An investigation of carbon nitride

Alexander Raymond Merchant

A thesis submitted for the degree of
Doctor of Philosophy
at the University of Sydney

Australia

July 2001



To Tanya. For truth, beauty, freedom and above all things, love.

Suddenly the world seems
Such a perfect place,
Suddenly it moves with
Such a perfect grace ...
Sing out this song,

T'll be there by your side.
Storm clouds may gather
And stars may collide.
But I love you, until

The end of time.

— “Come What May”,
Written by David Baerwald.



Declaration of originality

Chapter 3 of this thesis is based on two papers by the author, D. G. McCulloch, D. R.
McKenzie, Y. Yin, L. Hall, and E. G. Gerstner! and D. G. McCulloch and the author?.
The IR spectra in Section 3.2.9 were collected with the assistance of Y. Yin. The Raman
spectra were collected by D. G. McCulloch. The HF-CVD samples were deposited with
the assistance of D. Barbara and L. Kostidis from the University of Melbourne. The
SEM image of nitrogen implanted glassy carbon was taken by D. G. McCulloch. The
plasma-assisted CVD deposited carbon nitride sample was provided by H. Griiger from
Institut fir Festkorper- und Werkstofforschung, Dresden. The reactively sputtered
carbon nitride was provided by H. K. M. S. Chowdhury from the School of Electronic
Engineering, Dublin City University, Glasnevin, Dublin. The HF CVD carbon nitride

sample was provided through Y. Chen from Chinese Academy of Sciences.

With these exceptions, this thesis contains no material which has been presented for
a degree at this or any other university and, to the best of my knowledge and belief,
contains no copy or paraphrase of work published by another person, except where duly

acknowledged in the text.

Alexander R. Merchant

LA. R. Merchant, D. G. McCulloch, D. R. McKenzie, Y. Yin, L. Hall,and E. G. Gerstner, “Structural
investigation of two carbon nitride solids produced by cathodic arc deposition and nitrogen implanta-

tion,” J. Appl. Phys. 79, (1996), pp6914-6919.
2D. G. McCulloch and A. R. Merchant “ The effect of annealing on the structure of cathodic arc

deposited amorphous carbon nitride films ” Thin Solid Films 290-291, (1996), pp91-102.



Acknowledgements

“Demented But Determined”

Ian M. Banks (Look to Windward).
I would like to thank and acknowledge the help and support of the following people:

e My supervisors Dougal McCulloch, David McKenzie and David Cockayne for
friendship and support along (what felt like) the longest road. You have been
truly excellent help, generous with your time and assistance. Also thanks to

David Green and John Bell for getting me started on this path.

e My family Mum and Dad, Brenda, Frank, Caroline, Lara and now little Julia
(born not-a-week before this was submitted). Thanks for your unquestioning
support, your looks when I tried to explain why it was taking so long, the many
phone calls, financial support, the letters, the photos, the love and for being a

great family.

e To my Opa Jan Tibbertsma and my Perthite family: Diane and Bill Tibbertsma
and Maria and Phillip Della, my thanks for everything.

e Thanks to the staff at RMIT Applied Physics, for giving me an opportunity to
rediscover my passion for teaching, a stable place to work and work and work and
(occasionally) do my PhD! This group of truly excellent people includes Tan Bubb,
Gary Bryant, Ian Snook, Peter Daivis, Ken McGregor, Joe Harland and Anjani
Singh. To the Ph.D. students and other Table-Tennis “Wimbledon” participants
at RMIT : Tim Petersen, Matthew Glenn, Peter Bath, Matthew McPhie, Amy

ii



Bennett, George Opletal, Khayam Coelho, Andrew Hung and Jared Cole. A
special thanks to Brendan O’Malley for his friendship and excellent assistance in

proof-reading the final draft.

To the staff of the Electron Microscope Unit and Key Centre at the University
of Sydney. This includes Tony (Music Man) Romeo, Zou Jin, Stephen Anderson,
Anne Simpson Gomes, Tom Murray, Ron Cheong, Rosemary Perrett and Clive
Nockolds. For all the wonderful games of tennis! May the long Thursday lunches
never end! Thanks also to the students Deqang Cai, X. Z. Liao, Peter Vesk and
Anya Salih.

A special thanks goes to Adam Sikorski for assistance in making the cross-
sectional TEM samples of reactively sputtered carbon nitride. Thanks for your
patience, craftsmanship and practicality in dealing with my fear of HF and HNO3

mixtures!

Fellow initiates in CPMD and long summer lunches at the Grandstand, Chris
(Meringe) Goringe, Matt Fagan and Nick Cooper. May summer, beer, the famous
hamburgers and friendship never end. A special thanks to Nigel Marks for his
kindness, generosity and assistance with so many things including using CPMD,
‘watch.out’ awk scripts, writing the Plot3d package, sysadmin and general Unix
help. Also to the students at Applied Physics including Ed Gerstner, Rebecca
Powles, Peter Ireland and Matt Scheumack.

To The Great Dame, Damien Kuan, for the best holiday ever in Adelaide, for
always pursuing your dreams and singing your guts out. Here’s to MUSCUTS,
where it all began. To the singers in SUMS including the indomitable Sam Bloor,
Natalie D’Enyar, Melanie Smith, Gen Bulluss. To Suzanne Maslen, who first fired

my imagination for singing songs from around the world.

Researchers and Staff at the School of Physics (Sydney) Liz Morris, Annie Boyd,
David McFall, Yongbai Yin, Graheme Mannes, John Pigott, Vicki Moore and Joe
Khachan. A special thanks to the indomitable Ruth Lambert and calm-in-a-storm

Yvonne Smythe.

iii



The Rhomboids Indoor cricket team, James Yardley, Anna Moore, Steve Edney,
Alberto Mendez, Brett Larman, Ray Carapas, David Yardley, Michael Wheat-
land, Arjun Rao, and all the rest! Thanks for not laughing when I got run out
hitting a six, and collecting my own wickets with my new bat. Thanks to the

guys at Five Dock Indoor Cricket Centre for many a good night.

To friends including Claire and Connor Warren-Smith, David, Caroline, Connor
and “Lachie” Boyle, Jenny and Glenn Merwyn, David and Tanya Monro, Kate
and Graham, Clinton and Wendy and David Tanner.

To my new family George and Jacqui Hill, and the Boxing Day crowd, San-
dra (that’s one black mark for lateness, but one off for finishing) and Bryan
Holdsworth, and Peter (Don’t rock the boat) and Maureen Cogger. May the

summer, beer, tea-towels and fish in Forster forever flow.

My friends and allies against the hordes of darkness, Will (Raiden II), Karin and
Gabe McBride, Andrew, Barbara, Mara and Imogen Bean, Jacinta and Jean-Luc
(Diablo II) Garlick, Chris (Darth) Fluke, Eileen (Oi Oi Oi) and Glenn O’Mitchell,
Tracey Mackin, Kelly Tsoi, Andreas Kelz, Ivan Baldry and Andrew Melatos.

And finally I’d like to thank my lifelong partner, Tanya who is the most charming
and beautiful wife, who reminds me always that life is fun, and science not as
daunting as it appears - and that astronomy is always best. I love you. Now that
I have finished we can finally start going out! And to think it all began with

volleyball.

“To he who fears his fate to much
or his desserts are small

who fears to put it to the test

To win, or lose it all”

— Montrose Toast.

iv



Author’s Publications

1. A. R. Merchant, D. R. McKenzie and D. G. McCulloch, “ab initio simulations of
amorphous carbon nitrides”, Physical Review B, 024209 (2002).

2. S. H. N. Lim, D. G. McCulloch, A. R. Merchant, N. A. Marks, M. M. M. Bilek
and D. R. McKenzie, “Wannier function analysis for understanding disordered
structures generated using Car-Parrinello Molecular Dynamics”, submitted to

Molecular Simulations (2001).

3. D. R. McKenzie, W. T. Li, E. G. Gerstner, A. R. Merchant, D. G. McCulloch,
N. A. Marks and M. M. M. Bilek. “Applications of tetrahedral amorphous carbon
in limited volatility memory and in field programmable gate arrays”, Diamond

and Related Materials, 10, pp230-233, (2001).

4. D. R. McKenzie, E. G. Gerstner, A. R. Merchant, D. G. McCulloch,P. E. Goa,
N. C. Cooper and C. M. Goringe. “The electronic structure and memory device
applications of tetrahedral amorphous carbon”. International Journal of Modern

Physics B, 14, (2000), pp230-241.

5. A. R. Merchant, D. G. McCulloch, and R. Brydson “A comparison of experimental
and calculated electron-energy loss near-edge structure of carbon, and the nitrides

of boron, carbon and silicon using multiple scattering theory” Diamond & Related

Materials 7, (1998), p1303-1307.

6. D. G. McCulloch, D. R. McKenzie, S. Prawer, A. R. Merchant, E. G. Gerstner
and R. Kalish 7 Ton beam modification of tetrahedral amorphous carbon - the
effect of irradiation temperature.” Diamond & Related Materials. 6, (1997),
pp1622-1628.

7. D. G. McCulloch and A. R. Merchant “ The effect of annealing on the structure
of cathodic arc deposited amorphous carbon nitride films ” Thin Solid Films

290-291, (1996), pp91-102.



8. A. R. Merchant, D. G. McCulloch, D. R. McKenzie, Y. Yin, L. Hall, and E. G.
Gerstner, “Structural investigation of two carbon nitride solids produced by ca-
thodic arc deposition and nitrogen implantation,” J. Appl. Phys. 79, (1996),
pp6914-6919.

Conference Papers

1. D.R.McKenzie, A. R. Merchant and D.G. McCulloch, Molecular Dynamics Sim-
ulations of the Structure of Amorphous Carbon Containing Nitrogen, Sixth Ap-
plied Diamond Conference - Second Frontier Carbon Technology Joint Conference

(August 2001).

2. R. Brydson, A. V. K. Westwood, S. J. Bowen, B. Rand, A. R. Merchant and
D. G. McCulloch, in Proceedings of Eurem-11, edited by Committee of European

Societies of Microscopy (Comm. of Eur.Soc. of Microsc., Brussels, 1998).

3. A. R. Merchant, D. G. McCulloch, and D. R. McKenzie, “First principles Car-
Parrinello Molecular Dynamics simulations of bonding in amorphous carbon-
nitrides” in Proc. 14th International Congress on Electron Microscopy, eds.

H. Benavides and M. Yacaman (Institute of Physics, Bristol) p791-792 (1998).

4. D. G. McCulloch, C. M. Goringe, A. R. Merchant and D. R. McKenzie, “First-
Principles Quantum Molecular Dynamics of Amorphous Carbon-Nitrides.” 10th
NTA and 4th VSA Conference, Australian National University ACT, Australia,
23-26 November 1997.

5. A. R. Merchant, D. G. McCulloch, D. R. McKenzie and E. G. Gerstner. 9th NTA
and 3rd VSA Conference, The University of Newcastle NSW, Australia, 27-29
November 1995.

vi



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 sp? 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 No 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 3-C3Ny should it be

synthesised.
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