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Due to the wide range of the superior properties, diamonds are of great interest in
industry applications and scientific research. The inherent shortcomings of conventional
chemical vapor deposition methods and the ever-increasing demand for diamonds urge
extended efforts for further enhancement of diamond deposition without compromising
the diamond quality. Conventional chemical vapor deposition processes, which rely on
thermal heating, are inefficient energy coupling routes to drive gas reactions. As an
intensive, coherent and monochromatic light, laser is an ideal candidate for exploring
alternative energy coupling pathways. To address these challenges, the research efforts in
this dissertation mainly focused on laser incorporation in combustion chemical vapor
deposition of diamond films, which led to: 1) promotion of energy coupling efficiency; 2)
enhancement of diamond deposition; 3) control of the crystallographic orientation; and 4)
identification of active species roles in combustion chemical vapor deposition of diamond
films.

Pure diamond and nitrogen-doped diamond films were deposited using
combustion flames assisted by infrared-laser vibrational excitations of ethylene and
ammonia molecules, respectively. Vibrational excitations of precursor molecules were

realized using a kilowatt wavelength-tunable CO; laser with a spectrum range from 9.2 to



10.9 um. On-resonance excitation of the CH,-wagging mode of ethylene molecules was
demonstrated to be more efficient than off-resonance excitations in promoting the
deposition rate and improving the diamond quality attributed to a higher energy coupling
efficiency. Ro-vibrational excitations of ethylene molecules enabled crystallographic
control in {100}-textured diamond film deposition. Micro-crystalline nitrogen-doped
diamond films with a high doping concentration were deposited using an ammonia-added
oxyacetylene flame assisted by infrared-laser vibrational excitations of the NH-wagging
mode of ammonia molecules.

Another form of laser incorporation, a femtosecond laser induced gas breakdown,
was introduced into the combustion chemical vapor deposition of diamonds as well. The
diamond deposition rate was increased by a factor of 1.13 with a femtosecond laser
induced gas breakdown occurred at the inner flame tip.

Optical emission spectroscopy and mass spectrometry were performed to achieve
an in-depth understanding of laser effects on diamond deposition and to identify active

species roles in diamond formation.
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CHAPTER 1 INTRODUCTION

1.1 Motivations

1.2 Dissertation outline

1.3 References




1.1 Motivations

The ultimate purpose of chemistry is obtaining anticipated outcomes through
precisely designed precursors and reactions [1-4]. Therefore, it is highly important to
steer reaction pathways by either dynamic, varying external parameters (such as
temperature, pressure and concentration), or kinetic approaches, introducing a catalyst
which selectively lowers the activation barrier to a particular reaction channel [2, 5].
Laser provides a powerful tool in steering chemical reaction dynamics and kinetics [6]. A
laser chemical reaction is generally a cold-wall process, in which laser energy is
selectively deposited into reactant molecules. Depending on how the laser energy is
coupled, the influence of the laser irradiation can be either dynamic, equilibrium thermal
heating, or kinetic, selective activation of specific molecules via vibrational or electronic
excitation above a particular reaction barrier towards a certain reaction channel.
Investigations on how laser irradiation affects the chemical reactions are still limited to a
lab-bench scale without field-scale studies.

Due to the wide range of the extreme properties, diamonds are of great interest in
industry applications, including optical windows, heat spreaders, electro-chemical
detectors, radiation sensors and high-power high-temperature electronics [7-10]. At
present time, chemical-vapor-deposition (CVD) diamonds dominate the synthetic
diamond market. The inherent shortcomings of conventional CVD methods and the ever-
increasing demand for diamonds urge extended efforts for further enhancement of
diamond deposition without compromising the diamond quality. Conventional CVD
methods generally require a high temperature to overcome the energy barrier [11-14],

which are inefficient energy coupling routes to drive gas reactions. Attempts on selective
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promotion of diamond growth have been made by deploying the unique properties of
lasers, including monochromaticity, coherence and directionality. J.H.D. Rebello ef al.
reported a successful synthesis of diamonds by pumping CO molecules to high
vibrational states using a continuous wave (CW) CO laser operating on its low
vibrational transitions [15]. Z. Toth ef al. used a Nd:YAG laser (1064 nm) in a
perpendicular irradiation geometry to achieve localized diamond deposition in the beam
covered region [16]. However, the low growth rates make these approaches impractical
for scalable production.

In the research described in this dissertation, efforts were extended to enhance the
diamond growth, to control crystallographic orientations, and to investigate the laser
effects on the flame chemistry and diamond growth. The research projects mainly
focused on the following five tasks: 1) diamond deposition using combustion flames
assisted by on- and off-resonance vibrational excitations of ethylene (C,;Hs) molecules; 2)
controlled growth of {100}-textured diamond films using combustion flames assisted by
ro-vibrational excitations of C;H4 molecules; 3) micro-crystalline nitrogen-doped
diamond film deposition with laser resonant vibrational excitations of ammonia (NHs)
molecules; 4) diamond deposition using combustion flames assisted by a femtosecond
laser induced gas breakdown (FLIGB); and 5) investigation of active chemical species

roles in the diamond growth.

1.2 Dissertation outline

This dissertation focused on enhancing the diamond growth, controlling the

crystallographic orientation of the diamond deposition, exploring alternative efficient



energy coupling paths and understanding the diamond growth mechanism. The whole
dissertation is divided into nine chapters. Chapter 1 introduces the motivation and outline
of this dissertation. Chapter 2 reviews the background of diamond, diamond synthesis,
laser chemistry and laser-assisted material synthesis. Chapter 3 describes the
experimental methods adopted in the study, including the sample preparation procedure,
diamond film characterizations, and combustion flame diagnostics. Chapter 4
demonstrates the laser-assisted vibrational excitations of C,H4 molecules for promoting
the diamond deposition rate and improving the diamond quality. The CH,-wagging mode
(v7,949.3 cm™ or 10.534 um) of C,Hy has a strong infrared activity and matches one CO,
laser emission line (10.532 pwm). Through gradually tuning the laser wavelengths centered
the resonant wavelength of 10.532 um, on- and off-resonance excitations of C,Hy4
molecules were achieved. The deposition rate was enhanced by a factor of 5.7 with on-
resonance vibration excitation of the CH,-wagging mode. On-resonance vibrational
excitation was demonstrated more efficiently than off-resonance excitations in activating
the C,;H4 molecules, enhancing the flame temperature and consequently promoting the
diamond growth even with the same amount of absorbed laser energy. Chapter 5
describes a novel strategy to realize controlled growth of {100}-textured diamond films
via laser ro-vibrational excitations of C,Hs molecules. With the laser wavelength was
tuned between on- and off-resonance wavelengths, the {100}-facet coverage rate could
be finely controlled. Chapter 6 demonstrates the crystallinity of nitrogen-doped diamond
films deposited using an NHs-added oxyacetylene flame was significantly improved by
laser-assisted vibrational excitations of NH3; molecules. The high nitrogen doping

concentration demonstrated the potential of growing nitrogen-doped diamond films with

4



laser-assisted vibrational excitation of NH3 molecules. Chapter 7 studies the effects of a
FLIGB on the combustion CVD of diamond films. The deposition rate was increased by
a factor of 1.13 associated with an improved diamond quality with a FLIGB at the inner
flame tip region, suggesting the possibility of exploiting the potential of the FLIGB in
material synthesis. Chapter 8 illustrates an investigation of active chemical species roles
in the combustion diamond deposition using mass spectrometry (MS). A proper ratio
balance between the etchants and hydrocarbon-related species was required for high-
quality diamond deposition. Chapter 9 concludes the projects with important results and

suggests future research directions.



1.3

[1]

[2]
[3]

[4]

[3]

[6]

[7]

[8]

[9]

[10]

References

F. F. Crim, “Chemical dynamics of vibrationally excited molecules: Controlling
reactions in gases and on surfaces”, P Natl Acad Sci USA 105, 12654 (2008).

R. N. Zare, “Laser control of chemical reactions”, Science 279, 1875 (1998).

D. R. Killelea and A. L. Utz, “On the origin of mode- and bond-selectivity in
vibrationally mediated reactions on surfaces”, Phys Chem Chem Phys 15, 20545
(2013).

D. R. Killelea, V. L. Campbell, N. S. Shuman and A. L. Utz, “Bond-selective
control of a heterogeneously catalyzed reaction”, Science 319, 790 (2008).

M. Goez, “Conformation-selective laser chemistry”, Angew Chem Int Edit 42, 2336
(2003).

D. W. Lupo and M. Quack, “IR-laser photochemistry”, Chem Rev 87, 181 (1987).
X.T.Ying, J. L. Luo, P. N. Wang, M. Q. Cui, Y. D. Zhao, G. Li and P. P. Zhu,
“Ultra-thin freestanding diamond window for soft X-ray optics”, Diam Relat Mater
12,719 (2003).

T. Guillemet, P. M. Geffroy, J. M. Heintz, N. Chandra, Y. F. Lu and J. F. Silvain,
“An innovative process to fabricate copper/diamond composite films for thermal
management applications”, Compos Part A 43, 1746(2012).

T. Hayashi, 1. Sakurada, K. Honda, S. Motohashi and K. Uchikura,
“Electrochemical detection of sugar-related compounds using boron-doped
diamond electrodes”, Anal Sci 28, 127 (2012).

R. J. Keddy and T. L. Nam, “Diamond radiation detectors”, Radiat Phys Chem 41,

767 (1993).



[11] J. Asmussen and D. K. Reinhard, “Diamond films handbook”, (Marcel Dekker,
New York, 2002).

[12] R. Haubner and B. Lux, “Diamond growth by hot-gas breakdown chemical-vapor-
deposition: State-of-the-art”, Diam Relat Mater 2, 1277 (1993).

[13] J. Asmussen, T. A. Grotjohn, T. Schuelke, M. F. Becker, M. K. Yaran, D. J. King, S.
Wicklein and D. K. Reinhard, “Multiple substrate microwave-plasma-assisted
chemical vapor deposition single crystal diamond synthesis”, Appl Phys Lett 93,
031502 (2008).

[14] Y.S.Zou, Z. X. Liand Y. F. Wu, “Deposition and characterization of smooth ultra-
nanocrystalline diamond film in CH4/H,/Ar by microwave plasma chemical vapor
deposition”, Vacuum 84 , 1347 (2010).

[15] J. H. D. Rebello, D. L. Straub and V. V. Subramaniam, “Diamond growth from a
CO/CH4 mixture by laser excitation of CO: laser-excited chemical vapor
deposition”, J Appl Phys 72, 1133 (1992).

[16] Z. Toth, A. Mechler and P. Heszler, “Local laser-assisted chemical vapor deposition

of diamond”, Appl Surf Sci 168, 5 (2000).



