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Abstract 

The work presented in this master thesis includes experiments and analysis of the Physical Vapor 
Deposition aided Chemical Vapor deposition. 
 
Physical Vapor Deposition is usually deemed as a process of applying plasma phenomenon in high 
vacuum situation, knocking off the cathode material like particles or atoms, and depositing the 
knocked off particles onto a substrate surface.  
 
Chemical Vapor Deposition process is usually referred to as a process of vaporizing liquid materials 
into the process chamber and reacting with other substances and forming solid particles. This kind 
of particles can be deposited onto a substrate surface and forming a coating layer. The by-products 
are usually removed with the gas flow in the chamber. 
 
In order to assist the chemical reaction process, high temperature on the substrate is usually 
utilized. It is common knowledge to notice that under high temperature, the crystallographic 
structure of the substrate might change and result in negative damages. 
 
A combined method of using PVD phenomenon to assist the CVD process has been studied in this 
work and it shows a new trend in the method of coating process. 
 
As a result, a layer of nitrogen atoms mixed in Carbon Diamond-Like-Structures has been formed 
on the substrate surface. 
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Preface 

PVD (Physical Vapor Deposition) has been developed for a very long time, mainly in the area of 
cathode sputtering process. It has been discovered by quite many researchers about the theory 
and nature of plasma which is the main source of PVD. However, due to the lack of deposition rate, 
it has not been applied by the commercial industries today. 
 
CVD (Chemical Vapor Deposition) has also been developed parallel with PVD process. The 
advantage of CVD is that it can deposit a surface layer with higher deposition rate, and form better 
co-binding between the layer and the substrate. Applications like cutting tool insert industry are 
applying this method to coat the surface of insert with Titanium-Nitride or Boron-Nitride. It usually 
applies high intense heating to the deposition process, and leads the reacting gas or liquid to ignite 
the chemical reaction process. The limitation for this process to be applied widely is the intense 
heat during the process. For example, forming a surface layer with Boron-Nitride needs 
temperature up to 1500K or even higher. As a coating process, this high temperature might melt 
the substrate or change the crystallographic structure of the substrate. 
 
A combined force has been discovered by applying PVD to aid the CVD process. During the PVD 
process, it is possible to generate radicals or ions which are very prompt to reacting with other 
species. And it can replace the traditional way, which is to heat up the reacting powders or liquid 
during the process, and protect the substrate. Another advantage is that, it can also deposit 
materials by sputtering effect, which means the target in solid state. 
 
Currently, the diamond industry has quite much interest in this method because it provides 
another way of producing diamonds. Quite much result has been achieved actually.  
 
In this paper, only general understanding of the process has been investigated. The results during 
the experiments show that it is possible to apply this method. Further potential is still under 
researching stage. 
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CHAPTER1. Plasma Vapor Deposition (PVD) and 

Chemical Vapor Deposition (CVD) Introduction 

1.1 Physical Vapor Deposition Introduction  

Physical Vapor Deposition (PVD) process usually utilizes a vacuum chamber in which there sits a 
target, a substrate and two electrodes. The vacuum chamber is filled with low pressure inert gas 
(mostly Ar) which can be used to ignite the plasma. The plasma is a combination of ions, neutrals, 
and electrons. The target contains the material which is going to be deposited and it is applied 
with a bias negative voltage. The substrate in some cases will be utilized as the anode in the two 
electrodes, which has the same bias voltage as the chamber walls or has a bias voltage applied. A 
simplified model is shown schematically in Figure 1. 
 

 

Figure 1 Schematic drawing of a simple sputter deposition system[1] 
 
 

1.2 Plasma Discharge Regimes Introduction 

Plasma discharge can happen in three different regimes as stated by Lundin [2] and Roth [3] et al. 
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Figure 2 Different Plasma Discharge Regimes. Based on a figure in Ludin [2], after Roth [3] 

 
When the voltage is applied between the cathode and the anode, the gas atoms between will start 
to departure and emit ions and electrons in a small amount. Those electrons will be accelerated 
from the cathode to the anode. In case the electrons hit the atoms and the electrons energy is high 
enough to break the atoms, the gas atoms will be ionized and emit electrons in the plasma. This is 
so called the Townsend regime, as indicated in Figure 2. When the applied voltage is increased 
further and further, the plasma will overcome the breakdown voltage and enter the glow regime. 
Once the normal regime has been passed, the plasma goes into the abnormal glow discharge 
regime and is about to ignite the arc discharge. The arc discharge is saturated with large flux of 
ions and electrons, which results in a large current between the electrodes. The large amount of 
ions will hit the surface of the target which will generate a large heat flux and even melt the 
surface of the target. This arc discharge regime is usually avoided in the deposition process, mainly 
because it will damage the deposited film surface with macro-droplets from the melted target 
surface. The abnormal glow regime is usually where sputtering process happens. 
 
There are usually three different interactions between electron and another particle in the plasma 
during the abnormal glowing regime.  
(1) Electron+Atom     Photon+Electron+Atom 
(2) Electron+Atom     2Electrons+Ion 
(3) Electron+Ion(+1)     Ion(+2)+2Electrons 
 
Each one of the interactions among the three depends on the energy that is transmitted in the 
process. Usually when the electron energy is not high enough to break the neutral atoms, it will 
excite the outer electron in the neutral atom and emit a photon which results in the so called 
glowing. When the electrons collide with neutral atoms with a higher energy, then it will break the 
neutral atom and form one ion with two electrons. This is the way how large amount of charged 
particles show up. Usually different atoms will have different energy potential of which should be 
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broken by the collision electrons. Table 1 is a brief sum of some common atoms’ energy potential 
[4]. When the electron energy is further increased, it will be capable of break the second electron 
in an ion which will lead the ion to be charged with +2 and again increase the charged particles 
density in the plasma. 
 

 
Table 1 the first Ionization potential energy for a few metal atoms and common gas atoms. [4] 

 

1.3 The Sputtering Process at the Target 

Once the plasma is formed, the charged particles will move in different directions as negative 
charged particles will move towards the anode and the positive charged particles will move 
towards the cathode. As is illustrated in Figure 1, the cathode is connected with the target which is 
going to be deposited in the case of cathode target sputtering. When the ions attracted by the 
cathode have energy high enough to knock away the atoms on the target surface, sputter 
deposition process will happen. However, some other process other than sputter away the atom 
will also happen on the target surface, as illustrated in figure 3. [5] 
 
 

Element Energy Potential(eV)
Al 5.99
Cu 7.73
Ti 6.83
Ta 7.55
Ne 21.56
Ar 15.76
Kr 14.00
O 13.62
O2 12.07
Ne 14.53
N2 15.58
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Figure 3 Schematic illustrations of different possible processes occurring at the target surface 

during sputtering. [5] 
 
Mostly, the ion bombardment will eject one atom from the target surface and the ions will be 
reflected back as an ion or a neutral which is about to ionize again. At the same time, the knocked 
target atoms also have the possibility to emit electrons of which are able to sustain the plasma. 
The secondary electrons ejected from the target surface will increase the plasma current in a large 
extent and reduce the voltage applied. As a consequence, the ion energy will be lowered and 
secondary electrons emission will be reduced. If the ions have a high enough energy, then it will 
happen such that the gas ion will implant into the target surface instead of reflecting back. 
 
The number of atoms emitted by one single one ion bombardment is usually measured as the 
sputtering yield of the target material. The higher the sputtering yield number is, the more the 
number of sputtered atoms will be. The sputtering yield is determined by a number of factors, 
such as the kinetic energy of the ion, the binding energy of the atoms on the target surface, and 
the percentage of the transmitted kinetic energy during the bombardment [6]. Sometimes, in 
order to increase the sputtering yield, increase the target surface temperature will decrease the 
binding energy between the atoms on the target surface, which will reach higher sputtering yield. 
 
As a consequence of the cathode sputtering process, the cathode surface will be eroded, which is 
the so called cathode erosion. And in the case of PVD aided CVD, it is a negative phenomenon 
sometimes. 

1.4 High power impulse magnetron sputtering (HIPIMS) 

1.4.1 Magnetron Sputtering 

Magnetron Sputtering is a plasma sputtering depositions process, in which magnetic field is 
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applied in the region around the target surface. The applied magnetic field is mainly used for 
enhancing the possibilities of electrons collide with another particle in the plasma around the 
target surface. Usually the magnetrons are placed behind the target surface, and form the 
magnetic field as illustrated in Figure 4. 
 

 

Figure 4 Schematic Illustrations of (a) Balanced Magnetic Field Figuration and (b) Unbalanced 
Magnetic Field Configuration From Lundin [7] 

 
In such a configuration of magnetic field in combination with electric field, the electrons in the 
field will be loaded the Lorentz force, given by 

                            = q ∗ ( +  ×  )                         (1.1) 
 
When such a force is applied, the magnetic force part will always apply a momentum 
perpendicular to the moving direction of the electrons, which will guiding the electron in a gyrating 
spiral-shaped race track. This is helpful because the electrons will travel around the target surface 
instead of going in a line-of-collimation onto the anode. The mean free length of the electrons will 
be increased, thus increasing the chance of collision with an atom. This phenomenon will generate 
more ions in the gas which will bombard the target surface later on. The ions in this region will also 
be affected by the magnetic force. But, since the mass of the ions are more than one thousand 
times the mass of the electrons, the effect on the ions can be neglected in comparison to the 
electrons.  
 
In Figure 4, there are two types of magnetron configuration. Figure 4 (a) is an illustration of the 
balanced magnetic field configuration. On the other hand, Figure 4 (b) is the so called type II 
unbalanced magnetron, where the inner magnetron is weaker than the outer ones [8]. This is the 
common when it is needed to guide the plasma towards the substrate. Usually, as a consequence, 
the type II unbalanced magnetron will enhance the capability of ion and electron bombardment of 
the growing film [5, 14]. 
 
Based on the development of Magnetron Sputtering innovation, direct current magnetron 
sputtering has achieved high plasma density as the mean free path has been increased for the 
electrons. However, the intense heat generated during the ion bombardments on the target 
surface may come into disastrous for the cathode and magnetron. So the power level for the direct 
current sputtering has been limited by the temperature on the cathode surface. [5] 
 
The magnetic field between the discharge zones, can also suppress the arc discharge. Arc discharge 
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is usually called “cathode spot” which means the discharge current concentrates into one spot. The 
magnetic field will apply a magnetic force on the ions or electrons, and spread them away from the 
cathode spot. In this way, it is possible to apply higher voltage between the electrodes and 
achieving high current. 

1.4.2 High Power Impulse Magnetron Sputtering 

High power impulse magnetron came into exist mainly to solve the power input problem related to 
the direct current magnetron sputtering. By loading the voltage in pulses, engineers have reported 
higher voltage applied on the electrodes and achieved higher current per square centimeter, such 
as V.Kouznetsov, K.Macak, K. Macak, et al [9,10,11]. By applying pulse voltage load, the duty cycle 
(on-time divided by the cycle-time) can be decreased and the power input during the on-time can 
be increased which can avoid the temperature problem related with direct current magnetron 
sputtering. High current intense levels of >1000 W cm^(-2) has been reported [9,10,11]. In the 
pulse power applying process, the electrons will be acted with the electric force and achieve a high 
speed in comparison with the ions. This is mainly due to the mass per electron is far less than the 
mass per ion.  
 

1.4.2.1 Physical Vapor Deposition Applications 

Physical vapor deposition has been adopted in a wide range over the industries today. Due to the 
function of this process, which is transporting particles, atoms or ions in a vaporization mode, it 
has been utilized in mainly in the coating process today. It has been reported by a lot many Coating 
Engineers that the coated inserts especially in the machining process, have been enhanced with 
the fatigue life mainly due to the enhanced surface hardness and corrosion resistivity. For example, 
H.K. Tonshoff, A.Moshlfeld, et, al reported enhanced tool life with PVD coated tools. [12] Some 
other authors also published some papers about enhanced tribological property of coated surfaces, 
such as M.Geiger, W.Becker el al [13].  
 
Later on, it has been founded that the deposited films’ structure and epitaxial growth will depend 
on the inert pressure, substrate temperature, ion energy, ion density, and pre-substrate structure. 
For example, Bolt et al. reported depositing different alumina metastable crystalline structure in a 
much lower substrate temperature than in conventional method, by using high depositing ion 
energy [14]. Other researchers also reported the possibility of depositing a stabilized alumina 
structure by depositing crystallographic alike layers first [15, 16, 17]. 
 
Up to date PVD (Physical Vapor Deposition) process has been announced to have quite a lot 
advantages as scientists are advancing more and more in analyzing and controlling the process. 
Nowadays, engineers have developed different models in specialty for different purposes, such as 
IPVD (Ionized Physical Vapor Deposition), dcMS (Direct Current Magnetron Sputtering), ICP-MS 
(Inductively Coupled Plasma-Magnetron Sputtering), Microwave Amplified Magnetron Sputtering, 
HIPIMS (High Power Pulse Magnetron Sputtering), and HCMS (Hollow Cathode Magnetron 
Sputtering) etc. All those stated method are used to introduce high ionization rate in the plasma 
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which can be controlled later.  

1.5 Molecule synthesis during plasma deposition  

Molecule synthesis process during plasma deposition is rather a CVD process instead of PVD 
method. In the plasma deposition process, the ion bombardment can knock off the atoms on the 
target surface, and at the same time, the gas molecules inside the chamber can make chemical 
reactions which are facilitated by the plasma energy. The atoms in the plasma can be ionized, 
whereas the molecules in the plasma can be formed into radicals instead of being ionized. Such 
radicals usually exhibit high chemical reactivity in low pressure and temperature [29]. Applications 
of this phenomenon can be found in conversion of poisonous compounds into environmental 
friendly constituents [30, 31].  

1.5.1 Producing radicals and chemical reaction between the radicals 

Mostly, the molecule synthesis is a complex process which can deduce a large variety of results 
both intentional and unintentional. However, the stoichiometry method can be used to 
characterize the main chemical reactions. Deposition of carbon from CH  and C H  has been 
reported to produce a large amount of H  [32].  
 
A typical application can be referred to the paper “Molecule synthesis in an Ar − CH −  O − N  
microwave plasma” written by R A B Zijmans et al. Due to the dissociation of the molecules, 
elements including C, H, and O are available in the plasma which can be used to synthesis organic 
molecules [50]. With high flux of radicals, complex chemical reactions will happen among the 
radical flux and the deposited surface [29]. Finally, the process can result in etching of the surface 
film or deposition of new molecules depending on the fraction of gases involved. It is commonly 
accepted by the engineers that the deposition and etching process happen meanwhile. In the 
paper [29], it was concluded that when ratio of O  with CH  exceeds 0.5, the etching process is 
the overwhelming part. In that case, the oxygen in the chamber will happen to react with the 
deposited film instead of depositing. This result agrees with the stoichiometric function between O  and CH : O + 2CH = 4H + 2CO 
 
A small fraction of compound which contains the element N is found in the remaining gas in the 
chamber. N is mainly contained in N . The author concluded that N remains in N  state which 
has negligible impact on the molecule formation process [29]. Detail information about element N 
has not been provided on the substrate surface. After the plasma assisted reaction, the gas 
molecules remaining in the vacuum chamber can be classified into three groups depending on the 
abundance [29]: 
(i) CO, H O, N , H  
(ii) CH , O  
(iii) NH , NO, HCN, etc 
 
The gases which contains N shown in group three has a very tiny fraction. The result from this 
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paper shows us that, the chemical process in the plasma can be controlled by fraction change of 
different gas involved. 

1.5.2 Plasma induced grafting 

Plasma induced grafting is combination of energetic particle bombardment on the substrate 
surface and conventional chemistry [34]. When the surface is exposed to non-polymer-forming 
plasma environment, such as O , N  NH  and Ar, the surface will be bombarded by energetic 
particles and form the surface radicals [33]. It is a result of the covalent bond breaking. The 
generated surface radicals are ready for conventional chemical reaction. The general sequence is 
shown below in Figure 5 [33]:  

 
Figure 5 [35] Two steps of forming organic molecules during plasma deposition 

 
The electron in step 1 can be replaced by any other kind energetic particles. In step 2, the activated 
substrate surface is exposed to unsaturated monomers and the organic polymer surface is formed. 
This is the so-called grafting process. 
 
Plasma polymerization is different from the conventional polymerization in that, the former is a 
atomic-level polymerization and the latter is a molecule-level polymerization. By breaking the 
molecules into radicals, the plasma assists the polymerization process. The characteristic of the 
plasma polymerization can be summarized in the following three points [36]: 
1. Plasma polymer is rather a random serial of different units than repeating units. 
2. The property of the plasma polymer is determined by the plasma condition such as plasma 

energy level, pressure and gas phase combination instead of by monomers in conventional 
polymerization process. The plasma polymerization is a random process because the 
monomers are breaking into radicals. 

3. The monomers do not need to contain functional group such as double bond, which is 
necessary for conventional polymerization. 
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CHAPTER2. HIGH VOLTAGE TRIGGERED PULSE 

PLASMA DEPOSITION EXPERIMENT SET-UP AND 

DESIGN OF EXPERIMENTS 

2.1 Experiment Defining 

PVD method has been mainly used by coating process for covering the insert with a hard surface 
layer which can prolong the crater wear phenomenon and tribological property. Due to the 
advantage that the PVD process can achieve the same result without high temperature on the 
substrate, it has been researched all through the domains related to this topic. The findings 
indicate that the crystallizing process of added atoms on the substrate surface diffuse dependence 
on the substrate temperature, substrate crystal structure, and kinetic energy of the added atoms 
[18, 19, 20], is quite exciting for the material scientists who are searching for new methods of 
forming composite structure as designated. However, increasing the substrate temperature is 
usually realized as a bad idea since it will change the crystallographic structure of the substrate 
material. The plasma sheath, realized by the engineers provides a path of increasing the added 
atom energy which can be controlled during the deposition process [21]. 
 
The aim of our experiment is to deposit a surface layer formed by Nitrogen atoms mixed in Carbon 
Diamond-Like-Structure. The micro-structure of this layer might be column-like as most of the 
other layers formed by low radical kinetic energy or dense layer structure formed by higher radical 
kinetic energy. The micro-structure can also be affected by the elements percentage, such as single 
element will always form a dense layer structure. 

2.1.1 Self-shadowing effect 

Self-shadowing effect is the phenomenon which happens on the substrate surface that added 
atom form a columnar-like structure during deposition. [22] As realized by a lot many PVD 
engineers, the kinetic and chemical energy level of the arriving atoms will have a strong effect on 
the coating surface structure and property [23, 24, and 25]. Usually, the emitted atoms through 
evaporation from a target which is in the temperature range of 500°C will possess kinetic energy 
around 0.05eV. While the temperature is increased to higher level, the kinetic energy will reach 
0.1-0.15eV [22]. Kinetic energy in this level will have little impact on the deposition process. 
However, the arriving particles in the PVD process also bring up to several electron voltage of 
chemical bonding energy. The chemical bonding energy is usually the energy needed for breaking 
away the atom from a target surface, neither in solid or liquid mode. While the particles reach the 
substrate surface, the particles will condense with each other and forming column-like structures. 
This kind of column-like structure is quite porous and is prone to absorb the moisture in the air 
exposure [22]. 
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Later, the changes on kinetic energy of the arriving particles also show great importance to the 
deposited film structure and property. When the depositing atom possesses kinetic energy up to 
20eV or more, it will lead to the rearrangement of the added atoms. The result to the 
rearrangement of the deposited atoms is the formation of atomic scale short-term annealing 
process [22]. Instead of rather porous structure, the deposited film has much denser structure. The 
microstructure of the surface film is still observed to be column-like. 
 
An exaggeration of the column-like structure of the deposited surface, can be achieved by 
collimate the incoming atom [22]. In the exaggeration application, the pressure inside the 
deposition should be low enough to inhibit the in-flight collisions with the gas atoms. An 
interesting application is to use the column-like exaggeration depositing process to form 
sculptured films. The micro-level structure can be fully controlled. The sample shown in Figure 6 is 
made by slowly rotating the sample surface during deposition with line-of-sight atoms. At the 
beginning, the sample surface is normal to the incident direction of the incoming atoms. Then 
different micro level structures can be formed by changing the rotating speed and direction of the 
deposition process. 
 

 
Figure 6 a sculptured film deposited by glancing angle deposition (GLAD). Figure courtesy of M. 

Brett, University of Alberta [26]. 
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2.1.2 Plasma Sheath 

The kinetic energy of the incoming atoms is important as pointed out in section 3.1.1. The plasma 
sheath phenomenon can be used as a solution for increasing the kinetic energy. Schematic 
illustration of the plasma sheath is shown in Figure 7 [27, 28]. The plasma flux contains the 
particles of electrons, ions, and neutral atoms. In bulk plasma, there are more or less equal 
amounts of negative and positive particles, which make the plasma in a quasi-neutral state [28]. 
The only place where the quasi-neutral state can break is the vicinity of the cathode and anode. 
Around the vicinity of the anode, the electrons will be drawn from the plasma and repel the ions to 
the cathode. Due to the much smaller mass of the electrons in comparison to the ions, the 
electrons will leave the region quite fast and leave the ions behind [28]. As a result, the plasma 
charge in this vicinity is positive. This process goes on until a balance between the plasma and the 
anode has been built. The plasma sheath is such a consequence that based on the balance 
between the plasma and anode. In the vicinity of the cathode also shows this balance process, but 
the sheath around the cathode is wider due to the large potential drop [28]. The potential of the 
plasma is usually up to a couple of volts. The potential drop is important since it can adjust itself in 
order to keep the plasma quasi-neutral by attracting electrons which are going to the anode and 
repelling the ions which are going to the cathode [28]. In the PVD process, the contribution of this 
plasma potential is that, the ions that are going towards the substrate can be accelerated with a 
few eV(electron volts) [28]. 

pV

 

Figure 7 Potential Distribution from DC discharge plasma and the configuration of electrode sheath 
[27, 28]. 

 

2.1.3 Objective of the experiment 

The pre sections have illustrated the basic background of the Plasma Vapor Deposition and the 
Chemical Vapor Deposition. The objective of this thesis is to combine the two technologies to 
deposit new types of material with column structure and reasonable elastic modulus. Here, we 
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have to choose an engineering material which has quite high elastic modulus. Table 2 is a 
summation of the common engineering materials with their density, and elastic modulus. The 
highlighted rows indicate the materials with high elastic modulus. Among the four different 
materials, graphite is the most common material and easiest to obtain. So here we choose to 
deposit Nitrogen atoms mixed in Carbon Diamond-Like-Structure as the aim of the experiment. 
 

 

Table 2 summation of density and elastic modulus for common engineering materials 
 

2.2 Experiment Apparatus Setup  

2.2.1 Schematic illustration of equipments 

The apparatus available for this experiment is a circuit which can provide High Power Impulse 
voltage and a vacuum chamber with a molecule pump which can provide pressure low enough for 
experiment purpose. The schematic illustration of the circuit is given in Figure 8 and the vacuum 
chamber configuration is shown in Figure 9. 

 
Figure 8 Electric connection 

Material
ρ, 10^3
kg/m^3

E, Gpa

Ag 10.50 76
Al 2.70 70
Cu 8.96 110
Fe 7.87 197
In 7.51 11
Mg 1.74 44
Ni 8.90 207
Pb 11.30 14
Sb 6.65 80
Si 2.33 113
Sn 7.30 43
Ti 4.51 116
Zn 7.13 103
Zr 6.49 95

Al2O3 3.80 350
Graphite 2.25 379

SiC 3.26 460
Silica 2.20 70
TiC 4.50 350
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Figure 9 Schematic illustration of the vacuum chamber 

 
As can be seen from Figure 9, the cathode and anode are available in the chamber. Permanent 
magnetrons are fixed in the cathode structure and provide magnetic field around the cathode 
surface. When the circuit is connected with the cathode and anode, the whole apparatus is ready 
for use. The vacuum pump will pump out the gas inside the chamber and providing low enough 
pressure. 

2.2.2 Depositing process prediction 

As illustrated in section 2.1.3 about the objective of this experiment, we need to deposit graphite 
as the matrix material for increasing the elastic modulus. In the setup of the experiment apparatus, 
it is possible to break the acetylene molecules and forming the -CC- radicals. This kind of radicals 
can form graphite like structure if one third of the graphite carbon position is replaced by this sort 
of radical. If the electron energy is enough to break the -CC- radicals, carbon atoms can be ionized 
and form the so called Diamond-Like-Structure. 
 
In order to break the C2H2 molecules, the key factor is to accelerate the electrons to a high kinetic 
energy level. In the collision process of electrons with acetylene or any other gas molecules, the 
radicals or ions can be formed. On the work piece surface, the deposited can also be hit by coming 
radicals, ions or atoms. Then those deposited atoms are also energized and prompt to form 
Diamond-Like-Structure.  
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2.3 Design of Experiments 

Because a lot many factors can affect the result of the experiment, we need to make a design of 
experiments to investigate which ones and which combinations have the largest influence on the 
final result. Within this experiment apparatus, the factor which can be changes is the discharge 
frequency, plasma pressure, applied voltage, pulse length, deposition duration, and gas fraction 
with partial pressure.  
 
As it is important to understand the process thoroughly regarding the parameters, the experiment 
is divided into three phases. The first phase is for general understanding of different factors and 
their effect. The second phase will aim for investigating the carbon Diamond-Like-Structure 
depositing process. The third phase should go straight toward depositing a surface layer with 
Nitrogen atoms mixed in Carbon Diamond-Like-Structures. 

2.3.1 Discharge frequency and pulse length setting 

In order to make the electric circuit simpler for calculation, the circuit shown in Figure 8 can be 
transformed into Figure 10 as shown below: 

 
Figure 10 General drawing of the electric circuit 

 
The discharge process is fully controlled by the switch in the circuit. The switch is an automated 
component which can change the frequency of close or open. The resister in the circuit can be 
used as a damping element which can damp out the fluctuating current and the rectifier can make 
sure that the current can only flow in one direction. 
 
As an LCR circuit, the configuration in Figure 10 makes sure that the discharge process only makes 
use of 1/4 of the characteristic time period of the vibration current. The DC charge unit of the 

capacitor will take √20 = 4.472 times more than the time the discharge unit takes. The detailed 

calculation is shown below: 

                              T = 2π√LC                              (3.1) 

 
For the discharging unit: 
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T = 14 ∗ 2π√LC = 14 ∗ 2 ∗ 3.14 ∗  30 ∗ 10  ∗ 0.05 ∗ 10  = 0.608 ∗ 10  s 

 
For the charging unit: T = 14 ∗ 2π√LC = 14 ∗ 2 ∗ 3.14 ∗  30 ∗ 10  ∗ 1 ∗ 10  = 2.719 ∗ 10  s 

 
Then the frequency which is determined by the circuit is calculated below: 

                     f =       = 3005.7Hz                   (3.2) 

 
While the plasma has been ignited, the capacitors after discharge can be recharged immediately by 
the DC power supply and continue inputting energy into the plasma. The pulse length is the total 
discharge period summed up by a serial of discharge of each single capacitor and it is a key factor. 
Once the discharge becomes a continuous process, the discharge frequency becomes to be related 
to the number of continuous process in one second. 
 
High frequency of discharge will lead to problems such as high temperature on the target surface. 
The permanent magnetrons will lose the magnetic field in high temperature. So, here we have to 
lower down the discharge frequency. The highest discharge frequency available in literature is set 
at 500HZ with pulse widths of 100-500μs reported by Christie et al [36]. It was reported in 
reference [36] that single shot frequency up to 500 Hz with peak power of 3MW is achieved. Here, 
it is necessary to avoid high temperature on the cathode, so the frequency is chosen to be 100Hz 
and 330Hz mainly for avoiding the intense heat. The selection of frequency during specific 
experiment should depend on the application. 
 

2.3.2 Plasma Pressure setting 

The plasma pressure will also have an impact on the deposition process. Higher pressure means 
high density of gas molecules in the chamber. As a consequence, this will lead to higher electron 
density and ion density in the plasma. The high electron and ion density will increase the 
bombardment counts and also the probability of collision between particles. On the other hand, 
the lowest breaking voltage for plasma follows the so-called Paschen’s law.  
 
The Paschen’s law governs the plasma break down voltage with relation to the pressure and the 
distance from the cathode and anode. Researchers such as L.Ledernez, F.Olcaytug, H.Yasuda, 
G,Urban et al have made some efforts investigating the paschen’s curve for argon [37]. Figure 11 is 
the result provided by the former mentioned researchers: 
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Figure 11 Paschen’s law on argon curve [37] 
 
It is concluded in the paper that the p*d is not the only factor that governs the break down voltage. 
As the distance between the cathode and anode gets closer, the break down voltage will decrease. 
The other researchers had made summation of the lowest break down voltage and p*d (p is the 
pressure and d is the distance between the electrodes) based on experiments. Such authors 
include Naidu, M.S. and Kamaraju [38]. The result of their work is shown in Table 3 [38]: 

 
Table 3 Summation of lowest break down voltage with respect to p*d 

 
The gas that will be used in our experiment is Ar, O2, N2, and C2H2. The experiment set up in our 
case has predefined the distance from the cathode to the anode, which is 8mm. (1Torr=133.322pa) 
For argon, Pd=0.9 (cm*Torr), d=0.8(cm), P=149.99(pa) 
For Nitrogen, Pd=0.67(cm*Torr), d=0.8(cm), P=111.66pa) 
For Oxygen, Pd=0.7(cm*Torr), d=0.8(cm), P=116.66(pa) 
For Acetylene, there isn’t any available data, so here we don’t estimate the optimized data. 
 
Compare to the break down voltage of the three different gases, which is 137volts for argon, 
251volts for Nitrogen, and 450volts for Oxygen, we can see clearly that argon is the most easiest 
gas to breakdown. 
 

Gas Vs min (V)
pd at Vs min
(Torr cm)

pd at Vs min
(pa cm)

Air 327 0.567 75.592
Ar 173 0.900 119.988
H2 273 1.150 153.318
He 156 4.000 533.280
CO2 420 0.510 67.993
N2 251 0.670 89.324
N2O 418 0.500 66.660
O2 450 0.700 93.324
SO2 457 0.330 43.996
H2S 414 0.600 79.992
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In case, there is no magnetron on the cathode surface, the lowest break down voltage means the 
plasma will change into Glow Discharge Region, which is the region mostly been used for 
depositing process. However, as the voltage gets higher and higher, the discharge will prompt 
going into the arc discharge region. The arc deposition will deduce a large current on the cathode 
surface concentrating to a single spot. The intense heat generated will melt the cathode surface 
and cause serious damage. Usually, engineers will try to avoid this phenomenon to happen. 
 
The capacitor charging unit can provide the voltage range up to 1600v, so we can have the 
pressure higher or lower than the calculated values. The in-fly scattering phenomenon is also 
important because it can lead to the collisions and reactions between the radicals. It can also affect 
the kinetic energy of the particles when arriving at the surface of the work piece. The exact 
pressure cannot be predefined, because it is determined by the amount of gas flow in the chamber. 
So, during the experiments, the same set of gas flow distribution should be recorded with the 
same pressure. 
 
The in-flight scattering of particles will reduce the kinetic energy of the incoming particles aiming 
at the substrate. Once the kinetic energy is reduced, the re-sputtering phenomenon on the 
substrate will also be decreased. Then, it is possible to reach high deposition rate and forming the 
column structures. 
 
In the apparatus available for the experiment, we can reach the pressure around 1 Pa in the 
chamber and mainly depend on the inlet gas flow rate. 

2.3.3 Applied voltage setting 

The applied voltage will have an impact on the charged particles density and the energetic level of 
the charged particles. The density of ions is mainly related with the power input to the plasma. 
Usually, one thirtieth of the discharge energy will be transformed into ionization process. However, 
the applied voltage shouldn’t reach too high for avoiding the implantation of ions. The sputtered 
yield introduced in section 1.3 is a key factor to control the sputtering speed. Figure 12 is a curve 
which shows normalized sputter yield respect to ion energy [22]. 
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Figure 12 Energy regimes of physical sputtering [22] 

 
In the pressure range of 1 pa, the in-fly scattering is very like to happen, and the kinetic energy will 
lose during the collision process. If the applied voltage is not high enough, the sputtered atoms will 
have a very low kinetic energy when reaching the substrate surface. Varying the applied voltage, 
different kinetic energy for the arriving atoms can be obtained. On the other hand, the applied 
voltage is also important for break the molecules in the plasma to produce radicals. 
 
As the aim of the process is utilizing PVD process as a tool for aiding the CVD process, it should also 
be kept in mind that the cathode surface should be protected and avoided from erosion by 
sputtering. 
 
The DC charge unit can provide voltage up to 1600V, and for making the energetic level influence 
on the deposition process, the voltage applied on the cathode and anode is chose to be around 
600 volts during the process. 

2.3.4 Deposition duration setting 

As illustrated in section 2.1, the micro-structure of the deposited material is of great importance 
for the objective of the experiment. The thickness of the deposited film is also important for 
checking the micro-structure. In the first phase, it is important that the right combination of 
experiment setting is obtained to deposit the desired microstructure.  
 
The deposition during is chosen to be 1 hour or 2 hours to identify the process dynamic property. 
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2.3.5 Gas fraction combination setting 

The gas input is controlled by a gas flow controlling unit. This control unit can govern the gas flow 
volume and adjust the pressure in the chamber. Three gases are used as the inner gas in the 
chamber, and they are nitrogen, acetylene and argon. It is important for us to see the effect of 
different gas fraction on the deposition process. The gas flow control valve has a maximum 
capacity of 50 mln/min(mili-litre at normal condition per minute) for the first two gases, and for 
argon the maximum capacity is 70 mln/min. During the experiments, the gas flow rate can be 
varied between 0% until 100% for each of the gas. 
  



20 
 

CHAPTER3. RESULTS OF THE EXPERIMENTS AND 

ANALYSIS 

3.1 First Phase Design of Experiment 

In the first phase of experiment, we need to find out when it is possible for us to break the 
molecules of acetylene. On the other hand, we also need to concern about the erosion of the 
cathode surface which is a negative phenomenon. In order to understand the process, it is also 
important to find out some simple relationship among the factors of the experiment. 
 
As the evacuation process is not standardized, so here the pressure in the reaction chamber is 
evacuated until the same pressure which is 6.5*10^(-4)mbar, and even lower. 
 
The standard step of doing the experiment is following: 
1.  Make the evacuation until the pressure of 6.5*10^(-4) or lower. 
2.  Open the valve for the cooling water system to check the water leakage. 
3.  Open the gas valve and manipulate the gas flow rate under designated values and make 

records of the pressure when it is stable. 
4. Load the power supply at a designated value and make records of the pressure after the 

plasma has been ignited. 
5. Make records of the voltage, current and draw the graph from the oscilloscope, make records 

whenever any of the parameters changes. 
6. Run the deposition process at a designated time period and unload the power supply and 

make records of the pressure in the chamber. 
7. Collect the work piece with deposition layer and save it for X-ray scattering. 
 
The experiment parameter setting data is shown in table 4. 

 
Table 4 First Phase Design of Experiment 

 
All of the experiments are done under the situation where leakage of cooling system has been 

C2H2 50% 50%
N2 40% 40%
O2 0% 10%
Ar 20% 20%

sequence voltage frequency hours
1 500v 100Hz 1h S11 S12
2 500v 100Hz 2h S21 S22
3 500v 330Hz 1h S31 S32
4 500v 330Hz 2h S41 S42
5 600v 100Hz 1h S51 S52
6 600v 100Hz 2h S61 S62
7 600v 330Hz 1h S71 S72
8 600v 330Hz 2h S81 S82

RESULT

First Phase Design of
Experiments
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avoided. The leakage of cooling system might contaminate atmosphere in the chamber with water 
molecules. The result of the experiment represents parameters such as pressure, current, color of 
plasma, and deposited material etc. The percentage of different gas indicates the flow rate utilized 
in comparison with the maximum flow rate capacity decided by the instrument. The maximum 
flow rate of C2H2 is 50mln/min, and the maximum flow rate for N2 is 50mln/min. For argon, the 
maximum flow rate is 70mln/min, and for O2, the maximum flow rate is 50mln/min. 
 
And here are the records from the experiments: 
Initial pressure after the gas supply: 

 
Table 5 Initial Pressure before Discharge Process 

 
The initial pressure fluctuates under the same gas flow rate is caused by the pressure near the 
turbo pump changes during the process, and it was easy to make it lower, but it is difficult to make 
it higher when the pressure is already at an extremely low level. In idealized situation, the initial 
pressure should keep at the same level under the same gas flow. 
 
The pressure during the deposition process varies not only because the pressure in the area of 
turbo pump changes, but also because of chemical reaction and layers deposited onto the anode 
which might be dielectric. The deposited dielectric layer on the cathode or anode might affect the 
discharge process and affect the ionization process. During our experiment, the pressure in the 
chamber is recorded all throughout the process. In table 6, only the pressure at the beginning of 
the discharge process and the ending of the discharge process is summed up, and the pressure 
only changes gradually during the whole process. 
 

C2H2 50% 50%
N2 40% 40%
O2 0% 10%
Ar 20% 20%

sequence voltage frequency hours
1 500v 100Hz 1h 1.10 0.96
2 500v 100Hz 2h 1.00 1.00
3 500v 330Hz 1h 0.97 1.10
4 500v 330Hz 2h 1.00 1.00
5 600v 100Hz 1h 0.97 1.10
6 600v 100Hz 2h 0.96 1.10
7 600v 330Hz 1h 1.00 1.00
8 600v 330Hz 2h 0.95 1.10

RESULT (Pa)

Initial Pressure before
Discharge Process
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Table 6 Pressure during the Deposition Process 
 
Another table 7 shows the pressure in the chamber at the end of the deposition process without 
discharge process. 

 

Table 7 Pressure in the Chamber without Power Loading at the End of the Process 
 
With the data obtained on pressure of the gas in the chamber, we can deduce the ionization rate 
of the plasma process: Ionization rate =  Pressure without discharge –  Pressure with dischargePressure without dischage    
 
As it was found that the pressure during the discharge process varies and usually shows a trend, 
the ionization during the plasma is calculated with the beginning and ending separately. The 
ionization percentage for each of the combination is shown in table 8: 

C2H2
N2
O2
Ar

Begin End Begin End
1 500v 100Hz 1h 0.83 0.81 0.82 0.89
2 500v 100Hz 2h 0.81 0.88 0.91 0.98

3 500v 330Hz 1h 0.71 0.69 0.96 0.95
4 500v 330Hz 2h 0.74 0.72 0.95 1.00
5 600v 100Hz 1h 0.77 0.74 1.00 1.00
6 600v 100Hz 2h 0.75 0.76 1.00 1.00

7 600v 330Hz 1h 0.60 0.57 0.96 0.92
8 600v 330Hz 2h 0.56 0.56 0.98 0.77

RESULT (Pa)
20%

50%
40%
10%

20%

50%
40%
0%

sequence voltage frequency hours

Pressure During the Deposition
Process

C2H2 50% 50%
N2 40% 40%
O2 0% 10%
Ar 20% 20%

End End
1 500v 100Hz 1h 1.00 0.99
2 500v 100Hz 2h 0.97 1.00
3 500v 330Hz 1h 0.97 1.00
4 500v 330Hz 2h 0.97 1.00
5 600v 100Hz 1h 0.96 1.00
6 600v 100Hz 2h 0.96 1.10
7 600v 330Hz 1h 0.95 1.00
8 600v 330Hz 2h 0.92 1.00

Pressure in the Chamber
without Power Loading at the

End of the Process

sequence voltage frequency hours
Reuslt (Pa)
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Table 8 Ionization Rate during the Process 
 
As a general trend, it can be concluded that with higher discharge voltage and higher discharge 
frequency, the ionization of gas will be higher. 
 
Once the discharge process begins, the current shows a peak as the highest value and then falls 
down to the so called “burning current”. With the ionization rate changes, the maximum value of 
the current and burning current seems to fluctuating also. Table 9 sums up all the information in 
below: 

Table 9 Maximum Current and Burning Current during the Process 
 
One typical graph from the oscilloscope screen with the current and voltage is shown in figure 13 
under the circumstance of S81: 

C2H2
N2
O2
Ar

Begin End Begin End
1 500v 100Hz 1h 0.25 0.19 0.15 0.10
2 500v 100Hz 2h 0.19 0.09 0.08 0.02
3 500v 330Hz 1h 0.27 0.29 0.13 0.05
4 500v 330Hz 2h 0.26 0.26 0.05 0.00
5 600v 100Hz 1h 0.21 0.23 0.09 0.00
6 600v 100Hz 2h 0.22 0.21 0.09 0.09
7 600v 330Hz 1h 0.40 0.40 0.13 0.08
8 600v 330Hz 2h 0.41 0.39 0.11 0.23

Ionization Rate during the
Process

40%
50% 50%
40%

20%

sequence voltage frequency hours
RESULT (*100%)

0% 10%
20%

C2H2
N2
O2
Ar

Maximum Burning Maximum Burning Maximum Burning Maximum Burning
1 500v 100Hz 1h 8 2 3 2 7 2 3 2
2 500v 100Hz 2h 3 2 3 2 2 1 2 1
3 500v 330Hz 1h 2 2 2 2 1 1 1 1
4 500v 330Hz 2h 2 2 2 2 ＜1 ＜1 ＜1 ＜1
5 600v 100Hz 1h 4 2 4 2 ＜1 ＜1 ＜1 ＜1
6 600v 100Hz 2h 4 2 4 2 ＜1 ＜1 ＜1 ＜1
7 600v 330Hz 1h 30 4 34 4 1 1 1 1
8 600v 330Hz 2h 34 4 34 4 ＜1 ＜1 3 2

RESULT (A)
20%

sequence voltage frequency hours Begin End Begin End

50%
40%
10%

Maximum Current and Burning
Current during the Process

50%
40%
0%
20%
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Figure 13 Oscilloscope Screen of S81 
 
The burning current shows up because once plasma is ignited, the plasma becomes conductive 
and it has a resistance for current. It is a general trend that with higher voltage and higher 
discharge frequency, the maximum current will change obviously, but the burning voltage usually 
stays the same and changes very little. The numbers in the table also has an uncertainty domain 
which depends on the scale during measurement. When the maximum current becomes bigger, 
the scale on the oscilloscope will also be bigger. As a consequence, the measured value will have 
bigger uncertainty. However, with another manual voltage meter, the voltage has been confirmed 
correct within less than 1 percent error. 
 
For all of the combinations, the shape of the curve remained the same and the time domain of 
ignition and burning kept the same. The only difference is the parameters of maximum current, 
maximum voltage, burning current and burning voltage. 
 
The length of the discharge period is 1.2ms, and the plasma-extinguish process is 1.8ms. During 
the burning process, the discharge voltage also has a burning voltage value. Table 10 below is a 
summation of the burning voltage for all of the combinations. 
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Table 10 Burning Voltage 

 
The burning voltage seems to possess a heavier dependence on the discharge frequency when it is 
under low voltage level. But it is not obvious because the measurement of the oscilloscope is not 
that accurate. On the other hand, once the gas flow rate is bigger, the burning voltage also tends to 
increase. However, under high voltage and high frequency, the burning voltage does not change. 
 
In comparison of the table 8 of ionization rate with the table 9 of maximum current, it can also be 
told that the maximum current is generally related with the ionization rate. But the burning 
current does not relate to the ionization rate, it seems to be an intrinsic property of the plasma 
itself. By comparing the burning voltage and the initial voltage, it also shows that higher voltage 
and higher discharge frequency will also increase the burning voltage. 
 
The color of plasma is also recorded and it can be used to identify which process is going on later. 
The detail Information of plasma color is shown in table 11. 

 

Table 11 Color of Plasma 

C2H2 50% 50%
N2 40% 40%
O2 0% 10%
Ar 20% 20%

sequence voltage frequency hours
1 500v 100Hz 1h 400 400
2 500v 100Hz 2h 400 400
3 500v 330Hz 1h 430 460
4 500v 330Hz 2h 430 460
5 600v 100Hz 1h 500 580
6 600v 100Hz 2h 500 580
7 600v 330Hz 1h 500 580
8 600v 330Hz 2h 500 580

Voltage(V)

Burning Voltage

C2H2
N2
O2
Ar

Color of Plasma

20%
RESULT: Color of Plasma

sequence voltage frequency hours

50% 50%
40% 40%
0% 10%
20%

Begin End Begin End

1 500v 100Hz 1h dark red dark red dark red dark red

2 500v 100Hz 2h dark red dark red grey, dark red grey

dark grey dark grey

4 500v 330Hz 2h dark red dark red, pink
dark grey, very

little red
tiny grey

3 500v 330Hz 1h dark red dark red

tiny grey tiny grey

6 600v 100Hz 2h
pink, dark red,

blue
pink, dark
red, blue

tiny grey

5 600v 100Hz 1h
pink, dark red,

blue
pink,dark red,

blue

tiny grey

7 600v 330Hz 1h
pink, blue

purple
pink, blue,

purple
tiny grey tiny grey

intense grey grey pink8 600v 330Hz 2h blue, grey grey
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The intensity of light emitted depends both on the discharge voltage and frequency. With higher 
discharge voltage and frequency, the intensity of light also increases. 
 
The aim of the first phase experiment is only used to generally understand the process, and it 
should be the fundament for the second phase. 
 
From the coated surface of the work piece, thin layers of transparent have been deposited. The 
pieces of S71, S72 S81 AND S82 show up non-transparent, but with a layer containing both 
graphite like color of black and copper like color of bronze.  
 
At the very beginning of plasma ignition process, electrons are accelerated much faster than ions 
because of its low weight under the same electric field force. That could be one of the reasons for 
the maximum current at the beginning. Once the plasma has been ignited, the plasma becomes 
conductive and continuous voltage supply on the cathode will drag the ions and hold the discharge 
process. This is the so called burning period. During the burning period, since the current is mainly 
hold by ions, so the current is quite small in comparison with the maximum current. The burning 
current works as a knocking off process from the cathode surface, which erode the cathode 
surface. In order to avoid erosion of the cathode surface, the pulse burning length should be kept 
short. The layer with graphite like color proves that we are able to break the molecules of C2H2 
into radicals or ions.  
 
In the seconds phase, the pulse burning length will be shorter to protect the cathode from erosion 
and in order to break the molecules of C2H2, the discharge frequency should kept at low level in 
order to apply high voltage. And it is necessary to identify the plasma color of acetylene.  

3.2 Second phase of experiment 

As the information from first phase experiment shows the basic property of the process, the 
second phase of experiment is aiming for producing the Diamond-Like Structure from carbon 
atoms. A study of plasma with pure C2H2 gas is done in order to clarify later experiment results. 
 
Before the experiment, the chamber has been evacuated under the pressure of 0.0053Pa. So the 
other gases which can affect the process have been avoided. By adjusting the speed of the pump 
and gas inlet flow rate, the pressure in the chamber has been kept stable around 0.63Pa under the 
flow rate of 30 mln/min. The ignition voltage for pure C2H2 under this pressure is found to be 
500volts. Summation of information from the process is shown in table 12 below: 

 

Table 12 Information of Plasma with C2H2 

500 4 0.54 0.143 grey
600 8 0.49 0.222 grey
800 37 0.49 0.222 grey
820 50 0.48 0.238 grey
850 70 0.47 0.254 grey

30mln/min
C2H2 0.63Pa

330Hz

maximum
current

ionizat
ion

colour of
plasma

pressure
(Pa)

Voltage
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The Maximum current against voltage is shown in Figure 14 below: 

 
Figure 14 Maximum Current against Initial Voltage 

 
The ionization rate against voltage is shown in the Figure 15 below: 

 
Figure 15 Ionization Rate against Voltage 

 
As the discharge frequency is around 330HZ, and after the ignition of plasma, a burning process is 
added into the discharging process. The discharge process is not very stable and arc discharge 
process happens from time to time. It was also found out that the added burning stage does not 
show up and plasma extinguishes as soon as the ignition is done. It is possible to use C2H2 only as 
the background source of plasma. 
 
Normally the ionization rate should have a linear relationship with the current, but it could be 
because of breaking the molecules C2H2 and forming molecules of H2 which hold the pressure 
stable when voltage is higher than 600 volts. 
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In order to make the process more stable, a small amount of Argon is inlet into the chamber. Under 
the gas flow rate of 30mln/min C2H2 and 14mln/min Argon, the pressure is stable in the chamber 
around 0.76Pa. The frequency of discharge is selected to be 330HZ again and the burning period is 
kept short as around 0.5ms. The experiment result is summed up in table 13 below: 

 

Table 13 Information of Plasma with C2H2 and Argon 
 
The lines with yellow color are the data which are out of range, and arc discharge happened during 
measurement. By removing the data out of range and we have the graph which shows the 
relationship between voltage, maximum current and ionization rate. Figure 16 is a graph which 
shows the maximum current against voltage in table 13. 
 

 
Figure 16 Maximum Current against Voltage 

 
Figure 17 is a graph which shows the ionization rate against voltage in table 13. 

max min
515 6 2 0.51 scarely clean grey 0.329
523 12 2 0.49 scarely clean grey, blue 0.355
556 12 3 0.48 scarely clean grey 0.368
544 26 3 0.46 few clean grey, blue 0.395
558 40 5 0.46 very likely clean grey, blue 0.395
558 20 3 0.46 few clean grey, blue 0.395
562 20 3 0.46 very likely clean grey, blue 0.395
574 30 4 0.45 very often clean gray, blue 0.408

Voltage Pressure Arc discharge color of plasma
Ionization

rate
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Figure 17 Ionization Rate against Voltage 

 
By increasing argon gas flow until 28mln/min and keeping C2H2 flow rate at 30mln/min, we 
obtained a pressure 0.9Pa before the discharge process. The discharge frequency is kept at 330Hz 
and the burning length is kept at 0.5ms. The data of experiment is shown in the table 14 below: 
 

 

Table 14 Information of Plasma with 30mln/min C2H2 and 28mln/min Argon 
 
The maximum current obtained against different voltage level is shown in Figure 18 comply with 
table 14.  

 
Figure 18 Maximum Current against Voltage 
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430 3 2 0.68 no grey very little 0.244
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563 30 3 0.59 few clean grey, blue 0.344
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Figure 19 depicts the ionization rate comply with the information provided by table 14 
 

 
Figure 19 Ionization Rate against Voltage 

 
The general trend of ionization rate and maximum current should have the same property, but 
here the difference could be caused by the ionizing of the H2 (Hydrogen) molecules because the 
voltage is over 500 volts which is the burning voltage of C2H2. When C2H2 is ionized, it is possible 
to form hydrogen molecules which increase the pressure in the chamber. 
 
Again, by increasing the gas flow rate of Argon until 42mln/min, and holding gas flow rate of C2H2 
at 30mln/min, we have the pressure of 1.0Pa in the chamber before discharge process. The 
discharge frequency is kept at 330HZ, and the information of parameters under different voltage 
supply is provided in the table 15 below: 
 

 
Table 15 Information of Plasma with 42mln/min Argon and 30mln/min C2H2. 

 
The maximum current against voltage is shown in Figure 20 and the ionization rate against voltage 
is shown in 21. 
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max min
393 3 2 0.81 No tiny grey 0.190
512 3 2 0.70 No intense  grey 0.300
560 17 3 0.63 no clean grey intense 0.370
578 30 3 0.62 Likely clean grey intense 0.380
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Figure 20 Maximum Current against voltage 

 

 
Figure 21 Ionization rate against voltage 

 
As the purpose of the experiment is aiming for producing Nitrogen mixed in Carbon 
Diamond-Like-Structure, it is necessary to add some Nitrogen Gas into the process and see the 
difference. By the gas flow rate of Nitrogen 20mln/min, Argon 42mln/min, and Acetylene 
30mln/min, the pressure in the chamber kept stable at 1.3Pa before discharge process. In order to 
break the acetylene molecules, it is necessary to apply high voltage. During the process, the 
voltage applied was 580Volts, and the maximum current is 30Amperes, the pressure during the 
discharge process is 0.85Pa, and the color of the plasma is clean grey and blue. During the process, 
when the voltage exceeds 600volts, arc discharge happens immediately. 
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3.3 Third phase of experiment: depositing Nitrogen atoms mixed 

in carbon Diamond-Like-Structure 

By comparison the results under different gas flow rate of Argon, it is obvious that, the higher the 
argon flow rate into the chamber, the easier the plasma ignition process and the higher the 
possibility of arc discharge. It could be because of the paschen’s curve, from which argon has the 
lowest breaking through voltage among the gases in the experiment. In order to apply high voltage 
to break the molecules of acetylene, and nitrogen, it is necessary to remove the gas of argon and 
inlet the gas of nitrogen. 
 
From the figures ionization rate against voltage of Figure 15, 17, 19 and 21, the ionization rate hold 
stable near a certain voltage. A general trend was found that the more flow rate of argon into the 
chamber, the lower voltage for holding the Ionization rate. It is possibly because the molecules of 
C2H2 can be broke into radicals and even ions, and form H2 molecules. And here the voltage for 
depositing the Carbon Diamond-Like-Structure is chosen at 600 volts. 
 
In the pulse plasma process, electrons can be accelerated faster because of its small mass. The ions 
will move towards the cathode consequently. Ion bombardment is the main source of cathode 
erosion, and the cathode surface should be protected. The solution for this problem is that, once 
the pulse voltage is applied onto the cathode and molecules are divided into smaller particles, the 
cathode should be released from power supply in order to avoid bombardment of ions and reduce 
the kinetic energy of ions moving towards the cathode. On the other way around, the kinetic 
energy of the ions towards the anode is being increased. 
 
In order to deposit nitrogen atoms mixed in carbon Diamond-Like-Structure, and avoid cathode 
erosion, the burning stage following the plasma ignition stage is cancelled. The gas argon is also 
removed because it is not necessary for holding this gas. Under the gas flow rate of C2H2 
30mln/min, and N2 20mln/min, the pressure in the chamber is kept at 0.9 Pa. The voltage should 
exceed the breaking voltage of both Nitrogen and Acetylene, and it was selected at 600volts. The 
pressure during the discharge process is 0.47Pa and the ionization rate is 0.478. The maximum 
current obtained was 50Amperes. The discharge frequency is 330Hz. The graph showed on the 
oscilloscope screen is shown in the figure 22 below: 
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Figure 22 Oscilloscope Screen Curve 

 
As a result, we succeeded depositing a layer of Nitrogen atoms mixed in Carbon 
Diamond-Like-Structure layer after one hour later. The thickness of the layer is around 15-20 
micron meter. The color of the layer shows totally black just like normal graphite plates. 
 
The Scanning Electron Microscope of the deposited surface is shown in Figure 23 at 5.5K 
magnification, Figure 24 in 2k magnification and Figure 25 in 1K magnification separately. 
 

 

Figure 24 Surface Profile with ×5.5K magnification   
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Figure 25 Surface Profile with ×2K magnification 

 

 
Figure 26 Surface Profile with ×1K magnification 

 
With the Element Percentage analysis, the atomic weights of different elements do not show quite 
much difference between different areas on the surface. The detailed information is shown in the 
appendix. It is clear that the element percentage all over the deposited surface keeps at a stable 
level, although the data from the SEM analysis result can only be used generally. 



35 
 

The cross section of the deposited layer is shown in Figure 27 and Figure 28 with different 
magnification scale. 

 
Figure 27 Cross section with ×200 magnification 

 

 
Figure 28 Cross section with ×400 magnification 

 
In Figure 27 and Figure 28, there are some scratches on the deposited layer which forms like 
different layers, but this could be the scratch formed by scissors when cutting the work piece. 
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It is clear to see from Figure 24 till Figure 28 that a surface layer with dense micro-structure and 
15-20um thickness has been deposited on the work-piece surface. 
 
One example of the element percentages is shown in Figure 29. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 29 One example of the element percentages 
 
It is obvious that on the surface, the copper element do not possess quite much percentage, which 
means the cathode is under protection from erosion. The rest of the results are shown in the 
appendix and there is very tiny difference under consideration that the SEM has a small confidence 
interval. 
  

Spectrum:  3 
 
Element    Series  norm. C Atom. C 

[wt.%]  [at.%] 
---------------------------------- 
Carbon    K-series   61.11   73.50 
Nitrogen  K-series    9.80   10.11 
Aluminium K-series   23.44   12.55 
Copper    K-series    1.87    0.42 
Oxygen    K-series    3.78    3.41 
---------------------------------- 
Total:  100.00  100.00 
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CHAPTER4. Discussion and Conclusion 

In the experiment, a surface layer of Nitrogen atoms mixed in Carbon Diamond-Like-Structure is 
obtained as the purpose. The color of plasma which is formed by pure C2H2 was found to be grey 
and the ignition voltage under the pressure of around 1Pa was found to be nearly 500 volts. In 
order to break the molecules of C2H2 and form radicals of –CC- and ions of carbon atoms, it is 
necessary for reaching voltage higher than 600 volts. 
 
The cathode sputtering process is found to be mainly relying on the burning stage under the 
circumstance of pulse voltage load. By reducing the length of burning period and utilizing only the 
pulse period, the cathode material is protected from erosion and the deposited material is found 
to be mainly composed of atoms from the inlet gas. 
 
The detailed information about what actually happened as the chemical reaction has not been 
investigated and this should be done in the future. And the influence of pulse length on the 
deposited material has not been investigated thoroughly. Another set of experiment should aim at 
investigating the relationship between the pulse length and deposited cathode material. 
 
The gas of argon is quite good for igniting plasma, but the function of argon gas aiding the plasma 
ignition of Acetylene should be investigated further. Although, depositing Carbon 
Diamond-Like-Structure was succeeded without Argon gas, it should be investigated later to see if 
argon will have a positive or negative effect on the deposition process.  
 
The input gas in the Third Phase Experiment contains 30mln/min C2H2 and 20mln/min N2, which 
means the ratio between the Carbon and Nitrogen atoms, is 3/2. But on the deposited layer, it is 
almost 7/1. Although the SEM result might have a confidence interval, it still can be seen that the 
Nitrogen atoms are not so active and conforms to the pre study of literature in 1.5.1. 
 
During the experiment set which utilize pure Acetylene as the atmosphere, it was observed that 
the ignition of plasma does not happen immediately after the voltage supply. The ignition happens 
randomly during the discharge process, and it was not stable. This could be the phenomenon of 
breaking the Acetylene molecules and forming the H2 molecules. However, detailed explanations 
with experiment result support should be provided in future work. The discharge with single 
element molecules is quite stable, but smoke like glowing was observed when the Nitrogen gas is 
mixed in the discharge process. When pure argon is used as the atmosphere, the glowing light 
emission is quite clean and stable. Except for Acetylene, the rest gases will have glowing discharge 
immediately after the voltage supply. 
 
The deposition rate depends on the distance from the gas inlet nozzle to the work piece and the 
pressure during deposition. Higher voltage is also necessary for depositing dense, hard and high 
elastic surface layer. It could also be possible to deposit pure diamond on the surface through 
utilizing high voltage and forming the ions of carbon. 
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Due to the lack of detect ability, the crystallographic structure has not been proved to be 
Diamond-Like-Structure, but it is reasonably to believe that deposited layer is 
Diamond-Like-Structure. Further research work should aim at finding out the inner crystallographic 
structure exactly. 
 
As a new method of coating process, PVD aided CVD can be accomplished under low temperature 
and this is an advantage over the conventional CVD process. An open area for new technology is 
available for future research.  
 
Some other papers also introduced methods of changing the microstructure of the deposited layer, 
such as pre-hardening the surface, increasing the kinetic energy of ions around the surface of the 
depositing domain, etc. It shows that it is possible to change the microstructure of the deposited 
layer for industrial engineering purpose.
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Appendix 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Spectrum:  3 
 
Element    Series  norm. C Atom. C 
                    [wt.%]  [at.%] 
---------------------------------- 
Carbon    K-series   61.11   73.50 
Nitrogen  K-series    9.80   10.11 
Aluminium K-series   23.44   12.55 
Copper    K-series    1.87    0.42 
Oxygen    K-series    3.78    3.41 
---------------------------------- 
            Total:  100.00  100.00 
 

Spectrum:  4 
 
Element    Series  norm. C Atom. C 
                    [wt.%]  [at.%] 
---------------------------------- 
Carbon    K-series   65.54   76.62 
Nitrogen  K-series   10.20   10.23 
Aluminium K-series   18.15    9.45 
Copper    K-series    2.53    0.56 
Oxygen    K-series    3.58    3.14 
---------------------------------- 
            Total:  100.00  100.00 
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Spectrum3 
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Spectrum:  5 
 
Element    Series  norm. C Atom. C 
                    [wt.%]  [at.%] 
---------------------------------- 
Carbon    K-series   66.74   77.78 
Nitrogen  K-series    9.28    9.28 
Aluminium K-series   18.21    9.45 
Copper    K-series    2.37    0.52 
Oxygen    K-series    3.40    2.98 
---------------------------------- 
            Total:  100.00  100.00 
 

Spectrum:  6 
 
Element    Series  norm. C Atom. C 
                    [wt.%]  [at.%] 
---------------------------------- 
Carbon    K-series   56.41   70.05 
Aluminium K-series   28.72   15.88 
Copper    K-series    1.57    0.37 
Nitrogen  K-series    9.82   10.45 
Oxygen    K-series    3.48    3.25 
---------------------------------- 
            Total:  100.00  100.00 
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Spectrum4 
 

 

Spectrum5 
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Spectrum6 
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Spectrum 7 
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Spectrum:  7 
 
Element    Series  norm. C Atom. C 
                    [wt.%]  [at.%] 
---------------------------------- 
Carbon    K-series   66.74   77.36 
Oxygen    K-series    4.12    3.59 
Aluminium K-series   16.55    8.54 
Copper    K-series    2.59    0.57 
Nitrogen  K-series   10.00    9.94 
---------------------------------- 
            Total:  100.00  100.00 
 

Spectrum:  8 
 
Element    Series  norm. C Atom. C 
                    [wt.%]  [at.%] 
---------------------------------- 
Carbon    K-series   69.06   77.35 
Aluminium K-series   10.19    5.08 
Copper    K-series    2.28    0.48 
Nitrogen  K-series   12.97   12.46 
Oxygen    K-series    5.50    4.62 
---------------------------------- 
            Total:  100.00  100.00 
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Spectrum 8 
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