenserin the acetylene supply to the vessel. 
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Figure 6.5: The refractive index and growth rate ofthe a-C:H-fllms as ajunetion of 
substrate temperafure for several plasma settings and two acetylene purities. 

As mentioned above it was shown in previous experiments [GIE96b,GIE96c] that the hardness 
of the films increases with increasing refractive index. The former results [GIE96c] are shown 
in Figure 6.6, as well as some new results for films deposited with the temperature controlled 
substrate bolder. The hardness of the films was obtained by means of nano-indentation 
[OLI92]. 
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Figure 6.6: Hardnessas afuntion ofthe refractive index. 
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The increase of hardness with increasing refractive index is very clear for the plasma setting 
with Iarc = 48 A. For the other setting, the number of data points is not sufficient to draw such a 
conclusion. Leaving the plasma settings aside, the new data points fit quite well to the farmer 
results and therefore the mentioned correlation between hardness and refractive index Is 
confirmed. The hardness ofthe films versus the substrate temperature is given in Figure 6.7. 
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Figure 6.7: Hardnessas ajunetion ofthe substrate temperature. 

In case of deposition with Iarc = 48 A the hardness increases with increasing substrate 
temperature in a more unambiguous way than the refractive index does. From the two data 
points of Iarc = 87 A, a decrease of the hardness is observed for increasing substrate 
temperatures. Perhaps this is an explanation of the relative high hardness in comparison with 
the refractive index for the best quality films with Iarc = 48 A, and the relative low hardness in 
comparison with the refractive index in case of Iarc = 87 A. These remarks are based on only a 
few data points and therefore more hardness measurements are necessary for conclusions. 
The hydragen content or H/(C+H)-ratio of the films has been deterrnined with nuclear 
techniques. This has been done with two different setups: Elastic Recoil Detection Analysis 
(ERDA) is performed at the University of Utrecht [ARN93] and ERDA in combination with 
Rutherford Backscattering (RBS) is performed at the Eindhoven University of Technology 
[IJZ94]. For these experiments a-C:H films with a thickness between 300 and 500 nm have 
been deposited on silicon substrates ([100] orientated, Wacker-Chernitronic GMBH). The 
deterrnined hydragen contents for several plasma settings and substrate temperatures are shown 
in Figure 6.8 and Figure 6.9. 
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Figure 6.9: The hydrogen content of a-C.-H-.films as a function of the growth rate for 
constant substrate temperatures. 

The hydragen content shows no significant change for increasing temperatures. The hydrogen 
content decreases however with increasing film quality for constant substrate temperature as 
can be observed in Figure 6.9, where the results of Figure 6.8 are shown as a function of the 
growth rate. The influence of the substrate temperature is perhaps to smal! in comparison to the 
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influence of the growth rate on the film quality. Th ere is also a discrepancy between the 
hydrogen content as obtained by Utrecht and by Eindhoven. The hydrogen content obtained by 
Eindhoven is significant lower, it is about 28 - 33 at.% in comparison to 32 - 39 at.% for 
Utrecht. An impression of the accuracy is also given by the data points which concern the same 
films. Four of the substrates where cut in half after which both Eindhoven and Utrecht 
analysed one part. Assuming a homogeneaus film quality over the substrate area shows that 
both techniques can give quite different results. This bas to be taken into account for the 
interpretation of these results and therefore we can only conclude that the hydrogen content of 
the films is 30 to 40 at.%, that it decreases for improving film quality at constant substrate 
temperatures and that it is independent of substrate temperature. Former results obtained by 
Eindhoven for films deposited with the watercaoled substrate holder [GIE96b] revealed a 
hydrogen content of 35 to 45 at. % and also a decreasing hydrogen content for increasing 
refractive indices. The discrepancy between the new and old results for the hydrogen content as 
obtained by Eindhoven strengthens the condusion of 30 to 40 at.% hydrogen. 

The influence of substrate temperature on film quality was determined by several experiments. 
With infrared spectroscopy its influence on the refractive index and the growth rate was 
determined. It bas been shown that the refractive index increases with increasing substrate 
temperature at least until about 150 oe. However the refractive index is much more influenced 
by increasing growth rate by changing the plasma settings. The correlation between refractive 
index and the hardness of the films is confirmed, the hardness increases for higher refractive 
indices. The hydrogen content bas no significant dependenee on substrate temperature but it 
does depend on film quality as determined by the plasma settings. The influence of the purity of 
the used acetylene on the film quality is also very interesting. In the future it should be noted 
that only pure acetylene is used as precursor gas. 

6.2 HYDROGEN INDUCED EROSION OF a-C:H-FILMS 
In the previous section it was shown that the growth rate decreases with increasing 
temperature. It was mentioned that this is in agreement with literature. Von Keudell for 
example showed that the decrease of the growth rate with increasing temperature in a EeR
plasma deposition setup is due to the hydrogen induced erosion of the a-e:H-films [KEU96a]. 
The decrease of the growth rate with increasing temperatures showed a similar temperature 
dependenee as the hydrogen induced erosion of a-C:H-films with a hydrogen plasma. The 
growth of the films is thus competited by this hydrogen induced erosion which increases for 
higher substrate temperatures. With this process the net decrease of the growth rate (growth 
minus erosion) can be explained while the growth rate itself is temperature independent. To 
examine whether the decrease of the growth rate in our case is also due to the increase of 
hydrogen induced erosion, a-C:H-films were exposed to an argon/hydrogen plasma. The 
erosion rate ( or actually etch rate) of hydrogen was determined as well as the activation energy 
by means of interferometry. Interferometry is not only a useful technique for monitoring the 
substrate temperature during processing, but also for monitoring the growth or erosion of films 
during deposition or etching. In the following part it is described how information about the 
growth or erosion of a-e:H-films was obtained with interferometry. 
A single-side polisbed silicon substrate was placed on the substrate holder at a constant heater 
block temperature of 250 oe. The infrared laser was directed to the substrate and the reflected 
beam was pointed at the detector. An argon plasma was gated on and after 30 s the deposition 
precursor acetylene was admixed to the plasma. Due to the growth of a thin film on the 
substrate fringes were observed i.e. the phase difference Ö of the reflected beams changed, due 
to the change of the thickness of the film. The growth rate is observed to be constant during 
deposition and its value can be deduced from former measurements. It should be noted that the 
films described in this section are deposited with acetylene polluted by acetone due to the low 
pressure in the gas cylinder. Therefore the calculated refractive indices should be compared 

50 



with those from films deposited with the same acetylene cylinder (Figure 6.6). An 
interferogram of a film deposition is shown in Figure 6.10. The initial reflection of the silicon 
substrate is larger than the reflection of the a-C:H-film at constructive interterenee due to a 
larger reflection coefficient. This reflection coefficient is a function of the refractive index. The 
temperature dependenee of the refractive index is too small to influence the reflection 
coefficient for temperature changes up to several 100 oe. 
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Figure 6.10: 1nterferogram of a deposition. 
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The development of the phase difference as a function of time for the deposition of three 
qualities of films is given in Figure 6.11. The deposition was started at t = 0 s. The substrate 
temperature was 260 oe. Por the best quality film the results of two depositions are shown, 
which gives an impression about the reproducibility of the deposition. From this figure it is also 
clear that the growth of the film is homogeneaus in time. 
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The slopes of the linear fits are a product of a constant, which depends on the refractive index, 
and the growth rate. The refractive indices can therefore be calculated by dividing these slopes 
by the growth rates found with infrared spectroscopy (cf. Figure 6.6) and using e "" 70°, À= 
1523 nm. The obtained refractive indices are: 

C2Hdlow = 4.7 scc/s, Iarc= 48 A, R = 14 ± 1 nm/s => n = 1.93 ± 0.11 
C2Hdlow = 10 scc/s, larc= 48 A, R = 22 ± 1 nm/s => n = 2.01 ± 0.07 
C2H2"}low = 20 scc/s, Iarc= 87 A, R = 44 ± 1 nm/s => n = 2.06 ± 0.03 

The inaccuracy in the growth rate is quite large and therefore atso the inaccuracy for the 
calculated refractive indices. They are somewhat higher in comparison with the farmer results 
which were calculated from measurements in the far infrared (wavelength of about 3 j.tm). This 
is in agreement with the expectations. 
After deposition, the films have been exposed to an argon/hydragen plasma. The argon flow 
was 100 scc/s, the hydragen flow, 10 scc/s, and the are current, 48 A. From the interferogram, 
which is nat shown bere, it was immediately obvious that the hydragen induced erosion of the 
films is a very slow process. Finally, the number of observed fringes is equal to the number 
observed for deposition. The development of the phase difference due to the erosion as a 
function of time is given in Figure 6.12. 
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Figure 6.12: The phase dif.ference as ajunetion of erosion time. 
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From the slopes of the linear fits the erosion rates can be calculated in a similar way as above 
but now the other way around. The refractive indices are known from the calculations above 
from which the erosion rates Rerosion can be calculated: 

C2Hr.flow = 4.7 scc/s, larc= 48 A, n=1.93 ± 0.11 => Remsion = 0.52 ± 0.05 nm/s 
C2Hr.flow = 10 scc/s, larc= 48 A, n=2.01 ± 0.07 => Remsion = 0.40 ± 0.03 nm/s 
C2Hz-jlow = 20 scc/s, Iarc= 87 A, n=2.06 ± 0.03 => Remsion= 0.29 ± 0.01 nm/s 

The erosion rate of the films decreases with increasing refractive index. An explanation is given 
by Hom [HOR94]: the films erades mainly by desorption of CHrradicals which are formed by 
hydrogenation. If a film contains more sp2-bondings and bas thus a higher refractive index, 
these sp2 -bondings should first be transferred in sp3 -bondings befare further hydragenation and 
desorption can take place. This will be explained in more detail at the end of this section. 
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The erosion rates are in the order of 0.1 nm/s, which is quite low in comparison with the 
growth rates (14 to 43 nm/s at the conceming substrate temperature). From this it can be 
concluded that the rather large decrease of the deposition rate for increasing temperatures as 
observed in the former section, cannot be explained with an increase of hydrogen induced 
erosion. The erosion during deposition is of course not exactly equal to the erosion after 
deposition because the fluxes of atomie hydrogen are not equivalent. The above calculated 
erosion rates were obtained with a hydrogen flow of 10 scc/s. A dissociation energy of 10% 
[GRA94] led to 2 scc/s atomie hydrogen. This is perhaps less than the flow of atomie hydrogen 
when 20 scc/s acetylene is injected because the formation of molecular hydrogen at the walls is 
probably less efficient due to a competition with hydracarbon radicals. The e 2H- radicals for 
example can abstract hydrogen at the walls too. However it cannot account for the difference of 
one order. eertainly not because the hydrogen induced erosion is much more thermally 
activated, as will be shown next, than the growth rate. The decrease in growth rate due 
hydrogen induced erosion in the case of Von Keudell [KEU96a] is probably due to the much 
lower growth rate in EeR-plasmas and the relative high fraction atomie hydrogen in EeR
plasmas [MÖL93]. 
As e.g. the oxygen induced etching [GRI94], the hydrogen induced erosion is also thermally 
activated. To investigate the activation energy, films were deposited under almost equivalent 
eonditions and thereafter exposed to an argonlhydrogen plasma. The only difference between 
the films was the substrate temperature at whieh they were deposited and eroded. This. 
temperature varles over a small range from 270 oe to 300 oe. Due to this small temperature 
range, the films have the same quality as shown in Figure 6.6. The films were deposited with an 
aeetylene flow of 4. 7 scc/s and an are eurrent of 48 A. During erosion the hydrogen flow was 
set at 10 scc/s and the are current at 48 A. Former results (Figure 6.12) give a refractive index 
of about 1.93, which holds for all four films. The erosion rates were calculated from the 
measured phase differences. Figure 6.14a gives these erosion rates as a function of substrate 
temperature. 
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In literature [HOR94,KEU96a] the hydragen induced erosion of a-C:H-films is supposed to 
satisfy a simple Arrhenius law [BAR96], where the critical steps are the hydragenation of sp2

-

bondings by atomie hydragen impact and the thermally activated desorption of methyl groups 
(CH3-radicals). Figure 6.14 shows the involved reaction processes as proposed by Hom 
[HOR94] and adopted by Von Keudell [KEU96b]. The breaking of single honds between 
carbon atoms is also present in the reaction scheme in Figure 6.14 although nothing is 
mentioned about this process. 

H 

Figure 6.14:Thermally activated hydrogen induced erosion of a-C.-H-films [HOR94]. 

To determine the activation energy for the hydragen induced erosion, the erosion rates are 
plotted on a logarithmic scale versus the reciprocal substrate temperature (Figure 6.13b). 
Supposing an Arrhenius dependenee on temperature: 

Rero.<ion = Rerosion,o exp(-Eact I kT) (6.1) 

gives an activation energy Eact of 0.43 ± 0.02 eV and a pre-factor Rerosion,o of 4.0 ± 0.3 J .. trn/s. 
Only this pre-factor depends on the film quality and hydrogen flux. The deduced activation 
energy is much smaller than the value theoretically predicted by Hom et al [HOR94]. The 
rnadelling of the above presented processes revealed an activation energy of 1.6 eV [HOR94]. 
From experiments Hom finds an activation energy between 0.2 and 0.35 eV and Von Keudell 
finds a value of about 0.5 eV. The agreement of the activation energy for the hydrogen induced 
erosion obtained for our a-C:H-films with the activation energy for films deposited with other 
techniques indicates the similarity between the a-C:H-films deposited with different setups. The 
difference between experiments and theory is generally explained by a broadening of the 
activation energy and the lower activation energies for the desorption of other, larger radicals 
e.g. C2H5 which contribute also to the experimentally obtained values of the activation energy. 
A broadening of the activation energy arises because the C-C honds are inequivalent due to the 
disorder in the amorphous carbon network. The honds with the lowest activation energy, of 
course break first. Although these phenomena can decrease the activation energy to an extent, 
the total discrepancy between theory and experiments is not understood yet. 

Interferometry is a useful technique for in-situ monitoring of film growth. lt proved that the 
growth of a-C:H-films is constant in time just like the hydrogen induced erosion of these films. 
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If data about the growth rate is available it is possible to calculate the refractive index for the 
experimental results or the other way around: if data about the refractive index (at the specific 
wavelength) is available it is possible to calculate the growth rate. 1t is therefore a useful 
technique to determine the substrate temperature influence on e.g theerosion of a-C:H-films. 
Experiments conceming the hydrogen induced erosion showed that the erosion rate decreases 
for higher film quality and that the this erosion is thermally activated. Hydrogen fluxes which 
are comparable with those under deposition conditions yielded an erosion rate of about 0.5 
nrn/s for a substrate temperature of 260 °C. From this it can be concluded that the observed 
decrease of the growth rate for increasing temperatures cannot be explained by the increase of 
the hydrogen induced erosion rate for increasing temperatures. 

6.3 INFLUENCE OF SUBSTRATE BIASING 
It is generally assumed that high ion energies (in the order of 100 eV per carbon atom 
[KOI91,ROB92]) are necessary in plasma enhanced deposition to obtain diamond-lik:e carbon 
films. That ion bombardment is not necessary for all PECVD methods has already been proved 
by results obtained with the plasma beam deposition setup [GIE96b] for films with hardnesses 
up to 13 GPa. Until now, no substrate biasing was applied in the current setup and all 
depositions were performed with a floating or grounded substrate. The new substrate holder 
enables the examination of the influence of substrate biasing on the deposition proces. 
In Chapter 5 the substrate biasing was characterized for a non-depositing plasma. In this part 
some experiments and their results are described for determining its influence on the deposition. 
In Chapter 5 it was explained why an rf bias is used instead of a de bias. With an rf bias it is 
actually possible to control the energy of the impinging ions even if insulating films are 
deposited and/or if insulating substrates are used. But there exists some restrictions for these 
insulating films and substrates. If for example the insulating film or insulating substrate is too 
thick, not all bias potential or even no bias potential will exist between the top of the substrate 
and the plasma. This results in a minimal acceleration of the ions to the substrate. We will 
explain next which properties the films or substrates should have in order that the rf bias used 
will result in an acceleration of the i ons to the desired energy. 
An insulating substrate or film at a biased background (e.g. substrate bolder) in a plasma can 
be considered as a capacitor between, at one side, the plasma potential and, at the other side, 
the bias potential, through which the ac current flows. The capacitance per unit area is given 
by: 

(6.2) 
A d 

with Eo the permittivity of vacuum (Eo = 8.854x10-12 F m-1
), E, the relative permittivity of the 

materialand d its thickness. Glass, which is very good insuiator (it has a specific resistance of 
1012 Q m [HAN76]), has a relative permittivity in the range of 4- 7 [HAN76]. The thickness of 
the glass substrates we use is 1x10·3 m. The capacitance per unit area is therefore 
approximately 35x10·9 Fm-2

. This gives, for an rf bias at a frequency of 13.56 Mhz and a 
typical ion current density of 50 A m-2 (see Chapter 5), a potential drop of approximately 100 
V between the top and the bottorn of the substrate. This means that no potential is created 
which accelerates the ions to the substrate. It can also be put in another way: the capacitor 
(substrate) charges up in a much shorter time than the period of an rf cycle. Thus glassis only 
useful as substrate when it is much thinner or when a much higher frequency (in the order of 1 
GHz) is used. The a-C:H-films which we want to deposit are also good electrical insuiators 
(specific resistance: 107 

- 1016 Q m [BUU93]) and have to be treated as capacitors as well. 
Although their relative permittivity is in the samerange as glass (E, = 5.5 [HAN76]) they have 
a much larger capacitivity due to their smaller thicknesses. A film with a thickness of 2.5 Jlm 
(worst case) creates a potential drop of 0.4 V at an ion current density of 50 A m-2 and thus 
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leaves the bias potential between the plasma and substrate unaltered. To overcome the problem 
of the glass substrates, silicon substrates were used for depositions with substrate biasing. The 
silicon substrates used ([100] orientated, Wacker-Chemitronic GMBH) have a quite low 
specific resistance (2-3 .Q cm) and can therefore he treated as conductors. With their thickness 
of 5x104 m, a potential drop of about 10% of the applied bias potential is created over the 
substrate itself. Thus the bias potential at the upper surface of the substrate is about 90% of the 
bias potential of the substrate bolder. The substrate has thus to he selected carefully in 
depositions with substrate biasing. 
The restrictions for the substrates used in depositions with rf biasing are only an issue in high 
density plasma sources. In low density plasma sourees like capacitively coupled rf discharges 
the ion and electron densities are typical a factor 100 lower (ne = n;::::: 1016 m·3

). The ion 
saturation current is therefore also about a factor 100 lower which causes only small potential 
drops over insulating substrates. Or put in another way: the substrate surface collects only a 
small charge during an rf cycle and leaves the bias potential over the sheath thus unaltered. 
Therefore it is also possible to use glass substrates (with a thickness of 1 millimeter) in 
PECVD setups using a low density plasma souree and substrate biasing. 
Some a-C:H-films were deposited for several rf powers (0 -100 W) and three plasma settings 
Uarc = 48 A and C2H2-.flow = 4.7 scc/s, Iarc = 48 A and C2H2-jlow = 10 scc/s, Iarc = 87 A and 
C2Hdlow = 20 scc/s). The argon flow was 100 scc/s and the substrate was kept at a constant 
temperature of 185 oe_ The bias potential versus the rf power is shown in Figure 6.15. The 
accuracy of the bias potentials is about 5 V. 
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Figure 6. I 5: The bias potential as funtion of the rf power for three plasma settings. 

The bias potential increases (in absolute sense) with an increasing rf power but again not 
linearly. It flattens off for higher powers especially for the conditions with the highest acetylene 
flows. A square root dependenee of the bias potential on the rf power again fits quite well. The 
values of the bias potential for the plasma setting with an acetylene flow of 4.7 scc/s are ~arge 
in comparison with the bias potentials for the other plasma settings. This is suprising, because 
in the case of 4.7 scc/s acetylene, the condition is far underloaded and the largest ion 
concentration is expected [GIE96d]. Assuming that power is the product of voltage and current 
leads to the condusion that the ion current for 4.7 scc/s acetylene is smaller compared to the 
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other acetylene flows because of the larger bias potentials. The ion current is thus lower but the 
ion concentration higher, which seems to be a contradiction. In the two other cases this 
contractietion did not occur: the bias potential for 10 scc/s admixid acetylene was smaller (in 
absolute sense) than for 20 scc/s admixed acetylene, in agreement with the smaller ion 
concentration in the case of 10 scc/s actmixed acetylene. The different behaviour in case of 4.7 
ssc/s acetylene is not understood yet. From rf discharges it is known that the bias potential 
depends on the pressure p in the vessel (bias potential - p"112 for rf discharges [CAT91]), but 
the pressure differences are too small to create the different behaviour. 
Another problem occurs when a-C:H-films on silicon substrates are analysed by infrared 
spectroscopy. The silicon substrates have a small transmission of the infrared due to the 
conductivity of the silicon. This gives small transmission signals and therefore a lot of noise on 
the transmission spectrum of an a-C:H-film. The transmission spectrum of a film is obtained by 
dividing the transmission spectrum of the substrate plus film, by the transmission spectrum of 
the bare substrate. This creates a lot of noise because both signals are small* . The noise on the 
transmission spectra causes serious problems in fitting these spectra to obtain the refractive 
index and thickness of the films. For one film several refractive indices and thicknesses can be 
found at which the product of both remains constant. For glass substrates this problem with the 
fitting procedure has not occured. This is probably due to the large difference between the 
refractive index of glass (1.45) and the refractive index of silicon (3.43). The main problem is 
now that none of the obtained values for the refractive index or thickness of the films (even for 
zero rf power) equals former obtained results for films on glass substrates. Therefore nothing 
can be concluded from the obtained values, at leastnotin absolute sense. For 4.7 scc/s and 10 
scc/s admixed acetylene flows two values of the refractive index as obtained by infrared 
spectroscopy are shown in Figure 6.16. 

2.2 .. .. 
2.1 r .. 
2.0 

1.9 I 
la re =48 A 

I 1.8 
acetyleneflow =4.7scds 

x 1.7 
Cl> • "0 1.6 f- • c:: 

I I 

~ 2.1 
I • ,.... --· u 

2.0 • ~ • 
~ 1.9 l'•rc =48A I 

acetylene flow= tl scds 
1.8 

1.7 • --· 1.6 -
0 -20 -40 -60 -80 -t>O -120 -140 

bias potential (V) 

Figure 6.16:The refractive indices of a-C:H-films versus the applied substrate bias. 
Conclusions are only possible about the trends as a function of the substrate 
bias and notabout the absolute values. 

• The noise can be reduced by using silicon substrates with a higher specific resistance, however a 
higher specifïc resistance is not suitable for depositions with substrate biasing. 
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From the absolute values nothing can be concluded, but it is clear that the refractive indices are 
barely influenced by the substrate bias. The trend is not a significant decreasing or increasing 
of the refractive index as a function of the substrate bias and it even depends on the refractive 
index that is chosen. Similar arguments hold for the thickness of the films because the product 
of refractive index and thickness is constant. The observed trends are within the uncertainty of 
the results and the condusion is therefore that substrate biasing bas no significant influence on 
the growth rate and the film quality. The results of the setting with 20 scc/s acetylene are 
missing, because these gave considerable problems in their interpretation 

Although the experiments with substrate biasing gave some results which were difficult to 
interprete, it can be concluded that substrate biasing does not influence the film qualities 
significantly. At least for the plasma settings used and the rf power range of 0 - 100 W (bias 
potential: 0 - 130 V). A large influence was also not expected because of the relative small ion 
density (in the order of 1018 m·3 [GIE96b]) in the argon/hydracarbon plasmaand thus relative 
small ion flux towards the growing film in comparison with the growth flux. However the 
largest influence was expected for the case of far underloading (48 A, 4.7 scc/s). In this case 
the acetylene molecules and radicals can react many times with an argon ion because there is a 
surplus of argon ions in the plasma. From these reactions more hydracarbon ions were 
expected in the plasma and these i ons can improve the film quality not only by energy transfer 
but also by ion-implantion in the film. Argon ions can only improve the quality by energy 
transfer to the depositing film. The results until now show however no significant influence at 
all. Figure 6.15 indicates that the ion concentration is even lower for the underloaded case with 
an are current of 48 A. 

6.4 A TENTATIVE GROWTH MODEL FOR a-C:H-FILMS 
In this section some possible reaction mechanisms for the growth of the a-e:H-films will be 
presented and quantified with values from literature if possible. From this a tentative growth 
model will be deduced for descrihing the obtained results qualitatively, including results 
obtained in former studies. It is not the aim to give a complete description of the growth 
mechanism of a-C:H-films, but just some qualitative insight into the growth of a-C:H-films by 
means of plasma beam deposition. 
Firstly the results obtained, for which the reaction mechanisms and model must account, are 
summarized, thus: 
1. For constant plasma settings the refractive index increases generally with temperature at 

low temperatures and levels out at higher temperatures. 
2. The growth rate decreases for increasing temperatures and constant plasma settings. 
3. For constant growth rate the refractive index increases with temperature up to 

approximately 150 oe and is quite constant between 150 oe and 300 oe. 
4. The refractive index increases with increasing growth rate for constant substrate 

temperatures. 
5. The hydrogen content of the films bas no significant dependenee on the substrate 

temperature. It decreases however with increasing growth rate (i.e. film quality) at constant 
substrate temperatures. The hydrogen content is about 30 to 40 at.%. 

6. The energy of the ionsimpinging on the substrate influences neither the refractive index nor 
the growth rate of the a-e:H-films. 

From previous studies: 
7. The formation of ethynyl (e2H) and atomie hydrogen is far dominant in the interaction of 

acetylene and the expanding thermal argon plasma [GIE96a]. From this result it was also 
expected that the ions have little or no influence on the deposition mechanism (cf. result 6). 

8. For films with refractive indices between 1.8 and 2.1, the hydrogen in the films is mainly 
sp3-bonded (about 80%) i.e. bonded to sp3-carbon. About 20% is sp2-bonded and only a few 
percent is sp1-bonded. The ratio of sp2-bonded hydrogen and sp3-bonded hydrogen increases 
with increasing refractive index. In the case of sp3 -bonded hydrogen, about 60% is sp3 eH, 
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40 % sp3 CH2 and nearly 0% sp3 CH3 bonded. In case of sp2-bonded hydrogen, about all 
hydrogen is sp2 CH bonded, at which about 50% in aromatic rings. For low refractive 
indices the latter percentage is nearly 0% and about 50% sp2 CH2 is observed[GIE96b]. 

As mentioned before film quality is often expressed in refractive index terms because e.g. the 
hardness of the films increases for higher refractive indices. The terms 'refractive index' and 
'film quality' are therefore used interchangeably in this section. 
From the mentioned results some surface reaction processes can be drawn up which are 
possible in the growth of a-C:H-films. In these processes it is assumed that only C2H and H 
contribute to the growth mechanism and that ions are of no importance to the film growth. 
Results 6 and 7 are thus used as a starting point. Another starting point is the so-called 'direct 
incorporation' model. This means a direct incorporation of the particles from the gas phase to 
the surface, e.g. particles are chemisorbed directly by the surface. The so-called 'adsorbed 
layer' model is the opposite: the particles are first adsorbed in a weakly-bound state on the 
surface (physisorption) after which they are chemisorbed under impact of e.g. an energetic ion 
or by finding a dangling bond by means of surface diffusion. The adsorbed layer model is 
mainly used for descrihing the growth of a-C:H-films, for which the contribution of energetic 
ions is essential [MÖL95,ROB94]. The growth mechanism of a-C:H-films deposited with 
methods in which ion bombardment is not essential, can be described in terms of direct 
incorporation as shown by V on Keudell [KEU96b] and therefore it is used in the description of 
the following reaction mechanisms and tentative growth model. 
The growth of the a-C:H-films in the direct incorporation model is described in terms of the 
active site density nac· Active sites or growth sites are dangling honds at the surface and are 
essential for film growth by radicals: radicals from the plasma can chemisorb at these active 
sites and therefore contribute to the growth of the film. This also requires mechanisms for the 
creation of active sites, otherwise the growth would stop. 
The growth model of a-C:H-films we will discuss is a model in which we assume that the 
reactions take place at the top monolayer. In this sense it is a surface determined model. The 
reason for this is that all reactions are assumed to take place at the surface, because only 
energetic ionscan penetrate the film to some extent (i.e. more than one monolayer) [MÖL93] 
and these ions are absent in the plasma beam deposition without substrate biasing. 
The possible surface reactions are presented below with their influence on the active site 
density. If possible, quantitative information about the reactions is given. The reactions are 
shown schematically in Figure 6.17. 
a) a C2H-radical chemisorbs at an active site. The active site density nac reduces by this 

reaction, and the reduction is proportional totheflux re H of C2H-radicals, the active site 
2 

density nac itself, the probability Pc H for the sticking of these radicals and a probability fj 
2 

that the triple bond is conserved: 

(6.3) 

The factor v0 denotes the areal density of surface atoms which is about 1.9x 1019 m·2 for our 
films. The enthalpy* released by this reaction is 3.6 eV, which has to be absorbed by the 
film. This reaction is necessary to explain the few percent sp1 -bondings in the films. 

* The reactions are energetically characterized by the released enthalpy due to the difference of 
bonding enthalpies before and after the reaction. The bonding enthalpy of a certain bonding between 
two atoms depends strongly on the possible bondings to other atoms. If not all these bondings are 
known (e.g. for an atom bonded at a surface) a mean value bas been taken for the bonding enthalpy. 
The bonding enthalpies are given in literature [HAN76]. 
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are depicted as free bars. 
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b) a C2H-radical chemisorbs at an active site and the released enthalpy is used partially for 
breaking a bond between the two carbon atoms at which the triple bond is converted into a 
double bond. This creates one active site per reaction: 

(6.4) 

The total released enthalpy is about 1.3 e V and the probability is /2 ( = 1-/J ) . The factor q 
will be used later, for now q=l. This reaction is also proposed by V on Keudell [KEU96b]. 

c) a C2H-radical abstracts a hydrogen atom from the surface and forms a C2H2-molecule. This 
reaction is proportional to the hydrogen surface site density nH: 

(6.5) 

The probability for this reaction is PH_c
2 
H. The reaction releasesabout 1.2 eV. 

d) a hydrogen atom breaks a double bond between two carbon atoms at the surface into a 
single bond and chemisorbs at one of the created active sites (hydrogenation). The number 
of active sites is increased: 

dnac 1 2 
--=-rH[sp CHx]P 2 x=0,1,2 

dt V H-sp CH, 
0 

(6.6) 

In this equation the flux of hydrogen atoms to the substrate is denoted by r H, [sp2CH x] 

represents the fraction of sp2-bonded carbon atoms at the surface and P 2 the 
H-sp CH, 

probability of the sticking of a hydrogen atom to a sp2 -bonded carbon atom along with the 
conversion of the sp2

- to a sp3 -bonding. The enthalpy release is about 1.5 eV. This reaction 
was mentioned before insection 6.2 where the hydrogen induced erosion of a-C:H-films was 
considered. In literature [BIE93,HOR94,KEU96a] this reaction is an essential step for the 
erosion of these films at relatively low temperatures (T<325 °C). These erosion experiments 
revealed a cross section of 4.5xl0-20 m2 [HOR94] which corresponds to a probability of 
0.85. The latter is obtained from the product of the cross section and the density sp2-bonded 
carbon atoms at a surface for which all the carbon atoms are sp2-bonded. This is 1.9x1019 

m·2 in their case [HOR94]. At higher temperatures (T > 325 °C) this reaction is in 
competition with its inverse reaction. 

e) a hydrogen atom breaks a triple bond between two carbon atoms at the surface into a double 
bond and chemisorbs at one of the created active sites (hydrogenation). The number of 
active sites increases: 

(6.7) 

This reaction is almost equal to the former reaction, the fraction sp2 -bonded carbon atoms at 
the surface is replaced by the fraction of sp1-bonded carbon atoms at the surface and it has 
probably a different probability. Nothing is reported about this reaction in literature, 
probably because the concentration of sp1-bonded carbon was zerofortheir a-C:H-films due 
to the u se of methane as precursor gas. The enthalpy release is 1.9 eV. 

f) a hydrogen atom chemisorbs at an active site (passivation) and an active site is lost: 

61 



(6.8) 

This reaction is also well-known from hydrogen induced erosion, the cross section is 
l.lxl0-20 m2 [HOR94] which corresponds with a probability PH of 0.84. The enthalpy 
release is about 3.7 eV which has to be absorbed by the film. 

g) a hydrogen atom abstracts a hydrogen atom at the surface and thus creates an active site 
and a hydrogen molecule in the gaseous phase: 

(6.9) 

Hydrogen induced erosion experiments reveal a cross section of 0.05x 10"20 m2 [HOR94] 
which correponds toa probability PH-H of 0.04 for this hydrogen abstraction reaction. It is 
also reported that this reaction occurs mainly at sp3-bonded carbon atoms [HOR94]. If 
hydrogen atoms arrive at sp2-bonded carbon atoms reaction d) is probably more likely to 
occur. 

h) two active sites of two carbon atoms which were previously not bonded, form a single bond. 
Two active sites are lost by this relaxation: 

dnac 1 2nac 2 
--=----

dt Vo 't"c-c 
(6.10) 

This term is thus quadratically dependent on the active site density nac. and inversely 
proportional toa relaxation time 'te-e- The relaxation is supposed to be thermally activated. 
Möller et al. propose a relaxation time for the active sites of the form [MÖL95]: 

1" C-C = 1" C-C o exp( E act J 
. kT 

(6.11) 

with a pre-exponential factor 'tc.c.o and an activation energy Eact· The released enthalpy 
when two active sites relax is 3.6 eV. 

i) two active sites of two carbon atoms which were already bonded, form a double bond. This 
relaxation leads to an decrease of two active sites: 

dnac 1 2nac 2 
--=---- (6.12) 

lt is also thermally activated and a similar expression for the relaxation time 'tc=e 1s 
proposed. The released enthalpy for this reaction is 2. 7 eV. 

The total time dependenee of the active site density at the surface is given by the sum of these 
surface reactions: 
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From the suface reactions, similar equations can be given for the density of sp2
- and sp1-bonded 

atoms at the surface: 

(6.14) 

(6.15) 

The relation between active sites, hydrogen sites and sp2
- and sp1-bonded sites is given by: 

(6.16) 

where n0 denotes the number of potential active sites at the surface. When, for example, a sp2
-

bonded carbon is converted into a sp3 -bonded carbon atom, a new active site is created. The 
number of active sites therefore remains constant. The number of potential active sites is 
assumed to be constant during fûm growth. The creation of potential active sites at the surface 
(e.g. by sticking of a C2H-radical) is compensated by the loss of potential active sites to the 
bulk materiaL 
With these four equations it is possible to give an expression for the active site density in terms 
of fluxes, probabilities, relaxation times and the potential active site density. The active site 
density and the density of sp2

- and sp1-bonded carbon atoms at the surface are therefore 
assumed to be constant during fûm growth (dynamic equilibrium). This leads finally to an 
expression of the form: 

(6.17) 

with the factors a, b and c given by the expressions: 

(6.18) 

The active site density can be solved from this equation by using the quadratic formula. But 
that will lead to a very complicated equation which does not contribute to any insight. It is 
therefore more convenient to apply a simplification. We assume that the relaxation processes 
have a linear dependenee on the active site density instead of a quadratic dependence. This 
means in fact that the expression for the active site density is assumed to be of the form: 
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(a+b)nac+c=O (6.19) 

This equation is clearly dimensionally incorrect, therefore we redefme the relaxation times and 
its units for simplicity. The magnitude of the active site density will be included in the 
relaxation times and these 'times' will have the units m2 s. 
Although this leads to a much simpler expression, it is still quite complicated. Therefore we 
will makesome approximations: 
• We assume the hydragen flux to be a factor y of the ethynyl flux, i.e.: 

(6.20) 

The hydragen flux and the ethynyl flux can both be calculated if their concentrations in the 
vessel are known. The flux of species x towards the substrate is given by: 

(6.21) 

with nx the density of species x and v x the mean thermal velocity of the particles. The density of 
the particles can be expressed by the partial pressure Px of species x divided by Boltzmann's 
constant and their temperature. The partial pressure can be calculated by camparing the flows 
of different species. Assuming that the acetylene molecules are dissociated in the plasma in 
ethynyl and hydragen radicals, and that no other reaction · products are created leads to equal 
partial pressures of ethynyl and hydragen (neglecting recirculation and wall association 
reactions). Both have equal temperatures but the mass of atomie hydragen is 25 times smaller 
than that of ethynyl. The flux of atomie hydragen is therefore 5 times larger than the flux of 
ethynyl. Although this is probably a good appraximation the ratio of the hydragen flux and the 
ethynyl flux will be denoted by y. It may be specified later. 
• We assume that the probability for hydragen abstraction by a C2H-radical is equal to the 
probability for hydragen abstraction by a H-radical, i.e.: 

(6.22) 

This is probably a good appraximation because the probabilities concern the same type of 
process. 
• We assume that the prabability for hydragenation of a sp1-bonded carbon atom by hydragen 
is equal to the probability for hydragenation of a sp2-bonded carbon atom by hydrogen, i.e.: 

p I =P 2 
H-sp CH, H-sp CH, 

(6.23) 

This is probably also a good appraximation for the same reason as for the previous one. 
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This leads to the following expression for the active site density: 

(6.24) 

With this expression it is possible to calculate the growth rate R which is given by: 

(6.25) 

with v0 the areal density of surface atoms (about 1.9x1019 m-2
) and Pc the carbon atom density 

of a-C:H-films which is about 8xl028 m-3 [GIE96c]. 

With the presented surface reaction mechanisms and the expression for the growth flux we will 
first try to explain the obtained results qualitatively: 
1. The refractive index increases for increasing substrate temperatures, at least up to 150 oe. 

This was observed for constant plasma settings which means constant ethynyl and atomie 
hydrogen fluxes in terms of the model. It has already been mentioned that the only reaction 
mechanisms which are assumed to be thermally activated are the two relaxation processes. 
Their relaxation times decrease for higher temperatures which leads to more cross-linking 
per unit of time and thus to a higher quality and refractive index. The saturation for higher 
temperatures can be due to a relative decrease of the effect of relaxation at higher 
temperatures compared to the effect of relaxation at lower temperatures. 

2. The decrease of the growth rate with increasing substrate temperature for constant partiele 
fluxes can also be understood by the increase of relaxation. The active site density 
decreases with temperature (y is in the order of one as discussed before) because the 
relaxation increases with increasing temperature. And a decreasing active density leads to a 
decreasing growth rate (cf. equation (6.25). That the growth rate does not decrease due to 
an increase of hydrogen induced erosion rate as observed by Von Keudell can also be 
explained. The growth rate of the films deposited by Von Keudell is in the order of 10-1 

nm/s and thus much smaller than our growth rates. The partial pressure of the eroding 
hydrogen is probably also larger than the partial pressure of depositing species because 
methane has been used as precursor [MÖL93]. The hydrogen has therefore a much greater 
opportunity to erode the films. 

3. Fora constant growth rate the refractive index increases with increasing temperature up to 
approximately 150 oe; for higher temperatures the refractive index is quite constant. The 
active site density decreases for higher temperatures and therefore the flux of radicals has 
to be increased which increases the active site density again. This will probably lead to a 
denser growth at a constant rate and thus to higher film quality. However this can not really 
be made clear with the above presented equations. 

4. The explanation for the increasing refractive index with increasing growth rates at constant 
substrate temperatures is also not so obvious. An increase of the growth rate at constant 
substrate temperatures is obtained by increasing the partiele fluxes. If these radicals 
increase the active site density more relaxation can occur because the relaxation depends on 
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the active site density (in fact even quadratic). This causes a denser growth and an increase 
of the film quality. lt is impossible to prove these predictions until more (quantitative) 
information is obtained. 

5. The hydrogen content of 30 to 40 at.% supports that it is the ethynyl radical that grows the 
film because this radical provides one H-atom for every two C-atoms, i.e. 33 at.% 
hydrogen. There are, of course, some reaction processes that influence the hydrogen content 
in the film. These are probably mainly the processes that increase the hydrogen content as 
can be assumed from the probabilities. Increasing the growth rate makes these processes 
more improbable and this explains the decrease of hydrogen content for the films deposited 
at higher acetylene flows. The independenee of the hydrogen content on the substrate 
temperature indicates that there is no mechanism that reduces the hydrogen content and 
which is strongly activated. 

617. The dominanee of ethynyl in the interaction of acetylene and the argon plasma, and the fact 
that the deposition mechanism is governed by the radicals in the plasma, are used as a 
starting point. 

8. The fact that about 80% of the hydrogen is bonded to sp3-carbon atoms makes clear that 
reaction d) is essential. Otherwise this fraction would be much smaller and the fraction sp2

-

bonded hydrogen much larger. The ratio of sp2-bonded hydrogen and sp3-bonded carbon 
increases with film quality which can be explained by more relaxation for higher film 
qualities or a decrease of the reaction rate of reaction d). The almost negligible fraction of 
sp1-bonded hydrogen shows that reaction a) is very improbable to occur or that reaction e) 
is very effective. The dominanee of the concentrations sp3 CH, sp3 CH2 and sp2 CH makes 
the growth of the films by mainly C2H-radicals again plausible. The transition of 50% sp2 

CH2 to 50% sp2 CH in aromatic rings when the quality is increased indicates probably that 
ethynyl radical was not dominant in the growth of low quality films. The very low quality 
films were mainly deposited with low acetylene flows (far underloaded) and more 
dissociation steps could occur [GIE96a]. 

lt is clear that the greater part of the results can be explained qualitatively by the presented 
surface reaction mechanisms, but it is of course the question whether these mechanisms are 
unique. The results could probably also have been explained with some other mechanisms. It is 
therefore not claimed that the set of reaction reactions is complete and that their description is 
correct. In addition, the derived equation for the growth rate and the active site density is not 
used to explain every result. Most results are explained by considerations based on the surface 
reaction mechanisms which are expected to occur during film growth. And some of the 
mechanisms are of course expected to occur because of the obtained results. 
Although the model was only qualitative until now, we can make it more quantitative by filling 
in the known probabilities. This gives: 

= ( 1)004[-1-(_2_ 3.91y-0.09J nac no y+ . + + 
re2H 'te-e y'te=e 

(6.26) 

(y+1) 

( Jl

-1 

0.88y + 0.04 + Pe
2
H -y- (0.14- 0.09/2 )- (1 + qf2 ) 

The factor q still equal to one. lt is possible to check the consistency of the model by 
consiclering some limiting cases. We can, for example, consider the case for which the 
relaxation term can be neglected due to a very low substrate temperature or to a very high 
ethynyl flux. From equation (6.26) it can beseen that this can give problems for the active site 
density, because the denominator may become negative forsome valnes of y. This is indeed the 
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case for some values of y, if we assume the probability Pc H equal to one. The active site 
2 

density becomes negative, if for example the hydrogen flux and the ethynyl flux are equal and 
fz=l. This is of course a peculiar case but it shows that the model is not valid in all cases. The 
case given bere is unlikely to occur in our depositions. The reason for the negative active site 
density is probably the extreme increase of active sites when the relaxation is negligible. This 
increase can be reduced by e.g. supposing reaction b) only to occur when the created active 
sitescan reconstruct immediately, i.e. forma bonding, withother active sites. Thus the C2H
radical chernisorbs at an active site and the created active sites (due to the bond break:ing) 
reconstruct at impact with active sites of other carbon atoms. If only one of the created active 
sites reconstructs, two active sites are lost in total. This can be taken into account in the 
presented equations by setting the factor q equal to -1. However this gives finally the same 
problem: in some cases there is a y for which the active site density is negative. Assurning that 
both active sites are lost (q=-3) gives also the same problem. The model is thus notconsistent 
in all cases, even if reaction b) is adjusted. However the cases for which negative active site 
densities are obtained are unlikely to occur in our film growth. Furthermore it is not clear 
whether all applied approximations and assumptions are appropriate. 
Until now all temperature dependenee of the film quality and growth rate was attributed to the 
relaxation processes. However there are also some other processes which rnight be temperature 
dependent We will mention them for the sake of completeness. The bond break:ing in reaction 
b) for instanee rnight be temperature dependent At low temperatures the probabilty f 2 is 
probably much smaller than at high temperatures. This is suggested by the increase of the sp1

-

bonding concentration at low temperatures as mentioned in Section 6.1. Another process which 
rnight be temperature dependent in the temperature range considered is reaction d). Hom 
reports that this reaction is in competition with its inverse reaction at temperature above 325 oe 
[HOR94]. It is of course possible that the inverse reaction occurs at even lower temperatures 
because it is not clear what is meant by 'in competition'. The decrease of reaction d) would 
give more sp2-bonded carbon and less hydrogen; the film quality would therefore increase. 

It is shown that it is possible to explain the greater part of the obtained results qualitatively by 
the proposed reaction mechanisms, but it is also clear that a complete and quantitative 
description is not possible yet The model until now is probably incomplete and it leaves a lot 
of questions without answer. But as mentioned before, it was not the aim to give a complete 
description of reaction mechanisms, either qualitative or quantitative, but just to obtain more 
insight into the growth of a-C:H-films by means of consictering possible reactions. Although the 
model rnight be incorrect or incomplete, it is obvious that the model succeeded in its aims and it 
is a good starting point to gain more experimental information and to construct a more 
complete and more accurate model for the growth of a-C:H-films. 
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CHAPTER 7 

CONCLUSIONS 

The influence of the substrate conditions on the plasma beam deposition of a-e:H-films has 
been studied. From the study the following conclusions can be drawn: 

• Substrate temperature control is possible by means of an active control of the heater block 
temperature and a helium back flow between the heater block and substrate holder and 
between the substrate holder and substrate. The substrate temperature is known at an 
accuracy of 2 oe. 

• Interferometry is a useful non-intrusive in-situ technique to measure the temperature of a 
double-polisbed silicon substrate in a non-depositing plasma. The accuracy of the 
temperature measurements is 1 oe. From this substrate temperature calibrations can be 
performed. 

• lnterferometry measurements pointed out that the substrate temperature increases about 10 
oe after the plasma is gated on. This substrate temperature increase holds for a pure argon 
plasma in standard conditions. lt is shown that the substrate temperature depends weakly on 
the initial substrate témperature as well as the are current. Mixtures of gases, as e.g. an 
argon/oxygen mixture, lead to a smaller substrate temperature increase compared with a 
pure argon plasma. The substrate temperature increase is strongly govemed by the pressure 
in the vessel as well as the arc-substrate distance. These results lead to the condusion that 
the heat flux from the plasma to the substrate is mainly govemed by kinetic energy transfer 
from particles colliding with the substrate. Recombination of electroos and ions plays a 
minorrole. 

• With interferometry it has been shown that the heat flux from the plasma to the substrate in 
standard conditions is approximately 0.3-0.7 W cm·2

• The heat flux can not be determined 
very accurately with the metbod used. 

• The refractive index of the deposited a-e:H-films increases with increasing substrate 
temperature at constant plasma settings. For substrate temperatures at least up toabout 150 
oe, the refractive index levels out at higher temperatures. The growth rate decreases for 
increasing substrate temperatures at constant plasma settings. The decrease can be up to 
50% for a temperature range of 350 oe. The refractive index increases for increasing 
growth rate, at least when the growth rate is increased by means of the plasma settings and 
not by means of a substrate temperature decrease. That the refractive index increases with 
increasing substrate temperature is even clearer if the refractive index is given for constant 
growth rates. The refractive index levels again out at higher substrate temperatures. 

• The correlation between hardness and refractive index of a-C:H-films has been observed 
again: higher refractive indices can be associated with harder a-C:H-films. The hardness 
shows a more unambiguous increase with increasing substrate temperature than the 
refractive index. 

• The hydrogen content of a-e:H-films has been determined by means of elastic recoil 
detection with two different setups. The experiments performed by the Eindhoven University 
of Technology yielded a hydrogen content between 28 and 33 at.%. The University of 
Utrecht found 32 - 39 at.% hydrogen. The results of both setups showed ho wever no 
influence of the substrate temperature on the hydrogen content. The previously observed 
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decrease of the hydragen content with increasing film quality (as determined by the plasma 
settings) has been observed again. 

• The refractive index of the deposited films is very sensitive to impurities of the acetylene by 
acetone which is also present in the acetylene gas cylinder. The gas cylinder has therefore to 
be changed timeously. 

• It has been shown that interferometry is also a useful technique for monitoring film growth 
during deposition and film erosion during etching. Interferometry measurements pointed out 
that these processes are homogeneaus in time. 

• The hydragen induced erosion of a-C:H-films has been investigated. Theerosion is a very 
slow process (in the order of 0.1 mnls) which depends strongly on film quality and even 
more on substrate temperature. Erosion experiments at different substrate temperatures 
yielded an activation energy of 0.43 ± 0.02 eV for the hydragen induced erosion. This value 
is in agreement with values from literature. The erosion experiments pointed out that the 
decrease of growth rate for increasing substrate temperatures can nat be due to an increase 
of the hydragen induced erosion rate for increasing substrate temperatures. 

• Substrate biasing is possible by applying an rf voltage to the substrate bolder. 

• Bias potentials from 0 to 120 V can be obtained in an argon/hydragen plasma with rf 
powers from 0 to 100 W. Langmuir probe measurements pointed out that the ion saturation 
current just above the substrate holder increases linearly with the applied rf power. Thus nat 
all the power is used in the creation of a bias potential over the sheath. This can also be 
concluded from the relative decrease of the bias potential increase for increasing rf powers. 

• The substrates used in depositions with substrate biasing have to satisfy certain 
requirements. It comes down to that they must either be very thin or that their specific 
resistance is low. Silicon substrates are the best option. 

• The determination of the thickness and the refractive index by means of infrared 
spectroscopy of an a-C:H-film deposited on a silicon substrate causes difficulties. The 
transmission of the silicon is low because of their conductivity and this gives rise to a lot of 
noise. The obtained values for the refractive index and the growth rate are nat unique and 
incorrect in absolute sense. 

• Until now no influence of substrate biasing on the refractive index and growth rate has been 
observed for either the underloaded condition or the critically loaded condition. This 
reinforees the suspicion that the deposition is dominated by radicals, presumably ethynyl. 

• The maximum refractive index is obtained for the highest growth rates at the highest 
substrate temperatures. Substrate biasing seems needless until now. The obtained maximum 
refractive index is 2.09 at a wave number of about 3000 cm-1

. The obtained maximum 
hardness is 11.9 GPa. 

• Reaction mechanisms for the growth of the films have been proposed and a tentative growth 
model is drawn up. The growth model is defmed in terms of direct incorporation of particles 
with surface particles and in terms of the active sites at the surf ace. It is possible to explain 
a part of the obtained results qualitatively with the model but it also leaves some 
unanswered questions. 
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In view of the experiments and the obtained results the following is recommended: 

• To determine the influence of substrate biasing on the substrate temperature interferometry 
temperature measurements are advisable. Substrate biasing is expected to increase the heat 
flux to the substrate significantly because of the high ion energies. The measurements 
should be performed in a non-depositing plasma for several bias potentials. 

• Emission spectroscopy measurements can give a decisive answer whether a part of the 
applied rf power during substrate biasing is used for plasma creation or plasma heating. 
This can be done by camparing emission spectroscopy measurements for a plasma with 
and without substrate biasing. 

• Some of the obtained results indicated or could be explained with a flow stagnation point in 
front of the substrate bolder. A study of flow profiles and flow properties could clarify the 
matter. 

• More hardness measurements for films deposited at different substrate temperatures are 
recommended just like hardness measurements of films deposited with substrate biasing. 
This could make clear whether there is another parameter that is correlated to the hardness 
and not confined to the refractive index. 

• Depositions withother precursor gases (e.g. methane) are recommended because they can 
gain more information about the influence of substrate temperature on the film growth and 
about the growth mechanism of the a-C:H-films. It is also actvisabie to investigate whether 
substrate biasing influences the properties of films deposited with other precursor gases. 
Nozzle injection could be used to increase the dissociation degree of the precursor gases. 

• The influence of actding hydrogen to the acetylene on the hydrogen induced erosion during 
deposition can be examined with interferometry. A relative high hydrogen flux compared to 
the ethynyl flux may perhaps decrease the growth rate with increasing substrate 
temperature due to an increasing erosion rate. 

• The concentration of the different C-H bondings as function of substrate temperature could 
be examined by means of fitting the absorption peaks in the transmission spectra of a-C:H
films as obtained by infrared spectroscopy. This may give a decisive answer why the 
refractive index increases with temperature. 

• A metbod should be invented which enables the determination (unique and absolute) of the 
refractive index and thickness by means of infrared spectroscopy of films deposited on 
silicon with a relative low specific resistance. 

• In-situ techniques like interferometry and ellipsometry should be used for monitoring film 
growth. These techniques can give on-line information about the film growth and the film 
properties. 

• Mass spectroscopy could yield more information about the particles present in the plasma 
and about the particles arriving at the substrate. This may give more information about the 
reaction mechanisms at the substrate surface. 
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• To obtain films with higher refractive indices depositions should he performed with higher 
acetylene flows and higher are currents. The best quality films are obtained in a 
underloaded condition while it was shown that better quality films are obtained in a critical 
loaded condition. Higher bias potentials could also he used to try to improve the film 
qualtity. The bias potentials may he increased by increasing the rf power or by reducing the 
effective area for which the rf power is used. The latter may he done by shielding a part of 
the substrate holder e.g. by a glass cover. 
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