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Abstract 
Diamond and its thin films have acquired an extraordinary attractiveness and large potential 

industrial applications because of their highly valuable characteristics such as high carrier 

mobility, large energy gap making them good insulators with high thermal conductivity. 

Moreover, doping of various elements such as boron, nitrogen, oxygen, phosphorus in diamond 

further enhances its usefulness into applications of electronics and electrochemical devices. Such 

interesting characteristics have significantly attracted the attention of researchers and opened 

new ways for handling conductivity issues caused by impurity-induced metallization in 

diamonds. That’s why, present study on the characterization of diamond thin films under various 

conditions/morphologies has been performed and divided into two parts: Experimental work as 

well as computational calculations based on density functional theory (DFT) using pseudo-

potential method involving spin-polarized GGA-PW91 functionals on plane wave basis sets 

using VASP codes.  

Micro- and nano-crystalline diamond films have been deposited on silicon (100) wafers 

using hot filament chemical vapour deposition (HFCVD) method using source gases (CH4 + H2) 

as well as by doping different elements like boron (B), oxygen (O2) and nitrogen (N2) under 

different deposition conditions involving chamber pressure, doping concentration and gas flow 

rate. These films have been characterized by X-ray diffraction (XRD), Raman spectroscopy, 

scanning electron microscopy (SEM) and van der pauw technique to measure and analyze 

structure, crystal quality, morphology and electrical resistivity of the deposited diamond films.  

Results have shown that diamond growth rate decreases at low methane concentrations 

but increases (~3 orders) at high methane content in the deposition chamber. It also decreases on 

increasing chamber pressure, showing improvement in the quality of diamond crystals. The 

optimum CH4 content for well faceted crystals is 3.0 ml/min with minimum resistivity of 1.79 x 

107 Ω-cm. Effect of doping on diamond characteristics demonstrates that as concentration of O2 

or B increases, high quality large sized {111} grains are deposited yielding low resistivity (~ 105 

Ω-cm).  However, such good quality micro-diamond grains are noticed at low N2 concentrations. 

In addition, superposition of both nano- and micro-sized grains is observed at higher N2 content. 

Resistivity of such films decreased significantly to 107 Ω-cm due to increased sp2 bonds.  

Theoretical aspects of doped diamond films demonstrate that both O2 and B-atoms 

support the splitting of diamond energy band by forming impurity states near/at Fermi level and 



hence enhance conductivities of these thin films, this fact supports our experimental results of 

doped diamond films. Moreover high doping concentration affects significantly on atomic charge 

making it positive (1.89 eV). On the other hand, transition metals (TMs) dopants become spin 

polarized by magnetizing p electrons of C-atoms through p-d hybridization. Such hybridization 

is strong for Cu-doping as compared to other TM dopants and involves FM coupling state rather 

than AFM. The appearance of specific O (2p) band at –18 eV in the energy band spectrum of O-

doped diamond signifies the existence of donor levels between valence and conduction bands 

which were very deep and lead to reduction of the energy gap (~0.865 eV). However, the 

incorporation of oxygen atoms into the diamond (100) surface was partially-favorable.  
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Chapter 1 

Background Information 

The progress of science depends on new hypothesis, new theories, new facts, new 

materials and new techniques. The current widespread interest in the production of 

advanced materials for their engineering, biomedical and aerospace applications has 

emphasized the importance of research for new and advanced materials. The insight into 

the properties and characteristics of these materials can lead toward useful technologies. 

Regarding these requirements and facts, diamond is the one among such materials. The 

insufficiency and high cost of natural diamond have motivated the researchers to attempt 

to synthesis the diamond ever since it was discovered.  

This introductory chapter gives a brief summary of diamond, its various allotropes, its 

structure, properties and various applications of diamond and its thin films. This chapter 

also outlines a brief history of diamond crystals and thin films. The motivation for the 

work presented in this dissertation is also a part of this chapter. The last sections of the 

chapter describe in details the aims and objectives to be achieved from the present work 

based on the deposition and characterization of doped or undoped diamond films.  

 

1.1 General Introduction and History 

Diamond is a very rare and precious material available naturally and synthetically. It is an 

attractive material for electronic devices [1]. It is color less but often tinted yellow, 

orange, blue, brown, or black by impurities [2-3]. These properties of diamond make it 

incomparable to any known material [4]. In 1772, Newton noticed that it is an organic 

compound while Smithson [5] showed its products to be like coal. W. L. Bragg and W. 

H. Bragg analyzed through XRD the various allotropes of carbon such as graphite and 

diamond. In 1832, Hanney and H. Moisson, and de la Tour tried to synthesize diamond. 

However, first synthetic diamond was achieved in 1953 by Eversole [6-7].  
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1.2  Diamond Structure 

After the advent of X-rays, confirmation of the structure of diamond came from X-ray 

crystallographic studies in earlier part of the 20th century [8]. Ever since it was 

established that diamond is a crystalline form of carbon. Crystal structure of diamond 

shown in Fig. 1.1 is a face-centered cubic (FCC) lattice with a lattice constant 3.57 Å. 

Each carbon atom is covalently bonded to its nearest neighboring four atoms by a single 

sp3 carbon-carbon (C-C) bond. Each carbon atom has one s-orbital and three p-orbitals. 

The bond length is 1.544 Å. Based on the cubic form and its highly symmetrical 

arrangement of atoms, diamond crystals can develop into several different shapes. The 

most common crystal form is the eight-sided octahedron or diamond shape. Diamond 

crystals can also form cubes, dodecahedra (rounded surfaces), and combinations of these 

shapes. Thin film diamond usually crystallizes in regular tetrahedrons (triangular 

pyramids) form with faces of {111}.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Ball-and-stick diagram of the conventional unit cell of diamond, where a is 

the cubic lattice parameter. 

 

1.2.1 Allotropes of Carbon  

In 1772, Antonie Lavoisier [9] verified that diamond is composed of carbon, which was 

confirmed 20 years later by an English researcher Smithson Tennant [10]. Carbon exists 



Background Information 
 

3 
 

in several different crystalline and amorphous solid forms called as allotropes shown in 

Fig. 1.2.  Eight different allotropes of carbon have been discovered so far: graphite, 

diamond, lonsdaleite, amorphous carbon, coal, soot and diamond like carbon, fullerene 

and carbon nanotubes. These allotropes show a range of properties. For example, graphite 

is soft, opaque and lubricous material, while diamond is hard, transparent and abrasive. 

These differences in properties of the materials are determined by the nature of chemical 

bonds and structures. Graphite is the most stable allotrope of carbon and that the 

existence of diamond is only due to the extremely large activation barrier that exists 

between the two forms [11]. This metastability of diamond implies complications when it 

comes to synthesis.   

 

 

Figure 1.2: Allotropes of Carbon: a) diamond, b) graphite, c) lonsdaleite, 
d) buckyball, e) C540, f) C70 g) amorphous h) single-walled [12].  

 

1.2.2 Diamond and Graphite: Difference   

Diamond is comprised of sp3 hybridized orbital, while graphite, fullerene and carbon 

nanotubes consist of sp2 hybridization. All carbon allotropes are formed by three hybrid 

orbitals (sp, sp2, sp3) of carbon. Carbon’s ground state configuration is 1s² 2s² 2p². This 

means that on the first shell 2 electrons filling up shell with different spin are present. 

The second shell is split up in 2 different sub-shells (s and p) where s sub shell is filled up 
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with 2 electrons having different spin and 2 other electrons are sitting in the px and the py 

sub-shell. When more C-atoms are mixed hybridization occurs. This means that one of 

the 2 electrons in the 2s shell will be excited, moving this electron to a free 2p (pz) sub-

shell. In the diamond lattice structure, the s-orbital and 3 p-orbitals i.e. hybrid sp3 orbitals 

form strong covalent sigma (σ) bonds with four neighboring carbon atoms, tetrahedral 

arranged with equal angles of ~ 109.5° to each other Fig. 1.3a. The bond length is 0.154 

nm and the lattice constant is 0.356 nm [13]. This 3-dimensional network of covalent 

bonds gives diamond its unique hardness and resistance to wear. In the graphite crystal 

structure, the s and 2p-orbital are hybridized and combines with its three neighbors by sp2 

covalent bonds (with one p-orbital remaining) with equal angles of 120o to each other 

with a bond order of 1.54 Fig. 1.3b. The formation of sp² and sp³ bonds can be seen in 

Figs. 1.3a to 1.3b. The atoms in graphite are arranged in planar sheets of continuous 

hexagonal structure stacked in parallel planes. These in-plane C-C bonds of graphite are 

stronger than those of diamond.  The fourth bond is not localized, but contributes to the 

stability of the planar hexagonal structure. The adjacent planes of graphite are held 

together by week Van der waals force, which gives the lubricant nature to the graphite. 

At atmospheric pressures and temperatures graphite is thermodynamically preferred 

allotrope.  

 

 
Figure 1.3: The 3 sp² orbitals and 4 sp³ orbitals respectively for Graphite and Diamond 

formation [16]. 
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As can be seen in Fig. 1.4 diamond is only thermodynamically stable at high 

temperatures and high pressures, the conditions for the natural development of diamond. 

At lower pressures and temperatures diamond is metastable. This means that diamond 

can be formed in this region and is kinetically but not thermodynamically stable due to 

the large activation barrier for conversion between diamond and graphite. To convert 

diamond into graphite, the phase transition would require as much energy as destroying 

and rebuilding the complete lattice [14]. The layered structure of graphite and the zero 

energy gap at the absolute zero are responsible for the semi metallic behavior of graphite. 

Electrons can move easily within the layers and therefore heat and electricity are 

conducted easily and light is absorbed at all wavelengths making graphite’s color black 

Fig. 1.4. In diamond all valence electrons contribute to strong covalent bonds. Therefore 

they are not free to move in the lattice which makes diamond a poor electrical conductor 

with a band gap of 5.48 eV [15] as shown in Table 1.1.  

 

Table 1.1: Differences between diamond and graphite [17]. 

Property Diamond Graphite 

Bond energy (kJ/mol) 711 524 

C-C bonding Covalent sp3 Covalent sp2 and van der 

waals 

Crystalline form Cubic and hexagonal Hexagonal and 

rhombohedral 

Transparency 

Stability 

(thermodynamically) 

From UV to IR range 

Stable at high temperature 

and high pressure only 

Opaque 

Stable at atmospheric 

pressure and temperature 

Density (g/cm3) 3.51 2.25 

Resistivity (Ω-cm) >1016 1.375x10-3 

Electronic class Insulator, Semiconductor 

when doped 

Conductor 

Melting point ( ) >3500 >3500 

Band gap (eV) 5.48 0 
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Figure 1.4: a) The diamond structure, b) The graphite structure [17]. 

1.3 Types of Diamond 

rbital’s in the diamond lattice create defects in it. Other 

cording to the 

 

 

 

 

Insertion of sp² (Graphite) o

defects can also occur due to the incorporation of atoms like nitrogen, oxygen, boron, 

phosphorus and many more. Therefore, a classification of natural and synthetic diamond 

is needed according to the incorporation of dopants in the diamond lattice.  

There are four types of natural diamond (Ia, Ib, IIa, IIb) [11], classified ac

presence of nitrogen in the crystal and certain other properties as described in Table 1.2. 

Type-IIb diamonds contain so little nitrogen that the crystal is a p-type semiconductor 

due to trace amounts of boron. Unluckily this type is very rare and expensive. To reduce 

the cost and increase the availability of diamond films, synthetic methods were developed 

[11]. The diamond substrates are yellow due to the incorporation of nitrogen in single 

substitutional form. This type of diamond is rare in nature but most HPHT samples can 

be ranked in this class as in the case with diamond produced using CVD. If one succeeds 

and the nitrogen content is lower than a few ppm, these types of diamond are classified as 

IIa diamonds. In addition we speak of Ia type diamonds if nitrogen is sitting in an 

aggregated form (up to 5000 ppm) and we speak about Ib type diamonds if the layer 
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Table 1.2: Categorization of diamonds according to nitrogen incorporation [18]. 

m) 

consists of a significant amount of boron. These diamonds are of a blue color and found 

extremely infrequent in nature. 

Type Abundance Nitrogen Explanation Color 

Mixing (pp

Ia 98% 500-50000 Aggregated Yellow  

IIa 2% <100  Single- changeover Yellow 

Ib 0.1% 5-500 Single- changeover Blue 

IIb Very rare <100 0.25 ppm Boron Blue 

 

1.4 Properties of Diamond 

d that make it potentially superior to all materials. 

.4.1 Mechanical Properties 

al hardness (~90 GPa) and wear resistance, low 

.4.2 Thermal Properties 

ermal conductivity of 2 x 103 W/mK at room temperature 

.4.3 Optical Properties 

5.48   and the absence of infrared active vibrational 

lly transparent 

There are several properties of diamon

These extreme properties are discussed below:  

 

1

Diamond has extreme mechanic

compressibility (8.3 x 10-3 m2/N) and high modulus (1.2 x 1012 N/m2).   

 

1

Diamond has extremely high th

for natural type-II diamond. Also, synthetic diamond appears to have a higher thermal 

conductivity than natural diamond. It has low thermal expansion coefficient (1 x 10-6  /K). 

 

1

Due to large band gap 

modes, diamond is optica over a large wavelength range. Based on the 5.48 

eV band gap, transmission starts at 225 nm wave length.   
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1.4.4 Electronic/Electrical Properties 

The large band gap and high thermal conductivity makes diamond a candidate for 

applications in electronics devices. It has high electrical resistivity (~1016 Ω-m). On 

adding impurities to diamond like boron, the usually high-resistivity material converts to 

a p-type semiconductor with resistivity of (~10-4 - 104 Ω-m) [19]. People have been 

successful in p-type doping [19] with ionization energy of 0.37eV. Surfaces exhibit a low 

or even negative electron affinity.  

 

1.4.5 Chemical Properties 

Diamond is chemically and biological inert. It resists to corrosion.  

 

1.5 Synthetic Diamond 

The above mentioned exceptional properties of diamond make it a promising material for 

applications in optics, electronic devices, etc. However, due its low natural abundance 

and the fact that it can only be found as a gemstone, natural diamond is not appropriate 

for industrial applications which requires thin films or the possibility to coat on another 

material. The development of a controlled method for the growth of synthetic diamond on 

various substrates is then highly required. Synthetic diamond comes in many different 

sizes and morphologies. On the basis of crystal size this is classified into following 

categories [20]:  

 

1.5.1 Single Crystalline Diamond 

Small diamond seed crystal can be grown epitaxially into large single crystal materials 

through gradual deposition of carbon. CVD method has allowed growth rates of 165 

µm/h at 490 mbar that leads to large single crystal diamond (SCD) deposit up to 18 mm 

in size [20]. Nanodiamond films are synthetic single crystalline thin film diamonds 

whose size range from two to three nanometers.  
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1.5.2 Microcrystalline Diamond Films 

Microcrystalline diamond or some time polycrystalline diamond (PCD) is material with 

grain sizes range from 100-1000 nm. During CVD process, when diamond is formed, it 

not in general in single-crystal structure, instead it is composed of small diamond 

crystallites which are surrounded by non-diamond material at boundaries between the 

individual grain. Diamond layers can be fabricated from a continuum of different grains 

sizes SCD crystal to nanocrystalline diamond. Between these two extreme is a 

microcrystalline diamond (MCD).  They are rough and have wider grain boundaries 

which usually have amorphous carbon or diamond like carbon (DLC) depending on 

growth conditions. They can be deposited uniformly on a wide variety of materials 

depending on experimental conditions and are usually produced in hydrogen rich 

plasmas.  

1.5.3 Nanocrystalline Diamond Films  

These are smoother nanodiamond (when compared to MCD) films with grain size 

between one hundred and ten nanometers. They are often termed “cauliflower” or ballas 

diamond. They have larger number of grain boundaries with graphitic impurities.  

 

1.5.4 Ultra Nano-Crystalline Diamond Films  

These are much smoother and denser films better than nanocrystalline diamond and ideal 

for device application. They have grain sizes between ten and two nanometers and are 

prepared at relatively lower deposition temperatures. They are a result of re-nucleation 

mechanisms common in argon rich plasmas.  

These diamond films are synthesized through technological means which is one of the 

subjects of this thesis and shall be further elaborated. Unlike natural diamond which is 

produced through geological processes, nano-diamonds are very small and these make it 

relatively easy to manipulate their properties because of the large surface area and 

reproducible synthesis. One further interesting thing about these particles is that their 

mechanical properties are comparable to natural diamond and these can be exploited at 

nano-scale, to make miniaturized devices that can withstand harsh environments. Most 

importantly NCD or ultra nano-crystalline diamond (UNCD) films have very low surface 
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roughness compared to MCD, hence it is considered to be ideal for nano-

electromechanical systems (NEMS).  

As mentioned earlier single crystal diamond is the hardest known material. NCD 

probably comes close to this value but it depends strongly on the film quality and grain 

size. Differences between various kinds of NCD are discussed below. Beside these 

qualities, diamond is also a very interesting material for electrochemistry and biological 

applications [21]. Moreover it is possible to functionalize the diamond surface with DNA 

or other biomolecules and this functionalization is very stable. All these excellent 

properties [21] of diamond do not always apply to the nanocrystalline form. Because of 

its nanocrystalline nature and a lot of grain boundaries, physical and chemical properties 

of the material may change as illustrated in Table 1.3. 

 

Table 1.3: Physical properties of single crystal diamond and NCD [21]. 

Property  SCD NCD 

Electron mobility [cm2/Vs] 2200 1350-1500 

Hardness [GPa] 100 -- 

Hole mobility [cm2/Vs] 1600 480 

Thermal conductivity [W/m K] 2200 1370 

Band gap [eV] 5.47 5.47 

Young’s modulus [GPa] 1100 1120 

Thermal expansion coefficient [10-6 /K] 1 ~2   

Superconductivity Tc [K] 8-10 3 

UV-vis transmission (un-doped) Transparent Transparent 

Density (g/cm3) 3.52 2.8 

Dynamic coefficient of friction in air 0.03 0.3  

Resistivity of undoped diamond (Ω-cm) ~1016 1012-1016 
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1.6  Aims and Objectives  

At this stage it is also important to explain why we focused on Polycrystalline 

nanodiamond films instead of single crystalline that have the higher carrier mobility. 

Single crystalline diamonds have the disadvantage that they cannot be efficiently doped 

with nitrogen as a n-type impurities to make them semiconducting. It is believed that a 

dopant like N2 performs as a deep impurity center in diamond, 1.7 eV below the 

conduction band thus making n-type doping difficult [22]. Furthermore single crystalline 

diamond can only be efficiently deposited on polished diamond substrates [23]. While on 

the other hand polycrystalline diamond can be deposited on non-diamond substrates such 

as silicon and thus offer an opportunity to combine the silicon and diamond technology in 

electronic devices. Because of their polycrystalline nature (where the degree of disorder 

can be quite low confined to only 0.2 nm -0.4 nm grain boundary regions [22]), these 

films can easily be doped with impurities with some of the dopant elements being 

incorporated in the grain boundaries of the films.  

The prime motivation of this work is the development of HFCVD which will be used for 

producing thin films of hard material such as diamond with both the micro and nano 

grain structures for its diversified applications. An investigation will be carried out into 

the development and testing of most suitable source material (precursor) necessary for the 

chemical vapour deposition of the diamond with desired properties. The films will be 

deposited onto silicon wafers. The deposited layers will be characterized using a variety 

of techniques for gaining the information related to its physical and electrical properties. 

System optimization is critical in terms of achieving reproducibility of film 

characteristics such as morphology and growth rate. For this purpose the testing of the 

system in terms of filament characteristics, power considerations and ultimately the initial 

deposition experiments will be carried out to ascertain the optimum conditions for 

diamond growth. The influence of the deposition parameters on the physical and 

electrical properties of these materials will provide an idea of the basic mechanisms 

concerning the quality of the deposited diamond films. The effects of molecular nitrogen 

and others nitrogen containing gasses on diamond growth will be examined. To reduce 

the surface roughness and to improve the film microstructure by growing nanocrystalline 
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diamond, the use of oxygen and born gases will also be explored. Particular attention will 

be placed in terms of film characteristics, gas-phase chemistry and efficiency of dopants 

and ultimate applications of the films deposited in the respective C/H/N, C/H/B and 

C/H/O growth system. A theoretical model will be developed to establish the 

thermodynamics and electrical properties of complex C/B/H gas phase reaction 

mechanisms. The effect of pre-and post- deposition processing will also be examined.   

The study starts from the fundamental research of characterization and improvement of 

deposition techniques, such as basic diamond seeding methods, HFCVD growth and 

doping technology. Then a theoretical model is developed to emphasis the growth step 

including boron-doped.  The objectives can be summarized as follows. 

1. To Design a HFCVD system to enable the growth of diamond films. 

2. To obtain a better fundamental understanding of effect of deposition parameters on 

the morphology and growth-rate of the films, and hence to establish optimum 

deposition conditions. 

3. To study the effect of dopants on the growth of diamond film. 

4. To fully characterize the samples produced by the proposed system and compare the 

results with those produced with conventional methods. 

5. To maintain and strengthen the collaborative research efforts, both nationally and 

internationally.  

6. To evaluate applications of new materials of strategic importance. 

7. To give the added value and/or enhance the performance of industrial products. 

8. To contribute in the understanding of the physics underlying electrical and electronic 

properties of nanodiamond films under different conditions.   

9. To synthesize and improve the electrical properties of HFCVD nanodiamond films by 

doping.  

10. To study theoretically the effect of dopants on bonding properties and charge 

distributions among dopants and carbon atoms and their impact on the electronics 

properties of diamond thin films. 

Achieving these aims will help to realize the applications of these nanodiamond films in 

nanotechnology. The application of nanodiamond films in nano-electronics, for example, 

could pave the way for the highly anticipated quantum computer, which could be faster 
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and smaller than today’s computers [24]. This will possibly translate to a new age in 

medicine, scientific research, space exploration, improved and faster communication and 

many other applications.   

 

1.7 Preview of the Thesis  

Next to this opening chapter, details of literature overview are presented in chapter 2. 

Chapter 3 presents general ideas on the HFCVD system and deposition of diamond film. 

This chapter includes gas phase chemistry, principles of deposition techniques, filament 

materials and chemistry of substrate’s surface and material. Deposited diamond films 

were characterized by XRD, SEM, current-voltage (I-V) measurements, Raman and Hall 

measurements and their details are also described in this chapter. The results and 

discussion of the experimental work are presented in chapter 4. Theoretical modeling was 

proposed to investigate the influence of a B dopant on the electronic properties of pure 

and doped diamond thin films. The calculations are done through simulation packages 

namely Vienna ab initio simulation package VASP codes [25, 26]; details are presented 

in chapter 5. The results obtained through simulations along with their discussion are 

elaborated in chapter 6.  Chapter 7 concludes with essential findings of the work, together 

with an overall evaluation of the research work. Proposed model and suggestions for 

future work are given at the end.  
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Chapter 2 

Literature Review 

This chapter describes the already existing literature related to the growth of diamond 

crystals, diamond films either doped or undoped with different elements such as gases or 

metals. Various techniques used to grow polycrystalline diamond as a bulk or as a thin 

film have been illustrated involving the history of diamond growth. Much attention is 

paid to chemical vapor deposition technique, working principle, its various types 

including high pressure high temperature (HPHT) fabrication and low pressure synthesis 

of diamond films, precursor gases used in CVD chamber and heating filaments along 

with the reaction process which is responsible for the deposition of diamond films. In 

addition to this, this chapter also discusses the existing literature about various techniques 

applied in this dissertation for the characterization of diamond films. Such 

characterization techniques involve X-ray diffraction, scanning electron microscopy, 

Raman spectroscopy and the electrical resistivity measuring van der Pauw method. 

  

2.1 History of Diamond Growth  

In 1772, Sir Isaac Newton firstly characterized diamond and found that it was an organic 

compound. Smithson Tennant [1] confirmed that diamond combustion products were like 

coal. Sir William Lawrence Bragg and his father Sir William Henry Bragg verified by 

XRD analysis that carbon allotropes were hexagonal like graphite and amorphous, cubic 

like diamond. After that in 1832 an attempt to synthesize diamond initiated in England by 

J.B. Hanney and H. Moisson and in France by C.C. de la Tour. The first synthetic 

diamond was achieved in 1953 by Eversole [2, 3]. After that many methods of diamond 

synthesis have come into application. Two different main growth methods exist. The first 

one is based on High Pressure and High Temperature (HPHT) and the other is based on 

low pressure. In HPHT process of diamond formation, a pure form of carbon for example 
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graphite or coke is placed in a press where the temperature and the pressure are increased 

until the point is reached when diamond is the most stable phase of carbon [4].  

Low pressure growth of diamond has been achieved by chemical vapor deposition (CVD) 

process whereby a thin solid film is synthesized from gaseous phase via a chemical 

reaction. Pyrolytic carbon and preparation of carbon black are the oldest example of a 

material deposited by CVD [5]. The electric lamp manufacturing companies used CVD 

process for the improvement of brittle carbon filament [6]. But these advanced filaments 

were also weak. Kiffers et al. [7] described various processes for the deposition of metals 

to improve the quality of lamp filaments.  In 1946 silicon was first deposited for 

electronic applications such as photo cells [8] as well as rectifiers [9]. The preparations of 

high-purity metals and electronic materials by CVD have all developed during last 10 

decays.  

In 1952 W.G. Eversole [10] grew diamond successfully at low pressures on pre-existing 

diamond nuclei. However, workers at the General Electric Company synthesized 

diamond at high pressure on diamond seed crystals in 1954. Deryaguin [11] synthesized 

diamond at low pressure by a metal-catalysed vapor-liquid-solid process. Next, 

hydrocarbon / hydrogen mixture was investigated for epitaxial growth of diamond. 

Additionally, theoretical research of the relative nucleation rates of graphite and diamond 

were also done. A p-type semiconducting diamond from methane (CH4) / diborane 

(B2H6) gas mixtures was grown by Angus et al. [12]. They investigated the rates of 

graphite and diamond growth in CH4 / H2 gas mixture and ethylene. They recognized that 

atomic hydrogen permit metastable diamond growth. They reported on the better etching 

of graphite compared to diamond by atomic H2. Same results were also exposed by 

various researchers [13-17] that hydrogen controlled the growth-rate of graphite relative 

to diamond.  In 1970’s diamond growth at low pressures with growth-rates of 0.1µm/h 

had been achieved [18]. 

 

2.2 Metastable Diamond Growth 

Research on rapid metastable diamond growth at low pressures was initiated at Nat. Inst. 

Res. Inorganic Materials (NIRIM) in 1974 by Japanese researchers. They illustrated 

methods for synthesizing diamond from gases decomposed by a hot filament as well as 
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microwave at rates of several microns per hour without the use of a diamond seed crystal 

[19]. The existing worldwide interest in new diamond tools can in fact be directly traced 

to the NIRIM effort. Deryaguin [11] noted high growth rate of diamond without giving 

any details. Polycrystalline diamond was synthesized by Spencer et al. [20] in 1976 by 

applying a beam of C ions. The beam consists of ions whose energies were in the range 

of 50 to 100 eV. Freeman [21] grew diamond via ion implantation. 

The potential of diamond as a material for solid-state devices has been the matter of a few 

evaluates [22] which have argued the electronic material parameters of diamond and the 

simulated characteristics that can be attained. Devices such as (photo detectors, light 

emitting diodes, nuclear radiation detectors, thermistors, varistors and negative 

resistance) incorporating diamond have been demonstrated [23-24]. Several groups [25-

26] have also showed basic field effect transistor (FET) device operation in epitaxial 

diamond films.  However, for broad applications of diamond solid-state devices, high 

quality films are essential.   

The electronics industry to date is heavily dependent on the electrical properties of 

semiconductor materials (mainly silicon, germanium and gallium arsenide) whose 

conductivity can be manipulated by increasing or decreasing certain types of charge 

carriers. At the present macro-scale, these materials are reaching a limit at which they can 

be miniaturized into integrated circuits (IC) and reduce the cost of manufacturing. This is 

because of the difficulties to achieve nano-scale and still maintain the bulk properties 

[26].  

Currently nano-diamond films have caught the attention of many researchers because of 

their unique properties for example high hardness, excellent thermal conductivity, 

chemical inertness, and optical transparency over a wide spectral range just to name but a 

few. In addition to this it has been discovered that synthetic diamonds can be doped to 

produce semiconducting materials with a wide band gap and this has opened another 

exciting chapter on the possible applications of this novel material. Single crystal 

diamond which can be produced by microwave plasma chemical vapor deposition 

(MWCVD), is now replacing natural diamond in some cutting and abrasive tools [27]. 

The music industry is now using synthetic diamond in tweeters to improve the sound 

quality [28]. Doped diamond is currently being investigated for possible application in 
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microelectro-mechanical devices (MEMS), while some functionalized nano-diamond 

films are being tried in medicine for drug delivery [29].  

Polycrystalline nano-diamond films have a high band gap of ~5.5 eV, which gives it 

excellent dielectric properties [31]. In addition to that diamond films have negative 

electron affinity (NEA) characteristics [32]. This makes them promising for electron field 

emission devices and related emission properties. Further to that the strong mechanical 

properties, chemical inertness and high carrier mobility (which reach 4500 cm2/(V.s) in 

single crystalline diamond, these properties make nano-diamond ideal for high power 

switches, fast field effect transistors for electronic devices that can be used in harsh 

environments, e.g. high temperatures and high radiation. The optical transparency over a 

wide spectral range can be utilized in making diamond lasers, optical sensors and light 

emitting diodes (LED) [31].  

At present rapid growth of nano-structured diamond film on Silicon and Ti–6Al–4V alloy 

substrates has been achieved with a growth rate of 5µm/h by Gopi et al. [32] in 2014 

using microwave plasma chemical vapor deposition (MPCVD).   

 

During the last ten years the use of synthetic single crystal diamond as a semiconductor 

was limited because it could not be doped efficiently with nitrogen, to convert it into a 

useful n-type material. Nitrogen doping of nano-diamond films was of great interest 

because it could increase the conductivity of nano-diamond films 104 times. This was due 

to the fact that nitrogen atomic percentage increases four times in nano-diamond films 

grown with 0.5% to 20% nitrogen gas in plasma [33-34]. The inclusion of dopants such 

as nitrogen and boron had been found to enhance the field emission characteristics of 

diamond [35].  

In recent years, boron-doping has been explored in experimental [36] and theoretical [37-

38] studies without a great success. Nakamura et al. [36] experimentally explained 

electronic structure of boron-doped diamond using soft x-ray absorption and emission 

spectroscopy near B K and C K edges. They attributed the electronic properties of boron-

doped diamonds mainly due to the electronic structure of C 2s2p near Fermi level. Xiang 

et al. [37] and Blasé et al. [38] investigated the electronic structure of born-doped 
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diamond using DFT. They reported superconductivity in boron-doped diamond due to 

electron-phonon coupling (EPC).  

Qi An et al. [39] have used first-principles quantum mechanical calculations to study 

diamond thin film growth on the (100) surface using CCl radicals as the carbon source. 

They have showed that CCl inserts into the surface dimer C–C bonds with a barrier of 

10.5 kcal/mol, roughly half of the energy required for traditional CH2 insertion (22.0 

kcal/mol). In addition to this, CCl has improved surface mobility ( 30.0 kcal/mol barrier, 

versus 35 kcal/mol for CH2, along the C–C dimer chain direction), and hydrogen 

abstraction from the surface is also favored via atomic Cl in the vapor phase.  

It is worth noting that many researchers including people in our group at the Bahauddin 

Zakariya University Multan paid much attention to understand the origin of enhanced 

electronic and electrical properties however the problem is still unresolved. One of the 

most important features from heavily nitrogen-doped films is nearly temperature 

independent conductivity and the fact that high nitrogen content in the films result in 

metallic films while low nitrogen films are semiconducting. 

The recently work on diamond in electronics and electrical is still at research level with a 

few reports of field effect triodes and diodes [40]. Most of the previously reported work 

has been based on nano-diamond films prepared by MPCVD. This may be due to the 

efficiency of the method but it is however an expensive process currently. It is against 

this background that we decided to take a different direction and employ a method known 

as hot filament chemical vapor deposition (HFCVD) which offers a wide area deposition 

and is less expensive to run. In addition to that HFCVD is ideal for coating and offers 

excellent electrical properties when doped.  

As highlighted earlier that electrical and electronic properties of nano-diamond films 

depend heavily on the synthesis process and as a result there have been many variations 

between laboratories and even reactors making it difficult to compare results [41]. 

Without a standard known behavior it would mean that these films will remain in the 

laboratories forever with no possible application in sight. It is therefore of vital 

importance to study HFCVD nano-diamond and learn its electrical and electronic 

properties of these films.  



Literature Review 
 

20 
 

Under this project in-depth analysis of various properties of nitrogen, boron and oxygen 

doped HFCVD nano-diamond films will be done at low temperatures. The results of 

diamond films will also be compared with the earlier synthesized films.  

 

2.3 Synthetic Diamond Growth 

Two main growth methods exist. The first one is based on High pressure and High 

temperature and the other is based on low pressure.  

2.3.1 High Pressure High Temperature (HPHT) Synthesis 

In this method pure carbon such as graphite or coke is placed in a press where 

temperature and pressure are increased until diamond is in the most stable phase of 

carbon [4]. The first successful attempt to grow diamond with HPHT was performed by 

Liander and Lundblad in 1953 [42], followed by successful attempts from the General 

Electric Corporation in 1955 [43]. HPHT is used to make mainly micro and single 

crystalline diamond which has found its place in abrasives and jewelry. The carbon phase 

diagram (Fig. 2.1) shows that diamond is stable relative to graphite at high temperature 

and high pressure regime. The extreme pressure is needed to condense carbon atoms into 

the diamond structure, and extreme temperature is needed to allow the conversion to take 

place at an appreciable rate. However, both high pressures and temperatures in this region 

are much difficult technologically to achieve.   

  

2.3.2 Low Pressure Synthesis - Chemical Vapor Deposition   

The metastable synthesis of diamond under low pressure can be accomplished by 

chemical vapour deposition. Under the appropriate condition a carbon-containing gas 

such as methane can be used to deposit diamond on substrate. The carbonaceous gas is 

mixed with hydrogen, which plays a very important role in diamond nucleation and 

growth. When the gas is activated by hot filament following two competing reversible 

reactions takes place: 
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condition, the growth precursor species is the methyl radical [46], however, the growth of 

diamond is fairly independent of the nature of source gas.   

 
Figure 2.1: The phase diagram of carbon where the metastable region for growth of CVD 

diamond is depicted [44].  

                                                                                       (2.1) 

 

                                                                                        (2.2) 

The first equation represents both deposition and etching of diamond, while the second 

equation represents the deposition and etching of graphite. Both equations represented 

above proceed simultaneously.  In order for diamond films to grow, the deposition of 

diamond must dominate the competing reaction. The heart of CVD research is finding the 

optimum conditions under which high quality diamond grows. 

 

2.3.3 Precursors Gases  

For the deposition of diamond, many different carbon sources have been used. The 

common ones include saturated hydrocarbons (e.g. CH4, C2H6,), unsaturated 

hydrocarbons (e.g. C2H2, C2H4), oxygenated compounds (e.g. CO, acetone (CH3COCH3), 

ethanol (C2H5OH) and methanol (CH3OH)), halogenated compounds (e.g. CC14, CC12F2) 

[45]. Different techniques have different growth precursor’s species. Under hot filament 
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es. 

l pressure is 

iamond CVD gas mixtures 

For low temperature diamond deposition many gas mixtures involving different ratios of 
7] tried to assemble the results 

 
Figure 2.2:  Bachmann atomic C–H–O diagram. 

Diamond has been grown from alkanes, alkenes, alkynes, aromatic hydrocarbons and 

hydrocarbons containing oxygen such as alcohols and keton

Atomic hydrogen is also necessary for diamond deposition. Typically, the gas 

composition for high quality film is about 0.5-1% CH4 in H2, and the tota

held at 40 mbar. Various methods have been used over tungsten filament heated to 

2800   and positioned about 1 cm from the substrate is one of the simple ways to 

generate atomic hydrogen.  

2.3.4 H-C-O containing d

O, C and H have so far been studied.  Bachmann et al. [4
for more than 70 similarly deposited diamonds so that the atomic C-H-O phase diagram 
for diamond deposition could be generated. Fig. 2.2 depicts that the possibility of low 
pressure synthesized good quality diamond is noticed only within a well-defined region 
near H-CO tie-line.  This leads to the unimportance of the exact nature of source gases 
for most diamond CVD processes. Moreover, the relative amounts of C, H and O 
necessarily govern the diamond deposition. 
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No growth is noticed below the H-CO tie-line, while above it non-diamond carbon is 
found to be deposited. There is only a narrow window close to this tie-line, in which 
polycrystalline diamond is produced.  It is noteworthy that most of the experiments 
involved only few per cent of CH4 in H2 thus they are restricted only to a smaller area in 
the lower left-hand corner as depicted in Fig. 2.2. That is why, ternary diagram is divided 
into three different areas related to: (i) diamond growth, going through the H-CO tie-line 
where the input mole percentages of C and O2 become same (i.e. [C] = [O]); (ii) zero 
growth, found beneath the H-CO tie-line (i.e. [C] < [O]); and (iii) non-diamond growth, 
positioned over the H-CO tie-line (i.e. [C] > [O]).  Presence of these three regions was 
experimentally confirmed by Marinelli et al. [48], who used a wide range of hydro-
carbon/CO2 gas mixtures.  
  
Beckmann et al. [49] modeled the H-CO tie-line using only a few cuts across it which 
reflected only gas phase reactions. According to his findings, oxygen played key role to 
regulate the amounts of reactive C species and make CO, leading to no-growth in the 
region for [C] < [O].  Ford [50] tried to compare diamond and non-diamond growth and 
noticed that the boundary between these two areas can be associated with the line 
([C]-[H])/[O]) = 0.07 in Bachmann plot (Fig. 2.3).  

 
Figure 2.3: Phase diagram for carbon film deposition, showing experimental points on the 
diamond/graphite domain boundary [48], and a straight line fit corresponding to 
([C]-[H])/[O] = 0.07 [50]. 
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2.3.5 Reaction Process  

When a clean environment has been created, the gases (   for the chemical 

reaction are added in the chamber. The amount and composition of gas in the chamber is 

well controlled. Usually, the gases are added at a fixed flow rate and the pressure held 

constant by pumping continuously. The gas phase is wholly dependent on the hydrogen 

abstraction and addition reaction. Firstly, dissociation of molecular hydrogen into atomic 

hydrogen takes place at temperatures around 2800  , and methane changes into methyl 

radicals and acetylenic species. In other words, as gases pass through the activation 

region (hot tungsten filament region), their molecules turn into atoms. These atoms then 

create ions and radicals that in turn heat up the gas. Then these free radicals will continue 

to unite to form diamond as they strike the substrate surface. The main growth species 

omic hydrogen disperse from the filament to the substrate 

rface.  Second, at the gas-substrate interface, hydrogenation reactions take place on the 

 terminate the dangling carbon bonds by forming 

surface and prevents it from reconstructing to a graphite-like structure. Third, abstraction 

responsible for diamond growth are found to be methyl radicals and acetylene, of which 

the contribution by acetylene is estimated to be less effective than methyl radicals [46, 

52]. Hydrocarbons and at

su

growing diamond film surface and

single C-H bonds. This chemisorbed monolayer of hydrogen stabilizes the diamond 

of these terminating hydrogen atoms by incoming hydrogen create the reactive surface 

sites, which can be terminated either by another atomic hydrogen or by a hydrocarbon 

radical such as methyl/acetylene. Though the former is more likely to happen because of 

the higher concentration of H atoms compared to the carbonaceous species, the 

occasional occurrence of termination by carbonaceous species leads to diamond lattice 

construction. This last step, i.e, hydrogen abstraction from the growing diamond surface 

is the rate determining step.  The process of diamond nucleation is further explained in 

Fig. 2.4.  
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Figure 2.4: Chemical reaction and nucleation of diamond [12]. 

 

2.4 Types of CVD 

There are many forms of CVD techniques and they all differ in the way for activation of 

the precursor gases.  

2.4.1 Plasma Enhanced CVD 

In this technique diamond is achieved under plasma that generates atomic hydrogen and 

produces the necessary carbon precursors for diamond growth.  
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2.4.2 Microwave Plasma Enhanced CVD  

It uses microwave energy to activate the gases. It is perhaps one of the most widely used 

methods but is expensive to set up and run. Many different reactor designs have been 

explored and they can be operated in a wide range of pressures (few mbar to atmospheric).  

The prime advantage is possibility to grow the optical quality diamond on an extended 

surface at reasonable rates. Microwave technology can sometimes be a little bit tricky to 

work with, since it must be accurately tuned to efficiently excite the plasma. Additionally, 

the input power needed increases rapidly with increasing area to coat.  

 

2.4.3  Radio Frequency Plasma CVD 

It uses radio frequencies (RF) for the activation purpose. It is often incorporated in other 

CVD’s to improve the excitation of the feeder gases.  

 

2.4.4 Direct Current Plasma CVD  

It uses direct current electrical (DC) energy and often incorporated in other CVD’s just 

like RF plasma. Plasma in a H2-hydrocarbon mixture is excited by applying a DC bias 

across two parallel plates, one of which is the substrate [46, 53].  

 

2.4.5 Cold Pla

The plasma at low electric powers is known as cold plasma.  

rmal plasma is created. This means that the ionized molecules are 

 and involves temperatures on the range of 10000  - 

11000 . Therefore the degree of dissociation (breaking up of molecules into radicals) is 

sma  

2.4.6 Plasma Torch 

Plasma torch can run at high electric powers.  By striking an arc through a gas flowing 

through a nozzle, the

close to their thermal equilibrium

also very high and the gas flowing out of the nozzle is highly reactive. This is the most 

efficient diamond deposition method relative to the power consumption and also the 
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s on substrate cooling and it is difficult to 

ond 

ents of the 

pleted combustion. By placing the substrate in the acetylene feather of the flame, 

size of this spot can be enlarged by moving the 

to 

ith 

strate must be actively 

ooled to grow good quality diamond. Normal temperatures are in the 900  - 1000  

 rates are seen around 1200   . This deposition can be 

performed without a vacuum chamber and at extremely high rates, even with optical 

 and the substrate must have 

 that the working temperature can be sustained. 

 

fastest (up to 1 mm/h). It places high demand

coat large areas with equal thickness.  

 

2.4.7 Optically Excited Deposition 

It is also possible to use lasers to produce the necessary radicals. This is so far mostly used 

for research on the fundamental chemistry in the process. Some special possibilities are 

deposition of diamond at very low temperatures and that diamond can be selectively de- 

posited on extremely small areas. 

 

2.4.8 Combustion Synthesis of Diam

Essentially a welding torch, provided with a slight surplus of acetylene gas, is used for the 

combustion purposes. The growth species are the radical carbon fragm

uncom

diamond can be grown in a spot. The 

substrate, but care must be taken so that the growing diamond film does not come in

contact with the surrounding air then it will burn. Modern development has come up w

flat flame burners that allow for larger area deposition. The sub

c

range, but the highest growth

quality. Unfortunately the cost of the consumed gases is high

good heat conductivity so

  

2.5 CVD Principle 

The basic principle in CVD processes is to set conditions well outside the region of the 

carbon phase, where diamond is the stable allotrope. Furthermore making the chamber 

rich with carbon favors the deposition of the graphitic phase. In order to understand the 

principle of CVD process it can be divided into following underling: 
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r molecules    at high temperature and 

eir transport towards the substrates inside the chamber is known as vaporization. 

2.5.3 Adsorption of Species on the Substrate  

rbed onto the active sites on 

s s

gases are activated into reacting radicals. 

 order to get good diamond film, one has to be able to create a good vacuum, i.e. to 

 the chemical reaction is to take place.  Therefore most CVD 

2.5.1 Vaporization (Generation of Growth Species)  

The formation of vapors of precurso

th

  

2.5.2 Transport of Source Materials to the Substrate  

In this step vapour species are transported from the source to the substrate with or 

without collisions between the atoms and molecules.  

 

Before starting deposition, active species must first be adso

the surfaces. Initially this occurs via physisorption where the species adhere to the surface 

with weak van der Waals forces and then strong covalent bonds are formed between the 

species and the surface known as chemisorptions before decomposition of the precursor 

species can occur. 

 

2.5.4 Decomposition Adsorbed Species on the Substrate  

Decomposition of the precursors can take place in the form of solid atom /molecule  

depositing on the surface. It is determined by the chamber pressure and the rate at which 

 

2.5.5 Good Vacuum 

In

remove all gases from where

processes are carried out in vacuum chambers.  
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ond film i

below 

0 , amorphous carbon can be formed. If the substrate temperature is above 1100 , 

 graphite. So many common 

materials having melting point less than 800  cannot be used. Materials which form 

aterials, the silicon wafer is 

ost favored. That is why; in this thesis work Si wafers have been used as substrate. 

s are as follows: 

n silicon substrates requires that the substrate be pretreated so as to 

romote nucleation throughout the substrate leading to continuous and uniform growth of 

g the Si substrate into the 

ne) and sonicated/agitated for 60 minutes. The 

bove pretreatment method ensures that we do not damage the substrate but instead 

ensures fair nucleation density. The silicon substrate is now ready for diamond growth. 

e well defined habit planes when grown 

t very low pressure (0.5 mbar). Better quality diamond with fewer non-diamond species 

 16 mbar to 40 mbar [54].  

 

2.5.6 Substrate Material and Pretreatment 

The choice of substrate for the deposition of diam s very important. Mostly, 

substrates are temperature dependent [54-55]. If the substrate temperature is 

70

non-diamond components can be formed like crystallite

carbide are found to support diamond growth. Mostly obstinate materials such as W, Mo 

and Si have been used as substrate materials. Among these m

the m

The reasons to use Si wafers to grow diamond film

• Silicon has high melting point (1410 ) 

• Silicon has a low thermal expansion coefficient. 

• Silicon forms a carbide surface layer preventing carbon from diffusing into the 

substrate. 

Diamond growth o

p

the diamond for microelectronic applications. Before loadin

reaction chamber, it should be cleaned (ultrasonically) in acetone to take out any surplus 

residue on the surface. After the cleaning process the substrate is finally put into diamond 

slurry (1 micron diamond powder in aceto

a

 

2.5.7 Gas Pressure 

Pressure is one of the key factors that contribute to diamond film quality and surface 

morphology [19]. Diamond crystals will not hav

a

were grown at pressures between
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ntrolled technique to 

aterials (such as tungsten and tantalum) have been used as filaments 

 the HFCVD process straight arrangement of filaments are used. As the precursor gases 

pose on the filament surface, the total filament surface area determines the total 

. So due to this non uniform 

mperature issue, straight filaments are used in this work as shown in Fig. 3.5. These 

laments are arranged in an array of eight straight tungsten wires placed vertically near 

2.5.8 Gas Flow Rate 

The gas flow rate effect on the growth of diamond films is not quite clear, because the 

results reported vary from system to system. However, gas flow rate of 50 – 200 sccm are 

commonly used.  

 

2.5.9 Diamond Nucleation  

Nucleation of diamond (especially on non diamond substrate) plays an important role in 

the growth of diamond thin films [55]. Various nucleation methods do exist such as 

seeding or abrading with diamond powder, bias-enhanced nucleation, substrate biasing 

and micro/nano-particle seeding. Nano-particle seeding is more co

deposit smoother films [56].  

 

2.5.10 Filament Material and Treatment 

Usually, refractory m

to produce high temperatures in the reaction chamber. But these refractory materials need 

to be carburized their surface before use [56]. The process of carburization consumes 

carbon from the CH4 inserted into the chamber and therefore a particular incubation time 

is needed for the nucleation of diamond films. This process may affect the early stages of 

nucleation and film growth. The volume extended due to carbon absorption on the 

surface of filament may induce fractures along the length of the filament. The 

enlargement in these fractures is unwanted as they decrease the lifetime of a filament. In 

this project the tungsten filaments are used.  

In

decom

radioactive power and therefore the substrate is heated by the filament. So it appears that 

a coiled filament might be better than a straight filament due to the larger surface area. 

But the coiled filament results in non uniform temperature on the substrate which results 

in non uniform film thickness and surface morphology [57]

te

fi
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 Fig. 2.5. These straight filaments (0.5 mm in diameter, 120 mm 

oves to keep them straight and unbroken. Before diamond growth the 

laments are also pretreated. The pretreatment is done to form a coating of tungsten 

ting them to about 2000  in a mixture of CH4 (10 sccm) 

and H  (90 sccm) for one hour. Our results have shown that this process is critically 

 treatment respectively [58]. 

the substrate as shown in

long and 5 mm apart) are mounted on the filament holder. Since the filament will expand 

thermally around 2000 , the holder is designed in such a way that when the filaments 

bend, the holder m

fi

carbide on the filaments by hea

2

important for HFCVD diamond growth. If the filament is not properly pretreated, the 

tungsten atoms which combine with methane to form tungsten carbide may sometimes 

deposit on the substrate during nucleation of diamond and slow down the diamond 

growth. Figs. 2.6 (left) and (right) show the cross sectional view of tungsten carbide 

formation on the filaments before and after 

 

 

 

 
Figure 2.5: Substrate holders with Position of Boron carbide block 

. 
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Diffraction  

 that can be used for the analysis of 

films/materials composed of almost any element. It identifies the crystalline phases 

present in a material and to measure the structural parameters such as grain size, 

orientation and defect structure of the phases [2]. XRD is more sensitive to high atomic 

number (Z) elements, since the diffracted intensity from these is much larger than from 

low Z-elements. Most of the laboratory-based equipments have sensitivities down to a 

thickness of 50 Å [3].  

The crystallite size  was calculated from line-broadening measurements from the 

diffraction peaks of XRD patterns of the diamond films using the Scherer’s equation [2, 

3]:   

                                                         

 
Figure 2.6: Cross-sectional view of a tungsten filament [6]; Left) Before CH4 + H2 

treatment, and Right) After CH4 + H2 treatment 

 

2.6 Characterization Techniques 

  

2.6.1 X-Ray 

XRD is a non-contact and nondestructive technique

θ
λ

cos
9.0

BShkl
=

                                                       (2.3) 
 

where λ is wavelength and B is the full width at half maximum (FWHM).  

An importan d grain size 

and has tendency to become narrow when  size becomes large. For HFCVD 

ond film, XRD experiments have been used for both lattice parameter measurements  

t parameter, FWHM is dependent usually on both crystallinity an

the grain

diam
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and texture determination. Typical XRD patterns of micro- and nano-crystalline diamond 

films are shown in Fig. 2.7 below. This comprises of 5 basic parameters: peak position, 

shape, FWHM, maximum intensity and symmetry. The peak position exhibit the Bragg’s 

diffraction angle,  the width of XRD peak reflect the Scherer particle size and the peak 

shape comprehensively issues the both domain size and lattices strain. Peak intensity is 

reflection of both absorption and amount in phase in mixture. Asymmetry is 

comprehensively due to the geometrical condition of instrument and sample.  

 

Figure 2.7: Typical XRD pattern of diamond film [59]. 

2.6.1.1  Determination of Crystal Structure 

ine the struct

the diffraction 

lines.  

 

 

There are three major steps to determ ure of a film from XRD pattern. 

• Shape and size of the unit cell are deduced from the angular position of 

lines.  

• Number of atoms per unit cell is calculated from the shape and size of the unit cell.  

• Position of atoms in unit cell is assumed from the relative intensities of the diffraction 
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Figure 2.8: XRD (D500) with    radiation (λ = 0.1541 nm) available at Angstrom 

Labs, Uppsala University, Sweden. 

 

 
Figure 2.9: Constructive interference for X-ray scattering following Bragg’s law. 

 

monstrated in Fig.2.9. The inter-planar 

ragg’s 

λ 2d sin θ          (2.4) 

e 

 

XRD analysis follows Bragg’s law as de

spacing    corresponding to each diffraction line is calculated following B

diffraction law: 

    

The variable  is a distance between adjacent atomic layers in a crystal, λ is th

wavelength of the incident X-ray beam, n is an integer and θ is angle of incidence.   
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For HFCVD diamond film, XRD experiments have been used for both lattice parameter 

measurements and texture determination. XRD patterns can be used to differentiate 

between the different phases of crystalline carbon. To obtain a pattern characteristic of 

polycrystalline diamond requires that the diamond films be well crystallized i.e., have 

crystallite of the order of 10 nm or larger. High symmetry of diamond cubic crystal 

system allows only a few diffraction lines to cope with structure factor calculations. 

Allowed diffraction planes (hkl) involve (111), (220), (311), (400), (331) etc. [60]. 

Moreover, for randomly oriented diamond only one of these, the <111> diffraction line, 

asymmetry resulting from tal size. Below are the common 

s in XRD spectrum:  

(i)   43.80o peak due to (111) plane, 

(ii)  75.60o peak due to (220) plane, 

(iii) 91.50o peak due to (311) plane, 

(iv) 96.00° peak due to (222) plane. 

 

2.6.2 Raman Spectroscopy 

Diffraction studies alone are not accepted as the evidence of diamond due the similarity 

of the diffraction patterns of diamond and other forms of carbon. One technique which is 

universally accepted as definite proof of the existence of diamond is Raman 

spectroscopy. Diamond has a Raman peak at 1332 cm-1 which is well-resolved from the 

char 1]. 

Raman spectroscopy is a common, nondestructive characterization technique for any 

arbon system. It is the most widely used method for establishing the crystalline quality 

rum for excitation one can only see the bond stretching and breathing 

is relatively strong. The X-ray diffraction lines may be shifted greatly broadened or show 

 strain, defects, or small crys

peaks observed for CVD nanodiamond film

acteristic peaks of lonsdaleite, graphite and various forms of amorphous carbon [6

c

of diamond films and this is because it is able to distinguish between sp2 and sp3 carbon 

sites. The measured spectra change with varying excitation energy. Using laser light in 

the visible spect

modes of sp2 sites. The sp3 sites can only be directly determined when excitation is done 

using Ultraviolet. Typical Raman spectra of micro- and nano-crystalline diamond film are 

shown in Fig. 2.10 below.  
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of micro- and nano-crystalline diamond films [62].  

elow is a list of common peaks associated with nano diamond films [63]: 

): due to breathing modes of sp2 atoms in rings. As there 

hey can invariably be taken as a sign of UNCD. Some 

researchers however believe that these peaks are due to confined phonon modes 

 
Figure 2.10: Typical Raman spectra 

 

B

(i) D peak (1350-1360 cm-1

are no rings so no D peak in the pattern. In NCD/UNCD (Nano Crystalline 

Diamond/Ultra Nano Crystalline Diamond) it is sometimes broadened due to the 

small grain size of the crystals.  

(ii) G peak (1560-1590 cm-1): due to bond stretching of all sp2 atoms in both rings 

and chains.  

(iii) Microcrystalline diamond peak (1332 cm-1): an increase in the intensity of this 

peak with respect to 1580 cm-1 peak would indicate an increase in the 

microcrystalline component of diamond films.  

(iv) T peak (1060 cm-1): only seen in UV excitation and is due to vibrations of the sp3 

C-C bonds. 

(v) Trans-polyacetylene peak observed at 1150 cm-1 (and its second order peak at 

1450-1470 cm-1): these peaks are seen whenever there is UNCD although they are 

due to sp2 sites; t
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[17-18]. That’s why to date there are still debates among the research community 

about the origins of these peaks.  

We cannot directly determine the sp3 content using visible excitation we can indirectly 

deduce the approximate percentage of sp3 sites using the position of G peak and the ratio 

of intensities of D and G peaks { I (D)/I (G)} as follows:  

For Graphite:     G peak must be at 1580 cm-1 and I (D)/I (G) = 0.0  

For NC-graphite:    G peak must be at 1600 cm-1 and I (D)/I (G) = 2.0  

For a-Carbon with approximately 20% sp3:    

    G peak must be at 1510 cm-1 and I (D)/I (G) = 0.25 

For Diamond like Carbon (DLC) with 85% sp3:   

G peak must be at 1570 cm-1 and I (D)/I (G) = 0.0 

  

Besides using the above information, there is an alternative way of identifying DLC films 

G dispersion (cm /nm) = [Gpos. (x nm) – Gpos. (514.5 nm)] / (514.5 –x) nm.  

rms. (Typical 

rinciple that intensity of beam decreases when it passes through a 

 is called Raman scattering. Most 

requency of light is shined on the sample.  Many 

i.e. using the multi-wavelength Raman spectra and measuring the G dispersion:  
-1

DLC films have the largest dispersion compared to all other carbon fo
-1values 1690 cm  at 229 nm excitation). Besides this, Raman spectroscopy can be used to 

study the vibration on the crystal surfaces. This technique has found tremendous uses in 

the characterization of CVD diamond films due to their ability to distinguish different 

chemical bonding types.  

Raman spectroscopy is one of the many light scattering phenomena. All these phenomena 

originate from the p

non-absorbing medium. Light can be transmitted, absorbed and scattered by a sample. A 

small fraction of scattered light is shifted in frequency by an amount equal to energy 

difference between two states of the sample. This effect

samples have many types of vibrations. Many of these vibrations produce a different 

frequency of light when a single f

frequencies of light can be presented as a graph showing optical intensity as a function of 

energy difference between the incidents light and scatted light in wave numbers (cm-1). 

The intensity of Raman scattered light is proportional to the number of species that 

produce the Raman scattered light. As a result, the intensity of Raman scattered light can 
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 to identify materials in a sample (qualitative 

rier transform infra-red (FTIR) 

d nucl r mag ide the 

s R man s rement 

e in nature and can 

e perf med on very small s ongs to 

t i  based on inelastic light-scattering 

arising from the interaction of  from an 

r+) tuned to a single line is used to excite the Raman scattering. The phonons are 

  (2.5) 

amount equal to the vibrational frequency of the lattice ( in 

be used to measure how much of material is in the sample (quantitative analysis). The 

shape of Raman spectrum can be used

analysis). Many molecular vibrations are very sensitive to their microenvironment. 

Therefore, differences in stress, crystal structure and micro-heterogeneity can be 

measured using Rama spectroscopy. Other methods, Fou

spectroscopy an ea netic resonance (NMR) spectroscopy can often prov

same information a a pectroscopy. However, in comparison, Raman measu

requires no sample preparation and the techniques are non-distractiv

b or ample.  As mentioned previously, Raman effect bel

the class of molecular scattering phenomena. I s

 photon with phonons. A laser (using 514.5 nm line

A

coupled to the photons through the polarization induced in the crystal by the electric field 

of the intense light beams. They are related by the polarisability as:  

                                                           

Where I is the induced electric moment, E is the electric filed and α is the polarisability. 

A lattice vibration is the Raman active when the vibration changed the polarisability [19]. 

Some photons will be emitted from the induced oscillating dipoles which are either the 

same frequency as the incident beam ( electric Rayleigh scattering ) or have been 

frequency shifted by an 

elastic stokes or anti-stokes scattering). The shifted frequency is the Raman scattering 

which was named after Sir C.V. Raman [63] who discovered the effect in 1928. The 

stokes scattering (the normal Raman effect) is produced when energy is extracted from 

the light beam to the crystal and sets into vibrations, whereas the anti-stokes scattering 

arises from the annihilation of the existing thermally-exited vibration. The vibrational 

modes are dependents on the atomic bonding in the solids. Therefore, Raman spectra can 

be used to interpret the structures in the solids. The width of characteristic diamond peak 

(1332 cm-1) relates with the structure disorder of diamond: broader the peak, higher is the 

structural disorder. Raman spectroscopy can also provide a qualitative indication of the 

inherent stress in the as-deposited diamond films since the optical-phonon band centre of 

diamond at 1332 cm-1, is sensitive to applied stress, with shifts of 2.87 cm-1 GPa-1 having 
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been measured [64]. It has been reported that [65] an increase in compressive stress 

results in an upward shift of the band centre. In addition, variation in the FWHM of the 

1332 cm-1 peak can be related to the degree of crystallinity/film quality, since an increase 

in the degree of crystallinity (decreasing defects or amorphicity (sp2)) results in a 

decreased FWHM.  The Raman scattering efficiency of sp2 bonded carbon is 50 times or 

else more, than that of sp3 bonded carbon [23] therefore even small amount of sp2 bonded 

carbon in the diamond deposits would be readily detected. Raman system used in this 

work is shown in Fig. 2.11. 

 
Figure 2.11: Raman Spectroscopy (Renishaw 2000 micro-Raman system available at 

Angstrom Labs, Uppsala University, Sweden). 

 

2.6.3 Scanning Electron Microscopy  

SEM is a technique, which can examine thin films surface with sub-micron size features. 

It is by far the simplest techniques to yield information about morphology of the film and 

to some degree even provides a measure of the phase purity of diamond deposit. The 

basic operation of an SEM is described in [66]. SEM has many advantages over optical 

microscope in its high magnifications (normally in the range of 50-40000x), high 

resolution (2.5-10 nm), its depth of field (500 times greater) and the three dimensional 

appearance of pictures. In addition, the energy dispersive x-ray mode allows elemental 

identification and distribution to be performed. In comparison with TEM where the 

sample has to be so thin that it is transparent to electrons, solid bulk samples can be used 

for SEM. A conducting sample can be investigated in its original condition without any 
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formation from SEM image.  

2.6.3.1 Topography  

Topography is used to measure the texture (how it looks), hardness and reflectivity of the 

film.  

2.6.3.2 Morphology 

The shape and size of the particles making up the object can be measured by morphology 

of the film.  

2.6.3.3 Composition 

Compositio by SEM. Melting point and 

ardness of material depend on the composition of the sample. 

preparation. Non-conducting samples generally need to be pre-coated with a thin layer of 

conduction material, e.g., gold or carbon. Freestanding diamond films and diamond films 

grown on silicon can also be investigated in its original condition without any preparation 

for SEM observation. The use of low beam voltage and current avoids charging of the 

films. SEM has proven to be by far the most widely utilized technique to characterize the 

surface morphology of vapour phase deposited diamond. It is also one of the most useful 

because it has now been correlated with other techniques such as Raman spectroscopy.  

One can extract following in

n of incorporated element can be detected 

h

2.6.3.4 Crystallographic Information 

The arrangement of atom in the object can also be analyzed using SEM. There is a direct 

relation between these arrangements and materials properties (such as electrical 

properties, etc).  

2.6.4 Four point Probe Resistivity Measurement Method 

Electrical resistivity and conductivity are the basic material parameters whose 

measurements are required for determining the sign, density and interaction of charge 

carriers with impurities. The surface resistivity of the sample is measured by using the 

four-point probe method using semiconductor device analyzer (Agilent B1500A shown in 

Fig. 2.12). The main advantages of this method are: it is simple in operation and does not 

require the fabrication of permanent contacts. It consist of four equally spaced and in line 
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Figure 2.12: Semiconductor device analyzer (Agilent B1500A). 

 

ed to measure the sheet resistance from which 

the resistivity can be inferred for a sample of given thickness. In order to use the van der 

ic contacts must be made on the boundary of a sample; they must be 

arked from 1 to 4 in a 

probes which are lowered onto the surface of the sample. As a result, a current passes 

through the outer probes while the potential difference is measured across the inner two 

probes. Electrical resistivity of a thick sample can be calculated by using van der Pauw 

method (explained below). 

  

 

 

 

 

2.6.4.1 The van der Pauw Method 

The van der Pauw method [67] is us

Pauw method, the sample (symmetrical in shape) thickness must be much less than its 

width and length. We have used a square sample with four Ohmic contacts as shown in 

Fig. 2.13. The Ohm

infinitely small and of the same material. The contacts are m

counter-clockwise order, beginning at the top-left contact as shown. 
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gure 2.13: Square or rectangular contacts at the corners of a specimen [67]. 

he sheet resistance  is measured in ohms (Ω) using Ohm's law: 

 

 
Fi

 

T

           (2.6) 

The actual sheet resistance is related to the following resistances as determined by the 

van der Pauw formula: 

 exp
  , , ,   exp

  , , , 1                                (2.7) 

Where , , ,  resistance is measured along vertical edge and , , ,  resistance is 

measured along a horizontal edge. 

When      then sheet resistance is given by 

 

            =               (2.8) 
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Chapter 3   

Experimental Work 

In this chapter, the basic techniques of the deposition of diamond thin films by hot 

filament chemical vapour deposition (HFCVD) and the basic parts of the experimental 

setup together with the deposition procedure are being illustrated. In the first part there 

will be the detailed description of the HFCVD reactor and growth procedure along with 

the information about substrate, its cleaning and the filaments and their arrangements. In 

the second part a brief procedure and description of analysis techniques used in this work 

such as X-ray diffraction (XRD), Raman spectroscopy, scanning electron microscopy 

(SEM) and four point probe method for electrical resistivity measurements will be 

discussed.  

 

3.1 Diamond Deposition in Hot Filament Chemical Vapour Reactor 

HFCVD is very popular for diamond growth, because it is very simple with low 

operating cost. That’s why, HFCVD method was used to synthesize the diamond thin 

films. Figures 3.1-3.2 show schematic and other details of the HFCVD setup. The reactor 

consists of a chamber made of stainless steel cylinder (24 inch in diameter and 30 inch in 

length). It includes a vacuum vessel with a pump at its base, mass-flow controllers and 

filaments for heating. A computer system is attached for controlling the power supplied to 

the filaments, total pressure in the chamber during fabrication process as well as flow rates 

of gases such as methane, hydrogen etc.  

A round disc placed at the center of the reaction chamber (as discussed earlier in chapter 

2, Fig.2.3 ) acts as substrate holder showing an attached substrate. Just in front of the 

substrate are the eight tungsten filaments supported by water cooling-blocks, which 

constantly remove 3.0-3.5 kW heat during deposition process. Diamond films were 

deposited onto a circular Si substrate (Ø = 10 cm) placed at a distance of about 5 mm 

from the filaments. Hydrogen gas mixed with 1.0 vol.% methane was inserted into the 
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reaction chamber under a diverse pressure varying between 10 - 50 mbar. These source 

gases (  were thermally activated by 0.5 mm thick eight co-planar tungsten 

filaments having inter-wire distance of 5 mm. The required ratio of the gases was 

controlled by precision mass flow controller. Deposition time for all diamond films was 

kept 20 hours. This time also includes the initial half an hour, which is required to 

achieve desired substrate temperature and pressure. During deposition, the respective 

temperatures of filaments and substrate were kept constant at 2800±50  and 900±10 . 

These temperatures were measured using optical pyrometers and K-type thermocouple. 

 

 

 
Figure 3.1: Schematic diagram of HFCVD setup. 
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Figure 3.2: Author is examining the HFCVD system before deposition. 

 

3.2 Experimental Procedure 

3.2.1 Pretreatment of Substrate 

Because of high melting point (1410 ) and low thermal expansion coefficient Si wafers 

have been selected to use as substrates. Before loading these Si substrates into the reaction 

chamber, they were cleaned thoroughly to take out any surplus residue on the surface. The 

cleaning process involved here is summarized as follows:  

• Firstly the substrate was degreased by an ultrasonic bath using a detergent for 5 

minutes and rinsed in deionized water for 5 minutes in an ultrasonic bath.  

• This was followed by another ultrasonic bath for 5 minutes in a 50:50 mixture of 

ethanol and acetone to get rid of any stubborn organic substances and again rinsed 

in deionized water and dried using nitrogen gas.  

• After this the substrate was etched using acid bath of  (in 1:3 ratio) 

by dipping in the solution for 60 seconds so as to reduce all oxides and expose the 

silicon. 

• Finally the substrate was put into diamond slurry (1 micron diamond powder dissolved in 

acetone) and sonicated/agitated for 60 minutes without damaging its surface to ensure fair 

nucleation density. The silicon substrate was then ready to act as seeding crystals 

for diamond nucleation and growth. 
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3.2.2 Chamber Pressure and Gas flow rate  

The pressure was maintained between 10 mbar to 50 mbar in accordance with 

requirements/conditions of the diamond films to be deposited. The optimized pressure of 

30 mbar was fixed for most of the depositions such as diamond films deposition by 

varying methane concentration, during doping of oxygen and nitrogen etc. The chamber 

pressure was varied to observe its effect on diamond film growth and when boron was 

doped into diamond films.  

During all the deposition of diamond under various conditions, doping etc., total gas flow 

rate of 100 sccm was used. The flow rate for hydrogen was fixed at 90 sccm and for 

methane at 10 sccm. During the doping of oxygen or nitrogen, the same flow rates of CH4 

and H2 were maintained and flow rates of O2 and N2 were kept in the range from 0.02 to 

0.04 sccm and 0.04 to 0.64 sccm respectively as the case may be. The details of gas flow 

rates are presented in Table 3.2. 

 

3.3 Fabrication Process Conditions 

A summary of the deposition parameters/conditions set during the fabrication of 

diamond films is shown in Tables 3.1 and 3.2. 

 

Table 3.1: HFCVD parameters used/set for diamond film deposition.  

Process variables Operating parameters 

Tungsten filament diameter (mm) 0.5  

Deposition time (hours) 20  

Gas mixture (vol.%) 1% CH4 and 99% H2 

Gas pressure (mbar) 30 (or varied from 10 to 50 as 

required) 

Substrate temperature ( ) 900 ± 10 

Filament temperature ( ) 2800 ± 50 

Inter-wire distance of filament (mm)  5 

Distance from filament to substrate (mm) varied from 5 to 20 as required 
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Table 3.2: Other Growth parameters used for doped or un-doped Diamond films. 

Condition/doping Sample 
H2 

(sccm)
CH4 

(sccm)
O2 

(sccm)
Time 
(hr) 

Pressure 
(mbar) 

Content 
(vol.%) 

Oxygen doping 

a) 300 3 0.00 20 30 0.000 
b) 300 3 0.01 20 30  0.003 
c) 300 3 0.02 20 30  0.007 
d) 300 3 0.03 20 30  0.010 
e) 300 3 0.04 20 30  0.013 

Nitrogen doping 

 N2    

a) 300 3 0.00 20 30  0.000 
b) 300 3 0.04 20 30  0.013 
c) 300 3 0.08 20 30  0.026 
d) 300 3 0.32 20 30  0.105 
e) 300 3 0.64 20 30  0.210 

Boron doping 

    B 

a) 300 3 - 20 20  0.000 
b) 300 3 - 20 30  0.000 
c) 300 3 - 20 40  0.000 
d) 300 3 - 20 20  0.64 
e) 300 3 - 20 30  1.77 
f) 300 3 - 20 40  2.05 

CH4  

   

a) 300 20 - 20 30  6.25 
b) 300 30 - 20 30  9.09 
c) 300 40 - 20 30  11.76 
d) 300 50 - 20 30  14.29 

Pressure effect 

  
a) 300 3 - 20 10 - 
b) 300 3 - 20 20 - 
c) 300 3 - 20 30 - 
d) 300 3 - 20 40 - 
e) 300 3 - 20 50 - 
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3.4 Characterization Techniques 

Several characterization techniques have been utilized to analyze polycrystalline CVD 

diamond properties such as physical, morphological, electrical etc. The main techniques 

used include XRD, Raman spectroscopy, SEM and current-voltage measurements (I-V).  

 

3.4.1 X-Ray Diffraction  

XRD patterns were recorded by XRD (D500) available at Angstrom Labs. Uppsala 

University, Sweden using Cu Kα radiations (λ=0.1541 nm). The diffractometer was 

operated at voltage of 35 kV and current of 30 mA. X-ray data were collected in the scan 

range of 10°  to 100°  with scan time of 100 s per step in steps of 0.02°  at room 

temperature. The average crystallite or grain size was calculated from the line-broadening 

measurements of various diffraction peaks observed in XRD patterns of diamond films 

using Scherer’s equation [1, 2]. The detail has already been discussed earlier in section 

2.6.1.   

The inter-planar spacing corresponding to each diffraction line is calculated following 

Bragg’s diffraction law as discussed earlier in section 2.6.1. 

   

3.4.2 Raman Spectroscopy 

Raman Spectroscopy (Renishaw 2000 micro-Raman system) available at Angstrom Labs. 

Uppsala University, Sweden was utilized with visible excitations as described by Filik 

[3]. Raman spectra were recorded at room temperature for each diamond film with 

backscattering geometry using 514 nm lines of an Ar+ LASER. The system was equipped 

with CCD camera, a Leica microscope and an 1800 lines/nm grating. A LASER spot of 

10 mW was focused on the film surface with the help of 20 X objectives at short focus 

working distance. Later on the recorded Raman spectra were fitted with Gaussian 

function using the software supplied with the equipment to obtain the position, intensity 

and line width of detected peaks.  
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ln 2

3.4.3 Scanning Electron Microscopy  

The microscopic analysis of the grown diamond films was made using scanning electron 

microscopy (LEO 1550) with an acceleration voltage of 10 kV. The grain size and grain 

morphology were determined from these SEM images.  

 

3.4.4 Four Point Probe Method 

Electrical resistivity of diamond films is measured by using four-point probes in van der 

Pauw geometry at room temperature at maximum voltage of ±100 V using semiconductor 

device analyzer (Agilent B1500A). A small current was passed and the potential 

difference is measured through Ohmic contacts. Electrical resistivity of a thick sample can 

be calculated by using van der Pauw method by making contacts marked as 1 to 4 in a 

counter-clockwise order, beginning at the top-left contact as shown in Figure 2.9. 

 

Where   is measured along vertical edge and  along a horizontal edge so that 

sheet resistance is given by  

   
  , , ,   , , ,

 

 

            = 

        (3.5)  

Since    so sheet resistance reduces to 

4.53 ×                 (3.6) 

While e stivity   is given by 
 

lectrical resi

                  (3.7) 
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Chapter 4  

Experimental Results and Discussion 

According to the procedure described in Chapter 3, following diamond thin films were 

deposited: 

A. Diamond thin films at various methane concentrations      (four films) 

B. Diamond thin films at various chamber pressures  (five films) 

C. Diamond thin films with oxygen addition    (five films) 

D. Diamond thin films with boron addition     (six films) 

E. Diamond thin films with nitrogen addition    (five films) 

 

These diamond films were characterized by XRD, Raman Spectra, SEM and four point 

probe van der Pauw resistivity method to measure and analyze crystal structure, quality 

of the diamond crystals, morphology and electrical resistivity of the deposited films, 

respectively. Each of the above mentioned diamond films have been discussed separately 

in the manuscript. 

Most of the work presented in this dissertation has been published in the form of research 

articles in internationally reputed and impact factor Journals as listed in Appendix B. In 

the following pages results and discussion along with introduction section of each 

research article for all the above mentioned diamond thin film will be presented. The 

results and discussion for each set of above mentioned diamond films starts with the 

“title of the research paper” published.   
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A. Low Resistance Polycrystalline Diamond Thin Films Deposited by Hot 

Filament Chemical Vapour Deposition 

For semiconductor applications low resistivity, smooth and good quality diamond films 

with nanograins are highly desirable. Considerable research has been conducted to 

increase the growth rate of diamond by varying many parameters such as deposition 

pressure, gas flow rate and substrate temperature, etc. Rau et al. [1] showed that the mass 

transport in the gas phase plays an important role during diamond growth. Nucleation and 

growth of diamond films can be controlled by the mass transport rate at high substrate 

temperatures instead of any chemical reaction rate occurring on the surface at these 

temperatures. In the past decade, various researches reported different results by varying 

gas flow rates in the deposition chamber. For instance, Fan et al. [2] reported no effect of 

gas flow on the growth rate. In another study, Yu et al. [3] have demonstrated that growth 

rate increases by increasing the gas flow rate whilst Celii et al. [4] reported that the gas 

flow had little effect on the growth rate. Thus, in order to depict the effects caused by 

various gas flow rates in the deposition chamber, more research is needed. This research 

was carried out to understand the changes caused by methane concentration on the 

growth rate of diamond. 

 

A.1 Structural Studies 

Fig. 4.1 shows representative spectra of diamond thin films with a typical diamond 

(cubic) structure. The characteristic (111), (220), (311) and (222) peaks of diamond 

structure are clearly visible at 2θ values of 43°, 75°, 91° and 95°. Few weak silicon 

(carbide) peaks [JCPDS Card Nos. 77-2111 (Si), 74-1302 (SiC)] are also present and 

their presence may be justified since silicon was used as the substrate material for the 

deposition of diamond thin films. The FWHM of the diamond (111) or (222) XRD peak 

observed at 2θ angles of ∼43° (or ~95°) can be used as a qualitative measure of the 

degree of crystallinity within the diamond deposit. The FWHM is dependent on both the 

grain size and the crystallinity, and usually has a tendency to become narrow when the 

grain size becomes large. A comparison of (111) diamond peak for a series of depositions 

at various gas concentration revealed an increase in intensity (see Fig. 4.1). Higher gas 
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concentrations lead to a considerable variation in the intensity of all (111), (220), (311) 

and (222) signals. FWHM of the XRD (111) peak clearly demonstrates improvements in 

terms of grain size of the diamond polycrystals with the gas concentration whilst higher 

concentration leads to degradation in grain size due to high nucleation rate with some 

outgrowth (222) peak in Fig.4.1. This morphological trend is in agreement with those of 

Yu et al. and Chen et al. [6-7]. From these experimental findings, it can be said that an 

appropriate gas concentration can improve the quality of diamond crystals. 

  

 
Figure 4.1: XRD patterns of four diamond films with various methane concentrations 

(vol.%), (a) 6.25, (b) 9.09, (c) 11.76, (d) 14.29. 

 

A.2 Effect on Morphology  

In SEM micrographs Fig. 4.2c to d, some outgrowth has been observed, which can be 

related with the carbon conversion efficiency. It is calculated mathematically using 

formula explained by Bataineh et al. [8]: 
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where C (g/h) is the amount of carbon that is added to the film and D (sccm) is the carbon 

that is supplied by mixture of gases (CH4+H2). When methane content is very high, 

carbon to diamond conversion efficiency shows an increase for a moment and then it 

becomes normal. Behavior of carbon conversion efficiency for present polycrystalline 

films is comparable to that of Bataineh et al. [8]. 

 

SEM micrographs in Fig. 4.2 show that with increasing gas flow rate, film surface 

morphology gradually changes from small grain size to enhanced growth/grain size. At 

low methane concentration (6.25 vol.%), highly oriented and well faceted micro-

crystalline diamond films (average grain size 2.5±0.02 μm) were deposited Fig. 4.2a. On 

increasing methane concentration to 9.09 vol.%, grain size reduced to 1.3±0.02 μm with 

well faceted grain orientations Fig. 4.2b. Further increase in the methane content from 

11.76 to 14.29 vol.% (Fig. 4.2c, d) resulted overgrowth of diamond grains (2.9 μm) with 

some amorphous spot on them. This indicates prevailing effects of gas flow rate on 

diamond growth rate. This behavior of diamond growth is totally opposite to that 

observed by Yu et al. [6]. Its reason may be the conversion efficiency at high methane 

content as explained by Bataineh et al. [8]. 
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Figure 4.2: SEM micrographs of four diamond films at various methane concentrations 

(vol.%), (a) 6.25, (b) 9.09, (c) 11.76, (d) 14.29. Insets in Fig d and e are their 

corresponding SEM images at 70 K X magnifications. 

 

A.3 Effect on Crystal Quality 

Micro-Raman spectroscopy was applied in the wave number range 100-2000 cm-1 to 

compare the quality of diamond crystals grown at different methane concentrations. At 

low methane concentration Fig. 4.3 depicts a sharp peak at 1332 cm-1 linked to natural 

diamond. At comparatively high concentration of methane, this peak shifts to 1335cm-1, 

which might be due to compressive stresses originated by higher methane content. Local 

outgrowth in the diamond crystals increases simultaneously with rise of methane 

concentration at a pressure ~ 30 mbar (Figs. 4.3c, d). This outgrowth in local diamond 

raises the internal stresses and appears to be responsible for down grading of diamond 

quality as calculated by Eq. 1. This unwanted snoozing can be minimized by optimizing 

the methane concentration. Shifting of diamond peak and outgrowth has also been 
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observed by Schwarz et al. [9] at pressures of 30 and 50 mbar. Another peak around 1530 

cm-1 (G band) originating from disordered and glassy amorphous carbon in the vicinity of 

grains is not appeared at low methane concentration, but appeared at high methane 

concentration. The peak observed at 1123 cm-1 is ascribed to amorphous 

networks/nanocrystalline diamond [9]. Two extra peaks around 525 cm-1 and 604 cm-1 

induced by local disorder [10] at low methane concentration disappeared at high 

concentration. Moreover, FWHM of diamond peak at 1332/1335 cm-1 is increasing with 

increasing methane concentration. The area under diamond peak increases with 

increasing methane concentration as noted by Silva et al. [11] and others [12-14]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Raman spectra of four diamond films at various methane concentrations 

(vol.%), (a) 6.25, (b) 9.09, (c) 11.76, (d) 14.29. 
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A.4 Effect on Growth Rate 

Effect of methane concentration on diamond growth rate as determined from 

different cross-sectional SEM measurements is depicted in Fig. 4.4 (right), which 

indicates in general an increase with rise of methane concentration. Diamond growth rate 

increases as a consequence of increasing amount of atomic hydrogen and diamond 

precursors on the substrate. Similar results were observed by others [15-18]. Electrical 

resistivity (Fig. 4.4 (left)) is low at low methane concentration but increases at higher 

methane concentrations. Lower resistivity may be due to rise of sp2/sp3 ratio at low 

methane concentration [55] as observed in Raman spectra (Fig. 4.3). A minimum in 

resistivity (1.79 x 107 Ω-cm) is obtained at CH4 concentration of 9.09 vol.%. The rise of 

electrical resistivity at high methane concentrations may be due to outgrowth of local 

diamond.  

 

 

 

Figure 4.4: Electrical Resistivity (left) and Growth rate (right) as a Function of Methane 

Concentration. 
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B. Effect of Reactor Pressure on Electrical and Structural Properties of 

Diamond Films Grown by Hot Filament CVD 

The transport of diverse gas species (formed during deposition inside the HFCVD 

system) to the substrate plays a significant role in diamond film growth [1]. These species 

are affected by various factors such as deposition pressure, filament temperature, 

composition of the incoming gases etc. Influence of deposition pressure among all of the 

above mentioned parameters is very important for the growth of diamond, because it 

changes both the gas phase chemical reaction kinetics and the gas phase fluid dynamics 

among diverse gas species in a chemical vapour deposition chamber [19]. The deposition 

pressure for diamond film growth used in HFCVD is in the range from numerous tens to 

quite a few hundred mbar, which directs diamond nucleation density of 107 cm−2 – 108 

cm−2 [20-21]. By applying negative bias to the substrate, Makris et al. [22] and Pecoraro 

et al. [23] have obtained diamond films with high nucleation density 1010 cm−2 – 1011 

cm−2 at 30 mbar and 15 mbar, respectively. Lee et al. [24] and Jiang et al. [25] noted high 

diamond nucleation density 1010 cm−2 – 1011 cm−2 on Si substrates under very low 

pressure (0.13 mbar 1.3 mbar). Yang et al. [26] have deposited diamond thin film by 

graphite etching through hydrogen as carbon source in HFCVD reactor without plasma 

discharge. High quality diamond films have also been deposited at temperatures as low as 

250 °C using microwave plasma reactor [27]. In this work, a study of polycrystalline 

diamond growth on (100) silicon substrates deposited in a HFCVD system at various 

pressures (up to 50 mbar) using 1% methane in hydrogen is reported. 

B.1 Structural Studies 

Fig. 4.5 shows representative spectra of diamond thin films with a typical diamond 

(cubic) structure. The characteristic (111) and (222) peaks of diamond structure are 

clearly visible at 2θ values of 43.9° and 94.96°. The FWHM of the diamond (111) or 

(222) XRD peak observed at 2θ angles of ∼44° (or ~95°) can be used as a qualitative 

measure of the degree of crystallinity within the diamond deposit. The FWHM is 

dependent on both the grain size and the crystallinity, and usually has a tendency to 

become narrow when the grain size becomes large. A comparison of (222) diamond peak 

for a series of depositions at various pressures revealed a decrease in intensity with some 
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oscillatory trend (see Fig. 4.6). Higher pressures lead to a considerable decrease in the 

intensity of the (311) signal with no peak being observed at pressures ≥ 30 mbar (see Fig. 

4.5). Fig. 4.6 shows FWHM of the XRD (222) peak as a function of deposition pressure 

and clearly demonstrates the improvements in terms of grain size of the diamond 

polycrystals with the pressure whilst greater pressure leads to degradation in grain size 

due to high nucleation rate but low growth rate. The findings here are very much 

consistent with that of Yang et al. [28]. From these experimental findings, it can be said 

that an appropriate pressure can improve the quality of diamond crystals.  

 

 

 

 
Figure 4.5: XRD patterns of five diamond films at various pressures, (a) 10 mbar, (b) 20 

mbar, (c) 30 mbar, (d) 40 mbar, (e) 50 mbar. 
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Figure 4.6: FWHM and peak intensity of (111) plane for HFCVD diamond films at 

various pressures as determined from XRD patterns. 

 

B.2 Effect on Morphology 

SEM micrographs of five different samples grown at various pressures for quality and 

internal structure analysis are shown in Fig. 4.7. At very low pressure of 10 mbar 

randomly-oriented diamond crystals with rough surface and mean crystallite size of ~ 0.9 

µm were detected. Fig. 4.7b shows ~2.5 µm diameter some isolated and some connected 

crystals with (111) facet dominant grown at 20 mbar. The presence of isolated and 

disconnected crystals may have appeared due to not proper etching of Si wafer surface 

prior to CVD. But with the rise of pressure from 30 mbar to 50 mbar, uniform and 

smooth films of polycrystalline grains were obtained having well-facetted shape with 

average grain size in the range from 0.7±0.02 µm to 1.0±0.02 µm (Fig. 4.7c, d and e). 

Fig. 4.8 depicts the behavior of diamond grain size and grain density as a function of 

chamber pressure. In both cases an oscillatory but opposite behavior is noticed as both 

are reciprocal to each other. The grain density was calculated using the relation [29]: 

 

2.4150 √  1.4552        (4.2) 
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Figure 4.7: SEM micrographs of five diamond samples at various pressures, (a) 10 mbar, 

(b) 20 mbar, (c) 30 mbar, (d) 40 mbar, (e) 50 mbar. 

 

Where  is the average grain area on a random two-dimensional section and  gives the 

average intercept length of a random test line with grain surface. Fig. 4.8 shows that 

except at 20 mbar pressure, diamond grain density almost shows an increasing trend with 

rise of pressure. It means that diamond growth rate is relatively high at low pressures 

upto 20 mbar (demonstrating single and isolated crystals as seen in Fig. 4.7 b) but 

pressures greater than 20 mbar suppress the diamond growth rate but increase the 

nucleation rate that’s why diamond grains density is higher with relatively smaller and 

fine crystallite sizes at these pressures. The larger crystals obtained at 20 mbar pressure 
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may be caused by lateral impingement of diamond crystallites as the diamond nucleation 

is small since the Si wafer (substrate) was not properly etched. On the basis of above 

cited facts it can be concluded that pressure poses large effects on the diamond 

morphology and grain size. This behavior of diamond growth is in agreement with that of 

Hirakuri et al. [16]. Moreover, almost all the films were noticed to grow uniformly and 

smoothly at all pressures with polycrystalline grains so that such polycrystalline films can 

be grown using HFCVD system at relatively large substrate areas. 

 

Figure 4.8: Diamond crystallite size and density as a function of chamber pressure as 

determined from SEM micrographs. 

 

B.3 Effect on Crystal Quality 

Raman spectra of diamond films for the comparison of crystal quality and study of any 

impurities present in the diamond films deposited at different pressures are shown in 

Fig.4.9. In the spectra for film deposited at 10 mbar, a diamond peak exists at 1339 cm-1. 

The Raman peak at 1339 cm-1 indicates a shift as compared to the natural diamond peak 

(1332 cm-1), and this shift may be due to the presence of compressive stresses at low 

pressure. The weak G- and D-peaks of graphite are situated at 1350 cm-1 and 1475 cm-1 

respectively. Two further peaks at 1140 cm-1 and 963 cm-1 are observed among which 
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1140 cm-1 peak can be associated with amorphous network in the literature [30-31] or 

may be due to Ne lamp and 963 cm-1 may be a 2nd order silicon peak. The spectrum 

observed at 10 mbar is similar to that of Schwarz et al. [9] observed at 3 mbar. At 20 

mbar pressure diamond peak is shifted back to its natural position i.e. 1332 cm-1 but with 

low intensity. Moreover, the G- and D- peaks are absent at this pressure. This may be due 

to the increasing generation of atomic hydrogen caused by the extension of residence 

time, which are capable of enhancing the removal of non-diamond components [32]. The 

amorphous peak is at the same position while 2nd order silicon peak is shifted to 990 cm-1 

Fig.4.9b. Such behavior may be caused by the isolated diamond crystals observed only at 

this pressure as most of the surface is Si and is in agreement with that of Yang et al. [28]. 

At pressures of 30 and 40 mbar the diamond peak remains at its natural position. This is 

possibly due to etching by which amorphous carbon peak is strongly reduced as shown in 

Fig. 4.9d to e.  However, an extra weak peak at 1580 cm-1 is observed at a pressure of 40 

mbar, also noticed by Schwarz et al. [9] at 3 mbar pressure. This is actually the G-peak 

related to the highly oriented graphite phase (HOPG). The diamond peak at pressure of 

50 mbar is again slightly shifted to 1333 cm-1 (Fig. 4.9e). From the above results it can be 

concluded that Raman spectra also supports the fact that the quality of diamond strongly 

depends on chamber pressure, because the generation of atomic hydrogen sharply 

decreases with increasing pressure [16]. The FWHM values obtained for Raman 1332 cm-1 

peak presented in Table 4.1 also support our results of the crystal quality with increasing 

pressure. It is noticed that where the growth rate is higher, FWHM values are lower and so 

diamond crystals have relatively larger sizes. But the pressures where FWHM values are higher, 

good quality diamond crystals are the results. 

 

B.4 Effect on Electrical Resistivity 

Fig. 4.10 shows electrical resistivity measured by four point probe I-V in van der Pauw 

geometry at room temperature with maximum voltage of ± 100 volts.  From the results 

presented in Table 4.1 and Fig. 4.10, it is clear that resistivity decreases rapidly up to a 

pressure of 30 mbar and then slowly with further increase of chamber pressure. The 

decrease of resistivity might be due to the causes of grain edge and contamination 
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scattering at lower deposition pressures [33]. But as diamond grain density increases at 

pressures ≥ 30 mbar see Fig. 4.7, increasing the grain boundary area, consequently 

reducing the conductivity and causing the observed slow decrease of resistivity with 

pressure. The behavior of resistivity with pressure also supports the findings obtained 

using SEM, XRD and Raman spectroscopy. 

 

Figure 4.9: Raman spectra of five diamond films grown at various pressures, (a) 10 

mbar, (b) 20 mbar, (c) 30 mbar, (d) 40 mbar, (e) 50 mbar. 
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Figure 4.10: Electrical resistivity as a function of reactor pressure. 

Table 4.1: Diamond Film Parameters. 

Deposition Pressure  

(mbar) 

Resistivity  

(x 107 Ω-cm) 

Growth Rate  

(µm/h) 

FWHM of Raman 

1332 cm-1 peak 

10 105.00  0.054 10.54 

20 72.40 0.125 09.52 

30 01.17  0.035 14.36 

40 00.29 0.048 10.21 

50 01.57  0.034 14.32 

 

B.5 Effect on Growth Rate 

The pressure dependence of growth rate (as determined from the cross-sectional view 

using SEM) of diamond crystals is displayed in Fig. 4.11 at a substrate temperature of 

900  and indicates that growth rate increases strongly with increasing pressure up to 20 

mbar and then decreases with further rise of pressure. The growth rate shows a maximum 

at 20 mbar (0.125µm/h) and a minimum at 50 mbar (0.034µm/h). Thus, the highest 

growth rate (at 20 mbar) is almost 4 times the slowest growth rate (at 50 mbar). 
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Behaviour of growth rate for pressures > 20 mbar is in agreement with that observed by 

Schwarz et al. [9] however magnitudes of growth rate differ significantly. The reason for 

such a high growth rate has already been discussed in sec B.2. Schwarz et al. [9] found 

the fastest growth rate (0.7 µm/h) at 3 mbar while growth rate at 50 mbar was only 0.2 

µm/h. Brunsteiner et al. [34] found maximum growth rate at 27 mbar with a slightly 

slower growth rate at a pressure of 7 mbar. These results disagree with growth rates 

observed in the present investigations. A possible explanation of this disagreement could 

be different deposition conditions based on experimental set-up such as use of 8 W 

(tungsten) filaments (Φ=0.5mm), filament temperature, filament–substrate distance, gas 

flow rate etc. The FWHM values obtained for Raman 1332 cm-1 peak presented in Table 

4.1 also support the results of the growth rate with increasing pressure. Therefore, where 

the growth rate is higher, the lower is the FWHM value and so on. 

 

 

Figure 4.11: Diamond Polycrystals Growth Rate as a Function of Pressure. 
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C. Controlling Properties of Microcrystalline Diamond Films using 

Oxygen in a Hot Filament Chemical Vapour Deposition System 

Preparation and characterization of nanocrystalline diamond films have been of great 

interest in the last few years. Many researchers [36-38] have studied the role of oxygen 

addition into    plasma polycrystalline diamond growth and have investigated 

that O2 addition reduces impurity incorporation and improve quality of the diamond [37-

38]. 

Effects of nitrogen and oxygen (O2) accumulation on the growth and morphology of 

polycrystalline diamond films have been investigated by some researchers [40-42]. 

Ahmed et al. [43] has used nitrogen to control the surface morphology of diamond thin 

film using CVD system. Ando et al. [44] have found that growth parameters and film 

properties for conventional HFCVD a reactor is different from that for a MPCVD system.  

Many researchers have found that  and  radicals are main contributors to the 

characteristics of diamond synthesized using gas phases [45-52].  radicals are the 

precursors of diamond and  radicals are those of nondiamond components. As a 

result, as the ratio /  decreases, high-quality diamond is formed [50-51]. So the 

decrement of Co radicals in the plasma is significant for high-quality diamond. Adding O2 

to the feed gas can decrease Co radicals in the plasma and generates O and OH radicals in 

the chamber. These two species (O and OH) can etch the nondiamond component more 

rapidly than atomic H [51-52]. Hence, it is considered that the increase of OH radicals 

and the decrease of Co radicals in the plasma cause the enhancement of diamond quality 

in the CH4/H2/O2 systems. In the HFCVD chamber the dissociation of feeding gases H2, 

CH4 and O2 is very effective. Many additional reaction species containing O2 are created 

with the addition of O2 in the /  plasma. These additional O2 species absolutely 

vary the gas phase chemistry and effect the formation of grains of diamond films with 

various morphologies and mixed textures. However, very little work is found on the 

influence of O2 addition on the resistivity and growth rate of diamond films in HFCVD 

system. In this work, the effect of O2 addition on resistivity and growth rate of diamond 

films in HFCVD system is investigated.  
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C.1 Structural Studies  

XRD patterns of five various samples for texture analysis are taken and are shown in Fig. 

4.12. Three randomly oriented diamond peaks (111), (220) and (311) with diverse 

intensities are observed. These three diffraction peaks confirm the diamond nature of the 

films. For all samples the (111) lines are much stronger than (220) and (311). For 

samples b and d in Fig.4.12, (220) and (311) are weaker indicating the one type of pattern 

i.e. (111). For sample e, all three diffraction peaks reappear confirming that these films 

have mixed textures. The strongest peak observed in all the as-grown samples at 

approximately 2θ value of 75° is due to the silicon substrate. 

 

 

 

 
Figure 4.12: XRD patterns of diamond films grown at substrate temperature of 900  

with various O2 contents, (a) O2 = 0.000, (b) 0.003, (c) 0.007, (d) 0.010, 

and (e) 0.013 vol.%. 
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C.2 Effect on Morphology 

Morphology of diamond films grown at various oxygen concentrations is shown in Fig. 

4.13. From these micrographs there seems a significant change in the film morphology 

when oxygen is added to methane/hydrogen gas mixture. Without oxygen, film is found 

to be polycrystalline in nature with mixed {111}, {220} and {311} texture having an 

average grain size of about 1.5±0.02 µm (see Figs. 4.12a & 4.13a and Table 4.2). With 

small amount of oxygen addition (O2 =0.003 Vol.%) pyramid-like structure is seen, and 

average crystal size increases to 1.6±0.02 µm (see Fig. 4.13b & Table 4.2) with {111} 

facet dominant. For further increase of Oxygen content (O2 = 0.007-0.010 vol.%) crystal 

size is increased more with better crystal quality involving mixed {111},{220}and {311} 

texture (see Fig. 4.13c). With higher addition of Oxygen (O2 = 0.010-0.013 vol.%) grain 

size further enhanced from 1.65±0.02 µm to 1.8±0.02 µm, moreover grain boundaries are 

very clear and sharp (see Fig.4.13d, e).   

Some small crystallites formed on the surface of large crystallites are seen in almost all 

the samples. These small crystallites are caused by secondary nucleation. The number of 

these secondary nuclei is decreasing as the oxygen concentration is increasing. This 

provides evidence that the crystal quality is improving due to decrease of secondary 

nucleation as clear Figs.4.13a to e. Some black spots are also obvious in the films, which 

might be the graphite particles and/or a small amount of amorphous carbon has been 

retained in the film. This is consistent with the Raman spectrum where the weak G peaks 

were (see Fig 4.14c) observed. These results favour those of Hara et al. [53]. 

The formation of pyramid-like morphology originated by addition of O2 in the film Fig. 

4.13c can be explained by twinning occurring at (111) planes. This leads to the film 

formation with {111} morphology as studied by the other scientists [38].  Recording 

morphology changes, it is noted that small amount of O2 does not change texture and 

grain size, but as O2 concentration is increased, an improvement in the quality of grain as 

well as its size with {111} facet becoming dominant. This result is in good agreement 

with those of Neto [42] and Yu et al. [40], i.e. O2 concentration affects the morphology 

and promotes the formation of {111} texture of polycrystalline diamond films grown 

using HFCVD.      
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Figure 4.13: SEM micrographs of diamond samples, (a) O2 = 0.000, (b) 0.003, (c) 0.007, 

(d) 0.010, and (e) 0.013 vol.%. 
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Table 4.2: Growth Parameters of Oxygen-doped Diamond Films. 

Sample 
H2 

(sccm) 

CH4 

(sccm) 

O2 

(sccm)

Time

(h) 

Growth 

Rate 

(µm/h)

FWHM of 

1332 cm-1 

peak 

Average 

Grain Size 

( 0.02 µm  

Resistivity 

(x109 Ω-cm)

a) 300 3 0.00 20 2.0 14.36 1.50 6.56 

b) 300 3 0.01 20 2.1 14.30 1.60 5.06 

c) 300 3 0.02 20 2.0 13.92 1.65 0.30 

d) 300 3 0.03 20 2.0 10.67 1.70 0.03 

e) 300 3 0.04 20 2.5 09.91 1.80 1.05 

 

C.3 Effect on Crystal Quality  

To verify the nature and crystalline quality of diamond observed in SEM and XRD 

patterns, Raman spectra of different specimen with various oxygen concentrations are 

recorded and presented in Fig. 4.14. For all concentration of oxygen, a strong and sharp 

peak around 1333 cm-1 is observed. This is associated with the bulk diamond and 

attributes to sp3 C-C bonding [54]. The peak at 1121 cm-1 originates due to oxygen 

impurities as they form C-O bond in the graphite state [58]. Moreover these peaks 

contribute a possible decrease in resistivity [55]. Peaks appearing at 961 cm-1 correspond 

to 2nd order Si peaks; their intensities do not link film characteristics.    

 A nondiamond broad G peak at about 1550 cm-1 appears in the spectrum, which 

indicates relatively poor quality of diamond compared to samples a, d and e. These G 

peaks are due to amorphous carbon as shown in Fig. 4.14a and c. Increase of oxygen 

concentration may cause the nondiamond peaks to disappear and improve the sharpness 

of diamond peaks (1333 cm-1) [53].  

The above finding can be explained as follows: The nondiamond peak around 1550 cm-1 

appears only when oxygen concentration is 0.007 vol.%. This may be due to the reason 

that oxygen reacts with H and reduces the formation of diamond phase by increasing the 

formation of graphite at the interface [42], and its disappearance on diamond growth with 

rising oxygen (Fig.4.14b and c). The disappearance of this peak with rising oxygen 

contents (Fig. 4.14d, e) indicates that the added oxygen had etched away the amorphous 

carbon component and suppressed its formation during the long deposition period [38]. 
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These Raman spectra are in excellent agreement with the SEM morphology observations. 

The FWHM values obtained for Raman 1333 cm-1 peak presented in Table 4.2 also support our 

results of the crystal quality with increasing oxygen content in the diamond films. It is noticed 

that FWHM values are decreasing with rising oxygen content in diamond films and so diamond 

crystals have relatively larger sizes, reducing secondary growth and hence yield good quality 

diamond crystals. 

 
Figure 4.14: Raman spectra of diamond films with varying oxygen contents, (a) O2 = 

0.000, (b) 0.003, (c) 0.007, (d) 0.010, and (e) 0.013 vol.%. 

 

C.4 Effect on Growth Rate 

In order to investigate the effect of oxygen on growth rate of diamond films, different 

cross-sectional SEM measurements as a function of oxygen addition were made and are 

shown in Fig. 4.15. The data is given in Table 4.2. It is clear from the images and data 

(Table 4.2) that growth rate decreases with small addition of oxygen (Fig. 4.15a to c) but 

increases with higher amounts of oxygen (Fig. 4.15e). The growth rate as function of 

oxygen concentration is shown in Fig. 4.16. The observed rise and fall in growth rate can 

be explained by the following way:  



Experimental Results and Discussion 
 

76 
 

The rise in growth rate for large amount of oxygen is due to surface activation by oxygen, 

either as OH or O, which presumably produce radical sites by H atom abstraction. And 

the decline in growth rate due to smaller amount of oxygen is due to the enhanced 

oxidation rate of solid carbon at the surface of growing diamond film and the depletion of 

gas phase hydrocarbons in the plasma due to Co formation [45, 56-63].  

Generally the decrease is explained by etching process shown in Fig 4.17. Howard et al. 

[64] suggested that atomic oxygen can make the growth of the film more difficult by 

forming Carbon Bridge or double bonds with surface carbon atoms [64]. According to 

Chen et al. [65] addition of oxygen to the methane/oxygen gas mixture causes a decrease 

in the nucleation density of the film.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15: SEM Cross-sectional view of diamond films with varying oxygen content: 

a) O2 = 0.000, (b) 0.003, (c) 0.007, (d) 0.010, and (e) 0.013 vol.%. 
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Figure 4.16: Growth Rate as Function of Oxygen Concentration. 

 

 

 
Figure 4.17: Etching process of sp2 bonding fraction during film growth in oxygen 

atmosphere.  
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Figure 4.18: SEM grain size view of five diamond films with different oxygen 

concentrations, (a) O2 = 0.000, (b) 0.003, (c) 0.007, (d) 0.010, and (e) 

0.013 vol.%. 

 

C.5 Effect on Grain Size 

Grain sizes of five different samples were calculated by analyzing SEM 

micrographs (Fig.4.18) and by x-ray diffraction patterns (Fig. 4.12) using Sherrer’s 

equation [44]:      
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θ

λ
cos
9.0

BShkl
=                                (4.2) 

where λ=1.5418 Å, and B is the full width at half maximum (FWHM) of the (111) 

diffraction peak. The average crystallite size  as determined from Eq. (4.2) and 

shown in Fig. 4.19 indicates an increase from 1.5±0.02 µm to 1.8±0.02 µm as the oxygen 

concentration increases from 0.0 to 0.013 vol.% in the reaction chamber. Similar results 

are also observed from SEM micrographs as seen in Fig. 4.18 with only a slight variation. 

Thus addition of oxygen reduces the defects sp2 and increase sp3. This increase in 

average grain size may be explicated by the lack of carbide formation of non diamond 

carbon phases particularly graphite, that grown on the edge and hence enhance the grain 

size [42].  

 

 

 
Figure 4.19: Diamond grain size as a function of oxygen concentration. 
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C.6 Effect on Electrical Resistivity  

Electrical resistivity (Fig. 4.20) decreases by adding oxygen content to diamond films. 

This fall of resistivity can be explained as: on top diamond layer some black spots were 

observed which have much lower electrical resistivity. The numbers of these defects were 

noted to increase with the rise of oxygen concentration since these defects depend on 

diamond growth conditions. As a result electrical resistivity decreases as shown in Fig. 

4.20. & Table 4.2, these results are in good agreement with the results observed by Lux 

[66]. 

 

 

 
Figure 4.20: Resistivity as a function of oxygen concentration in diamond films. 
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D. Influence of Boron on Properties of CVD-Diamond Thin Films at 

Various Deposition Pressures 

In previous decade, researchers started to add boron dopants in the diamond films, 

making them p-type semiconductors [67]. High boron-doping can change insulating 

diamond films into metallic and increase their applications in electrical appliances. So 

preparing high quality boron-doped diamond (BDD) films is very important for their 

applications. Due to smaller boron atomic radius compared to other potential dopants, it 

is easy to synthesize the electrical conducting diamond with higher doping levels [68]. 

However, B-containing gases such as B2H6 and BCl3 used for the deposition of diamond 

films are potentially hazardous. A very simple and effective way to produce B-doped 

diamond films by an ex-situ heat treatment procedure can be applied instead of an in-situ 

doping using volatile gases [69]. In this technique a boron carbide (B4C) block (3x3 inch) 

was positioned close to the film at a temperature of around 2300  for 20 hours during 

CVD diamond growth. The B4C may act as suitable boriding agent for diamond in the 

same way as it does for metals [69].  

D.1  Structural Studies  

As depicted in Fig. 4.21, three diffraction peaks (111), (220) and (311) in addition to a 

strong reflection corresponding to (222) plane were noticed. The 1st sharp peak around 

43.91° is a characteristic reflection of (111) plane, 2nd peak at 75.27° is related to (220) 

plane and 3rd  one of low intensity at 91.46° corresponds to (311) plane confirming the 

crystalline nature of these diamond films. In all samples (222) reflection at 96° is much 

stronger than (111), (220) and (311) reflections. Intensity of (111) and (220) peaks 

decreases with the increase of deposition pressure. For samples a, b and c, (311) 

reflections have almost been disappeared (Fig. 4.21). For samples d, e and f which are 

fabricated in the presence of B4C, (311) peak has appeared but (222) reflections are still 

sharp and dominant confirming the transfer of texture from (111) to (222). It is noted that 

diamond texture changes from (111) to (220) and (311) in the presence of B4C. An 

obvious difference of peak intensities at 43.91° without B4C and at 75.27° at various 

pressures with B4C can be observed (Fig. 4.21). Therefore, it can be concluded from the 

above analyses that introduction of B4C vapors into the reactive gases not only changes 
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the crystal orientation but also improves the crystal quality of boron-doped diamond films 

as shown in Figs. 4.21 d to f. Wang et al. [70] used B(OCH3)3 vapors into reactive gases 

instead of solid B4C (the present case) keeping pressure constant at 30 mbar and noted 

not only the change of crystal orientation (analogous to present results) but also the 

degradation of diamond crystals by excessive introduction of boron (B:C ratio greater 

than 4:4). However, present results show an improvement in the crystal quality perhaps 

due to change of pressure and use of different boron compound (solid B4C not vapors), 

which may be responsible for relatively lower concentration of activated boron atoms in 

the reactive gases. Since lesser number of boron atoms show weaker affinity to affect the 

diamond growth process. From the above experimental findings, it can be seen that an 

appropriate deposition pressure can improve the quality of diamond films. 

D.2 Effect on Morphology 

Morphology of diamond films grown at various deposition pressures for 20 h with and 

without B4C is recorded by SEM and presented in Fig. 4.22. From these micrographs it 

seems a significant change in the film morphology when pressure is changed in the 

presence of B4C. Without B4C and at pressure of 20 mbar, film is found to be single 

crystalline in nature with {111} and {222} texture having an average crystal size of about 

1.9 µm with very low nucleation rate and high growth rate (see Fig. 4.21a). At pressure 

of 30 mbar polycrystalline structure is seen with relatively larger nucleation rate and 

lower growth rate. This causes average crystal size to decrease from 1.9 to 0.6 µm (see 

Fig. 4.21b & Table 4.3) with (222) facets dominant. For further increase of pressure, 

average crystal size is reduced more with the largest nucleation rate and finer crystal 

quality (see Fig 4.21c). This trend of decreasing growth rate is analogous to that 

presented in Ref. [28], where it is observed that growth rate is high at low pressures. 

However, this trend is opposite to that of Kweon et al. [19]. When B4C is introduced in 

the deposition chamber it is noticed that diamond crystal quality is improved with sharp 

and clear crystal edges involving mixed {111}, {220}, {311} and {222} textures (see 

Figs. 4.21d, e and f). Nucleation rate has improved by adding B4C in the reactive gasses 

making growth rate to decrease with diamond polycrystals of about 1 µm size (compare 

Figs. 4.22a and 4.22d). With increasing pressure in the presence of B4C average grain 



Experimental Results and Discussion 
 

83 
 

size further enhanced from 1.0 µm to 1.3 µm (Table 4.4). Moreover grain boundaries are 

very clear and sharp (see Fig.4.21d, e and f). Some small crystallites on the surfaces of 

large crystallites are also visible in Figs. 4.21d and 2f. These small crystallites are caused 

by secondary nucleation on adding B4C. The extent of this secondary nucleation is 

decreasing as pressure is increasing. At pressure of 30 mbar, secondary nucleation is 

almost negligible providing evidence for better crystal quality as clear from Fig.4.21e. 

These changes indicate that as pressure increases from 20 to 40 mbar, both the grain size 

and the crystal quality of as-grown diamond films are highly enhanced with (311) and 

(222) facets being dominant (Figs. 4.21d to f). It can be concluded that appropriate 

amount of boron doping and gas pressure are crucial for improving the structural 

properties of diamond films. This result is in good agreement with those of Jia et.al [71], 

who has shown that when boron doping in the diamond is low, boron replaces C-atoms 

and do not accumulate at the grain boundaries. On the other hand when a large number of 

B-atoms enter into the diamond structure, they not only replace C-atoms but also 

accumulate themselves at grain boundaries. As a consequence, B-atoms induce structural 

defects and damage the crystal integrity. Analogous behavior is observed in the present 

samples as clear from SEM micrograph (Figs. 4.22 a to f). 

Table 4.3: Growth Parameters Without B. 

Sample Pressure 

(mbar) 

Resistivity (x107 Ω-cm) Average Grain Size 

(±0.02 µm) 

a) 20 72.40 1.9 

b) 30 1.17 0.6 

c) 40 0.285 0.5 

 

Table 4.4: Growth Parameters with B. 

Sample Pressure 

(mbar) 

Boron Content  

(%) 

Resistivity  

(x105 Ω-cm) 

Average Grain 

Size (±0.02 µm) 

d) 20 0.64 9.82 1.0 

e) 30 1.77 7.62 1.2 

f) 40 2.05 6.33 1.3 
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Figure 4.21: XRD patterns of diamond films grown at substrate temperature of 900  at 

various pressures and without boron: (a) 20 mbar, (b) 30 mbar, (c) 40 mbar, 

With boron: (d) 20 mbar, (e) 30 mbar, (f) 40 mbar, Insets depict the intensity 

of (220) and (311) reflections. 
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Figure 4.22: Surface morphology of the coating prepared at various pressures, 

Without boron:  (a) 20 mbar, (b) 30 mbar, (c) 40 mbar,  

With boron:       (d) 20 mbar, (e) 30 mbar, (f) 40 mbar. 

    

D.3 Effect on Crystal Quality  

Raman spectra of different diamond films with various deposition pressures with and 

without B4C are recorded and presented in Fig. 4.23. In the absence of B4C, strong and 

sharp natural diamond peak around 1332 cm-1 is observed Figs. 4.23a to c. At 

wavenumber of 1140 cm-1 another strong peak can be found, which decreases in intensity 
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with increasing pressure. This peak is ascribed to amorphous network [9]. Peaks 

appearing at 990 cm-1 correspond to 2nd order Si peak.  In the presence of B4C 

characteristics diamond peak at 1332 cm-1 shifts to 1336 cm-1 and then to lower frequency 

at 1333 cm-1 as shown in Figs.4.23d and f. Boron-doping also induces a wide peak 

around 1200 cm-1. The two peaks at 1336 cm-1 and 1333 cm-1 associated with bulk 

diamond [72] are attributed to sp3 C-C bonding. Raman peak at ~961 cm-1 may be related 

to Si substrate; however it may also be due the effect of boron doping [73]. The intensity 

of this peak increases with increasing pressure and it shift toward low frequencies (Figs. 

4.23d to f). The downshift may be due to the following reasons; first: Raman photons 

may interact with the defects induced by boron-doping. This interaction may decrease the 

energy of photons. Second: there exist internal stresses in the films. The effect of tensile 

stresses may cause the shift of diamond peak to lower frequencies. Similar results were 

noted by other workers [74-75]. Third: In line with kinetic theory of gases, at low 

pressures the mean free paths are much longer as a result more and more active species 

(H atoms and CH3, C2H2 radicals, etc.) can survive collisions and reach the substrate 

surface. At high pressures tensile stresses are decreased, hence the magnitude of shifting 

to low frequency becomes smaller [25, 76-77]. Fourth: phonon bands at 1336 cm-1 and 

1333 cm-1 and signal at 1200 cm-1 are thought to be caused by the Fano interference 

induced by quantum mechanical interference between the discrete phonon states and 

electronic continuum [78-79]. The Raman signal at 1200 cm-1 may be correlated with 

peak at 1220 cm-1 as reported by Krivchenko et al. [73] and around 1225 cm−1 as reported 

by Wang et al. [80]. Such peak is likely to be due to the effect of boron addition and 

looks to be independent of the presence of sp2 phase. A non-diamond broad G peak at 

about 1588 cm-1 appears in the spectrum. This G peak is disappearing as the pressure 

increases proving the high quality of diamond as shown in Fig. 4.23d. Presence of B4C 

may cause the non-diamond peaks to disappear and improves the sharpness of diamond 

peaks 1333 cm-1. The above finding can be explained as follows: The non-diamond peak 

around 1588 cm-1 appears only when pressure is 20 mbar in the presence of B4C. The 

disappearance of this peak with rising pressure (Fig. 4.23d, e) indicates that the added 

B4C had etched away the amorphous carbon component and suppressed its formation 

during the long deposition pressure. These Raman spectra are in excellent agreement with 
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the SEM morphology observations. These Raman spectra are also used to roughly 

estimate the boron content in the doped films through area under the Raman peaks of 

diamond at 1332, 961 and 1200 cm-1. The results obtained are shown in Fig. 4.24 and 

tabulated in Table 4.4. Moreover, the intensity and FWHM of Raman 1333 cm-1 peak 

almost decrease with an increase in pressure, which leads to relatively larger crystallite 

size (Table 4.4) and better quality of diamond crystals.  

 
Figure 4.23: Raman spectra of six diamond films at various pressures without boron:  (a) 

20 mbar, (b) 30 mbar, (c) 40 mbar, with boron: (d) 20 mbar, (e) 30 mbar, (f) 40 mbar. 
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Figure 4.23g: Boron Concentration as a function of pressure determined from Raman 

spectra. 

 

D.4 Effect on Electrical Resistivity 

Electrical properties of boron-doped diamond films are examined by four-point 

measurements. Fig. 4.24 shows that resistivity of the diamond films without boron 

content decreases rapidly when pressure increases from 20 mbar to 30 mbar, while 

resistivity reduction becomes rather very slow as pressure exceeds up to 40 mbar. On the 

addition of B4C into the reactive gases, resistivity shows a sudden drop of approximately 

three orders of magnitude i.e. from 7.24x108 Ω-cm to 9.82x105 Ω-cm. Fig. 4.24 also 

depicts the behavior of resistivity of boron doped diamond films as a function of 

pressure. It is seen that resistivity decreases with increasing pressure however this 

decrease of resistivity is rather much slower as compared to diamond films without 

boron. Similar results are reported in Ref. [81]. It is found that a critical value of B:C 

ratio and deposition pressure is necessary at which boron-doped diamond film with least 

film resistivity can be obtained. At the highest pressure, the resistivity of BDD films 

reaches 6.3x105 Ω-cm, which satisfies the requirement of electrical device applications 
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[82-83]. The variation of film resistivity with pressure can be explained as: at high 

pressures under high temperatures near the substrate, the B4C vapors are usually 

decomposed into activated boron ions and carbon ions. At very low boron concentration, 

the boron ions can be easily added into the diamond films during the deposition process, 

as a result, concentration of hole carriers is increasing. Consequently, resistivity of the 

diamond film lowers by raising B/C ratio. When the B/C ratio exceeds, the B4C vapor 

will be in a saturated state, leading to a saturation of hole carrier concentration. Secondly 

at high deposition pressure, the effects of grain boundary and impurity scattering will be 

enhanced, which may deter the electron conductivity giving rise to a slow decrease of 

resistivity. This picture is partially supported by our experimental results from SEM and 

Raman analyses. Regarding Raman analyses, it is noted that with increasing pressure in 

the chamber, B content in the film increases (Table 4.4). Moreover, the intensity and 

FWHM of Raman 1333 cm-1 peak almost decrease with an increase in pressure, which 

leads to relatively larger crystallite size (Table 4.4), relatively lesser grain boundaries and 

hence lesser resistance in the flow of charge carriers, that enhances conductivity. 

 

Figure 4.24: Electrical resistivity as a function of pressure.  
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D.5 Effect on Grain Size  

The SEM cross-sectional view of boron doped diamond films is shown in Fig. 4.25. For 

low pressure no continuous film is formed on the substrate showing voids. The growth 

behavior observed in these micrographs is analogous to Fig. 4.22 (d to f). Fig. 4.26 shows 

that average grain size of the diamond films without boron content decreases rapidly 

when pressure increases from 20 mbar to 30 mbar, while this reduction becomes almost 

constant as pressure exceeds to 40 mbar. On the addition of B4C into the reactive gases, 

average grain size decreases from 1.9±0.02 μm to 1.0±0.02 μm. Fig. 4.26 also depicts the 

behavior of grain size of boron doped diamond films as a function of pressure. It is seen 

that average grain size increases with increasing pressure from about 1±0.02 μm to about 

1.3±0.02 μm as discussed earlier in section 3.2. However this behavior of grain size is 

opposite to that of diamond films without boron. Similar results were observed by Lu et 

al. [84], who noted that roughing step will bring defects on the Si substrates which are 

favorable for the nucleation of diamond.   
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Figure 4.25: SEM cross-sectional view of three diamond films at various pressures 

containing boron: (a) 20 mbar, (b) 30 mbar, (c) 40 mbar. 
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Figure 4.26: Average grain size as a function of pressure: a) without B, b) with B. 
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E. Growth of Nitrogen-Incorporated Diamond Films Using Hot-Filament 

Chemical Vapour Deposition Technique 

Diamond films grown by HFCVD are polycrystalline and highly defective and properties 

of these films differ from perfect diamond [85]. The doping and various deposition 

conditions may be responsible for defects such as dislocations, line defects, self-

interstitial point defects, stacking faults and species of grain boundaries, which show 

significant effects on the properties of diamond films [86]. Such doped diamond films 

can be made attractive for semiconducting applications [87]. The p-type and n-type 

conductivity in diamond can be obtained either by doping of boron [88] or nitrogen [55]. 

These doped p-type and n-type diamond films have some limitations and it is challenging 

to achieve effective conductivity [89-90]. The source of nitrogen impurities, which are 

unintentionally incorporated into the diamond film, is mainly from the leaking of 

atmospheric air into the deposition chamber [86]. Since the covalent radius of nitrogen is 

comparable to that of carbon (  = 0.77 Å,  = 0.75 Å), it has been observed, at low 

concentration, that it occupies the diamond lattice sites producing the substitution 

nitrogen-doped semiconducting and superconducting diamond films [91]. However, for 

high concentration of nitrogen it may become incorporated in cluster form that may also 

produce changes in bonding and morphological structure of the films [92]. Ma et al. [55] 

observed a shrink in grain size from (15±0.02 nm to 9±0.02 nm) of nitrogen incorporated 

NCD films synthesized by MP CVD in a gas mixture of CH4/H2/N2 with varying nitrogen 

concentration in a wide range (0–75%). In contrast, some researchers observed that grain 

size in the DC arc plasma jet CVD diamond films [93], ultrananocrystalline diamond 

(UNCD) films and nano-wires [94-95], synthesized by microwave plasma CVD, 

increases with the addition of nitrogen gas (up to 25%). Current status of understanding 

nitrogen doping of diamond remains unclear and the subject still requires a thorough and 

systematic study. 

The focus of this investigation is to elaborate the effect of nitrogen on film growth, grain 

size and surface morphology of diamond films grown by HFCVD.  
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E.1 Structural studies   

Fig. 4.27 shows representative patterns with typical polycrystalline structure. Two 

diamonds peaks (111) and (220) were observed for all samples. While (311) diamond 

peaks is present only when there is no nitrogen. The absence of (311) peak is strongly 

affected by crystal defects density. It might be considered as a result of increase of defect 

densities introduced by the increased nitrogen concentration [87]. The characteristic 

(111) peak of diamond structure is clearly visible at 2θ value of 43.9°. The FWHM of the 

diamond (111) XRD peak observed at 2θ angles of ∼44° can be used as a qualitative 

measure of the degree of crystallinity. The FWHM is dependent on both the grain size 

and the crystallinity and usually has a tendency to become narrow when grain size 

becomes large [97]. The contraction of (111) peaks reveals an increase in crystal size for 

lower concentration of nitrogen (Figs. 4.27 b and c) and its broadening exposes the 

decrease of crystal size for higher nitrogen concentrations (0.105 and 0.210 vol.%), 

which is shown in Figs. 4.27 d and e. Similar results were observed by Yong et al. [98]. 

Fig. 4.27 shows that diamond films grow preferably along <111> direction. This behavior 

is similar to the earlier results published in the scientific literature [98-99].  

0B  
Figure 4.27: XRD patterns of diamond films grown at substrate temperature of 900 °C 

with various nitrogen concentration (a) N2 = 0.000, (b) 0.013, (c) 0.026, 

(d) 0.105, and (e) 0.210 vol.%. 
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E.2  Effect on Morphology 

The morphology of diamond films grown at various nitrogen additions is shown in Fig. 

4.28 by SEM micrographs. From these micrographs it is clear that there is a significant 

change in the film morphology when nitrogen is added to  gas mixture. 

Surface of the film without nitrogen consists of crystallites with randomly oriented {111} 

facets lying parallel to the substrate plane (Fig. 4.28a). For low concentration of nitrogen 

(i.e. nitrogen = 0.013 vol.%), the crystallites have well defined edges and there is no 

reasonable change in crystallite size (Fig. 4.28b). With further addition of nitrogen (i.e. 

nitrogen = 0.026 vol.%), the morphology is seen to involve secondary nucleation with 

slight increase in grain growth. Grain boundaries are very clear and sharp, upward growth 

with square surface is evident (Fig. 4.28c). This over/upward growth of diamond grains 

may be due to sp2 bounded graphitic carbon. For additional nitrogen concentration (i.e. 

nitrogen = 0.105 vol.%), observed a superposition of two grain populations, smaller 

(nano-sized) and bigger (micro-sized) ones, and multiple nucleation with excess growth 

and bigger top square edges (Fig. 4.28d). It can be noted that nucleation of nano-sized 

grains is higher than the micro-crystallites; as a result average grain size abruptly 

decreases to nano. Similar results were observed by other researchers [55, 87-88]. With 

more addition of nitrogen (i.e. nitrogen = 0.210 vol.%), cauliflower-like morphology is 

obtained (Fig. 4.28e). This type of morphology is very usual for nanocrystalline diamond 

films [97].  

The superposition of two grain populations and excessive growth of secondary nucleation 

may be due to the following mechanisms: During diamond growth, atomic species (i.e. 

Co, Ho) do not find sufficient time to move around to add well defined crystallite sites and 

hence form secondary crystallites that grow rapidly with respect to micro-crystallites. 

This may reduce the sharpness of crystallites edges (as clear from Fig. 4.28 d-e) in the 

same way as it happens in case of dendritic growth [93]. Nitrogen is the well known 

major impurity in natural and single crystal diamond [86, 91-92]. It can easily be added 

into the diamond films as an impurity during the growth process as evidenced by nitrogen 

related infrared absorption studies in nanocrystalline diamond films grown with nitrogen 

addition [100], and theoretical studies by density functional tight-binding simulations 

[101]. On reaching the tolerance limit of lattice imperfections due to N2 impurity, the 
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diamond lattice collapses and ceases further growth of diamond grains, hence leading to 

nanocrystalline diamond formation [97]. The extra growth and secondary population may 

be related to the unique large distortion along (111) direction of the C-N bond [92]. In the 

presence of large distortion along the (111) direction, it is difficult to grow along the 

same direction, because it is energetically favorable for the growth to proceed along 

another crystallographic direction [92].  

 
Figure 4.28: Surface morphology of the coating prepared with various nitrogen 

concentration (a) N2 = 0.000, (b) 0.013, (c) 0.026, (d) 0.105, and (e) 0.210 

vol.%. 
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E.3 Effect on Crystal Quality    

The HFCVD grown films show the following features of Raman spectra as depicted in 

Fig. 4.29:  

Si mode: Small peaks around wave numbers 964.9 - 994.5 cm-1 in the Raman spectra 

originate due to second order phonon scattering from silicon substrate [96,102] and 

therefore, their intensities are linked with substrate material.  

Disorder (D) diamond: The strongest Raman feature around wave numbers 1345.2-

1362.0 cm-1 is due to disorder D-peak usually found in the spectra of diamond-like 

carbon at 1350 cm-1 [55,99,103]; for various concentration of nitrogen. This peak has 

been shifted from 1350 cm-1 to higher wave numbers i.e. 1361 or 1362 cm-1 (Fig. 4.29b,c) 

due to compressive stresses caused by interstitial defects in the films [109] and towards 

lower wave numbers i.e. 1345.2 cm-1 (Fig. 4.29d) due to tensile stresses in the film by the 

addition of nitrogen. The peak around wavenumber 1361 or 1362 cm-1 may also involve 

contributions due to the vibrational density of states (VDOS) of graphite [101]. In this 

region graphite has a higher VDOS band limits than diamond because the sp2 sites have 

stronger, slightly shorter bond than sp3 sites. The D peak at wavenumber 1357.4 cm-1 

observed for film without nitrogen has been split into two new peaks with wave numbers 

1340.2 and 1362.0 cm-1 (broad) at nitrogen content of 0.210 vol.% (Fig. 4.29e). The 

sharp peak at 1340.2 cm-1 may be due to the bulk diamond feature and represents the 

microcrystalline diamond [106]. This behavior is consistent with the SEM micrograph 

(Fig. 4.29e). No narrow diamond peak at 1332 cm-1 was detected in any of the films, 

although Fig. 2 shows clearly diamond XRD peaks. This can be explained as follows: in 

addition to the crystalline diamond phase in present films, there is still a component of 

non-diamond phase involving amorphous, diamond-like or graphitic carbon structure. 

T peaks: A weak and broad peak at wave number 1050 cm-1 originates due to small 

amount of diamond crystalline domain indicating that it could be precursor structure. 

This feature occurs in a region that might be expected for amorphous or microcrystalline 

diamond in poly-type structure [96]. This peak also contributes to the C-C sp3 vibrations 

[102]. This peak shifts towards higher wave numbers with nitrogen concentration up to 

0.08 sccm but for further rise of nitrogen content in the CH4+H2 mixture, the peaks shifts 
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towards lower wave numbers and at nitrogen content of 0.210 vol.%, it disappears due to 

the higher sp2 and lesser sp3 bonds [55,96]. 

Amorphous network / Nano Band: The peak at wavenumber 1125.3 cm-1 or 1133.1 cm-1 

is associated with amorphous network [106] but often named nanocrystalline diamond in 

the literature [107-108]. Similarly, sharp peaks in between 1144.0 to 1151.8 cm-1 wave 

numbers are attributed to C-H bonds [55] and may provide direct evidence of nano-sized 

diamond crystals. Such peak was earlier considered disordered-activated but now 

believed to arise from sp2 hybridized structure [96, 104]. Moreover peak around 

wavenumber 1480.0 cm-1 is due to C-H bonds [55] observed only in the film with highest 

concentration of nitrogen (0.210 vol.%) as shown in Fig. 4.29e. This peak along with 

peak at 1125.3 cm-1 can be considered an indication of the presence of nano-diamond 

structure. This behavior is consistent with that observed through SEM (Fig. 4.28e).  

Non-diamond band: Broad peaks around wave numbers of 1548.9-1553.6 cm-1 for 

various concentrations of nitrogen originate due to the bond stretching of all pairs of sp2 

sites only named as G peaks [108]. With the addition of nitrogen intensity of this broad 

sp2 feature is found to increase (except for film with nitrogen concentration of 0.026 

vol.%) and the width is found to decrease. The presence of this non-diamond phase is a 

result of the deterioration of the crystal growth, most probably by nitrogen-induced 

multiple nucleation and overgrowth which finally lead to the deposition of layers with an 

amorphous appearance [109]. The smallest amount of non-diamond phase is noticed in 

the film with nitrogen content = 0.026 vol.% providing good quality diamond crystallites 

(Figs. 4.28c and 4.29c). The Raman spectra of the graphitic regions appear somewhat 

similar to that of carbon nanotubes but significantly different from highly oriented 

pyrolytic graphite [103]. 

Within the scope described above, it could be concluded that spectra features indicate 

composite behavior. Such Raman feature possessing many vibrational modes is caused 

by the breakdown of the solid-state Raman selection rules since nanocrystalline or highly 

disordered films allow more vibrational modes to become Raman active [96]. This 

situation can be responsible for the shifting and asymmetric broadening of existing peaks 

and/or appearance of new signals [96]. Almost all peaks shift towards higher wave 

numbers with nitrogen concentration up to 0.026 vol.% but for further rise of nitrogen 
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content in the    mixture these peaks shift towards lower wave numbers. Some 

weak and broad peaks are also visible in spectra induced by local disorder [110]. The 

intensity of peak around wavenumber 1125 cm-1 increase with the increase of nitrogen 

indicating that the precursor area decreases with the increase of nitrogen content [96]. 

Moreover, it is a sign of reduction in the size of nano-particles.  

 

 

 
Figure 4.29: Raman spectra of five diamond films with various nitrogen concentration 

(a) N2 = 0.000, (b) 0.013, (c) 0.026, (d) 0.105, and (e) 0.210 vol.%. 
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E.4  Effect on Grain Size 

The average grain size obtained by SEM and conventional FWHM technique XRD is 

shown in Fig. 4.30, which indicates that it increases from 1.3±0.02 to 1.4±0.02 μm when 

nitrogen flow increased from 0.0 to 0.013 vol.%. For further increase of nitrogen to 0.026 

vol.%, grain size further increased up to 2.3±0.02 μm. This type of nitrogen effect on 

diamond grain size is not in line with the published work on the topic as Ma et al. [55] 

detected a decrease in grain size from 15±0.02 nm to ~ 7±0.02 nm of nitrogen 

incorporated NCD films synthesized by microwave plasma-enhanced CVD with rising 

nitrogen concentration in a wide range (0–75%) due to increasing defect density. 

However, present results follow the trend as observed in the DC arc plasma jet CVD 

diamond films [93]. On increasing nitrogen content in (    mixture from 0.105 to 

0.210 vol.%, grain size starts decreasing from microns to nanometers and reduces up to 

100±0.02 nm (Fig. 4.30). Variation of grain size as a function of nitrogen concentration 

shows opposite trend when compared with the published work [91-95]. As shown in Fig. 

30, addition of nitrogen up to certain extent (0.013 to 0.026 vol.%) reduces the graphitic 

phase and enhances the diamond phase, but by further increase in nitrogen concentration 

from 0.105 to 0.210 vol.% leads to boost up the graphitic phase and defect sp2 rings [96]. 

The variation in grain size with nitrogen concentration may be due to the following 

reasons:  

At low concentrations, nitrogen incorporates into the diamond lattice producing 

semiconducting diamond [90]. This phenomenon might be responsible for the increase of 

grain size. On the other hand, the reduction of grain size may be due to the efficient 

etching mechanism of sp2 and sp3 carbon induced by nitrogen atoms [108]. This is also 

possible that due to the reduction of defects in crystal, since at high concentration, 

nitrogen produces changes in bonding and morphological structure of the film [92]. 

 

E.5  Effect on Electrical Resistivity  

The Electrical resistivity was investigated by four point probe I-V in van der Pauw 

geometry at room temperature with maximum applied voltage of ± 100 V. Results are 

depicted in Fig. 4.31 as a function of nitrogen concentration. It can be seen that the 
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presence of nitrogen in the (    mixture significantly reduces the resistivity of 

diamond films from 7 x 109 to 2 x 107 Ω-cm. The decrease of resistivity may be due the 

increase of sp2/sp3 ratio [55] as observed in Raman spectra (Fig. 4.29) and significant 

changes in the microstructure [92]. Note that resistivity is minimum at nitrogen 

concentration (0.105 vol.%) and increases slightly for nitrogen content of 0.210 vol.% 

due to increasing disorder, showing an interrelation to the strong and relatively narrow G-

peak of the corresponding samples (Fig. 4.29d,e). The fall of resistivity may also be 

hypothesized by increasing the ordered phase (micro-diamond) than disordered phase 

(amorphous) of carbon on the top surface of the film [55]. 

 

 
Figure 4.30: Average grain size as a function of N2 concentration. 
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Figure 4.31: Resistivity as a function of N2 concentration. 
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Chapter 5  

Simulation and Theoretical Modeling  

The properties of diamond material can be studied by computer simulation modeling on 

the basis of microscopic material parameters. It is cheap, easy and convenient way for a 

scientist to realize better results for further experimentations.  Even so, computational 

scientist face problems to study the properties such as excited states and reactivity related 

to motion of individual atom and inter atomic distance. The responses to such problems 

require a detailed understanding of the geometry and the electronic structure of the 

material involved. For this purpose scientists and researchers used different types of 

materials simulation codes such as VASP, Win2k, Quantum ESPRESSO, and CASTEP 

etc. In 2004, Xiang et al. [1] and Blasé et al. [2] investigated the electronic structure of B-

doped diamond using density functional theory (DFT). They reported superconductivity 

in B-doped diamond due to electron-phonon coupling (EPC). Recently, Qi An et al. [3] 

have used first-principles quantum mechanical calculations to study diamond thin film 

growth on the (100) surface using CCl radicals as the carbon source. They have shown 

that CCl has improved surface mobility ( 30.0 kcal/mol barrier, versus 35 kcal/mol for 

CH2, along the C–C dimer chain direction.  In the present work, the electronic structure to 

determine electronic properties, bonding properties and charge distributions among (Cu, 

Cd, Hg, Zn, O and B) and carbon atoms and their impact on the electronics properties of 

TM doped, B-doped, O-doped and N-doped diamond thin films have been analyzed using 

DFT. Density of States (DOS) of doped diamond films for different C-concentrations 

have also been calculated. That is why the basic DFT methods are being discussed below.  
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Ψ EΨ

H ∑

5.1 Many-body Problems 

Energy and structure of the multi particles (atoms) system can be determined by 

solving the Schrödinger wave equation for both the atomic nuclei and the electrons. 

Without external field Schrödinger wave equation can be written as:  

     H                                                                (5.1)                        

where Ψ  is the many-body wavefunction, E the energy of many-body system and H the 

many-body Hamiltonian operator which operates on some mathematical function. For a 

system of  electrons in a field due to  atomic nuclei, it can be written as: 

∑ ∑   –∑ ,
, ∑   (5.2) 

  

The wavefunction  from Eq. (5.1) is a function of the nuclear coordinates,  , electron 

position and spin coordinates,  and  respectively, i.e. 

 
  , , … , ; , … ,                            (5.3) 

 
xact analytical solution of Eq. (5.1) for molecules is not available, because its solution 

 

and can be con

Where , and  are the position, mass and charge of the   atomic nucleus 

respectively, and    is the position of   electron.   

                                     

E

could only be found for Hydrogen like atoms which possess only one electron, and 

therefore a series of approximations are required for the solution of molecules in order to 

reach accurate output [4]. For molecular system, total energy consists of: the kinetic 

energy of each electron  and each nucleus , the attraction between each electron 

and nucleus  including internuclear /interelectronic repulsion 

potentials      . Due to their lower mass as compared to the nuclei, electrons 

are faster sidered as moving in the field of fixed nuclei. This is known as 
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tate wavefunction  is written in the approximated 

            ∑                                            (5.4) 

ten as functional of t

the Born-Oppenheimer approximation [5]. According to this approximation, the total 

wavefunction Ψ is divided into  and  , describing the electronic and nuclei behavior 

respectively. Each part can now be solved separately.  

5.2 Variational Principle 

 In this method total ground s

wavefunction  of the form   

                                              

And total energy E can then be writ he approximated wavefunction 

 that is  

  .                            (5.5) 

The lowest eigenvalue found from this equation will always be hi

true ground-state energy  . This is known as theorem 1st of variational principle.  

Theorem 1st:  

The energy E  calculated from an approximate wavefunctionΨ  is an upper bound to 

the true ground-state energy E . Full minimization of the functional   E  Ψ    with respect 

to all of the allowed basis functions will give the true ground-state wavefunction Ψ  and 

corresponding energy E E  Ψ     i.e. 

ound-state electronic structure of an assembly of atoms can be 

determined.  

gher than or equal to the 

E E                                                          (5.6) 

From this equation gr

 

 



Simulation and Theoretical Modeling 
 

110 
 

.3 Hartree-Fock Method 

For electronic part of the total wavefunction, Hartree (1928) [6] suggested 

avefunction as a product of single particle functions: 

   

 

isfy Pauli principle, Slater and Fock suggested for inclusion of a non-local exchange 

 the system, the ionization energy of an electron becomes 

thod can only be used to calculate the energy 

ci n of a single configuration wavefunction leads to 

poor en

  

5

approximating the many-electron w

, , … . .                                          (5.2) 

Where each of the functions  is a one-electron Schrödinger wave equation. To

sat

term in the equation by describing the wavefunction with a single determinant function 

[7, 8]. This is known as Hartree-Fock (HF) method, also called “self-consistent” method. 

This equation must be solved self-consistently until convergence of the total energy is 

considered satisfactory. Physical significance of the eigenvalues (energy) was realized by 

Koopmans.  

 
Theorem 2nd (Koopmans' Theorem): Assuming that the eigenstates do not change after 

removal of an electron from

negative of its corresponding eigenvalue.  

5.4 Drawback of HF Method 

Using single wavefunction, HF me

of ex ted states. However, utilizatio

ergy because it completely neglects correlation energy (defined as the difference 

between the energy calculated with the HF method and the exact ground state energy 

within the Born-Oppenheimer approximation) [9, 10]. An improved approximation, used 

in the configuration interaction (CI) method, can be obtained by including a linear 

combination of many other configurations. 
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semiconductors and insulators are described 

ing density functional theory. In DFT, fermions are described by means of their density 

 The wave function Ψ  of an N-electron 

system

 Ho the density of electrons, n(r) to describe a system 

 its wave function used in the HF method [1

le in the ground electron density 

rd st : 

within a trivial additive constant, by the electron density . 

Theorem 4th (2nd   Hohenberg-Kohn Theorem): It states that for all charge densities,  

E F                                (5.4) 

   E                                                     (5.5) 

Where    is the ground state density, while F  is a universal functional that accounts 

for electronic kinetic energy, exchange correlation, and electron correlation.  

Theorem 5th (Second Hohenberg-Kohn Theorem): it states that for a trial density n r

5.5 Density Functional Theory (DFT) 

Ground state properties of metals, 

us

and not via their many-body wavefunctions.

 includes 3N variables, while density, ρ has only three variables x, y, and z. The 

density   can be defined as [11]: 

                  N …  |Ψ|     d   d  ……  d                                                     (5.3) 

where Ψ ………   is the electronic wavefunction of a molecule.  

In 1964, henberg and Kohn used 

instead of 2]. They showed that properties of a 

molecu  state (e.g., energy ) are concluded by 

function  . It means that the energy  is a functional of  . Unluckily, it does not 

explain how to find it.  

Theorem 3  (1  Hohenberg-Kohn Theorem) The external potential is determined, to 

 

such that  n r 0 and  n r dr N, 

                                                                 E   n E                                                     (5.6) 
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hod

y as sum of 

                        (5.7) 

 and  are the nuclear-electron attractions and 

the electron-electron repulsions, respectively. They established a concept for a non-

interacting reference system built from a set of orbitals called the Kohn-Sham (KS) 

orbitals, such that major part of the kinetic energy can be computed to a good precision. 

Since only  can exactly be defined in Eq. (5.7), that’s why they reformulated 

the equation so that it deviates from the energy of an idealized system with non-

interacting electrons. This deviation, called the exchange-correlation functional  , is a 

challenging term in DFT method which requires the use of approximations. Many 

functions of different kinds have been developed to approximate this term . In this 

regards, the electronic behavior was first characterized by a supposed uniform electron 

gas for which the form of  is known exactly. This approach is called local density 

In 1965, Kohn and Sham proposed a met  allowing calculating the molecular 

properties from the electron density [13]. This idea expressed molecular energ

few terms: 

   

Where K is the kinetic energy, but 

approximation (LDA). LDA approximation is good model for simple metals such as 

sodium, but, it poorly describes molecules. LDA approximation has been further 

improved by adding information about gradient of charge density. It accomplishes to the 

method known as the general gradient approximation (GGA). The GGA approximation 

[14] leads to an increasing use of DFT methods that made possible the use of models 

containing more than 100 atoms (molecules). So the unknown  energy can be split 

into exchange and correlation contributions: 

                                             (5.8) 
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Figure 5.1: Density Functional Approach to Electron Exchange: a) Interaction Electrons 
b) Non-interaction Fictitious Particles [15]. 

 

5.6  Localized Basis Sets 

DFT method involves electronic density to express by Kohn-Sham orbitals. These 

unknown orbitals have to be approximated by a linear combination of basis functions, 

called basis set, by applying the Linear Combination of Atomic Orbital (LCAO) 

possible. ic systems can utilize localized 

 se basis sets can only be utilized for periodic models. 

5.7 

The exchange energy part can easily be computed exactly with a Slater 

determinant using hybrid functional, that contains a fitted amount of exact exchange 

energy from the HF picture and an approximate functional for the electron correlation 

part. Density functional approach to electron exchange can be shown in Fig. 5.1.  

approach. Theoretically, an infinite amount of basis set is required but this is practically 

Instead, both isolated molecules and periodim

basis ts; however plane-wave 

Bloch’s Theorem  

Bloch defines wavefunction  as 

                                                 .                         (5.9) 

In solid each electronic wavefunction can be expressed as multiplication of a cell periodic 

part and wavelike part [11]: 
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     .                                 (5.10) 

Where  represents plane waves having wavevectors as reciprocal lattice vectors of a 

exp .                                  (5.11) 

n be written as .

crystal: 

         ∑

  (Reciprocal lattice vector) ca 2 , with  being a e vector lattic

  ∑ ,

and m an integer. So Eq. (5.10) can be written as a sum of plane waves, 

              .                      (5.12) 

From this equation infinite number of electronic wavefunction

mber of k points, it is necessary to determine the electronic potential and total 

energy of solid [11].  

5.8 Pseudopotential Approximation 

Because of their well localization, core electrons of atoms do not involve in 

chemical reactions, so valence electrons are responsible for their chemical properties. 

Modeling of core electrons in precise calculations is difficult because of orthogonality 

This can be achieved by considering that, 

the nucleus, the valence electrons in an 

atom e

s can be calculated. It can 

be done by calculating finite number of k points. In order to find the electronic states for 

finite nu

(orthogonality condition requires that wavefunctions must oscillate strongly near to the 

core). Additionally, full-electron calculations provide large total energies involving large 

errors on comparing with the energies of similar systems. So, core electrons should be 

removed from electronic structure calculations. 

due to the presence of core electrons nearer to 

xperience an effective, screened nuclear potential i.e. pseudopotential. On 

removing core electrons, their influence along with that of nucleus is replaced with 

pseudopotential [16-20], as follows: 
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    ∑ |                 (5.16) 

  by   

                                         (5.17) 

This yields the Schrödinger equation. Now the pseudopotential can be w

ade when making use of pseudopotentials, namely that: 
 

 The frozen-core approximation assumes core stat na

ent of an atom. 

 The all-electron Coulomb operator can be divided into two s parat

describes the core states, and second involves the valence states. This allows the 

removal of matrix elements related to the core electrons. 

 Due to a negligible overlap between core and valence states, the approximation 

A pseudopotential theory proposed by Philips and Kleinman [21,22] allows the 

electronic wavefunctions to be applied by a much smaller number of plane waves [11, 

23] defined as: 

                                                        ∑ |                                    (5.13) 

where  is a smooth function. Also  

      ∑ |   ∑ |                    (5.14) 

As  is the core wavefunction of the  corresponding to the eigenvalues  , the above 

equation becomes 

                                        (5.15) 

And  is given by   

and the smooth pseudowavefunction

ritten as 

                                        (5.18) 

Numerous assumptions must be m

es to be u ffected by changes in 

the local environm

e e parts: one that 

E (n (core) + n (valence)) = E  n (core) + E  n (valence) is valid. However, this 
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is not always acceptable, and non-linear core rre

 

The Projector Augmented Wave (PAW) method [21, 25] is a promising technique to 

ined iteratively from the eigenstates of an all-electron 

 with the dopants are not considered because 

 substitution. All the calculations are 

carried

wave (PAW) potential is 

een the valance electrons and core in all these 

co ction [24] is often used for 

improvement.  

 
The inspection of transferability of a given pseudopotential can be helpful to evaluate its 

quality. It means that transferable pseudopotential can sufficiently reproduce the

properties of an atom's valence electrons in a wide range of varying local environments. 

Thus, high-quality pseudopotential for carbon atoms should yield accurate results when 

applied to diamond and graphite structures. 

5.9 Projector Augmented Wave Method  

do pseudopotential electronic structure determinations within DFT. The projector and 

basic functions can be determ

atomic Hamiltonian by solving radial differential equations.  

5.10 Computational Methodology 

The magnetic properties of TMs doped NDFs at concentrations of 1.56 % are 

studied using super cell of 2 2 2.  In each super cell carbon atom is substituted by 

TMs. Here other types of defects associated

they are strongly unfavorably as compared to the

 out within plane wave density functional theory by employed the Vienna ab initio 

simulation package (VASP) [26, 27]. The generalized gradient approximation (GGA) 

with the Perdew, Burke and Ernzerhof (PBE) of functional scheme is adopted for the 

exchange correlation potential. The projector augmented 

selected to represent the interaction betw
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DFT c

 

changes. 

VASP/pot/..   : This contain pseudopotentials 

VASP/potpaw/.. 

alculations [28-30]. The convergence tests of total energy with respect to the 

electron wave function is expanded using plane waves with a cut off energy of 400 eV 

have been examined. The ionic position, cell volume and lattice parameters of the system 

are fully relaxed with conjugate gradient method until the Hellmann Feynman forces are 

smaller than 0.02eV/Å and the energy convergence criteria is met 1×10-5eV. The matrix 

element of the system changes more rapidly as compared to the electronic energies within 

the Brillouin zone due to this use a sufficient number of k-points in the Brillouin zone 

when we calculating the magnetic properties. So that, the requirement of more k-points to 

study this property precisely as compared for an ordinary total energy calculation. The 

popular scheme for this calculation is Monkhorst Pack (MP) [27,31] which is applied for 

k-point sampling. The MP grid was chosen to be 6×6×6 for total energy and magnetic 

properties calculation for TMs and for B, O and N doped NDFs.    

5.11 Outline of VASP Code 

The source code resides in the following directories: 

VASP/src/vasp.4.lib : This directory contains source code which seldom      

VASP/src/vasp.4.X 

VASP/pot_GGA/.. 

VASP/potpaw_GGA/.. : This contain projector augmented wave potentials 

The source files and the pseudopotentials are presented on a file server.   

Unlike Gaussian, VASP requires four input files. These are, 

INCAR  POTCAR  POSCAR  KPOINTS 
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Diamo

o our fi ctory before VASP can be 

This file contains information about computational parameters. These parameters 

that we can control are, 

i. The optimization algorithm for both the electronic and geometric 

convergence. 

 electron. 

iii. The maximum number of electronic and geometric iteration. 

gence criteria for electronic and geometric relaxation.  

 

ation sign ’=’ and one or several values.  

ometry of the ions. The format of this file is as 

r structure here. 

lation it multiplies the unit cell 

take the lattice 

onstant in Angstrom. 

5.12 Tutorial for nd VASP Codes 

1. The f llowing f les must exist in the work dire

executed. 

 INCAR file 

ii. The kinetic energy cut-off for valence

iv. The electron smearing method and parameter. 

v. Conver

 

It decide ’what to do and how to do it’. It is format free-ASCII file: Each line

consists of string, the equ

 POSCAR 

It holds the positions and ge

follows. 

The 1st line is title card. Put the atomic symbols of each ion in you

The 2nd line is scaling constant. For gas phase calcu

vector to give the dimension of unit cell. For bulk calculation 

c
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ts the identities of each atom.  

8th allow you to use selective dynamics, which means that you can chose 

to give ion positions in fractional coordinates.  

al coordinates of our ions.   

contains the following lines: 

0.6  0.6 0.0  1  Bravais lattice vector 

0.7  0.0 0.7  3 ,,,,    ,,,,     ,,,,       ,,,,, 

direct    direct or cart  
  positions 

0.22  0.22 0.22 

 

-points, 

es: 

The 3rd, 4th, and 5th lines are unit cell lattice vectors with respect to Cartesian 

Lattice. They are row vectors.  

Line 6th lis

Line 7th indicates the number of each atom. 

The line 

whether or not to relax each atom in all three lattice directions  when performing 

geometry optimizations. Note: this flag is NOT necessary for bulk calculation and 

is omitted. It is important in surface calculations, or otherwise constrained 

optimization. 

The 9th line indicates that we are using a direct lattice instead of Cartesian lattice, 

which means that we are going 

The 10th line and beyond give the fraction

For the diamond example, the POSCAR file 

Cubic diamond  Comment line 

2.7    scaling factor 
st

0.0  0.6 0.6  2nd,,,,    ,,,,     ,,,,       ,,,,, 
rd

2    No of atoms per species 

0.0  0.0 0.0

Positions can be set in fractional or Cartesian coordinates.  

KPOINTS 

The K-points grid or generation scheme goes into the KPOINTS file. K

very basically, relates to reciprocal lattice of the super cell. For our purpos
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ts along all reciprocal dimensions. 

 r  dimen rtional to real dimension, this 

ur reciprocal lattice decreases, 

hu  of ne points decreases.  

x1 is sufficient. 

hen starting calculation you should converge the K-points grid, after 

 

me 

le 

x10 

 used by the program.  

0    

2 2 2    

 

 

h 

: 

 must contain an individual POTCAR piece for each ion 

nd vidual POTCAR must be in the same order as the ions in the 

OSCA .   

You want to have similar densities of K-poin

Since eciprocal sion are inversely propo

means that as your supper cell size increases, yo

and t s number cessary K-

For small molecules and single atoms a K-point mesh of 1x1

Moreover, w

that you can use the same supper cell for all calculation.  The K-points file is set

up to tell VASP to use Monkhorst-pack generation scheme. This is a fine sche

to use. Therefore, unless you want to change it, the only editing of the K-pints fi

you will need to do is to change the grid dimension (e.h. from 1x1x1 to 10x10

etc) when changing grid dimension, make sure to alter dimension on line 4 and 

not just the title card on line 1, which is not actually

2x2x2    

Monkhorst   

0 0 0    

Comments are written in first line. K-points are generated automatically using the

Monkhorst-Pack’s technique if the second line equals zero.  

POTCAR 

This file contains the Mass, valence and core potential (pseudo potential) for eac

ion in the calculation. Two important things to note about POTCAR file are

i. it

ii. The i i

P R
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2. 

  VASP module: 

ule load vasp 

 

into tha

or 

core.  

e supercomputers, you must prepare a submission script. This script 

P 

faster on multiple cores.  

yournetid. When it done, you will 

get following output file in your directory.   Some of the key files are OUTCAR file, 

which c

ich gives final charge density, and CONTCAR file, which gives the final geometry 

of the s , 

.  

        N eps             ncg  rms           rms(c)  

CG : 1 
CG : 2  -0.1644093008E02  -0.4285E02  -0.2661E01  131  0.7481E01 

 
CG : 4  -0.2540029023E02    0.6444E00  -0.2915E-01  125  0.874E00 .601E-01 

1 F= -.200371565E02 E0= -.200268156E02 d E =0.0000000E00 [32]. 

Run VASP 

To run VASP from the CRC front end machines, simply load

  mod

Put your INCAR, KPOINTS, POSCAR, and POTCAR into some directory. Move 

t directory and then type following command. 

> vasp  

This will run the code directly on the front end machine using a single process

To run on th

does about the same things as running directly on the front end, except that it call VAS

in parallel, which allows it to run 

To submit the job, type qsub vaspscript 

To check the status of your jobs, type: qstat –u 

ontain information about electronic and geometric convergence, the CHGCAR 

file wh

uper cell. Note that several of VASP output files, eg. CHG, CHGCAR, OUTCAR

vasprun.xml, and WAVECAR can have very large file size. You can tell VASAP 

whether or not print these files by specifying in the INCAR

   E       dE     d 

  0.2002815870E 02   0.1420E02  -0.2175E03  155   0.4759E02  

CG : 3  -0.2046543203E02  -0.5403E01  -0.2192E00  113  0.972E00 .416E00
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Figure 5.2: Representation of Super Cell used in Modeling of the Diamond (100) 
Surface. 

 

 

 

 

 

 

 

5.13 Supper Cell for Diamond Surface 

The supper cell used for 2x2 reconstructed (100) diamond surface is 6 carbon 

layer thick with a total of 48 carbon atoms as shown in Fig. 5.2. 
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Chapter 6 
Modeling of Doped Diamond Films 
This chapter describes the theoretical modeling of diamond and diamond thin films on doping with 

various elements such as transition metals including Cu, Cd, Hg, Zn and B and nonmetals 

involving various gases such as oxygen, nitrogen etc. These theoretical results are based on density 

functional theory calculations and first principle calculations as described in Chapter 5 performed 

by software such as VASP etc. These calculations involve band structure determinations, density 

of states, formation energy etc. of pure diamond and by doping diamond with various elements. 

  

6.1  On Theoretical Study of Magnetic Behavior of Diamond Doped with Transition 

Metals 

The interesting thing about properties of diamond is that it shows promising properties that 

underlies many interesting phenomenon of physics. However, it is distinguished in the sense that it 

exhibit optical, thermal, electronic and magnetic properties. 
Naturally occurring diamond does not shows magnetism but results are encouraging upon doping 

[1-5]. Nanocrystalline diamond films [6] improves performance of many electronic devices and 

their magnetic behavior can be referred as the point to study spintronics [7-8]. Spintronics is a spin 

based concept of modifying technology which is very useful in physics. Using defects in diamond 

to probe magnetic properties at nanoscale have attracted many physicists in the area of the 

computer based simulation [9-11]. These experimental and theoretical research monitor 

ferromagnetism (FM) in carbon-based materials [11-15] and theoretical predictions about the 

existence of ferromagnetism in carbon-based materials induced by disorder [16-17] initialized the 

present studies. In this paper, we are interested in the role of substitution of transition metals 

(TMs) as dopant in bulk diamond crystal. In this scenario diamond lattice served to be the host and 

the TMs takes the place in diamond lattice as the primary substituted atom. Upon doping together, 

their happy relationship subjects magnetism in material sciences.  The TMs are assumed to be 

symmetrically doped in the host. When substitutional TMs occupy cation sites, the d states of the 

TMs hybridize with the p states of the neighboring host anions (carbon atom). This p-d 

hybridization results in strong magnetic interactions between localized spins and carriers in the 
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host’s valence band [18]. As a result, the system exhibits stable ferromagnetism, and the spin-

polarized carriers are used for spin manipulation. We choose to study the effect of TMs metals 

substitution into diamond bulk. From theoretical point of view, although TMs do not have 

magnetic complications, and hence one can avoid possible magnetic ground states at low 

temperatures. In the present study we elaborate and encourage the importance of TMs doping in 

diamond to check out its magnetic behavior in terms of ferromagnetism. 

 

6.1.1 DFT Picture 

For each crystal structure, total energy can be calculated using density functional theory as 

described by Hohenberg and Kohn [19]. The electronic configuration of various TMs such as Cu, 

Cd, Hg and Zn are reliably dependent upon different orbitals which specify the distribution of 

electrons. The shell configurations of these TMs are shown in Table 6.1 given below: 

Table 6.1: The electronic configurations of various transition metals 

Metal Symbol Atomic 

No. 

Atomic 

Radii (pm) 

Electronic Configurations 

Carbon C 6 67 1 ², 2 ², 2  

Copper Cu 29 145 1 ², 2 ², 2 , 3 ², 3 , 3 , 4  

Zinc Zn 30 142 1 ², 2 ², 2 , 3 ², 3 , 3 , 4  

Cadmium Cd 48 161 1 , 2 , 2 , 3 , 3 , 3 , 4 , 

4 , 4 , 5 ² 

Mercury Hg 80 171 1 , 2 , 2 , 3 , 3 , 3 , 4 , 

4 , 4 , 5 ², 5 , 4 , 5 , 6  

 

mong the modern simulation techniques, the projected augmented wave (PAW) method has 

          (6.1) 

ipts c” an  “v” correspond to the states in co ively. The 

metallic p-orbital further splits into three orbitals which are responsible for most of the properties 

A

proved to be an effective and accurate process of calculating electronic structure and semi-local 

functions. This is due to its accurate determination of interaction integrals by controlling multiple 

moments. Its mathematical beauty is that it links the physical wave function to an auxiliary one. 

The wavefunction is divided into two parts: 

                   

The subscr  “ d re and valence shell respect
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when material is doped with other metals. This phenomenon is referred as the hybridization of 

orbitals. Theoretical description of electronic properties can be stated with reference to Eq. (6.2) 

and the above cited facts. Empirically, electrical conductivity in semiconductors depends upon 

transition of electrons from valence to conduction band and hence upon the band gap  ; 

                                                                                                           (6.2) 

Where      are the respective energies of the conduction and valence band ed s ge [20]. The 

s the band g ott nce (VB) 

 
Figure 6.1: Schematic diagram of the band gap. 

 

For carbon atoms, band g fferent research workers 

ied different approximations [5, 21-22] for its determination. Remediakis and Kaxiras [22] have 

schematic diagram (Fig. 6.1) illustrate ap in semiconductors by pl ing vale

and conduction (CB) bands as E(k) diagram. 

 

ap energy is found to show variations because di

tr

determined band gap of carbon using GDFT/LDA to be 4.718 eV, while they found the value of 

5.48 eV experimentally. Present calculations determined the value of band gap of virgin diamond 

to be 4.71 eV using DFT/GGA whereas it has the respective values of 2.23, 2.25, 2.26 and 2.92 

due to the doping of Cu, Cd, Hg and Zn into diamond latice. These values of diamond band gap for 

each doped metal are given in Table 6.2. 
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Table 6.2: Band gap of diamond films upon doping of different metals 

Sr. No. Material Band Gap (eV) 

1 Diamond without doping 4.71 

2 Diamond with Cu doping 2.23 

3 Diamond with Cd doping 2.25 

4 Diamond with Hg doping 2.26 

5 Diamond with Zn doping 2.92 

 

6.1.1 Magnetic Behavi

o observe the magnetic behavior of diamond films, diamond structure was first optimized to find 

 in the diamond lattice was then substituted by 

one TM atom. This substitution causes only a slight change of -0.005 Å in the lattice parameter a 

or of Doped Atoms  

T

out the optimized lattice parameters. A carbon atom

after performing the structural optimization. In fact, this difference occurred due to the differences 

in atomic radii of carbon and TMs atoms as well as any change observed in bond lengths of each 

transition metal atom with its four nearest neighbor carbon atoms (TMs-C4 system), such bond 

length is around 1.54 Å. The spin polarized states possess energies of 557, 563, 557 and 554 eV 

respectively for Cu, Cd, Hg and Zn doping in diamond are noticed to be lower than those of non-

spin polarized state energies. The total magnetic moments determined have values of 2.89, 1.99, 

1.96 and 1.80 μB per Cu, Cd, Hg and Zn atoms in the doped-diamond respectively. The 

magnetization observed in doped-diamonds is found to be well consistent with that determined by 

Wu et al. [20] with the exception that present doped-diamonds acquired slightly larger magnetic 

moments. The spin charge densities of these TMs-3d and C-2p are shown in Fig. 6.2, whereas the 

spin resolved density of states of the TMs-doped diamond system is shown in Fig. 6.3. It can be 

seen from that majority spin is semiconducting with a gap and the minority spin shows metallic 

behavior with adequate unfilled sates above the Fermi level, suggesting a half metallic behavior  

which is also reported in [23]. These unfilled states are very useful in charging a conduction 

carrier, which is required in spin injection where sufficient polarized spin current is required [20], 

so it is proposed that TMs doped diamond can be used as spin injection charge carriers. In the 

present study we used same techniques for magnetic coupling as used in [20]. For ferromagnetic 

and antiferromagnetic (AFM) coupling, we substitute two TMs atoms separated with largest 
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possible distance 7.92 Å. The total energy is calculated for both cases along c-direction and it is 

found that FM state is the ground state than that of AFM state. 

 

6.1.2 Electronics properties 

The spin resolved band structures of the doped diamond are shown in Fig. 6.4. It can be seen from 

miconductor and red line shows the Fermi level in both majority 

 the half metallic behavior which is also reported in [24]. It is 

the majority spin channel being se

and minority spin polarized band structures. The minority spin polarized band structure shows 

metallic behavior with adequate unfilled sates above the Fermi level which is also reported in [20]. 

It is also observed that majority spin polarized channel of Cu-doped diamond show more 

semiconducting behavior and thus larger spin polarization as compared to other TMs, so the Cu is 

more favorable for this purpose. 

In density of state blue and red curves correspond to d and p orbitals respectively for TMs doped 

diamond as in Fig. 6.3, it shows

observed from the results of DOS of each species having different values of curve from valence to 

conduction band at the Fermi level Cu have higher value and this band also splits near the Fermi 

level (-18.86) whereas Zn carry lowest value (-13.46), The Cd and Hg consist of intermediate 

values.  In order to understand the mechanism of stabilized FM state in TMs doped diamond, 

projected spin densities of states (PDOSs) of the TMs atom and its four mutual nearest neighboring 

C atoms are investigated which are shown in Fig.6.5. (Cu-C4). It can be seen from majority spin 

channel the strong coupling between Cu 3d and C 2p; the interaction peak is observed at -2.56  eV 

for Cu-3d overlaps with that of  2p of the C atoms in Cu-C4, and the second peak of Cu-3d at -

0.861 eV also overlaps with that of 2p of C atom with smaller magnetization. It is also observed 

from the valance band channel there is splitting of states occurred in case of Cu atom due to d-d 

hybridizations. In the minority spin channel the 2p state of the four connecting C atoms contributes 

significantly to the unoccupied states and this kind of similar trend also be found for Cd, Hg and 

Zn which are shown in Figs. 6.6, 6.7 and 6.8 respectively. These attribute indicate a strong 

hybridization between TMs and its four neighboring C atoms. This strong hybridization induces 

finite magnetization on TMs atom as well as the neighboring C atoms, as shown in Fig. 6.2. The 

each C atom carrying magnetization and the magnitude of the magnetization in due to all these 

TMs dopant in diamond is present in Table 6.3.   
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6.1.3 Formation Energy 

In almost all materials some kind of defects are always present and they prominently affect the 

ties of the host material. Theoretically, these defects can be defined 

where   is the total energy of  the system containing the defect,  is the total energy of the 

ts atoms introduced into the ho   is its 

hen non-TMs atom is incorporated into diamond, impurity atoms can form bond with carbon. 

 TMs with carbon are shown in Table 6.4.  

electronics and magnetic proper

topologically [25-27]. Formation energy is the difference in the total crystal energy before and 

after the defect arises. They are often formed as compensation sources when dopants are 

introduced, or as a result of non stoichiometric growth or annealing. Defects formation energy 

varies animally with Fermi energy and the chemical potential of the atomic species [28].  

The formation energy is defined as  

                                                                            (6.1) 

system,  is the number of the defec st system and

chemical potential. In the present study the formation energy of carbon cadmium doped system is 

smaller (-24.16 eV) as compared to the carbon copper doped system (-17.31 eV) and formation 

energy of Hg and Zn lie in between (-21.12 eV & -18.16 eV) respectively.  

 

6.1.4 Analysis of Bond Length and Bond Angle 

W

This bond lengths and bond angle of nearest neighbor of

The bond length of Cu-C4 system is less as compared to the other dopant it is due to the difference 

of their atomic radii size. From above analysis, doping concentration has a great impact on bond 

lengths of TMs with carbon bond. 
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Figure 6.2: Isosurface of spin charge density of NDFs system doped with 1.56% (a) Cu (b) Cd (c) 

Hg (d) Zn. 

 

 
Figure 6.3: Spin polarized DOSs of (a) Cu (b) Cd (c) Hg (d) Zn show semiconducting behavior at 

Fermi level. 
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Figure 6.4: Band structure of (a) Minority spin (b) Majority spin of NDFs with 1.56% of TMs 

doped and red dotted line show the Fermi level. 
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Figure 6.5: Spin PDOSs of Cu-3d (a) and C-2p of the C atoms in Cu-C4 structure (b)-(e). 

 

 

 
Figure 6.6: Spin PDOSs of Cd-3d (a) and C-2p of the C atoms in Cd-C4 structure (b)-(e). 
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Figure 6.7: Spin PDOSs of Hg-3d (a) and C-2p of the C atoms in Hg-C4 structure (b)-(e). 

 

 

 
Figure 6.8: Spin PDOSs of Zn-3d (a) and C-2p of C atoms in Zn-C4 structure (b)-(e). 
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Table 6.3: Magnetic moments of different doped system in diamond 

 Species Magnetic moment ( ) 

Cu-C 

Cu 0.796 

C4 0.242 (each carbon) 

Cd-C 

Cd 0.303 

C4 0.223 (each carbon) 

Hg-C 

Hg 0.395 

C4 0.213 (each carbon) 

Zn-C 

Zn 0.371 

C4 0.197 (each carbon) 

 

Table 6.4: Bond lengths and the bond angle among the nearest non-TMs atoms doped in various 

doped diamond. 

Species Atomic 

radii (Pm) 

Length (Å) Bond angle 

Cu-C4 128 1.539 109.47° 

Cd-C4 161 1.912 109.47° 

Hg-C4 171 1.929 109.47° 

Zn-C4 142 1.801 109.47° 
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6.2 Electrical conductivity enhancement by boron-doping in diamond using first 

principle calculations 

Diamond and its thin films have acquired an extraordinary attractiveness and large potential 

industrial applications because of their highly valuable characteristics such as high carrier 

mobility, the highest hardness, chemical inertness, large energy gap (~5.5 eV) making them highly 

insulating materials with high thermal conductivity [35]. Moreover, doping of various elements 

such as boron, nitrogen, oxygen, phosphorus in diamond further enhances its usefulness into 

applications of electronics and electrochemical devices [36, 37]. It is known that doping of small 

amounts of boron in diamond makes it a material with p-type character having activation energy of 

~ 0.37 eV [38-40]. On the other hand, heavily boron-doped diamond usually demonstrates metallic 

behavior [38]. Recently heavily boron-doped diamond has shown superconducting behavior. Such 

interesting characteristics have significantly attracted the attention of researchers and opened new 

ways for handling superconductivity issue caused by impurity-induced metallization in 

semiconductors [41-45]. However, the fabrication and characterization of p-type diamond thin 

films with small amounts of boron doping could not show much progress; as a result the 

development of diamond-based p-type semiconductor devices was diminished.  

In recent years, a few researchers tried to explore B-doping in diamond experimentally [35, 46-50] 

and somewhat theoretically [41, 42, 51, 52] through computer simulations without much success. 

Nakamura et al. [35] tried experimentally to explore electronic structure of B-doped diamond 

using soft X-ray absorption and emission spectroscopy near B and C K edges. According to them 

electronic structure of C: 2s 2p near Fermi level is responsible for electronic properties of B-doped 

diamonds. However, Xiang et al. [51] and Blasé et al. [52] investigated the electronic structure of 

B-doped diamond through computer simulations using density functional theory (DFT) and 

illustrated superconductivity in highly B-doped diamond to be caused by electron-phonon coupling 

(EPC). Ashcheulov et al. [42] have recently shown that boron defects concentration and their 

location play key roles in the conductivity of diamond. In addition, we have already demonstrated 

experimentally that boron-doping in diamond thin films enhances its electrical conductivity with 

the increase of chamber pressure in hot-filament chemical vapor deposition (HFCVD) system, 

since a rise of chamber pressure resulted in enhancement of boron concentration in diamond films 

[47]. It is also noticeable that when B-doping in diamond films is low, boron replaces C-atoms 

(substitutional defects) and do not accumulate at the grain boundaries. On the other hand when 
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large number of B-atoms diffuses into the diamond structure, they not only replace C-atoms in the 

matrix but also accumulate themselves at grain boundaries (interstitial defects). As a result, B-

atoms not only increase conductivity but also induce structural defects and so high concentration 

of B-doping can damage the crystal structure integrity. Moreover, high B-content in diamond 

(>1020 atoms cm-3) may result in metallic like conductivity while low B-content (~1017 atoms cm-3) 

produces hole conduction in the valence band caused by ionized substitutional B-atoms [42,46]. 

That’s why, in order to maintain the conductivity and the integrity of crystal structure of B-doped 

diamond thin films it looks significantly useful to study theoretically the crystal and electronic 

structure of diamond at low and high concentrations of B-doping by considering total/partial 

density of states (T/P DOS) of B: 2s 2p and C: 2s 2p structures through computer simulations. 

Since determination of total/partial density of states and charge distributions are found to be more 

reliable ways to study and explain electronic properties of semiconducting materials in comparison 

with conventional Bardeen, Cooper and Schrieffer (BCS) theory [35].  

In this study, the experimental results obtained for B-doping in diamond thin films [47       ] are 

further analyzed in detail with the aid of first-principles calculations in terms of B-atoms 

contribution to the continuum of diamond electronic states. In this regards, the electronic structure 

of both B: 2s 2p and C: 2s 2p in B-doped diamond has been explored by applying the density 

functional theory (DFT) simulations. Because electrical conductivity of doped diamond is mainly 

attributed to C: 2p electronic structure near the Fermi–level and any variation in its electronic 

structure caused by impurity/defects is expected to be responsible for enhancement/decrement in 

electrical conductivity. TDOS and PDOS have been determined for various B-concentrations in B-

doped diamond films in order to study the influence of B-content on the electronic states of the 

diamond lattice. Moreover, the electronic structures are analyzed to determine bonding properties 

and charge distributions among boron and carbon atoms and their impact on the electronic 

properties of B-doped diamond thin films. The main aim of these DFT calculations was to create a 

relationship between fundamental properties such as B-B, B-C bonds, charge and the electronic 

states of B-incorporated in B-doped polycrystalline diamond films and explanation of possible 

mechanism for the enhancement in electrical conductivity. 
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6.2.1 Electron Density of States  

In order to analyze the electronic structure, determination of partial and total electron density of 

states has been made for the case of diamond films doped with different boron concentrations. Just 

for comparison the well known TDOS and PDOS of pristine diamond films are presented in Fig. 

6.9. This diagram clearly illustrates the electron density of states in the valence and conduction 

bands separated by an energy band gap (~4.61 eV) and also the Fermi energy EF (the dotted line). 

It is noticed that the valence band of pure diamond consists of two regions showing high and low 

energies. These high and low energy regions are mainly occupied by C: 2p and C: 2s states 

respectively as clear from Fig. 6.1a, whereas C: 2p electron states are found to be dominant in the 

conduction band of diamond. Moreover, the PDOS measurements in the conduction band region 

depict that ratio of the areas under the curves for C: 2s and C: 2p states is approximately 1:3 (Fig. 

6.9a).  
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Figure 6.9: (a) PDOS and (b) TDOS of pristine diamond depicting the electrical charge distribution 

of C: 2s and C: 2p orbits. 

In addition, combined effect of these two energy states is presented in Fig. 6.9b as total density of 

states (TDOS). The data presented in Fig.6.9 for pure diamond films has been compared with total 

density of states of the B-doped diamond films as illustrated in Fig. 6.10. It can be noticed from 

Fig. 6.10 that both the conduction as well as the valence bands have been shifted towards lower 

energies in the case of weak B-doped diamond (~1.54% B, TDOS for n=64) films yielding a 
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decrease in the band gap energy (~ 2.61 eV). The Fermi level is now found almost in the middle of 

the valence and conduction bands, it was close to top of valance band edge in pure diamond. It 

means that the addition of boron atoms to diamond films generates few localized states close to the 

top of valence band edge as demonstrated in Fig. 6.11 (the acceptor levels lie at small energy 

interval of EA ~ 0.065 eV). In addition, the valence band peak for boron atoms appears and is 

centered at -45.0 eV having a width of ~1.5 eV. This boron peak also seems to contribute to reduce 

the band gap energy and an increase in the conductivity of B-doped diamond. When boron 

concentration becomes relatively high (~3.03% B, TDOS for n=32 as shown in Fig. 6.10), Fermi 

level shifts slightly towards top of the valence band, and some localized states (acceptor levels) are 

formed inside the energy band gap as well as close to the bottom of the conduction band. As a 

result, energy gap of such a doped diamond suddenly falls to very small value as compared to that 

of un-doped diamond films (Fig. 6.10 for n=32) and hence B-doped diamond films behave like a 

good semiconductor. Moreover, the valence band peak for boron atoms has now been shifted 

towards higher energies and is centered at    -41.10 eV (having almost the same width as observed 

for low B-doping, n=64). The shifting of boron valence band peak towards higher energies might 

also be a cause of reduction in the band gap energy and an enhancement in the conductivity. 

Similar types of results have already been observed by Shao et al. [53] for Li- and P-doping in 

diamond. Further rise of boron concentration (~5.88% B, TDOS for n=16 as in Fig. 6.12) in 

diamond creates a high density of acceptor level states in the energy gap which overlaps with the 

conduction band. That’s why Fermi level coincides with the top of valence band, yielding a 

significant reduction in the energy band gap to have almost zero magnitude. This behavior of 

TDOS signifies the conductive nature of highly B-doped diamond films. The valence band peak 

for boron atoms has now been shifted slightly towards lower energies and is centered at -42.26 eV 

but now it has almost twice the width as observed for low B-doping, it also depicts a significant 

rise in TDOS. The shifting of boron valence band towards higher energies with rising B-doping in 

diamond films is very much analogous to that observed for Li- and P-doping in diamonds [53]. 

This behavior might be related with widening of impurity level states in such a way that they can 

create an impurity band [54], which almost completely fills the energy gap region and hence 

highly B-doped diamond behaves as a conductor. In addition, hopping conduction in B-doped 

diamond using the excited states of B-atoms also plays a key role in enhancing conductivity. With 

the increase of B-content in diamond, the wavefunctions of B excited states overlap and create an 
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impurity band leading to a variable-range hopping mechanism [42]. For highly concentrated B-

doped diamond impurity band accesses the top of valence band yielding metallic like behavior. All 

the above mentioned facts illustrate that when acceptor impurity atoms are incorporated into 

diamond, impurity (acceptor) level hole states appear at top of the valence band enabling B-doped 

diamond films to act as a semiconductor. But on further increasing the concentration of boron 

atoms in the diamond lattice more and more impurity states are created inside the energy gap at top 

of the valence as well as bottom of conduction bands, widening the acceptor levels and converting 

them into an impurity band, or even extending them to the entire energy gap region. Hence, 

semiconducting behavior of B-doped diamond films changes to that of a conductor. This result 

may lead to metal-insulator transition of B-doped diamond.  
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Figure 6.10: TDOS of B-doped diamond films. Here n is the total number of C-atoms along with 
one boron atom in each cell.  
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Figure 6.11:  Schematic diagram of energy levels in B-doped diamond. 

6.2.2  Partial Density of States 

For more detailed analysis of the electronic properties of B-doped diamond films, partial density of 

states (PDOS) are also determined for varying concentrations of B atoms. Such calculated PDOS 

for B-doped diamond are shown in Fig. 6.12. From these plots, it is clear that contributions of 

carbon atoms 2s orbit in the valence band decreases as the concentration of boron atoms increases. 

Moreover the density of states of C: 2p orbit shows a decrease in magnitude with rising boron 

content. In addition, the most part of valence band near Fermi level and whole conduction band 

mainly comes from contributions of carbon atoms 2p orbit. However, a little contribution of C: 2s 

orbit in the conduction band of B-doped carbon is also obvious from Fig. 6.12. At low doping 

concentration, area of PDOS of conduction band is large while at high B-doping concentration, 

conduction band area of PDOS becomes small. On the other hand, PDOS plots drawn in Fig. 6.13 

clearly demonstrate a significant rise in contributions of B: 2s orbit for both valence as well as 

conduction bands in contrast to C: 2s orbit (Fig. 6.12) with rising B-doping in diamond. In 

addition, Fig. 6.13 also illustrates that because of increasing B-content in diamond films, both B: 

2s and B: 2p orbits involve themselves to create impurity levels in the region of band gap energy 

and their density increases with increasing B-content. It is also noticed that the band gap energy of 

B-doped diamond decreases with increasing B-doping. Furthermore, area under PDOS plots of 

conduction band portion looks to be directly proportional to the doping concentration because as 

doping concentration increases, area under PDOS (boron) plots of conduction band region also 

depicts an increase as obvious from Fig. 6.13. Hence, as a B-atom is incorporated into diamond 

lattice, covalent bonds near the B-atom will be wiped out and energy bands of carbon and boron 

atoms will split near Fermi level. This splitting of energy bands near Fermi level increases with 

140 
 



Modeling of Doped Diamond Films 

increasing boron concentration. This may be due to the interactions between outer shell electrons 

of B-atom and carbon atoms [53    ]. Such splitting of energy bands near the Fermi level is very 

much favorable in enhancing the conducting properties of a semiconductor [53]. 
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Figure 6.12: PDOS of B-doped diamond depicting the electric charge distributions of C: 2s and C: 

2p orbits of the carbon atoms.  
 

6.2.3 Orbital Charge Distribution  

In order to understand orbital electron distributions of each atom in B-doped diamond films and to 

know how bonding exists among different atoms, orbital charge distribution was determined and 

results obtained from such calculations are shown in Table 1. It is seen that both s and p orbital 

charge numbers are positive and show only slight variations. It means that when B-atoms combine 

with other atoms they lose nearly the same charge in the vicinity of carbon atoms with rising B-

atoms concentration in the diamond lattice. In order to see how B-atoms are bonded to C-atoms 

and how electrical charge is distributed among various atoms in B-doped diamond is clearly 

illustrated in Fig. 6.14. Our DFT calculations have shown that at higher concentration of boron 

atoms in diamond lattice, atomic charge of B-atom is negative indicating that some charge of C-
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atom has transferred to boron atom (Table 6.1). Moreover, it is also obvious from Table 6.11 that 

at higher concentration of B-atoms, total change in s and p orbital charge numbers of boron atom 

increases slightly from 3.56 to 3.57, however the atomic charge decreases significantly, i.e. from -

0.87 to -1.90 which boron atom gains after it combines with another atom. This negative charge 

may be caused by low vibrational modes induced by boron atoms that occupy interstitial spaces in 

diamond lattice [35]. Since it is known that boron atoms yield much localized vibrational modes 

which contribute to half of electron-phonon coupling [51, 52]. At lower boron content in B-doped 

diamond (n=64 leading to ~1.54% B), atomic charge of boron atom is positive indicating that some 

charge of B-atom has transferred to the vicinity of carbon atoms (Table 6.5). In this case, the s 

orbital charge number is the highest and p orbital charge number is the lowest, yielding a total 

change in s and p orbital charge numbers of boron atom of 3.52, and the atomic charge becomes 

positive i.e. 1.89 which boron atom loses after it combines with another atom. The above cited 

facts indicate that when doping concentration is low, B-atom contributes charge to bonding but on 

increasing its content in diamond lattice it gains charge after bonding with other atoms. As a 

consequence, it can be said that B-atoms induce structural defects, which are helpful in improving 

conductivity but may damage the integrity of diamond crystals at much higher concentration of 

boron atoms [42, 53].  

 

Table 6.5: Orbital charge distributions of B-atoms in B-doped diamond films. 

Number 
of 

carbon 
atoms 

s (orbital charge 
after atom 

combined with 
another atom) 

p (orbital charge 
after atom 

combined with 
another atom) 

Total 
charge
(eV) 

Charge that an atom 
gains/loses after it 

combined with another 
atom (eV) 

16 1.21 2.36 3.57 -1.90 
32 1.22 2.34 3.56 -0.87 
64 1.24 2.28 3.52 1.89 
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6.2.4  Analysis of bond length 

When boron atoms are incorporated into diamond lattice, they can form B–C bonds. The bond 

lengths and bond populations of such nearest neighbor B–C bonds have been calculated and results 

are presented in Table 6.6. At low doping concentrations of B-atoms (n= 64 leading to ~1.54% B), 

bond population of B–C atoms is – 0.11 indicating that B–C bonds demonstrate anti-bonding state. 

But as doping content of B-atoms increases, bond population values become positive indicating 

that the anti-bonding state has now been transferred to an acceptable bonding state. By looking at 

the magnitudes of B–C bond lengths (Table 6.6), it can be concluded that when boron content in 

the diamond lattice is low (i.e. when n=64), length of B–C bond is about 2.54 Å. However, results 

display a slight reduction of about 0.04 Å in the average value of B–C bond length when n ≤ 32. 

From above analysis, it can be inferred that the studied concentration of B-doping in the diamond 

lattice has not posed much significant impact on bond lengths of B-C bonds.  

 

Table 6.6: Bond lengths and bond populations among the nearest neighbour B-C atoms in B-doped 
diamond films. 

 

Number of carbon atoms Population Length 
(Å) 

16 0.14 2.50 
32 0.61 2.53 
64 -0.11 2.54 
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6.3 Electronic Structure Calculations of Oxygen-doped Diamond using DFT 
Technique 

The global aim of this study is to understand the mechanism of oxygen incorporation into diamond 

crystals by quantum mechanical methods and density-functional theory (DFT) calculations. Using 

DFT calculations, the lattice distortion and depth of donor level of the O-doping in diamond will 

be compared with those given in literature.  

 

6.3.1  Structural Optimization 

A model structure of oxygen-doped diamond shown in Fig. 16.5 is constructed using a 64-atoms 2 

× 2 × 2 supercell of diamond containing 1 O and 63 C atoms. Fig.16.5 illustrates that dopant 

oxygen replaces C atom to form a substitutional defect. All atoms in the supercell are allowed to 

move freely and also to change the position of oxygen atom in the second as well as in the third 

layer in order to minimize the energy and hence to achieve a stable and the most probable 

configuration. Results presented here have been obtained for the optimized structure with 

minimum global. The optimized C-O bond lengths (1.54 Å) for substituted oxygen atom having 

bond angles of 109.47○ are also shown in Fig. 16.6. It is also obvious from this figure that 

equilibrium lengths of all the C-O bonds are the same. It means equilibrium configuration of 

oxygen becomes C4–O. In general it is known that the highest occupied molecular orbital is 

localized at the substituted atom; on the other hand, a node is usually created in the longer bond. 

Due to equivalent bond lengths, no such nodes are noticed and all C-O bonds are equally stronger. 

Moreover, it is noticed that the C4-O bond lengths are almost the same as observed for C-C bond 

lengths in diamond lattice (1.54 Å). As a result no lattice distortions are seen in the oxygen-doped 

diamond. 
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Figure 6.15: Model structure of oxygen-doped diamond 

 

 
Figure 6.16: Equilibrium geometry of O-doped diamond around the substituted atom (unit: Å). 

6.3.2  Formation energy of oxygen defect 

Energy required to form an oxygen substitutional site in diamond is defined as [56]: 

        (6.4) OC
o
tottotf nEEE μμ −+−= +

where (– 581 eV) is the total energy of diamond containing an oxygen defect, (– 572 eV), 

the total energy of diamond lattice, (=1), the number of oxygen atoms substituted into diamond 

lattice, (–156.22 eV [57]) and μ re respective chemical potentials of diamond and oxygen (

totE

Cμ

o
totE

+n

O a

0
2
1

2Oμ ==O )μ [56]. The oxygen-doping in diamond is found to be thermodynamically favorable 

because of the negative formation energy. This result is in good agreement with that of Riedel et 

al. [58]. A remarkable fact responsible for a shift in energy bands is the electro negativity which 
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leads to polarization. Thus when diamond is doped by an impurity such as oxygen, 

y be formed due to a difference of electro negativities [59] between C (2.55) and O 

(3.44) atoms. This causes polarization of CAO bond. Due to its higher electro negativity (3.44), 

oxygen atom carries negative charge received from C-atoms since electrons can easily transfer 

from C to O atoms [61]. This is why; the C-O bond is polarized towards O atom. This behavior 

causes a systematic shift in the energy bands, which is responsible for any change in the electronic 

properties of oxygen-doped diamond. 

dipole ma

6.3.3 Band Structures  

Band structures (BSs) of oxygen-doped diamond films have been determined to elaborate their 

electronic properties. Fig. 6.17 illustrates the BSs of diamond films doped with oxygen 

substitutional impurity. Just for comparison, BS of pure diamond having band gap ~4.4 eV [65] is 

also shown in Fig. 6.17(a). Fig. 6.17(b and c) show BSs of 1.56% oxygen-doped diamond films for 

majority (↑) and minority (↓) spins respectively and demonstrate the creation of impurity levels 

inside the band gap region but close to the conduction band minimum (CBM). Moreover, Fermi 

level (EF) lies below the CBM, hence oxygen defect/substitution acts as a donor in diamond, which 

means that oxygen atom donates electrons to diamond structure. In addition, it is also notable that 

oxygen doping in diamond has shifted the band structure (relative to that of pure diamond) 

downward. The donor level of oxygen-doped diamond is slightly deeper generating an energy gap 

of ~1.34 eV for majority spin (↑) and ~1.10 eV for minority spin (↓) as illustrated in Fig. (b and c). 

In order to see the effect of increasing oxygen content in diamond lattice, energy band structure of 

3.12% oxygen-doped diamond are also illustrated in Fig. 6.17(d and e) for spin up (↑) and spin 

down (↓) charge carriers. These plots also demonstrate the creation of impurity levels near the 

CBM as well as in the valence band maximum (VBM). Due to this reason, CBM extends towards 

Fermi level, consequently there is a further decrease in band gap energy to ~0.46 eV for spin up (↑) 

and ~0.44 eV for spin down (↓) carriers as demonstrated in Fig. (d and e). So due to reduction in 

band gap energy, the electrical conductivity of oxygen-doped diamond films increases so that these 

films behave like good semiconductors. Analogous trend has been observed by Zhou et al. [54], 

however the magnitudes of band gap energy are different which might be related with the different 

concentrations of oxygen doping. Moreover, present DFT results verify our experimental findings 

that with the addition of oxygen into diamond lattice increases its conductivity so that oxygen-

doped diamond films behave like a semiconductor [60].  
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6.3.4 Density of States  

The total and partial density of states of oxygen-doped diamonds are shown in this Fig. 6.18. The 

valence and conduction bands are mostly occupied by the C 2p states (Fig. 6.18a). It is noticeable 

that impurity level states exist in the band gap region and extend the CBM towards the Fermi level. 

This results in a decrease of band gap and the oxygen-doped diamond behaves as a semiconductor. 

The calculated partial density of states of oxygen-doped diamond films (as shown in Fig. 6.18b) 

clearly indicate that valence and conduction bands are mostly occupied by O 2p states. Also the 

CBM has been shifted to Fermi level because of the formation of a band localized at ~55 eV. This 

behavior indicates the role of oxygen as a donor. Present results are in contrast to those of Long et 

al. [61] who expressed the acceptor role of oxygen in diamond by creating impurity levels near the 

VBM. However, our results are in good agreement with those of Zhou et al. [54]. It is notable that 

Long et al. [61] studied oxygen absorption at the surface only which involves either C-O-C or C=O 

bonding but not the C4–O configuration and this fact is mainly responsible for the two different 

behaviors (donor or acceptor) of oxygen-doped diamonds. 

6.3.5    Projected spin densities of states  

To provide a deep insight into the electronic/magnetic structure of oxygen-doped diamond films, 

projected spin density of states are also determined through DFT calculations and are displayed in 

Fig. 6.19(I) for a structure containing single O-atom along with its four mutual nearest neighbor C-

atoms. The system remains conducting throughout all the calculations with the significant 

contributions from O 2p states at the Fermi level. The appearance of specific O 2p band with the 

energy peak at -17.75 eV is observed. Position of the O 2p band is insensitive to presence of O 

atoms and lies within energy range of -17.75 and -5 eV. Moreover, no appreciable magnetic 

moments appear in these systems on oxygen as well as on carbon atoms for all C1–C4 

configurations (Fig. a–e). Form these findings it can be stated that oxygen doped diamond behaves 

as a non-magnetic semiconductor with zero density of carriers at the Fermi level for both spin 

projections; O↓↑(EF) = 0. To further analyze the effect of higher concentration of O-atoms in the 

diamond lattice, PDOSs are illustrated in Fig. 4(II) for a structure involving two O-atoms along 

with their nearest neighbor C-atoms. It is noticed that no O 2p band appears at  -17.75 eV as seen 

in Fig. (I(e)) involving single O-atom. Instead such band appears close to VBM, i.e., -2 to -4 eV 

(Fig. II(g and h)). The appearance of such a band leads to further decrease of band gap energy as 

described above.  
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Figure 6.17: Band structure of (a) pure diamond taken from Ref. [56], (b) majority spin (↑), (c) 

minority spin (↓) of diamond with 1.56% of oxygen-doping, (d) majority spin (↑) 

and (e) minority spin (↓) of diamond with 3.12% of oxygen-doping. Red line shows 

Fermi level. 
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Figure 6.18: (a) Total density of states in oxygen-doped diamond, (b) Partial density of states of O 

2p. The dash line represents Fermi level. 
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Figure 6.19: Spin projected density of states (PDOSs) for single O-atom doping; (a)–(d) C 2p of 
carbon atoms in O–C4 structure, and (e) oxygen O 2p, and (II) PDOSs for double O-
atoms doping; (a)–(f) C 2p of carbon atoms for O-C bonding with nearest neighbors 
and (g) and (h) oxygen O 2p. 

6.3.6 Charge Density of Oxygen Defects 
This Fig 6.20.  demonstrates charge density distributions for the oxygen substitution into the 

diamond lattice. Different colors (online) observed in Fig.6.20 indicate distribution of charge 

density at different regions. The excess (positive) charge density is noticed around atoms (blue) 

which decreases as the distance from the center is increased by the change of colors from purple to 

pink to orange (which depicts deficit (negative) charge density). The blue color depicts the 

formation of single bond by the sharing of  electrons between two atoms. It is obvious from Fig. 

that charges between C and O atoms are relatively larger than those between C and C atoms. This 

leads to relatively stronger C-O chemical bonding with respect to that of C-C bonds. The larger 
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value of charges between C and O atoms show that the incorporation of oxygen defect can exhibit 

some kind of vacancy character of defect states associated with C-atom bonds. The similar types of 

results have been observed by Long et al. [54] but different from that of Gali et al. [62], who 

associated their results to the weaker nature of C-O chemical bonds caused by longer C-O bond 

lengths as compared to those of C-C bonds which lead to lattice distortion in the oxygen-doped 

diamond. 

 
 

Figure 6.20: Electron-density distributions of oxygen in diamond. Due to higher electro negativity 
of oxygen, excess negative charge has been accumulated around O-atom leading to 

 dipole. 
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Chapter 7 

7.1 Conclusions  

Based on the experimental results, following conclusions can be drawn: 

1. Growth rate decreases at low concentrations of methane but increases at high methane 

concentrations by a factor of about 3. Optimized methane concentration for well faceted 

diamond is 3.0 ml/min. Outgrowth is observed when excess amount of methane is added 

to deposition chamber. Electrical resistivity generally increases with rise of methane 

concentration having a minimum (1.79 x 107Ω-cm) at methane concentration of 3.0 

ml/min. This result enables diamond films to behave as a semiconductor.  

2. Diamond films of uniform thickness and relatively large film areas are successfully 

grown on Si-substrates with single/polycrystalline grains at various deposition pressures 

using HFCVD system. Growth rate generally decreases with the increase of pressure due 

to high nucleation rate at high pressures. The quality of diamond crystals gradually 

improves with increase of pressure resulting in well-faceted diamond at 40 mbar. Grain 

size, grain density, FWHM and growth rate all show an oscillatory behaviour with the 

increase of pressure. Resistivity decreases rapidly up to 2 x 106 Ω-cm at low pressures. 

SEM, XRD, Raman spectroscopy and resistivity results almost support each other. 

3. Addition of O2 into the deposition chamber results in high quality diamond polycrystals 

with large grain size, low resistivity (2 x 107 Ω-cm) and (111) dominant facets. Growth 

rate rises with the addition of O2. Low resistive polycrystalline diamond film with large 

grain size is achievable at very low O2 content.  
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4. The SEM and XRD results indicate that as-grown boron-doped polycrystalline diamond 

films are of <111> preferred orientation and better crystal quality. Film resistivity falls 

abruptly (i.e. from 108 to 105 Ω-cm) with rise in grain size which is observed at elevated 

pressures. Diamond polycrystalline films grown at appropriate B-content and elevated 

pressures behave as good semiconductors finding their applications in electronic devices.  

5. Morphology/microstructure show significant variations on adding nitrogen into diamond 

films. At low N2-concentrations good quality polycrystalline micro-diamond grains grow 

with sharp and smooth edges. However, at higher N2-concentrations (i.e. 0.32 and 0.64 

sccm), superposition of two grain populations, nano- and micro-sized ones is noticed i.e. 

nanosized grains grow with respect to micro-crystallites. Such nanosized diamond grains 

have rarely been produced with nitrogen addition using the conventional and cheap 

HFCVD technique. The shifting and asymmetric broadening of peaks and/or appearance 

of new signals in Raman spectra with the addition of nitrogen is attributed to highly 

disordered or nanocrystalline films. Such films allow more vibrational modes to become 

Raman active by breaking solid-state selection rules. Electrical resistivity of nitrogen-

doped diamond films decreases significantly from 109 to 107 Ω-cm due to ordered 

diamond grains and increased sp2 bonds. Threshold flow rate (0.08 sccm) of N2 opens a 

new window in the development of diamond for diverse electronic applications. 

6. Calculations of electronic properties of B-doped diamond thin films using DFT methods 

show that B-atoms can support split of diamond energy band near/at Fermi level and 

hence enhance electron conductivities of B-doped diamond thin films. Boron doping 

shows significant effect only on atomic charge; positive (1.89 eV) at low B-content but 

negative at higher B-concentrations. This orbital charge distribution of B-atom shows 
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trend similar to that of electron conductivity enhancement. These theoretical findings 

support our experimental results of B-doped diamond polycrystalline films showing a 

sudden fall in resistivity (105 Ω-cm) at high b-content making it a good semiconductor 

for its applications in electrical devices. 

7. The O2 and TMs dopants become spin polarized on doping into diamond by magnetizing 

p electrons of C-atoms through s-p and p-d hybridization, respectively. The p-d 

hybridization is very strong for Cu as compared to other TMs dopants and prefers FM 

coupling state among all dopants rather than that of AFM coupling. So that TMs is 

promising non-magnetic dopant for diamond to fabricate magnetic materials with reduced 

size and free from magnetic precipitates. The s-p hybridization is very weak in O-doped 

diamond. The appearance of specific O (2p) band with the energy peak at –18 eV looks 

to be insensitive to presence of O atoms and lies within energy range of -18 and -5 eV. 

Small lattice distortion indicates that oxygen is relatively unstable in diamond because of 

higher binding energy of the O-doped diamond (4.94 eV). The donor level of O-doped 

diamond is very deep and found between the valence and conduction bands yielding 

energy gap of ~0.865 eV. In summary, our calculations revealed that the incorporation of 

the oxygen atoms into the diamond (100) surface is partially-favorable.  

 

The best experimental results obtained under various deposition conditions such as deposition 

pressure, addition of impurities and different gases are presented in Table 7.1. However, from the 

DFT calculations based on a spin-polarized GGA-PW91 functional and plane wave basis set 

using VASP codes, results are summarized in Table 7.2.  
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Table 7.1: Experimental Results 

Condition Morphology Maximum 
growth rate  

(µm/h) 

Minimum 
grain size 

(µm) 

Minimum electrical 
resistivity 

(x106 Ω-cm) 
Methane Outgrowth 

(snoozing) 
3.6 1.3 17 

Pressure Isolated 1.7 2.5 2 
Oxygen 
doping 

Pyramids-like 2.5 1.8 20 

Boron 
doping 

Sharp diamond Decreased 1.0 0.1 

Nitrogen 
doping 

Cauliflower Increased 0.1 20 

 

Table 7.2: Theoretical Results 

Doped 
Species 

Spin 
polarized 

Magnetic 
moment 

(μB) 

Bond 
length 

(Å) 

Conductivity Bond 
population 

Incorporation 
into diamond 

Boron - - Little 
effect 

Increases  Little 
effect   

Favorable 

Oxygen Yes  Small  Increases Small  - Partially 
Favorable 

Transition 
Metals 
doping 

      

Cu Yes High  Small  Increases  High  Favorable 
Hg Yes  Middle low Decreases  Middle  Favorable
Zn Yes  low high Decreases  low Favorable
Cd Yes  Very low low Decreases  Very low Favorable

 

7.2 Goal achieved: 

The most favorable result obtained from our experiments and theoretical calculations is that B-

doped diamond can be deposited and used as a good semiconductor in computer and biomedical 

applications because it possesses minimum resistivity (1 x 105 Ω-cm) as compared to other 

dopants. This was our one of the required objectives of this dissertation.  
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7.3 Recommendations for Future Work 

From these observations and ideas, further investigations can be proposed. In the case of 

doped diamond films, the concentration of dopants has not been properly measured so it is 

suggested that the energy dispersive X-ray (EDX) spectroscopy and/or X-ray photoluminescence 

spectroscopy (XPS) can be used to find out the doped content of the elements to properly discuss 

the results. The preparation of substrates for proper seeding of diamond polycrystals must be 

assured so that continuous films are obtained. Studies related to mechanical properties of 

diamond films can be performed along with Hall measurements to determine carrier mobility so 

that such diamond films may be used for high power switches, fast field effect transistors etc. 

Transparent diamond films can be deposited on transparent substrates and their optical properties 

can be studied to utilize such films in making diamond LASER, optical sensors, LEDs etc. The 

deposition of nano-diamond films can be done by varying deposition conditions and shortening 

the time of deposition and their electrical and electronic properties should be investigated. It 

would be interesting to analyze the effect of a substitutional B on specific reaction steps on the 

(100) surface. Theoretical studies may be extended to consider defects other than substitutional 

defects etc. 

 



Appendix: Abbreviations and Symbols  

 

{111}    111 plane of crystalline diamond 

<111>    111 direction of crystalline diamond 

(111)    111 texture of diamond film 

BDD    Boron doped Diamond 

HFCVD    Hot Filament Chemical vapour deposition 

MCD    Micro crystalline diamond 

NCD    Nano crystalline diamond 

SEM    scanning Electron Microscopy 

XRD    X‐ray diffraction 
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