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Abstract 
 

In this work, we have synthesized ultra-nano-crystalline diamond (UNCD) thin films with 

average thickness ∼200 nm on n-type mirror polished silicon (100) substrates using microwave 

plasma enhanced chemical vapour deposition (MW-PECVD) system. The synthesis was carried 

out in different gas (H2 - N2 - Ar - CH4) composition plasma atmospheres at 1200 W (2.45 GHz) 

and in the pressure of 120 Torr with plasma-temperature ∼475 °C. Surface morphology of all 

thin films were studied using high resolution scanning electron microscopy (HR -SEM) images. 

Raman spectroscopy was used for microstructural study and nanoindentation technique was 

used for the Hardness/Young’s modulus study; whereas X-ray absorption near edge structure 

(XANES), X-ray photoelectron (XPS) and ultraviolet photoemission spectroscopies (UV-PES) 

techniques were used to study electronic structure of UNCD thin films. Electrical 

measurements, current -voltage (I-V), were used to study the conductivity of the films. The 

hardness of the films is found to be ∼30 GPa, Young’s modulus to be ∼300 GPa and induced 

electron field emission, the turn on electric field, ETOE = 11 V/μm. The results, in general, show 

that the UNCD could be useful for different industrial semiconductor/optoelectronic devices 

and as flexible materials for thin film coating technology. 
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Chapter 1 

Introduction 

1.1 Background 
 

Ultra-nanocrystalline diamond (UNCD) is one of the important triads of nanostructured carbons 

that compose of 3-5 nm crystallites. It is an exemplar par excellence of the profound changes 

in properties that can accompany the reduction in the size of material to low single digit 

nanometer dimensions. UNCD exhibits extreme hardness (97 GPa), low friction (0.1 in air) and 

outstanding chemical resistance. Consequently, the application of UNCD coatings to 

multipurpose mechanical pump seals can reduce frictional energy losses and eliminate 

downtime and hazardous emissions from seal failure and leakage. Researchers report that with 

specific pore size and ease of fabrication, diamond nano-feathers could be a great material of choice 

for supercapacitors, batteries, sensors, and solar cells to mention the few [1]. 

 
1.2 Problem statement and research motivation 

 
Among many types of hard physical- and chemical-vapor deposition (PVD and CVD) coatings, 

diamond and diamond-like carbon coatings have attracted the most attention for sliding or 

rotating tribological surfaces, especially in micro-electro-mechanical systems (MEMS), 

biomedical and nano-scale applications [2–6]. 

 
In this study, UNCD films were prepared by microwave plasma chemical vapor deposition 

utilizing an argon/methane/nitrogen/hydrogen gas mixture. The films were examined using x- 

ray diffraction, Raman microanalysis, scanning electron microscopy, x-ray photoelectron 

spectroscopy, electrical and Young’s modulus / hardness measurement techniques. The results, 

in general, indicate the feasibility of using UNCD in electronic devices and coating technology 

device applications. 
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1.3 Justification 
 

The aim of the present research is to synthesize UNCD films and characterize the films using 

different characterization techniques to study their microstructure, electronic, electrical, and 

mechanical properties. The acquired data are then analyzed to provide the information 

regarding different applications in our daily life. 

 
1.4 Aim and objectives 

 
The objectives of this project are to investigate microstructure-mechanical-electronic transport 

property relationships of a new multifunctional material designated as ultra-nanocrystalline 

diamond (UNCD) for utilizing this material in novel microelectromechanical systems (MEMS) 

and nanoelectromechanical systems (NEMS). 

 
1.5 Dissertation statement 

 
In this work UNCD thin films will be synthesized on silicon substrate using microwave plasma 

enhanced chemical vapor deposition (MPCVD) technique and to study their practical 

applications. Large and clean UNCD films can be produced at very high growth rates, and their 

properties; mechanical, chemical, optical, electronic, and mechanical, can be tuned over a wide 

range. The goal is to produce large UNCD crystals in a thin film form that could be useful for 

practical application in our day-to-day life. 

 
1.6 Dissertation outline 

 
The dissertation is divided into five chapters, which entail 

 
● Chapter 1: a brief background, the problem statement and research motivation, 

 
● Chapter 2: a brief literature review of UNCD thin films, 

 
● Chapter 3: experimental methodology, 
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● Chapter 4: preparation, characterization, results, discussion, conclusion, and prediction for 

future applications. 

● Chapter 5: conclusion and recommendation for future work. 
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Chapter 2 

Literature review 

Diamond is one of the most unique materials with excellent physical and chemical properties 

have ever been discovered. Whether it comes from nature or it is man-made, diamond has 

advantages over other materials due to these properties. The synthetic diamond materials 

usually suppress the defects that are commonly observed in the natural diamonds. Among the 

diamond synthesis methods, chemical vapor deposition method has received a great deal of 

attention in the material sciences since many new applications of the material are discovered 

using the method. These applications could not be discovered since other methods were 

relatively expensive with difficult procedure to follow, hence impossible to reproduce the 

material. 

 
The manufacturing of UNCD films to exhibit unique and outstanding properties for various 

applications is possible with chemical vapor deposition method. These properties, among 

others, include high hardness, fracture strength, Young's modulus and wear resistance. The 

outstanding properties also involve extremely low friction coefficient, negligible stiction, low 

residual stress in as-deposited thin films, unique field electron-emission properties, a wide 

range of conductivity controlled by microstructure and doping, and highly conformal films. 

These properties are crucial for the development of novel MEMS/NEMS applications. 

 
2.1 Ultra-nanocrystalline diamond (UNCD) 

 
2.1.1 Structures 

 
Ultra-nanocrystalline diamond (UNCD) film is a unique form of carbon, in which diamond 

grains of 3–5 nm sizes are surrounded by an amorphous carbon matrix. The film has 

applications where high conductivity is required, including electrochemical electrodes [1–3], 



6  

field emission [4] and heterostructures [5,6]. It has been reported that a nitrogen-doped UNCD 

film exhibits n-type conduction with an enhanced electrical conductivity attributed to the 

increased number of sp2 bonds at grain boundaries (GBs) [7,8]. Amorphous carbon in GBs is a 

common component in UNCD films, whose electrical conductivities were reported to be not 

sufficiently high, thus limiting the applications of UNCD films [9]. It is believed that the 

conversion of amorphous carbon to a conducting graphitic phase along GBs enhances the 

efficiency for electron transport on the surface, thus improving the conductivity of the UNCD 

film [10,11]. Thus, the electrical properties can be effectively improved by modifying the 

structure and component of amorphous-carbon GBs. Carbon ions are not dopants for diamond 

grains, but they lead to more ordered amorphous-carbon GBs to enhance charge mobility. A 

high-dose C+-ion implantation (1015 cm−2) and annealing lead to the crystallization of graphite 

phase not transformed from amorphous carbon in the UNCD film and degradation of the field- 

emission properties [12]. 

2.1.2 Properties 
 

UNCD, a form of nanocrystalline diamond, captures many of the best properties of natural 

diamond in a scalable thin film technology. These properties enable diamond to be integrated 

into a wide range of products. UNCD is the term that encompasses a proprietary family of 

materials that are manufactured using patented chemical vapor deposition processes. UNCD 

can also have other unique properties adjustable and optimized for specific application. These 

properties are as follows: 

Mechanical and Tribological properties [13-15] 
 
 

• Extreme hardness. 
 

• Extremely wear resistant. 
 

• Extremely strong. Just as strong as single-crystal diamond. 
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• Smooth. Very low surface roughness. 
 

• Thin. Ultrathin pinhole-free films can be produced. 
 

• Excellent adhesion. UNCD is routinely deposited on silicon, SiO2, W, Mo, TiAl4V6, 

and alpha “self-sintered” (binderless) SiC as well as Ta and Si3N4. Materials that readily 

form carbides tend to make the best substrates. Please contact us to inquire about 

additional materials. 

• Very low friction. Coefficients of friction as low as 0.03 in air. 
 

• No stiction. Hydrophobicity eliminates stiction in MEMS components, reducing 

manufacturing and packaging costs, while enhancing reliability. 

• Low film stress. Critically important for materials integration in MEMS and other thin 

film applications. 

 
Chemical properties [16] 

 
 

• Chemically stable and inert. Same surface chemistry as natural diamond. 
 

• Hydrophobicity. Can be rendered either hydrophobic or hydrophilic by adjusting 

surface chemistry. 

• Electrochemistry. Very wide working potential window, low background currents. 
 

• Corrosion protection. Diamond surface chemistry and ultrathin continuous films 

provide protective coatings. 

 
Electrical properties [17-19] 

 
 

• Electrically conductive or insulating. High room temperature N-type and P-type 

conductivities have been demonstrated. 

• Electron emitters. Low threshold, stable field electron emission has been 

demonstrated. 

 

7 
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• Surface functionalization. Probe molecules can be covalently attached with high 

stability for biosensors. 

• Bio-inert. Can be used in biomedical applications such as bio-MEMS sensors and 

implants. 

 
Microfabrication of Ultra-nanocrystalline diamond (UNCD) [20] 

 
 

• Low deposition temperatures. Compatible with fragile electronics and low-melting 

point metals such as aluminium. 

• Conformal coatings. Capable of coating high-aspect-ratio structures with conformal, 

smooth layers. 

• Etching. UNCD can be etched using reactive ion etching. 
 
 

UNCD enables devices to be fabricated that are: 
 
 

• Faster. High acoustic velocity permits faster high frequency electronic filters andtime 

references (MHz-GHz). 

• More reliable. Low stiction, friction, thermal stability and superior wear resistance. 
 

• Versatile. Can be deposited on a range of substrates and integrated into complex thin 

film hetero structures that can be used in harsh environments. 

 
2.1.3 Synthesis methods 

 
Ultra-nanocrystalline diamond (UNCD) has been synthesized by means of hot filament CVD 

(HF-CVD), catalytic CVD, radio frequency (RF), direct-current (DC) and microwave plasma 

enhanced CVD (MPECVD) in hydrocarbon gas mixtures such as CH4 or C2H6 diluted by H2 

[21-26]. 
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2.1.4 Growth mechanism 
 

The C2 radical played an important role in the growth mechanism for UNCD [27]. However, 

some of the researchers [28-30] have shown that C2 is only a minority species close to the 

substrate surface and plays no significant role in growth. May et al. [29] used a 2-dimensional 

model of the gas chemistry, including heat and mass transfer in HF reactors to understand the 

experimental observations. The conclusions led to a generalized mechanism [29] for the growth 

of diamond by CVD, which was consistent with all experimental observations, both from their 

group [29] and from others in the literature [28, 30]. The proposed mechanism involves 

competitive growth by all the C1 radical species that are present in the gas mixture close to the 

growing diamond surface. Previous models only considered CH3 since this is the dominant 

reactive hydrocarbon radical in standard H2-rich CVD gas mixtures. However, May et al. [29] 

found that in HFCVD reactors at high filament temperatures (e.g. TFilament ~2700 K), the 

concentration of the other C1 radical species, in particular C atoms, near the growing diamond 

surface can become a significant fraction (~5%) of that of CH3, and so may contribute to the 

growth process. 

In the model, abstraction of surface H atoms by gas phase atomic H are the reactions which 

drive the chemistry of growth. The various types of surface radical that result from abstraction 

are shown in Fig. 2.1. May et al. [29] proposed that CH3 remains the major growth species, and 

if this adds to a surface bi-radical site, Cd* - Cd*, (defined as two surface radical sites adjacent 

to one another, see Fig. 2.1(d), the ‘dangling bonds’ on the surface are terminated and stabilized 

[32]. For typical diamond CVD conditions, the fraction of available biradical sites is ~10 times 

lower than that of radical sites (Fig.1(b)), but CH3 cannot add to more abundant radical sites 

due to steric hindrance [31]. Further hydrogen abstraction converts the surface CH3 groups into 

bridging CH2 groups, and repetition of this process allows the CH2 groups to migrate across 

the surface until they meet a step-edge, at which point they will extend the diamond lattice 
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leading to large regular crystals, and a microcrystalline diamond (MCD) film [29]. Thus, the 

prerequisites for MCD film formation are high H concentration (to generate enough surface 

biradical sites), high CH3 concentration, and the rapid migration across the surface of CH2 

groups (catalyzed by H atom abstractions). 

 

Figure 2.1. Schematic diagram of the various (100) - (2×1) dimer surface and bridge sites 

important for diamond growth and re-nucleation. (a) A hydrogen terminated diamond surface. 

(b) A surface radical site Cd*. (c) A surface biradical site Cd**. (d) A different type of surface 

biradical site, Cd* - Cd*, followed by its reaction with methyl to give a CH2 surface group [31]. 
(e) The radical site also reacts with a C atom (or CH radical, not shown) to give a reactive 

surface adduct Cd**. 
 

In CH3 addition, however, May et al. [29] assumed that C atoms or CH radicals (also CH2 but 

these have been neglected since their density close to the substrate surface is much lower) could 

also be adsorbed on the surface. Due to their smaller size, atomic C and CH have less steric 

hindrance and can add to both surface biradical sites and radical sites (see Fig. 2.1). Thus, even 

for low C atom concentrations, [C]/[CH3] ~ 0.1, their contribution to the growth rate can be 

important since they can add to the more abundant radical sites. The resulting adducts structure 

Cd** (see Fig.1(e)) would remain reactive since it would still contain dangling bonds, making 

this a very high energy site. The most likely fate for such reactive surface sites, considering 
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that they are surrounded by a gas mixture containing a high concentration of H atoms and H2 

molecules, is that they are rapidly hydrogenated to CH2. If so, the subsequent reactions will be 

indistinguishable from attachment and growth by methyl. However, other possible fates for the 

reactive surface adducts are reaction with other gas-phase hydrocarbon radicals CHx or 

restructuring of the surface. The role of such adducts as an initiator of re-nucleation processes 

requires additional theoretical study. For the typical conditions used to deposit MCD/NCD and 

UNCD in a variety of different diamond CVD reactors (including MW and HF CVD reactors), 

the reactions of the surface adducts with atomic hydrogen which lead to continuous normal 

diamond growth are much more frequent events than the reactions with CHx which ultimately 

could lead to re-nucleation. As long as the surface migration of CH2 (induced by H abstractions) 

is much faster than adsorption of CH3, the aggregation of CH2 bridge sites into continuous 

chains (void filling) will provide normal layer-by-layer �100! diamond growth [31]. As the 

ratio of gaseous CHx/H increases, however, the initiation of next layer growth could proceed 

before all the voids in the current layer are filled. Thus, depending upon the gas mixture and 

reaction conditions used, the relative concentrations of each of these species close to the 

growing diamond surface (e.g. [H]/[CH3], ([C]+[CH])/[CH3]) determine the probability of a re-

nucleation event occurring and average crystal sizes, �d!, and hence the morphology of the 

subsequent film, be it MCD, NCD or UNCD. 

2.1.5 Applications 
 

Ultra-nanocrystalline diamond (UNCD) films [33-35] with grains of 2–5 nm and a smooth 

surface of 10–20 nm root-mean-square (RMS) are candidates for fabrication of multifunctional 

devices, such as for microelectromechanical systems (MEMS) that require a high Young's 

modulus, low friction coefficient and high resistance to wear [36,37]. UNCD films are also 

used in biomedical devices requiring bio-inertness and non-cytotoxicity [38,39]. Combining 

these superior characteristics, UNCD is a potential material for use in biomedical devices such 
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as bio-MEMS. Diamond coatings have the chemical inertness and impermeability required to 

reduce the crevice corrosion that is commonly seen in conventional metallic implants. Recently, 

the suitability and non-cytotoxicity of ultra-nano-diamond films as a support surface for cell 

growth and proliferation has been proven [40-42]. Xiao et al. demonstrated the successful 

insertion of UNCD bioinert encapsulation coatings of silicon microchips into human eyes [43]. 

However, the responses of neural stem cells (NSCs) to the UNCD films through their nanoscale 

surface features and the different electron affinities that result from surface modification have 

not yet been studied. For the clinical applications it is require to precise the controlling of 

differentiation of NSCs in vivo, because most injuries to the central nervous system are caused 

by the loss or damage of a specific sub-population of the neural lineages [44,45]. Thus, focused 

on obtaining the N-doped UNCD films modified by hydrogen (H-) surface treatment. In this 

work, it is elucidated the nature of the top surfaces of modified UNCD films to H-terminated 

UNCD films. The results showed that H-terminated UNCD films support differentiation for 

various applications [44, 45]. 
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Chapter 3 

Experimental methodology 

UNCD thin films were grown on n-type mirror polished silicon (100) substrates using 

microwave plasma enhanced chemical vapor deposition (MW-PECVD) system. Prior to ultra- 

sonification in diamond powder (30 nm) slurry of methanol solution, silicon substrates were 

cleaned using standard chemical procedure to remove surface oxide layer and other 

contaminants. The substrates were then cleaned and blown dried using nitrogen gas. The 

UNCD films were grown at different composition gas plasma atmospheres at 1200W (2.45 

GHz) in a 120 Torr chamber pressure. The total gas flow rate was 100 sccm; which contained 

85-90 sccm CH4+Ar, 5–10 sccm H2 with 5 sccm of N2 gas. The estimated temperature of the 

substrates during growth was ~475 0 C, which could have increased during the bombardment 

of species. The thickness of the deposited films was estimated using a cross sectional field 

emission SEM images to be ~200 nm. A very few amounts of nitrogen content (0.48- 1.32at 

%) was found in the UNCD film structure that was estimated from the elemental and 

compositional analysis XPS measurements. Material properties such as microstructural, 

electronic, and bonding were studied using XRD, FE-SEM, FTIR, Raman, XANES, XPS and 

UV-PES techniques. 

 
3.1 Deposition/synthesize process of UNCD 

 
Ultra-nanocrystalline diamond (UNCD) has been synthesized by means of hot filament CVD 

(HF-CVD), catalytic CVD, radio frequency (RF), direct-current (DC) and microwave plasma 

enhanced CVD (MPECVD) in hydrocarbon gas mixtures such as CH4 or C2H6 diluted by H2 

[1-6]. 
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3.1.1 Plasma enhanced chemical vapor deposition 
 

For the synthesis of UNCD by the chemical deposition process, the influence of the nucleation 

density on the morphology of the films was varied between 1 x 108 cm-2 and 1 x 1010 cm-2. This 

could be done by variation of the amount of ultra-disperse diamond powder (3-5 nm) added to 

the nanocrystalline diamond powder (250 nm) used for the ultrasonic pre-treatment of the 

silicon substrates. 

Deposition set-up and conditions 
 

Ultra-nanocrystalline diamond (UNCD) thin films are prepared by microwave plasma chemical 

vapor deposition (MWCVD) [7]. An MPECVD system (1.5 kW, 2.45 GHz, SEKI, Japan) is 

generally used for the synthesis of UNCD films in Ar+ diluted CH4 (1–3%) with N2 (1–50%) 

additives. Prior to the deposition, oxidized p- or n-type (100) silicon substrates were immersed 

in a dimethyl sulfoxide (DMSO) solution containing detonation produced diamond 

nanoparticles which is under ultrasonic agitation for diamond nanoparticles to adhere on the 

substrate surface as diamond nuclei. Substrates were placed on a resistively heated 

molybdenum substrate holder. A thermocouple temperature sensor was inserted into the back 

side of the substrate holder for temperature measurements while a dual-colour optical 

pyrometer was aimed at the substrate surface for non-contact measurement of the substrate 

temperature when the process plasma was turned off. 

The substrate holder was preheated to 800°C in vacuum by the resistive heater before 

MPECVD process begins. The surface temperature of the substrate measured by an optical 

pyrometer in vacuum is 50–100°C lower than that of the substrate holder. During the deposition 

process, additional plasma heating and gas cooling resulted in the substrate temperature become 

higher or lower than the 800°C preheated substrate holder temperature. The measured 

temperatures were 760, 860 and 890°C for substrates after MPECVD processes in Ar-diluted 



21  

1, 2 and3% CH4 with 20% N2 additive, respectively. The substrate temperature increased with 

CH4 content in the gas mixture. It indicated that heat flux to the substrate was higher for process 

plasma in a gas mixture with a higher percentage of CH4. Substrate temperature at around 

800°C was favourable for the growth of UNCD thin films. 

 

Figure 3.1: Schematic diagram of plasma enhanced chemical deposition 

 
The reactor chamber is evacuated by a rotary vane pump to a base pressure of 8 mTorr. Process 

gases are fed through electronic mass flow controllers into the CVD chamber. The gas pressure 

is controlled by a throttle valve and a gas independent capacitive manometer. Unless otherwise 

stated, each MPECVD process is carried out in Ar-diluted 1, 2, or 3% CH4 with 20%–50% N2 

additives at 90 Torr gas pressure under 1000 W applied microwave power for 1 hr. At the gas 

pressure of 90 Torr, frequent scattering by plasma species reduces the energy of ions 

bombarding the substrate. 
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The experiments were also performed at a substrate temperature of 600°C, a working pressure 

of 22 mbar, and a MW plasma input power of 800 W; the duration of the deposition process 

was 390 min. The films were grown onto monocrystalline (100) silicon wafers, etched in 

NH4F/HF and then pre-treated ultrasonically in a suspension of diamond powder in n-pentane 

to enhance the nucleation density. The pre-treatment suspension always contained 50 mg of 

NCD powder with a mean grain size of 250 nm, to which variable amounts (up to 80 mg) of 

ultra-disperse diamond (UDD) powder with a mean grain size 3–5 nm was added. 

3.1.2 Hot-filament chemical vapor deposition (HF-CVD) 
 

UNCD films could be deposited using a hot-filament chemical vapor deposition (HFCVD) 

system on single-crystal silicon (111) wafers [8]. In this process, the carbon source is acetone, 

the volume ratio between acetone and hydrogen is 1%–2% with a total gas flow rate of 200 

ml/min, the working pressure in the reaction chamber was 0.5–1.4 kPa, and the temperature of 

the substrate was approximately 850 0C. The thickness of the as-deposited UNCD films was 

approximately ~5 µm could be obtained at a growth rate of ~1.5 µm/h. The C+ implantation 

was performed on as-deposited UNCD films with an implantation energy of 90 keV and dose 

of 1012 cm−2. For room temperature implantations, there is a universal critical damage density 

(1022 vacancies/cm3), which, when exceeded, leads to complete graphitization of heavily 

damaged diamond crystals upon annealing [9]. It was reported that the C+ implantation level of 

1012 cm−2 at room temperature was significantly below the critical dose of (2–3) ×1015 cm−2 

[10]. The C ions were implanted into diamond with an average ion range of 121 nm, creating 

1019 vacancies/cm3 in the meantime. The implanted samples were annealed at 500-1000 oC for 

30 min at a pressure of 4000 Pa (80% N2 and 20% O2) to obtained different grain size UNCD. 

May et al. [11] synthesized UNCD thin films using a standard HF-CVD reactor operating at a 

pressure of 100 Torr using high purity Ar, CH4 and H2 as source gases. Mass flow controllers 



23  

were used to control the ratios of the three gases. [Ar]/([Ar]+[H2]) was kept constant at 80%, 

and that of [CH4]/([H2]+[CH4]) at 1.5%, which puts it in the UNCD growth region of the 

Ar/CH4/H2 composition diagram [12]. The filament was made from 0.25 mm-diameter Ta 

metal, wound around a 3 mm-diameter core to produce a 2 cm-long coil that was positioned 

5.5 mm from the substrate surface. The filament temperature was kept constant at 2400ºC and 

monitored using a 2-colour optical pyrometer. The substrate was single crystal Si (100) which 

had been manually abraded prior to deposition using 1-3 µm diamond grit, and then 

ultrasonically cleaned with propan-2-ol. The substrate was on a separate heater to give 

additional uniform heating and to maintain it at a temperature of ~850-900ºC (also measured 

using the optical pyrometer). Typical deposition times were 8 h. The schematic representation 

of the of a process in the HFCVD system used for the UNCD film deposition is given in the 

figure 3.2. 

 

 
Figure 3.2: Schematic representation of the HFCVD-substrate geometrical arrangement and 

gas flow and species involved in the UNCD film growth process via the HFCVD system [16]. 
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3.2 X-Ray diffraction (XRD) measurement 
 

X-ray diffraction is based on constructive interference of monochromatic X-rays and a 

crystalline sample. These X-rays are generated by a cathode ray tube, filtered to produce 

monochromatic radiation, collimated to concentrate, and directed toward the sample. The 

interaction of the incident rays with the sample produces constructive interference (and a 

diffracted ray) when conditions satisfy Bragg's Law (nλ = 2d sin θ). This law relates the 

wavelength of electromagnetic radiation to the diffraction angle and the lattice spacing in a 

crystalline sample. These diffracted X-rays are then detected, processed, and counted. By 

scanning the sample through a range of 2θ angles, all possible diffraction directions of the 

lattice should be attained due to the random orientation of the powdered material. Conversion 

of the diffraction peaks to d-spacings allows identification of the mineral because each mineral 

has a set of unique d-spacings. Typically, this is achieved by comparison of d-spacings with 

standard reference patterns. 

 
X-ray diffractometers consist of three basic elements: An X-ray tube, a sample holder, and an 

X-ray detector. X-rays are generated in a cathode ray tube by heating a filament to produce 

electrons, accelerating the electrons toward a target by applying a voltage, and bombarding the 

target material with electrons. When electrons have enough energy to dislodge inner shell 

electrons of the target material, characteristic X-ray spectra are produced. These spectra consist 

of several components, the most common being Kα and Kβ. Kα consists, in part, of Kα1 and Kα2. 

Kα1 has a slightly shorter wavelength and twice the intensity as Kα2. The specific wavelengths 

are characteristic of the target material (Cu, Fe, Mo, Cr). Filtering, by foils or crystal 

monochromators, is required to produce monochromatic X-rays needed for diffraction. Kα1and 

Kα2 are sufficiently close in wavelength such that a weighted average of the two is used. Copper 

is the most common target material for single-crystal diffraction, with CuKα radiation = 
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1.5418Å. These X-rays are collimated and directed onto the sample. As the sample and detector 

are rotated, the intensity of the reflected X-rays is recorded. When the geometry of the incident 

X-rays impinging the sample satisfies the Bragg Equation, constructive interference occurs and 

a peak in intensity occurs. A detector records and processes this X-ray signal and converts the 

signal to a count rate which is then output to a device such as a printer or computer monitor. 

The geometry of an X-ray diffractometer is such that the sample rotates in the path of the 

collimated X-ray beam at an angle θ while the X-ray detector is mounted on an arm to collect 

the diffracted X-rays and rotates at an angle of 2θ. The instrument used to maintain the angle 

and rotate the sample is termed a goniometer. For typical powder patterns, data is collected at 

2θ from ~5° to 90°, angles that are pre-set in the X-ray scan. 

 
X-ray powder diffraction is most widely used for the identification of unknown crystalline 

materials (e.g. minerals, inorganic compounds). Determination of unknown solids is critical to 

studies in geology, environmental science, material science, engineering, and biology. 

Other applications include: 
 

• characterization of crystalline materials 
 

• identification of fine-grained minerals such as clays and mixed layer clays that are 

difficult to determine optically 

• determination of unit cell dimensions 
 

• measurement of sample purity 
 

With specialized techniques, XRD can be used to: 
 

• determine crystal structures using Rietveld refinement 
 

• determine of modal amounts of minerals (quantitative analysis) 
 

• characterize thin films samples by: 
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• determining lattice mismatch between film and substrate and to inferring stress 

and strain 

• determining dislocation density and quality of the film by rocking curve 

measurements 

• measuring superlattices in multi layered epitaxial structures 
 

• determining the thickness, roughness and density of the film using glancing 

incidence X-ray reflectivity measurements 

• make textural measurements, such as the orientation of grains, in a polycrystalline 

sample. 

XRD schematic representation is given figure 3.3. 
 
 
 

 
Figure 3.3: X-ray diffraction (XRD) schematic diagram. X-ray diffraction (XRD) 

schematic diagram (Shen, Qi & Zhanqiang, Liu & Hua, Yang & Zhao, Jinfu & Lv, 

Woyun & Mohsan, Aziz Ul Hassan. (2018). Effects of Cutting-Edge Microgeometry on 

Residual Stress in Orthogonal Cutting of Inconel 718 by FEM. Materials. 11. 1015. 

10.3390/ma11061015.). 
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3.3 Scanning Electron Microscopy (SEM) Measurement 
 

A scanning electron microscope (SEM) is a type of electron microscope that produces images 

of a sample by scanning the surface with a focused beam of electrons. The electrons interact 

with atoms in the sample, producing various signals that contain information about the surface 

topography and composition of the sample. The electron beam is scanned in a raster scan 

pattern, and the position of the beam is combined with the intensity of the detected signal to 

produce an image. In the most common SEM mode, secondary electrons emitted by atoms 

excited by the electron beam are detected using a secondary electron detector (Everhart- 

Thornley detector). The number of secondary electrons that can be detected, and thus the signal 

intensity, depends, among other things, on specimen topography. SEM can achieve resolution 

better than 1 nm. 

 
Specimens are observed in high vacuum in conventional SEM, or in low vacuum or wet 

conditions in variable pressure or environmental SEM, and at a wide range of cryogenic or 

elevated temperatures with specialized instruments [13]. 

 
The signals used by a scanning electron microscope to produce an image result from 

interactions of the electron beam with atoms at various depths within the sample. 

Various types of signals are produced including secondary electrons (SE), reflected or back- 

scattered electrons (BSE), characteristic X-rays and light (cathodoluminescence) (CL), 

absorbed current (specimen current) and transmitted electrons. Secondary electron detectors 

are standard equipment in all SEMs, but it is rare for a single machine to have detectors for all 

other possible signals. 
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Secondary electrons have very low energies on the order of 50 eV, which limits their mean free 

path in solid matter. Consequently, SEs can only escape from the top few nanometers of 

the surface of a sample. The signal from secondary electrons tends to be highly localized at the 

point of impact of the primary electron beam, making it possible to collect images of the sample 

surface with a resolution of below 1 nm. Back-scattered electrons (BSE) are beam electrons 

that are reflected from the sample by elastic scattering. They emerge from deeper locations 

within the specimen and, consequently, the resolution of BSE images is less than SE images. 

However, BSE are often used in analytical SEM, along with the spectra made from the 

characteristic X-rays, because the intensity of the BSE signal is strongly related to the atomic 

number (Z) of the specimen. BSE images can provide information about the distribution, but 

not the identity, of different elements in the sample. In samples predominantly composed of 

light elements, such as biological specimens, BSE imaging can image colloidal gold immuno- 

labels of 5 or 10 nm diameter, which would otherwise be difficult or impossible to detect in 

secondary electron images.[13] Characteristic X-rays are emitted when the electron beam 

removes an inner shell electron from the sample, causing a higher-energy electron to fill the 

shell and release energy. The energy or wavelength of these characteristic X-rays can be 

measured by Energy-dispersive X-ray spectroscopy or Wavelength-dispersive X-ray 

spectroscopy and used to identify and measure the abundance of elements in the sample and 

map their distribution. 

 
Due to the very narrow electron beam, SEM micrographs have a large depth of field yielding a 

characteristic three-dimensional appearance useful for understanding the surface structure of a 

sample.[14] This is exemplified by the micrograph of pollen shown above. A wide range of 

magnifications is possible, from about 10 times (about equivalent to that of a powerful hand- 
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lens) to more than 500,000 times, about 250 times the magnification limit of the best light 

microscopes, Schematic representation of the SEM is given in figure 3.4. 

 

 

Figure 3.4: A schematic diagram of scanning electron microscope (Peiris, T. A. Nirmal. 

(2014). Microwave-assisted processing of solid materials for sustainable energy related 

electronic and optoelectronic applications.). 

 
 

3.4 Raman Spectroscopy Measurement 
 

Raman spectroscopy named after its founder C.V Raman, is a very powerful tool to determine 

the chemical and structural properties of liquid or solid materials using a simple non-destructive 

and non-contact method of measurement both qualitatively and quantitively. It has several 

advantages over other conventional techniques including the ability to rapidly cover wide 

measurement range (50 cm-1 to 4000 cm-1) and distinguish between sp3 and sp2 bonds in carbon 

materials and no sample preparation. Qualitative analysis can be performed by measuring the 
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frequency of scattered radiations while quantitative analysis can be measured by measuring the 

intensity of scattered radiations [17]. The spectrum profile gives an extensive chemical 

fingerprint that can be used for identifying a material and differentiating it from others. The 

intensity of a spectrum is directly proportional to concentration [20]. Typically, a calibration 

procedure will be used to determine the relationship between peak intensity and concentration, 

and then routine measurements can be made to analyze for concentration [20]. 

 
Raman spectroscopy is based on the interaction of light with the chemical bonds within a 

material. When monochromatic light interacts with the molecules within a material, light is 

scattered. Most of the scattered light is at the same wavelength (or color) as the laser source 

and does not provide useful information – this is called Rayleigh Scatter [23]. A small amount 

of light (1 in a million) is scattered at different wavelengths which depend on the chemical 

structure of the analyte – this is called Raman Scatter [23]. Rayleigh scattering leads to no 

change in energy whereas Raman scattering leads to change in energy resulting in anti-stokes- 

h(ν0+νn) and stokes-h(ν0-ν). The change in energy from molecular vibration is collected by the 

Raman spectrum. Several peaks displaying intensity and wavelength position of the Raman 

scattered light are presented by the Raman spectrum. Each peak corresponds to a specific 

molecular bond vibration, including individual bonds such as C-C, C=C, N-O, C-H etc. [23]. 

Schematic representation of the theory of Raman Spectroscopy is given in figure 3.5. 



31  

 
 

Figure 3.5: Schematic representation of the Raman Spectroscopy theory [56]. 

 
Raman spectroscopy is also used for establishing the crystalline quality of diamond thin films. 

This is done by estimation of sp2 -bonded carbon in films. Difficulty arises when Raman 

spectroscopy is used to examination the structure of carbon films with a mixture of sp2- and 

sp3-bonded carbon in several different bonding configurations that possess different short- and 

large range order as is found in nanocrystalline diamond and amorphous carbon films [21]. 

Using the laser with wavelength in the visible region makes the energy of incident photons to 

be lower than that of the band gap for sp3 bonded carbon resulting in a larger Raman scattering 

cross section for sp2 carbon than sp3 carbon attributed to the resonant Raman effect. The spectra 

observed are thus completely by Raman scattering from sp2-bonded carbon, even when a 

significant amount of carbon in the sample is sp3 bonded [21], the problem resulting from the use 

of ultraviolet excitation measurements with photon energy being shifted to a higher sp3 carbon 

local gap at approximately 5.5 eV. 

 
It is well known that the Raman spectrum of a single crystal diamond is characterized with a 

sharp single band at 1332 cm-1 corresponding to the sp3 hybridization of diamond [24]. The 

graphite spectrum has two bands at 1350 cm-1 and 1580 cm-1 representing the disordered 

carbon and the graphitic bands. Both bands are the sp2 carbon signatures. For a microcrystalline 



32  

diamond, a sharp peak at 1332 c m-1 (sp3 diamond) is predominant while the nanocrystalline 

diamond films mostly exhibit the scattering due to sp2 carbon, even though most of the film is 

sp3 bonded as the visible Raman spectrum is more sensitive. 

3.5 Fourier Transform Infra-Red (FTIR) Measurement 
 

Fourier Transform-Infrared Spectroscopy (FTIR) is an analytical technique used to identify 

organic (and in some cases inorganic) materials [26]. It is a non-destructive, real time 

measurement and relatively easy to use technique, and offers quantitative and qualitative 

material analysis. Absorption of infrared radiation by the sample material versus wavelength is 

measured, and molecular components and structures are identified by the infrared absorption 

bands. The spectrum is obtained by measuring the interferogram of the sample using the 

interferometer, the Michaelson interferometer. A Fourier transform is then performed on the 

interferogram to obtain the spectrum. When the infrared light at wavelength λ enters the 

Michelson interferometer, if the optical path difference is an integer multiple, the peaks and 

valleys superimpose, increasing the light intensity [31]. The light intensity weakens when the 

optical path difference is a half-integer multiple (integer + 1/2). The intensity I(x) at the optical 

path difference x is expressed as: 

 

 

where P(λ) is the original light intensity. The interferogram with respect to infrared light at 

wavelength λ is formed by the AC component (cos). As the light emitted by the light source 

combines at various wavelengths, the interferogram obtained is the sum of the expression above 

at various wavelengths λ. For a zero optical path difference (OPD), light is reinforced at all 

wavelengths in such a way that the interferogram exhibits high intensity. This is called "center 

burst" [31]. 

 
 
𝐼(𝑥) = 1

2
𝑃(λ)[1 + 2πx]                                      (3.1) 



33  

Applying Fourier transform to an interferogram, light intensity is obtained at each wavelength. 

For an interferogram created at continuous wavenumbers where wav, the light intensity is 

expressed as: 

 
 

where 
 

∞ 
𝑆(𝑣) = ∫ 𝐼(𝑥) cos(2𝜋𝑥)𝑑𝑥 

0 

(3.3) 

where 𝑆(𝜈) is the infrared light intensity at wavenumber 𝜈. A schematic diagram of FTIR 

measurements is shown in figure process is shown in the figure below. 

 

Figure 3.6: Schematic diagram of a FTIR spectrometer based on the Michelson interferometer. 

The median ray is shown as a solid line, and the extremes of the collimated beam are shown as 

broken lines [29]. 

FTIR spectroscopy is well known for the analysis of the impurities in diamond and 

investigating the chemical bonding structures comprised of carbon and hydrogen atoms in a- 

C:H [27]. Hydrogen content in the a-C:H can be quantitatively estimated using this technique. 

∞ 
𝐼(𝑥) = ∫ 𝑆(𝑣) cos(2𝜋𝑣𝑥)𝑑𝑣 

0 

(3.2) 
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The absorption features found in diamond films are the intrinsic two phonon absorption from 

1500-2700 cm-1, one phonon absorption at 1000-1350 cm-1 and the hydrogen related C-H 

stretch absorption from 2800-3000 cm-1 [28,30]. For complicated structures such as UNCD/ a- 

C:H with large numbers of UNCD grains embedded in the a-C:H matrix, the FTIR technique 

enables us to detect the chemical bonds at the a-C:H matrix as well as at the grain boundaries. 

 
3.6 Nano-Indentation Measurement System (Young’s modulus & Hardness) 

Nano-indentation, also known as the instrumented indentation testing, is the widely used 

technique for determining mechanical properties (e.g. hardness & modulus) of materials. Most 

notably, this technique does not need any sample preparation and can measure properties for 

various materials ranging from hard superalloys to soft biomaterials within seconds making it 

the fastest technique for such measurements [37]. Load and depth are the basic measurements 

required for performing nano-indentation experiments. The indenters of different geometries 

such as Berkovich for E and H, spherical for stress-strain, flat punch for complex modulus, 

cube corner for fracture toughness, spherical cone for scratch measurements, wedge for 3-point 

bending can be used to measure the properties a user is interested in [37]. The schematic 

representation of the nano-indentation process is given in figure 3.7 

 
Industry and universities mostly use this technique for characterizing thin films. This technique 

is very sensitive to the substrate properties. Therefore, the contact depth should be kept to less 

than (10-20) % of the film thickness to circumvent the substrate effect. Additionally, the 

hardness and Young’s modulus values obtained from the measurements can depend 

significantly on whether the shape of the blunt tip as well as the substrate effects were 

considered. In 1992, Oliver & Pharr developed a method for calculating hardness and modulus 

from the load curves. The method is based on the material’s contact with a known material, 
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commonly diamond. Schematic representation of the nano-indentation process is given in figure 

3.7. 

 

 
 

Figure 3.7: Schematic of the nano-indentation process [37] 
 

3.7 X-rays Photoelectron Spectroscopy (XPS) Measurement System 
 

X- ray Photoelectron Spectroscopy (XPS), also referred to as the Electron Spectroscopy for 

Chemical Analysis (ESCA) is an analytical method for characterizing material surfaces. It uses 

the photoelectrons excited by X-ray radiation and released from the material into vacuum. The 

technique is widely used due to its simplicity in use and data interpretation, application in a 

wide range of materials as well as the provision of vital quantitative and chemical state 

information of the material under study. The analysis depth is approximated to be 5 nm, making 

it a very suitable tool for the compositional analysis of ultra-thin layers and thin micro-scale 

features. The electrons in the (solid) sample are characterized by their binding energies (BE), 

which depend on the element of its origin [41]. Using only the elastically scattered electrons 



36  

(electrons without energy losses) emitted from the sample, information about the composition 

of the sample can be derived from their energy spectrum [41]. All elements on the periodic 

table except helium and hydrogen, due to their low sensitivity in the valence band are detected 

by different characteristic BE peak. The detection limits depend on the element and are typically 

in the range 0.1–0.5 at% [41]. Low energy X-rays from an aluminium or magnesium source 

(typically Mg-Kα or Al-Kα at 1253.6 and 1486.6 eV respectively) are commonly used [43]. 

The kinetic energy of ejected photoelectrons is measured by the analyzer and is transformed 

into binding energy as follows: 

 

𝐸𝐵 = ℎ𝜐 − 𝜙 − 𝐸𝐾  
 

(3.4) 
 

where: 𝐸𝐵 = Electron binding energy /eV 

ℎ = Planckcs constant /eV.s 

Q = Frequency of incident radiation /s-1 

I = Surface work function /eV 

:𝐸𝐾 = Kinetic energy of emergent electron /eV [43]. 

XPS is used for measuring the following 

• elemental composition of the surface (top 1–10 nm usually) 
 

• empirical formula of pure materials 
 

• elements that contaminate a surface 
 

• chemical or electronic state of each element in the surface 
 

• uniformity of elemental composition across the top surface (or line 
 

• profiling or mapping) 
 

• uniformity of elemental composition as a function of ion beam 
 

• etching (or depth profiling) [42]. 
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The XPS process is schematically represented in figure 3.8. 
 
 

Figure 3.8: Schematic representation of the XPS process [43]. 
 

3.8 Ultra-Violet Photoelectron Spectroscopy (UPS) Measurement 
 

Ultraviolet Photoelectron Spectroscopy is a robust tool for probing the valence energy levels 

and chemical bonding of the material’s surface. In this technique, the sample under 

investigation is irradiated using vacuum UV photons of energy hν, created in a continuous 

discharge source by applying high voltage to a gas to cause breakdown [55]. The energies range 

from 10- 50 eV which is greater than the typical work-function values (2-5 eV) [46]. Noble gas 

discharge lamps are used as radiation sources. Helium I (21.2 eV) or He II (40.8 eV) is mostly 

used. Such photons exciting energy is of the same order of magnitude as the binding energies 

of outermost levels of atoms and that's why only the photoelectrons emitted from the valence 

band or the shallow core levels can be detected while the deep core electron levels cannot be 

excited [55]. UPS is very surface (to a depth of around 10nm) sensitive and hence more 

susceptible to surface contamination. UPS is mostly used in studying the adsorption as well as 

valence band structures of metals, alloys and semiconductors due to high photo-ionization 
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cross-section of valence electrons when using ultraviolet light. Angle-resolved UPS can be 

obtained by polarized incident light coupled with variable angle of detection, for the provision 

of vital information about the orientation of molecular orbitals and structural modifications of 

adsorbed species on surfaces. UPS can also be used wide band gap semiconductor (diamond) 

surface electron affinity measurements. The material’s work-function can also be extracted 

from the spectrum’s secondary electron cut-offs. The advantage of using UPS over 

conventional photoelectron spectroscopies is that UPS has a very narrow line width and a high 

flux of photons available from simple discharge sources. Fine structures due to vibrational 

levels of the molecular ion which allowing molecular orbital assignment of specific peaks can 

be observed using high resolution UPS scans. The schematic diagram of the UPS instrument is 

depicted in figure 3.9. 

 

 
Figure 3.9: Schematic of a basic UPS instrument [55]. 
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3.9 X-Ray Absorption Near Edge Structure (XANES) Spectroscopy 
Measurement 

X- ray absorption near-edge structure also called NEXAFS (near-edge X-ray absorption fine 

structure) exists in the energy level of 50 eV above the absorption edge [50]. It is used largely 

to study the local structure and electronic states of gas-phase, molecular and condensed matter 

using the synchrotron radiation. In XANES, a photon is absorbed, and an electron is excited 

from a core state to an empty state [48]. The electron of a specific core level is excited only if 

the photon energy is equal or higher than the binding energy of that core level. The energy of 

an absorption edge therefore corresponds to the core-level energy, which is characteristic for 

each element, making XANES an element-selective technique [48]. In addition to element 

selectivity, the other advantages of the XANES is the possibility to obtain detailed information 

in the absence of long-range order. It can provide a detailed picture of the local electronic 

structure of the element studied. In XANES, the changes in the absorption of X-rays due to the 

photoelectric effect is measured. The XANES spectrum is given by the absorption cross section 

µ [48]. When the X-ray passes an electron, its electric field oscillates in both direction and 

strength, allowing the electron to capture the energy. Features studied by the XANES include: 

• The edge position (a primary indicator of oxidation state) 

 
• "pre-edge" features 

 
• intensity, number, position, and shape of peaks at the top of the main edge. 

 
Schematic diagram of the XANES process is shown in figure 3.10. 
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Figure 3.10: The fundamental processes which contribute to XANES spectra: 1) photo 

absorption of an x-ray into a core level followed by photoelectron emission, followed by either 

2) (left) filling of the core hole by an electron in another level, accompanied by fluorescence; 

or (right) filling of the core hole by an electron in another level followed by emission of an 

Auger electron (https://wiki2.org/en/X-ray_absorption_near_edge_structure). 
 

3.10 Current (I) - Voltage (V) Measurement 
 

Current-Voltage(I-V) measurements are used for probing the electrical characteristics of a 

material. More information about the material’s electrical properties are extracted from the 

current-voltage curves. These characteristic curves are graphical representation of the 

relationship between the voltage applied across the device and the current flowing through the 

device. Fundamental properties of electronic devices can also be extracted from these curves. 

A basic aspect of the operation of an electronic device can be deduced from the position of the 

curve on the I-V graph [54] which is divided into four quadrants. The graph’s quadrants provide 

information on whether the device is passive or active. The device with a curve in the first and 

third quadrants is passive (resistor, diode), while the device with the curve in the second and 

fourth and quadrants is active (solar cell). 

Electronic devices have different IV-curves. A resistor has the simplest form of the I-V curve 

depicting a linear relationship between the applied voltage and the resulting current, obeying 

the Ohm’s law: I = V/R with the slope being 1/R. Diodes and solar cells on the other hand 
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depict a non-linear relationship between the applied voltage and the current passing through 

them and thin films portray the hysteresis loop characteristic. The hysteresis loop characteristics 

may be due to various factors such as: 

• Channel film thickness 

 
• Hydrogenation treatment 

 
• Sweeping gate voltage range 

 
• Temperature. 

 
I-V curves of different devices (resistor, diode, solar cell) are shown in figure 3.11. 

 
 

(a) (b) (c) 

Figure 3.1: Current-voltage characteristics of (a) resistor, (b) diode and (c) solar cell [54]. 
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Chapter 4 

Ultra-Nano-Crystalline-Diamond (UNCD) Thin Films: 
 

The deposition, characterization, and application of ultra-nanocrystalline diamond (UNCD) 

films have been extensively studied in the past few decades [1, 2] because UNCD is a promising 

material due to its excellent combination of chemical and physical properties such as, the 

excellent corrosion resistance, good chemical inertness, very smooth surface with excellent 

mechanical properties [3,4] viz. as high Young's modulus, high fracture toughness and low 

friction coefficient [5,6]. As a super-sealing material, UNCD films have been investigated in 

petroleum, chemical engineering, metallurgy, military, and other areas involving high 

temperature, high speed, heavy loading, and extremely corrosive and abrasive sealing 

conditions. 

 
The UNCD film is a special form of diamond film that has attracted increasing attention from 

researchers because of its exclusive granular structure [7]. The UNCD film has ultra-small 

diamond grains (5–10 nm) and smooth surface characteristics. When the grain size of UNCD 

film is less than 10 nm, the surface smoothness is improved significantly, making it a promising 

material for tribological and mechanical sealing applications [5-10]. UNCD is a composite 

material in which nanometer sized (1–10 nm) diamond grains (sp3 hybridized carbon atoms) 

are surrounded by an amorphous carbon matrix (sp2 hybridized carbon atoms along with 

hydrogen). The grains of UNCD films have sp3 character and the grain boundaries have a 

mixture of sp2, sp3, hydrocarbon, and amorphous carbon (a-C), in which the sp2 character is 

predominant [11]. The grain boundaries are formed by the interfacial region of these phases. 

The diamond grains (crystallites) determine the mechanical properties of UNCD films and the 

optical and electrical characteristics, and surface chemistry are controlled by the grain 

boundaries [11]. Due to the S bonds, the amorphous carbon matrix is coupled, forming sp2 
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clusters surrounded by the matrix of sp3 C atoms. These clusters have S states close to the Fermi 

level, so these will determine the optical and electronic properties of nano-crystalline diamond 

films. It has been reported that n-type conduction with a high electrical conductivity was 

realized in a nitrogen-doped UNCD thin film [12]. 

 
In N-doped UNCD films, nitrogen atoms allow to form different type of bonds and many defect 

states that are generated within the band gap. So far it has been believed that the enhancement 

in the electrical conductivity is due to an increase of sp2-content in the film, which probably 

leads to an increase in grain boundary width. The nitrogen atoms preferentially incorporated 

into the (GBs) between UNCD grains and boundaries between UNCD grains and an a-C:H 

matrix. This causes a shift in the Fermi energy level toward the conduction band [13]. These 

are specific to UNCD films and quite different from the realization of n-type conduction in 

diamond and hydrogenated amorphous carbon (a-C:H) thin films. Therefore, it is extremely 

important to characterize the grain boundaries and particularly the bonding configuration of sp2 

carbon atoms. 

 
In UNCD, the diamond grains and the grain boundaries are built of the same element and the 

grain boundaries are small and in addition are sandwiched between the crystallites, thus the 

realization of this task is rather difficult. It is reported that the preferential incorporation of 

nitrogen into the grain boundaries of N-doped UNCD films would form the larger clustering 

and disordering of graphite-like sp2- bonded carbons [14, 15, 16]. However, the influence of 

other factors such as the formation of other phase and the kind of bonding still requires 

clarification. The undoped UNCD/a-C:H films have a structure wherein many UNCD grains 

with diameters of approximately 5 nm are embedded in an a-C:H matrix [17] and the films also 

have electrically insulating properties. Again, the hydrogen in diamond films is incorporated 

mainly at the grain boundaries and imperfections of the crystallites and bonded mostly to sp3 
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carbon atoms. So, inclusion of hydrogen content is also the main key point to control the grain 

boundaries in the UNCD structure that changes the UNCD structure to microcrystalline 

diamond. These grain boundaries could be decreased by increasing the diamond-crystallites 

size by varying the hydrogen content. The future applications of UNCD films, however, 

especially in advanced fields where surface functionalization or doping is performed, require 

the detailed characterization of bonding states on the film surface and on the grain boundaries 

preferably with easy to use, non-destructive methods. 

 
In this work, the change of crystalline structure, electronic and electrical properties on N-doped 

UNCD is studied by forming the grain boundaries in the interfacial region through inserting 

different hydrogen gas flow (sccm) during the deposition of UNCD thin films. The different 

methods are used for these studies are Raman spectroscopy, X-ray photoelectron spectroscopy 

(XPS), ultraviolet photoemission spectroscopy (UPS) and more advanced techniques such as 

X-ray absorption near edge structure (XANES) spectroscopy. In addition, X-ray diffraction 

spectroscopy (XRD), scanning electron microscopy (SEM), Fourier transform infrared 

spectroscopy (FTIR) etc. methods are also used for the study of UNCD thin films. 

 
4.1 Thin film preparation 
The UNCD films were deposited on n-type mirror polished Silicon (100) substrates using 

microwave plasma enhanced chemical vapor deposition (PECVD) apparatus [18]. The plasma 

was excited by 1200W microwave (2.45 GHz) in 100 Torr chamber pressure. Total flow rate 

of the gas was N2/Ar = 5% (constant) and H2 incorporations were varied within the range 0–20 

sccm (see table 1). One side polished single crystal (100) Si wafers were used as substrates for 

UNCD film deposition. Smooth UNCD films were deposited on the substrate in a commercial 

5 kW microwave plasma chemical vapor deposition (MPCVD) apparatus using 

(N2/Ar)/H2/CH4 gas mixture. 
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Table 4.1: Elemental composition and quantification of UNCD synthesized at different 

hydrogen flow rate (sccm) with constant N2/Ar flow = 5 sccm. 

 

Samples 
 
identification 

N2/Ar 
 
(sccm) 

H2 
 
(sccm) 

E0 
 
(V/mm) 

C O N 

at. % mass% at. % mass% at % Mass% 

5(a) 5.0 0.0 09.3 90.02 87.19 09.61 12.40 0.37 0.41 

5(b) 5.0 3.5 11.4 95.67 94.39 3.83 5.04 0.50 0.57 

5(c) 5.0 5.0 13.6 96.35 95.41 2.32 3.06 1.32 1.53 

5(d) 5.0 8.0 11.2 95.34 94.03 3.73 4.90 0.92 1.06 

5(e) 5.0 10.0 15.0 96.40 95.33 3.12 4.11 0.48 0.55 

5(f) 5.0 20.0 21.3 95.35 93.99 4.08 5.36 0.57 0.65 

 
 

Prior to UNCD deposition, Si substrates were thoroughly degreased by sonicating in acetone 

and methanol, each for 10 min. Afterwards they were subjected to 2 min surface etch in a 40% 

HF solution to remove the native oxide layer. Then the substrates were ultrasonically abraded 

for 30 min in a suspension of nanocrystalline diamond powders with a grain size of 5 nm in 

ethanol to achieve a high nucleation density. Subsequently the substrates were again 

ultrasonically cleaned in de-ionized water to remove the nanocrystalline diamond particles 

sticking to the surface and were dried in nitrogen blow before inserted into the reactor chamber. 

The plasma was induced with a microwave power of 1 kW at a total pressure of 88 torr and 

total gas flow rate of 100 ml/min. 

 
The substrate temperature was measured by an optical pyrometer through a quartz bell jar and 

maintained at 700oC. The growth durations for all UNCD films were 5 h. To investigate the 

effect of H2 concentration on the microstructure, grain size and surface smoothness of UNCD 
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films, the H2 concentration in the plasma was varied from 0 – 20 sccm, %, N2/Ar  remains 

constant i.e. 5% and rest is methane. The deposition parameters used in the present investigation 

are listed in Table 1. 

 

4. 2 Thin film characterizations 
 

Systematic study of the electronic and bonding structure of N-doped UNCD thin films 

functionalized with H2 and how the mechanical, electrical, electronic and micro-structural 

properties are varied when different form of grain boundaries are formed in the interfacial 

region of the sp2, sp3, hydrocarbon, and amorphous carbon (a-C) phases. The XRD, SEM, 

FTIR, Raman, UPS, XANES, I-V characteristic curve are used for these studies. C K-edge 

XANES spectra were measured using the HSGM beam line at the Taiwan Light Source (TLS), 

Hsinchu, Taiwan. Raman measurements were carried out using 532 nm LASER excitation 

wavelengths, with the laser beam spot size ~1 Pm and the incident power was ~1mW for blue 

excitation and ~5mW for NIR excitation. The chemical compositional and quantificational 

analysis was investigated by the XPS measurements and the nano-mechanical characterizations 

of UNCD films were measured using a Nano indenter. Zeiss Cross Beam 540 Focussed Ion 

Beam Scanning Electron Microscopy Imaging (FIBSEM) set at 2 kV and 4 mm working 

distance in high resolution mode was used for the SEM measurements and Shimadzu IR Tracer- 

100 spectrometer for FTIR measurements. 

 

4.3 Results and discussion 
 

4.3.1 X-ray diffraction 
 

X-ray diffraction (XRD) measurements were performed, proofing that the film consists of 

crystalline diamond grains. Figure 4.1 shows, the XRD of spectra of N-doped UNCD thin film 
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synthesized at different conditions. Different hydrogen flow rate (sccm) present in UNCD films 

were estimated from XPS spectra and are discussed later with the elemental composition and 

their quantificational analysis tabulated in Table 1. The XRD measurement was done using a 

standard Bragg-Brentano geometry and a Cu K𝛼 X-ray source. 

 
Different diamond peaks at 2𝜃 = 43.9∘ �111!, 75.2∘ �220!, are clearly detectable. The ⟨100⟩ 

orientated silicon substrate leads to a peak at 69o and additionally some small peaks on the left 

side of the silicon �400! peak are detected, caused by the not perfectly monochromatic X-ray 

source. Each XRD spectrum of UNCD shows relatively sharp and narrow diffraction peaks at 

2θ    of   ~43.9°   and    ~75.2°   that    are   ascribed    to    the   diffraction    of    �111!   and 

�220! crystallographic planes of the cubic diamond respectively [19, 20]. Apart from these 

two diamond peaks, two shoulders observed at ~24.4° and ~37.7° respectively are assigned to 

(002) and (004) sp2-diamond peaks. The (111) and (220) peaks at ~43.9° and ~75.2° are 

diamond peaks. The (111) diamond peak is slightly broader indicating non-crystalline structure 

of these films. The average crystallite size of the UNCD was estimated to be ranging from ~5 

to  ~7 nm  from  the line widths using  the well-known  Scherrer  formula,  𝑑 = 0.9𝜆 / (𝐵 × 

𝑐𝑜𝑠𝜃); with the x-ray wavelength (λ) of 0.154 nm. The average grain size is in the range of 4 

to 6 nm, as measured by XRD. The full width at half maximum of the �111! peak was fitted, 

and the grain size was determined by applying Scherrer’s equation. 
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Figure 4.1: X-ray diffraction pattern of UNCD thin films synthesized at different hydrogen flow 

rate (sccm) with constant N2/Ar flow rate = 5 sccm. 

 
 

4.3.2 Scanning electron microscopy 
 

The surface morphology of the deposited N-doped UNCD films is shown in figure 4.2 (i-vi) 

the films were deposited in different hydrogen flow rate starting from 0-20 sccm. A Surface 

morphology of the films shows densely packed homogeneously needle-like clusters distributed 

UNCD grains looking like diamond nanowires [19]. The grain size increases with H2 

concentration, and the grain size is around 6 nm when H2 concentration is below 10%. Even 
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around 20%, the grain size is still under 10 nm. A slight variation of the grain size with 

hydrogen flow is 3.5 sccm, is observed with the size being 6 nm. It is also observed that the 

UNCD needle-like clusters are similar for the films having lower hydrogen flow concentration 

(5 sccm and 8 sccm) but become more agglomerated at higher H2-flow rate. 

 
It could be seen that for the UNCD surface smoothness improves and the grain size becomes 

fine when hydrogen flow rates are 5 sccm and 8 sccm. It is well known that UNCD films can 

be deposited without hydrogen or with a low concentration of hydrogen [20-22] and that the 

introduction of hydrogen is beneficial for stabilizing the sp3 hybrid structure to form the micro- 

meter/nano-meter polycrystalline diamond films. Some researchers have recently reported the 

effect of hydrogen on quality of UNCD films with a hydrogen concentration below 3.5 sccm 

[21,22]. It is interesting to know the effect of hydrogen content on the diamond grain size and 

nucleation density, and particularly if UNCD can be deposited with hydrogen concentration 

well above 3.5 sccm as we studied in the present work. 
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4.3.3 Fourier transform infrared (FTIR) spectroscopy 
 
Fourier transform infrared (FTIR) spectroscopy is an analytical tool for the study of chemical 

species, such as oxygen and hydrogen atoms, which are chemisorbed on the diamond surface, 

basically during the growth process. Fig. 4.3 show different FTIR spectra of N-doped UNCD 

films deposited at different hydrogen flow rate (sccm). The as-deposited N-doped UNCD film 

shows a band at 1779 cm-1, which corresponds to species containing C=O groups as well as 

several bands in the region 1363–1017 cm-1, usually assigned to the C–O–C stretching 

vibration, suggesting that the as-deposited diamond film was oxidized during the growth 

process. The broad band at 2900–3600 cm-1 and the weak peak at 1640 cm-1 is due to physically 

absorbed molecular water, indicating that a portion of the O2 atoms react with H2 to form H2O. 

The existence of oxygen came from the reaction of the diamond surface with the air and with 

the chemicals, during the growth process. Therefore, the appearance of oxygen signals did come 

from two contributors, the N-doped UNCD crystallite surfaces and the UNCDs grain 

boundaries. However, due to the UNCD crystallites contain all of the sp3-hybridized carbon 

atoms and both of the sp3-hybridized and sp2-hybridized carbon atoms are in the spectral range 

2800–3100 cm-1, which arise from C–H stretch vibrations, suggesting an hydrogenation process 

on diamond film surfaces, which was achieved during the synthesis. The C–H vibrational 

frequencies could be assigned according to the type of carbon hybridization (sp3, sp2 or sp1) and 

to the type of group (C–H3, C–H2 or C–H). The C–H stretch frequency depends only weakly on 

the arrangement of the more distant neighbours, suggesting that hydrogen was incorporated 

basically on non-crystalline or defective and/or grain boundaries regions of the films. The broad 

band detected in the region 3000–3700 cm-1 which is due to O–H stretching vibrations of water, 

suggesting that the UNCD surface adsorb atmospheric water during the treatment [23]. 
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Figure 4.3 Fourier Transform Infra-Red spectra of UNCD thin films synthesized at different 

hydrogen flow rate (sccm) with constant N2/Ar flow = 5 sccm. 

 
Figure 4.3 shows FTIR spectra in the region of the C–H stretching vibrations two peaks at 2920 

cm–1 and 2850 cm–1 is clearly discernible which can be assigned to CH2 groups in which the 

carbon is sp3 hybridized [24]. Such band has been observed not only in UNCD films [25, 26] 

but also for in case of amorphous carbon films. Figure of infrared absorption spectra in the 

region of the C–H stretching vibrations from 3050 cm–1 to 2750 cm–1. A network of CH3, CH2 

and CH groups with varying bond lengths and angles [24]. The peaks above 3000 cm–1 further 

be concluded that the hydrogen is almost exclusively bonded to sp3 hybridized carbon. The Fig. 

4.3 shows the C–H band between 3050 cm–1 and 2750 cm–1. The increase of H incorporation 

in the initial growth phase, the hydrogen is bonded especially in the form of sp3 CH2 groups. 

The distinctive differences between N-doped UNCD films at the centre are in the 
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spectral range of 2800-3100 cm−1. The sp2-CH2 asymmetric and sp2-CH stretching vibrations 

at 3078 cm−1 and 3039 cm−1 are observed in N-doped UNCD films [24-30]. The sp3-CH and 

sp3-CH2 asymmetric stretching vibrations at 2895 cm−1 and 2923 cm−1 are shown for undoped 

UNCD films [27-30]. 

4.3.4 Raman Spectroscopy 
 
Raman spectra were measured for all films that were grown with different hydrogen flow rate 

(sccm) at the excitation wavelength was ~515 nm. The spectra and the deconvoluted spectra 

are shown in Figure 4.4 and 4.5. A linear background was subtracted from all spectra. The 

diamond peak at 1332 cm−1 is observed in all UNCD films [31, 32]. The D- and G-band peaks 

were fitted using Gaussian line functions, revealing the intensities and full width at half 

maximum (FWHM) of each. Following argumentation in [32–34], the increasing FWHM of 

the G-band and the decreasing ratio of D-band intensity to G-band intensity 𝐼D/𝐼G indicates an 

increase of structural disorder of the sp2 bonded carbon. The chemical constitution and structure 

of the grain boundaries are reflected by measurements. Peaks assigned as ~1190 cm−1 originate 

from C–H bending and C–C stretching Raman modes of trans-polyacetylene (t-PA or poly- 

CHx) chains [35, 36]. The t-PA is an alternate chain of sp2 C–C carbon atoms with a single 

hydrogen atom bonded to each carbon atom and this lies in the grain boundaries of UNCD 

crystallites [37]. Furthermore, the peaks assigned as 1550 cm−1 bands correspond to sp2 C–C 

bonded carbon. 
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Figure 4.4: Raman spectra of UNCD thin films synthesized at different hydrogen flow rate 

(sccm) with constant N2/Ar flow = 5 sccm 

 
We conclude that, for higher amount of H2 addition to the feed gas, the disorder of the grain 

boundaries increases. This relation between disorder of grain boundary and conductivity agrees 

with investigations on plasma CVD grown nitrogen doped UNCD films [37] and will be 

discussed later in the electrical measurement section. The G band is of E2g symmetry and 

appears due to bond-stretching vibration of a pair of sp2C–C sites in the form of olefinic chains 

or aromatic rings [35, 36, 38]. In microcrystalline and single crystal diamonds, the full-width 

at half-maximum (FWHM) of this peak is normally narrow and centred at ∼1333 cm−1. The 

shift of this peak to the lower wavenumber (1332 cm-) and the subsequent broadening in the 

case of the UNCD film correspond to the strained lattice due to nanocrystalline grains. We 
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have deconvoluted all spectra that are shown in Fig. 4.5, where 1st column shows the first order 

and 2nd column shows second-order Raman spectra. Different parameters obtained after 

gaussian fitting fist order and second order are tabulated in table 2 (a) and table 2(b). 

 

 
 
Figure 4.5: Convoluted different 1st order (2nd order) Raman spectra of UNCD thin films 

synthesized at different N2/Ar-flow rate =5 sccm. 
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The D band is of A1g symmetry and belongs to breathing mode of a six-fold aromatic ring, 

which is activated by disorder present in the sp2 C–C bonding state [35, 37]. The broad spectrum 

exhibited at 1325 cm−1 is denoted as the D∗ band, which belongs to the T2g symmetry of the nano-

diamond phase [36]. However, the intensity, peak position and shape of the peaks as given in 

table 2 are different from those of the virgin UNCD surface. Most importantly, the intensity of 

the ν2 band weakens in the wear track. Furthermore, all the peaks related to t-PA shift to the 

lower wavenumber, which is attributed to the bond length disorder [38, 39] arising due to 

mechanical sliding. Moreover, in the wear track, the D band is shifted to the lower wavenumber 

as compared with the virgin UNCD film. This shift is associated with the ordering of six-fold 

aromatic rings in sp2 C–C bonding [39]. Most importantly, the nano-diamond peak denoted as 

the D∗ band is shifted to a lower wavenumber at 1334 cm−1 during the tribology test, which 

explains relaxation of strain due to mechanical sliding. Ordering of six-fold aromatic ring in 

sp2C–C bonding and shift of the nano-diamond D∗ band to a lower wavenumber are relative 

quantities [38]. However, the G band peak position more/less matches with each other in all the 

spectra, which confirm similar vibrational bond stretching between a pair of sp2C–C sites. 

 
 
4.3.5 Mechanical properties of Ultra-Nano-Crystalline diamond (UNCD) Thin films 

Diamond is the hardest of all known single-phase materials, with hardness values around 100 

GPa, depending on the crystalline direction. The hardness values reported for polycrystalline 

diamond (PCD) films are in the range of 80 – 100 GPa, i.e. rather close to the single crystalline 

values. The same is true even for nanocrystalline (NCD) and ultra-nanocrystalline diamond 

(UNCD) films, for which harnesses up to 95 GPa have been reported. On the other hand, there 

is a considerable spread of hardness values for this type of films, but systematic studies on the 

influence of important deposition parameters. 
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As we know that the UNCD films are a candidate for applications in tribology and biomedicine, 

it is important to know how the hardness, but also other tribological properties are changes. 

The Mechanical properties, Young’s modulus, hardness, and load as a function of displacement 

are shown in Fig. 4.6 and Fig. 4., respectively. It must be noted that the penetration depth was 

maintained at 30 mN (approximatively 90 nm of penetration) to minimize the influence of the 

substrate. Three different points were tested for each UNCD with the same pressed depth. The 

residual pressed depths for sample with N2-content ~0.48 at% is lower than those of UNCDs 

having higher content of N2. This implies that the elastic recovery ability has improved for the 

films with higher N2-content, 1.32 at%, 0.92 at% and have better elastic recovery ability. A 

change in modulus and hardness with pressed depth for UNCDs is shown in figures 4.6 and 

4.7. The Young’s modulus is found to be in 160 – 300 GPa range, while the hardness at the 

range of 14 – 30 GPa. These ranges are comparable with those reported before [40, 41]. On a 

first view, the Hardness and the Young’s modulus found for our UNCD films seem to decrease 

with a decrease with N2 (at%) concentrations. These results can be explained in terms of 

amorphous carbon matrix located in the grain boundary regions of the UNCD films. 

 
4.3.6 X-ray photoemission spectroscopy (XPS) 

 
The elemental analysis, quantification, and chemical bonding of all N-doped UNCD films were 

performed using X-ray photoelectron spectroscopy (XPS) and was performed using 

nonmonochromatic Al KD radiation with a photon energy of 1486.6 eV on a KRATOS 

spectrometer. The measurement was conducted without ion sputtering etching, to avoid 

reconfiguration of the bonds. The diameter of the x-ray probe during the measurement was 

250 µm. For analysis of UNCD materials, we have measured C 1s, O 1s and N 1s XPS binding 

energies spectra as shown in figure 4.8 and 4.9. To analyze the XPS spectra precisely, C 1s 

spectra were decomposed into the following four peaks: sp2-bonded carbon (C=C), sp3- 
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bonded carbon (C–C), carbon-oxygen single bonds (C–O/C–O–C), and carbon-oxygen double 

bonds (C=O/COOH) [42,43]. The C–O/C–O–C peaks should be ascribed to the adsorption of 

oxygen on the film surface during and after films deposition [44, 45]. The C=O/COOH peak 

is observed in the spectra measured by XPS. The C=O/COOH peaks in their spectra, which 

means the adsorption of oxygen is suppressed, owing to their preservation in the portable 

vacuum box. 

 
The XPS measurements show sharp spectra with very weak shoulder of the C–O/C–O–C peak 

due to investigation at deep depth in the films. However, the argon ion bombardment is 

essential for cleaning the films surface prior to X-ray photoemission spectroscopic 

measurements, to reduce the contribution of film surface contaminants. The XPS method 

makes possible the structural examination of the UNCD thin films without applying any 

surface pre-treatment, such as argon ion bombardment, which destroys nano-sized diamond 

crystallite in the films [45]. The sp3 peaks show a relative decrease as the hydrogen gas flow 

is changes. The XPS technique produces sharp and intense sp3 peaks with a noticeable 

difference compared to the sp2 peaks, unlike those obtained by XPS. The dependence profile 

of the sp3 bonding fraction estimated from XPS are in good agreement, not only with each 

other but also with the hardness dependence profile. This means that the estimation of the sp3 

fraction is precise since the hardness proportionally increases with the sp3 fraction. On the 

other hand, the sp3 fraction estimated from convoluted XPS spectra. Estimation of the sp3 

bonding fraction is also affected by the existence of C–O/C–O–C and C=O/COOH peaks. 

Therefore, the XPS method and demonstrating a careful methodology for XPS investigation, 

are recommended when assessing the sp3 bonding fraction to UNCD thin films and 

nanomaterials. The UNCD films C 1s peaks was performed by using Gaussian peaks at binding 

energies of 284.3 eV and 285.3 eV which are attributed to the sp2 C=C and sp3 C–C bond 
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atoms, respectively. The two peaks at 285.9 and 286.7 eV correspond to sp2-hybridization 

bonding structures of C atoms bonded to N atoms (sp2 C=N) and sp3 -hybridization bonding 

structures of C atoms bonded to N atoms (sp3 C–N), respectively and their relative intensities 

are tabulated in Table 3. The de-convoluted core level C 1s XPS spectra of the samples are 

shown in Fig. 4.9. The UNCD films, sp3 C–C bonding is predominant with a peak intensity 

sp2 C=C intensity. The appearance of the two peaks sp2 C=N and sp3 C–N indicates the 

formation of a chemical bond between C and N atoms after the incorporation of nitrogen. The 

C 1s spectra are de-convoluted in different components and are marked as peak –I, peak –II, 

peak – III and Peak – IV, respectively. 

 
The peak-I at binding energy ~283.4r0.3 eV and peak –II at ~285.3r0.2 eV corresponds to 

sp2 C=C and sp3 C-C hybridization bonding structures respectively [42]. The other two peaks 

at ~286.5r0.4 eV and 287.2r0.3 eV correspond to sp2-hybridization bonding structures of C 

atoms bonded to N atoms (sp2 C N) / C-O-C bonds and sp3-hybridization bonding structures 

of C atoms bonded to N atoms (sp3 C–N), respectively and their chemical compounds and 

binding energy position, relative intensities, peak width are tabulated in Table 3 from the 

results of the figures 4.9. The two peaks indicate above is the formation of a chemical bond 

between C and N atoms after the incorporation of nitrogen and this agrees with N 1s XPS 

spectra of UNCD films shown in Fig. 4.9. The peak at 399.8 eV within the range 397.0 – 402.5 

eV is the contribution of N-sp3 C and N-sp2 C [43, 44] further confirming the formation of 

chemical bonds between C and N atoms in UNCD structures. Incorporation of nitrogen results 

in two different N–C bonding state, including N–sp3 C bond and N–sp2 C bond. 

 
Figure 4.9 shows the de-convoluted O 1s XPS of UNCD films, where two peaks at ~529 eV 

and 532 eV correspond to O-C/N-O and O=O bonds, respectively [45]. De-convoluted C 1s, 

O 1s, and N 1s XPS parameters viz. peak positions, peak width and peak intensities of 
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synthesized UNCD films are tabulated in Table 3. These results confirm a proper mixing of 

nitrogen content with UNCD species with low nitrogen concentration (0.48 – 1.32 at%) being 

well mixed to form nitrogen doped UNCD. As a result, the carbon-nitrogen bonds with 

nitrogen not on the surface of UNCD 

 

 
Figure 4.8: X-ray Photoemission Spectroscopy spectra of UNCD thin films synthesized at 

different hydrogen flow rate (sccm) with constant N2/Ar flow = 5 sccm. 
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4.3.7 Ultra-Violet Photoemission Spectroscopy (UV-PES) 
 
The UV-PES spectra were recorded by operating the spectrometer at a constant retardation 

ratio. The energy of two photon energies used here are for the He I (hv = 21.22 eV) and He II 

(hv = 40.81 eV) excitation lines, respectively. We have measured UPS using He-I (hQ = 21.22 

eV) and He-II (hQ = 40.81 eV) excitation energy and the results are shown in Figs. 4.10(a) and 

Fig. 4.10(b) respectively. Fig 4.10(a) shows the VB-edge (high K.E. slope ≈ converted into 

binding energy) and secondary electron cut-off (low K.E. slope) of the He-I (~21.22 eV) spectra 

of N-doped UNCD films. The dominance of these UPS valence band spectra by p- electron 

states is due to abundance of high excitation cross section of these low photon energies [46]. We 

have also measured UPS as shown in Fig.4.10(a) and the kinetic energy of the electrons at the 

Fermi edge (EFermi) and that of the secondary electron cut-off (Ecut-off) are enlarged at the right 

shoulder of Fig.4.10(b). To distinguish secondary electron cut-off from the low kinetic energy 

electron scattering, Negative bias voltages were put on the sample. A shown in Fig. the binding 

energy EFermi and the Ecut-off are 21.22 and 3.76eV respectively, therefore a work function ) is 

estimated by the relation: 

) = hQ - (EFermi – Ecut-off) = 21.22 – (21.22 – 3.76) = 3.76 eV 

 
The surface work function of these UNCD films were derived from secondary electron cut-off 

low kinetic energy slope as shown in left panel of Fig. 4.10(a). The work function (Ф) of the 

reference, Ag film, is found to be 4.37 eV, while work functions of UNCD’s are listed in table 

4. It is found that the values are initially increases from 3.76 eV to 3.94 eV when hydrogen gas 

flow is 0.0-sccm to 5.0-sccm and after that the values are decreases from 3.83 to 3.62 eV for 

the UNCD films having hydrogen gas flow changes from 8.0-sccm to 20.0-sccm. 



74 
  

 
 F

igure 4.10: U
ltra-violet photoem

ission spectroscopy, (a) U
PS (H

e-I) and (b) U
PS (H

e-II) Spectra of U
N

C
D

 synthesized at different hydrogen flow
 rate (sccm

) 

w
ith constant N

2 /Ar flow
 =

 5 sccm
. 



75 
   T

able 4: D
ifferent U

PS param
eters obtained from

 U
PS (H

e-I) and convoluted U
PS (H

e-II) Spectra of U
N

C
D

 synthesized at different hydrogen flow
 rate 

(sccm
) w

ith constant N
2 /A

r flow
 = 5 sccm

. 
 

H
2 

U
PS (H

e-I), hQ = 21.22 eV
 

U
PS (H

e-II), hQ = 40.81 eV
 

W
ork Function, 
)

 (eV
) 

V
alence-B

and 
M

axim
um

, 
(V

B
M

) (eV
) 

Peak I (p-V) 
Peak II (m

ixed of s- and p- state) 
Peak III (s-state) 

Position 
x1 (eV

) 
W

idth 
'w

1 (eV
) 

Intensity 
a1(a.u.) 

Position 
x2 (eV

) 
W

idth 
'w

2(eV
) 

Intensity 
a2(a.u.) 

Position 
x3(eV

) 
W

idth 
'w

3 (eV
) 

Intensity 
a3(a.u.) 

0.0 
3.76 

4.57 
6.2 

2.40 
13.8 

9.0 
3.9 

80.1 
14.1 

2.4 
6.1 

3.5 
3.91 

3.91 
7.1 

3.08 
40.74 

9.7 
3.44 

51.83 
14.0 

1.40 
7.4 

5.0 
3.94 

2.87 
6.6 

3.15 
45.56 

9.5 
3.55 

46.67 
14.2 

1.60 
7.8 

8.0 
3.83 

2.13 
7.6 

3.73 
70.36 

10.6 
2.49 

22.29 
14.3 

1.52 
7.4 

10.0 
3.66 

2.00 
7.5 

4.38 
73.38 

10.3 
2.62 

18.70 
14.3 

2.01 
7.9 

20.0 
3.62 

1.95 
7.0 

3.12 
40.11 

9.9 
3.34 

52.07 
14.5 

1.89 
7.8 



76  

The valence band maximum (VBM = Ef - EVB) was estimated using the slope of each VB-edge 

spectra as shown in right panel of Fig 4.10(a). It is interestingly found that the VBM is gradually 

decreases from 4.57 eV to 1.95 eV for the UNCD films deposited with 0-sccm to 20- sccm 

hydrogen gas flow. The work functions and VBM of N-doped UNCD are tabulated in Table 4. 

The role of N2/H2/CH4 gases in a change in electronic structure was investigated by further 

analyzing the valence-band spectra obtained by the excitation energy Eex = 40.81 eV. The 

spectra were decomposed into three Gaussian peaks after the subtraction of Gaussian line, as 

shown in Fig. 4.10(b). These peaks are described as p-V (6.6 eV – 7.6 eV: peak I), a mixture of 

s and p states (9.5 – 10.6 eV: peak II), and s (14.3 eV: peak III) bands of carbon, respectively 

[47]. A similar study was made by Francz et al. [31] for CVD-diamonds and they found a peak 

near ~13 eV and assigned as “diamond” peak. Comparing our spectra, with this peak we may 

assigned the peak observed at ~14 eV is “diamond peak”. 

 
4.3.8 X-ray absorption near edge structure (XANES) spectroscopy 

 
The C K-edge XANES spectra were measured using the HSGM beam line at the NSRRC 

Hsinchu, Taiwan. Figure 4.11 shows the normalized XANES spectra of C K-edge UNCD films 

deposited with different hydrogen (sccm) incorporation. Fig. 4.11 shows the NEXAFS spectra 

of the films clearly ascertaining that the major part of the carbon is the sp3 diamond phase with 

a smaller amount of sp2 graphitic phase distributed in the films. The small peak at a285 eV [48- 

51] is assigned to the C (1s) – S* transition corresponding to the sp2 graphitic phase. A sharp 

peak at ~289 eV corresponds to the diamond electron core excitation of C–C (1s)–V*, i.e., the 

sp3 diamond phase. A weak dip observed at ~302 eV [52-54] is assigned to the second 

absorption band gap of the diamond. The magnified image of the peak at ~285 eV shown inset 

figure 4.11. 
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Figure 4.11: X-ray absorption near edge structure spectroscopy (XANES) of UNCD thin films 

synthesized at different hydrogen flow rate (sccm) with constant N2/Ar flow = 5 sccm. 
 
In these spectrums, the peak S
-band marked in the figure is related with graphitic structure 

(C=C) and a shoulder described as C–H bonds are observed at~285.5 and ~287.5 eV, 
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respectively [55]. The intensity of the S
-band gradually decreases, whereas C–H bonds 

gradually increase with increase of hydrogen incorporation in the UNCD film structure in all 

XANES spectra. A sharp peak at ~290eV is C 1s V* (C–C) transitions, which is the 

characteristic of diamond core-exciton [55, 56] and a dip at 302.1 eV attributed to the second 

absolute band gap for the diamond materials [55, 56]. This clearly illustrates that most of the 

films retain ansp3-bonding nature, regardless of hydrogen incorporation. Moreover, the peak 

present at 285.3 eV associated with the C1s S
 transition (C=C) indicates that the films contain 

a small proportion of graphitic phase [57,58] which is presumably located in the grain boundary 

regions and is gradually diminished with hydrogen incorporation in the UNCD film structure. 

In the V
 region of the C K edge, wider but significant peaks within the range of 291.0–292.8 

eV (centred at ~291:9eV) and 293–308 eV (centred at ~295:8eV) are observed and they are 

assigned as V
(C-C) and V
 (C–N and C=N) bonds, respectively [59]. it is observed that the 

S
 peak position in C K-edge XANES spectra shifts with change of hydrogen incorporation 

that implies a structural transformation occurs in the UNCD thin films structure. 

 
 
 
4.3.9 Current (I) – Voltage (V) relationships of UNCD thin films 

 
The I-V characteristics of these N-doped UNCD thin films are shown in figure 4.12. This 

UNCD shows that the current gradually decreases when hydrogen flow rate increases gradually 

during the deposition process. It is also observed that the results do not vary significantly when 

the measurements are repeated without changing the electrode contact i.e. two cycles 

measurements shows the same results indicating the UNCD are very hard materials and very 

useful for low current in hard materials devices. 
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The I–V curve of the UNCD shows a hysteresis loop that indicates the bipolar resistive 

switching effect and shows ferro-electric behaviours. The loop area is not significantly 

changing for all UNCD. The UNCD layer is considered mainly as sp3 bonded carbon and the 

physical properties of UNCD can be modulated by the sp3 bonded carbon on the surface [60]. 

When there is a significant amount of carbons and nitrogen bonded groups formed through 

incorporation of N2 gas during preparation on the UNCD structure, the conductance of UNCD 

is assumed to be high due to reducing the sp3 bonding feature. But with the increase of hydrogen 

flow rate during UNCD preparation the conductivity as well as the area of hysteresis loop 

decreases implies an increase of sp3 content in the UNCD structure. However, these UNCD 

thin films could be useful for the devices, where low current is necessary and in the same time 

materials should be very hard as UNCD is sp3-rich hard materials. 

 
4.3.10 Summary 

 
In conclusion, UNCD thin films were prepared by MW-PECVD system in CH4/N2/Ar/H2 

plasma atmosphere on silicon substrates. In H2 incorporation effects on N-doped UNCD films 

were studied systematically by different spectroscopy and microscopy measurements. XRD and 

surface morphology study shows the formation of needle-like structure UNCD. The XANES 

and Raman spectra have demonstrated the presence of diamond, amorphous carbon and other 

defects in the UNCD films and are consistent with the results of electron field emission data 

and hardness/Young’s modulus values. The highest Hardness (Young’s modulus) of these films 

30 GPa (300 GPa) is correlated with their microstructure, electronic structure and bonding 

properties. The differences in the spectral features of Raman scattering are caused by the 

different scattering cross sections of the amorphous matrix for resonant Raman process when 

changing the excitation energy. The narrow peaks (1332 cm-1) sitting on the background of wide 

bands in the whole 830–1950 cm-1 region indicate the presence of well- 
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definable molecular structural units from the grain boundaries in the studied spatial region 

besides the diamond crystallites and the amorphous carbon matrix. It is also observed that the 

change of small amount of N2 content (see table 1), change their C-sp3 hybridization and hence 

change their conductivity, work function as well as VBM results in change of Young’s modulus 

and hardness of the films. These films are reproducible with the growth conditions and growth 

parameters in correlation with plasma features, and their feasibility to be used for the envisaged 

different electronic and coating technology applications has been established in this work. 
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Chapter 5 

Conclusion and recommendations for future work 

5.1 Conclusions 
UNCD thin films were prepared by MW-PECVD system in CH4/N2/Ar/H2 plasma atmosphere 

on silicon substrates. In H2 incorporation effects on N-doped UNCD films were studied 

systematically by different measurements results. XRD and surface morphology study shows 

the formation of needle-like structure UNCD. The highest Hardness (Young’s modulus) of 

these films 30 GPa (300 GPa) is correlated with their microstructure, electronic structure, and 

bonding properties. C K-edge XANES and Raman spectra have demonstrated the presence of 

diamond, amorphous carbon and other defects in the UNCD films and are consistent with the 

results of electron field emission data and hardness/Young’s modulus values. The differences 

in the spectral features of Raman scattering are caused by the different scattering cross sections 

of the amorphous matrix for resonant Raman process when changing the excitation energy. The 

narrow peaks (1332 cm-1) sitting on the background of wide bands in the whole 830–1950 cm- 

1 region indicate the presence of well-definable molecular structural units from the grain 

boundaries in the studied spatial region besides the diamond crystallites and the amorphous 

carbon matrix. Again, the incorporation of small content of N2 species into Ar plasma modifies 

the microstructure of UNCD films as investigated using electrical measurements. As generally 

defined, the positive voltage applied to the p-type Si side is a forward bias. The hetero-junction 

exhibited a typical rectifying action of p–n junction diodes. UNCD is slightly p-type as grown. 

As nitrogen is added, this material becomes n-type with very shallow activation energy. The 

origin of this conductivity is related to disorder and π bonding at the grain boundaries, which 

introduce states within the gap and band tails, resulting in high carrier concentrations and low 

mobilities. The grown UNCD films are composed of nano-crystalline diamond grains and a 

structurally disordered mixture of sp3/sp2-bonded carbons in the grain boundaries. 
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Upon introducing nitrogen into UNCD films, the most energetically favourable sites should be 

at the grain boundaries, where the lone pair electrons in nitrogen can facilitate the 

transformation of tetrahedral coordinated sites of sp3-like carbon configuration into a three- 

fold-coordinated site of sp2-like carbon arrangement with a perturbed N-doped characteristic at 

the grain boundaries. Thus, the incorporation of nitrogen into UNCD films could lead to an 

increase in amorphous sp2-bonded (π-) carbon phase by the formation of conjugated networking 

of the chain-like sp2 and sp1 hybridized with N-doped structures together with aromatic carbon 

clusters in the grain boundaries as evidenced by the results of Raman and XPS spectral 

investigations. 

 
5.2 Recommendations for future work 

 
In this present work, the UNCD are synthesized using different gas flow as listed in table 1; 

where N2/Ar gas flow ratio kept constant for all UNCD i.e. 5 sccm and hydrogen gas flow was 

varied 0 sccm to 20 sccm. 

In our future work, it is proposed to prepare the UNCD films by changing the N2/Ar gas flow 

ratio by 10 sccm, 15 sccm and 20 sccm respectively and the hydrogen gas flow will be the same 

as our preset work i.e. varied from 0 sccm to 20 sccm. Our motivation will be the change of 

structural properties with their electrical behaviour. 
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A B S T R A C T 
 

Ultra-nano-crystalline diamond (UNCD) thin films with average thickness ∼200 nm, were grown on n-type 
mirror polished silicon (100) substrates using microwave plasma enhanced chemical vapour deposition system 
in different gas (H2 - N2 - Ar- CH4) composition plasma atmospheres at 1200 W (2.45 GHz) and in a pressure of 
120 Torr with plasma-temperature ∼475 °C. Raman spectroscopy was used for microstructural study and nano- 
indentation was used for Hardness/Young’s modulus study; whereas X-ray absorption near edge structure, X-ray 
photoelectron and ultraviolet photoemission spectroscopies were used for electronic structure of UNCD thin 
films. The hardness of the films is found to be ∼30 GPa, Young’s modulus ∼300 GPa and induced electron 
field emission, the turn on electric field, ETOE = 11 V/μm. All results show that the UNCD could be useful for 
different industrial semiconductor/optoelectronic devices and as flexible materials for thin film coating 
technology. 

 
 

 
 

1. Introduction 
 

Ultra-nano-crystalline diamond (UNCD) thin films has ultra-small 
diamond grains ranging between 5–10 nm and smooth surface char- 
acteristics with a special form of diamond films. UNCD is now a ma- 
terial of research interest because of its exclusive granular structure [1] 
and it has been the subject of a large interest since the establishment of 
its deposition more than 30 yearsago. UNCD films are more than 90% 
sp3 character with grain boundaries having a mixture of sp2, sp3, hy- 
drocarbon, and amorphous carbon (a-C). In this mixture sp2 character is 
predominant [2]. Because of an outstanding crystal structure compared 
to other forms of diamond films (microcrystalline or nano-crystalline), 
UNCD has an excellent mechanical and optical properties, high surface 
area and tuneable surface structure [3], high surface acoustic wave 
velocity, high electron mobility, high thermal conductivity, and good 
chemical and thermal stability. UNCD is also a material of interest for 
fabrication of high performance electronic devices applied in high 
temperature and heavy radiation environments [4] and application 
such as cold cathode field emitters and other vacuum microelectronic 
devices [5]. In addition these UNCD could be useful for drug discovery, 
drug delivery, biomedical implants and cell purifiers, microfluidics, 
inertial navigation, printing, various sensors, night vision, IR emitters, 
telephone/DSL switching, RF devices, power management, and several 
others [4,5]. 

 
Differentprocesseshavebeenused to synthesis UNCD films [6–8]. 

Gruen et al. have deposited nano-crystalline diamond films on scrat- 
ched Si(100) from hydrogen-poor argon plasma using fullerenes as 
growth precursors [9]. Chakrabarti et al. obtained nano-diamond 
crystallites by introducing camphor into the CVD chamber [10]. Adding 
N2 and/or N2/Ar to a plasma with a high methane concentration can 
also produce nano-crystalline diamond [11,12]. With all processes/ 
techniques followed/adopted to synthesise the films, a reproduction of 
UNCD films with properties suitable for specific applications requires 
the optimized and controllable growth process. In this case, different 
stable process parameters ensuring the reproducibility of growth con- 
ditions and their influences on the film characteristics can be in- 
vestigated in correlation with plasma features. 

In this work, the UNCD thin films were synthesized by controlling 
the composition of H2 - N2 - Ar - CH4 gases, such that the estimated C- 
content is ≥95 at% and (O2+N2)-content is < 5 at% for the mod- 
ification of microstructural, electronic and transport properties of 
UNCD films for different electronic devices and coating technology 
applications. In thiswork, we have used low concentration nitrogento 
make defect induced UNCD films; where nitrogen- carbon bonding is 
formed and nitrogen is not adhere on the surface of UNCD. We have 
used X-ray absorption near edge structure (XANES) spectroscopy, X-ray 
photoelectron spectroscopy (XPS), ultra-violet photoemission spectro- 
scopy (UV-PES), X-ray diffraction pattern (XRD), Fourier transform 
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infra-red spectroscopy (FTIR), Raman spectroscopy, field-emission 
scanning electron microscopy (FE-SEM) images, nano-indentation 
(Hardness, Young’s modulus) for study different properties of synthe- 
sized UNCD thin films. A correlation of micro- and electronic structure 
with mechanical properties of the films have been explained and the 
feasibility of using the material for envisaged electronic and coating 
technology applications was established. 

 
2. Experimental details 

 
The UNCD thin films were grown on n-type mirror polished silicon 

(100) substrates using microwave plasma enhanced chemical vapour 
deposition (MW-PECVD) system. The silicon (100) substrates were first 
ultrasonically cleaned by acetone to remove native-oxides and any 
other surface contamination and then dipped in 40% HF solution for 1 
min to etch the surface oxide layer, followed by ultra-sonication in 
diamond powder (30 nm) slurry of methanol solution. The substrates 
with diamond powder (30 nm) slurry of methanol solution, wereagain 
ultrasonically cleaned and dried by blowing pure N2 gas. The UNCD 
films were grown atdifferent composition gas plasma atmospheres at 
1200 W (2.45 GHz) in a 120 Torr chamber pressure. The total gas flow 
rate was 100 sccm; which contains 85−90 sccm CH4+Ar, 5–10 sccm 
H2 with 5 sccm of N2 gas. No external heater was used and the substrate 
temperature was estimated to be ∼475 °C during the growth of the 
UNCD films, which was presumably heated due to the bombardment of 
the plasma species. The thickness of the UNCD films was ∼200 nm, 
which was estimated from a cross-sectional field emission scanning 
electron microscopic image as described in details elsewhere [13,14]. A 
very few amount of nitrogen content (0.48−1.32 at %) was found in 
the UNCD film structure that was estimated from the elemental and 
compositional analysis XPS measurements. The microstructural, elec- 
tronic and bonding properties were studied using XRD, FE-SEM, FTIR, 
Raman, XANES, XPS and UV-PES techniques. Raman measurements 
were carried out using LASER excitation wavelengths ∼532 nm with 
the LASER beam spot size ∼1 μm and the incident power was ∼1 mW. 
The XPS and UV-PES measurements were carried out with spatial re- 
solution of < 3 μm using KRATOS AXIS X-ray photoelectron spectro- 
meter at UNISA (Florida Science Campus), South Africa. The nano- 
mechanical characterizations of UNCD films were measured using a 
nanoindenter. The C K-edge XANES spectra were measured using the 
HSGM beam line at the Taiwan light source, Hsinchu, Taiwan. The 
Electric Field Emission (EFE) measurements were also performed using 
Keithley power supply. 

3. Results and discussion 
 

Fig. 1(a) shows XRD patterns for the UNCD films grown with 1.32%, 
0.92% and 0.48% N2 concentration. Different nitrogencontent (i.e. N2 

at%) present in UNCD films were estimated from XPS spectra and are 
discussed later with the elemental/quantificational analysis tabulated 
in Table 1. Each spectrum of UNCD has relatively sharp and narrow 
diffraction  peaks  with  2θ  values  of  ∼44.4°  and  ∼75.4°  that  can be 
ascribed to the diffraction of the (111) and (220) 
crystallographic planes of the cubic diamond respectively [15,16]. 
Apart from these two diamond peaks, two shoulders observed at 
∼24.4° (For N2 ∼ 0.48 at% and ∼0.92 at%) and ∼37.7° (For N2 

∼ 1.32 at%) respectively are assigned to (002) and (004) sp2-diamond 
peaks. XRD analysis is usually used to characterize the nano- 
crystalline nature and the full width at half maximum (FWHM) of the 
films. The (111) and (220) peaks at 
∼44.4° and ∼75.4° are diamond peaks. The (111) diamond peak in the 
diffraction patterns of the films is slightly broadened because of the 
non-crystalline structure of these films. The average crystallite size of 
the UNCD can be estimated from the line widths using the Scherrer 
formula, d = 0.9λ / (B × cosθ); where λ =0.1541 nm is the x-ray 
wavelength, B is the FWHM of the diffraction peak, and θ is the Bragg 
angle. The estimated crystal size is approximately ∼5−7 nm. 
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Fig. 1(b–d) shows the surface morphology of UNCD films deposited 
onthe siliconsubstrates with different N2 concentrations from 1.32 at. 
% →0.92 at.% →0.48 at.%. A Surface morphology of the films shows 
densely packed homogeneously needle-like clusters distributed UNCD 
grains looking like diamond nanowires [17]. It can be seen that the 
grain size varies slightly with N2 concentration and the average grain 

size is ∼6 nm when N2 concentration is 1.32%. It is also observed 
that the UNCD needle-like clusters are similar for the films having 
higher nitrogen concentration (1.32 at% & 0.92 at%) but become 
more ag- glomerated at low N2-concentration (0.48 at%). It could be 
clearly seen that when the N2-content was 1.32 at% the surface of 
diamond films was the smoothest and the grains size was the finest 

among these films. The FT-IR absorption spectra of UNCD thin films 
shows different vibration  modes  in  the  range  400–3800  cm−1 

[18] as shown in Fig. 1(e). Thediamond crystallitescontainall of 
sp3-hybridized carbon atoms and both of the sp3-hybridized and sp2- 
hybridized carbon atoms are present in the grain boundaries of the 

diamond films. In this case, oxygen phenomena will occur more easily 
in the grain boundaries since more dangling bond exist. Other several 

absorption bands are observed in the spectral range 2800−3100 
cm−1, which arise from C-H stretch vibrations, suggesting an 

hydrogenation process on UNCD film surfaces, which was achieved 
during synthesis process. The C-H vibrational fre- quencies could be 
assigned according to the type of carbon hybridiza- tion (sp3, sp2 or 
sp1) and to the type of group (C-H3, C-H2, or C-H). The C-H stretch 

frequency depends weakly only on the arrangement of the more 
distant neighbours, suggesting the incorporation of hydrogen on 

non-crystalline or defective region of the films. A several bands in the 
region 1020–1370 cm−1, usually assigned to the C-O-C stretching vi- 
bration, suggest that the UNCD films are oxidized during growth pro- 
cess [18]. The peak observed at ∼2375 cm−1  is due to environmental 
CO2 and/or C-N bonds [19]. 

Fig. 1(f) shows the Raman spectra of UNCD films deposited with 
different nitrogen concentration viz. ∼1.32 at%, ∼0.92 at% and 
∼0.48 at% in CH4-rich atmosphere (≥85 sccm). The typical different 
spectral features  are  (i) a broad  band  at ∼1332  cm−1  from nano- 
diamond,  (ii)  the  broad  band  of  the  range  ∼1380−1630  cm−1 

(centred  at  ∼1554 cm−1)  which  is  sp2-bonded  carbon  features  for 
graphite D & G-bands, and (iii) the C-H vibration characteristics of 
short-chain conjugated trans-polyacetylene (t-PA) phases originating 
from the grain boundaries of  UNCD  films  at  ∼1193  cm−1  together 
with a  weak  peak at ∼1460 cm−1  [20]. This t-PA-phase peaks are 
considered as the fingerprint for UNCD films [21] that are more 
prominent in these UNCD films. This further indicates the presence of 
extensive hydrogenated network in the grain boundaries. The 
graphite D & G-bands, possibly in the grain boundaries indicates the 
presence of amorphous and graphite phases occupying the grain 
boundaries. The (ID/IG) ratio related with (sp2/sp3) ratio increases with 
N2-content and could be correlated with the crys- tallite size. The 
observed results obtained from Raman spectra confirms that all films 
prepare/synthesized are indeed UNCD films. This increase in the ratio 
could be due indicating that either the material becomes lees of sp3 
or more of sp2 hybrids as N2 content increases. In any case, this 
increase of the ratio is associated with increase of electrical con- 
ductivity of the UNCD material. 

The Mechanical properties,Young’s modulus (a–c), hardness (d–f) 
and load (g–i) as a function of displacement are shown in Fig. 2 (a–c), 
2(d–f) and (g–i) respectively. In all measurements the penetration depth 
was limited at 4 mN (approximatively 90 nm of penetration) to mini- 
mize the influence of the substrate. Three points were tested in each 
UNCD with the same pressed depth. The residual pressed depths of 
UNCD, which is synthesized with N2-content ∼0.48 at% is lower than 
those of the UNCD’s which were made with higher N2-content(1.32 at 
% and 0.92 at%), which implies that the films of N2-content 1.32 at%, 
0.92 at% and have better elastic recovery ability. The curves of three 
UNCD whose modulus and hardness change with pressed depth are 
shown in Fig. 2(a–c) & 2(d–f). The Young’s modulus and the Hardness 
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Fig. 1. Figure 1. (a) XRD, (b-d) Scanning Electron Microscopy mages, (e) FTIR and (f) Raman spectra. 

 

14−30 GPa [Fig. 2(d–f)] respectively that are comparable with the 
reported values [22,23]. On a first view, the values of Hardness and the 
Young’s modulus found for our UNCD films seem to be decrease with 
decreases of N2 (at%) concentrations. These results can be explained by 
the presence of the amorphous carbon matrix located in the grain 
boundary regions of the UNCD films. It is well known that the Hard- 
ness/Young’s modulus is depends on the sp3 and/or sp2-content pre- 
sence in the UNCD structure. With increase of sp3-content in UNCD, the 
Hardness/Young’s modulus is increases; whereas with increase of sp2- 
contents, opposite trend is observed. In our N-UNCD films, with in- 
crease of N-at%, the sp3-content decreases and hence the Hardness/ 
Young’s modulus decreases. The Hardness/Young’s modulus of these 
UNCD is four times lesser than single crystal natural diamond and is 
most suitable for different electronic devices and coating technology 
applications. 

To understand the change in electronic structure of the UNCD films, 
a details investigation on the electronic and their bonding structure 
were carried out using XANES, XPS and UPS techniques. Fig. 3 shows 
the normalized C K-edge XANES spectra of UNCD films deposited with 
different nitrogen (at%) concentration. In these spectra, the UNCD films 
clearly ascertain that the major part of the carbon is the sp3 diamond 
phase with a smaller amount of sp2 graphite phase distributed the films. 
The small peak π*-band marked in the figure is related with graphitic 

structure (C=C) and a shoulder described as C–H bonds are observed at 
∼285.5 eV and ∼287:5 eV, respectively [24]. It is clear that the 
in- tensity of the π*-band decreases, whereas C–H bonds gradually 
increase with decrease (increase) of nitrogen (hydrogen) 
incorporation in the UNCD film structure in all XANES spectra (see Fig. 
3, inset below right after background subtraction, using a best 
Gaussian line fit). A sharp peak at ∼290 eV corresponds to the 
diamond electron core excitation of C 1s σ* (C–C) transitions i.e., the 
sp3 diamond phase [24,25]. A dip observed at ∼302.1 eV attributed 
to the second absolute band gap for the diamond materials [24,25]. 
This clearly illustrates that most of the films retain an sp3-bonding 
nature, regardless of nitrogen (hydrogen) incorporation. Moreover, 
the peak present at 285.3 eV associated with the C 1s π* transition 
(C=C) indicates that the films contain a small proportion of graphitic 
phase [26,27], which is presumably located in the grain boundary 
regions. The σ* region of the C K edge is wider but significant peaks 
within the range of 291.0–292.8 eV (centered at 
∼291:9 eV) and 293–308 eV (centered at ∼295.8 eV) are observed and 
they are assigned as σ* (C=C) and σ* (C–N and C=N) bonds, respec- 
tively [27]. These films possess low sp2 graphite phase implying a low 
electrical conductivity of the UNCD materials. We have estimated the 
C=C contentfromthe integrated π* region thattabulated in Table 1. It 
is found that the C=C content is higher (for N2 ∼0.9 at%) and its ETOE 

= 11.2 V/mm, the lowest value among these UNCD films. 

 
Table 1 
Elemental composition/quantification analysis results, Raman (ID/IG) ratio, Young’s Modulus/Hardness, turn on electric field (ETOE) of synthesized UNCD thin film. 

Gasses flow (sccm)  XPS elemental and quantification (at 
%) 

Nitrogen (%) ID/IG 

ratio 
Young’s modulus 
(Hardness) GPa 

From XANES (arb. 
unit) 

Turn on electric field, ETOE 

(V/μm) 

CH4+Ar N2 H2 
 C O N      N 

(C+N) 
     N 
(O+N) 

  (π*) C-H  

 

90.0 5.0 5.0 96.35 2.32 1.32 1.4% 36.3% 0.95 300 (30) 0.24 1.52 13.6 



4 
 

87.0 5.0 8.0 95.34 3.73 0.92 0.9% 19.8% 0.57 250 (24) 0.39 0.73 11.2 
85.0 5.0 10.0 96.40 3.12 0.48 0.5% 13.3% 0.53 160 (14) 0.25 1.17 15.0 
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Fig. 2. Figure 2. Young's modulus (a-c), Hardness (d-f) and load (g-i) as a function of displacement. 

 
 

 
Fig. 3. -Figure 3. C _k edge XANES spectra of pai* region shows in the inset. 

The elemental and quantificational analysis of all UNCD films were 
performed using XPS spectra that are tabulated in Table 1. The de- 
convoluted core level C 1s XPS spectra of UNCD films synthesized with 
different N2-content are given in Fig. 4 (a–c). The C 1s spectra are de- 
convoluted in different components and are marked as peak –I, peak –II, 
peak – III and Peak – IV, respectively. The peak-I at binding energy 
∼283.4 ± 0.3 eV and peak –II at ∼285.3 ± 0.2 eV corresponds to sp2 
C=C and sp3 C-C hybridization bonding structures respectively [17]. 
The other two peaks at ∼286.5 ± 0.4 eV and 287.2 ± 0.3 eV corre- 
spond to sp2-hybridization bonding structures of C atoms bonded to N 
atoms  (sp2  C]N)/C-O-C  bonds  and  sp3-hybridization  bonding  struc- 
tures of C atoms bonded to N atoms (sp3 C–N), respectively and their 
relative intensities, peak width are tabulated in Table 2a . These two 
peaks indicate the formation of a chemical bond between C and N 
atoms after the incorporation of nitrogen and this is in agreementwith 
N 1s XPS spectra of UNCD films shown in Fig. 4(d–f). The peak at 399.8 
eV within the range 397.0–402.5 eV is the contribution of N-sp3 C and 
N-sp2 C [28,29] further confirming the formation of chemical bonds 
between C and N atoms in UNCD structures. Fig. 4(g–i) show the de- 
convoluted O 1s XPS of UNCD films, where two peaks at ∼529 eV and 
532 eV correspond to O-C/ N-O and O=O bonds, respectively [21]. De- 
convoluted C 1s, O 1s, and N 1s XPS parameters viz. peak positions, 
peak width and peak intensities of synthesized UNCD films are tabu- 
lated in Table 2a. As mentioned above, the N–peak is observed in the N 
1s XPS within the range 397.0–402.5 eV and this peak is ascribed as the 
chemical bonding between C and N atoms that further confirms the 
formation of nitrogen doped UNCD films and this low concentration 
(0.48–1.32 at%) nitrogen is properly doped that formed carbon ni- 
trogenbondsand the nitrogen is notonthe surface of UNCD. It is found 
thatwith increase of N2-at% concentration, C 1s (I) first decrease and 
then increase as indicated table-II; which is very unlikely. Again, the 
[N/(N+C)] and [N/(N+O)] ratios are different as shown in table-I. 
This change implies that carbon is not only bonded with nitrogen but 
also with oxygen in the matrix of N-UNCD film structure. As the N 1s 
XPS peak is within the range 397.0–402.5 eV; which is the combination 
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Fig. 4. -Figure 4. C 1s (a-c), N 1s(d-f) and O 1s (g-i) XPS spectra. 

 

Table 2a 
Different (a) C 1s, (b) O 1s, (c) N 1s XPS parameters obtained from convoluted C 1s XPS Spectra of UNCD synthesized at different hydrogen flow rate (sccm) 
with constant N2/Ar flow =5 sccm. 

N2  (at%)   C 1 s XPS → Peak I (sp2-C) Peak II (sp3-C) Peak III (sp3-C) Peak IV (sp3-C) 
 

Position 
x1 (eV) 

 
Width 
Δw1 

 
Intensity 

 
 

Positio 
n x2 
(eV) 

 
Width 
Δw2 

 
Intensity Position 

x3 (eV) 

 
Width 
Δw3 

 
Intensity 

 
 

Positio 
n x4 
(eV) 

 
Width 
Δw4 

 
Intensity 

 
 

 

(eV) Area Height 
a1(a.u.) h1(a.u.) 

(eV) Area Height 
a2(a.u.) h2(a.u.) 

(eV) Area Height 
a3(a.u.) h3(a.u.) 

(eV) Area 
a4(a.u.) 

Height 
h4(a.u.) 

 
 

1.32 283.4 1.25 2016 1281 285.1 1.19 74,053 49,737 286.1 1.69 63,470 30,041 286.9 2.41 31,419 10,414 
0.92 283.1 1.93 9359 3868 285.3 1.33 59,812 35,952 286.5 2.31 79,270 27,403 287.0 3.53 16,947 3827 
0.48 283.7 1.90 4554 1913 285.5 1.57 110,350 56,102 286.9 1.47 34,895 18,877 287.5 2.21 18,794 6795 

O 1s XPS → Peak I Peak II N 1s XPS → Peak I Peak II 
1.32 528.6 1.08 53 39 532.4 2.48 11,869 3810 399.8 2.02 1696 669 – – – – 
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0.92 529.8 1.74 2416 1108 532.3 2.39 14,926 4986 399.8 2.23 1653 590 – – – – 
0.48 529.7 1.59 635 319 532.4 2.40 12,997 4312 399.8 2.13 1268 474 – – – – 
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ofdifferentatom(Carbon andoxygen) bondednitrogen viz. (i) the 
peak below 400 eV to nitrogen bonded to sp3 carbon (N– sp3 C), 
and the peaks above 400 eV, to nitrogen linked to sp2 carbon (N– sp2 
C), on the basis of the values of binding energy for urotropine (N– sp3 
C) at 399.4 eV and pyridine (N– sp2 C) at 399.8 eV, respectively 
[28,29]. The N-O 

bonds also possibly formed within this UNCD matrix because N-O peak 
is generally observed at 402 eV in N 1s XPS spectra. 

We have measured UPS using He-I (hν = 21.22 eV) and He – II (hν 
= 40.81 eV) excitation energy and the results are shown in Figs. 5(a) 
and (b) respectively. Fig. 5(a) shows the VB-edge (high K.E. slope ≈ 
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Fig. 5. -Figure 5. UPS spectra (a) He-I for evalute work function and VBM; (b) He-II for valence band states. 

 

Table 2b 
Different UPS parameters obtained from convoluted UPS (He-II) Spectra of UNCD synthesized at different hydrogen flow rate (sccm) with constant N2/Ar flow = 5 
sccm. 

N2 (at%)  UPS (He-I), hν = 21.22 eV UPS (He-II), hν = 40.81 eV 
 

 
   

Peak I (p-σ) 
  

 

Peak II (mixed of s- and p- state) 
 

Peak III (s- state) 
 

 Work 
Function, Φ 
(eV) 

Valence-Band 
Maximum, (VBM) 
(eV) 

 Position x1 Width Intensity  Position x2 Width Intensity  Position Width Intensity 

    (eV) Δw1 (eV) a1(a.u.)  (eV) Δw2(eV) a2(a.u.)  x3(eV) Δw3 (eV) a3(a.u.) 

1.32 3.93 3.60  6.6 3.15 45.56  9.5 3.55 46.67  14.2 1.60 7.77 
0.92 3.84 2.97  7.6 3.73 70.36  10.6 2.49 22.29  14.3 1.52 7.35 
0.48 3.68 2.26  7.5 4.38 73.38  10.3 2.62 18.70  14.3 2.01 7.92 

 
 

converted into binding energy) and secondary electron cut-off (low K.E. 
slope) of the He-I (∼21.22 eV) spectra of UNCD films. These UPS va- 
lence band spectra are dominated by p-electron states due to the much 
higher excitation cross-section at these low photon energies [30]. The 
Surface work function of these UNCD films were derived from sec- 
ondary electron cut-off low kinetic energy slope as shown in left panel 
of Fig. 5(a). Aworkfunction (Ф) of 4.37 eV is obtainedforthe reference 
Ag film. The Ф values of 1.32 at%, 0.92 at% and 0.48 at% N-doped 
UNCDs are 3.93 eV, 3.84 eV, and 3.68 eV respectively. The valence 
band maximum (VBM = Ef − EVB) were estimated from the slope of 
each VB-edge spectra that are 3.60 eV, 2.97 eV, and 2.26 eV respec- 
tively, and shown in right panel of Fig. 5(a). From the obtained Ф and 
VBM values, we can roughly estimate the band gaps of these UNCD that 
are related with density of states (DOS) and/or work-functions in these 
UNCD films. It is found that the work-functions as well as VBM are 
decreases with decrease of N at%-content in these UNCD films. The 
work functions and VBM of N-doped UNCD are tabulated in Table 2b. 
The decrease of VBM also implies the increase of DOS that implies the 
decrease of band gaps. In order to understand the role of N2/H2/CH4 

gases in controlling the electronic structure, the valence-band spectra 
obtainedby the excitation energy Eex = 40.81 eVaredecomposed into 
three Gaussian peaks after subtracting a Gaussian line, as shown in 
Fig. 5(b). These peaks are described as p-σ (6.6 eV – 7.6 eV: peak I), a 
mixture of s and p states (9.5–10.6 eV: peak II), and s (14.3 eV: peak III) 
bands of carbon, respectively [31]. A similar study were made by 
Francz et al. [32] for CVD-diamonds and they found a peak near ∼13 
eV and assigned as “diamond” peak. Comparing our spectra, with this 

peak we may assigned the peak observed at ∼14 eV is “diamond peak”. 
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4. Conclusion 
 

UNCD thin films were prepared by MW-PECVD system in 
CH4/N2/ Ar/H2 plasma atmosphere on silicon substrates. XRD 
and surface morphology study shows the formation of needle-like 
structure UNCD. The highest Hardness (Young’s modulus) of these 
films 30 GPa (300 GPa) is correlated with their microstructure, 
electronic structure and bonding properties. We have shown that the 
change of small amount of N2 content (0.48→0.98→1.32 at%), 
change their C-sp3 hybridization and hence change their 
conductivity, work function as well as VBM results in change of 
hardness and Young’s modulus of the UNCD films. These films are 
reproducible with the growth conditions and growth parameters in 
correlation with plasma features, and the feasibility of them to be 
used for the envisaged different electronic and coating 
technology applications has been established in this work. 
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