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Abstract

This thesis employs experimental and theoretical methods to characterise carbon nitride

solids and proposes a general structural model for amorphous carbon nitride (a−C:N).

It finds that a−C:N deposited by several methods is essentially identical, with similar

bonding environments for carbon and nitrogen atoms. Using evidence from several

techniques, the saturation of nitrogen in an sp2 carbon matrix is discussed. The exper-

imental studies on a range of carbon nitride solids show no evidence for a crystalline

form of carbon nitride. In addition to the experimental characterisation of a−C:N, ab

initio molecular dynamics were used to investigate bonding and structure in carbon

nitride. These simulations show that the most common form of nitrogen bonding was

three-fold sites with a lone pair of electrons. Two-fold nitrogen sites were also found

in agreement with experimental findings. An increase of nitrogen in a−C:N decreases

the sp3-carbon fraction, but this is not localised on the nitrogen and the effect is most

severe at high densities. A simulation of a low density/high nitrogen content network

shows that the nitrogen saturation seen experimentally may be due to the formation

of N2 dimers and C-N molecules which are easily driven out of the structure. The

ab initio simulations also explore the nature of charged nitrogen and carbon sites in

a−C:N. An analysis based on Wannier Function centres provided further information

about the bonding and allowed for a detailed classification of these sites. The removal of

electrons from the networks caused structural changes that could explain the two-state

conductivity in ta-C:N memory devices. Finally, a theoretical study of the electron

energy-loss near-edge structure (ELNES) calculated using multiple scattering theory is

presented. The calculated ELNES of diamond, graphite and boron, silicon and carbon

nitride structures compare well to experiment and supports the experimental finding

that no crystalline carbon nitride had (or has) been produced. These ELNES calcu-

lations will however, provide a means of identifying crystalline β-C3N4 should it be

synthesised.
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4.3.1 Nóse-Hoover Thermostats . . . . . . . . . . . . . . . . . . . . . . 105

4.4 Computational Details . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

4.5 Bonding in simulations of amorphous materials . . . . . . . . . . . . . . 108

xi



Contents

4.5.1 Wannier Functions . . . . . . . . . . . . . . . . . . . . . . . . . . 112

4.6 Simulations of Substituting N into ta-C . . . . . . . . . . . . . . . . . . 113

4.7 Studies using Liquid Quench Method . . . . . . . . . . . . . . . . . . . . 115

4.7.1 Analysis of WFC-Nitrogen-Carbon partial g(r)’s . . . . . . . . . 119

4.7.2 Ring Statistics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

4.7.3 Comparison of angular statistics to other simulations . . . . . . . 125

4.7.4 Comparison to neutron diffraction data . . . . . . . . . . . . . . 127

4.7.5 Bulk Modulus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

4.7.6 Electronic Density of States . . . . . . . . . . . . . . . . . . . . . 127

4.7.7 Calculations using the LSD approximation . . . . . . . . . . . . 131

4.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

5 ELNES of graphite, diamond and . . . 138

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

5.2 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

5.2.1 ELNES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

5.2.2 Difference between ELNES and EXELFS . . . . . . . . . . . . . 140

5.2.3 Calculation of ELNES . . . . . . . . . . . . . . . . . . . . . . . . 141

5.3 The MS Calculation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

5.3.1 Dipole Selection Rules . . . . . . . . . . . . . . . . . . . . . . . . 143

5.3.2 Atomic Wavefunction Calculations . . . . . . . . . . . . . . . . . 145

xii



Contents

5.3.3 Evaluation of Multiple Scattering . . . . . . . . . . . . . . . . . . 146

5.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

5.4.1 Diamond and Graphite Carbon K- edges . . . . . . . . . . . . . . 147

5.4.2 Boron and Nitrogen K-edges in h-BN and c-BN . . . . . . . . . . 151

5.4.3 Nitrogen K-edges in Carbon and Silicon nitride . . . . . . . . . . 152

5.5 Comparison of β-C3N4 C and N K edge ELNES to c-BN and diamond . 154

5.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

6 Conclusion 164

6.1 Identification of crystalline carbon nitride . . . . . . . . . . . . . . . . . 164

6.2 Structure of a−C:N . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

6.3 Future Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

xiii



List of Figures

1.1 C3N4 crystal structures proposed by Liu and Wentzcovitch (1994) . . . 6

1.2 Histogram plot of publications about carbon nitride (1993–2000) . . . . 7

1.3 Transmission Electron micrograph and diffraction pattern (Chen et al.)

compared to a multislice calculated pattern of β-C3N4 (Merchant) . . . 9

1.4 A phase diagram for amorphous carbon nitride, Kleinsorge (1999) . . . 14

1.5 Raman spectroscopy of e-beam deposited a−C used as a stripper foil. . 18

1.6 A thin film transistor utilising ta−C . . . . . . . . . . . . . . . . . . . . 19

2.1 A schematic of the filtered cathodic arc. . . . . . . . . . . . . . . . . . . 28

2.2 Schematic for hot-filament CVD deposition. . . . . . . . . . . . . . . . . 31

2.3 Part of an energy filtered glassy carbon diffraction pattern. . . . . . . . 35

2.4 Scattering of an electron wave by an atom wave vector k0 . . . . . . . . 36

2.5 The experimental G(r) for glassy carbon . . . . . . . . . . . . . . . . . . 39

2.6 Schematic of energy-filtered electron diffraction pattern collection in a

TEM. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

2.7 Experimental I(s) and Nf 2(s) for glassy carbon. . . . . . . . . . . . . . 42

xiv



LIST OF FIGURES

2.8 φ(s) from glassy carbon: as collected & with Lorsch damping. . . . . . . 43

2.9 A typical EELS spectrum collected from a cathodic arc deposited carbon

nitride . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

2.10 A Parallel Electron Energy-Loss Spectrometer schematic (Gatan Model

666). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

2.11 The probability of inelastic scattering as treated by Poisson statistics. . 51

2.12 Fitting of hydrogenic cross-sections for a core-loss quantification in EELS. 55

2.13 The incident and collected sub-angles α and β for EELS in a TEM. . . . 57

3.1 A cross-sectional dark field STEM image of a cathodic arc deposited

a−C:N film, sample CN50. . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.2 Using a high-resolution electron probe, an EELS linescan of a−C:N can

be collected revealing compositional variations on a scale of 20nm. . . . 66

3.3 Using a high-resolution electron probe, an EELS linescan reveals varia-

tions of plasmon energy and “thickness”. . . . . . . . . . . . . . . . . . . 66

3.4 in situ annealing of a−C:N - atomic composition variation with temper-

ature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

3.5 in situ annealing plasmon energy variation with temperature. . . . . . . 68

3.6 Carbon K-edges for amorphous carbon nitrides (a−CN) . . . . . . . . . 70

3.7 Using a high-resolution electron probe, an EELS linescan of a−C:N can

be collected revealing variations of sp2 fraction on a scale of 20nm. . . . 71

3.8 Nitrogen K-edge for cathodic arc and nitrogen implanted glassy carbon

a−CN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.9 in situ annealing of a−C:N - Carbon K-edge variation with temperature 73

xv



LIST OF FIGURES

3.10 in situ annealing nitrogen K-edge variation with temperature . . . . . . 74

3.11 The electron diffraction pattern of a−CN reveals an increase in the {002}

layering compared to a−C deposited under the same conditions . . . . . 76

3.12 Reduced density functions G(r) for GC, a−C and a−CN reveal short

range order in the materials. . . . . . . . . . . . . . . . . . . . . . . . . . 77

3.13 Theoretical G(r) functions for crystalline carbon nitrides for several

structures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

3.14 IR spectra of a−CN and a−C reveals a nitrogen activated the C=C

mode in a−CN. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

3.15 Raman Spectroscopy is used to determine the amount of graphitic and

disordered sp2-bonded carbon in a−CN samples. . . . . . . . . . . . . . 82

3.16 Scanning electron micrographs of “carbon nitride” deposited using hot

filament and microwave assisted CVD . . . . . . . . . . . . . . . . . . . 84

3.17 EDS spectrum for diamond deposited onto Silicon substrates using HF-

CVD with a CH4/H2/N2 gas mixture. . . . . . . . . . . . . . . . . . . . 85

3.18 Scanning electron micrographs and an EDS spectrum of silicon nitride

deposited using microwave CVD. . . . . . . . . . . . . . . . . . . . . . . 88

3.19 STEM micrographs of reactively sputtered amorphous carbon nitride. . 89

3.20 EELS Carbon K-edge for three carbon nitride samples deposited by three

different techniques. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

3.21 EELS nitrogen K-edge for three carbon nitride samples deposited by

three different techniques. . . . . . . . . . . . . . . . . . . . . . . . . . . 90

3.22 Radial distribution function G(r) of reactively sputtered amorphous car-

bon nitride compared to cathodic arc sample CN50 . . . . . . . . . . . . 90

xvi



LIST OF FIGURES

3.23 A STEM micrograph of Plasma-assisted CVD deposited carbon nitride. 91

3.24 A tilted SEM micrograph of ion-implanted glassy carbon reveals small

pin-holes not present in the un-implanted sample. . . . . . . . . . . . . 94

3.25 A phase diagram for amorphous carbon nitride, Kleinsorge (1999) show-

ing path of annealing experiment. . . . . . . . . . . . . . . . . . . . . . . 95

4.1 Evolution of Ion temperature from melting of simple cubic lattice . . . . 107

4.2 Electron density isosurfaces of increasing electron density, highlighting

nitrogen atoms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

4.3 Image showing an electron density isosurface before and after an electron

charge is removed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

4.4 ELF function showing a three-fold N atom bonded to three four-fold C

atoms in an amorphous carbon nitride simulation. . . . . . . . . . . . . 111

4.5 Electron density showing a density isosurface before and after a geometry

optimization. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

4.6 Electron density showing a density isosurface before and after a geometry

optimization. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

4.7 Typical arrangements of WFCs around carbon ions. . . . . . . . . . . . 116

4.8 Typical arrangements of WFCs around nitrogen ions. . . . . . . . . . . . 117

4.9 The partial correlation functions C-WFC (dash), N-WFC (shaded) and

WFC-WFC (dot) for the six simulations. . . . . . . . . . . . . . . . . . . 122

4.10 An image of the 2.00 g/cm3 C44N20 network showing two nitrogen dimers.123

4.11 Eight nitrogen 2.45g/cm3 structure revealing fullerene like layering con-

taining 5-, 6- and 7-membered rings as suggested by Sjöström (1995). . 126
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