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ABSTRACT 

Carbon based thin-film materials have been attracting a lot of attention in many research fields 

due to their unique material properties. Detection of ionizing radiation is an important application that 

carbon and diamond based materials, which offer a promising detection material with low manufacturing 

cost and a variety of physical characteristics for different detection applications. In the current study, the 

direct current (DC) saddle field Plasma Enhanced Chemical Vapor Deposition (PECVD) method was used 

to prepare a set of nano-crystalline diamond samples. The relation between the deposition pressure, the 

gases mixing ratios and the resultant film characteristics were studied. The optical, microstructure and 

electronic properties of the prepared samples were studied using Raman spectroscopy, FTIR, UV-Visble 

spectroscopy and I –V characteristics methods. It was found that, an increase in the hydrogen content in 

the gas mixture leads to a decrease in the crystallinity of the resultant film. A set of samples were selected 

with different crystalline content and defect DOS to investigate the impact of these parameters on the 

material’s radiation response. It was determined that, the sample with relatively high degree of 

crystallinity and with the presence of defects close to the valence show promising responses for radiation 

detection applications. We attributed this results to the fact that, transport is dominated by electrons and 

shallow defects near the conduction band act as electron traps. On the other hand, hole-traps near the 

valence band do not have the same impact on the overall transport properties      
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1. Introduction 

Diamond based radiation detectors have been attracting significant research interest due to its 

thermal stability, ultra-wide band gap (~ 5.5 eV), very high breakdown electric field (10 MV/cm) and its 

high resistance for radiation damage. These unique properties made diamond a very promising detection 

material in hard radiation environments like high intensity gamma and X- ray fields and heavy charged 

particles. Diamond is a Carbon allotrope, indicating that, carbon based materials can be an optimum 

solution for micro-dosimetry and tissue equivalent detectors area of research.  

On the other hand, Diamond preparation has many challenges that are being tackled recently. 

Mainly the preparation temperature and the complexity of the preparation technique. Commonly, 

Diamond is being prepared by PECVD method at temperatures as high as 850 – 1200 οC which is a very 

high preparation temperature requiring complexity in the preparation reactor and high cost. Also the most 

common methods of plasma generation used are microwave and RF plasmas which add more complexity 

to the system. 1 

Diamond Like Carbon (DLC) and Nano-Crystalline Diamond (NCD) are allotropes of carbon based 

materials that exhibit a very similar material properties to those of Diamond with the advantage of low 

preparation temperature and/or simpler plasma generation method and consequently lower cost2. In this 

study, an investigation on the feasibility of using NCD/DLC thin films as radiation detectors was conducted. 

Samples were prepared at relatively low preparation temperature (200 οC) using the DC Saddle Field Glow 

Discharge method, which is much simpler than conventional RF and microwave methods.  

The main objectives of the thesis are:  

 Building a plasma enhanced chemical vapor deposition system with versatile features that enable 

a control of the preparation parameters over a wide range of values.   

 Preparing and characterizing set of carbon based films to draw a map of deposition regions of the 

equipment  

 Investigating selected samples and testing their potential use in the field of Radiation Detection 
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The thesis is organized as follows: In chapter 1, a brief introduction about the difference between 

SP2 and SP3 bonding structure and related material properties will be given, and the Ternary phase 

diagram illustrating different types of DLC and finally diamond and nano-crystalline diamond materials 

will be introduced. In chapter 2, a brief introduction about the interaction of radiation with matter, 

radiation detection mechanism, i.e. e-h pair generation, and important material properties that affect the 

charge carrier transport are presented. Chapter 3 presents a brief introduction on the principles of the 

saddle field glow discharge PECVD technique, carbon film growth and detailed description of the 

deposition system and its operational procedures. In chapter 4, a brief introduction about the preparation 

conditions of the samples is given with an introduction of the characterization techniques used in this 

study (UV-VIS, FTIR and Raman) and a detailed description of the I-V Characteristic set up. In chapter 5, 

the collected data are presented alongside with comparisons and discussions about the results. Finally, 

conclusions and recommendation for future work are presented in chapter 6.  
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2.  The Family of Carbon Based Materials 

As one of the most available elements in the periodic table, carbon comes with the rank of the 

fifteenth most abundant element in the earth’s crust and the forth in the universe after hydrogen, helium 

and oxygen.3 Over the years, carbon has been playing an essential role in the development of human life 

starting from charcoal in primitive cultures and ending with the tremendous amount of carbon materials 

applications in the form of nanomaterials nowadays. Carbon can exist in three main allotropies; namely 

graphite, diamond and fullerene. Furthermore, each allotropy can exist in crystalline and amorphous 

forms. More and more, the coexistence of different allotropies and/or degree of crystallinity is also being 

explored which means the carbon has a very big family with a large number of members. 1, 2 

Starting from zero dimensional material (0D), fullerenes are the only known stable and finite 

molecular form of carbon materials. They are different from diamond and graphite in this aspect. In other 

words, diamond and graphite are infinite solid network. On the other hand, fullerenes are a closed 

structure and finite molecule (zero dimensional material) that exist in the solid phase. Fullerenes has been 

proven to be a very promising materials in synthetic cosmetics, pharmaceuticals, organic photovoltaics 

and superconductivity. Fullerene is a family of molecular, geodesic structures in the shape of cage like 

spheroids. These spheroids consist of sets of pentagons and hexagons with the general composition of 

C20+2m where m is the number of hexagons and can take values of 0, 1, 2, 3, etc. Figure 2.1 shows the 

structure of C60 which takes the shape of a soccer ball, making it the most symmetrical member in the 

fullerene family with the most interesting properties.5 

 

 

 

 

 

 

 

 
Figure2. 1 The soccer ball structure of C60, the most symmetrical form of fullerene. 
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On the level of one dimensional materials (1D), carbon nanotubes (CNT) are tubular hollow 

structures which can exist with one cylindrical coaxial wall known as single wall carbon nanotube (SWCNT) 

and multiple cylindrical coaxial walls known as multiple wall carbon nanotube (MWCNT). CNT can have 

diameters in the range of 1-100nm and length starting from few tens nanometers up to few mm. CNT can 

be thought of being formed by rolling a graphene sheet to produce the cylindrical shape. The properties 

of the CNTs are highly tunable between metal like conductivity to semi conductivity depending on the 

diameter to length ratio and the chirality of the SWCNT. Due to its chemical activity, functional groups can 

be attached to the walls of CNT which make it a very promising material in the area of pharmaceuticals 

especially drug delivery applications and organic semiconductors 3,6 

 

 

 

 

 

 

 

 

 

 

 

Graphene is the 2D material form of Carbon. It was experimentally discovered for the first time in 

2004 by two researchers at The University of Manchester, Professor Andre Geim and Professor Kostya 

Novoselov who won the Nobel Prize in physics for this great discovery. With the discovery of graphene it 

was the first time humans actually were able to prepare a two dimensional crystalline material.  Graphene 

consists of a single, one atom thick layer of SP2 hybridized carbon atoms arranged in a 2D graphitic 

honeycomb lattice structure. The great interest in graphene came mainly for three reasons. Firstly, its 

Figure2.1 Graphene and carbon nanotubes as (A) single wall carbon nanotube (SWCNT) 
and (B) multi-wall carbon nanotube (MWCNT) structures.4 
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electron transport, which can be described by the Dirac equation and this allows access to quantum 

electrodynamics in a simple condensed matter. Secondly, the superior electron transport properties are 

complemented by a stable chemical and mechanical characteristics at room temperature.  And lastly, 

Graphene can be considered the building block of other dimensional carbon materials. For example a 

carbon nanotube (CNT)  (1D material) can be considered as a graphene sheet rolled over to form a 

cylinder. Another example would be Graphite (3D material), Graphite can be considered as stacked 

graphene sheets one upon another and connected together via the Van der Waal weak force.5, 6 

3D Carbon materials: graphite and diamond are the two opposite allotropies of carbon in the 

crystalline form. In between them, there exist a wide range of materials with different bonding structure 

and degree of crystallinity. Carbon materials can exist in the form of: nano-crystalline graphite, amorphous 

carbon, tetrahedral amorphous carbon and nano-crystalline diamond. In this study the focus of interest 

is on thin-film carbon based materials, more specifically thin-film diamond and nano-crystalline diamond. 

In the next sections a quick overview of carbon bonding hybridization and the ternary phase diagram of 

carbon materials and its related material properties will be reviewed.  

 

 

 

 

 

 

 

 

 

 Figure 2.2 Representation of electronic configuration in carbon atom while in 
ground and excited state1. 
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2.1. Bonding Hybridization in Carbon Molecules  

2.1.1. The carbon atom 

  In its elemental form, the carbon atom has an atomic number of 6 with 4 valence electrons in its 

outer shell which can take the electron configuration of: 1S2 2S2 2𝑃𝑥
1 2𝑃𝑦

1 2𝑃𝑧
0 in its ground state as can be 

seen from figure 2.3. Also it can be noticed that, the energy difference between the 2S orbital and the 2P 

orbital is very small (~4eV). As a result, and according to Hund’s rule, at room temperature the valence 

electrons give rise to the electronic configuration 1S2 2S1 2𝑃𝑥
1 2𝑃𝑦

1 2𝑃𝑧
1 denoted as excited state in figure 

2.3.  

 

Another consequence of the small energy difference between the 2S orbital and the 2P orbital, when 

compared to the C atom binding energy with its neighbor while forming the molecule is that, the 

electronic wave functions for these four electrons can readily mix with one another, thereby changing the 

occupation of the 2S and the three 2P atomic orbitals, so as to enhance the binding energy of a C atom 

with its neighboring atoms which is known as hybridization. Carbon can hybridize in three forms: SP1, SP2 

and SP3 as can be seen in figure 2.3. 3 

2.1.2. SP hybridization  

In SP hybridization only one electron from the 2P orbital hybridizes with the single electron in the 

2S orbital to form one σ orbital while the other electrons hybridize to form π bonds. The resulting 

molecule is a linear molecule in the perfect case, called carbyne, as can be seen from figure 2.4. 9,10 

 

Figure 2.3 Electronic configurations of SP1, SP2 and SP3 carbon hybridization1. 
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2.1.3. SP2 hybridization (Graphite)  

In SP2 hybridization two electrons from the 2P (Px and Py) orbital hybridizes with the single electron 

in the 2S orbital to form 3 SP2 σ orbitals while the other electrons hybridize to form a π bond as can be 

seen from figure 2.5 (a). In this case, the in plane (x,y plane) σ orbitals form the strong covalent bonding 

while in the z axis direction the only bonding mechanism is the weak Van der Waal bonding as can be seen 

from figure 2.5 (b). Consequently, the carbon atoms arrange themselves in the x-y plane in hexagonal or 

aromatic rings. Each plane can be considered as a giant graphene molecule and when tying these layers 

together the graphite in its crystalline form is formed. 3,4 

Figure 2.5(b) also shows, the overlap between the two Pz orbitals (weak π bonds) in two adjacent 

carbon atoms which represents the C-C double bond network in a given plane. These electrons can be 

considered delocalized (free electrons) and uniformly distributed between all the carbon atoms in the 

that plane resonating between the valence electron. These electrons are what makes graphite conduct  

Figure 2.4 Formation of the SP hybrid orbital and SP sigma bond.10  
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electricity and heat giving it a metal like behavior. Moreover, it makes the layers soft and slippery which 

makes it an excellent solid lubricant, but also responsible for the tendency of graphite to fracture along 

planes.3,4 

 

 

 

 

 

 

 

 

                                                                                                                       

                                                                                                                        

    

 

Figure 2.5 (a) SP2 Hybridization orbitals2, (b) in-plane σ bonds and out of plane π bonds1. 
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2.1.3.1. Graphite crystal structure 

In its single crystal form, the graphite crystal structure is in a stable hexagonal layered structure. 

The carbon atoms are arranged in a honeycomb lattice with a bond length of 0.142nm. The layers are 

stacked in the order of ABAB pattern with a lattice spacing between two identical sheets i.e. A&A or B&B 

of 6.7Aο. The distance between the primed atoms in layer A on one graphene and the adjacent graphene 

sheet B is half the orthogonal lattice spacing C/2 as can be seen from figure 2.6. Due to the short length 

of covalent bond, a strong chemical bond is formed within the sheet (150–170 kcal/g atom). On the other  

                                       Figure 2.6 The single crystal SP2 bonded structure (single crystal graphite)  

hand, the chemical bonding between the sheets is only about 2% of that within the plane (1.3–4 kcal/g 

atom) 11 

2.1.4. SP3 hybridization (Diamond)  

In SP3 hybridization all three electrons from the 2P (Px, Py and Pz) orbital hybridize with the single 

electron in the 2S orbital to form 4 equivalent SP3 orbitals as can be seen from figure 2.7. The resulting 

bonds are 4 equivalent σ bonds with a unique symmetrical tetrahedral structure with the highest electron 

density compared to the other two bonding mechanisms. The resulting bond is one of the strongest 

bonding mechanism known. The resultant structure from this bonding mechanism in 3-D is the diamond 

where the angle between each covalent bond is 109ο 28’   and the overall symmetry is cubic. 3  
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2.1.4.1. The Diamond material   

Diamond is one of the most outstanding materials known. Due to the unique symmetry in its 

crystal structure, it exhibits unique material properties that makes it a viable solution in many 

applications. With the development going on in the world of materials science and materials preparation 

techniques, diamond can be synthetized in lab both in bulk form and as a thin-film material, with 

characteristics even better than natural diamond. The strength embedded in the σ bonds in diamond and 

the high atomic density of 1.76 x1023 cm-3 leads to diamond having superior physical properties:  

 From the mechanical point of view, diamond is the hardest material known, has the 

lowest thermal expansion and is extremely wear-resistant.  

 It is chemically inert  

 It has a very high thermal conductivity 

 It is highly resistant to radiation damage 

 It is optically transparent over a wide range of the light spectrum, starting from far 

infrared to the ultraviolet region.  

 From the electrical properties point of view, crystalline diamond has a 5.5 e.V band gap 

which puts it on the edge between being insulator and a wide band gap semi-conductor 

making it very promising in high power electronics and radiation detection. Diamond has 

fifteen times higher average breakdown voltage than common semiconductors, five times 

the average mobility and half the dielectric constant of silicon.  

Figure 2.6 SP3 Hybridization and a cubic cell of diamond structure1. 
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A summary of the diamond material properties is presented in Table 2.1    

The brief introduction of the two most common allotropies of carbon (graphite and diamond) is 

quit useful when we try to analyze the “in-between” forms. In the next section, the carbon materials 

ternary diagram, which represents a map of all non-crystalline carbon materials and their hydrogenated 

counterparts, is introduced.  

                                                 Table 2.1 Intrinsic material properties of Diamond at room temperature5,12,13 

 

 

 

 

 

 

 

 

 

 

Property Average value 

Hardness (GPa) 70~150 

Density(g cm-3) 3.51 

Thermal conductivity(Wcm-1K-1) 24 

Bandgap (eV) 5.47 

W-value (eV) 13 

Breakdown field (MV cm-1) 10 

Displacement energy (eV atom-1) 43 

Electron mobility (cm2 V-1 s-1) 1800 

Hole mobility (cm2 V-1 s-1) 1200 

Electron saturation velocity (×107 cm s-1) 2 

Hole saturation velocity (×107 cm s-1) 0.8 

Dielectric constant   5.7 
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2.2.The Ternary Diagram   

 

In its non-crystalline form, carbon can be prepared in a very wide range of forms each with 

characteristic material properties making carbon thin-films a good and flexible candidates in many 

applications. During the deposition, in many cases, hydrogen is incorporated with carbon with 

percentages up to 50%. The resulting film properties is highly dependent on the hydrogen content of the 

film in addition to the main carbon bonding frame work SP2 and/or SP3 relative content.   A ternary 

diagram, presented in figure 2.8, can be used as a graphical representation for the different types of 

amorphous carbon films and was first introduced by W. Jacob et al.14 In this section the ternary phase 

diagram of amorphous carbon materials will be presented alongside the three stage model introduced by 

Ferrari et al.15 to explain the amorphisation trajectory from graphite to ta-C.   

The key parameters that determine film characteristics are:  

 The SP3 content  

 The clustering of the SP2 content  

 The orientation of the SP2 content  

 The cross-sectional nano-structure  

 The H or N content  

Figure 2.7 Ternary  diagram of different carbon materials relating its SP2, SP3 and H content10. 
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The elastic constants of the film is mainly affected by the SP3 content alone. On the other hand, 

films with different optical and electronic properties can be obtained from films with the same SP3 but 

different hydrogen content, SP2 clustering and/or SP2 cross-sectional nano-structure. 15  

 

 

As can be seen from figure 2.9, starting from ordered SP2 (crystalline graphite) the crystallite size 

La is infinity (single crystal) and the SP3 content is 0%. With some disordering in the ring shape we are 

moving through stage 1 and transforming from Graphite to nano-crystalline graphite. In stage 2, more 

disordering in the SP2 phase and some SP3 is introduced (0-20%) (a-C). By introducing more disorder in the 

SP2, we are approaching stage 3 where the SP3 is significantly increased up to 85% (ta-C).  15 

2.3. Classification of Non-Crystalline Carbon Materials  

Graphite-like Carbon: graphite-like carbon is an interesting form of carbon material. On the 

microstructure scale, graphite like carbon has a material properties in between single crystal graphite and 

amorphous carbon. It consists of a locally dense graphite-like network, i.e., a predominantly SP2-bonded 

material with reduced inter-planar cluster distances, generating high compressive stress and high local 

density. It can be prepared with very small SP3 content (~ from 0 to 5%) and also can be doped with a very 

Figure 2.8 The three stage model that explains the amorphasiation trajectory of carbon materials and its relation 
to the SP2 and SP3 content. Note that in stages 1–2 to a strong SP2 cluster size (La) decrease corresponds a relatively 
small SP3 increase, whilst the opposite is seen in stage 3.  12 
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small amount of hydrogen as can be seen from figure 2.9. Graphite like carbon films usually possess high 

stress, and good hardness and can be prepared by ion beam-assisted deposition method.16,17 

Amorphous Carbon a-C: amorphous carbon films are soft films with SP2 bonded framework as a 

dominant bonding mechanism. It can contain SP3 content with a small percentage (from 0 to ~20%) and/or 

a relatively small hydrogen content (from 0 to ~45%) as can be seen from figure 2.9. According to Ferrari’s 

three stage model, a-C can be located within stage 2 with a huge disorder in the SP2 aromatic ring shape. 

Usually a-C films possess an electronic band gap less than 1 e.V and 1.6g/cm3 density. The most common 

preparation technique for a-C is the magnetron plasma sputtering deposition technique, although it can 

also be prepared via plasma enhanced chemical vapor deposition (PECVD) and DC glow discharge. 15,16,18 

Amorphous hydrogenated Carbon a-C:H : amorphous hydrogenated carbon is the hydrogenated 

counterpart of a-C. a-C:H are softer films with higher hydrogen content (from ~40% up to ~85%) and SP2 

is still the dominant bonding mechanism. The increase in the hydrogen content yields more disturbance 

in the SP2 bonding structure resulting in the ability of higher SP3 content up to ~ 40% as can be seen from 

figure 2.7. Also, a decrease in the density to 1.3g/cm3 and an optical band gap higher than 1e.V; it can be 

prepared by reactive magnetron sputtering or PECVD techniques. 16,18 

Tetrahedral amorphous Carbon ta-C: ta-C or diamond like carbon is a form of amorphous carbon 

with SP3 as the dominant bonding mechanism up to 85%. According to Ferrari three stage mode, ta-C can 

be located in stage 3 where the aromatic SP2 rings get so disordered until they opens up into linear chains 

as can be seen from figure 2.10. As a result, ta-C films are very hard films (more than 20GPa) with a 

relatively wider electronic band gap (2-2.5eV) and higher density (2.4g/cm3). It can be prepared by PECVD, 

electron cyclotron wave resonance (ECWR), plasma beam source (PBS) and pulsed laser deposition. 15,18 

Tetrahedral hydrogenated amorphous Carbon ta-C:H : ta-C:H is the hydrogenated counterpart 

of ta-C. As can be seen from figure 2.9, the incorporation of hydrogen into ta-C resulting in eventual 

increase in the SP2 (up to 70%) content i.e. ta-C:H tends to have higher SP2 content when compared to ta-

C. As a result, ta-C:H films are softer films (less than 20GPa) with smaller band gap (1-2eV) and lower 

density (2g/cm3). The most common preparation techniques for ta-C:H films are ECWR and PECVD. 15,18 

Polymer like hydrogenated amorphous Carbon PL-C:H : PL-C:H is where the hydrogen content 

becomes significant (40-60%). The remaining carbon content can take SP2, SP3 or mixture of both with 

different percentages. The resulting film is soft with an electronic band gap of 2-4eV and 1.2g/cm3 density. 

PECVD is the most common method to grow PL-C:H films.18  
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2.4. Nano-Crystalline Diamond(NCD) 

Due to its superior material properties, single crystal diamond figures in many applications 

requiring extreme performance. However, two main drawbacks in single crystal diamond obstacle the 

development in this material. Firstly, the manufacturing cost, as the most common preparation methods 

are high pressure high temperature synthesis (HPHT) and CVD. The other reason is, the lack of suitable 

dopants for electronic applications. Recently, nano-crystalline diamond has attracted a lot of attention as 

it offers many bulk diamond properties in a thin film package or small particle form.19,20 

 From the ternary phase diagram we can see that, tetrahedral amorphous carbon is the form of 

non-crystalline carbon that exhibits diamond like properties or in other words, it can be described as 

amorphous diamond. However, in between single crystal diamond and amorphous diamond or diamond 

like carbon another category of carbon material comes into the picture, namely nano-crystalline diamond. 

So the range of crystallinity is the distinguishing parameter between nano-crystalline diamond and 

diamond like carbon. Starting from complete amorphousness in DLC where the dominant bonding 

mechanism is SP3 hybridization but the atoms are randomly distributed without any range of ordering.  

Ultra nano-crystalline diamond (UNCD), is a term firstly introduced by Argonne National 

Laboratory. These films have a range of crystallinity around 5 nm. At this point, grain and grain boundary 

require definition. The grain is an area or volume over which a regular atomic arrangement can be 

recognized. In between two grains a group of amorphous atoms separating the two grains from each other 

is called the grain boundary. So it can be said, UNCD films have a grain size around 5nm with a considerable 

amount of amorphous grain boundaries and they have similar material properties to Diamond-Like-

Carbon (DLC). Nano-crystalline diamond (NCD) on the other hand is where the grain size is more than 5nm 

and less 100nm. Films with grain size more than 100nm are exhibiting very similar properties to that of 

bulk crystalline diamond. 19–21 

The grain boundary to volume ratio, is the key parameter to responsible for the characteristics of 

the resulting film, leading to be either bulk diamond properties or more DLC properties. The existence of 

the grain boundary also introduces another dimension due to the probability of SP2 bonding across the 

grains, which is one of the main differences between carbon and Si. To describe a NCD film, the question 

is not only how big is the grain size, but also, what is the nature of the grain boundary bonding; is it 

amorphous SP3 or amorphous SP2? Also some recent reports have shown NCD decorated with graphene 

sheets on the grain boundary.  19,20,22,23 
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3.  Solid State Radiation Detection  

Radiation detection can be defined as, the conversion of the interaction of a specific type of 

ionizing radiation with an active volume into an electrical signal that is collected by an external electronic 

circuits. This electronic signal can be interpreted afterwards to be a measure of the ionizing radiation 

energy and/or obtaining information about its characteristics i.e. counts, type (particle or electromagnetic 

wave), arrival time, position and direction. Radiation detection has been playing an essential role in the 

development of many applications. Starting from fundamental sciences in the lab, the progress in 

radiation detection research yielded better characterization techniques (electron microscope, X-ray 

diffraction, materials spectroscopy etc). The nuclear industry on the other hand is another area where 

radiation detection is essential to monitor the radiation levels in nuclear power plants, nuclear fuel 

manufacturing and management facilities and waste management facilities. Another one of the most 

important fields where the development of accurate radiation detectors was a primary objective is 

dosimetry, where it is essential to be able to measure the amount of energy deposited into a specific 

medium, for example a human tissue, to study and understand the radiation interaction with live cells and 

consequently determine the safety limits of radiation exposure and to develop the needed radiation dose 

for a specific treatment in radiation therapy applications.  24–26 

Ionizing radiation can be classified into two main categories particles and electromagnetic wave. 

Under the category of particles another two subcategories depending on the charge. So that, a first sub 

category is neutral particles for example neutrons and the other subcategory is charged particles which 

can be divided again into heavy charged particles (alpha particles and protons) and light charged particles 

(electrons and beta particles). On the other hand, electromagnetic radiation in the scope of radiation 

detection is usually associated with X- and ϒ- rays. The active volume or the sensing element in a radiation 

detector can be in the gaseous state i.e gas filled detector, ionization chamber  (Geiger-M�̈�ller detector 

and proportional counter detector), solid state i.e solid state detectors (semi-conductor detector and 

scintillation detectors) or in the liquid state(liquid ionization chambers and liquid scintillator). 24 

Among the three categories of sensing mediums, solid state semi-conductor detectors can 

provide a privilege of the combination of sensitivity per unit volume, flexibility in packaging, and efficient 

conversion of ionizing radiation into electrical signals suitable for measurement with modern 

instrumentation. In this chapter an overview of solid state detection mechanism will be given. Starting 
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with a summary of the basic mechanisms by which radiation interacts with matter. After that, the basic 

mechanism of charge carrier production when a solid state sensing element is exposed to radiation is 

discussed. The important material properties that may affect the charge carrier transport through the 

medium will also be discussed.  And finally, an introduction to diamond based radiation detectors, which 

is the focus of interest of this study, will be presented. 25 

3.1. Interaction of Radiation with Matter   

3.1.1. Interaction of electromagnetic radiation with matter 

It is interesting that the interaction mechanism by which ionizing electromagnetic radiation may 

interact with a detection medium does not depend on the phase of that medium i.e. gas, liquid, solid, crystalline 

or amorphous. What happens after the interaction, however, is highly dependent on the phase of the detection 

medium. For example:  charge pair production can be through ionization process as in gaseous detectors or 

through excitation process as in solid state detectors. Another example is the charge transport through the 

detection medium and its collection to the external circuit. Lastly, the number of events (interactions) that take 

place between the incident photons and the atoms of the detection medium.  24 

Photons can interact with matter in one of three basic mechanisms namely photoelectric effect, 

Compton scattering and pair production. Each type of these interactions has a specific threshold and 

interaction cross-section. The interaction cross-section and its threshold is mainly dependent on the atomic 

number of the interacting medium and the photon energy. Figure 3.1 describes the relation between the 

photon energy and the cross-section of the three types of interactions along with the total interaction cross-

section for carbon. 24 
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Photoelectric effect: the photoelectric effect phenomena was firstly explained by Einstein and it was 

the first proof of light particle-wave dual nature. The phenomena is quite simple: when light is shined on a 

material, electrons are emitted. What was surprising at that time is, the emission of electrons did not primarily 

depend on the intensity of the incident light but on its frequency. In other words, if the frequency of the 

incident light is smaller than a specific threshold depending on the target material, electrons are not emitted. 

It was noted that, in this type of interaction a photon is interacting with an atomic electron in the target 

material with a particle like nature. So, the photon collides with one of the bound electrons losing all of it 

energy to that electron and knocking it out with an energy equal to the electron binding energy subtracted 

from the energy of the incident photon. It has been found that the K-shell electrons are the most probable 

electrons to participate in this kind of reaction. As a result, a vacancy in the K-shell is left after the electron is 

ejected. This vacancy is then filled with one of the outer shells electrons to stabilize the atom resulting in the 

Figure 3. 1 Cross-sections of the three types of interaction mechanism of electromagnetic ionizing radiation as 
a function of photon energy for carbon. 21 
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emission of a photon with energy equal to the difference between the two energy levels usually in the energy 

range of X-rays.  This X-ray photon also can knock out an orbital electron called Auger electron.  

The probability cross-section of the photoelectric effect is highly dependent on the Z-number of the 

target material i.e. the higher the Z-number of the target material the stronger the photoelectric effect 

probability. On the other hand, it is inversely proportional with the photon energy as can be seen from figure 

3.1. 24  

Compton scattering: Compton scattering is the interaction mechanism where an elastic scattering 

happens between the incident photon and a free electron in the material (or loosely bounded electron) at rest, 

which is the first difference between Compton scattering and photoelectric effect.  Another difference is that, 

in Compton scattering the incident photon loses some of its energy not all of its energy as in the photoelectric 

effect, to the electron which suggests multiple Compton scatterings take place until the photon energy is low 

enough to make a photoelectric effect interaction and disappear.  

From figure 3.1 we can see that, the cross-sectional probability of Compton scattering is the dominant 

when the incident photon energy is in the range between 500 keV and 1 GeV. The reason for this is, for 

Compton scattering to take place, the photon energy has to be considerably higher than the electron binding 

energy so that the approximation of the free electron at rest is valid. 

 The amount of energy lost by the incident photon to the electron in a single Compton scattering 

depends on two main factors, the energy of the incident photon and the photon scattering angle after the 

interaction i.e. the scattering process is not isotropic which is a great advantage in spectroscopic applications. 

Figure 2.2 shows the relation between the change in the photon wave length and its scattering angle. It can be 

noticed that, at θ = 0ο, the change in wavelength is zero which means no energy transferred from the photon 

to the electron and the maximum change which represents the maximum amount that can be transferred from 

the photon to the electron is at θ = 180ο which is called back scattering. 24 

Pair production: pair production is the interaction mechanism which has the lowest cross-section 

among the three types of interactions that might take place between photons and matter and also has the 

highest threshold photon energy to happen i.e. the incident photon has to have at least 1.02 MeV for  pair 

production to happen as can be seen from figure 3.1. 

 Unlike the photoelectric effect and Compton scattering where the interaction takes place between 

the incident photon and orbital electrons of the material, in pair production the photon disappears and an 

electron and a positron pair is created instead. This explains the 1.02MeV energy threshold for pair production, 
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as the incident photon must possess an energy equal to or higher than the rest mass energy of the created 

particles (electron and positron i.e. double the mass of an electron) and this is the first condition for pair 

production to happen. The second condition for pair production is that pair production usually happens when 

the incident photons come in a close vicinity of a heavy particle typically an atomic nucleus. Pair production 

can also occur in the vicinity of lighter particles, such as electrons. In this case, the process is given the 

terminology of triplet production or triplet pair production. This process is given that name because, after the 

disappearance of the incident photon three particles will be sharing the energy of the incident photon. The 

electron-positron pair that is created from the conversion of the incident photon and the electron which the 

process happened close to it will also be scattered from its orbital and will consume some of the incident 

photon energy, for that reason the energy threshold for this process is higher than pair production i.e. 

2.04MeV.  

In a pair-production, the generated positron usually has a very short life time as it is created in an 

environment which is typically electron rich. As a result, the positron will combine with an electron from the 

material and vanish through the process of annihilation creating photons which in turn go through one of the 

previous two types of interactions (photoelectric effect or Compton scattering. 24   

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.2 The dependence of the change of the incident photon wavelength on the 
scattering angle in Compton scattering interaction. 21  
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3.1.2. Interaction of heavy charged particles with matter 

By definition when we refer to heavy charged particles we are referring to particles with atomic weight 

≥ 𝟏  such as protons or α particles. Unlike photons, the dominant mechanism by which heavy charged particles 

interact with matter is through Coulomb force interactions with the electric field of the orbital electrons or 

with the nucleus.  However, the net result of all of these interactions is a reduction of the charged particle 

kinetic energy. So it is convenient to describe the passage of a heavy charged particle through matter by the 

term stopping power of the medium. Stopping power is the rate by which a charged particle loses energy per 

unit length as it passes through the medium.  Also stopping power can be understood as a measure for the 

ability of the charged particle to cause ionizations (through losing energy to the medium) along its track as it is 

travelling through the medium. It is interesting that, the medium stopping power increases with decreasing 

energy carried by the charged particle. In other words, as the energy carried by the charged particle decreases 

the amount of energy lost per single interaction or per unit length of the material increases. As a result, the 

charged particles loses most of it energy around the end of its track until eventually the charged particle lose 

all of its energy and comes to rest.  This relation is described by the so called Bragg curve which is presented in 

figure 3.3. as can be seen from figure 3.3, the stopping power reaches its maximum just before the energy of 

the charged particle drops to zero i.e. just before the charged particle comes to rest. 21, 24, 25 

 

  

Figure 3. 3 Bragg Curve describing the passage of heavy charged particle through matter24. 
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3.1.3. Interaction of neutral particles with matter (neutrons)  

Since neutrons are chargeless particles they have the ability to travel through the material without 

being affected by the electric field of the atoms. Alternatively, neutrons interact with matter through strong 

nuclear force when they came in a close vicinity with the nucleus. The interaction mechanism is mainly 

dependent on the energy of the neutrons. Slow neutrons (neutrons with energy less than 0.5 eV), may interact 

with one of two reaction mechanisms namely elastic scattering and nuclear interactions. However, the number 

of atomic nuclei that has a high probability to absorb the neutron is relatively low. Examples for these materials 

are helium, boron, lithium, cadmium and gadolinium. Consequently, elastic scattering is the dominant 

interaction mechanism with slow neutrons. The energy deposited by a slow neutron into the detection medium 

through elastic scattering is too low to produce electronic signal directly. As a result, the only way to detect 

slow neutrons is through nuclear reactions where the slow neutron is absorbed by the nuclei and produce a 

detectable species as a reaction process. Examples for such interactions would include (n, α), (n, P) or (n, ϒ) 

reactions.  21, 22 

For higher energy neutrons on the other hand, as the energy of the neutrons increases, the probability 

of the neutron being absorbed by the nuclei decreases. However, fast neutrons pre-dominantly interact with 

matter through elastic scattering process with the nucleus. As a result of this collision interaction between the 

neutron and the nucleus, a proton is knocked on and goes through interactions with the medium as a charged 

particle. 21, 22 

3.2. Solid-State Detection Mechanism       

The term solid state detector is most commonly referring to semi-conductor based radiation 

detectors. As radiation passes through the semi-conductor it loses its energy through one of the mechanisms 

discussed in the previous section. The energy deposition can cause three distinct phenomena. Firstly lattice 

excitation, that is where the incident radiation losses some of its energy to the crystal lattice of the material 

causing an increase in its vibration. Secondly ionization, which is the most important process for detection 

purposes, in which an electron absorbs the deposited energy by the radiation and jumps from the valence band 

into the conduction band creating an electron-hole pair. And lastly, atomic displacement which is responsible 

for what is known as radiation damage.  24  

Electron-hole pair creation: at very low temperatures (where the thermal excitation energy is lower 

than the material band gap) all of the electrons are in the valence band and the conduction band is empty. The 

outer shell electrons which are participating in the covalent bonds are bound electrons i.e. not free to move. 

However, at room temperature, when the thermal excitation energy is enough to excite some of the valence 
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electrons to the conduction band leaving behind an electron vacancy (hole) in the valence band. These 

electrons in the conduction band are free to move when an electric field is applied creating a relatively small 

current known as the Dark Current or material noise.  When radiation passes through the material and deposits 

its energy, the process is significantly enhanced creating higher current i.e. the radiation current or signal. It 

has been observed that, the average energy needed to create e-h pair is independent on the type of the 

incident radiation but depends on the semi-conductor material and its temperature.  As a result, any radiation 

with energy slightly higher than that needed to create an e-hole pair (note that, the energy needed to create 

e-h is slightly higher than the material band gap when taking into account the portion absorbed in the lattice 

vibration) will be able to create e-h which will accumulate and create a charge pulse that can be measured by 

external electronic circuits. The magnitude of this pulse is directly proportional to the energy deposited by the 

radiation whereas the number of these pulses represents the intensity of the radiation. Figure 3.4 shows the 

e-h pair production mechanism in a semi-conductor. 24,25 

Rather than the transition from the valence band to the conduction band, another transition from an 

impurity level (an energy level inside the band gap) to the conduction band can be seen in figure 3.4. An energy 

level inside the band gap can be created from crystal imperfection or from impurities in the material. The 

existence of such levels enhances the production of e-h pairs which is not a favorable process in ionizing 

radiation detection because it may introduce nonlinearity in the detector response.  

The existence of an energy level inside the band gap opens the chance for an electron to jump from 

the valence band to that defect level. Now two possible scenarios for that electron may happen. The first 

scenario is for it to stay for a while in that defect level then jump to the conduction band to complete the e-h 

pair production cycle. In this case, a time delay in the e-h pair production which causes nonlinearity in the 

detector response. The other scenario is, this electron will fall back into the valence band and recombine with 

a hole. In this case no charge pair is produced which also will introduce nonlinearity in the detector response. 

Hence, the position and the density of these defect levels mainly determines the detector intrinsic energy 

resolution.  24 

It is worth mentioning that, the e-h pair production process in semi-conductor detectors is very similar 

to the production of e-ion pair production process in gaseous detectors. Except, the energy needed to create 

e-h pair in semi-conductor is on average 4 or 5 times less than that needed to create e-ion pair in gaseous 

detector. As a result, for the same amount of energy deposited by radiation the amount of charge pair 

produced in a semi-conductor detector is much higher than that in a gaseous detector. On the other hand, one 

would expect the amount of noise equivalent charge in a semi-conductor detector would be higher by 
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approximately the same factor. In fact, this is not the case in most semi-conductors which makes this category 

of detector far superior than gaseous detectors in terms of intrinsic energy resolution which is a very important 

property especially in spectroscopic applications. 24 

3.3. Material Requirements for Solid-State Detection  

Charge carrier transport: after an e-h pair creation by absorbing energy from the incident radiation, 

these charge carriers can be collected at electrodes by applying an electric field. There are two question arising 

at this point. Firstly, how mobile are the charging carries during their transport from their point of creation to 

the collection electrodes.  In other words, the velocity of the charge carries (cm/s) at a specific applied electric 

field (v/cm). In practice the term used to describe this property is known as charge carrier’s mobility (µ) with 

the units 
𝑐𝑚2

𝑉.𝑠
.  The other question is, how long an electron will survive before it gets recombined with a hole 

from an impurity level or fall down into the valence band and the e-h pair get lost. The term used to describe 

this property is known as charge carrier life time (𝜏) in seconds. 

Figure 3. 4 Electron-hole pair production mechanism and the effect of impurity levels in the band gap on the electron-hole 
pair production process21. 

 



25 

 

 The quantity (µ 𝜏) the mobility life time product is an important figure of merit for detector material. 

A large (µ 𝜏) product will allow the advantage of fabrication the detector at larger sizes as the charge carriers 

can be collected over large distances before being lost. In cases where the electrons or holes are not fully 

collected as in many compound and thin-film detectors, the large (µ 𝜏) product will means larger electronic 

signal. 25 

Resistivity and noise: one of the most important characters in semi-conductor materials for radiation 

detection is its resistivity. The collection of charge carriers generated by other means than radiation creates 

noise in the detector response. One of the most important sources of noise is what is known as leakage current 

or dark current. Leakage current is the current that flows through the semiconductor when it is biased with an 

electric potential in the absence of radiation. The higher the resistivity the lower the dark current which means 

less noise. 

 The dark current is mainly dependent on the number of electrons in the conduction band. As we are 

speaking about a semi-conductor, the number of electrons in the conduction band will depend mainly on two 

parameters i.e. the band gap and the temperature. In that frame, semi-conductor detectors have two 

categories. Room temperature detectors, where the band gap of the semi-conductor is wide enough to prevent 

high leakage current and giving an acceptable signal to noise ratio at room temperature. The other category is 

the cooled detectors, where the detector material has a narrow band gap so it has to be cooled to give 

acceptable signal to noise ratios. 25 

 Pulse shape and response time: the accumulation of the generated charge carriers generates an 

electronic pulse. The response pulse can be characterized by its rise time and the falling time. The rise time is 

characteristic for the detector material design and its response time whereas the falling time is more 

dependent on the read out circuitry. A semi-conductor material designed and fabricated to give a fast response 

permits the advantage of high timing resolution and consequently the ability of separating between two 

subsequent responses. Many factors may affect the speed of the response such as the device thickness, the 

charge carrier mobility, the applied biasing voltage, the capacitance of the device and the read out circuitry. 

The ability to separate pulses determines the maximum useful count rate.  25  

Resistivity for radiation damage: one of the most important requirements for a material to be used 

as a radiation detector is its susceptibility to radiation damage.  Radiation induced material damage is mainly 

due to the atomic displacements that destroys the lattice structure in the material upon exposure to radiation. 

These defects can aggregate and cluster around the radiation track in the material or may be dispersed creating 
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point defects. As a result energy defect levels are created and significantly affects the detector performance. 

One of the parameters that can be affected by radiation damage is the leakage current. Radiation damage can 

create an increase in the detector leakage current due to the contribution from the created impurity levels.  

The leakage current’s strong dependence on temperature can be a way to get around and compensate for this 

increase by decreasing the operation temperature which is a common practice with detectors used in hostile 

radiation environments, such as in particle accelerators, where radiation-induced damage is generally very 

high. 

 Radiation damage can also induce a change in doping levels and hence inverting the semi-conductor 

type (from n to p and vice versa) or create non-uniformity in the doping concentrations.  The radiation dose at 

which such effects become significant varies with material, radiation energy and radiation type. In 

semiconductors, the effect of damage becomes significant when the concentration of deep and shallow traps 

in the bandgap caused by the defects created by the radiation approaches the same order of magnitude as the 

level of dopant added to the material or of other intrinsic defects.24,25 

3.4. Diamond Based Radiation Detectors 

Due its unique radiation tolerance, diamond is one of the most promising technologies for radiation 

detection especially in harsh radiation environments and dosimetry applications. Also the ability to dope 

diamond with hydrogen during its growth makes it very promising candidate for neutrons detection. In this 

section the typical structure of a diamond detector will be presented and the most important material 

properties that make diamond a unique detection material will also be reviewed. 

 Figure 3. 5 Typical design of simple diamond-based radiation 
detector21. 
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Table 3. 1 Comparison of some important material properties of diamond and silicon as one of the most popular material used in 

solid state detection industry13 

Property  Diamond Silicon 

Mass density (g/cm3) 3.52 2.3 

Dielectric constant 5.7 11.9 

Displacement energy (eV/atom) 43 13-20 

W-value (eV) 13 3.6 

Band gap (eV) 5.5 1.12 

Resistivity (Ω cm) >1011 2.3X105 

Breakdown field (V/cm) 107 3X105 

Electron mobility (cm2/V.s) 1800 1350 

Hole mobility (cm2/V.s) 1200 480 

 

  As silicon is one of the most important materials used in the solid state radiation detection industry, table 2.1 

shows a comparison between diamond and silicon material properties. 

 At first sight on table2.1, an important property that gives diamond superiority over silicon is the 

diamond wide band gape which is approximately 5 times the silicon band gap. This wide band gap gives 

diamond two main advantages as a solid state radiation detection material. The first is the ability to fabricate 

the diamond detector without the need to create a P-N junction as is the case in most semi-conductors 

radiation detectors, including silicon, as can be seen from figure 3.5. The other consequence of the wide band 

gap is the ability to operate the diamond detector in room temperature due to its small dark current.  Where 

on the other hand, most semi-conductor based radiation detectors have to be cooled to low temperatures to 

have a small dark current value and hence an acceptable signal to noise ratio.24  

Displacement energy is another key advantage of diamond detectors. From table 2.1 we can see that, 

the amount of energy needed to knock out an atom from its lattice position (displacement energy) in diamond 

is almost two times higher than that in silicon. This makes diamond detectors more resistant to radiation 

damage which means a longer life time and more suitability for working with harsh radiation environments. 

Also the lower dielectric constant and the higher breakdown field gives diamond detectors the ability to be 

operated over wider range of operating biasing voltages and of having lower capacitance for the same biasing 

volt.24 



28 

 

Also one of the great advantages of diamond is the enhanced electron and hole mobility. This 

enhances the charge collection efficiency and gives the ability to design diamond detectors with large active 

volumes.  Given that the thermal conductivity of diamond is almost 20 times higher than that of silicon this is 

also helps prevent internal temperature increase which means more stable electrons and holes motilities.24   
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4. The Deposition Technique 

Plasma enhanced chemical vapor deposition has been extensively used to grow diamond related and 

carbon based thin films. The characteristics and film growth mechanism is mainly dependent on the type of 

the plasma used as an activation medium in the chemical vapor deposition process and the preparation 

condition. RF and microwave plasma assisted chemical vapor deposition are the most successful techniques to 

deposit diamond and carbon related thin-films so far. However, both techniques have their challenges and 

complexity. For instance, the working pressure, in both techniques to maintain coupling conditions between 

the plasma and the wave frequency of the power supply (RF or microwave) is necessary to be limited to 

extremely low pressure (10-3 to 10-4 torr). More importantly, the complexity of the power supply as it is 

necessary to have a matching network between the power supply and the plasma adds more cost complexity 

to the deposition system. An alternative route to generate plasma with sufficient density for the CVD growth 

was used. DC saddle field glow discharge exploits the use of a DC power supply which is way simpler power 

supply than RF and microwave power supplies and semitransparent electrodes to work as an electron 

confinement method to generate dense plasma for the CVD process. In this chapter, an overview of the Carbon 

film growth mechanism via PECVD technique will be presented. After that, the principles of the saddle field 

glow discharge will be reviewed. Finally the system components and its operation procedures will be explained.    

4.1. Carbon Based Films PECVD Growth Mechanism  

As the name implies, chemical vapor deposition involves a chemical reaction of gas phase reactants 

on the surface of a substrate resulting in the formation of the thin film. The CVD growth of Carbon based 

materials is achieved by the activation/dissociation of carbon containing gas precursor while maintaining the 

substrate temperature at an adequate temperature for the carbon atom to aggregate and start the nucleation 

process and hence the film growth. The activation step of the gaseous reactants can be achieved by thermal 

methods such as hot filament (HF), DC, RF or microwave (MW) discharge, or a combustion flame (e.g. an 

oxyacetylene torch). Figure 4.1 represents a schematic diagram of the process happening during the carbon 

film growth. As can be seen, the process deals with many fundamental aspects of the CVD, i.e. gas phase 

chemistry, complex heat and mass transport, nucleation, surface chemistry bulk chemistry and diffusion, and 

temporal dynamics.26, 27  

At first, the process gases mix in the vacuum chamber before starting their transport by diffusion 

towards the substrate. While the gases mixture is traveling, it passes by the activation medium “the plasma 

region” which provide energy to the atoms in the gases mixture. This energy causes the molecular species to 

fragment into reactive radicals, the formation of ions and electrons, and heats up the gas environment into a 



30 

 

few thousand kelvins. At this point, these reactive species continue to undergo a complex set of chemical 

interactions until the finally approach the substrate surface. Now physical interaction will start to take place. 

Molecules and ions can be adsorbed and can react on the surface of the substrate, desorb back again into the 

gas phase, or diffuse around near to the surface until a suitable reaction site is approached. A lot of possible 

scenarios here lead to a variety of possible outcomes including the formation of diamond, graphite or DLC. 29 

Many types of gases mixtures have been used as processes gases including acetylene (C2H2), acetylene 

mixed with argon (the most common mixture for microwave plasma enhanced chemical vapor deposition), 

carbon oxide mixed with hydrogen, pure methane (CH4), methane mixed with argon and methane mixed with  

hydrogen which is the mixture used in the current study. As can be noticed, all of the gas mixtures necessarily 

contain hydrogen as hydrocarbons provide one of the source gases. Control of the hydrogen incorporation in 

the films plays an important role in determining final material properties during the film growth. 29 

4.1.1. The role of atomic hydrogen  

The first important role hydrogen plays during in CVD carbon materials growth during the dissociation 

step. Upon reaching the plasma region, the hydrogen molecule split into 2 atomic hydrogen species as 

Figure 4. 1 Schematic of the CVD growth mechanism of carbon thin-films27. 
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explained in figure 4.1. These atomic hydrogen species are chemically active and tends to take another 

hydrogen from a methane molecule to form H2 and reduce the CH4 molecule into CH3 radical. This reduction 

process continues on and on until we have single atomic carbon C which in turn start the film growth on the 

surface of the substrate when the necessary temperature is maintained. 29 

The other important role occurs during the film formation. The H atoms are very efficient in breaking 

up long chains of hydrocarbons and prevent the formation of polymers as explained in figure 4.2. Also it is 

known that, hydrogen atoms are eager to react with and remove SP2 carbon rather than SP3. Hence it prevents 

the formation of graphitic content on the surface while leaving the diamond clusters behind. 29 

Finally, H is crucial for the termination of the dangling bonds at the surface. The bulk of diamond is 

fully SP3 bonded in crystalline form. However, at the surface dangling bonds are formed which needs to be 

terminated in some way to prevent cross-linkage and subsequent reconstruction to the graphite form. This 

termination is performed by hydrogen atoms or sometimes by HO radical which helps stabilizing the diamond 

lattice.29  
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4.1.2.   Film nucleation 

The growth of diamond films starts when individual carbon atoms start to nucleate on the surface 

substrate in an atmosphere that encourages the initiation of the tetrahedral SP3 bonding lattice. There are two 

types of growth process for diamond films, namely homo-epitaxial growth and hetero-epitaxial growth 

depending on the substrate type. In homo-epitaxial growth, the substrate is natural diamond. In this case the 

substrate is providing a growing template for the tetrahedral network and the diamond lattice is just extended 

atom-by-atom as deposition proceeds.29 

In the hetero-epitaxial growth, on the other hand, this template is not provided for the C atoms to 

follow and all the non-diamond forms of carbon that deposit on the substrate surface are immediately etched 

back to the gas phase by the hydrogen. Consequently, the initial induction period of diamond if prohibitively 

low (hours or even days). Alternatively, substrate pre-treatments can be made to enhance the diamond 

growth.29   

Figure 4. 2 Schematic of the reaction process occurring at the diamond surface leading to stepwise 
addition of CH3 species and diamond growth.26 
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Example of the pre-treatments that can be made for the substrate surface to enhance the diamond 

nucleation can be: abrasion of the substrate surface by mechanical polishing using diamond grit ranging in size 

from 10 nm to 10 m where this pretreatment can enhance the diamond nucleation by creating surface 

scratches suitably shaped to work as growth template, contamination of the surface by a nanometer sized 

diamond crystals which act as crystal seeds, or both. 29  

4.2. The principle of DC Saddle field glow discharge  

As mentioned earlier, the plasma provides the activation/dissociation environment that is necessary 

to provide sufficient energy for the reactant species. To obtain this, the plasma temperature needs to be 

elevated to high temperatures. This can be done by increasing the path length of the electrons in the glow 

discharge, also referred to as the electron confinement. The motivation for increasing the path length of the 

electron is to give the electrons the chance to make more collisions with the gaseous atoms and hence inducing 

more ionizations and increasing the temperature of the medium. Many techniques have been employed to 

increase he electron path length in the field of plasma applications, such as applying magnetic field, like in the 

plasma magnetron sputtering technique so that the electron would take a helical path rather than straight line. 

Another example would be the use of high frequency alternating electric field (RF or microwave) so that the 

ions will not sense the change in polarity because its heavy mass makes them less responsive while the 

electrons, which are way lighter than ions, will start to oscillate following the alternations in the polarity of the 

magnetic field.31   

Another method to extend the path length of the electrons in plasma by means of oscillation is the 

saddle field configuration. The idea is quite simple: we use a semitransparent electrode with a relatively high 

Figure 4. 3 DC saddle field configuration in its basic form29. 
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potential with respect to other blank/semitransparent electrodes or the vacuum chamber. Consequently, the 

electron will be repelled by the low potential electrode toward the high potential one (the semitransparent 

electrode) but when it arrives the semi-transparent electrode will let the electron go through the other side by 

its momentum until it gets repelled from the low potential on other side, thus reversing its direction toward 

the high potential again. This oscillation process will continue going on until the electron is lost in a 

recombination reaction or so. As a result of this oscillation process the electron will have the chance to make 

more ionization events and raise the temperature of the plasma. Figure 4.3 shows a schematic of the saddle 

field configuration in its basic form.32  

The saddle field configuration has two main advantages when compared to the RF/MW plasma 

techniques. First of all is the simplicity as simple direct current power supply will be enough to maintain the 

plasma without the need for complicated matching network as the case with RF/MW power supplies. Wider 

ranges of operating pressure and the versatility of compromising between the deposition rate and the 

uniformity over large areas of deposition depending on the number of semitransparent electrodes used. 31,32   

There are three configurations that are commonly used for the generation of the saddle field i.e. 

triode, shielded triode and pentode. In the triode configuration, see figure 4.4a, a highly asymmetric saddle 

field is generated between the semitransparent anode and the two substrate holders with higher plasma 

intensity in the right half. This configuration has the advantage of high deposition rate when compared to the 

other two configurations but less deposition uniformity over large areas. In the shielded triode configuration, 

see figure 4.4b, another semitransparent electrode is used so that the plasma will be shielded between the 

two electrode and the back substrate holder. In other words, the substrate holder has been shielded from the 

plasma.as a result the deposition rate is less but it has the advantage of uniform deposition over large area due 

to the large distance between the plasma and the deposition region. Finally the pentode configuration, which 

is the configuration used in this study, is using three transparent electrodes to produce symmetrical saddle 

field while keeping the substrate out of the plasma region in order to better control the incident ion energy. 32 
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4.3. The experimental Set up 

In this project, the SFGD plasma enhanced chemical vapor deposition was built from scratch. The 

experimental set up consists of vacuum system, gas feeding system, substrate holder and power delivery 

system. Figure 4.5 shows a schematic diagram of the experimental setup and its components.  

4.3.1.The vacuum system 

The vacuum system consists of the following component: the vacuum chamber, mechanical pump, 

turbo pump, low vacuum gauge, high vacuum gauge, butterfly valve, high vacuum isolation valve, and baking 

out heaters. The vacuum chamber is a horizontal cylinder made of high grade stainless-steel with inner volume 

of approximately 15L and two load lock gates one at each side with a diameter of 26cm. the mechanical pump, 

a Leybold Heraeus Trivac D16A Rotary Vane Dual Stage Vacuum Pump, was responsible for providing the 

necessary initial vacuum level to initiate the turbo pump during the startup stage, and then backing out behind 

the turbo pump while the turbo pump is running.  

The turbo pump used in this work is PFEIFFER TMU71 with TC600 motor driver and DCU 100 control 

unit. The turbo pump is one of the most sensitive and expensive items in the system which needs to be handled 

carefully. The operational region of the turbo pump starts from vacuum level around 5*10-2 torr and is 

responsible for approaching the ultimate vacuum level which was 8*10-6 in this work.  

 

 

Figure 4. 4 a) Saddle field triode configuration, b) Saddle field shielded triode configuration29. 
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To measure the vacuum level in the system three vacuum gauges were distributed in different spots 

in the system. On the fore line between the turbo pump and the mechanical pump, a low vacuum gauge (275 

Convectron gauge with its display unit) was used to monitor the backing efficiency of the mechanical pump 

and to ensure the vacuum level didn’t exceed the safety operation of the turbo pump. Using the controlling 

unit Balzers TPG300, another two gauges were mounted to measure the vacuum inside the chamber. A low 

Figure 4. 5 Schematic diagram of the experimental set up and its components. 
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vacuum gauge model TPR10 (from atmosphere to 10-3 torr) and a high vacuum gauge model IKR020 (from 10-

3 to 10-8 torr) as can be seen from figure 4.5.  

The butterfly valve, is not an elementary component in the vacuum system but yet its existence add 

a great versatility in the operation of the system. The main idea of the butterfly valve is to control the pumping 

speed of the turbo pump and consequently it gives the ability to extend the operation region to high pressures 

without threatening a turbo pump failure. Another great advantage is the ability to play around the total 

operating pressure and the gases mixing ratio i.e. increasing the gases mass flow rate while keeping the 

pressure constant and/or increasing the operating pressure while keeping the mixing ratios constant. The 

butterfly valve controls the pumping speed by changing the cross-sectional area of the exposure window 

between turbo pump and the system. It does so by controlling the position of a rotatable circular disc rotating 

around its vertical axis to ensure the homogenous pumping out of the pump as can be seen from figure 4.6. An 

MKS butterfly valve 253B series controlled via MKS-252C controller and readout unit was used in the current 

study controlled via and readout unit. It controls the valve to put it in 100% opened (totally open), 0% opened 

(totally closed) or partially opened (any value between 0 to 100%) positions. In some advanced systems, it is 

also possible to control automatically the position of the butterfly valve by connecting it to the vacuum gauge 

and the mass flow controller of the gases.  

 It should be mentioned that, the butterfly valve is not high vacuum sealed. Which means that, when 

it is fully closed the turbo pump is still affected by the pressure inside the chamber. Therefore an isolation valve 

is used, that is high vacuum sealed valve, which when closed, separates the turbo pump from the system. The 

isolation valve is important to protect the turbo pump against any sudden increase in the system pressure and 

Figure 4. 6 Two photos of the butterfly valve showing its totally closed position and totally opened position. 
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during the system shutdown procedures, when the turbo pump is slowing down and the vacuum inside the 

chamber is approaching atmosphere.   

Another common component with vacuum systems is represented by the system baking out heaters 

which are used to establish a higher level of ultimate vacuum and hence impurities free environment. The idea 

is that, while evacuating the vacuum chamber its walls will start to outgas impurities trapped in between the 

atoms due to the reduced pressure. To enhance and accelerate this out gassing process, the walls are normally 

heated to typically 100-120οC. In the current study, the system was baked out using heating strips rounded 

around the body of the system as shown in figure 4.7. The backing out procedures are as following:  

 The system is first pumped down to the highest approachable vacuum by the turbo pump.  

  The backing out heaters are turned on, the temperatures of the walls and sensitive points 

in the systems (joints, vacuum gauge ports or any point that contain any element not rated 

to that temperature) are monitored with thermocouples and temperature readout unit 

(Omega, model 115KC)  

 An increase in the system pressure will be noticed at the beginning due to the increase in 

the gaseous molecules energy but once saturation is approached the pressure will start to 

slowly go down again. 

 The system should be held at this temperature for the same amount of time as it took to 

approach its ultimate vacuum then the heaters should be turned off and the system should 

be left to cool down to room temperature and approaching its new ultimate vacuum level.   

 

Figure 4. 7 System baking out heaters. 
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4.3.2. The gases feeding system 

The gases feeding system consists of one individual gas line for argon gas supply, one individual gas 

line for compressed air supply, two connected gases lines via a mixing point for hydrocarbon gases supply, a 

set of pneumatic valves distributed in different location in the system controlled by a set of electrical relays 

and three mass flow controllers to control the argon and hydrocarbons gas lines.  

The argon line, is controlled by the unite high performance mass flow controller model UFC-1200A, a 

unite readout unit model URS-100, and a pneumatic valve isolating the line from the chamber to avoid any 

sudden increase in the chamber. The argon gas line was used for the plasma testing during the system initiation 

and to perform regular plasma cleaning for the system.  

The hydrocarbons supply is represented by, a hydrogen gas line and a methane gas line connected 

through a mixing point, which was used to establish the hydrocarbon/hydrogen gases mixture. Each line was 

controlled by an MKS precision mass flow controller model 1197A and an MKS controller/readout unit model 

MKS247 which can control up to four gas lines. A pneumatic valve was located directly in front of each mass 

flow controller to work as a shut off valve and prevent intermixing between the gas lines. The mixing point was 

located far enough from the vacuum chamber port which also isolated by a pneumatic valve to ensure gasses 

homogenous mixture before approaching the vacuum chamber.  

The pneumatic valves, Swagelok model ss-4BK-TW-1C were used in the system controlled by 

Honeywell orifice electrical relays to set the valves on and off. Pneumatic valves are on/off type valves that is 

normally closed and it opens when it receive sufficient compressed air pressure. The pneumatic valve is 

typically connected to the compressed air line through an electrical relay which has an orifice that opens when 

it is given the required electrical signal, hence allowing the compressed air to hit the pneumatic valve to put it 

in the open position.      
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4.3.3. The substrate holder 

As mentioned earlier, the vacuum chamber has two load lock gates, one at each side. One of them 

has been used as substrate holder as shown in figure 4.8, while the other is used to lock the other side of the 

chamber. The substrate holder has three main functions. The first is to hold the substrates inside the vacuum 

chamber during the film deposition. A heater is used to provide controllable heating supply to maintain the 

substrate at the desired temperature during the deposition. A cooler is used to maintain the load lock sealing 

O-ring at sufficiently low temperature to not expand or melt while heating the substrate and to cool down the 

substrate to room temperature after turning off the heater.  

 

Figure 4. 8 The substrate holder showing the heater mount and clamps to fix the 
substrates. 

Figure 4. 9 Substrate heater connection diagram. 
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The heater controlling circuit was established following the diagram shown in figure 4.9. The process 

control used is an Omega temperature controller CN8500 series connected with solid state relay Omega model 

SSRL240AC50. The substrate temperature was measured using a K-type thermocouple passing from the 

vacuum to the non-vacuum side using Ideal-Vac feedthrough flange part number P108110 to provide the 

temperature feedback for the temperature controller unit. On the other hand, the temperature controller 

compares the feedback temperature with the set value previously specified by the user. Depending on the 

difference between these two values the controller starts to give the order to the solid state rely through ports 

3&4 to make an open/closed cycles between the two terminals 1&2 on the solid state relay side, which is 

connected to the rear side of heater as shown in figures 4.9 and 4.10.     

4.3.4. Power delivery system  

As mentioned earlier, the saddle field configuration used in the current study is a pentode 

configuration with three semitransparent electrodes separated from each other by 7.5cm and from each 

load/lock gate by 4cm as can be seen from figure 4.5. The outer two electrodes are grounded while the middle 

electrode is connected to Spellman DC power supply SL600 series with a shunt 500Ω resistant connected in 

series to prevent the in-rush current that flows at beginning of the plasma ignition.    

 

 

 

Figure 4. 10 Substrate heater electrical connection. 
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5. Experimental Work 

In this chapter the experimental activities performed in this study will be presented. The chapter is 

divided into two sections, in the first section the samples preparation steps will be presented whereas in the 

second section a quick glance on the characterization techniques will be presented alongside with a description 

of each characterization equipment used in this study.  

5.1. Samples Preparation 

The main objectives at this step of the project, after building the PECVD system that is capable of 

depositing carbon based thin-films with a wide range of deposition parameters, was to prepare a set of carbon 

thin-films to draw a map of deposition regions of the equipment. Based on the microstructural characteristics 

of the prepared samples, some samples were selected for further investigations and for testing their potential 

as radiation detector materials. Samples preparation can be divided into five main steps: substrate selection, 

substrate cleaning, pre-deposition gold coating for selected samples, carbon film deposition and finally post-

deposition for selected samples.   

5.1.1. Substrate selection   

All of the samples were prepared at the same substrate size which is 2cmx2cm, however different 

types of substrate materials were used in each deposition experiment to suite the different types of 

characterizations needed. Samples were characterized by four techniques, namely: Raman spectroscopy, 

Fourier Transform Infrared spectroscopy (FTIR), UV-Visible spectroscopy (for selected samples) and I-V 

characteristic under irradiation and in dark conditions(pre- and post-irradiation).    

For the Raman spectroscopy and FTIR measurements, the main selection rule was the transparency 

of the substrate material in the infrared light region and its thermal stability at the deposition temperature. 

Single crystal silicon substrates with one sided polishing (100) orientation were used for these two 

measurement. For the UV-Visible spectroscopy the objective of the measurement was to determine the carbon 

film optical band gap. For this reason the substrate selected for this measurement should have a sufficiently 

wider band gap to ensure the absorption of the light will happen in the film without being affected by the 

substrate. Therefore, fused silica substrates, purchased from MTI Corporation item number SOF101005s1, 

were used for this measurement.  

For the I-V characteristic and radiation response experiments, the carbon film needed to be 

sandwiched between front and back metal contacts as shown in figure 5.1. Two types of metals, gold and 

fluorine doped tin oxide (FTO) coated glass were used in this study as back electrode to investigate the 
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dependence of metal interface with the carbon film on the metal material. For the gold contact, thin gold films 

were deposited on single crystal silicon substrates using TED PELLA, INC. sputter coater model 108 auto. Glass 

coated FTO substrates were purchased from MTI Corporation (item number FTO252511TEC7gp25e).  After 

depositing the carbon film on the back contact, another thin gold layer was deposited on the surface of the 

carbon film taking careful consideration to mask the back contact film to avoid short circuit between the two 

electrodes.   

 

5.1.2. Substrates  cleaning procedures 

After selecting the substrates and cutting the silicon wafers to the desired size all the substrates went 

through cleaning process before being placed into the vacuum chamber. The cleaning process is very important 

in the whole process as contaminated substrates would affect the vacuum efficiency and also will produce 

contaminated thin-films. To prevent cross contamination, all tools (i.e. beakers, tweezers, substrate glass 

covers, substrates fixing clamps, and nuts) were firstly cleaned. The substrates and tools cleaning procedures 

can be summarized as following:  

 Rubbing under running di-ionized water and soap to eliminate any soft organic and/or inorganic 

contaminants on the surface.  

  Ultrasonic bath for 30 minutes in di-ionized water to remove any traces from the soap cleaning step  

Figure 5. 1 Device structure for I-V and Radiation experiments. 
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 Ultrasonic bath for 30 minutes in acetone to eliminate any hard organic contaminants on the surface  

 Ultrasonic bath for 30 minutes in isopropyl alcohol to eliminates any remaining traces from the 

acetone cleaning step  

 Ultrasonic bath for 30 minutes in warm di-ionized water (approximately 40οC) to remove any 

remaining traces from the isopropyl alcohol.  

 And finally drying in compressed air  

After everything is cleaned and dried the process of mounting the substrates on the substrate holder 

begins. The substrates were fixed using stainless-steel clamps which exert a gentle force on the substrate 

surface when tightened with a screw from the other side as can be seen from the substrate holder picture in 

figure 4.8.  

To prevent any interaction between the fixing clamp and the substrate at the elevated deposition 

temperature, very thin (approximately 0.5mm thickness) slices of silica glass were used at the point of contact 

between the clamp and the substrate. This glass cover also worked as a mask for the back contact layer in the 

selected samples for I-V measurements to provide a window to make the electrical connections. After the 

substrates are mounted, the load lock gate is then closed and the system operational procedures starts.  

5.1.3. Vacuum system operational procedures 

Vacuum system start up: the procedure start with turning on the mechanical pump while having the 

turbo pump off and the butterfly valve is in the totally open position and the isolating valve also opened and 

the system should be left until the ultimate vacuum level of the mechanical pump is approached (5*10-2 Torr). 

The system usually approaches that level within less than an hour, otherwise, the system should be checked 

for leakage.  At this point, it is recommended to perform several cycles of flushing the system with argon gas, 

i.e close the isolating valve and flow argon gas into the system until the pressure reaches atmosphere, and then 

allow the mechanical pump to evacuate again by opening the isolating valve.  This process ensures a cleaner 

vacuum environment and higher ultimate vacuum level. At this stage, the turbo pump is started. When the 

turbo pump start rotating, the rotating frequency starts to increase gradually from zero until it reaches its 

nominal frequency (1500Hz) within less than 10 minutes. If the turbo pump rotational frequency didn’t saturate 

or saturated at a value less than 1500Hz, this a sign that the turbo pump needs maintenance or the system 

needs to be checked for leakage. At this point the system should be left until the ultimate vacuum level of the 

turbo pump is approached (8*10-6 Torr, in approximately 12hours)    
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Starting the substrate heater:   after reaching the ultimate vacuum in the system the substrate heater 

is to be started by setting up the desired temperature and at the same time starting up the cooling chiller to 

protect the sealing O-ring from overheating. The substrate heater usually approaches the temperature set 

value within 2-3 hours. During the heating process, some perturbation in the vacuum level and turbo pump 

rotation frequency may be observed due to outgassing, but eventually the vacuum level will get back to its 

ultimate value.  

Introducing the hydrocarbon mixture (gas precursor): after approaching the ultimate vacuum again 

and with stable set temperature, all the valves along the junction between the vacuum system and the valve 

at the mixing point (see figure 4.5) should be opened to extend the vacuum to this point. At this stage, the 

mixing ratios of each gas should be adjusted with the mass flow controllers allowing the gas mixture to flow 

into the chamber. Consequently, the opening percentage of the butterfly valve and/or the mass flow 

controllers set values can be adjusted to obtain the desired deposition pressure and mixing ratios. At this point 

the power supply should be adjusted to the desired operating mode (constant current, constant volt or 

constant power) and the desired values. In the current study, all the samples were prepared using the constant 

current mode at the current value 200mA.  

Shut down procedures: after the desired deposition time is passed the shutdown procedures starts. 

First the power supply and the substrate heater are switched off. Then the whole gas feeding system should 

be closed and the system should be left to be cooled down to room temperature under the ultimate vacuum. 

Then, the isolating valve between the turbo pump and the vacuum chamber is closed. After that, the turbo 

pump is turned off and left for some time until its rotational frequency approach zero while keeping the 

mechanical pump running until this point. Then the mechanical pump is also shut down and the system can be 

vented until atmospheric pressure is approached.  

     

5.1.4. Samples preparation conditions  

There are too many parameters that can affect the growth of the thin-film for example the substrate 

temperature, the plasma condition (the current and the voltage), the operating pressure and the gases mixing 

ratios. In this study, all the samples were prepared at the same substrate temperature (200οC), deposition time 

(5 hours) and constant plasma current (200mA) whereas the parameters that have been varied are the 

operating pressure and the gases mixing ratios.   Table 5.1 summarizes the preparation condition for the 

prepared samples in this study.  
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5.2. Samples Characterization  

Four characterization techniques were used to study the samples. UV-Vis spectroscopy to measure 

the band gap and the positions of defects levels inside the band gap, FTIR spectroscopy to give an idea of the 

bonding structure, Raman spectroscopy to analyze the microstructure and finally current voltage 

characteristics and radiation testing. In this section, a brief introduction about each characterization technique 

and its application to characterize carbon based materials will be presented with a description of the 

characterization experiment.  

5.2.1. Fourier transform infrared spectroscopy (FTIR) 

FTIR is a characterization technique based on the interaction of Infra-red light with the specimen to 

determine the bonding types that exist in the sample. In an FTIR spectrum, the absorption band is defined by 

the wavenumber at which the absorption occurs (which corresponds to the existence of specific types of bond) 

and the intensity of the band (which corresponds to the amount of this bond in the sample). So, in general, the 

FTIR spectrum is a graphical representation between transmission percentage (T%) vs. IR Frequency in terms 

of wave-number (cm-1).  Like in Raman spectroscopy, the absorption process depends on molecular vibrations 

Parameter/sampl

e ID 

S1 S2 S3 S4 S5 S6 S7 

Operating 

Pressure(mTorr) 

80 80 80 80 500 160 160 

Gases mixture 100%CH4 75%CH4 50%CH4 25%CH4 100%CH4 100%CH4 75%CH4 

H2 

sccm 

0 2.8 4 5.1 0 0 2 

CH4 

sccm 

7.8 5.1 4 2.9 13.5 8 6 

Butterfly valve 

opening 

percentage  

50% 50% 50% 50% 30% 30% 30% 

Plasma condition  

Current  

mA 

Volt 

V 

Table 5. 1 Samples preparation Conditions 
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but it provides less information than the Raman as the absorption in the FTIR depends on first order selection 

rule (change in the dipole moment) of the molecule whereas the Raman depends on second order selection 

rule (rate of change in dipole moment). The FTIR absorption spectrum of carbon materials consists of C-H 

stretching modes at 2800–3300 cm−1 and C-C modes and C-H bending modes below 2000 cm−1. 33–35 

A PerkinElmer FTIR spectrometer, spectrum 100 series, was used to perform the FTIR measurements 

in this study. The measurements were recorded in the transmission mode where the sample compartment 

contains two holders. At one of the holders a bare silicon substrate was mounted to be used as background 

spectrum whereas a silicon substrate coated with the carbon film to be characterized is mounted on the other 

holder. The reading were recorded in the range from 400 to 4000cm-1, with a 16cm-1 resolution and 50 

accumulations. After the data was recorded it was then plotted and de-convoluted using origin pro software.  

5.2.2. Raman spectroscopy 

5.2.2.1. The generation of the Raman signal 

Figure 5.2 explain the light interaction with matter during Raman scattering. In a typical Raman 

experiment, the sample is shined with a laser beam in the Visible or Ultraviolet range. When a laser photon is 

hitting the surface of the sample with energy 𝒉𝝂𝟎 three scenarios might happen:  

  Elastic scattering interaction (Raleigh scattering): no energy transfer and no information 

about the molecular structure is carried out by the scattered photon  

 Inelastic scattering (anti-stokes): the scattered photon is shifted to higher frequency. This 

interaction requires the molecule to already be in an excited state at room temp, 

consequently this interaction has low probability and negligible contribution to the Raman 

signal  
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 Inelastic scattering (stokes): the scattered photon is shifted to lower frequency this 

interaction happens when the molecule is in ground state at room temp, so it has a high 

probability and forms the Raman signal.16 

 

5.2.2.2. Raman spectrum of amorphous/diamond like carbon thin-films 

Based on the carbon materials ternary phase diagram and the ternary three stage model introduced 

by Ferrari et al., discussed earlier in sections 1.2 and 1.3. A quick notes on the interpretation of Raman spectrum 

of carbon based thin films provided in this section.     

For a carbon thin-film to be categorized as amorphous or diamond like carbon the Raman data should 

be de-convoluted and it’s necessary to obtain a good data fitting into only two peaks commonly known as the 

G peak (for graphite) and the D peak (for disordered graphite). The G Peak is due to any SP2 pairs, both chains 

and rings, and are usually located around 1580 cm-1. The D peak is due to the breathing mode of SP2 in rings. 

So basically no rings no D peak. The D peak is usually located around 1360cm-1. Depending on the position of 

the G peak and the relative intensities of the D&G peaks an amorphization trajectory was developed by Ferrari 

et al. (presented in figure 5.3) which can be used as a guide to categorize the spectrum into one of the regions 

in the ternary phase diagram and anticipate its corresponding properties.  general observations from figure 5.3  

are pointed out: 15, 36   

Figure 5. 2 Schematic diagram explaining the mechanism of Raman scattering, molecular vibrational transitions and 
the stokes/anti-stokes frequencies13. 
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 Starting from a perfect graphite, 100% ordered 𝑆𝑃2, the Raman spectrum will consist of a 

single narrow line at 1580cm-1. (The G Peak) 

 Moving in the direction of disorder bond structure but still 𝑆𝑃2 is the dominant content, nano-

crystalline graphite, the Raman spectrum will exhibit a broadening in the G peak, a shift 

toward 1600cm-1 and the appearance of the D peak around 1350 cm-1, representing the 

breathing mode of the disordered graphite (stage 1) 

 

 

 Moving into more disorder in the 𝑆𝑃2 content,  𝑆𝑃3 start to grow (0 to 20%), indicative of a-

C region, stage 2. The Raman spectrum will exhibit a downshift in the G peak position from 

1600 to 1520 cm-1 and a decrease in the 
𝐼𝐷

𝐼𝐺
⁄ ratio.  

 By increasing the 𝑆𝑃3 content up 85-90%, we reach the ta-C region, stage 3. The Raman 

spectrum will exhibit an up shift in the G peak position from 1520 to 1570 cm-1 and a 

significant decrease in the 
𝐼𝐷

𝐼𝐺
⁄ ratio.  

One important parameter when characterizing Carbon films with the Raman technique is the 

excitation laser wavelength. When using visible light, the spectrum is dominated by SP2 and has very low 

Figure5. 3 Three-stage model of the variation of the Raman G position and the D-to-G intensity ratio, I(D)/I(G), with increasing 
disorder . The dotted left-pointing arrows in (b) mark the non-uniqueness region in the ordering trajectory33. 
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sensitivity for SP3 stretches, due to resonance effects. As mentioned earlier, the G&D peaks are mainly arising 

from SP2 stretches. When the SP3 is significantly higher than the SP2 and/or exhibits a degree of crystallinity, 

the spectrum will not provide a good fitting with only the G&D peaks and additional peaks will be needed to 

obtain a better fitting. These new peaks to be added are usually arising from diamond related vibrations and/or 

grain boundaries and a new category of carbon which is nano-crystalline diamond.  16,36,37  

5.2.2.3. Raman spectrum of nano-diamond  materials  

In addition to the D&G peaks, nano-crystalline and post heat treated diamond usually exhibits three 

additional peaks located around 1100, 1250 and 1470 cm-1. The peak around 1100 cm-1 has been the topic of 

a very controversial discussion in the literature.  Some of the reports have assigned it to trans-polyacetelen on 

the grain boundaries while other reports attributed it to surface phonon in nano particle size diamond. More 

recently, Ferrari et. al 36 presented a convincing argument that this peak is more probable to be arising from 

trans-polyacetelen at the grain boundaries which must be accompanied with another peak at 1470 cm-1 . On 

the other hand, Prawer et. al38 measured the Raman spectrum of bulk single crystal diamond ion implanted 

with 3.5Mev He ions and showed a broad peak around 1250 and a shoulder around 1120 cm-1. They concluded 

that this represents the DOS (density of states) of amorphous diamond when compared to a crystalline one.  

In the current study, as will be seen in the next chapter, when the three peaks were observed in some samples, 

the 1100 and the 1470 peaks were attributed to be arising from trans-polyacetelen at the grain boundaries 

whereas the 1250 peak was assigned to vibrational density of state (VDOS). In other samples the peak around 

the 1470 didn’t appear, in this case the 1100 and the 1250 peaks were identified as diamond signature.36,39,40 

Finally, the Raman spectrum of single crystal diamond would exhibit a single narrow line around 1332 

cm-1 which represents the first order Raman and a broad band around 2470 to 2670 cm-1 which represents the 

second order Raman. 38    

5.2.3. UV-Visible and measuring the band gap  

For some selected samples, namely samples S5, S6 and S7, UV-Visible spectroscopy and Tauc equation 

were used to measure the optical band gap and getting information about the distribution of defect levels 

inside the band gap. Tauc equation is a commonly fitting method used to determine optical transition states 

either direct/indirect and/or forbidden/allowed. Based on the absorption data in the UV-Visible region, Tauc 

equation presented in equation 1 is plotted. 41,42  

 𝛼ℎ𝜈 = 𝑎 (ℎ𝜈 − 𝐸𝑔)𝑚  

 

eq (1) 
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Where ℎ𝜈 is the energy of the incident photon,  𝛼 is the thin-film absorption coefficient, 𝐸𝑔is the energy 

gap of the transition, a is arbitrary constant and m is a fitting parameter which has a specific value for 

each type of transition i.e. m=0.5 for direct allowed transition (direct band gap), m= 1.5 for direct 

forbidden (direct defect level), m=2 for indirect allowed transition (indirect band gap) and m=3 for 

indirect forbidden transition. 37–39 

 

Absorption data were collected in the wavelength range 320 nm to 2500nm wavelength, then 

(𝛼ℎ𝜐)1/𝑚 vs. ℎ𝜐 were plotted for m =0.5  and m=2, so that the intersection of the linear portion of the plot and 

the X-axis can be used to get information about the band gap and the defect levels inside the band gap 

respectively.  

5.2.4. I-V characteristic and radiation measurement  

The basic principle of the radiation experiments are based on monitoring a change in the sample 

conductivity when exposed to the radiation source. In other words, the I-V characteristic curve is recorded in 

the dark (in the absence of the radiation) by sourcing voltage and measuring the corresponding current. Then 

the radiation source is introduced and the I-V characteristic curve is recorded again with expectation to see a 

shift in the I-V curve. The second step in the testing is to find a physical meaning in light of the information 

obtained from the other characterization techniques for that change in conductivity.  

The I-V characteristic was recorded using a Keysight B2901A Precision Source/Measure Unit, 

connected via BNC cables (to isolate any electrical noise and to prevent leakage current) to an isolating box 

which ensures that the sample is not exposed to any light during the measurement and will help unifying the 

Figure 5. 4 Schematic diagram for I-V characteristic setup. 
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ground in the circuit as can be seen in figure 5.4. Am-241 5.5MeV α particle source was used as a radiation 

source.  
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6. Results and Discussion  

6.1. FTIR Results 

6.1.1.S1 results and discussions  

Table 6. 1  S1 fitting results 

Peak Index FWHM 
Center 

Grvty 
Area 

IntgP 
C-H vibrations of CH2 olefinic group in SP2

 67.54 893.67 -1.88 
Si-O-Si 170.96 1021.3 -8.92 
C-OH in GO 248.73 1239.18 -15.13 
C-H in (CH3)3 in SP3

 90.17 1394.17 -3.12 
bending vibration of C-H in (CH3) in SP3

 45.66 1457.02 -1.89 
OH in water molecule 50.03 1646.06 -1.23 
bending vibrations of H-H groups 52.24 1701.81 -3.11 
C=O 82.29 1761.33 -7.49 
C-H symmetrical and asymmetrical stretching 71.23 2865.76 -6.54 
C-H symmetrical and asymmetrical stretching 117.00 2953.35 -16.86 
Water Molecule 213.50 3500.86 -32.59 

Figure 6. 1 De-convoluted FTIR spectrum of S1. 
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Figure 6.1 shows the de-convolution results of the FTIR spectrum of S1 and table 5.1 summarizes its 

fitting results. The first band can be observed is the band at 894 cm-1, which can be attributed to C-H vibrations 

of CH2 olefinic group with SP2, similar to the peak previously reported by Varghri et al. at 914 cm-1. 44 The peak 

around 1021 can be attributed to stretching vibration of Si-O-Si reported previously by Dasilva et al.45 in 

graphene oxide (GO) films at around 1030 cm-1 which may be arising from the substrate. 45  The peak around 

1239 cm-1 can be attributed to stretching vibration of C-OH in GO reported previously by Chang et al. and 

Stankovich et al. at around 1230 cm-1  46,47. The peak around 1394 cm-1 can be attributed to bending vibration 

of C-H in (CH3)3 with SP3 bonding reported previously by Chu et al. and Vaghry et. al to lie in the range 1370-

1400 cm-1  16,44 . Note that these peaks may also be arising from bending vibrations of H-H groups reported 

previously to lie in the range 1700-1300 cm-1 by Chu et al.,  Vaghry et al.,  Alba et al and Bonelli et al. 39,44,48,49 

The peak around 1457 cm-1 can be attributed to the bending vibration of C-H in (CH3)3 with SP3 bonding 

reported previously by Chu et al. to lie between 1460-1480 cm-1in hydrogenated DLC films.13  

The peak around 1646 cm-1 can be attributed to bending vibration of OH in water molecule which is 

usually accompanied by a strong absorption band around 3600cm-1, commonly reported in nano-crystalline 

diamond thin films. 50,51. This peak maybe also arising from stretching vibration of C=C in reduced graphene 

oxide aromatic ring as reported previously by  Aldosari, et al.,  Ban et al., Chhabra et al. and   Shahriary et al. 

52–55   

The peak around 1701 cm-1 can be attributed to bending vibrations of H-H groups reported previously 

to lie in the range 1700-1300cm-1 by Chu et al.,  Vaghry et al.,  Alba et al and Bonelli et al. 39,44,48,49  

The peak around 1761 cm-1 can be attributed to carbonyl group C=O reported previously by Chabra 

et al. to be located between 1760-17665cm-1 55. Also Tu et al. performed a size dependent analysis of the C=O 

stretching in nano-crystalline diamond films, with thickness ranging from 5 to 500nm, to lie between 1680-

1820cm-1  . 56  

Lastly, the two peaks around 2865 and 2953 cm-1 can be attributed to C-H symmetrical and 

asymmetrical stretching vibration from CH2 and CH3 groups where hydrogen is binding from a SP3 hybridized 

carbon which are commonly reported to lie in the range 2850 – 3000 cm-1  33,51 



55 

 

6.1.2.S2 results and discussion 

 

Figure 6.2 shows the de-convolution results of the FTIR spectrum of sample S2 and table 6.2 

summarizes its fitting results. All the peaks featured in Sample 2 are presented also in sample 1, and can take 

the same attributions as explained in the previous section, except for the disappearance of the following two 

peaks:  

Table 6. 2 S2 fitting results 

Peak Index FWHM Center Grvty Area IntgP 

C-H vibrations of CH2 olefinic group in SP2 73.64 896.89 -2.54 

Si-O-Si 137.10 1016.95 -7.37 

C-OH in GO 260.28 1227.95 -16.96 

C-H in (CH3)3 in SP3 94.05 1393 -3.46 

bending vibration of C-H in (CH3) in SP3 45.04 1456.52 -1.88 

C=O 117.54 1739.43 -11.57 

C-H symmetrical and asymmetrical stretching 71.24 2866.41 -6.84 

C-H symmetrical and asymmetrical stretching 113.78 2953.79 -16.63 

Water Molecule 207.39 3505.36 -31.25 

 

 The peak around 1646cm-1 which was attributed to OH  

 The peak around 1701cm-1 which was attributed to H-H group 

Figure 6. 2 De-convoluted FTIR spectrum of S2. 
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The disappearance of the two peaks can be explained by the increase of the hydrogen content in the 

gases mixture which might add an H to the OH group thus making the band at 3600 cm-1 (water molecule)  

more pronounced and also will break the H-H group into two H2.  

6.1.3.S3 results and discussion 

Figure 6.3 shows the de-convolution results of the FTIR spectrum of S3 and table 6.3 shows its data 

fitting results. S3 showed some common peaks with the previous two samples as well as the appearance of 

new peaks. The first peak around 817 cm-1 can be attributed to bending vibration of C-O-C in GO films as 

reported previously by Dou et al. and Obreja et al. to be located around 850 cm-1, which is a new band that 

didn’t appear in the previous two samples 54, 55. The band around 1006cm-1 can be attributed to Si-O-Si arising 

from the substrate similar to the S1and S2. The peak around 1244 cm-1can be attributed to C-C stretching 

vibrational mode arising from SP2-SP3 mixed sites reported previously by Bonelli et al. and Chu et al. to be 

located at around 1300-1245cm-1 45, 47.  This peak didn’t appear in samples S1and S2 and its appearance in S3 

can be explained as the mixed SP2-SP3 sites started to appear in S3 when the crystallite size of the SP3 content 

started to be small enough to be intermixed with the SP2 content. This will also be noticed later with the Raman 

analysis as this mixing sites will results in the coverage of the SP2 spectrum over the spectrum of the SP3 due 

to resonance effects. 

 

 

Figure 6. 3 De-convoluted FTIR spectrum of S3. 
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Table 6. 3 S3 fitting results 

Peak Index FWHM 
Center 

Grvty 

Area 

IntgP 

C-O-C 

 

 

184.13 
 

817.70 -9.84 

 

C-C, SP2-SP3 mixed sites   478.39 1244.56 -48.32 

C-H in CH2 group both olefinic SP2 and in SP3  36.64 1443.20 -0.38 

stretching vibration of C=C aromatic ring in RGO 283.38 1567.30 -20.21 

? 408.32 2582.90 -12.97 

C-H symmetrical and asymmetrical stretching 282.83 2916.07 -6.80 

Water molecule 51.8 3639.10 -0.25 

bending vibrations of H-H groups or C=O 51.26 1705.84 -0.61 

Si-O-Si  99.94 1006.01 -1.05 

stretching vibration of C=N 405.20  2278.00 -8.48 

 

The peak around 1443cm-1   can be attributed to bending vibration of C-H in CH2 group with both 

olefinic SP2 and SP3 bonding, as reported by Vaghri et al. to be located around 1450cm-1 44. It can be noticed 

that this peak is a little shifted with respect to the one observed in S1and S2. This could be attributed to the 

assignment in S1 and S2 from (C-H in CH3) and exclusive SP3 bonding, whereas the S3 peak originates from CH2 

groups, which can be correlated with the increase of the hydrogen content in S3 in the gases mixture. The peak 

around 1567cm-1 is another new peak that is detected in S3 and not in S1 and S2. It can be attributed to 

stretching vibration of C=C aromatic ring in reduced graphene oxide (RGO) as previously reported by Obreja et 

al. and Stanlovich et al to be located at around 1575-1560cm-1 47,57 The peak around 1705 cm-1 can be attributed 

to H-H vibration similar to its assignment in S1 and/or vibrational modes from the C=O carbonyl group as 

reported by Tu et al. to lie in the range 1820-1680 cm-1 in nano-crystalline diamond thin-films.  It also can be 

noticed that the peak around 1646 which was detected in S1, and attributed to OH, not observed in either S2 

or S3.  The next peak in the spectrum is located at 2278cm-1 can be attributed to the stretching vibration of 

C=N reported previously by Chabra et al. to be located at around 2260-2210cm-1 55.  

The peak around 2916cm-1 can be attributed to C-H symmetrical and asymmetrical stretching 

vibration from CH2 and CH3 groups where hydrogen is binding from a SP3 hybridized carbon, and which are 
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commonly reported to lie in the range 2850 – 3000 cm-1  33,51 Lastly the peak around 3839cm-1 can be attributed 

to water molecule vibration similar to S1 and S2.  

6.1.4.S5 results and discussion 

 

Table 6. 4 S5 fitting results 

Peak Index FWHM Center Grvty Area IntgP 
C-H vibrations of CH2 olefinic group in SP2

 65.55 892.33 -2.37 
Si-O-Si 182.03 1018.39 -9.10 
C-C, SP2-SP3 mixed sites  381.68 1257.03 -37.60 
C-H in (CH3)3 in SP3

 59.23 1388.04 -1.40 
C-H in CH2 group both olefinic SP2 and in SP3  59.29 1452.46 -2.87 
 C=C conjugated 181.86 1636.37 -6.11 
 C=O 112.83 1743.62 -8.6 
C-H symmetrical and asymmetrical stretching 126.19 2948.8 -9.46 
C-H symmetrical and asymmetrical stretching 70.28 2864.3 -3.11 
Water molecule   336.95 3538.07 -23.73 

Figure 6.4 shows the de-convolution results of the FTIR spectrum of S5 and table 5.4 summarizes its 

fitting results. The first peak around 892 cm-1 can be attributed to C-H vibration of CH2 olefinic group in SP2 

configuration which was also detected in samples 1 and 2 but not in sample 3. The peak around 1018 cm-1 can 

be attributed to Si-O-Si vibration arising from the substrate as explained earlier. The peak around 1257 cm-1 

Figure 6. 4 S5 de-convoluted FTIR spectrum. 
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can be attributed to C-C vibration from SP2-SP3 mixed sites similar to S3. The peak around 1388 cm-1 can be 

attributed to C-H vibration in (CH3)3 in SP3 configuration. The peak around 1452 cm-1 can be attributed to C-H 

vibration in CH2 group with both olefinic SP2 and SP3 bonding.  

The peak around 1636 cm-1 arises from C=C stretching vibration in conjugated carbon bonds reported 

previously be Chhabra et al. to be located around 1640-1620cm-1 55 . The peak around 1743 cm-1 can be 

attributed to C=O as reported by Tu et al. in nano-crystalline diamond films. The two peaks around 2948cm-1 

and 2864 cm-1 can be attributed to C-H symmetrical and asymmetrical stretching and finally the peak around 

3538cm-1 comes from water molecule vibrations as explained earlier.  Two main differences can be observed 

between the spectrum of sample 5 and the previous samples which can be explained with the huge jump in 

the deposition pressure of S5 with respect to samples S1,S 2 and S3:  

 The disappearance of the graphene content  

 The relative increase in the SP2 content over SP3 content    

6.1.5.S6 results and discussion 

Table 6. 5 S6 fitting results 

Peak Index FWHM Center Grvty Area IntgP 
C-H vibrations of CH2 olefinic group in SP2

 36.63 893.27 -0.51 
C-C, SP2-SP3 mixed sites  560.23 1311.47 -69.16 
C-H in (CH3)3 in SP3

 39.70 1382.21 -0.34 
C-H in CH2 group both olefinic SP2 and in SP3  59.98 1445.68 -1.62 
bending vibrations of H-H groups or C=O 212.83 1704.85 -13.13 

Figure 6. 5 S6 de-convoluted FTIR spectrum. 
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C-H symmetrical and asymmetrical stretching 63.25 2861.57 -1.12 
C-H symmetrical and asymmetrical stretching 147.00 2939.21 -7.31 
Water molecule 201.38 3514.86 -4.76 

 

Figure 6.5 shows the de-convolution results of the FTIR spectrum of S6 and table 6.5 summarizes its 

fitting results. The peak around 893 cm-1 can be attributed to C-H vibration of CH2 olefinic group in SP2 

configuration. The peak around 1311 cm-1 can be attributed to C-C vibration from SP2-SP3 mixed sites similar to 

S3 and S5. The peak around 1382 cm-1 can be attributed to C-H vibration in (CH3)3 in SP3 configuration. The 

peak around 1452 cm-1 can be attributed to C-H vibration in CH2 group both olefinic SP2 and in SP3. the peak 

around 1704 cm-1 can be attributed to H-H vibration similar to its assignment in S1 and also can be arising from 

C=O carbonyl group as reported by Tu et al. to lie in the range 1820-1680 cm-1 in nano-crystalline diamond thin-

films. The two peaks around 2939cm-1 and 2861 cm-1 can be attributed to C-H symmetrical and asymmetrical 

stretching and finally the peak around 3514cm-1 is assigned to water molecule vibrations as explained earlier.  

6.1.6.S7 results and discussion  

 

 

 

 

Figure 6. 6 S7 de-convoluted FTIR spectrum. 
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Table 6. 6 S7 fitting results 

Peak Index FWHM Center Grvty Area IntgP 
C-H vibrations of CH2 olefinic group in SP2

 187.63 851.12 -3.95 
C-H in CH2 group both olefinic SP2 and in SP3

 464.88 1230.08 -43.48 
C-H in (CH3)3 in SP3

 245.79 1455.30 -10.30 
? 569.85 2572.94 -23.69 
C-H symmetrical and asymmetrical stretching 206.16 2925.60 -6.85 
C=C isolated 217.38 1653.75 -12.06 

 

Figure 6.6 shows the de-convolution results of the FTIR spectrum of S7 and table 6.6 summarizes it’s 

fitting results. The peak around 851 cm-1 can be attributed to C-H vibration of CH2 both the olefinic SP2 and in 

SP3. The peak around 1455 cm-1 can be attributed to C-H vibration in (CH3)3 in SP3 configuration. The peak 

around 2925cm-1 can be attributed to C-H symmetrical and asymmetrical stretching. An important fact to be 

mentioned about S7 is that, it is the only sample which didn’t show the water molecule absorption band, which 

can be interpreted as a sign of the absence of any range of crystallinity even in the nano-crystalline range. Also, 

similarly to S5 and S6, S7 didn’t show any graphene related bands.  

 



62 

 

6.2. Raman Spectroscopy Results 

6.2.1.S1 results and discussion 

  

Table 6. 7 S1 fitting results 

Peak Index 
Fitting Peak 

type  
FWHM Center Grvty Area IntgP 

Trans-polyacetylene at grain boundaries Gaussian 69.22 1106.25 13.10 

Diamond vibrational density of states (VDOS) Gaussian 67.76 1298.77 17.67 

The D peak (disordered SP2) Gaussian 77.83 1374.87 28.47 

Trans-polyacetylene at grain boundaries Gaussian 64.11 1457.06 41.69 

Single crystal diamond Gaussian 2.07 1399.83 0.23 

Graphene G peak Gaussian 4.59 1556.37 2.29 

Graphene D’ Peak Gaussian 86.82 1602.51 3.38 

Nano-crystalline diamond <20nm Gaussian 45.37 1243.33 2.34 

 

Figure 6.7 shows the de-convolution results of S1 Raman spectrum in the range 1100-1700cm-1 excited 

by 532nm laser and table 6.7 shows its fitting results. Firstly, the grain boundaries related peaks can be 

observed from the graph namely the two peaks around 1106 and 1457cm-1 which can be attributed to trans-

polyacetylene as explained earlier in section 4.2.2.3.  

Figure 6. 7 S1 de-convoluted Raman spectrum in the range 1100-1700cm-1 excited by 532nm laser wavelength 
at 50% laser power and 10S exposure time. 
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Secondly, the diamond related peaks, around 1298.77 and 1243 cm-1 can be attributed to vibrational 

density of states (VDOS) in diamond as previously reported by Beeman et al. who calculated the Raman 

spectrum of an amorphous, fully SP3 random network and predicted a main Raman peak around 1265cm-1 58. 

Also, Prawer et al. reported Raman spectrum of ion implanted diamond that exhibited a broad peak around 

1250cm-1 together with a shoulder at 1120cm-1 and they concluded that the measured spectrum can represent 

the DOS in diamond. It has also been reported by Vlasov, I.I. et al. that the peak around 1250 cm-1can be 

attributed to defects or crystallite size less than 20nm in diamond.   Lastly Roy et al. and Ferrari et al. reported 

that the phonon density of states becomes more pronounced when surface effects becomes significant such 

as nano-crystalline diamond, heat treated and/or ion implanted, which shows peaks in the range 1240-1280cm-

1 59,60.  It’s worth mentioning that this results is consistent with the fact that the samples took a long time 

(approximately 3 hours) to cool down from the deposition temperature (200οC) to room temperature. The 

peak around 1399cm-1 can be attributed to the first order line of single crystal diamond. The upshift in the 

diamond related peaks can be explained by the small thickness of the film which will induce an internal strain 

or by heating effect due to high laser power.  

Graphene related peaks, typically found in graphene based materials, can be observed in a Raman 

spectrum with the G peak at around 1580cm-1 corresponding to primary in-plane vibrational mode; the 2D peak 

at around 2690cm-1 corresponding to a second order overtone of a different in-plane vibration mode and the 

D peak at around 1350cm-1. As the amount of disorder in graphene increases, the Raman intensity increases 

for the three separate disorder peaks: D (1350 cm-1), which scatters from K to K´ (intervalley); D´ (1620 cm-1), 

which scatters from K to K (intravalley); and D+G (2940 cm-1). 61–63  
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The peak around 1556 cm-1 represents Graphene G peak while the peak 1602 cm-1 is the graphene D’ 

peak. The graphene 2D peak can also be seen from figure 6.8. The second order band of the diamond and the 

C-H related vibration indicating hydrogenation of the film are also shown in the figure.  

 

6.2.2. S2 results and discussion  
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Figure 6. 8 S1 wide range raw data. 

Figure 6. 9 S2 de-convoluted Raman spectrum in the range 900-1900cm-1 excited by 532nm laser wavelength at 50% laser 
power and 10S exposure time. 
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Table 6. 8 S2 fitting results 

Peak Index 
Fitting Peak 

type  
FWHM Center Grvty Area IntgP 

Trans-polyacetylene at grain boundaries Gaussian 49.54 1061.18 0.35 

Single crystal diamond Gaussian 2.97 1265.12 0.21 

The D peak (disordered SP2) Gaussian 161.46 1367.21 37.42 

Trans-polyacetylene at grain boundaries Gaussian 46.34 1430.87 0.65 

Three coordinated amorphous carbon Gaussian 136.53 1518.10 28.47 

C=O superposition with the 1590 peak or O-H 

vibration 
Gaussian 

25.69 1670.79 0.18 

Diamond vibrational density of states (VDOS) Gaussian 126.18 1232.08 8.92 

C=O Gaussian 54.88 1712.59 0.82 

C=C  Gaussian 99.78 1592.39 22.93 

 

Figure 6.9 shows the de-convolution results of S2 Raman spectrum in the range 900-1900cm-1 excited 

by 532nm laser and table 6.8 shows the fitting results. Firstly, the grain boundaries related peaks can be seen 

from the graph namely the peak around 1061 and 1430 cm-1 which can be attributed to trans-polyacetylene as 

explained earlier in section 5.2.2.3.  

Secondly, looking at diamond related peaks, the one around 1232 cm-1 represents vibrational density 

of states (VDOS) in diamond and the peak around 1265 cm-1 can be attributed to the single crystal diamond 

first order line.  

Looking at Graphene and SP2 related peaks, the peak around 1367 cm-1 represents the D peak. The 

peak around 1518 cm-1 can be attributed to three coordinated amorphous carbon as predicted by Beeman et 

al. to  be located around 1528 cm-158. The peak around 1670 cm-1 can be arising from a superposition of the SP2 

carbon band at 1592 cm-1 with O-H stretching vibration. 51 The peak around 1712 cm-1 can be attributed to C=O 

stretching and finally the peak around 1592 cm-1 can be attributed to C=C SP2 stretching vibration of olefinic or 

conjugated carbon chains. 64 
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6.2.3.S3 results and discussion 

 

Table 6. 9 S3 fitting results  

Peak Index 
Fitting Peak 

type  
FWHM Center Grvty Area IntgP 

Nano-crystalline diamond <20nm Gaussian 16.78 1231.99 0.84 

Diamond vibrational density of states (VDOS) Gaussian 72.93 1292.53 16.64 

The D peak (disordered SP2) Gaussian 94.48 1381.78 29.76 

Trans-polyacetylene at grain boundaries Gaussian 46.82 1452.22 19.65 

Semicircle stretching in benzene cluster or phonon 

DOS 
Gaussian 

30.16 1496.98 2.67 

Graphene G peak Gaussian 4.17 1556.26 1.40 

Graphene D’ Peak Gaussian 78.11 1603.70 4.78 

SP1 linear carbon chain Gaussian 38.94 2091.82 5.25 

SP1 linear carbon chain Gaussian 56.22 2131.85 18.88 

C=O  Gaussian 1.46 1785.31 0.10 

Figure 6.10 shows the de-convolution results of the S3 Raman spectrum in the range 1200-2200cm-1 

excited by 532nm laser and table 6.9 shows the fitting results. Firstly, the grain boundaries related peaks can 

be seen from the graph namely the peak around 1452 cm-1 which can be attributed to transpolyacetylene as 

explained earlier in section 5.2.2.3.  

Figure 6. 10  S3 de-convoluted Raman spectrum in the range 1200-2200cm-1 excited by 532nm laser wavelength at 50% laser 
power and 10S exposure time. 

 



67 

 

Secondly focusing on the diamond related peaks, the peak around 1292 cm-1can be attributed to 

vibrational density of states (VDOS) in diamond and the peak around 1231 cm-1 can be attributed to nano-

crystalline diamond with crystallite size less than 20nm. The absence of the single crystal diamond peak can be 

observed in this sample unlike S1 and S2. This could be explained by two scenarios: the crystallite size of the 

diamond content is small enough to produce the single crystal peak and/or the diamond particles are covered 

by SP2 content in which case the SP2 spectrum will cover the SP3 due to resonance effects, which is also 

consistent with the observation of the SP2-SP3 mixed sites detected in the FTIR measurement.    

Looking at Graphene and SP2 related peaks, the peak around 1381 cm-1 is the D peak. The peak around 

1496cm-1 can be attributed to semicircle stretching of carbon atom in benzene cluster or can be attributed to 

contribution from phonon DOS 64,65. The peak around 1556 cm-1 represents the graphene G peak and the peak 

around 1603 cm-1 represents the graphene D’ peak.  

Finally the two peaks around 2091 and 2131 cm-1 can be attributed to carbon SP1 linear chains 36 and 

the peak around 1785 cm-1 can be attributed to C=O vibrations. 51 

6.2.4.S4 results and discussion 

 

 

Figure 6. 11 S4 de-convoluted Raman spectrum in the range 900-1900cm-1 excited by 532nm laser wavelength at 50% laser 
power and 10S exposure time. 
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Table 6. 10 S4 fitting results 

Peak Index 
Fitting Peak 

type  
FWHM Center Grvty Area IntgP 

Diamond vibrational density of states (VDOS) Gaussian 149.08 1211.50 7.55 

The D peak (disordered SP2) Gaussian 211.66 1373.75 46.91 

C=C Gaussian 82.15 1599.70 13.78 

C=O superposition with the 1590 peak or O-H 

vibration 
Gaussian 

64.07 1685.92 0.97 

C=O Gaussian 194.85 1727.18 3.71 

Diamond vibrational density of states (VDOS) 

shoulder  
Gaussian 

156.48 1085.05 2.86 

Three coordinated amorphous carbon Gaussian 132.67 1550.34 2.42 

Figure 6.11 shows the de-convolution results of the S4 Raman spectrum in the range 900-1900cm-1 

excited by 532nm laser and table 6.9 shows the fitting results. The absence of the grain boundaries peaks can 

be observed in this sample which can be a sign of amorphousness and the absence of any degree of crystallinity. 

The SP3 bonding related peaks are present around 1211 cm-1 with its shoulder around 1085 cm-1. Also graphene 

related peaks are absent which may be the effect of increasing of hydrogen content in the gases mixture as a 

trend can be observed of the decrease of crystallinity with increasing the hydrogen in the gases mixture from 

S1 to S4 was observed.  

The peak around 1373 cm-1 can be assigned as the D peak for disordered SP2. The peak around 1599 

cm-1 can be attributed to C=C SP2 stretching vibration of olefinic or conjugated carbon chains 64.  The peak 

around 1685 cm-1 arises from a superposition of the SP2 carbon band at 1592 cm-1 with O-H stretching vibration 

51. The peak around 1727 cm-1 can be attributed to C=O stretching and finally the peak around 1550 cm-1 can 

be attributed to three coordinated amorphous carbon.  
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6.2.5.S5 results and discussion 

 

                                                                                             Table 6. 11 S5 fitting results 

Peak Index 
Fitting Peak 

type  
FWHM Center Grvty Area IntgP 

The D peak (disordered SP2) Gaussian 213.84 1393.89 40.16 

Three coordinated amorphous carbon Gaussian 117.98 1520.51 21.98 

Diamond vibrational density of states (VDOS) Gaussian 171.98 1223.57 10.49 

Trans-polyacetylene at grain boundaries Gaussian 78.43 1073.05 0.38 

Trans-polyacetylene at grain boundaries Gaussian 43.34 1433.81 0.23 

O-H vibration Gaussian 118.39 1669.35 3.13 

C=C Gaussian 109.94 1590.79 23.64 

 

Figure 6.12 shows the de-convolution results of the S5 Raman spectrum in the range 1000-1800cm-1 

excited by 532nm laser and table 6.11 shows the fitting results. Firstly, the grain boundaries related peaks can 

be seen from the graph, namely, the peaks around 1073 and 1433 cm-1 which can be attributed to 

transpolyacetylene as explained earlier in section 5.2.2.3.  

Secondly, for diamond related peaks, the one around 1223 cm-1can be attributed to vibrational 

density of states (VDOS) in diamond. The grain boundaries peaks and the VDOS peak were also observed in this 

sample, however, the single crystal peak is absent, which can be explained by the crystallite size of the diamond 

content is being less than 20nm. It is interesting to note that this peak was observed for samples S2 and S3, 

Figure 6. 12  S5 de-convoluted Raman spectrum in the range 1000-1800cm-1 excited by 532nm laser wavelength at 50% laser 
power and 10S exposure time. 
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which were prepared at a lower deposition rate, indication a correlation between rate of growth and 

crystallinity. To sum up, increasing the pressure generally increases the deposition rate but decreases the 

crystallinity range in both SP2 and SP3 content.  

For SP2 related peaks, the D in this sample peak is located at around 1393 cm-1. The peak around 1520 

cm-1 can be attributed to three coordinated amorphous carbon. The peak around 1590 cm-1 can be attributed 

to C=C SP2 stretching vibration of olefinic or conjugated carbon chains 64. And finally, the peak around 1669 cm-

1 can be attributed to the O-H vibration.  

6.2.6. S6 results and discussion 

 

 

 

 

 

 

 

 

 

Figure 6. 13 S6 de-convoluted Raman spectrum in the range 1000-1800cm-1 excited by 532nm laser wavelength at 50% laser 
power and 10S exposure time. 
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Table 6. 12 S6 fitting results 

Peak Index 
Fitting Peak 

type  
FWHM Center Grvty Area IntgP 

Trans-polyacetylene at grain boundaries Gaussian 100.74 1155.08 1.23 

The D peak (disordered SP2) Gaussian 177.24 1380.87 35.65 

Three coordinated amorphous carbon Gaussian 139.31 1540.79 33.07 

C=C Gaussian 90.44 1596.77 12.05 

O-H vibration Gaussian 132.71 1635.77 6.52 

Trans-polyacetylene at grain boundaries Gaussian 55.68 1446.06 0.56 

Diamond vibrational density of states (VDOS) Gaussian 148.31 1239.38 10.45 

 

Figure 6.13 shows the de-convolution results of the S6 Raman spectrum in the range 1000-1800cm-1 

excited by 532nm laser and table 6.12 shows the fitting results. Firstly, the grain boundaries related peaks can 

be seen from the graph namely the peak around 1155 and 1446 cm-1 which can be attributed to trans-

polyacetylene as explained earlier in section 5.2.2.3.  

Secondly, for diamond related peaks, the peak around 1239 cm-1 can be attributed to vibrational 

density of states (VDOS) in diamond. Similar to S5 the grain boundaries peaks and the VDOS peak were 

observed in this sample, but the single crystal peak is absent which can be again explained by the crystallite 

size is being less than 20nm.  

SP2 related peaks, the D in this sample peak is located at around 1380 cm-1. The peak around 1540 cm-

1 can be attributed to three coordinated amorphous carbon. The peak around 1596 cm-1 can be attributed to 

C=C SP2 stretching vibration of olefinic or conjugated carbon chains 64. And finally the peak around 1635 cm-1 

can be attributed to the O-H vibration.  
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6.2.7.S7 results and discussion 

 

                                                                                                Table 6. 13 S7 fitting results 

Peak Index 
Fitting Peak 

type  
FWHM Center Grvty Area IntgP 

Diamond vibrational density of states (VDOS) Gaussian 158.61 1279.01 8.18 

Diamond vibrational density of states (VDOS) 

shoulder 
Gaussian 

216.00 1160.20 5.36 

C=C Gaussian 82.42 1596.48 12.61 

O-H Gaussian 188.58 1680.92 5.95 

The D peak (disordered SP2) Gaussian 159.86 1393.95 20.83 

Three coordinated amorphous carbon Gaussian 113.00 1529.08 11.16 

Figure 6.14 shows the de-convolution results of the S4 Raman spectrum in the range 900-1900cm-1 

excited by 532nm laser and table 6.13 shows the fitting results. The absence of the grain boundaries peaks can 

be observed in this sample which can be a sign of amorphousness and the absence of any degree of crystallinity 

in this sample. The SP3 bonding related signals are present as a peak at around 1279 cm-1 and its shoulder 

around 1160 cm-1. Also graphene related peaks are absent which may be the effect of increasing the hydrogen 

content in the gases mixture similar to the trend observed for samples S1 to S4.  

The peak around 1393 cm-1 is the D peak for disordered SP2. The peak around 1596 cm-1 can be 

attributed to C=C SP2 stretching vibration of olefinic or conjugated carbon chains 64.  The peak around 1680 cm-

1 can be arises from O-H stretching vibration 51.  And finally the peak around 1529 cm-1 can be attributed to 

three coordinated amorphous carbon.  

Figure 6. 14 S7 de-convoluted Raman spectrum in the range 900-1900cm-1 excited by 532nm laser wavelength at 50% laser power and 
10S exposure time. 
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6.3. UV-Visible and Band gap Measurements 

Three selected samples, namely S5, S6 and S7, were chosen for further investigation with UV-Visible 

spectroscopy in order to evaluate their band gap as well as the position of defect levels in the band gap, which 

are essential characters for radiation measurement.  The band structure of each sample was constructed using 

the Tauc fitting method as explained earlier in section 5.2.3. 

6.3.1.S5 Band gap measurement 

  Figure 6.15 shows S5 UV-Visible data fitted to the Tauc equation. In figure 6.15a, the fitting 

parameter m=0.5, representing direct allowed transition. By extrapolating the linear portion in the graph at 

the value for the optical band gap will be obtained from the intersection of the line with the X-axis (EG 2.3eV). 

In figure 6.15 b, m=1.5 representing direct forbidden transition due to two types of defects. Firstly, a deep 

defect close to the middle of the band gap at 1.64eV. The other defect is a shallow defect located at 0.5eV. This 

is indicative of a shallow defect close to the conduction band which can be considered as an electron trap 

playing an essential role in the I-V behavior as well as the radiation response as will be seen in the next section. 

Based on this data an energy band structure for S5 is presented in figure 6.18.  

Figure 6. 15 S5 UV-Visible data fitted to Tauc equation a) for m value 0.5 representing direct allowed transition, b) for m value 1.5 representing 
direct forbidden transition. 
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6.3.2.S6 Band gap measurement 

 

Figure 6.16 shows the S6 UV-Visible data fitted to the Tauc equation. In figure 6.16a, m = 0.5 for direct 

allowed transition, giving a value for the optical band gap, EG = 1.83eV. In figure 6.16 b, m = 1.5 for direct 

forbidden transition. We observe a deep defect close to the middle of the band gap at 0.98eV, and another 

defect is located at 1.39eV, indicative of a hole trap close to the valence band. Based on this data an energy 

band structure for S6 is presented in figure 6.18.  

6.3.3. S7 Band gap measurement 

Figure 6.17 shows the S7 UV-Visible data fitted to the Tauc equation. In figure 6.17a, m = 0.5 for direct 

allowed transition, giving an energy gap EG = 1.92eV. In figure 6.17 b, m = 1.5 for direct forbidden transition. 

We observe a deep defect close to the middle of the band gap at 1.03eV, and a defect located at 0.26eV. The 

Figure 6. 16 S6 UV-Visible data fitted to Tauc equation a) for m value 0.5 representing direct allowed transition, b) for m value 
1.5 representing direct forbidden transition. 
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shallow defect is close to the conduction band which and can be considered as an electron trap. Based on this 

data an energy band structure for S7 is presented in figure 6.18.  

6.4. I-V Characteristics and Radiation Experiments  

6.4.1. S5 dark measurement   

Figure 6.19a shows the S5 I-V characteristic curve recorded in dark condition from +10V to -10V in 

both forward direction (when the applied voltage started from +Ve value and going down to –Ve value.) and 

Figure 6. 18 Schematic diagram showing the energy band diagram of the three samples. 

Figure 6. 17 S7 UV-Visible data fitted to Tauc equation a) for m value 0.5 representing direct allowed transition, b) for m value 
1.5 representing direct forbidden transition. 
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reverse direction (when the applied voltage started from –Ve value and going up to +Ve value) figure 6.19b 

shows the schematic diagram for the connection set up.   

To provide a possible explanation for the behavior seen in the graph let’s assume that the majority of 

shallow (interface) defects that were detected in the UV-Visible measurement are accumulated at the back 

gold contact interface with the carbon layer while the front contact interface with the carbon layer is free of 

these traps. It is worth mentioning that the back gold contacted has experienced annealing treatment through 

being heated during the film deposition while the front contact was deposited on the film and didn’t have such 

treatment. As these defects are located near the conduction band, they would act as electron traps and reduce 

electron transport through this contact. 

 On the negative biasing part, the back terminal (where the shallow defects are localized) is attracting 

holes from the active volume while the ground terminal is attracting electrons from the active volume through 

the front contact(the free defect interface).  Consequently a relatively high negative current flows as can be 

seen from the figure.     

On the positive biasing part, the back (where shallow defects are localized) terminal is attracting 

electrons that must go through electron interface traps while the ground terminal is attracting holes. 

Consequently, a very small positive current flow as can be seen from the figure. The small shift between the 

forward direction and the reverse direction can be explained by the transient behavior in the trapping/de-

trapping mechanism when applying negative bias as reported by Yiuri et al. in their study about the effects of 

shallow traps on the reverse current of diamond Schottky diode 66. To investigate more about the validity of 

Figure 6. 19  a) S5 I-V characteristic curve recorded in the dark condition from +10V to -10V in both forward direction and 
reverse direction, b) schematic diagram for the connection set up.   
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the assumption that the shallow traps are accumulated at one electrode and not the other, the dark 

measurement was repeated after flipping the connection electrodes connection as presented in figure 6.20.  

 

In this configuration, during the positive biasing the front terminal is trying to attract electrons from 

the active volume, while the ground terminal is trying to attract holes through the back contact and 

consequently a high positive current flow as can be seen from the figure. In the negative biasing, the force 

terminal is trying to attract holes, while the ground terminal attracts electrons. Consequently a very small 

current flow as can be seen from the figure.  

 

 

 

 

  

Figure 6. 20 S5 I-V characteristic curve recorded in the dark condition from +10V to -10V in both forward direction and reverse 
direction, flipped configuration. 
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6.4.2.S5 radiation measurement  

 

Figure 6.21 shows the S5 I-V characteristic curve recorded under irradiation condition from +10V to -

10V in both forward direction and reverse direction and schematic diagram for the connection set up and the 

source-sample configuration.  As the radiation source is introduced, the alpha particles is being absorbed in 

the carbon layer creating e-h pairs which work on annealing the shallow traps at the interface by filling these 

defect levels and allowing the current to flow.  

Figure 6. 21 S5 I-V characteristic curve recorded under irradiation condition from +10V to -10V in both forward direction and reverse direction 
and schematic diagram for the connection set up and the source-sample configuration. 
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To investigate whether the radiation has caused a permanent effect on the sample or not, the dark 

measurement was recorded again after radiation exposure and compared to that before radiation and shown 

in figure 6.22.  

It can be seen from figure 6.22 that, Identical behavior is observed in the negative side with a very 

little shift in the positive current which confirms the suggestion of trap filling mechanism in interpreting the 

radiation response and also indicates that exposure to radiation tends to decrease the dark current through 

filling the defect levels.  

It has been reported that, it is a common practice to give diamond detectors a pre-irradiation dose or 

what is known as “prime dose” to anneal the effects of the shallow traps and stabilize the sensor response 67–

69. To investigate more about the pre-irradiation effects, one of the samples was exposed to the source for 24 

hours and the dark current was compared before and after the irradiation, as can be seen from figure 6.23. 

Pre-irradiating the sample has the effect of reducing the dark current which can be explained by filling 

mechanism of the shallow defects in the material.  
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Figure 6. 22 S5 dark measurement comparison before and after radiation. 
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6.4.3. S6 radiation measurement  

It can be seen from figure 6.24 that sample S6 is providing a better signal to noise ratio than sample 

S5, which can be attributed to the better crystallinity in S6 as seen from the Raman and FTIR measurement. 

Also similar to S5, S6 is giving a better response at negative biasing than positive biasing and almost identical 

behaviors before and after radiation.  
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Figure 6. 23 effect of giving the sensor a prime dose on the Dark current. 
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6.4.4. S7 radiation measurement 

 

Figure 6. 24  S6 I-V characteristic curve recorded under dark and  irradiation condition from +10V to -10V in both forward 
direction and reverse direction and schematic diagram for the connection set up and the source-sample configuration. 
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S7 is the only sample that showed a perfectly ohmic conductivity unlike S5 and S6 which were more 

schottcky-like. A possible explanation for this symmetry is that, the mechanism of e- and h+ injection/collection 

from the FITO is different than for the Gold electrode. Also the signal to noise ratio is very small when compared 

to S5 and S6 which can be explained by the poor crystallinity in S7 as seen from the Raman and the FTIR 

measurements. 
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7. Conclusions and Recommendations for Future Work 

7.1. Conclusions 

The two main goals of this projects were to, firstly, establish the feasibility of thin-film nano structured 

diamond materials as a replacement for Diamond-based radiation monitoring, and, secondly, to evaluate 

the best materials properties for effective radiation monitoring applications. 

In order to control film properties, they were correlated to preparation conditions, leading to the 

following observations: 

Increasing the hydrogen content in the gases ratios decreases the degree of crystallinity and the optical 

band gap of the resulted film. Increasing the deposition pressure increases the deposition rate and 

consequently decreases the range of crystallinity. It was also observed that graphene can be deposited at 

pressures equal to or less than 80 mTorr. 

Film characterization was then followed by radiation experiments, and the film responses were correlated 

with their opto-electronic characteristics. It was established that the electron and hole mobilities are 

mainly affected by the presence and location of shallow defects. Deep defect levels are present in all 

samples near the middle of band gap, and act mainly as recombination centers.  

A primary radiation response was successfully measured for sample S5, prepared at 100% CH4 and 500 

mTorr deposition pressure, and for sample S6, prepared at 100% CH4 and 160mTorr. Furthermore, the 

reproducibility of the radiation response was successfully verified by measuring the dark current, after 

removing the radiation source, in order to confirm that the measured radiation response is solely due to 

radiation and there is no permanent damage for the samples. Both samples showed the same dark current 

characteristics, before and after radiation, with a small shift in S5 to a smaller dark current, which can be 

attributed to the filling of shallow defects. 

These result validate the choice of nano-structured diamond thin-film as possible replacement for 

Diamond. Additionally, it was observed that the radiation response is not only dependent on the band 

gap but also on the defect levels inside the band gap, the ease in filling these traps and their contribution 

to the dark current. Electron traps are the most damaging type of defects, likely due to the fact that 

electron transport is more impactful than hole transport due to the higher electron mobilities.  
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Pre-irradiation of the samples was performed to verify the effects of radiation on the electronic 

properties. Two effects were observed: 1. A reduction in the dark current, and 2. a more symmetric I-V 

curve for the positive and negative sides.  

This can be interpreted in two ways, as follows:  the pre-irradiation works on curing the interface defects 

and possibly anneals their effect, or, alternatively, there is temporary filling of the traps during irradiation. 

The latter seems more probable since dark I-V characteristics after pre-irradiation go back to the original 

asymmetric behavior.  It should be reminded that the bottom gold layer is annealed prior to deposition, 

but the top layer is not.   

Finally, it was observed that the best radiation response is related to the sample with high crystallinity 

and absence of electron traps (S6).  

 

7.2. Future Work 

It has been established that sample S6 is the most promising candidate for radiation detection application, 

and should form the basis for further investigation.  Thicker samples with the same opto-electronic 

characteristics should be tested. Further characterization techniques are also needed, such as Photo-

luminesce spectroscopy, to get better understanding of the density of these defect levels. UV-Raman and 

XPS can be used to draw a better understanding of the sp3 content and its range of crystallinity. 

Further radiation testing is also needed, such as testing the radiation response against other types of 

radiation (neutrons, x-rays and/or gamma-rays). Also more sophisticated set ups like measuring the signal 

with a pre-amplifier and amplifier circuit would give a better understanding of a pulse height spectrum 

and charge collection efficiency. 

A better substrate cooling mechanism so that the samples can be quickly cooled from the deposition 

temperature to room temperature would increase the chances to prepare more crystalline diamond with 

less SP2 content at relatively low preparation temperature. 

The low pressure region is very promising for preparation of graphene based materials especially if a 

metallic substrate is used as it is well known as a catalyst for graphene growth.  

Finally, the sandwich metallization process should be improved to eliminate interface defects. 
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