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Abstract 

Diamond and diamond/β-SiC composite films are being widely studied for their wear resistant, 

structural and electronic properties. Of the various methods researchers use to modify the 

structure of these films, using irrradiation techniques in particular are of interest due to their 

versatility. This thesis work was carried out to: (i) understand the indentation damage and 

electrical properties of diamond/β-SiC nanocomposite thin films, (ii) modify (i.e., phase, 

structural and/or morphological) the diamond films by using ion beam implantation/irradiation 

technique, (iii) modify the surface morphology of g-C3N4 by using ion implantation/irradiation, 

(iv)Fabricate the metal-insulator-semiconductor active structures in diamond films. The forms 

of diamond and diamond/β-SiC nanocomposite films resulting from such modifications are 

investigated using Raman spectroscopy in conjunction with scanning electron microscopy and 

x-ray diffraction were carried out to understand the microstructure and phase information. Also 

as-grown diamond/β-SiC nanocomposite films are investigated with mechanical and electrical 

testing. The impact of these characterizations will provide the valuable perspective to 

researchers in materials science. Understanding the changes to the structure and properties of 

this class of thin films which can be induced through various mechanisms will allow future 

researchers to refine these films towards technological applications in areas of hard coatings, 

electronics and biosensing. Raman scattering experiments in conjunction with scanning 

electron microscopy and x-ray diffraction were carried out to extract microstructure and phase 

information of the gamma and nitrogen ion irradiated diamond thin film surfaces. The γ-

irradiation of diamond films showed no phase, surface and structural changes. The nitrogen ion 

implantation with 100 keV results increase in sp2-C network in diamond films which leads to 

improve the surface conductivity of these films. This nitrogen ion implantation of diamond 

films fabricate the metal-insulator-semiconductor (MIS) active surfaces which are used in 

electronic device applications. The graphene nitride (g-C3N4) materials are used in energy 

applications. The silicon implanted/irradiated g-C3N4 showed sheet like morphology with 

stable phase and structure of graphene nitride which are used in lithium ion batteries 

applications.  
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Chapter 1 Introduction 

1.1 General Background 

In recent years, diamond and β-SiC thin films [1, 2] have attracted great interest due to their 

several superlative characteristics like high thermal stability, high radiation resistance, high 

chemical stability, high melting point, wide band gap, high hardness, low erosion rate etc., that 

make them excellent candidates for high temperature, high power and high voltage and other 

related applications [3-5]. Another material that has equally attracted interest in recent times is 

graphene nitride (g-C3N4), which has outstanding chemical and thermal stabilities, which in 

turn have been used to design favorable metal-free photo catalytic reactions like splitting water 

[6, 7], pollutant degradation [8-10] and oxidative dehydrogenation of amines [11]. g-C3N4 is 

also used in gas storage [12]. It has unique semiconducting properties and exhibits unusual 

catalytic activities in a variety of reactions including “artificial photosynthesis”. It can be used 

in diverse applications such as electronic displays, tribology, proton exchange membrane fuel 

cell catalyst, hydrogen production, etc. Recently, graphene nitrides have also been touted as 

excellent materials for energy solutions [13]. However, to realize the potential applications of 

the above mentioned materials, their surfaces have to be uniquely modified to influence the 

enhancement in their properties.    

1.2 Importance of Surface Modification 

Surface modification is an effective means to tailor the physical, chemical and biological 

properties (that are different from original ones) of materials. The main purpose of surface 

modification includes enhancing anti-corrosive properties, electrical conductivities, and 

bioactivities. In order to enhance the functionality [15, 16] of materials, different modification 

techniques are in use. The methods of surface modification vary with different materials. The 

most commonly used surface modification techniques, depending on the applications are 

sacrificial agents’ addition [17], mesostructure introduction [18],  noble metalss deposition 

[19], compositing semiconductors [20,21], nanostructures engineering [22, 23], surface 

roughening [24, 25], surface patterning [9, 26-28], chemical modification of surfaces [9,29.30], 

doping [31-34], irradiation [35-38], and so on. Very often, a combination of these techniques 

are also used to achieve the desired surface properties. In this thesis work gamma ray and ion 

irradiation techniques have been used for surface modification. The ion interaction with target 

materials is the key factor in ion induced modifications. If the incoming ion energy is 

sufficiently high, the local temperature around the ion track shall raise beyond the melting point 
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of the target materials. This results in modification of crystalline material into amorphous state 

and vice versa. Being a thermal process, by using ion irradiation, nanomaterial properties, 

which are difficult by other conventional methods, could be tailored. Ion implantation has 

become very fascinating technique for surface modification due to the high potential 

adoptability in wide spread areas viz., large scale integration (LSI) circuit designing [39], 

catalysis reactions [40] and modification of surfaces, design of quantum devices [41], light 

emitting devices (LED) technology [42] and bio-compatibility controllers [43] for nervous 

system diagnostic and nerve cell treatment. 

1.3 Gamma Irradiation of Materials 

Gamma (γ) irradiation of materials is the process of exposing various materials to ionizing 

gamma rays in a highly controlled manner for a specific goal. γ-rays are electromagnetic rays 

with very high frequency (ν) and short wave length (λ), placed at the extreme right of the 

electromagnetic spectrum. γ-rays can ionize the material placed within their range.  The isotope 

60Co is the mostly used γ source for experiments organizing of materials through irradiation.  

Since the temperature of the target material does not increase considerably after γ irradiation, 

this process is called as also named as ‘cold process’. It is also called as ‘chemical free process’, 

in the sense that parameters such as humidity, temperature and pressure have no effect on the 

samples being irradiated with γ-rays. However, the γ-rays interact with the electrons in the solid 

by three mechanisms viz (i) photoelectric effect, (ii) Compton scattering and (iii) pair 

production. In photoelectric effect mechanism [44], the gamma photons are absorbed by the 

core electron (in the material) and gets sufficient energy to excite into conduction band.  This 

electron while de-excites release an Auger electron or an X-rays. However, these Auger 

electrons possess very small energy to damage crystal structure but they do give to good 

attenuation of the γ-rays. In Compton scattering mechanism [29], due to the interaction of the 

gamma ray with the material, electrons are ejected due to momentum transfer (Compton effect) 

and the ejected electrons have energy high enough to displace lattice atoms by the same 

mechanisms of electron damage [45]. In pair production mechanism, when the γ-rays with 

energy greater than twice the mass energy of an electron (e) are used, an electron-position pair 

is created following the law of conversation of momentum. The produced electron and positron 

have same energy given as (
𝐸𝛾−2𝑚𝑐2

2
). The produced electron energy may contribute to the 

lattice damage explained by an electron damage mechanisms [30]. The positron annihilates 

with an electron, generating more γ-rays with less energy to create any further lattice damage. 
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1.4 Ion Beam Technology 

An ion beam is a collection of charged ions of a particular element with almost equal energies. 

Ion beams have wide spread applications in various fields like electronics from basic research 

to manufacturing industries. The main applications of ion beam technology include ion 

sputtering, ion etching, ion beam analysis and most notably in ion implantation in 

semiconductor industry. Ion beam irradiation can induce effects to modify the various materials 

viz., metals, polymers, insulators, biological cells etc. Ion beams are capable of modifying 

crystal structure in the various ways viz., creating defects such as point defects, columnar 

defects, interstitials and their complexes [46]. It anneals the already existing defects in the 

material and also produce phase transformation (phase from crystalline to amorphous or vice 

versa), growth of material in anisotropic way, etc. Ion beams are the powerful tool for 

preparation, tailoring with anticipated properties, characterization and modifications of 

materials as per requisite. Owing to the high flexibility and option to tune the key parameters 

like energy, fluence, size and point of irradiation exactly at atomic level as per required, ion 

beams are considered as sophisticated technology in material research especially in thin film 

technology. The surface and material feature modifications caused due to the energetic ion 

interaction with any material can be classified as: doping, ion beam synthesis, ion deposition, 

ion mixing, ion irradiation, ion induced adhesion etc.,  

Ion implantation is a technique which enables to introduce controlled amount of almost any 

foreign (ion) species into surface and sub-surface region of any solid material (target). The 

energies used in this technique generally lies in the range 10-500 keV with a corresponding 

penetration depth in the range 100 Å - 1µm, depending on the choice of target material and 

energy of ion beam selected. In ion implantation process, the incoming ions impact on the 

target material with kinetic energies of 5–6 times higher than binding energy of the target atoms 

and results modifications in surface or sub-surface region of target material which can lead to 

the alloy formation. As per the principle any element of the periodic table can be converted 

into ions and can be injected into surface or near surface region of any kind of target material.  

But this process is highly depends on source and instrumentation available. The major 

advantages of ion beam technique among the other available surface modifications methods 

are: more controlled process, temperature independent and refinishing or heat treatment is not 

required after irradiation. This technique has showed extremely successful in semiconductor 

devices [47] fabrication industry.  
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Ion irradiation requires more energies as compared to ion implantation. Ion irradiation using 

variety of species and wide range of energies, have supported applications at various interfaces, 

bulk and thin film surfaces, polymers, multilayers, compounds etc. This makes an effect in 

various new attempts for ion mixing, modifications of surface or sub-surface areas etc., 

phenomenon. The damage of target material by ion bombardment in ion irradiation is of great 

practical interest for material processing, characterization, and nuclear reactor technology.  

There is limited possibility to study the process inside the target material during ion irradiation. 

Modifying the material properties and tailoring the material structure at nano scale [48, 49] is 

possible by proper combination of ion beams and irradiation parameters viz., ion species, ion 

energy, size, fluence etc. 

The ion interaction with target (any kind of solid) material is considered as non-equilibrium 

process. The ion-solid interactions describe the physics of energy loss of ions while slowing 

down in the solid [50]. The collision process between incoming ions and target atoms can be 

described by a complex Hamiltonian by approximating the collision as the interaction between 

ion and scattered particles, such as interaction between projectile (ion beam) - target (nucleus 

of material) and projectile-electron of the target. When an energetic ion passes through the 

target material, it loses its energy to the atoms and electronic system of the target material by 

scattering process through Coulombic interactions. This amount of energy loss governs the 

depth of projectile ion’s penetration into target and the amount of disorder created inside the 

target lattice. 

The energetic ion beam transfers its energy to the target atoms immediately after the interaction 

with target material. This energy transfer process is termed as “stopping power”, (-dE/dx) and 

described as the amount of energy lost per unit length of an ion on its trajectory inside the 

target. The stopping of ion inside the target material is explained by two basic energy transfer 

mechanism process viz., nuclear energy loss (Sn) and electronic energy loss (Se). The nuclear 

energy loss is due to elastic collision, similar to ‘ballistic’ billiard ball model and account for 

interaction of ion with target atoms (nucleus).  The electronics energy loss accounts for in 

energy transferred by inelastic collision between ion and electrons of the target material. The 

total stopping power is defined as the sum of nuclear and electronic energy transferred inside 

the target material. The reciprocal integral of stopping power is referred as total projectile range 

(Rp) of incoming ion in the target material. Both Sn and Se increases with ion energy linearly 

and reach their maximum and fall down thereafter as depicted in Fig.1.1. When the Se reaches 

maximum it is called ‘Bragg peak’, which has energies of orders of magnitude higher than the 
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Sn. In general heavy energetic ions and light ions of any energy have stopping powers in the 

range ~ keV/Å and transfer more energy via electronic energy loss. Similarly low energetic 

heavy ions with stopping power in range ~ eV/Å transfer their energy via nuclear energy loss.  

In other words, in high energy ion irradiation the electronic energy loss dominates, whereas 

nuclear energy loss dominates in low energy irradiations. The nuclear energy loss leads to the 

transfer of kinetic energy of the incoming ion species to the target atoms and displace these 

atoms from their original positions. Similarly the electronic energy loss leads to excitation of 

electrons of target atoms. When the transfer of energy for primary knock on atom is adequately 

high, there is a possibility of higher order (secondary, tertiary, and so on) knock-ons in target.   

 

Figure 1.1 Graph for projectile ion energy versus energy loss. 

 

The energetic ion transfers its energy to solid, while it is passing through the target material 

through elastic and inelastic scattering process. This results in different events, which are 

shown in Fig. 1.2. The energy of the incoming ion beam is being transferred to the target 

atoms while the passing through the target material resulting in either displacing the target 

atoms by elastic collisions known as nuclear stopping or exciting the target atoms by inelastic 

collision known as electronic stopping. If the energy loss occurs from nuclear stopping then 

it is known as nuclear energy loss and the energy loss is from electronic stopping is defined 

as electronic energy loss. One more mechanism which accounts for energy loss of ion beam 

is known as charge exchange process, between target atoms and incoming ion species. This 

can be expressed as  

(
𝑑𝐸

𝑑𝑋
) 𝑙𝑜𝑠𝑠 = (

𝑑𝐸

𝑑𝑋
) 𝐸𝑙𝑒𝑐𝑡 + (

𝑑𝐸

𝑑𝑋
) 𝑁𝑢𝑐𝑙 + (

𝑑𝐸

𝑑𝑋
) 𝐶ℎ𝑎𝑟𝑔𝑒 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 

where (
𝑑𝐸

𝑑𝑋
) 𝐸𝑙𝑒𝑐𝑡  is from electron, (

𝑑𝐸

𝑑𝑋
) 𝑁𝑢𝑐𝑙 is from nucleus and (

𝑑𝐸

𝑑𝑋
) 𝐶ℎ𝑎𝑟𝑔𝑒 𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒 

is from the charge exchange process accounts only small amount of total energy loss during 

ion interaction, it can be neglected. 

S
n
>S

S
n
<S
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Figure 1.2 Basic ion-solid interaction process. 

 

In general, the slowing down of ion species inside the target material (energy deposition 

process) is described by “stopping power”   
𝑑𝐸

𝑑𝑋
, which can be described as amount of energy 

(dE) lost by an incoming ion species while traversing a distance (dx) in the target material. 

Therefore the stopping power can be expressed as   

𝑑𝐸

𝑑𝑋
= (

𝑑𝐸

𝑑𝑋
) 𝑒 + (

𝑑𝐸

𝑑𝑋
) 𝑛 ≅ 𝑆𝑒 + 𝑆𝑛 

The electronic stopping power (Se) can be classified into two regimes separated by the velocity 

𝑣0𝑍𝑖
2/3

  where 𝑣0 is Bohr velocity. The velocity of ion (“𝑣𝑖”) is in 0.1𝑣0  to 𝑣0𝑍𝑖
2/3

 the range. 

Thus Se is proportional to 𝑣𝑖  for 𝑣𝑖  > 𝑣0𝑍𝑖
2/3

.  The nuclear stopping power (Sn) and electronic 

stopping power (Se) are depicted in Fig. 1.1. 

Nuclear energy loss (Sn) accounts for the amount of energy transferred through elastic collision 

between incoming ion species (projectile) and target atoms. This can be estimated by 

considering the screened coulomb potential and impulse approximations. The interactive 

potential between two atoms of atomic number Z1 and Z2 can be defined as 𝑉(𝑟) =

𝑍1𝑍2

𝑟2  χ (
𝑟

𝑎
).  Here, ‘χ’ represents the screening function, ‘a’ represents the Thomas-Fermi 

screening radius and equals to 𝑎 =
0.885𝑎0

(𝑍11/2+𝑍21/2)1/2  where 𝑎0 is the Bohr radius.  

Considering the appropriate screening potential and impulse estimation, Sn is expressed as 

𝑆𝑛 = − (
𝑑𝐸

𝑑𝑋
) 𝑛 = 𝑁

𝜋2

2
𝑍1𝑍2𝑒2𝑎 

𝑀1

𝑀1 + 𝑀2
 

Electronic energy loss (Se) occurs when an ion beam with sufficient energy is bombarded on 

target material, it interacts immediately with electronic system of the target atoms. In these 
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interactions, electrons encounter an impulse by Coulomb force when the incoming (projectile) 

ion species pass from that area. When the impulse is sufficiently high, it can either excite or 

ionize the atoms of target material. The energy of the incoming ion beam is continuously 

decreased through these interactions resulting in slowing down of the ion inside the target. The 

expression for electronic energy loss (Se) inside the target material is given as 

𝑆𝑒 = − (
𝑑𝐸

𝑑𝑋
) 𝑒 =

4𝜋𝑒4𝑍𝑝
2𝐴𝑍𝑡𝑁𝑡

𝑚𝑒𝑣2
 ×  [ln (

2𝑚𝑒𝑣2

𝐼
) − ln (1 −

𝑣2

𝑐2
) −

𝑣2

𝑐2
] 

Here ‘𝑣’ is the velocity and ‘Zpe’ is the charge of projectile ions, while ‘Zt’ is the atomic number 

and ‘Nt’ is number density of target atoms. The quantities ‘me’ and ‘e’ represents rest mass of 

electron and charge of electron respectively. The ‘I’ is ionization potential of the target.  

1.5 Problem Definition and Objectives 

An important aspect which was not addressed properly in the literature was the low and high 

energy facing capabilities of different kind of polycrystalline diamond thin films. In the past 

(as discussed in the next chapter), the choice of diamond films was poor. In view of this, the 

best possible polycrystalline diamond films have been selected to see the variation in results, 

if any. In this context ion beam and gamma ray irradiations of typical diamond thin films were 

planned and executed. It was also planned to check any formation of phases like C-N, C≡N, 

etc., due N+ beam irradiation. In this study, N+ ions are implanted into the surface and sub-

surface regions of typical polycrystalline diamond thin films, which are deposited using 

microwave plasma enhanced chemical vapor deposition (MWCVD) technique, which is 

expected to give better diamond films, phase-wise, than the hot-filament assisted chemical 

vapor deposition (HFCVD) under the similar input gas mixture conditions; in other words, 

MWCVD diamond films are better for implantation without considerable changes in diamond 

phase and thereby retaining mechanical stability of the films. Previously, N+ ion implantation 

in MWCVD diamond films enhanced the tribological properties while in-situ N doping was 

used to achieve through thickness conductivity. Simultaneously the research plan was also to 

prepare metal (conductive top diamond layer due to nitrogen implantation)-Insulator 

(diamond)-Semiconductor (Si substrate) structure using ion beam irradiation technique. This 

would pave a wave to novel fabrication method of MIS type structures involving diamond thin 

films [51] by avoiding otherwise complicated fabrication methods when diamond like material 

is involved. On the other hand, if diamond and diamond/β-SiC nanocomposite thin films are to 

be used in the above mentioned applications, their mechanical stability (mainly surface 
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hardness and adhesion to the underlying substrate) has to be ensured. It was envisaged that 

inclusion of β-SiC along with diamond in the film, the toughness and adhesion of the 

nanocomposite film would enhance [52]. In this context, critical understanding of the 

mechanical contact damage of the diamond/β-SiC nanocomposite thin films was planned in 

this thesis work. Diamond/β-SiC nanocomposite thin films were expected to be excellent 

candidates for bio-sensing applications [53]. However the I-V characteristics which are very 

important for developing these nanocomposite surfaces for bio-sensing have not been reported. 

Therefore explaining the I-V characteristics of diamond/β-SiC nanocomposite thin films with 

varying β-SiC content was also taken up. With regards to g-C3N4, it was shown that when it is 

doped with Si, it shows outstanding cyclic performance as an anode material in lithium ion 

batteries. However, it is very difficult (multi-steps and time consuming) to incorporate Si into 

g-C3N4 surface by virtue of synthesis procedures. In this regard Si ion implantation into g-C3N4 

was planned and executed. This is a new way to dope Si into g-C3N4 and this method may work 

in the case of other carbonaceous materials.  

1.6 Overview of the Thesis 

Chapter 1 discusses about the introduction of diamond, β-SiC, graphene nitride materials and 

importance of surface modification of these materials. Also, the introduction about irradiation 

techniques. In Chapter 2 literature survey of surface modified techniques for diamond and 

graphene nitride materials and their applications as MIS electronic devices are described. 

Chapter 3 discusses the detailed experimental work carried out in this thesis work. The 

experimental work consists of irradiation of materials and surface characterization of the 

materials in concerned applications. Chapter 4 covers the results and discussions of the present 

thesis work. Chapter 5 presents conclusions of the thesis work and future scope of research in 

relation to this work. All the references that have been cited in the thesis have been arranged 

and numbered in the order they appear in the main text under the heading ‘References’ at the 

end of each chapter. 
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Chapter 2 Literature Review 

2.1 Gamma Rays Irradiated Diamond 

Defects produced by electron, neutron, gamma and ion irradiation of diamonds have been 

investigated for about 100 years. Gamma radiation consists of energetic photons that are 

eventually absorbed as they penetrate a dense material. Even though diamond is considered as 

an extremely hard radiation material, the basic mechanisms underlying the lattice damage 

caused by high energy ions and photons (i.e., ion beam irradiation, γ rays, etc.,) are not fully 

understood. Some models based on Monte Carlo simulations, known as TRIM were developed 

for predicting the damage in diamond caused by electron and γ-irradiations. The energies 

investigated range for electron irradiation is from 0.25 to 10 MeV and for γ-rays it is 1 to 15 

MeV [1]. The γ-rays with energy below 15 MeV lack sufficient nuclear cross section for direct 

interaction. It is also understood that lattice disorder in diamond takes place by γ-rays in indirect 

way through Compton scattering. Vacancies and interstitials [2] are created in this scattering 

process which leads to the lattice distortion. The range (penetration depth) of γ-rays are much 

greater and are capable to penetrate in diamond film of thickness ~5 mm without affecting the 

lattice structure. Figure 1 shows the cross-section for gamma rays process in diamond. It shows 

that Compton scattering dominates in a broad range of energies. But the pair production begins 

to become just significant at the highest energies. Even though the photo electric effect 

dominates at energies below 100 keV, the electrons produced do not contribute significant 

damage to the crystal. 

 

 

Figure 2.1 Cross-section processes for gamma ray interaction with diamond [1]. 
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Diamond has excellent intrinsic properties such as mechanical, electrical, chemical, optical, 

and biocompatibility [3, 4]. These properties make the diamond, a good candidate for 

bioelectronics applications [5-10]. The high radiation hardness of diamond is accepted as a 

most appropriate material for using in radiation therapy [7-14] such as oncology and radiology. 

Synthetic CVD diamond, being non-toxic and tissue supportive, has been proposed for 

radiation dosimetry [15-20] and radiotherapy applications [11-14, 21-22]. Diamond based 

radiation detectors are being used in clinics for many years [23-27]. CVD diamond films are 

highly potential for radiation dosimetry [28-32]. The electrical resistance of diamond varies 

inversely with absorbed dose in radiation detectors [33]. Diamond is also used as a detector 

material in harsh environments [34-36]. It is a promising material for X-ray, γ-ray, and charged 

particles’ detection.  This is owing to the unique properties of diamond such as, high resistance 

to radiation conditions and good number of charge carriers with high mobility. Basically the 

fission chambers are radiation resistant and the coating materials used in this should possess 

high radiation facing capability. So, the detectors coated with diamond are only used in 

radiation hardness testing.  During the operation of ITER reactor, plasma provides large 

quantities of neutron and gamma flux with huge amount of energy. This radiated flux creates 

damage and activation effects on plasma as well as numerous detectors modules. In order to 

establish a good material for the radiation hardness and extremely withstanding with gamma 

radiation, single crystal diamond detectors are examined. These gamma radiation tests are 

performed in dark environment and ambient temperature with varying absorbed dose [37], 

which are essential to ITER Radial Nuetron Camaera (RNC) [38]. This test showed huge 

damage to diamond contacts and contact destruction at 1MGy and 4.7 MGy [37], respectively. 

The HPHT diamonds are tested in radiation detecting devices [39] and their current response 

was different when they are exposed to gamma irradiation [39]. The effect of structural 

transformation on MWCVD microcrystalline diamond [40-42] films through γ-irradiation in 

their electron field emission (EFE) properties are reported [43]. The effects of γ-radiation on 

structural modifications of diamond thin films are reported [44]. Nanocrystalline diamond 

films become more resilient in radiation studies due to the phase transformation from sp3 to 

sp2. The electron field emission has been improved in both kind of films after γ irradiation. 

Diamond films are tested up to the dose of 150 kGy and 4.4 x 1013 nuetrons/cm2 with X-rays 

and neutron radiation, respectively without any electronic or structural changes [45]. However, 

it must be noted that the diamond thin films reported in the literature are not apt w.r.t their 

microstructure, phase information and crystallinity. Over the years CVD diamond processes 

have evolved and as a consequence far better diamond thin films are being produced. Therefore 
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these films are expected to show different behavior to γ-ray irradiation. 

2.2 Ion Irradiated Diamond 

The probing of ion beam (projectile) into the target material (here diamond and graphene 

nitride) acts as a valuable tool for tailoring the material properties viz., structural, chemical, 

transport (electrical), magnetic etc., in controlled fashion. Metals are made as corrosive 

resistance by irradiating with high energy ion beams. For example, irradiation with N+ ions 

forms high resistive nitride layers on the surface, which withstand tribological load much 

longer [46]. Ion irradiation phase change effects on carbon allotropes such as diamond and 

fullerite are important for better technological applications. These materials produce sp2 rich 

phase, non-graphitic phase after the irradiation which can be used to construct electronic 

displays (field emission displays), FETs, electronic devices such as tunable electronically 

anisotropic material on semiconductors (TEAMS) [47]. The bonding inter-conversions from 

sp3 to sp2 and vice versa is most noticeable phenomena in carbon materials which occurs during 

the irradiation process. The exceptional properties of diamond including, high hardness, large 

band gap, abundant ingredient element, chemical stability, bio-congenial etc., make diamond 

thin films (hetero and homo epitaxial) are good candidates for technological applications such 

as mechanical tools, biomedical and optoelectronic devices.  In particular, the high hardness to 

radiation environment of diamond is becoming more useful in designing particle detectors, 

nuclear radiation batteries, dosimeters, nuclear micro battery, space equipment and other 

devices which are operated at harsh radiation environments [48-50]. 

Ion irradiation of diamond modifies its lattice, and thereby its optical, thermal, mechanical, 

electronic and transport properties are expected to be modified. Diamond is often considered 

as an insulator with high resistivity (ρ) ~1016 Ω cm and a wide band gap (5.47 eV). The 

resistivity of diamonds can be lowered by introducing dopants. Diamond is not easy to dope 

since it is difficult to get non-carbon atoms to occupy substitutional sites within the dense 

crystal lattice. In ion irradiation process, the energy of the incoming ion beam is transferred to 

the target atoms and as a consequence the ion is slowed down inside the target material. The 

effects of ion irradiation on the target material can be modified by controlling the ion dose and 

energy as per desired. As observed in many covalently bonded materials, high intense ion 

irradiation breaks the bond and leads to amorphization. But in case of diamond irradiated with 

ion beam, the broken bonds rearrange themselves to form more stable sp2 structure. The effects 

of ion implantation of diamond like carbon (DLC) films, carbon fibers and CVD diamond thin 
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films are investigated by various groups [51,52]. It was found that irradiation leads to phase 

modification by reducing sp3 phase and increasing sp2 phase in diamond films. Most of the ion 

irradiation studies on diamond films are focused on effects on chemical bonding (sp3 to sp2 or 

sp2 to sp3) of carbon, conductivity, surface morphology and very few investigations are there 

in field emission effects. Ion implantation in diamond creates defect states which act as donors. 

Hence n-type conductivity can be introduced in diamond by surface modification of the 

diamond by ion implantation. In spite of that, the tendency of sp3 bonds of diamond to change 

to sp2 by ion implantation and hence to form graphitic bonds which effects the electrical 

properties due to doping. Large decrease in resistivity of ion irradiated diamonds are due to the 

formation of highly conductive graphitic islands. The hopping conductivity between these 

islands are responsible for low resistivities which are measured in ion implanted diamond.  

The microwave plasma assisted CVD technique is used to grow diamond thin films [51-52] 

and their morphology, microstructure and physical properties are reported after B doping of 

these films [53, 54]. Diamond is a large band gap material and is not suitable for electrode 

applications. However, similar to other wide band gap materials like AlN, SiC etc., there is a 

possibility to improve the conductive properties of diamond by doping with suitable dopants. 

Boron and nitrogen are the widely demonstrated dopant species, forming acceptor and donor 

states respectively, but both require high levels of thermal activation to release free carriers 

(0.37 and 1.7 eV). Most widely, boron is used as dopant to produce conducting diamond 

electrode [55] due to its less activation energy (0.37 eV) [53] and is used in sensor applications 

[56-65]. Diamond doped with boron acts as a p-type semiconductor. Similarly doping with 

phosphorus [66], sulfur [67, 68] and nitrogen results in n-type conductivity in diamond. The 

charge carrier activation energy for phosphorus and nitrogen are 0.6 eV [65] and 1.7 eV [65, 

69-70], respectively. The conductivity of diamond electrodes depend on both nature and 

amount of dopants. For example the resistivity (ρ) in B doped diamond varies from 5 to 100 

mΩ cm [53, 71]. Typical boron concentration in doped diamond is between 1019-1021 

atoms/cm3 [68].   

Owing to exceptional electrochemical properties, diamond electrodes doped with suitable 

dopants, find various applications. The possibility for modifications of conducting diamond 

thin films is with metal ion implantation [72-74].  The implanted diamond electrodes also have 

good electroanalytical applications [75-76]. Diamond electrodes implanted with Ni and Cu are 

used to detect glucose content in amperometric measurements [69] and Pt doped electrodes 

used for H2O2 analysis [70].  Similarly Ir implanted electrode is used for As(III) deduction [71]. 
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Ultra-nanocrystalline diamond (UNCD) films grown by microwave plasma enhanced chemical 

vapor deposition (MPCVD) technique are found to be prominent for nano electronic device 

uses [77, 78] after doping them with the nitrogen.  The conductivity of these diamond films 

can be modified by varying doping concentration of nitrogen [79] which is different from 

conventional semiconductors. Some reports of    UNCD films grown through MPCVD 

technique showed the metallic behavior and negative magneto-resistance (MR) features [74-

75, 80] after the heavy nitrogen doping. 

A great interest is paid on synthesis and understanding the effects of surface and structural 

studies of nitrogen doped CVD nano-diamond films. The nanocrystalline diamond films have 

small grains and tight grain boundaries leading to improvement in the performance of devices. 

The density of localized states in nano-diamond thin films can be increased by addition of 

amorphous carbon, which further leads to dominant hopping processes [81]. This indicates the 

significance of sp2 phases in grain boundaries (GB) [78]. The NCD films grown by hot filament 

chemical vapor deposition (HFCVD) technique [82-83], exhibit high activated conduction over 

wide temperatures range. The transport (conduction) studies in diamond films place a 

foundation for novel fast switching devices [80]. 

2.3 Graphene Nitride 

Carbon nitride (CNx) materials have lot of potential as hard coatings [84], electronic materials 

[85], lithium intercalation electrodes [86], catalyst supports [87], and gas separation systems 

[88]. Graphitic carbon nitride (g-C3N4) is considered as an attractive polymeric organic 

semiconductor and has been extensively studied owing to its special optical and electronic 

behaviors [89-92]. In recent years different possible techniques have been used to improve the 

photo-catalysis ability and surface modifications of g-C3N4. For example, by doping metal and 

non–metals [93-95] in to g-C3N4. The 2D single layered g-C3N4 structure exhibits large specific 

surface area which offers more active sites for better electronic and optical properties than in 

its bulk form [96]. The large specific surface area is an important parameter for high mass 

transfer process and prevention of the photo-generated carriers’ combination in g-C3N4. 

Doping is an effective tool for modifying the structure, surface, phase, electronic and magnetic 

properties of materials. Doping with suitable elements supports either formation of new 

chemical bonds or relaxing the nearby chemical bonds in vicinity of dopants. Remarkable 

results of improved g-C3N4 properties by various dopants are reported in literature and few of 

them are listed here; ultrathin g-C3N4 nanosheets improve the quantum yield of photo 
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luminesces [97] and photo-absoprtion, and Li doped g-C3N4 monolayer improves light 

absorption performance [98]. Similarly oxygen doped g-C3N4 exhibits superior photo reactivity 

[99] and also enhances the mobility of carriers and reduces the combination of electron-hole 

pairs which are photo-generated [100]. Carbon materials doped with Si are known as friction 

coefficient reduction materials in moist atmosphere [101]. The Si doped carbon materials find 

applications in oxidation resistance at higher temperatures [102] and are used in gas sensing 

technology [103-104]. Some previous reports suggested that the visible light absorption 

coefficient of g-C3N4 [105] can be improved by doping with non-metals. In spite of realizing 

the various optical and electronic behavior of 2D g-C3N4 thin films doped with various 

elements, the real mechanism underlying the chemical bond formation and/or bond relaxation 

in the vicinity of dopant is not yet fully understood. This is very crucial to modify the surface, 

phase, optical, structural, catalytic, electronic and magnetic properties of g-C3N4 material, 

because the optical and electronic properties can be modified by chemical bond relaxation [102, 

106]. Hence it has great importance to know the fundamental mechanism of doping with non-

metal viz., H, B, C, O, F, Si etc., atoms in g-C3N4 to tailor the optical, surface, structural, phase 

and electronic properties of g-C3N4. It is very difficult to obtain Si doped g-C3N4 by virtue of 

its synthesis procedures. Several techniques are proposed to obtain Si doped g-C3N4 viz., 

magnetron sputtering (DC & AC), RF Plasma enhanced CVD, hot filament plasma enhanced 

CVD and pyrolysis etc., [92-107]. These doping techniques are not selective and controllable 

in comparison to ion beam technique.   

2.4 Metal-Insulator-Semiconductor Devices 

Carbon materials are attractive (for MIS devices) due to their high reliable properties such as 

thermal conductivity, chemical rigidity, mechanical strength and resistance to harsh radiation 

environments, [108,109] etc., Diamond films are exploited as dielectric materials in Metal-

Oxide-Semiconductor devices [110]. Similarly diamond is used as a conductivity layer (p-type) 

in SiC detectors [111] and to protect the device reliability after the irradiation. Diamond is used 

in monitoring the radiation beams. Biosensors made with diamond thin films are great helpful 

for real-time monitoring during the biochemical reactions. The effect of gamma radiation (up 

to 300 Gy) on function and stability of hydrogen-terminated diamond solution-gated field 

effect transistors are investigated [112]. The enhancement in Total Ionizing Dose effects (TID) 

[113] on field effect transistors e.g., MOSFET is a substantial interest of concern for an 

aerospace industry. This enables the preparation of low cost and less memory consuming 

Complementary Metal Oxide Semiconductor (CMOS) integrated circuits for device 
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applications in hard radiation environment [114-116]. Recently, a new lay out design based on 

‘interface engineering’ has been introduced.  This design involves the modification of regions 

between drain and channel and channel and source of MOSFET. In other words this design can 

be considered as change in the layout of gate in MOSFET by employing the non-standards 

geometries. Based on the above explanation, diamond MOSFET [117-121] can be examined 

as an effective less cost device for CMOS ICs in space applications [109, 110]. 
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Chapter 3 Experimental Work 

3.1 Synthesis of Materials  

3.1.1 Synthesis of diamond and diamond/β-SiC composite thin films 

The diamond and diamond/β-SiC nanocomposite thin films used in this work were deposited 

by utilizing microwave plasma enhanced chemical vapor deposition (MWCVD) technique. 

The films were deposited using ASTeX 1500W S-1500i model 2.45 GHz MWCVD reactor by 

varying MWCVD parameters namely total reaction gas pressure, reaction gas composition, 

substrate temperature and microwave power. With regards to diamond thin films, typical 

polycrystalline diamond thin films were deposited for this work. With regards to diamond/β-

SiC composite thin films, β-SiC content in the films was systematically varied. All the 

considered diamond thin films were deposited on one-side mirror polished (100) single crystal 

Silicon (Si) substrates. The deposited diamond thin films are designated as NCD1, NCD2, and 

NCD3. The experimental conditions are tabulated in Table 3.1. In the case of NCD1 and NCD2, 

before their deposition, manually diamond pre-treatment substrate’s surface was carried out. 

In this manual treatment a small amount of synthetic polycrystalline diamond paste (~1 μm) 

was applied on to the substrate’s surface and then scratched against a quartz plate. After 

scratching, ultrasonic cleaning was carried out first with acetone followed by ethanol and then 

dried in air at room temperature. In the case of NCD3, bias enhanced nucleation was carried 

out for 10 min before the thin film deposition by applying a negative bias voltage of -200 V to 

the substrate. In all the cases of diamond thin films, microwave power of 700 W was used. 

Table 3.1 Experimental conditions used to deposit different diamond thin films. 

Name of thin film Deposition Parameters Parameter Value 

 

NCD1 

% CH4 in H2 

Substrate Temperature (°C) 

Deposition Time (h) 

<1% 

600 

6 

 

NCD2 

% CH4 in H2 

Substrate Temperature (°C) 

Deposition Time (h) 

<1% 

700 

6 

 

NCD3 

% CH4 in H2 

 

Substrate Temperature (°C) 

Deposition Time (h) 

4% during nucleation and 

<1% during growth 

850 

3 
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Diamond/β-SiC nanocomposite thin films were deposited on one-side mirror polished (100) 

single crystal Si substrates. The deposited diamond/β-SiC nanocomposite thin films are 

designated as NCDS1, NCDS2, and NCDS3. In all the cases, bias enhanced nucleation was 

carried out for 10 min before the thin film deposition by applying a negative bias voltage of -

150 V to the Si substrate. NCDS2 and NCDS3 are deposited using gas mixtures of H2, CH4, 

and tetramethylsilane (TMS). It may be noted that NCDS1 is a diamond film i.e., it is deposited 

without the use of TMS. In NCDS1, NCDS2, and NCDS3 thin film depositions, the gas 

mixtures used had less than 1% CH4 in H2, reaction gas pressure was 25 Torr, and microwave 

power was 700 W. TMS gas is used to co-deposit β-SiC phase along with the diamond phase. 

The TMS gas used in this work is 1% in H2 and therefore the exact percentage of TMS in the 

case of NCDS2, and NCDS3 corresponds to 0.0066 and 0.0384% for 2.5 and 15 sccm, 

respectively while H2 and CH4 gas flow rates are 400 and 2.5 sccm, respectively. NCDS1, 

NCDS2, and NCDS3 are deposited for 6 h. Percentage of CH4 in H2 during bias enhanced 

nucleation was 4%. It is evident from the choice of TMS flow rate that the incorporation of β-

SiC phase varied significantly in the resultant diamond/β-SiC nanocomposite thin films 

NCDS2 and NCDS3 in comparison to NCDS1. 

To test the mechanical contact damage behavior of the diamond/β-SiC nanocomposite films, a 

~3 m thick diamond/β-SiC nanocomposite film grown on manually diamond pre-treated 

polycrystalline W substrate was considered. The considered thin film was deposited using the 

same experimental conditions of NCDS series samples except for the TMS flow rate of 5 sccm. 

For comparison purpose, a ~3 m thick diamond thin film grown (using the exact experimental 

conditions as that of the diamond/β-SiC nanocomposite film grown on W) on manually 

diamond pre-treated polycrystalline W substrate was also considered. 

3.1.2 Graphitic carbon nitride (g-C3N4 ) 

In this work, as-synthesized g- C3N4 was named as GCN. The graphitic carbon nitride (g-C3N4) 

was synthesized by thermal decomposition of Urea at 500 °C. As-synthesized GCN powder 

was made into pellets of size ~10 mm diameter and thickness of ~2.5 mm by applying a 

pressure of ~3 Tons. 
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3.2 Surface Modification Procedures 

3.2.1 Gamma irradiation 

The gamma (γ) irradiated diamond films are named as NCD1-100, NCD1-1000, NCD1-2000, 

NCD2-100, NCD2-1000, NCD2-2000, NCD3-100, NCD3-1000 and NCD3-2000 depending 

on the dose (100, 1000 and 2000 kGy) of radiation. γ irradiation was carried out using gamma 

chamber (GC 1200) shown in Fig. 3.1. Co60 is the radiation source, which emits gamma rays. 

The average energy of the gamma rays is ~1.258 MeV. The GC1200 gamma chamber contains 

various required components viz., gamma source, gamma shielding, sample space, outer 

cabinet and controlling system etc. The whole system is operated electronically. The chamber 

has an irradiation volume ~1,000 cm3 with uniform gamma environment where samples are 

placed for irradiation. The samples are placed inside the irradiation zone by using a steel rod 

which is operated from outside. The sample position can be adjusted at desired place by using 

steel rope and geared motor operates electronically from outside. The gamma rays dose rate 

was 5.49 kGy/h at the time of irradiation.  

 

Figure 3.1 Gamma Chamber (GC 1200) at the Inter University Accelerator Center (IUAC), 

New Delhi (www.iuac.res.in) 

3.2.2 Ion irradiation 

Ion beams are utilized to alter the chemical, electronic and structural properties by injecting 

(doping) atoms into the target (here diamond films and g-C3N4). Ion irradiation may result in 

atomic displacement of target and further causes its damage. The kinetic effects of ion beam 

interactions with target material are estimated by using Monte Carlo simulation of ‘Stopping 

and Range of Ions in Matter (SRIM)® software.  In the present work, all three diamond thin 
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films (NCD1, NCD2 and NCD3) were irradiated with three different energies of nitrogen beam 

viz., 12 keV, 100 keV and 70 MeV at different fluences. Also, as-synthesized g-C3N4 pellets 

were irradiated with 200 keV Si beam at different fluences. Before ion beam irradiation, the 

samples were mounted on ladder as shown in Fig. 3.2 and placed inside a high vacuum chamber 

maintained at a vacuum of 1x10-6 Torr. In order to homogenously irradiate the samples, the 

focused ion beam was carefully scanned over an area of 10x10 mm2. The irradiation 

experiments were performed at ambient conditions i.e., at room temperature using the different 

accelerator facilities explained in the following paragraphs. 

 

Figure 3.2 Ion irradiation experimental ladder with mounted samples. 

 Table top ion accelerator: The considered diamond thin films were irradiated with nitrogen 

ion beam of energy 12 keV with a fluence of 1E16 ions/cm2 by using the table top ion 

accelerator shown in Fig. 3.3. This facility provides implantation using Alpha (α), Proton (H+), 

Molecular Hydrogen (H2) and Nitrogen beams up to 60 kV without any hazardous radiation 

effects. The major parts of this machine are Penning Ion Generator (PIG) ion Source, 

Electrostatic Quadrupole Triplet and Permanent Magnets known as Bending Magnets. The PIG 

works on cold plasma and able to produce 300 µA constant current. This ion source is placed 

inside a nylon chamber and coupled to a 60 kV power supply. The required gas for which ion 

beam is needed is sent through a needle valve mounted at the high voltage end. The 

electromagnets used for the confinement of beam are made up of Al placed inside a stainless 

steel vacuum jacket. The nitrogen irradiated diamond films using this facility are named as 

NCD1L-1E16, NCD2L-1E16 and NCD3L-1E16.  

  

 

 

 

 

Figure 3.3 Table top ion accelerator set-up at IUAC, New Delhi. 

Experimenta

l chamber 
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Low energy ion beam accelerator: The diamond thin films were irradiated with nitrogen ion 

beam of energy 100 keV with fluences 1E16 and 1E17 ions/cm2 using low energy ion beam 

accelerator shown in Fig. 3.4. This facility is based on electron cyclotron resonance (ECR) ion 

source. It can provide ion beams of energy ranging from keV to few MeV. The special feature 

of this machine is the availability of multiple positive ions with large currents. The ion source 

in this facility is operated at a frequency of 10 GHz. The ion beam is extracted by electromagnet 

and focused on the sample by using Einzel lens, a type of charged particle lens which can focus 

the ion beam without losing the energy. The Einzel lens is operated at 200 kV and controlled 

using an optical fibre communication. The energy (E) of ion beam coming out from this facility 

is calculated by using the equation, 𝐄 = 𝐪 (𝐯𝐬 + 𝐯𝐩) where q is the charge state of the ion, 𝐯𝐬 

is the potential of ion source (in kV) and 𝐯𝐩 is the potential of high voltage platform (in kV). 

 

Figure 3.4 Low energy ion beam facility setup at IUAC, New Delhi. 

Samples are mounted on a ladder (shown in Fig 3.2) made up of stainless steel and placed in a 

high vacuum chamber, which is connected with beam line at one end. The ion beam falls 

directly on the samples at 90° angle. For uniform irradiation, an electrostatic beam scanner 

which can scan an area of 10 mm x 10 mm both in x- and y-directions is used. The irradiated 

diamond films using this facility are named as NCD1-1E16, NCD1-1E17, NCD2-1E16, 

NCD2-1E17, NCD3-1E16 and NCD3-1E17 corresponding to the fluences used. 

Source of negative ions by Cs sputtering (SNICS): In SNICS the negative ions of desired 

elements are produced by bombarding hot Cesium ions (Cs+) with the solid material (source) 

atoms. The setup contains a discharge chamber in which a reservoir at high temperature is 

maintained.  A small cylindrical piece of Cu on which Cs is coated acts as cathode. The element 

for which negative beam is required is taken in the form of powder insider the chamber. Total 

setup is maintained under ultra-high vacuum conditions. When the Cs atoms come in vicinity 

of hot reservoir, it boils away and gets ionized.  These ionized Cs+ ions gets accelerated towards 
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the cathode on the way sputtering the atoms of powdered sample and resulting in the production 

of negative ions. These negative ions are further accelerated and extracted out at the end of the 

chamber. The negative ion implanter setup is depicted in Figure 3.5. 

 

Figure 3.5 Source of negative ions by cesium sputtering setup at IUAC, New Delhi. 

Pelletron accelerator: A high energy Pelletron accelerator [11] (shown in Fig. 3.6) was used 

to irradiate NCD1, NCD2, and NCD3 thin films with nitrogen ion beam of energy 70 MeV. 

The fluences used are 1x1012 and 1x1013 ions/cm2. The pelletron accelerator used in this work 

is known as 15 UD Pelletron. Here the number 15 represents 15 MV terminal voltage, which 

is maintained at the center of the machine and “UD” signifies unit double.  The pelletron is 

able to accelerate any  ions from proton (H+) to uranium (U) up to energies of a few hundred 

MeV  based on  nature of the ions. The negative ions, for which desired beam is required are 

obtained by SNICS method (previous page). The obtained negative ions are feed into the 

pelletron tank by using injector magnets. These negative ions are accelerated towards the centre 

of the tank, which is maintained at positive 15 MV.  There is a stripper foil, which removes 

some of the electrons from the ions making them as positive.  These positive ions are further 

repelled towards the ground at zero potential. The positive ions are accelerated twice by 

maintaining 15 MV potential at the centre, resulting in ions getting accelerated with twice 

energy which is the above mentioned UD.  The total energy gained by an ion is given by 𝐄 =

[𝐄𝐝𝐞𝐜𝐤 + 𝐕(𝐪 + 𝟏)] 𝐌𝐞𝐕, where V and q represents  the terminal voltage (in MV), charge state 

of ions respectively  being accelerated after passing through the stripper foils, and E deck is the 

deck potential of the SNICS which is in the order of few hundred kV. The energetic ion beams 

are analyzed by using permanent dipole magnets known as analyzer magnets and further 

directed into the experimental chambers through dedicated beam lines by using multi pole 

switching magnets. The entire beam line is maintained at ultra-high vacuum (at pressure < 10-

8 mbar) conditions with ion beam passing along the centre of the beam line. The ion beam is 
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focused on the sample (here diamond thin films) by using steering magnet and quadrupole 

magnet. The size of ion beam is around 1 mm. The sample is irradiated by ion beam through 

scanning the entire area in a roaster format.  A constant beam current of 1pnA* is being 

maintained throughout the irradiation. The time of irradiation of the sample for various fluences 

is calculated by the following formula as described in next page. The irradiated diamond films 

using this facility were named as NCD1-1E12, NCD1-1E13, NCD2-1E12, NCD2-1E13, 

NCD3-1E12 and NCD3-1E13 corresponding to the fluences 1x1012 and 1x1013 ions/cm2. 

 

Figure 3.6 Schematic of the pelletron accelerator used in this work. 

In this work, as-synthesized g-C3N4 pellets were also irradiated with Si beam of energy 200 

keV with fluences 2x1015, 3x1015, 5x1015, 1x1016, 2x1016 and 3x1016 ions/cm2. These samples 

are correspondingly named as Si-2E15, Si-3E15, Si-5E15, Si-1E16, Si-2E16 and Si-3E16. 

From the “Stopping and Range of Ions in Matter (SRIM)” simulation, for Si ion implantation 

in g-C3N4 the range (RP), electronic energy loss (Se) and nuclear energy loss (Sn) are calculated 

as ~345 nm, 380.3 and 166.4 keV/μm, respectively. 

                                                           

* PnA stands for particle nano Ampere, which is the practical unit for ion irradiation purpose. 

An ion beam is a collection of ions with different charge states from single element.  In order 

to calculate the effective current of the ion beam the total current of the beam is divided by 

charge state to attain particle nano ampere (pnA).  
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The considered diamond thin films (NCD1, NCD2 and NCD3) were irradiated with different 

ion fluences. The ion fluence (ϕ in ions/cm2) directly depends on the beam current (I in pnA), 

time of irradiation (T) and area of the sample (A). The T required for a particular fluence is 

given by T =
ϕA

I∗6.25∗109
 . An energetic ion passing through the target loses its kinetic energy 

(KE) through sattering, which involves the Coulomb interaction between incoming ion species 

and both target atom and its electronic system as well. This energy loss determines the final 

range (penetration depth) of the incoming ion beam (projectile) into the target (solid) and the 

lattice disorder  created by the ions. The interaction of energetic ions with solid material (named 

as target) results in energy loss of ions. Depending on the thickness of the target, when the ions 

pass through a target, energy loss of ions must be considered. Energy losses vary with the target 

materials. The energy loss of ions in matter (target) is calculated using SRIM® software which 

is based on Monte Carlo simulation of interactions between ions and target materials. SRIM 

provides quick calculations of stopping energies, projected range and straggling distributions 

for any energetic ion in single and multi-layer targets. In the present work, the range (RP), 

nuclear energy loss (Sn) and electronic energy loss (Se) are calculated using SRIM software for 

all the diamond thin films. The depth profile of nitrogen ion beam in diamond film with 100 

keV energy is shown in Fig. 3.7. Similarly, the calculated Rp, Sn, Se values for nitrogen ion 

beam with different energies are given in Table 3.2 which also shows the N+ irradiation 

parameters in different experiments. 

 

Figure 3.7 Nitrogen ion (100 keV) depth profile within a diamond film as calculated by 

SRIM software. 
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Table 3.2 Experimental details of N+ ion irradiation on the considered diamond thin films. 

Energy 

(keV) 

Facility  Fluence 

(ions/cm2) 

Current 

(μA) 

Range 

(nm) 

Sn 

(keV/μm) 

Se 

(keV/μm) 

12 
Table Top 

Accelerator 
1x1016 50 26.2 204 210 

100 LEIBF 
1x1016 

1x1017 
2 179.8 75.9 525 

70000 
15 UD 

Pelletron 

1x1012 

1x1013 
0.003 61.2 0.4 758.4 

 

3.3 Characterization 

3.3.1 Electron microscopy 

In the present work, Scanning Electron Microscopy (SEM) was used to obtain the 

morphologies of both surface and cross-sectional views of the samples. In order to get the 

secondary electron (SE) images of the sample surfaces, surface must be electrically conducting. 

Otherwise, the surfaces being probed get charged up. In case of diamond and diamond/β-SiC 

composite thin films, the conducting graphite phases present in the grain boundaries make the 

sample surface conducting on the whole. Therefore no conducting coating was used on these 

film surfaces. However, in the case of graphene nitride (g-C3N4) samples, since they are not 

good conductors and conducting Au coating was used on these samples prior to the 

examination. Zeiss Ultra55 ultra high resolution field emission scanning electron microscope 

(FESEM) was used to observe the morphological surface changes of the samples at a working 

distance of ~5 mm and at an accelerating voltage of 5 kV. The energy dispersive x-ray (EDX) 

analysis was used to obtain elemental composition of sample surfaces. In this analysis, emitted 

x-rays (due to interaction with sample surface) are collected using a detector which carries the 

characteristics of elements present in the sample surface. In this analysis, working distance of 

7 mm and an accelerating voltage of 15 kV were used. Transmission electron microscope 

(TEM, model FEI Technai G2 S-Twin) was also used to observe morphological features in 

selective diamond films. Free standing thin diamond films were placed on a holy carbon coated 

copper grid for TEM examination. The TEM was operated at 200 kV. 

3.3.2 X-ray and electron diffraction 

In this wok, grazing incidence x-ray diffraction (GIXRD) measurements were accomplished in 

grazing incidence geometry to determine the crystallinity of the thin films in the range of 2θ   

from 30-100° (range varies with material) with a step size of 0.02°. For the considered thin 
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films, Brucker D8 Discover diffractometer was used to obtain the GIXRD patterns. Cu Kα 

(λ=1.54 Å) source was used and a separate rotating base was mounted as a detector. The x-rays 

were produced from Cu target by electron beam of current 40 mA.  The angle between incident 

x-rays and sample surface was fixed at 1.5° and the rotating detector measured the 2θ angle. 

The standard Scherrer’s formula was used to estimate the crystallite sizes in the considered 

diamond thin films. The crystallinity of bulk g-C3N4 powder samples was determined using the 

standard powder XRD technique. In this case, XRD measurements were performed using 

Bruker AXS model D8 Advanced system in the range of 2θ from 5-70° with a step size of 

0.02°. Selected area electron diffraction (SAED) patterns were also recorded in the case of 

selected samples to complement the XRD results. In few cases, high resolution transmission 

electron microscope (HRTEM) images were also used to confirm the crystallinity (by directly 

marking the inter-planar spacing between the lattice fringes). XRD and SAED patterns were 

indexed by following the standard procedures. In the case of powder XRD patterns, matching 

with the standard JCPDS data files was also carried out. 

3.3.3 Spectroscopy 

To understand the phase content of different samples, micro-Raman spectroscopy 

measurements were accomplished using Wi-Tec alpha 300 AR laser confocal optical 

microscope (T-LCOM) in a back scattering mode. Raman spectra were collected by an argon 

ion 488 nm CW laser as the excitation source. This facility contains charge coupled device 

(CCD) detector, which is cooled by means of Peltier. In the case of diamond thin films, micro-

Raman spectroscopy measurements was carried out with the laser power and numerical 

aperture as 20 mW and 0.95, respectively. The beam was focused onto the diamond thin film 

surfaces by means of 20x objective lens. The integration time was typically 1 second and the 

data acquisition time was 10 seconds. Similarly, in the case of diamond/β-SiC composite thin 

films, micro-Raman spectroscopy measurements were carried out with LabRam HR800 Raman 

spectrometer. In this case, 514.5 nm Ar+ ion laser with 2.8 mW power was used as an excitation 

source with 10x objective lens.  In these measurements the data acquisition time was 5 seconds. 

In both diamond and diamond/β-SiC composite thin films’ cases, the spectral resolution was 1 

cm-1 and the scattered light from the samples was dispersed on to the CCD detector.  

In this work, all implanted diamond films are characterized with Rutherford backscattering 

(RBS) technique to analyse the elemental composition and depth profile of the implanted ion. 

RBS system used in this work was equipped with 1.7 MV 5SDH-2 Pelletron accelerator, 
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manufactured by National Electrostatics Corp, USA. The alpha ion (He2+) beam (produced 

from an alphatross ion source) with 3.72 MeV energy was used for the scattering purpose. One 

end of RBS beam line is attached to the sample chamber maintained under ultra-high vacuum 

conditions. This system contains 4 axis goniometer on which samples up to 15, based on the 

size can be mounted at one time for analysis. A surface barrier detector and corresponding 

electronic communication setup is used to detect the number and energy of backscattered ions 

after colliding with atoms of the sample. This enables to find out elemental composition and 

concentration with respect to depth of the sample under study. The obtained data from RBS 

spectrum of samples is carried out by using RUMP software to find out elemental analysis and 

depth profile of the all implanted diamond films.  

To understand the molecular structure and quality of bonding of carbon at the surface of as-

deposited diamond films X-ray absorption fine structure (XAFS) spectroscopy technique was 

used. XAFS utilizes high energy x-rays to probe the core electron shell of atoms. In this one 

can obtain the data about electronic structure depending on the mode in which x-rays are 

collected and therefore molecular bonding states of matter within first few nanometers in a 

sample. Within the body of XAFS technique, near-edge x-ray absorption fine structure 

(NEXAFS) probes the electron transition from K-shell of low Z elements (here carbon) within 

the first few nanometers of a material. The bond length or orientation of molecular bonds can 

be observed from location of peaks within a NEXAFS absorption spectra. In this work (Model: 

10D XAS KIST B/L) NEXAFS was utilized to confirm the presence of diamond, sp2 structure 

and to assess the general quality of sp3 bonds between the diamond films. XAFS spectroscopy 

was carried out to know the quality of the as-deposited diamond films in correlation with XRD 

and Raman scattering results. 

In the case of g-C3N4, Fourier transform infrared (FTIR) spectroscopy measurements were 

done using Perkin-Elmer (spectrum bx) in the wavenumber range of 400-4000 cm-1. In the IR 

spectroscopy, when the IR rays incident on all g-C3N4 samples, some of the rays are absorbed 

by the sample and some are transmitted (passes) through the sample.  The absorption occurs 

when the energy of the beam of light is transferred to the sample constituents. These 

constituents get excited and the transferred energy cause vibrations in the molecular bonds. 

The recorded signal at the detector is a spectrum representing a molecules present the g-C3N4 

sample. By employing the interferometer, FTIR spectroscopy record the information of 

material which is exposed by IR rays. The spectral resolution of the measurements was 8 cm-1 

and the transmitted light from the samples was detected by Liquid nitrogen cooled mercury 
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cadmium telluride (MCT) detectors which have higher sensitivity and faster response. The g-

C3N4 samples were mixed with spectroscopic grade KBr and pressed into transparent thin 

pellets. These pellets were used for FTIR measurements.  

3.3 Mechanical Contact Damage Tests 

In order to assess the mechanical contact damage behavior of diamond/β-SiC nanocomposite 

thin film in comparison to a diamond thin film, Brinell indentation tests were carried out. The 

idea behind such an indentation test is to cause film failure at the interface and then to evaluate 

the adhesion strength by measuring the load applied to the indenter leading to the film’s plastic 

deformation. The indenter had a spherical shape (diameter = 3.45 mm) and was made of WC. 

Discrete indentation loads of 30, 60, 125 and 150 kgf were applied on the surface of diamond 

and diamond/β-SiC nanocomposite thin film surfaces. If the normal load is high enough then 

the circumferential and lateral cracks are initiated and propagated between the film and the 

substrate and also appear on the surface due to the plastic deformation of the films. Qualitative 

adhesion evaluation was then made depending on scanning electron microscope (SEM) 

observations of the crack formation and evolution on the surface of the films. Using SEM the 

lateral crack length was carefully measured. The obtained results were then plotted with respect 

to the applied normal loads. The slope acquired from this plot resembles the ease of lateral 

crack propagation, which changes linearly with 1/Gc where Gc indicates release rate of critical 

strain energy of the crack evolution and was therefore used as a measure to evaluate adhesion. 

3.4 Electrical Conductivity Measurements 

To understand the variation in electrical properties in the case of selected irradiated samples, 

transport (electrical) properties and Hall measurements were accomplished. In case of selected 

N+ implanted diamond films, electrical measurements (I-V)were carried out with four probe 

method by using Keysight Semiconductor Device Analyzer (model: B1500A) in the voltage 

range of -5 V to 5 V. By using this instrument, accurate and precise current measurements in 

the range 0.1 fA to 1 A can be measured. The resolution and accuracy of the device are 100 aA 

and ± (0.9%+12 fA), respectively. The diamond films are placed on stainless steel (SS) 

platform which are mounted on a probe station.  In order to isolate the samples electrically with 

SS platform a small piece of mica sheet was placed beneath them. To ensure better electrical 

contact, gold coated electrical probes are used.  Figure 3.8 shows the probe station used in this 

study. The device analyzer is automated for better recording of data to a computer through 

General Purpose Interface Buss (GPIB) cables by using a LabVIEW(™) program.  



Experimental Work   

36 

 

 

Figure 3.8 Probe station microscope used to measure I-V characteristics of selected N+ ions 

implanted diamond thin films in comparison to the as-deposited diamond thin film. 

I-V characteristics were also measured in the case of diamond/β-SiC composite thin films were 

measured by two point probe (Fig. 3.9) method in the applied voltage range of -5 V to 5 V. 

Two Ag-paint dots (diameter ~1 mm) spaced ~0.5 mm from each other on the film surface are 

used at the electrodes. I-V characteristics of thin film/substrate junction were also measured in 

the case of diamond/β-SiC composite thin films. The measurements were carried out by using 

the configuration shown in Fig. 3.10. Ag-paint dot (diameter ~2 mm) is placed on the surface 

of the film and exactly at the back of the Si substrate. Then, the sample is placed on a Cu sheet 

and the I-V characteristics are acquired between the Ag-paint dot on the film and the Cu sheet. 

The samples were dipped in 5% HF solution for 15 s to remove oxide layer before placing the 

Ag-paint dots. The voltage range used is -10 V to 10 V.  

 

 

Figure 3.9 Schematic of the two point probe configuration for measurements of surface I-V 

characteristics of diamond/β-SiC composite thin films. 

 

 

Figure 3.10 Schematic of the configuration for measurements of I-V characteristics of 

diamond/β-SiC composite thin film/Si substrate junction. 

In the case of diamond/β-SiC composite thin films, Hall measurements (to known carrier 

density, type of charge carriers and Hall mobility due to the presence of β-SiC phase along with 

Cu sheet 

Metal probe 

Metal probe 
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diamond) were also performed in the Van der Pauw geometry (Fig. 3.11) at room temperature 

in an external magnetic field range of 0.1 T to 1 T. Four Ag-paint dots (diameter ~ 1 mm) were 

placed as metal contacts. L in Fig. 3.11 varied in different cases and accordingly the 

calculations were carried out. Also the thickness of the thin films (~ 3 µm) was considered in 

calculating the corresponding carrier densities. 

 

 

 

Figure 3.11 Schematic of the configuration for Hall measurements on diamond/β-SiC 

composite thin films.  

L 

Metal probe 
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Chapter 4 Results and Discussion 

4.1 Gamma (γ) Irradiated Diamond Thin Films 

4.1.1 Characteristics of as-deposited diamond thin films 

Low and high magnification plane view secondary electron (SE) micrographs of as-deposited 

NCD1, NCD2 and NCD3 films are shown in Fig. 4.1. In all the cases of as-deposited NCD1, 

NCD2 and NCD3 films, the thin film surface morphology is homogeneous with randomly 

oriented features (diamond grains). In the case of NCD1 and NCD2 films, the diamond grain-

edges are sharp and diamond grains are of different sizes. In the case of NCD3, a cauliflower-

like morphology is witnessed. The discernable feature sizes in the cases of NCD1, NCD2 and 

NCD3 are less than 100 nm, tens of nm to 200 nm, and few nm to 10 nm, respectively. 

 

Figure 4.1 Plane view secondary electron micrographs of (a) NCD1, (c) NCD2, (e) NCD3 at 

low magnification; (b), (e), and (f) are the corresponding high magnification micrographs. 
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GIXRD patterns of NCD1, NCD2 and NCD3 are presented in Fig. 4.2. In case of NCD1 and 

NCD2, the characteristic diffraction peaks at 2θ = 43.9°, 75.2° and 91.4° correspond to (111), 

(220) and (400) diffraction planes in diamond, respectively and their appearance indicates the 

polycrystalline nature of NCD1 and NCD2 films. The peak broadening in NCD2 film as 

compared to NCD1 film indicates decrease in diamond grain size. In the case of NCD3, only a 

faint (111) diamond diffraction peak is observed. The background noise levels in the case of 

NCD2 and NCD3 are higher in comparison to NCD1 indicating lesser diamond phase purity 

in the former two cases. The average grain size (calculated by taking into account (111) 

diffraction peak) in NCD1, NCD2, and NCD3 films is ~ 55, 25, and ~16 nm, respectively. 

These values are comparable to the surface features in the respective films shown in Fig. 4.1. 

The GIXRD results confirm the nanocrystalline nature of diamond in NCD1, NCD2 and NCD3 

films [1-5]. 

 

Figure 4.2 Grazing incidence X-ray diffractograms of as-deposited (a) NCD1, (b) NCD2 and 

(c) NCD3 thin films. 
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Raman spectra of NCD1, NCD2 and NCD3 are shown in Fig. 4.3. In all cases, a slightly blue 

shifted (from 1332 cm-1 to a higher wavenumber) and broadened peak corresponding to zone-

center phonon in diamond is observed [6-18]. The blue shift indicates compressive stress in the 

film due the diamond film’s thermal mismatch with the substrate [19]. The broadening of 

diamond peak is due to the nanometer size of diamond grains [20, 21] well-complementing 

with the GIXRD results. The board Raman signal at ~1500 cm-1 is the characteristic G band 

corresponding to the sp2 bonded graphitic carbon at the grain boundaries in the thin films [13-

15]. NCD2 and NCD3 show important broad bands centered at ~ 970 and ~1140 cm-1 (in 

addition to ~1332, and ~1500-1600 cm-1 bands) corresponding to 2nd order phonon mode of Si 

(from the ‘Si’ substrate indicating that the film is thin) and trans-polyacetylene (t-pa) portions 

[12,22,23] at diamond grain boundaries and surfaces in the film. On the contrary NCD1 showed 

only the t-pa band at ~1124 cm-1. In the case of NCD3, ~970 cm-1 band is sharper than in NCD2 

indicating that NCD3 film is thinner than NCD2 film. This correlates well with the noise 

observed in the corresponding GIXRD patterns shown in Fig. 4.2. The broadening of zone-

center phonon band is the maximum in the case of NCD3 followed by that in NCD2 and then 

NCD1, another observation which correlates well with the diamond grain sizes as calculated 

from GIXRD patterns. The estimated intensity ratio 
IDiamond

IDiamond+IG
 values (after proper peak fitting 

[24]) for NCD1, NCD2 and NCD3 are 0.4, 0.28 and 0.25, respectively indicating that NCD1 

is good quality (diamond quantity wise) nanodiamond film as compared to NCD2 and NCD3 

films. The NCD2 and NCD3 films have more amount of graphitic carbon as compared to NCD1 

film which is due to the presence of smaller grains in these films as compared to NCD1 film. 

The carbon K-edge and oxygen K- near edge X-ray absorption fine structure (NEXAFS) 

spectra of NCD1, NCD2 and NCD3 films are shown in Fig. 4.4. The peak at energy ~284.5 eV 

in pre-edge region corresponds to C 1s → π* transition [25]. This peak indicates the existence 

of sp2-hybridized carbon at the diamond grain boundaries. The peak at ~289.5 eV corresponds 

to C 1s→σ* transition in diamond [25]. The absorption edge at ~289.0 eV and a dip owing to 

second band gap of diamond at 302.0 eV are exclusive features of high quality of diamond [26] 

that is constituted in the films. These bands are consistent in all the cases, confirming that the 

diamond present in these films is of high quality. The O K-edge in all the three cases is observed 

at 532.9 eV (O 1s → π* transition) and 539.7 eV (O 1s→σ* transition) [27]. All in all, the 

results show that the diamond films considered in this work are very good for irradiation 

experiments mainly owing to the quality of diamond present in the thin films and to the quantity 

of diamond phase in the thin films in the order NCD1>NCD2>NCD3. 
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Figure 4.3 Raman spectra of as-deposited (a) NCD1, (b) NCD2 and (c) NCD3 thin films. 

 

Figure 4.4 Near edge X-ray absorption fine structure spectra of the as-deposited (a) NCD1, 

(b) NCD2 and (c) NCD3 thin films; (d) O K-edge spectra in all the threes cases. 
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4.1.2 Characteristics of the γ-irradiated diamond thin films 

Low and high magnification plane view secondary electron micrographs of gamma (γ) 

irradiated (with doses of 100, 1000 and 2000 kGy) NCD1, NCD2 and NCD3 films in 

comparison to the respective as-deposited NCD1, NCD2 and NCD3 films are shown in Fig. 

4.5, Fig. 4.6, and Fig. 4.7, respectively. It can be clearly observed from the surface morphology 

images of the irradiated surfaces that after the irradiation, there is no appreciable change in 

surface morphology of these films except for the slight rounding-off of the edges of diamond 

grains in the films. GIXRD patterns (Fig. 4.8) and Raman spectra (Fig. 4.9) of gamma irradiated 

NCD1, NCD2 and NCD3 films in comparison to the respective as-deposited NCD1, NCD2 

and NCD3 films show miniscule or no changes indicating that the considered diamond films 

are stable w.r.t crystallinity and phase to the considered γ irradiation unlike in the cases reported 

in the literature and discussed in Chapter 2. All in all, it is clear from the characterization results 

that in all diamond films (NCD1, NCD2, NCD3), the carbon material undergoes internal 

sp2↔sp3 or sp3↔sp2 bonding interconversions upon γ-radiation without changing its overall 

sp3/sp2 composite character [28].  
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Figure 4.5 Low and high magnification plane view SE micrographs of (a), (b) NCD1; (c), (d) 

NCD1-100; (e), (f) NCD1-1000; and (g), (h) NCD1-2000 film surfaces after undergoing γ-

irradiation. 
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Figure 4.6 Low and high magnification of plane view SE micrographs of (a), (b) NCD2; (c), 

(d) NCD2-100; (e), (f) NCD2-1000; and (g), (h) NCD2-2000 film surfaces after undergoing 

γ-irradiation. 
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Figure 4.7 Low and high magnification of plane view SE micrographs of (a), (b) NCD3; (c), 

(d) NCD3-100; (e), (f) NCD3-1000; and (g), (h) NCD3-2000 film surfaces after undergoing 

γ-irradiation. 
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Figure 4.8 Grazing incidence X-ray diffractograms of γ-irradiated (a) NCD1, (b) NCD3 films 

along with the their pristine films; (c) pristine and (d) corresponding γ-irradiated 

NCD2 film. 
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Figure 4.9 Raman spectra of γ-irradiated (a) NCD1, (b) NCD2 and (c) NCD3 films along 

with that of the as-deposited films. 

 

4.2 Nitrogen Irradiated Diamond Thin Films 

Plane view SE micrographs of 12 keV N+-ion irradiated NCD1 film with 1E16 ions/cm2 

fluency (NCD1L-1E16) in comparison to the as-deposited NCD1’s surface are shown in Fig. 

4.10. The surface features of NCD1L-1E16 film (Fig 4.10 (c, d)) are more or less same as 

compared to the as-deposited NCD1 sample. GIXRD patterns (Fig. 4.11) and Raman spectra 

(Fig. 4.12) of 12 keV N+-ion irradiated NCD1 film in comparison to the as-deposited NCD1 

film show miniscule changes indicating that the irradiation has effected the crystallinity and 

phase of the diamond film. In the case of GIXRD pattern the intensities of the diamond 

diffraction peaks have decreased indicating that the irradiation has reduced the crystalline 

quality of diamond. In the case of Raman spectrum, the Raman band centered at ~1427 cm-1 

could be resolved unlike in the case of NCD1. This observation indicates a change in the phase 

composition post-irradiation. In both NCD1 and NCD1L-1E16, the broad Raman band 

centered at ~1332 cm-1 corresponds to zone-center phonons in diamond. The simultaneous 
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presence of the band at ~1124 cm−1 and ~1427 cm-1 is one of the characteristics of a 

nanocrystalline diamond thin film [22, 23]. G band in the case of NCD1L-1E16 appeared at 

~1530 cm-1 while it appeared at ~1500 cm-1 in the case of NCD1. The Raman scattering 

observations indicate a definite change in the phase content of the film and/or formation of 

defects in the film post-irradiation. The Resonant Rutherford backscattering spectra (RRBS) 

(Fig. 4.13) showed the presence of carbon in pristine NCD1 and the presence of C and N in 

NCD1L-1E16 sample. The calculated 12 keV nitrogen ion beam implanted depth in NCD1 

film is ~30 nm.  

 

 

Figure 4.10 Low and high magnification of plane view SE micrographs of (a), (b) NCD1; 

(c), (d) NCD1L-1E16 film surfaces (after undergoing 12 keV N+- ion irradiation). 
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Figure 4.11 Grazing incidence X-ray diffractograms of (a) NCD1 film and (b) NCD1L-1E16 

film (after 12 keV N+-ion). 

 

Figure 4.12 Raman scattering of (a) NCD1 film and (b) NCD1L-1E16 film (after 12 keV N+-

ion irradiation). 

 

Figure 4.13 Rutherford back scattering spectra of (a) NCD1 film and (b) NCD1L-1E16 film 

(after 12 keV N+-ion irradiation). 
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HRTEM images of NCD1 and NCD1L-1E16 films are depicted in Fig. 4.14. Fig 4.14(a) shows 

diamond crystals, graphitic shells and amorphous carbon in NCD1. SAED pattern (inset of Fig 

4.14(a)) is indicative of the polycrystalline nature of diamond in NCD1 correlating well with 

the GIXRD result for the same. Fig. 4.14 (b) depicts the branching and interconnection of the 

graphitic layers (indicated by circles). It shows that these carbon nanostructures are not 

perfectly spherical but spheroidal-like carbon onions [29, 30]. Moreover, these carbon nano-

onions (CNOs) have different shapes including elliptical, polyhedral, quasi spherical and 

deformed onions. A dimensional analysis of the CNOs was carried out by observing a large 

number of micrographs recorded for several CNOs present in NCD1 film. The obtained CNOs 

have multiple shells and each CNO contains 8-10 graphitic shells and maximum of 13. The 

inter-layer spacing of these layers is seen to be ∼0.3–0.4 nm. In Fig. 4.14(a) and (b), the 

branching of the graphitic layers was observed at many places. Similar features are also 

observed in the case of NCD1L-1E16 film (Fig 4.14(d)) but are found to be defective in nature. 

In the case of NCD1L-1E16 film, SAED pattern clearly shows that post-irradiation, the film 

has been amorphosized to a great extent. 

 

Figure 4.14 High resolution transmission electron micrographs of (a) (b) NCD1 film and (c), 

(d) NCD1L-1E16 film (after 12 keV N+-ion irradiation). 
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XRD patterns of as-deposited (named as NCD1) and 100 keV N+ ions’ implanted diamond 

films are shown in Fig. 4.15. The reflections representing (111), (220) and (400) crystal planes 

in diamond are observed at 2θ = ~45.9, ~75.2 and ~91.4°, respectively, in all the samples 

implying that the crystallinity of the diamond thin films after implantation is intact. Moreover, 

no other reflections corresponding to any other crystalline phase was observed post 

implantation implying that the implantation did not convert diamond into any new phase unlike 

in reference [31] which is an important work that is closely related to this part of the work. The 

diffraction peak broadening post implantation is negligible indicating that the implantation has 

not effected the grain size in the diamond films. Figure 4.16 shows the plane-view FESEM 

images, which clearly depict the typical randomly oriented (sub-micron and few tens of nm 

sized) diamond grains of the as-deposited and N+ ions’ implanted diamond films. However, in 

the case of implanted samples, the grain edges appeared to be rounded-off most plausibly due 

to selective sputtering effect of the N+ ion beam on the grain boundary regions, which are 

mostly graphitic (sp2 carbon) [32,33] in nature. To further understand the phase stability of 

diamond and presence of any other phases in small quantities, Raman spectra of as-deposited 

and implanted samples are recorded and shown in Fig. 4.17. 

 

Figure 4.15 Glancing incidence X-ray diffractograms of (a) NCD1, (b) NCD1-1E16 and (c) 

NCD1-1E17. (b) and (c) after 100 keV N+-ions’ implantation. 
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Figure 4.16. Plane-view FESEM images (at different magnifications) of (a, b) NCD1, (c, d) 

NCD-1E16 and (e, f) NCD-1E17. (c-f) are after 100 keV N+-ions’ implantation. 

 

As-deposited sample exhibits the characteristic zone center phonon in diamond at ~1333 cm-1 

and graphitic band (G band, stretching mode of planar sp2 C at the grain boundaries) at ~1500 

cm-1, which are typical for MWCVD diamond films [33]. The spectra of implanted samples 

(Figs. 4.17 (b) and (c)) indicate a change in the bonding environment in the implanted films. 

The peak fitted spectra (the need of fitting if given in Reference [34]) are shown in Figs. 4.17 

(d-f). It is noticed that bandwidth, position and relative intensity of diamond band, D band 

(1350 cm-1, breathing mode of planar sp2 C at the grain boundaries) and G band are different 

in NCD1, NCD1-1E16 and NCD1-1E17 indicating differences in phase content in these 

samples. Diamond, and D and G Raman bands in the case of implanted samples are slightly 

red-shift in comparison to that in NCD1 indicating that implantation has induced in-plane 

tensile stresses, and formation of sp2 clusters and amorphous carbon in the diamond grain 

boundaries [34], respectively. It is important to note that the appearance of Raman spectra 

shown in Figs. 4.17 (b) and (c) is indicative of overlapping of spatially unresolved Raman 

bands in the considered spectral range. Moreover, carbon allotropes have different Raman 
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scattering cross-sections for the same incident laser (for instance, Raman scattering cross-

section for graphite is far greater than that of diamond implying that the intensity of G band 

will be more intense than that of zone center phonon band of diamond even when graphitic 

content in the film is far less than that of diamond). Therefore by following careful curve fitting 

procedure [34], deconvolution of Raman spectra of NCD1, NCD1-1E16 and NCD1-1E17 

samples in the spectral range 900-1800 cm-1 was carried out. The intensity ratios 
IG

(IG+IDiamond)
 

and 
IDiamond

(IDiamond+IG)
  which provide an insight on sp2 C disorder and quality of films before and 

after implantation are calculated from the best fitted spectra. In Fig. 4.17(d), the peak at ~1332 

cm-1 is assigned to sp3 diamond bonding. The peaks at ~1360 and 1560 cm-1 correspond to D 

and G bands of sp2-bonded carbon, respectively. The D and G bands are accredited to breathing 

and stretching of planar carbon at the grain boundaries of diamond films. The peaks at 1135 

and 1485 cm-1 correspond to C-H in plane bonding and C=C stretch of trans-polyacetylene (t-

pa), respectively. The peak around ~1210 cm-1 is generally considered in the case of large 

amount of disorder in the diamond films. The peak around ~ 1320 cm-1 (F2g mode) is attributed 

to the presence of sp3 diamond bonding with long range order and considered to obtain the best 

fit. The fitted Raman data for NCD-1E16 film is shown in Fig. 3(e). It shows a peak around 

~1325 cm-1 which is the signature of carbon bonded in the diamond configuration (F2g). The 

peaks at 1185 and 1470 cm-1 are the signature of C-H in plane bonding and t-pa, respectively. 

The peaks around ~1350 and 1546 cm-1 are D band and G band respectively. All of these peaks 

(Fig. 4.17(f)) are also observed in NCD1-1E17 film. Different Raman band observations are 

tabulated in Table 4.1. It is very clear from the table that graphitization increased due to 

implantation. When a fast moving ion travels through a solid it loses energy due to inelastic 

interaction with the electrons. When an incoming ion moves with low energy, it interacts with 

atomic system through elastic collisions and transfers its energy (kinetic) through nuclear 

energy loss process. This energy transfer causes the atom to displace from its position and 

further collides with nearby atoms further resulting in cascade collision of atoms inside the 

target. The collision cascade breaks the atomic bonds and results in sharp rise of local 

temperature which is supported through Thermal Spike Model. It is expected that a similar 

thermal spike might have formed in ion irradiated diamond films, and as a consequence 

graphitic content is formed in the implanted films. 
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Figure 4.17 Raman spectra of (a) NCD1, (b) NCD1-1E16 and (c) NCD1-1E17 and the 

corresponding best fitted spectra in (d), (e) and (f), respectively. 

 

Table 4.1 Fitted parameters of Raman data for pristine and nitrogen implanted NCD1 films 

with different fluences. 

Sample  Diamond 

Peak  

(cm-1) 

D 

band 

(cm-1) 

G 

band 

(cm-1) 

FWHM     

diamond 

(cm-1) 

𝐈𝐃𝐢𝐚𝐦𝐨𝐧𝐝

(𝐈𝐃𝐢𝐚𝐦𝐨𝐧𝐝 + 𝐈𝐆)
 

𝐈𝐆

(𝐈𝐆 + 𝐈𝐃𝐢𝐚𝐦𝐨𝐧𝐝)
 

NCD1 1332 1360 1560 232 0.4 0.6 

NCD1-1E16 1326 1350 1545 8.6 0.07 0.94 

NCD1-1E17 1330 1345 1540 3 0.04 0.97 

 

RBS spectra of all the samples are shown in Fig. 4.18. In the case of NCD1-1E16 and NCD1-

1E17, both C and N peaks are observed in the corresponding RBS spectra. The width of N peak 

is ~75 nm which is close to the calculated (Stopping and Range of Ions in Matter (SRIM) 

software based) depth of 88 nm for N atoms in diamond. The combined effect of induced 

graphitization along the diamond grain boundaries and N atom incorporation is expected to 

greatly enhance the electrical conductivity [35]. 
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Figure 4.18 RBS spectra of NCD1-1E16 and NCD1-1E17 in comparison to NCD1. 

 

As-expected, the I–V characteristics (Fig. 4.19) of NCD-1E16 and NCD-1E17 in comparison 

to NCD clearly indicate a considerable increase in the electrical conductivity in them. At 5 V, 

the current values in NCD, NCD-1E16 and NCD-1E17 are 4.4 nA, 3μA and 140 μA, 

respectively.  

 

Figure 4.19 I-V characteristics of NCD1-1E16 and NCD1-1E17 in comparison to NCD1. In 

the figure please read NCD as NCD1. 

The above results clearly show that the polycrystalline diamond thin films can be made suitable 

for the fabrication of robust metal-insulator-semiconductor (here conductive 

diamond/diamond/Si) type devices when the near-surface regions of diamond films that are 

deposited on doped Si substrates are made electrically conductivity. 
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Further N+-ion beam irradiation energy on NCD1 films has been increased to 70 MeV. These 

films are irradiated with fluences 1E12 and 1E13 ions/cm2 are named as NCD1-1E12 and 

NCD1-1E13, respectively. Figure 4.20 shows the plane-view FESEM images of NCD1-1E12 

and NCD1-1E13 in comparison with NCD1 clearly depict the typical randomly oriented 

diamond grains of the N+ ions’ implanted diamond films. Like in the previous case of 100 keV 

irradiation, in this case of implanted samples also the grain edges appeared to be rounded-off. 

Moreover, typical charging effects (small dark spot-like features in the micrographs) are 

observed. This effect is more in the case of 1E13 ions/cm2.  

 

Figure 4.20 Low and high magnification of plane view SE micrographs of (a), (b) NCD1; 

(c), (d) NCD1-1E12; and (e), (f) NCD1-1E13 films (after 70 MeV N+-irradiation). 
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GIXRD patterns of NCD1, NCD1-1E12 and NCD1-1E13 are shown in Fig. 4.21. The 

reflections representing (111), (220) and (400) crystal planes in diamond are recorded at 2θ = 

~45.9, ~75.2 and ~91.4°, respectively, in all the samples implying that the crystallinity of the 

diamond thin films after implantation is intact. However, the back ground noise in the case of 

NCD1-1E12 and NCD1-1E13 films are high as compared to NCD1 film which is attributed to 

the decrease of diamond phase purity. Raman spectra (Fig. 4.22) of NCD1-1E12 and ND1-

1E13 samples showed two broad peaks at ~1333 and 1500 cm-1 which are attributed to zone-

center phonon band in diamond and graphitic (G) band, which are similar to NCD1’s case. 

 

 

Figure 4.21 GIXRD patterns of (a) NCD1, (b) NCD1-1E12 and (c) NCD1-1E13 films. 

 

 

Figure 4.22 Raman spectra of (a) NCD1, (b) NCD1-1E12, (c) NCD1-1E13 films. 
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The NCD2 and NCD3 films are also irradiated with 12 keV N+-ion beam. The plane view SE 

micrographs of as-deposited and 12 keV N+-irradiated NCD2 (NCD2L-1E16) and NCD3 

(NCD3L-1E16) films with 1E16 ions/cm2 fluence are shown in Fig. 4.23. After the nitrogen 

ion irradiation surface features of NCD2 film are rounded off, which is shown in Fig. 4.23 (b). 

The similar kind of surface modifications are noticed in the case of NCD3L-1E16 film shown 

in Fig. 4.23 (d). The X- ray diffractograms of NCD2L-1E16 and NCD3L-1E16 (Fig. 4.24) did 

not show any obvious changes in comparison to NCD2 and NCD3, respectively.  

 

 

Figure 4.23 Low and high magnification of plane view SE micrographs of (a) NCD2, (b) 

NCD2L-1E16, (c) NCD3 and (d) NCD3L-1E16 film surfaces. 

 

 

Figure 4.24 GIXRD patterns of (a) NCD2 and NCD2L-1E16 and (b) NCD3 and NCD3L-

1E16. 
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Raman spectra of NCD2L-1E16 and NCD3L-1E16 (Fig. 4.25) did not show any obvious 

changes in comparison to NCD2 and NCD3, respectively.  

 

Figure 4.25 Raman spectra of (a) NCD2 and NCD2L-1E16 and (b) NCD3 and NCD3L-

1E16. 

N+-ion beam irradiation energy on NCD2 and NCD3 films is increased to 100 keV. The 

irradiation fluence on these films was 1x1016 and 1x1017 ions/cm2 respectively. The 100 keV 

N+-implanted NCD2 and NCD3 films with 1E16 and 1E17 ions/cm2 fluencies are named as 

NCD2-1E16, NCD2-1E17, NCD3-1E16 and NCD3-1E17, respectively. The surface 

morphology of NCD2-1E16 and NCD2-1E17 are shown in Fig. 4.26. The surface features of 

N+- irradiated films are rounded off as compared to NCD2 film. The same kind of surface 

features are observed in NCD3-1E16 and NCD3-1E17 films shown in Fig. 4.27 (c, d, e, f). The 

X-ray diffractograms of NCD2-1E16 and NCD2-1E17 shown in Fig 4.28 (b, c) are similar to 

those of NCD2 and NCD3. After the 100 keV N+-irradiation on NCD2 and NCD3 films, 

surface of these films get amorphised. To understand the effect of ion energy and dose on 

structural modifications and bonding configurations of carbon atoms resulting from N+ -ion 

implantation, Raman spectra were deeply studied. Raman spectra of NCD2-1E16 and NCD2-

1E17 films showed broad peak at 1530 cm-1 shown in Fig. 4.29 (b, c) which assigned to G 
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band. The NCD2-1E16 showed a vibrational mode at 245 cm-1 which is assigned to radial 

breathing mode (RBM) in diamond nanocrystals [36]. Raman spectra of NCD3-1E16 and 

NCD3-1E17 films (shown in Fig. 4.30 (b, c)) showed a single broad peak at ~1560 cm-1 which 

is assigned to G band comes from graphite present at grain boundaries and surface. The 

amorphisation of the NCD2 and NCD3 films after irradiation is also confirmed from XRD 

results. 

 

Figure 4.26 Low and high magnification of plane view SE micrographs of (a), (b) NCD2; 

(c), (d) NCD2-1E16; and (e), (f) NCD2-1E17 film surfaces (after 100 keV N+-irradiation). 
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Figure 4.27 Low and high magnification of plane view SE micrographs of (a), (b) NCD3; 

(c), (d) NCD3-1E16; and (e), (f) NCD3-1E17 film surfaces (after 100 keV N+-irradiation). 

 

 
 

Figure 4.28 Grazing incidence X-ray diffractograms of (a) NCD2, (b) NCD2-1E16, (c) 

NCD2-1E17, (d) NCD3, (e) NCD3-1E16 and (f) NCD3-1E17 films. 
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Figure 4.29 Raman spectra of (a) NCD2; (b) NCD2-1E16, (c) NCD2-1E17 films  after 100 

keV N+-ion irradiation and (d), (e) and (f) are the corresponding peak fitted Raman spectra. 

 

 

 

 

 

 

 

  

 

 

 

Figure 4.30 Raman spectra of (a) NCD3; (b) NCD3-1E16, (c) NCD3-1E17 films  after 100 

keV N+-ion irradiation and (d), (e) and (f) are the corresponding peak fitted Raman spectra. 
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The deconvolution of Raman spectra of NCD2, NCD2-1E16, NCD2-1E17 and NCD3, NCD3-

1E16, NCD3-1E17 samples were done in the range of 900-1800 cm-1 is shown Fig. 4.29 (d-f) 

and Fig. 4.30 (d-f).  The careful curve fitting procedure has been carried out to estimate the 

intensity ratios of  
IG

(IG+IDiamond)
 and 

IDiamond

(IDiamond+IG)
 thereby to estimate the sp2-C binding and 

quality of diamond films before and after implantation process. From Fig. 4.29 (d) for NCD2, 

the fitted peaks are observed at ~ 970. ~ 1140, ~ 1177, ~ 1252, ~1320, ~1345, ~ 1480 and 

~1540 cm-1. For NCD3 (Fig. 4.30 (d)), the fitted peaks are at ~ 970, ~ 1140, 1330, 1345, 1530 

and 1590 cm-1. The peak at ~970 cm-1 corresponds to 2nd order phonon mode of silicon, which 

is emerging from the silicon substrate. A small shoulder-like feature at ~1140 cm-1 

accompanied with band at 1480 cm-1 are assigned to trans-polyacetylene segments present at 

grain boundaries and surfaces. The peak at 1320 cm-1 in NCD2 is assigned to diamond. The 

vibrational density of states (VDOS) of diamond is dominated by contributions from X points 

(1175 cm-1), resulting broad features around 1200 cm-1. The phonon wave vectors from 

vibrational domains in density of states lead to a broad peak most notably at ~1250 cm-1 which 

is corresponding to nanodiamond [37]. The fitted bands at 1345 and 1530-1600 cm-1 are 

assigned to D and G bands respectively. The peak at 1330 cm-1 in NCD3 film is from sp3 

diamond. The diamond peak broadening of NCD3 (FWHM ~ 276 cm-1) more as compared to 

NCD2 (FWHM ~ 18 cm-1) which indicates smaller crystallite size in NCD3 as compared to 

NCD2 which also accompaniments with XRD results. For NCD2-1E16 and NCD2-1E17 films 

(shown in Fig. 4.29 (e, f)), the fitted peaks at ~1200 and 1332 cm-1 are assigned to the diamond 

peak. It is observed from the fitting that, the intensity of diamond peak decreased as well as 

broadening (FWHM) of 1332 cm-1 diamond peak increased. For NCD2-1E16 broadening 

(FWHM ~ 157 cm-1) is less as compared to NCD2-1E17 (~ 163 cm-1) which indicates smaller 

diamond grain size in case of NCD2-1E17 as compared to NCD2-1E16. These results 

complement well with the XRD results discussed earlier. For NCD2-1E16 sample, the broad 

peak at ~1460 cm-1 is from t-PA and band at ~ 1550 cm-1 is assigned to G band. For NCD2-

1E17 sample, broad peaks at ~ 1480 and 1530 cm-1 are assigned to t-pa and G band respectively. 

The estimated intensity ratios 
IDiamond

(IDiamond+IG)
 of NCD2 NCD2-1E16 and NCD2-1E17 films are 

0.28, 0.07 and 0.06 respectively. For NCD3-1E16 and NCD3-1E17 films, the fitted peaks are 

observed at ~1200 and 1332 cm-1 are assigned to the diamond peak. The peak at ~ 1450 cm-1 

is assigned to t-pa and the broad ‘G’ band is observed. The diamond peak intensity is decreased 

as well as FWHM increased from 13 cm-1 to 94 cm-1 and the corresponding crystallite size 

decreases for NCD3-1E16 and NCD3-1E17, respectively. This implies that presence of 
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diamond grains amount and size of diamond grains on surface has been decreased (see SEM 

Fig. 4.27 (d, f)). The increase in intensity of ‘G’ band in all 100 keV N+-ion implanted diamond 

films confirms the graphitization has been taken place by ion implantation process. The 

estimated intensity ratio 
IDiamond

(IDiamond+IG)
 values pertaining to NCD3, NCD3-1E16 and NCD3-

1E17 film surfaces are ~ 0.25, 0.1 and 0.08 respectively. From the peak fitting of Raman spectra 

clearly indicates that all diamond films (NCD1, NCD2 and NCD3) after 100 keV N+- ion 

implantation has induced graphitization in the present study. The Resonant RBS spectra of 100 

keV implanted NCD2 and NCD3 films are shown in Figure 4.31 (a) and (b) respectively. The 

implanted nitrogen ion depth into NCD2 and NCD3 films are 45 and 60 nm respectively.  

Figure 4.31 Resonant Rutherford back scattering spectra of (a) NCD2 and (b) NCD3 film 

before and after 100 keV N+-ion irradiation. 

Further N+ - ion beam irradiation energy on NCD2 and NCD3 films has been increased to 70 

MeV. These films are irradiated with 1E12 and 1E13 ions/cm2 fluence are named as NCD2-

1E12, NCD2-1E13, NCD3-1E12 and NCD3-1E13 respectively. Obtained surface morphology 

(secondary electron micrographs) of NCD2, NCD2-1E12 and NCD2-1E13 films are shown in 

Fig. 4.32. The surface features of NCD2-1E12 and NCD2-1E13 (shown in Fig. 4.32 (c, d) and 

(e, f)) are randomly oriented with different grain size of diamonds. SE micrographs of NCD3, 

NCD3-1E12 and NCD3-1E13 films are shown in Fig. 4.33. The surface features of irradiated 

NCD3 film showed granular clusters. The X-ray diffractograms attributed from irradiated 

NCD2 and NCD3 films are shown in Fig. 4.34 (b, c and e, f). The NCD2-1E12, NCD2-1E13, 

NCD3-1E12 and NCD3-1E13 samples are observed (111) diffraction peak at 2θ = 43.9o and 

amorphous carbon band at ~ 64o respectively. Raman spectra for NCD2-1E12 and NCD2-1E13 

samples showed two broad peaks at ~ 1332 and 1550 cm-1 are attributed to diamond and 
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graphitic (G) band (shown in Fig. 4.35 (b), (c)) along with other bands which are similar to 

NCD2 sample (shown in Fig. 4.35 (a)). Also, Raman spectra for NCD3-1E12 and NCD3-1E13 

samples showed two broad peaks at ~ 1332 and 1600 cm-1 are attributed to diamond and 

graphitic (G) band (shown in Fig. 4.35 (e), (f)) along with 2nd order Si band at ~970 cm-1 which 

are similar to NCD3 sample (shown in Fig. 4.35 (d)). 

 

 

Figure 4.32 Low and high magnification of plane view SE micrographs of (a), (b) NCD2; 

(c), (d) NCD2-1E12; and (e), (f) NCD2-1E13 film surfaces after 70 MeV N+-irradiation. 
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Figure 4.33 Low and high magnification of plane view SE micrographs of (a), (b) NCD3; 

(c), (d) NCD3-1E12; and (e), (f) NCD3-1E13 film surfaces after 70 MeV N+-irradiation. 

 

 

 

Figure 4.34 Glancing angle X-ray diffractograms of (a) NCD2, (b) NCD2-1E12, (c) NCD2-

1E13 (d) NCD3, (e) NCD3-1E12 and (f) NCD3-1E13 films. 
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Figure 4.35 Raman spectra of (a) NCD1; (b) NCD1-1E12, (c) NCD1-1E13 films (after 70 

MeV N+-ion irradiation). 

 

4.3 Indentation Behavior of Diamond and Diamond/β-SiC Thin Films 

SEM micrographs of the indented impressions on various films grown on manually treated W 

are shown in Fig. 4.36. For a 30 kgf (294 N) load, no noticeable delamination events could be 

observed; however, the central region of the indentation impression presented continuous and 

equally spaced circumferential cracks. Lateral cracks with small lengths could be observed 

upon the application of the next higher load. When an indentation load of 60 kgf (600 N) was 

used, short and irregular cracks are nucleated on the periphery of the indentation zone. The 

central region of the indentation zone still maintained continuous and equally spaced 

circumferential cracks. It is observed that with an increase in the load, not only the 

circumferential crack number increases but also crater diameter increases. It is also observed 

that with an increase in the load, the lateral crack number as well as its length increases. When 

the normal load has been increased to 125 kgf, the stress field produced a discernible 

delamination in the case of pure diamond film. In the case of diamond/β-SiC nanocomposite 

films delamination and/or rupture events did not occur up to a load of 125 kgf; for loads equal 

and/or greater than 60 kgf the result is a crater having a certain diameter with emanating lateral 

cracks of certain length. The films remained attached to the substrate unlike the diamond films.  
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

Figure 4.36 SEM image of the indentation zone that resulted by applying an indentation load 

of (a) 30 kgf on a diamond film, (b) 30 kgf on a homogeneous nanocrystalline diamond/β-SiC 

composite film deposited, (c) 60 kgf on a diamond film, and (d) 60 kgf on a homogeneous 

nanocrystalline diamond/β-SiC composite The substrate is W. (b) and (d) represent the same 

film which is deposited with FTMS  = 5 sccm. (c) and (d) show the formation of lateral cracks 

at a load of 60 kgf which are otherwise absent in the 30 kgf case. 
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SEM micrographs of the indented impressions on homogeneous nanocrystalline diamond/β-

SiC composite films at higher loads (≥ 60 kgf) resemble a “shining sun” with rays. When 

closely examined, sections of the lateral cracks and the circumference of the indentation mark 

showed localized film cracking. The observed lateral cracking could possibly be due to two 

factors:  

1. The external stresses imposed onto the coated-sample during indentation loading could 

effectively force the film to crack in order to dissipate stress and/or energy.  

2. The underlying substrate could fail first and subsequently cause film cracking during 

plastic deformation at the substrate.  

In any case it is observed that the films remained attached to their respective substrates.  

The measured indentation fracture toughness Gc value is 0.377 MPa.m0.5 for the considered 

nanocomposite film. Toughening can be mainly attributed to the mechanisms such as residual 

stresses and crack deflection. The crack deflection can be directly interpreted by analyzing the 

crack evolution by SEM; greater the lateral crack length lesser the adhesion. The chemical 

bonds, Si-C and/or C-C are expected to ensure a better adhesion of the diamond/β-SiC 

composite system. Added to it, SiC generally shows more adherence than diamond to many 

industrial substrates. This quality of SiC is thus expected to anchor the diamond crystallites in 

the composite to the substrate. 

4.4 Electrical Conductivity of Diamond/β-SiC Thin Films 

The quite good linear I-V dependence obtained indicates the Ohmic contacts between silver 

electrodes and the samples. The scale of current increases from about 10-7 A to 10-3 A at 5 V 

(as shown in Fig. 4.37), which demonstrates an unambiguous decreasing trend of resistivities 

of the samples. I-V characteristics of film-substrate junction were measured in the voltage 

range of -10 V to 10 V which is shown in Fig. 4.38. There are no obvious rectifying effect 

observed. The transport properties of these films were investigated by Hall measurement using 

the Van der Pauw geometry at room temperature with a magnetic field of 0.5 T. The 

measurements confirmed that the diamond/β-SiC composite films exhibited a n-type 

conductivity. The electron concentration of about 1.03x103 cm−3 and electron mobility of 

3.72x1018 cm2 /Vs were measured. The electron mobility is considered to be due to the large 

amount of grain boundaries of these films. Moreover, in the case of the diamond thin film, the 

hole concentration is about 3.5x102 cm-3 and hole mobility of 1.8x1016 cm2 /V s. 
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Figure 4.37 I-V characteristics of diamond/β-SiC composite films’ surfaces. 

 

 

Figure 4.38 I-V characteristics of diamond/β-SiC composite films’ at thin film/substrate 

junction. 
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4.5 Si Irradiated g-C3N4 

The plane view and cross-sectional morphology of as-synthesized graphitic carbon nitride (g-

C3N4) are shown in Fig. 4.39.  The g-C3N4 morphology have a typical sp2 network (graphite-

like layer structure) with weak Vander Walls interactions across the layers. Figure 4.40 (a) 

showed the X-ray diffractograms of g-C3N4. In g-C3N4, XRD showed the peaks at 2θ = ~13.5 

o, ~27.5 o, ~ 44.2 o and ~ 56.7o which are related to reflections from (100), (002), (200) and 

(004) crystal planes, respectively [38, 39]. The calculated inter-atomic spacing (d-spacing) 

corresponding to (100) and (002) reflection planes are 6.55 and 3.24 Å, respectively. Similar 

d-spacing values are reported in reference [40]. Fourier transform Infrared spectra obtained for 

synthesized g-C3N4 are shown in Fig. 4.40 (b). From FTIR spectrum, the peak at 808 cm-1 

corresponds to S-triazine ring [41-44]. Several bands in the range 1200–1650 cm-1 correspond 

to C=N and aromatic C ̶ N stretching modes [45,46]. The peaks at 1640, 1566, 1410 cm-1 are 

attributed to stretching modes of heptazine derived repeating units.  Furthermore, the peaks at 

1319 and 1240 cm-1 are assigned to the stretching modes of connected trigonal units of C ̶ N( ̶ 

C)  ̶C or bridging C ̶ NH ̶ C [47]. The intensity of the peak from the g-C3N4 network is very 

strong owing to its high crystallinity. 

 

Figure 4.39 Low and high magnification plane view SE micrographs of synthesized 

 g-C3N4 (a), (b) and (c), (d) are the corresponding cross-section micrographs. 

 



Results and Discussion    

72 

 

 

Figure 4.40 (a) X-ray diffractogram and (b) Fourier transform infrared spectrum of g-C3N4. 

 

Plane-view and cross-sectional SE micrographs of pristine and Si implanted g-C3N4 samples 

with different fluencies are namely 2E15, 3E15, 5E15, 1E16, 2E16 and 3E16 ions/cm2 are 

shown in Fig. 4.41. The corresponding Energy Dispersive X-ray spectra, X-ray diffractograms 

and Fourier transform Infrared spectra are shown in Fig. 4.42, 4.43 (a) and 4.43 (b).   
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Figure 4.41 SEM plane view images of (a) pristine g-C3N4 and Si implanted g-C3N4 with 

fluencies of (c) 2E15, (e) 3E15, (g) 5E15 (i) 1E16, (k) 2E16 and (m) 3E16 Si ions/cm2. The 

corresponding cross-sectional SEM images are (b), (d), (f), (h), (j), (l) and (n), respectively. 

Implantation of Si in g-C3N4 results in the morphological and elemental changes as evident 

from FESEM micrographs and Energy Dispersive X-ray (EDX) analysis, respectively. From 

Fig. 4.41, it can be clearly revealed that the pristine g-C3N4 have original network-like surface 

morphology. After the Si implantation into g-C3N4, implanted surface looks like sponge which 

formed as sheets like morphology. Figure 4.42 showed the presence of C and N elements in 

pristine and 2E15, 3E15 ions/cm2 implanted g-C3N4. Also, showed the presence of Si, and C 

elements in 5E15, 1E16, 2E16 and 3E16 ions/cm2 implanted g-C3N4 and the Si content 

increases with an increase in fluence which is shown in table 1. This confirms that below 5E15 

ions/cm2 fluence Si does not implant into g-C3N4 with 200 keV Si ion beam. Figure 4.43 (a) 

showed the X-ray diffractograms of pristine and silicon implanted g-C3N4. Pristine samples 

showed the peaks at 2θ = 13.5 o, 27.5 o, 44.2 o and 56.7o which are related to (100), (002), (200) 

and (004) crystal plane reflections, respectively, in g-C3N4 [38,39].  
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Figure 4.42 Energy dispersive X-ray spectra of pristine and Si implanted g-C3N4.  
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Table 4.2 Si atomic% variation with fluence in different samples considered in this work. 

Fluence (ions/cm2) Si atomic% 

Pristine 0 

5E15 0.38 

1E16 0.63 

2E16 1.10 

3E16 1.14 

 

Figure 4.43 Pristine and silicon implanted (a) X-ray diffractograms and (b) Fourier transform 

infrared spectra with different fluencies. 

 
The calculated d-spacing values corresponding to (100) and (002) reflection planes are 6.55 

and 3.24 Å, respectively. There is no change in peak positions of implanted g-C3N4 when 

compared to the peak positions observed in pristine surface. By using Scherrer’s formula and 

considering (002) (high intense) reflection peak in X-ray diffractogram, crystallite sizes are 

estimated. It can be seen from Fig. 4.43 (a) that the intensity of reflections from (002) planes 

of ion implanted g-C3N4 samples are almost remained the same as that of the pristine sample. 

This indicates that the crystallinity remained almost unchanged owing to ion plantation. 

However, a careful observation of the (002) reflections (inset of Fig. 4.43(a)) in an ion 

implanted samples showed a slight shift in their peak positions (in comparison to that of the 

pristine sample) towards the higher diffraction angles clearly indicates the lattice strain owing 

to ion implantation. X-ray diffraction reveals that silicon implantation has lattice strain effect 

and has no phase change in g-C3N4. The above mentioned observations are reflected in FTIR 

analysis to be discussed here. Fourier transform Infrared spectra obtained from pristine and 

silicon implanted g-C3N4 are shown in Fig. 4.43 (b). In detail, the peak at 808 cm-1 represents 
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the S-triazine ring showing that the melon structure units were retained in the implantation 

treatment process. Several bands in the range 1200–1650 cm-1 correspond to C=N and aromatic 

C ̶ N stretching modes. The peaks at 1640, 1566, 1410 cm-1 are assigned to stretching modes 

of heptazine derived repeating units. Furthermore, the peaks at 1319 and 1240 cm-1 are assigned 

to the stretching modes of connected trigonal units of C ̶ N( ̶ C)  ̶C or bridging C ̶ NH ̶ C. Broad 

bands around 3000-3500 cm-1 are accredited to the stretching vibration of amine groups 

(secondary and primary amines) and their intermolecular N ̶ H vibration [48-51]. After the Si 

implantation also the peaks are recorded at same wavenumber. The transmittance of implanted 

samples was higher in comparison to the pristine. The intensity of the peak from the g-C3N4 

network is very strong owing to its high crystallinity. 

The compositional values (Table 4.2 and FTIR spectra) show that there is no dissociation of C  ̶

N bonds. Moreover, the FTIR spectra does not show the presence of any ‘Si functional groups’ 

in Si-implanted g-C3N4. FTIR spectra reveals that there is no distinct peak shift, any no other 

impurity phases and Si functional group formation has been observed after the implantation. 

However, the presence of Si in the implanted samples was confirmed with Fig. 4.42 (EDX). 

This complements well with the corresponding X-ray diffractogram and Energy dispersive x-

ray spectra observations discussed earlier. Owing to the above-discussed observations, it can 

be strongly believed that Si is implanted in g-C3N4 and the implantation doping can be 

increased by increasing fluence. 
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Chapter 5 Conclusions and Future Scope 

5.1 Conclusions 

This thesis describes the systematic study of deposition as well as characterization of diamond, 

diamond/β-SiC nanocomposite films. Also, the synthesis and characterization of graphene 

nitride (g-C3N4) have been studied.  The diamond films and g-C3N4 material surfaces have been 

modify (i.e., structural and/or morphological) for suitable electronic and energy applications 

by utilizing the irradiation techniques: ion implantation/irradiation. The diamond/β-SiC 

nanocomposite films mechanical and electrical characteristics also been presented. The 

diamond/β-SiC nanocomposite film significantly increases the normal load bearing capacity in 

comparison to the diamond film before the first crack initiation in a ball-indentation-test. Also, 

the Hall and electrical measurements of these films showed the n-type and increased 

conductivity as compared to the diamond film. In this work, high and low energy facing 

capabilities of micro wave chemical vapor deposited (MWCVD) diamond films have been 

tested using gamma and ion irradiation. The surface and structural changes of gamma irradiated 

diamond films have been studied and showed no significant changes in them. Also, in this 

thesis low and high energy nitrogen ion irradiation on diamond films have been studied. The 

12 keV nitrogen implanted diamond films showed no appreciable surface and structural 

changes.  In this work, the surface and structural modifications of diamond films with 100 keV 

nitrogen ion implantation has been reported. The increase in sp2-C network and decrease in 

diamond phase purity of these implanted diamond films have been explained. Also, no new 

bonds like C-N, C=N, etc., are formed in these films. In this work, the high energy (70 MeV) 

nitrogen ion irradiation of diamond films also explained. These irradiated films did not show 

surface and structural changes. Similarly, no new phases are formed. The 70 MeV nitrogen ion 

irradiated energy was more and it penetrates through out of the diamond films without any 

interaction. That means the interaction time was less in this case. In this work, the silicon 

implantation/irradiation of graphene nitride have been studied. The morphological changes of 

silicon implanted g-C3N4 have been presented. The morphology of silicon implanted graphene 

nitride showed sheet like morphology with no change in phase, structure of g-C3N4 which can 

be used for energy applications. Also in this work, how the Metal-Insulator-Semiconductor 

(MIS) structures can be constructed on diamond films with nitrogen ion implantation has been 

explained. The nitrogen implanted diamond surface up to a shallow depth of 80 nm behaves as 

a metal. From a depth of 80 nm to the film/substrate interface, it behaves as an insulator. Silicon 

substrate behaves as a semiconductor. These three layers within diamond and silicon form a 
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film substrate system which can be used as MIS active surfaces in electronic device 

applications. 

5.2 Future Scope 

The gamma irradiation alone did not bring any surface and structural changes in MWCVD 

diamond films. Also, the very low energy nitrogen ion implantation (10-20 keV) did not bring 

any structural changes. The combination of these two irradiation may lead to surface/structural 

changes of these films. By increasing of the nitrogen ion implantation energy into diamond 

films from 100 keV to few hundreds of keV, one can get the more sp2 C networks in implanted 

surfaces. So that, one can obtain much increased surface conductivity which can be used in 

electronic applications. The Metal-Insulator-Semiconductor (MIS) active surfaces are 

observed only in NCD1 film. The other two films (NCD2 and NCD3) has to characterize to 

check the MIS active surfaces. Also, the 100 keV nitrogen ion implantation energy was not 

adequate to form any kind of bonds (ex: C-N, C=N, etc) between C and N in all these diamond 

films (NCD1, NCD2 and NCD3). To form any kind of bonds (ex: C-N, C=N, etc) between C 

and N in these diamond films, energy of nitrogen ion has to increase from 100 keV. The high 

energy (70 MeV) nitrogen irradiated diamond films did not show any structural and these films 

has to anneal for knowing any structural changes. All irradiated diamond films has to anneal 

for defects and stress related studies. The morphological changes of silicon implanted graphene 

nitride is not sufficient to use this material in energy applications. The other energy based 

characterizations (like I-V, C-V, etc.) are also required. Also, only one energy (i.e.200 keV) is 

not sufficient to tell g-C3N4 material in energy and catalysis applications. This material has to 

implanted/irradiated with other energies to check the energy applications. 

 

 




