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Abstract
Hot-wire chemical vapor deposition (HWCVD) has been used to produce siliconcontaining thin films, nanomaterials, and functional polymer coatings for applications in
microelectronic and photovoltaic devices. Silicon carbonitride (SiCyNz) thin films,
deposited by HWCVD, have found a wide range of applications due to their
nonstoichiometric component that exhibits unique properties from a combination of SiC
and Si3N4 binary compounds. Most CVD growth of SiCyNz proceeds through the use of
separate Si-containing (SiH4), C-bearing (CH4) and NH3 precursors. Handling of
pyrophoric silane is difficult, and the process optimization with multiple source gases is
extremely complex. This has urged interest in exploring alternative single-source
precursors for SiCyNz deposition.
1,1,1,3,3,3-Hexamethyldisilazane (HMDSZ), a non-pyrophoric and non-corrosive
molecule, is one of the single-source precursors for use in HWCVD of SiCyNz thin films.
In this work, single-photon ionization using vacuum ultraviolet wavelength at 118 nm
coupled with time-of-flight mass spectrometry is employed to examine the products from
primary decomposition on tungsten and tantalum filaments under collision-free
conditions and from secondary gas-phase reactions in a HWCVD reactor. It has been
shown that HMDSZ decomposes on the heated metal filaments to produce methyl
radicals via Si-CH3 bond cleavage. The methyl radical formation is controlled by surface
reactions at filament temperatures ranging from 1600 to 2400 oC. The activation energy
for the formation of methyl radicals on the W and Ta filament has been determined to be
71.2 ± 9.1 to 76.7 ± 8.1 kJ/mol, respectively. A comparison with the theoretical energy
(363 kJ/mol) required for the homolytic cleavage of Si-CH3 bond in the gas phase
ii

indicates that the dissociation of HMDSZ on the W and Ta surfaces to produce methyl
radicals is a catalytic cracking process.
Aside from the homolytic cleavages, other decomposition routes of HMDSZ, both
concerted and stepwise ones, have been systematically explored in this work. The
concerted formation of trimethylsilylamine and 1,1-dimethylsilene was found to be the
most kinetically favorable route of all, with an activation barrier of 278 kJ/mol. It is also
interesting to find that both the elimination of CH3 radical from a methylated silylamino
radical and elimination of H atom from the C atom attached to a Si atom in a silyl radical
site proceed without an activation barrier.
In the secondary gas-phase reactions, radical-radical and radical-molecule reactions
are dominant. Formation of 1,1-dimethylsilanimine ((CH3)2Si=NH) was detected from
the HWCVD reactor when HMDSZ was introduced. 1,1-dimethylsilanimine undergoes
head-to-tail cycloaddition and nucleophilic addition reaction with the abundant HMDSZ
molecules to form 1,1,3,3-tetramethylcyclodisilazane and octamethyltrisilazane that were
both detected in this work. The secondary gas-phase reactions are also characterized by a
free radical short-chain reaction initiated by the primary decomposition of HMDSZ on
the metal filaments to produce methyl radicals. Hydrogen abstraction by methyl radical is
the main propagation step in the reactor, and biradical recombination reactions terminate
the chain reaction to form various stable products with high molecular masses that were
also detected in this work.
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Chapter One: Introduction and Background
Deposition technology can be regarded as the major key to the creation of devices
such as computers and transistors because microelectronic solid-state devices are all
based on materials created by thin film deposition. Electronic engineers have
continuously sought films of improved quality and sophistication for solid-state devices,
requiring a rapid evolution of deposition technology. A high priority for deposition
technology is the fabrication of semiconductor materials, an industry that is heavily
dependent on the formation of thin solid films of a variety of materials by deposition
from gas, liquid, or solid phase. Another reason for the rapid growth of deposition
technology is the improved understanding in the chemistry of surfaces, interfaces and
microstructures.1 There are numerous deposition technologies and these technologies can
be categorized as via either physical or chemical processes.2, 3
Physical vapor deposition (PVD) processes involve materials vaporised from solid or
liquid sources in the form of atoms or molecules, and subsequent transportation in the
form of a vapor through a vacuum or low-pressure gaseous environment to the substrate
where it condenses. PVD processes are used to deposit films with thickness in the range
of a few nanometers to thousands of nanometers that can be used to fabricate optical,
magnetic and optoelectronic devices.4 In spite of the high-quality thin films produced by
PVD, this technology suffers from its line-of-sight covering, high capital cost, and the
need for operation at high vacuum and high temperatures, at which most of these
materials are thermally unstable.

1

Chemical vapor deposition (CVD) has grown very rapidly in the past two decades.
Applications of this fabrication process are now key elements for many industrial
products, such as optoelectronics, optics, cutting tools, and refractory fibers.5 CVD
involves flowing a precursor gas or gases into a chamber containing a heated substrate to
be coated. Chemical reactions occur in the gas phase, and on or near the heated substrate,
resulting in the deposition of a thin film on the surface. 5-7 CVD has several advantages
which makes it the predominantly preferred process in most cases. For example, this
technique offers relatively high deposition rate, a wide variety of precursors that can be
chosen from, conformal deposition, and no requirement of ultra-high vacuum reactors as
PVD does.8 Despite the numerous advantages, the technique of CVD has limitations,
including the type of substrate to be coated on, relatively high substrate temperatures, and
the requirement of volatile precursors. Notwithstanding the numerous deposition
techniques available, a deposition technique that has low substrate temperature, high
deposition rate, minimal damage to the deposited film, and low equipment cost would be
an ideal technique. Hot-wire chemical vapor deposition meets these requirements.

1.1 Hot-Wire Chemical Vapor Deposition
Hot-wire chemical vapor deposition (HWCVD),9 also known as catalytic chemical
vapor deposition (Cat-CVD),10 is a promising method for preparing silicon-based thin
films, such as hydrogenated amorphous silicon (a-Si:H), hydrogenated microcrystalline
silicon (µc-Si:H), and polycrystalline silicon (poly-Si).11 HWCVD has many advantages
compared to the conventionally used CVD techniques, such as low-pressure CVD
(LPCVD) and plasma enhanced CVD (PECVD).12 Specifically, the HWCVD method can
be used to prepare Si-containing films with a high deposition rate, low equipment cost,
2

high gas utilization efficiency, large-area uniformity, and lack of plasma-induced
damage.13 14
The HWCVD technique has been widely investigated particularly in Europe, the
United States, and Japan.15 Applications in various devices, such as solar cells16 and thin
film transistors (TFTs),17 have been reported. The concept to use catalytic reactions in a
CVD process first appeared in a patent by Yamazaki in 1968. 18 Later in 1979, Wiesmann
et al. reported that amorphous silicon (a-Si) films were deposited by the decomposition of
silane (SiH4) gas on a heated tungsten (W) filament or a carbon rod.19 However, their
work did not receive much attention since the film quality was much worse than those
produced by PECVD. In 1985, Matsumura et al. succeeded in preparing high-quality a-Si
films using the SiF4 and H2 mixtures as the source gas on a heated W wire.20 Amorphous
silicon germanium (a-SiGex),21 silicon nitride (SiNx),22 and poly-Si 23 thin films were
successfully prepared by Matsumura et al. in the next 6 years. They reported the
production of high-quality films deposited using filament temperatures in the range of
1300 - 1900 oC with deposition rates between 5 and 20 Å/s.
HWCVD consists of three processes: (a) catalytic decomposition of source gases by
resistively heated filament to produce reactive radical species; (b) the secondary radicalradical and radical-molecule reactions in the gas phase under practical deposition
pressures from milliTorrs to hundreds of Torrs; and (c) surface reactions with the final
mixture of growth precursors on the substrate placed near the heated filament, but kept at
relatively low temperature (~300 oC), leading to film growth.24 Hence, film growth in
HWCVD is induced by reactive species in the gas phase. These film growth precursors
come from direct decomposition on the filament and/or from secondary reactions in the

3

gas phase. It is therefore important to identify the reactive species in the HWCVD
processes and to understand the chemical kinetics in the gas phase. 25 A schematic
diagram illustrating the various processes in HWCVD is shown in Figure 1-1.

Figure 1-1: A schematic diagram illustrating various processes involved in
HWCVD. a) catalytic decomposition of the source gases on heated filament surface
in the vacuum chamber, b) secondary gas-phase reactions, and c) surface reactions
on the substrate.26

1.2 Applications of Hot-Wire Chemical Vapor Deposition (HWCVD) Processes
1.2.1 HWCVD of Hydrogenated Silicon Thin Films
HWCVD of amorphous hydrogenated silicon (a-Si:H) thin films was first introduced
by Wiesmann et al. in 1979.19 They deposited a-Si:H by the then-new technique of
thermal decomposition of SiH4 on a hot W filament heated to about 1600 oC. The authors
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observed that the deposited films have a fairly high photo-response with a
photoconductivity of 1.2 × 10-7 (Ω cm)-1. They found that introduction of NH3 along with
SiH4 enhanced the photoconductivity quite significantly from 5.4 × 10-9 (Ω cm)-1 to 1.2 ×
10-7 (Ω cm)-1. The films obtained by Wiesmann et al. were of poor quality and no further
attempts to improve the quality of the film were made at the time. Only in the late 1980’s
was the method again studied, first by Doyle et al.27 They studied high-quality a-Si:H
produced by decomposition of low-pressure SiH4 gas on a hot W surface followed by
deposition on a substrate. The authors have shown that high-temperature W filament
provides the surface for heterogenous thermal decomposition of the low-pressure SiH4
and subsequent evaporation of atomic silicon and hydrogen. They observed that it was
the evaporated species that primarily induced a-Si:H growth on the substrate.
During the same time period, Matsumura’s group28 also produced high-quality silicon
films with an improved photoconductivity in the range of 10-4 - 10-3 (Ω cm)-1 on a
substrate using SiH4 and H2 as source gases at high pressures in HWCVD. They observed
that the properties of the films were dependent on the filament temperature, and that the
generation of chemical species at the filament depended on the filament aging. Both
Doyle et al. and Matsumura et al. reported the production of high-quality a-Si:H films. In
1995, Brogueira et al.29 reported the deposition of a-Si:H films from SiH4 and H2 by
HWCVD using a low W filament temperature of 1200 oC while varying the substrate
temperature between 180 and 290 oC. They found that the accumulation time under
which a filament is subjected to deposition is an important parameter in determining the
optical, electronic and structural properties of the deposited films. The thin films of
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silicon and its alloys have large potential for application in low-cost photovoltaic devices
(solar cell) and thin film transistors (TFTs).30

1.2.2 HWCVD of Diamond Coatings
Diamond, the sp3-bonded allotrope of carbon, has many unique properties, such as
extreme mechanical hardness, high thermal conductivity, and wide band gap. This has
encouraged its applications in wear-resistant coatings, optical transparent windows, and
cutting tools.31 The early 80’s saw the first demonstration of the growth of polycrystalline
diamond thin films by CVD methods.32 Diamond crystals were grown on various
substrates, e.g., diamond, silicon, tungsten, molybdenum.31, 33
Matsumoto et al.33 reported the formation of diamond particles on silicon and
molybdenum wafers using CH4/H2 as precursor gases in HWCVD. From their results,
both multiply twinned crystals and cubo-octahedral crystals were obtained. In a similar
study, Motahari et al.34 deposited nano- and micro-crystalline diamonds on the surface of
substrate using CH4/H2/N2 gas mixtures in a tubular quartz vacuum chamber. In their
system, the W filaments can heat the substrate and act as thermal activator for gas species
at the same time. They found that, apart from the nano- and micro-crystalline diamonds
observed in coatings, disordered diamond and some non-diamond phases such as
graphitic carbons were present in the coating layers.

1.2.3 HWCVD of Silicon Carbide Thin Films
Silicon carbide (µc-SiC or a-SiC) thin films have received considerable attention after
the pioneering work presented by Anderson et al.35 Their unique properties, such as wide
band gap and high carrier mobility, make them an excellent candidate for use in various
6

optoelectronic devices, including blue light-emitting diodes (LEDs) and high-speed, highpower, or high-temperature electronic devices.35 The conventional approach to the
fabrication of SiC thin films proceeds through the use of separate Si-containing (e.g.,
SiH4 or SiH4-xClx, x = 1-4) and C-bearing (e.g., CH4) source gases. Tehrani et al.36
reported low-pressure synthesis and characterization of multiphase SiC films by
HWCVD method using CH4/SiH4 gas mixtures. They used Fourier-transform infrared
(FTIR) absorption spectra and X-ray diffraction (XRD) to analyze the deposited SiC
films. The deposition rate was found to be significantly influenced by the change in the
CH4 flow rate. Multiphase SiC films consisting of a-Si, a-SiC, and c-SiC phases were
observed. When low CH4 and SiH4 flow rates were used, crystalline SiC films were
obtained with low deposition rates. At higher CH4 flow rates, higher deposition rate of
SiC films were observed with high carbon incorporation, but the presence of a-Si and aSiC phases were prominent.
In studying SiC:H thin films, Kamble et al.37 demonstrated a high deposition rate in
the fabrication of SiC films by the HWCVD method using CH4 and SiH4 as source gases.
According to their results, the deposition rate of the SiC film was between 9.4 nm/s and
15.54 nm/s. They observed amorphization of the SiC:H films when the deposition
pressure was increased. The density of C-H bond decreased, while those of Si-C and Si-H
bonds increased, with an increase in the deposition pressure. The C-C bond was absent in
the SiC films and nearly stoichiometric SiC:H films were achieved. They concluded that
CH4 can be used as an effective carbon source in HWCVD to fabricate stoichiometric
SiC:H films.
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In spite of the numerous studies, the use of gas mixtures as source gases have several
limitations. Handling pyrophoric silane and highly corrosive chlorosilanes is difficult.
Furthermore, the process optimization is extremely complex with multiple source gases.
This has urged interest in exploring alternative single-source precursors containing both
Si and C, for example, organosilicon compounds.
Bent and coworkers38 explored the use of mono-, tri-, and tetra-methylsilanes as
single-source precursors in HWCVD to deposit a-SiC:H thin films on Si wafers. They
employed the in-situ multiple internal reflection FTIR spectroscopy and temperature
programmed reactions and desorption techniques to analyze the film structure and
thermal reactivity. The formation of films containing mixed silicon hydrides (SiHx, x = 13) and methyl groups was observed when monomethylsilane and trimethylsilane were
used as single-source precursors. When tetramethylsilane was used as the single-source
precursor, no substantial film growth was observed, which is consistent with the film
growth mechanism involving a Si-H bond cleavage. At high temperatures, hydrogen
desorption and hydrocarbon evolution from the grown films were observed. Methane was
the main hydrocarbon evolved from films grown with monomethylsilane, whereas
acetylene was the main hydrocarbon evolved when trimethylsilane was used. They
ascribed the formation of acetylene to the higher concentration of methyl group in films
grown with trimethylsilane.

1.2.4. HWCVD of Silicon Nitride (SiNx) and Silicon Carbonitride (SiCyNz) Thin
Films
The fabrication of silicon nitride (SiNx) and silicon carbonitride (SiCyNz) by
HWCVD has attracted much attention. This is because device quality thin films can be
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obtained at low substrate temperatures. These device quality films can be fabricated
either by the use of mixture of source gases (e.g., SiH4 and NH3) or single source gas
(e.g., tris(dimethylamino)silane).

1.2.4.1 HWCVD of SiNx Films Using Silane and Ammonia (SiH4/NH3) Mixtures
HWCVD of silicon nitride (SiNx) thin films have attracted increasing research
interest owing to their wide range of applications as passivation layer, diffusion barrier,
anti-reflection coating, and gate insulators in semiconductors.39, 40 Due to the ability to
grow high-quality films at low substrate temperatures while avoiding plasma-induced
damages to the films, there is an increased interest in the use of HWCVD for SiNx thin
films. Conventionally, the fabrication of SiNx thin films uses a mixture of separate Sicontaining (e.g., SiH4, SiH4-xClx, x=1-4) and NH3 precursors.
Takano et al.41 studied the conformal step coverage of SiNx films prepared on a Si
substrate using SiH4/NH3 gaseous mixtures by HWCVD. The authors found that
increasing the catalyzer-substrate distance improved the step coverage from 46 to 67 %
on a 1.0 µm line and space pattern. They also found that the deposited SiN x films
exhibited a passivation effect. This suggests that the SiNx films fabricated by HWCVD
are suitable for passivation and interlayer films in microelectronic devices.
Stannowski et al.42 studied the growth process of SiNx deposition by HWCVD using
SiH4/NH3 gaseous mixtures. They have shown that SiH4 is cracked efficiently at the
filaments, whereas NH3 species are scarcely dissociated at the filament, but rather in the
gas phase by the atomic hydrogen originating from the dissociated silane. They
concluded that the abundance of atomic hydrogen in the gas phase is crucial for the
breakup of ammonia and incorporation of N in the film.
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Deposition of device-quality SiNx thin films with ultra high deposition rate in the
HWCVD method using SiH4/NH3 gas mixtures was studied by Verlaan et al.43 They
discovered that the gas flow ratio and the deposition pressure had influence on the N/Si
ratio in the deposited films. High flows of SiH4 increased the rate of Si deposition, while
a higher process pressure greatly enhanced the efficiency of NH3 decomposition. By
combining high SiH4 flows with high deposition pressures, the deposition rate was
increased to a very high value of 7 nm/s for device-quality SiNx films.
Mahan et al.44 studied the structure of SiNx thin films deposited by the HWCVD
technique using SiH4 and NH3 gas mixtures and the effect of H2 dilution to the gas
mixtures. They found that the H2 dilution did not change the basic film structure but did
increase the efficiency of NH3 dissociation in the gas phase. The authors also found that
the H2 dilution caused a reduction in the amount of N-H bonding in the SiNx films and
that the content of N atoms in the films increased significantly with H2 dilution for a
given NH3/SiH4 gas flow ratio. Wang et al.45 have shown that near perfect conformal
coverage of high-quality a-SiNx films can be deposited by HWCVD using SiH4, NH3 and
H2 gases. They found that adding H2 to the processing significantly enhanced the SiNx
films properties and also greatly increased the N content in the film. It is believed that
hydrogen dilution plays a role for the conformal deposition of silicon nitride film.
Ansari et al.46 also studied the HWCVD of SiNx thin films using SiH4 and NH3 and
the effect of H2 dilution. They found a sharp decrease in the decomposition efficiency of
NH3 with the introduction of SiH4. A recovery of the decomposition efficiency of NH3
was found by the addition of H2 when the NH3 pressure was low. At higher NH3
pressures, the decomposition efficiency showed a minor dependence on the H2 partial
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pressures. The recovery of the NH3 decomposition was attributed to the reactivation of
the filament surface by the H atoms produced by the catalytic decomposition of H2. The
suppression effect on the NH3 dissociation efficiency with the presence of SiH4 has been
demonstrated by several research groups.47, 48 This is consistent with the fact that a high
gas flow ratio of NH3 to SiH4 is typically required under practical deposition conditions
to obtain stoichiometric Si3N4 films.

1.2.4.2 HWCVD of SiNx Films Using Chlorosilanes (SiH4-xClx, x = 1-4) and
Ammonia Mixtures
Silicon nitride films have been fabricated using SiH4 and NH3 as source gases for the
deposition. The use of SiH4 is known to suppress the dissociation of NH3, and thus, a high
gas flow rate ratio of NH3 to SiH4 is needed. The use of chlorosilanes and ammonia as
source gases were therefore explored to investigate the effect of chlorosilanes on
ammonia decomposition, and to test their use for the fabrication of SiNx films. There is
no literature on HWCVD of SiNx thin films using chlorosilanes and ammonia. The
literature studies discussed in this Section mainly concern SiNx film deposition using
other CVD methods.
Chu et al.49 deposited amorphous SiNx films on silicon substrate in a gas flow system
by amonolysis of silicon tetrachloride, as represented in Equation (1-1), or nitridation of
silane with ammonia, as shown in Equation (1-2), on heated substrate surfaces.
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They found that the amonolysis reaction is complicated by the formation of
ammonium chloride and polymerization of the silicon diimide (Si(NH)2) intermediate, as
shown in Equation (1-3) and (1-4). They also found that the substrate temperature during
the deposition process have the most significant influence on the properties of the
deposited SiNx films, such as density, refractive index, and infrared absorption. 49

Grieco et al.50 reported the deposition of silicon nitride films on silicon substrate by
the reaction between silicon tetrachloride and ammonia in the temperature range of 550 –
1250 oC. They also observed a white powdery (NH4Cl) material formed on the upper and
lower portions inside of the reactor wall. The dielectric strength was found to be
independent of the film thickness and the dielectric constant was found to be in a range of
7 - 8. The authors concluded that the deposited SiNx films can be used as protective
coatings.
From the investigation by various research groups, it can be seen that the use of
SiH4/NH3 or SiH4-xClx (x=1-4)/NH3 mixture as source gases to fabricate SiNx thin films
is complicated and leads to the formation of other by-products. Therefore, alternative
single-source precursors that are non-corrosive and non-pyrophoric are needed for the
fabrication of SiNx thin films.
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1.2.4.3 HWCVD of SiNx and SiCyNz Thin Films using N-containing Dimethylaminosubstituted Organosilicon Molecules
The characteristics of an “ideal” CVD precursor include 1) adequate volatility to
achieve acceptable growth rates at moderate temperatures; 2) stability so that
decomposition does not occur during evaporation; 3) sufficiently large temperature
“window” between evaporation and decomposition for film deposition; 4) high chemical
purity,51 5) good compatibility with co-precursors during the growth of complex
materials; 6) readily manufactured in high yield at a low cost; and 7) non-hazardous or
with a low hazard risk.52 Although these characteristics are common for most CVD
precursors, sometimes the precise precursor requirements can depend on the specific
nature of the CVD process.
Among the many organosilicon compounds that have been explored in the fabrication
of SiNx and SiCyNz thin films, the N-containing organosilicon molecules, especially those
that contain dimethylamino substituents, are potentially promising. Two types of
dimethylamino-substituted organosilicon molecules, i.e., dimethylamino-substituted
silanes and dimethylamino-substituted methylsilanes, have been used. Figure 1-2 shows
some molecules in each of the two categories that have been reported in the literature.
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Figure 1-2: Two types of N-containing organosilicon molecules that contain
dimethylamino substituents. (a) dimethylamino-substituted silanes, and (b)
dimethylamino-substituted methylsilanes

There is no literature on the use of N-containing dimethylamino-substituted
organosilicon molecules as precursors to deposit SiNx or SiCyNz films in HWCVD
processes. The SiNx or SiCyNz films deposition using N-containing dimethylamino
substituted organosilicon molecules described in this Section involves the use of other
CVD methods.
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Wrobel et al.53 have used tris(dimethylamino)silane (TrDMAS), one of the
dimethylamino-substituted silane molecules, as a single-source precursor to deposit
SiCyNz films using remote microwave plasma CVD (RP-CVD) technique. They showed a
substrate temperature dependence of the film growth rate, implying that RP-CVD is an
adsorption-controlled process. They observed that an increase of the substrate
temperature from 30 oC to 400 oC causes elimination of organic moieties (e.g.,
trimethylamine groups) from the film and the formation of Si-C and Si-C network
structure. From their results, the deposited SiCyNz films seem to be suitable for protective
coating of metal surfaces to increase their wear strength.
Dimethylamino-substituted methylsilane molecules were also studied by Wrobel and
coworkers. They explored (dimethylamino)dimethylsilane (DMADMS) 54 and
bis(dimethylamino)methylsilane (BDMAMS)55 as single-source precursors in RP-CVD
to deposit SiCyNz thin films. With DMADMS as the single-source precursor, they found
that, at low substrate temperatures (Ts) of 30 oC < Ts < 100 oC, the film was limited by
the desorption of the film-forming precursors, whereas at high substrate temperatures of
100 oC < Ts < 400 oC, the film growth was independent of the substrate temperature and
became a mass-transport limited process. The substrate temperature also played a major
role in determining the chemical composition and structure of the SiCyNz films.
Increasing the substrate temperature led to the elimination of organic moieties (Si-CH3
groups) and crosslinking via the formation of the Si-C and Si-N networks. Using
BDMAMS as the precursor gas, they demonstrated a clear relationship between the
physical and mechanical properties of the investigated SiCyNz film and their chemical
composition and structure, controlled by the substrate temperature.
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1.2.4.4 HWCVD of SiCyNz Thin Films using N-containing Methyl-substituted
Disilazane Molecules
The use of N-containing organosilicon compounds that do not contain dimethylamino
substituents, such as hexamethyldisilazanes and tetramethyldisilazanes, has attracted
interest as these compounds, containing Si, N and C, can serve as a single-source
precursor for SiCyNz films. Hexamethyldisilazane (HMDSZ), which has no Si-H bonds56
and tetramethyldisilazanes (TMDSZ), which consists of two Si-H bonds57 are filmforming source gases. Methyl-substituted disilazane molecules have been used to deposit
SiCyNz thin films in HWCVD as well as other CVD method. Addition of NH3 to methylsubstituted disilazane molecules has been to control the composition of the SiCyNz thin
films.58, 59
1,1,1,3,3,3-Hexamethyldisilazane (HMDSZ) was first described in a U.S. patent in
1970 by Collins and Devers as photoresist adhesion promoter for semiconductor
applications.60 HMDSZ has promising properties: it is non-explosive, non-pyrophoric,
and non-corrosive. It also has a moderate vapor pressure of 13.8 Torr at the room
temperature of 25 oC61 and a boiling point of 125 oC. Therefore, it is an excellent
alternative to the conventionally used precursor mixtures containing either pyrophoric
silane or corrosive chlorosilanes.
Rahman et al.62 studied SiCyNz films deposited by the HWCVD technique using
HMDSZ and NH3 as source gases. They found that SiCyNz deposited by HMDSZ only
had high oxygen content and this happened after the wafer had been introduced outside
the chamber after deposition. They observed that SiCyNz films containing low-oxygen
content could be obtained using HMDSZ with the addition of NH3. In addition, the
amount of nitrogen is directly related to the properties of the films. The highest nitrogen
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content in SiCyNz films showed highest density, widest band gap, and lowest refractive
index.
Izumi et al.59 showed that SiCyNz films could be deposited by employing the
HWCVD technique with HMDSZ as precursor gas. From their results, they observed that
the deposited film was composed of Si, C, and N when only HMDSZ was used as the
source gas, and therefore SiCyNz films could be deposited using only HMDSZ as a source
gas. They found that the composition of the deposited SiCyNz films could be controlled
by changing the flow rate of NH3 added to the HMDSZ/NH3 mixtures.
Other than HWCVD, the RP-CVD method has also been explored to deposit SiCyNz
films using N-containing methyl-substituted disilazanes molecules. For example,
Belmahi et al.63 obtained SiCyNz thin films with RP-CVD using H2/N2/Ar/HMDSZ as
source gas mixtures. They found that introduction of a small amount of N2 drastically
changed the film composition from SiCx:H like films to SiNx:H like films. The optical
constants of the SiCyNz films can be tuned over a wide domain, thus making this process
attractive for applications in photovoltaic and anti-reflective coatings. Bulou et al.64
studied the optical constants of the SiCyNz thin films deposited by H2/N2/Ar/HMDSZ
using RP-CVD. They also found that the RP-CVD method with H2/N2/Ar/HMDSZ is a
versatile process that allowed the growth of SiCyNz thin films with adjustable
composition and optical properties. They observed that by controlling the amount of Si-C
and Si-N bonds, thin films changing from SiCx:H like to SiNx:H like could be
synthesized. The bandgap and the refractive index can be tuned over a wide range of
values, making it suitable for applications that require thin films with tunable optical
parameters.
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1.3 Gas-Phase Chemistry in Hot-wire Chemical Vapor Deposition
An extensive research on HWCVD has been focused on the deposition and
characteristics of the films by investigating the growth mechanism, structure, surface
morphology, element compositions, and chemical bonds. Nonetheless, film growth is
induced by chemical species produced from direct decomposition of source gases on the
filament and/or from secondary gas-phase reactions. The properties and quality of the
deposited films are governed by these gas-phase precursors species. Hence, it is
important to identify the gas-phase chemical species for a better understanding of the
HWCVD processes.
1.3.1 Detecting the Gas-Phase Reaction Products in HWCVD
In HWCVD, the source gases are decomposed on a heated filament, resulting in the
formation of reactive radicals, which are difficult to detect because their fast loss rate leads
to a small density compared to that of their molecular precursors. A technique designed to
detect these radicals should be an in-situ, real-time method that is highly sensitive to the
target radicals and exhibit good sensitivity in distinguishing the real signal from large
background signals. In general, the detection techniques can be divided into three principal
categories: electron-in-ion-out, photon-in-photon-out, and photon-in-ion-out.65
In electron-in-ion-out, the species of interest are ionized by high-energy electron
bombardment. The conventional 70 eV electron ionization (EI) is an example of
electron-in-ion-out category. It is considered a universal ionization method since it can
ionize almost all compounds. However, the conventional 70 eV electron ionization is not
suitable for detection of radicals from molecular dissociation since high-energy electrons
cause significant fragmentation of parent molecules, creating large fragmentation signals
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that conceal weak radical signals. Therefore, identification of radicals produced from the
decomposition of molecules become difficult and generally not achieved. To compensate
for this limitation in the 70 eV EI, an alternative technique called threshold ionization
mass spectroscopy (TIMS) can be used.27 In TIMS, the electron energy is lowered to just
above the radical ionization energy but below the appearance energy of its parent
precursor. In this way, ions detected by mass spectrometry are only produced from
radicals. One of the disadvantages of TIMS is its laborious calibration process and long
data acquisition time.65 Laser induced fluorescence (LIF)66 and cavity ring down
spectroscopy (CRDS)67 belong to the photon-in-photon-out category. In the technique of
LIF, a laser light is tuned so that its frequency matches that of an absorption line in the
atom or molecule of interest. The absorption of the laser photons by this species produces
an electronically excited state which then fluoresces.68 In the CRDS technique, an optical
cavity is formed with two highly reflective mirrors around the region of interest. Usually
a pulsed laser light tuned to a particular energy enters the cavity through one mirror; upon
hitting the second mirror, the majority of the radiation is reflected back, but a certain
percentage leaks out of the cavity and is detected.65, 69 Although both techniques have
high sensitivity, only one species can be detected at a time and any photon emission from
sources other than the target species can interfere with the detection process.
Photon-in-ion-out employs a laser instead of energetic electrons to ionize the radicals,
followed by a mass spectrometer to collect and detect ions. An obvious advantage of
photon-in-ion-out is fast-speed data acquisition, making it more suitable for real-time
detection and time-resolved study. The energy spread (linewidth) of the laser radiation is
also narrow. The photon-in-ion-out process can be classified into two categories, i.e.,
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resonant enhanced multi-photon ionization (REMPI) and single photon ionization (SPI).
REMPI uses one or more photons to excite the target species to an excited state, followed
by absorption of an additional photon or multiple photons to reach above the ionization
threshold. REMPI is a species-specific technique.70. While this is an advantage for
providing detailed quantum state information, it also has negative consequence in that the
excitation wavelength must be changed to measure different species. Thus, it is not
suitable for the analysis of a complex unknown HWCVD system. SPI uses a single
photon of significant energy to ionize the target radical, but low enough to avoid
fragmentation for most species. SPI can detect multiple species at one time.71 Therefore,
SPI technique is the best choice for studying the gas-phase chemistry in a HWCVD
process.
1.3.2 Gas-phase Chemistry in HWCVD of Hydrogenated Silicon Thin Films
In spite of the fact that knowledge of the a-Si:H film properties deposited by
HWCVD using SiH4 has been achieved, details of gas-phase chemistry in the process
have received less attention although it is important in developing a comprehensive
deposition model and in controlling film properties.
Doyle et al.27 have studied the HWCVD processes of a-Si:H using SiH4 as a source
gas by using mass spectrometric technique. They employed a threshold ionization
technique to ionize free radicals selectively. According to their results, the main products
at the heated W surface are Si and H atoms when SiH4 was used as the precursor gas.
Matsumura’s group also produced high-quality silicon films at high pressures where
secondary gas-phase reactions are expected to be predominant. 28 Although radical
detection was not performed in this early study, the group proposed that SiH 3 was a likely
20

precursor for quality film growth under these conditions. 28 Nozaki and coworkers have
also demonstrated that atomic Si is the main precursor for film growth with SiH4 by
monitoring the gas-phase radical species in HWCVD using LIF. From their results, SiH
radicals were also detected, but the production rate of this species is two order of
magnitude lower than that of Si atoms.66
Duan et al.72 have performed an experimental study for the direct detection of
desorbed species from the hot filament. They detected Si, SiH3, and Si2H6 as the major
silicon-containing gas-phase species identified by SPI during hot-wire activation of the
SiH4 precursor. In the study of the catalytic decomposition of SiH4 on a hot filament
using vacuum ultraviolet SPI mass spectrometry under collision-free conditions by Tange
et al.,73 it was found that Si atoms were the main species desorbed from the W filament.
H atoms were also detected as direct desorbed species from the filament by using the
REMPI method combined with time-of-flight mass spectrometry. The authors detected
Si2H6, Si2H4 and Si2 as products of gas-phase reactions of the desorbed radicals (Si and H
atoms) at high pressures. Umemoto et al. has shown that atomic Si is the major product
from the cracking of SiH4 on heated W surfaces by employing laser spectroscopic and
mass spectrometric techniques.67

1.3.3 Gas-phase Chemistry in HWCVD of Diamond Thin Films
Ashfold and coworkers used molecular beam mass spectrometry to obtain
quantitative measurements of stable hydrocarbon species under different filament growth
conditions for diamond coatings using hot-filament CVD.74 They found that, regardless
of the hydrocarbon feedstock gases used, at filament temperatures between 2000 - 2100
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K, the hydrocarbon feedstock gases are converted so that CH4 is the dominant
hydrocarbon species produced. They also discovered that, at filament temperatures near
or above the optimum for diamond growth (~ 2400 K), the relative concentration of
various stable hydrocarbon species present in the gas mixture and the way the
concentration vary with temperature are insensitive to the choice of hydrocarbon
feedstock gas.75
In studying the gas-phase chemistry during hot-filament CVD of diamond films using
CH4/H2 and C2H2/H2 gas mixtures, Wu et al.76 demonstrated that, at high filament
temperatures above 1900 oC, the gas compositions was independent of hydrocarbons
feedstock gas used. Thus, the growth rate of diamond films are largely insensitive to the
hydrocarbon feedstock gas used. This observation is largely consistent with those by
Ashfold et al.74

1.3.4 Gas-phase Chemistry in HWCVD of SiC Thin Films
More recently, the Shi group has studied the gas-phase reactions chemistry of a series
of organosilicon compounds containing direct Si-C bonds. These molecules include
tetramethylsilane (TMS),24 trimethylsilane (TriMS),77, 78 dimethylsilane (DMS)79 and
monomethylsilane (MMS)80 as single-source precursors in a HWCVD for the preparation
of SiC films. They have shown that free-radical short chain reactions dominate the
HWCVD chemistry, whereas silylene/silene species contributions are minor, when TMS
and TriMS are used as precursor gases.24, 77 They also observed that, with an increasing
number of Si-H bond in DMS, the silylene and silene chemistry becomes dominant at low
filament temperature (≤ 1200 oC). The free-radical reactions only become prevailing
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when the filament temperature is increased to ≥ 1500 oC.79 With a further increase in the
number of Si-H bonds in MMS, the gas-phase chemistry was exclusively dominated by
the reactions involving the methylsilylene intermediate. The free-radical and silene
intermediates do not play a role in the gas-phase chemistry of MMS in a HWCVD
reactor.80 The observed change in the literature from C-rich to Si-rich materials in the
deposition of SiC thin films as the number of Si-H bond in the precursor gas is
increased38 is explained by the change in the dominant gas-phase intermediate from
methyl radical to silylene/silene species when moving from TMS to MMS.
The Shi group has also explored the gas-phase reaction chemistry with cyclic monoor di-silacyclobutanes. From their studies of three monosilacyclobutane molecules,
silacyclobutane (SCB),81 1-methylsilacyclobutane (MSCB),82 and 1,1dimethylsilacyclobutane (DMSCB),83 they found that two common decomposition routes
existed to form ethene/(methyl-substituted) silenes through cycloreversion and
propene/(methyl-substituted)silylenes via a ring-opening reaction initiated by a 1,2-H
shift. An additional decomposition route also existed to form methyl radical when MSCB
and DMSCB were used as single-source precursors. Of the three molecules, they found
that SCB produced the greatest amount of propene, whereas DMSCB produced the least,
suggesting that the presence of Si-H bonds favours propene formation. The gas-phase
chemistry of SCB was dominated by the insertion and п-type addition reactions of
various silylene and silene intermediates. A competition between free-radical chain
reaction and silene cyclodimerization was predominant in the gas-phase reaction
chemistry of MSCB, whereas formation of 1,1,3,3-tetramethyl-1,3-disilacyclobutane
(TMDSCB) was dominant when DMSCB was used. For the disilacyclobutane molecules,
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1,3-disilacyclobutane (DSCB)84 and TMDSCB85 were studied. They found that DSCB
decomposed on the filament to produce H2 molecules and the secondary gas-phase
reactions were dominated by the formation of 1,3-disilacyclobut-1-ylidene. A short freeradical chain reaction was the main mechanism in the reactor setup when TMDSCB was
used. They observed that exocyclic bond cleavages played a vital role in the
decomposition/reaction chemistry of disilacyclobutanes and ring-opening reactions are
more important in monosilacyclobutanes.

1.3.5 Gas-phase Chemistry in HWCVD of SiNx Thin Films using SiH4/NH3 Mixtures
Shi and coworkers86, 87 examined the gas-phase reaction products produced in the
HWCVD reaction chamber using SiH4, NH3, and SiH4/NH3 mixtures. They employed
laser ionization time-of-flight mass spectrometric techniques to detect species produced
in the gas phase. In their studies, both vacuum ultraviolet (VUV) laser SPI 47and laser
induced electron impact ionization (LIEI)47, 87 were used. Using VUV SPI coupled with
mass spectrometry, they observed the formation of H2 and N2 gases from NH3
decomposition on the W filament. For the decomposition of SiH4 on the hot W filament,
H2, Si2H6, and Si3H8 were observed as the main products. When mixtures containing SiH4
and NH3 were used as source gases, they found that NH3 dissociation on the filament was
suppressed by the presence of SiH4. The SiH4 chemistry in the reactor was dominant
when equal amount of SiH4 and NH3 were used. They demonstrated that the extent to
which the NH3 decomposition was suppressed was enhanced with more SiH4 molecules
in the system. Shi and coworkers continued to study the application of LIEI to the
deposition chemistry in the HWCVD process with SiH4/NH3 mixtures.79 They showed
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that species with ionization energy (IE) below 10.5 eV, such as Si2H6, Si3H8, and NH3,
exhibited stronger peaks in the mass spectra recorded under SPI conditions, whereas
species with IEs above 10.5 eV, such as H2, N2, and He, were only weakly visible under
the same conditions. They observed that species with IEs above 10.5 eV were
significantly enhanced with the LIEI source. With the LIEI source coexisted with the SPI
source due to the 118 nm VUV light, both the parent ions with enhanced intensity from
VUV SPI and their “fingerprint” fragmentation ions from LIEI were achieved. The
suppression of NH3 decomposition by SiH4 and the predominance of SiH4 chemistry
were confirmed using the LIEI source.
In 2009, Eustergering et al.86 reported the formation of aminosilane in the HWCVD
process using SiH4/NH3 mixtures. It was found that when the SiH4 and NH3 were present
in equal amount, the formation of disilane and trisilane dominated. Increasing the amount
of NH3 in the mixture caused a change in the reaction pathway from disilane and trisilane
production towards aminosilane formation. It was shown that the H-atoms in the
aminosilane species came solely from NH3 with the use of deuterated ammonia (ND3).
The amount of NH2 radicals produced in the process played a vital role in the competition
between the two pathways. Specifically, the formation of disilane and trisilane species
was favored in the presence of insufficient NH2 species, since the SiH3 radicals produced
from the SiH4 decomposition reacted with each other rather than with NH3. The
formation of aminosilane was favored with high NH2 densities. The extent of suppression
of the NH3 decomposition by SiH4 was reduced when high NH3 content was used.
Similar studies were reported by Umemoto et al.88 The authors found that the
decomposition efficiency of NH3 on the filament surfaces decreases sharply by the
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introduction of SiH4. According to their results, 50 times more NH3 compared to SiH4
must be introduced to fabricate stoichiometric Si3N4 films. The suppression effect of SiH4
presence in the mixture on the NH3 dissociation efficiency has also been demonstrated by
these authors. This explains why a high flow ratio of NH3 to SiH4 is needed under the
practical deposition conditions to fabricate stocihiometric Si3N4 films.
1.3.6 Gas-phase Chemistry in HWCVD of SiNx and SiCyNz Thin Films using
Methyl-Substituted Disilazanes
Morimoto et al.61 reported the decomposition of 1,1,1,3,3,3-hexamethyldisilazane
(HMDSZ) on a tungsten filament in the process of HWCVD. They employed a laser
ionization mass spectrometric technique to detect the gas-phase species. They observed
the mass peaks at m/z 74 and 89 when the filament was turned on at 2000 K. The peaks at
m/z 74 and 89 were assigned to trimethylsilane (HSi(CH3)3) and trimethylsilylamine
((CH3)3SiNH2), respectively. From their results, the peaks at m/z 74 and 89 were
observed in both low- and high-pressure conditions, suggesting that the Si-N bond
dissociation took place on the filament surfaces to produce Si(CH3)3 and (CH3)3SiNH as
primary products. They attributed the formation of HSi(CH3)3 and ((CH3)3SiNH2 to the
surface reactions of Si(CH3)3 and (CH3)3SiNH on chamber walls. According to their
density functional theory calculations, the bond energy of Si-N (434 kJ/mol) is higher
than that of Si-C (338 kJ/mol). Nevertheless, the Si-N bond seemed to dissociate more
efficiently than Si-C bonds, which was attributed to the steric hindrance for the Si-C bond
cleavage. They also infer that (CH3)3SiNH is one of the main precursors of the deposited
SiNx or SiCyNz films.
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Yoshimura et al.89 studied the fragment ions produced from HMDSZ in a freemantype ion source with hot-tungsten wire. They employed a low-energy mass-selected ion
beam system to analyze these fragment ions. The observed C+, N+, CH3+, CH4+, Si+,
SiCH5+, SiC3H9+, Si2NCH4+, Si2NC2H6+, Si2NC2H6+, Si2NC2H7+, Si2NC2H6+, Si2NC5H16+
as the dominant fragment ions. They found that the ion production strongly depended on
the W temperature. Fragmentation ability was less effective at low W temperatures, but
when the temperature was significantly increased, small fragments were produced.
SiCH5+ ion obtained by the mass-selected fragment ion was irradiated on a Si substrate
and analysis of the substrate showed a clear SiCyNz film deposition.
1.4 Objectives of This Thesis
This present study was carried out as an effort to expand knowledge of gas-phase
chemistry in HWCVD with organosilicon molecules (e.g., methyl-substituted silanes and
cyclic silacyclobutanes) for SiC film formation to N-containing organosilicon molecules
for SiNx or SiCyNz film production. In this regard, the gas-phase chemistry of
1,1,1,3,3,3-hexamethyldisilazane (HMDSZ), a methyl-substituted disilazane molecule, in
the HWCVD process, is presented in this thesis. Methyl-substituted disilazane molecules,
as potential single-source precursors for SiCyNz thin films using HWCVD, are carriers of
Si-N-C units, which may readily be incorporated into the film network. In pursuance of
gaining a better understanding of HWCVD for the growth of or SiCyNz thin films using
HMDSZ as a precursor gas, it is important to identify the gas-phase reactive species
produced in the process. In this thesis, the primary decomposition of HMDSZ on the hot
W or Ta filament was detected under collision-free conditions (operating pressure 1× 10-5
Torr) using a 118 nm VUV laser SPI source coupled with time-of-flight (TOF)mass
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spectrometer. This helps to detect and understand the primary decomposition reaction
pathways for HMDSZ on the two metal surfaces. The secondary reactions in the gas
phase were examined by the same ionization source using a HWCVD reactor, which has
a relatively higher pressure of 12 Torr. Deuterated isotopomers, including
bis(trimethylsilyl)-N-deuterioamine (HMDSZ-d1) and 1,1,13,3,3hexa(deuteratedmethyl)disilazane (HMDSZ-d18), were used to help with the assignment
of mass peaks. The experimental study on the reaction chemistry was compared to the
theoretical calculations of the gas-phase decomposition of HMDSZ performed in this
work to understand the role that metal filaments played in the dissociation of HMDSZ.
The theoretical investigation was performed using ab initio calculations of both the
concerted and stepwise decomposition of HMDSZ along with the homolytic cleavages of
S-C, Si-N, and N-H in the gas phase.
With regard to the layout of this thesis, introduction and background information
relevant to this work is provided in Chapter 1. Experimental details and computational
methods used in this work are provided in Chapter 2. Decomposition of HMDSZ over
tungsten and tantalum filaments are provided in Chapter 3. In addition, theoretical
calculations of the gas-phase decomposition of HMDSZ are also presented in Chapter 3.
In Chapter 4, the gas-phase chemistry of HMDSZ in a HWCVD reactor is provided.
Conclusion and future work are presented in Chapter 5.
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Chapter Two: Experimental Details and Computational Methods
To examine the products from the primary decomposition of 1,1,1,3,3,3hexamethyldisilazane (HMDSZ) on the hot metal filament and from the secondary gasphase reaction processes in the HWCVD reactor, a laser ionization technique coupled
with time-of-flight mass spectrometry (TOF MS) was employed.24
2.1 Vacuum Ultraviolet Single-photon Ionization Time-of-flight Mass Spectrometry
A schematic of the experimental setup of the vacuum ultraviolet (VUV) single photon
ionization (SPI) time-of-flight (TOF) mass spectrometer used to study the gas-phase
chemistry of HMDSZ molecule in HWCVD is illustrated in Figure 2-1. Briefly, the
apparatus consists of a HWCVD source, a laser ionization source, and a linear TOF mass
spectrometer (R.M. Jordan). A comprehensive description of the apparatus can be found
elsewhere.24 The main ionization chamber is a six-way stainless steel cross (10-inch
diameter). The top port of the cross is coupled with the flight tube (1 m length) of the
TOF mass spectrometer, while the bottom port is connected to a diffusion pump (VHS-6,
Varian) through a gate valve. An Ar/Xe gas cell, where the 118 nm VUV laser radiation
is generated, is attached to the left port of the cross. A quartz window is placed in the
center of the flange mounted onto the right port to avoid electron emission as a result of
the laser beam striking on the metal surface. The port at the back is connected to a
mechanical pump which acts as both the roughing pump for the chamber and the backing
pump for the diffusion pump, while the port in the front is connected with the HWCVD
source, which will be described in detail below.
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Figure 2-1: A schematic of the experimental setup for the VUV SPI/TOF mass
spectrometer.26

2.2 HWCVD Sources
To detect the products from the primary decomposition of the gaseous precursors
formed directly from the hot metal filament surfaces and from the secondary gas-phase
reactions, two different setups, i.e., a collision-free setup and a reaction chamber setup,
were used as HWCVD sources.
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2.2.1 A Collision-Free Setup to Detect Decomposition Species on the Filament
Chemical species produced directly from the hot filament were detected using the
collision-free setup. A tungsten (W) or tantalum (Ta) filament (10 cm length, 0.5 cm
diameter) was placed directly in the main chamber through two copper feedthroughs in
this setup as shown in Figure 2-2. The filament was resistively heated by a DC power
supply and its temperature was measured by a two-color pyrometer (Chino Works)
through an IR-grade quartz window.
In addition, a stainless-steel plate of 18 cm in diameter with a hole in the center (D =
1 cm) was placed between the filament and the ion optics of the TOF mass spectrometer
as a shield to prevent electrons generated from the hot filament from interfering with
electric fields in the ion optics of the TOF-MS. A ¼ inch stainless steel tube through
which source gases were introduced was positioned such that its outlet was 5 cm from the
filament. The base pressures in the main chamber and the TOF tube were maintained at ~
1.4 × 10-7 Torr and ~ 1.9 × 10-8 Torr, respectively, by diffusion pump and turbo pump.
The operating pressure during the experiment was 1.0 × 10-5 Torr in the main chamber
and 1.0 × 10-6 Torr in the tube, respectively. Under this experimental condition, a
collision-free condition was maintained, consequently, the secondary gas-phase reactions
were avoided.
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Figure 2-2: A collision-free HWCVD source for detection of direct hot-wire
decomposition products. (Adapted with permission from American Chemical
Society, Account of Chemical Research journal published by American Chemical
Society)

2.2.2 A HWCVD Reactor Setup to Detect Species from Secondary Gas-phase
Reactions
For the detection of chemical species formed from the secondary gas-phase reactions,
a HWCVD reactor, made of a cylindrical tube of an inner diameter of 15 cm, was
attached to the main chamber. The reactor and the main chamber were connected through
a pin-hole (0.15 mm diameter) drilled in the bottom plate of the reactor as shown in
Figure 2-3. The distance between the filament and the pin-hole was set at 5 cm. This is
the typical distance between the filament and the substrate for the thin film deposition.
The pressure in the reactor was maintained at 12 Torr using a mass flow controller (MKS,
1179A) and was monitored by a capacitance manometer (MKS Baratron, type 626A).
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Figure 2-3: A HWCVD reactor for detection of gas-phase reaction products
(Adapted with permission from American Chemical Society, Account of Chemical
Research journal published by American Chemical Society)

Secondary gas-phase reactions are expected to occur under this relatively high
pressure in the reactor. The products of these reactions were sampled through the pinhole into the main chamber and the gas stream exiting the reactor formed an effusive
molecular beam. As mentioned above, the operating pressures in the main chamber and
the flight tube were maintained at 1.0 × 10-5 Torr and 1.0 × 10-6 Torr, respectively. Under
the low pressure in the main chamber, it is expected that all further gas-phase reactions
cease, hence, the detected species by TOF-MS constitute those from the gas-phase
reactions in the HWCVD reactor. The TOF mass spectra were collected at different
filament temperatures ranging from 900 to 2000 o C with an increment of 100 o C. At
each temperature, a mass spectrum was recorded every five minutes for one hour.
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2.3 Vacuum ultraviolet (VUV) Laser Single-Photon Ionization (SPI) Source
The gas-phase species from the hot-wire decomposition and the secondary reactions
in the experiments were ionized by a VUV SPI source. SPI uses a single photon of
sufficient energy to ionize the target species, but low enough to avoid fragmentation for
most species. SPI can detect multiple species at one time, as long as their ionization
energies are below the photon energy.71 In this work, a 118 nm laser radiation (10.5 eV),
produced by non-resonant frequency tripling of 355 nm UV output from a commercial
Nd-YAG laser (Spectra-Physics, LAB-170-10) operating at a 10 Hz repetitive rate, was
used to ionize species directly from the hot-wire decomposition and from the secondary
gas-phase reactions. The 355 nm output was attenuated to a constant energy of 25 mJ per
pulse by the combination of a half-wave plate and Glan laser polarizer. The laser was
then focused into the Ar/Xe gas cell by a quartz lens (f = 20 cm). The gas cell was filled
with 210 Torr of 10:1 Ar:Xe gas mixture ( > 99.5%, Praxair). This pressure was found to
be the optimum pressure to produce the maximum intensity of VUV radiation.90, 91
A lithium fluoride (LiF) lens was inserted into the optical path after the gas cell to
focus the 118 nm VUV light directly into the center of the space between the repeller
plate and extraction grid in the TOF ion optics, while the 355 nm UV beam is caused to
diverge away from the 118 nm beam after passing through the lens due to the different
refractive indices of the LiF lens for 118 nm and 355 nm light, as illustrated in the Figure
2-4. Multiphoton ionization by the 355 nm UV light is thus minimized.
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Figure 2-4: A schematic diagram of the single photon ionization (SPI) source
(Adapted with permission from American Chemical Society, Account of Chemical
Research journal published by American Chemical Society)

2.4 Time-of-flight Mass Spectra Collection
In this work, the TOF mass spectrometer used is of Wiley-McLaren design.92 The
design consists of an ionization region with modest electric field strength and an
acceleration region with significantly stronger field strength. As illustrated in Figure 2-5,
partition of these regions is defined by three metal plates: the repeller plate, the extraction
grid, and the acceleration grid. The ionization region and the acceleration region
experience field strength of Es and Ed, respectively. The drift region of length D is field
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free. The distance between the repeller plate and extraction is So, and the one between
extraction grid and the acceleration is d.

Figure 2-5: A schematic diagram of the Wiley-McLaren TOF mass spectrometer
with a two-stage ion extraction optics configuration

Wiley and McLaren have shown that the location at which maximum resolution can
be obtained is described by Equation (2-1).92
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Where k o is defined by
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ko =

s o + dEd
so Ed

(2-2)

The values for Es and Ed must be determined experimentally. The drift region D was
fixed at 1 m. The distance between plates was 1.27 cm for both E s and Ed regions. In this
work the optimal values were found to be at Es = 196 V cm-1 and Ed = 2182 V cm-1,
which corresponds to a repeller voltage of 3020 V and an extraction grid voltage of 2771
V. The acceleration grid is grounded. Ions produced from the VUV SPI source were
detected by a microchannel plate (MCP) detector at the end of the flight tube by first
extracting the ion from the ionization region by the electric field between the repeller
plate and extraction grid and then accelerated into the field-free drift region of the TOF
MS. Signals were pre-amplified using a pre-amplifier (Stanford Research Systems, SR
445A) and displayed on a 300 MHz digital oscilloscope (Tektronics, TDS 3032B).
Signals were averaged over 512 laser pulses before being saved into a computer using
E-scope. The TOF Mass spectra collected initially from the computer were in the format
of signal intensity versus time-of-flight. A conversion from the time-of-flight values to
mass-to-charge ratio (m/z) was obtained by using chemical(s) with known m/z values and
their corresponding time-of-flight. The calibration was achieved by fitting the known data
to the following Equation (2-3).

(m z )

1

2

= At + B

(2-3)

where A and B are the slope and y-intercept from the linear fit, respectively.
Under collision-free conditions, the filament was etched between each run of the
experiments by heating the filament to 2000 oC for two hours using 10% of H2 in He
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mixture under a total pressure of 1×10-5 Torr. This procedure ensures the cleanness of the
filament surface. Three runs of 0.9 % HMDSZ/He were studied at a filament temperature
range of 900 - 2400 o C at an increment of 100 oC.
2.5 Synthesis of bis(trimethylsilyl)-N-deuterioamine
To confirm the mechanism proposed for the primary decomposition and secondary
gas-phase reactions of HMDSZ, two isotopomers, i.e., bis(trimethylsilyl)-Ndeuterioamine (HMDSZ-d1, (CH3)3SiNDSi(CH3)3) and 1,1,1,3,3,3-hexa(deuterated
methyl)disilazane (HMDSZ-d18,(CD3)3SiNHSi(CD3)3), were used. HMDSZ-d18 was
purchased from CDN isotopes (> 98 %) and used without further purification. The
HMDSZ-d1 isotopomer is not commercially available. It was synthesized following the
method described by Sauer et al,93 where trimethylchlorosilane (TMCS) reacted with
deuterated ammonia.

Specifically, a solution of 24 ml of trimethylchlorosilane (≥ 98.0 %, Sigma Aldrich)
in 60 ml of anhydrous ether (≥ 99.0 %, VWR) was placed in 100 ml round-bottom flask.
The round bottom flask was placed in a pressurized vessel with an inlet tube connected to
deuterated ammonia (ND3) cylinder. The pressurized vessel was mounted on hot plate at
45 oC with a stirring speed of 500 rpm. Ammonia was introduced under a pressure of 80
psi. The system was heated for three hours and allowed to stir overnight. A white
precipitate (NH4Cl) was observed after the reaction. The white precipitate was allowed to
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settle, and the solution was decanted and filtered. The filtrate was then distilled in a
mineral oil bath to remove the ether from the combined extracts, giving 5.799 g of
HMDSZ-d1 (38% yield). The experimental apparatus for the synthesis is shown in Figure
2-6.

(a)

Pressurized vessel

ND3

(b)

Figure 2-6: Reaction setup to synthesize HMDSZ-d1 including (a) pressurization of
reaction mixture (b) distillation to obtain HMDSZ-d1
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2.6 Sample Preparation and Introduction
1,1,1,3,3,3-hexamethyldisilazane (HMDSZ) (≥ 99 %, Sigma Aldrich) was used in this
work without further purification. Diluted gaseous samples of HMDSZ was prepared by
mixing their room-temperature vapor with helium (99.999%, Praxair) after degassing
their liquid sample through several cycles of ‘freeze-pump-thaw’. For example, 0.9%
HMDSZ in He was prepared by first introducing 14 Torr of HMDSZ vapor into a 2.25 L
stainless steel cylinder, followed by balancing the pressure to 200 kPa with helium. To
confirm the proposed mechanism, 0.9% HMDSZ-d18, and 0.9% HMDSZ-d1 mixtures
were also prepared in a 2.25 L sample cylinder. Prior to each preparation, the introduction
manifold was pumped for at least one hour. The introduction manifold was then purged
with high-pressure helium for at least three times.
Due to the moisture-sensitive nature of HMDSZ, a protocol of transferring HMDSZ
into our liquid sample holder has been developed to avoid its exposure to air. For this, the
sample holder and the cannula were washed with acetone thoroughly for three times to
clean it from any previously used chemicals. The sample holder and the cannula were
baked at 120 o C for one hour to remove any moisture and allowed to cool down to room
temperature. The sample holder was capped immediately and closed firmly. The chemical
was transferred into the sample holder via cannula transfer after the sample holder has
been pumped to a vacuum and purged with argon. The pumping and argon filling were
repeated at least twice with each lasting for ten minutes. At this point, the chemical is
transferred to the holder which is now filled with argon as shown in Figure 2-7.
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Figure 2-7: A schematic of the setup for transferring chemical into sample holder

2.7 Computational Methods
In this thesis, ab initio calculations were performed to study the homolytic, stepwise
and concerted decomposition pathways of HMDSZ. For the theoretical calculations in
this work, the density functional theory (DFT) method with the Becke, 3-parameter, LeeYang-Parr (B3LYP) functionals 94, 95 and the coupled cluster method with single, double
and perturbative triple excitations (CCSD(T))96 were used. The B3LYP hybrid functional
has emanated as a good compromise between computational cost, coverage and accuracy
of results.97 This functional provides good results in predicting the structures of
silylamines.98, 99 CCSD(T) is a ‘golden method’ and elegant approach to computing
single point energies. Geometry optimization and vibrational frequency calculations of
the minimum-energy structures of the reactants, intermediates, and products involved in
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this study were performed at the B3LYP/6-311++G(d,p) level of theory. All
intermediates involved in this work were minima in their singlet state unless stated
otherwise. The transition states were located by performing a TS search followed by
geometry optimization and vibration frequency calculation. All the TSs were confirmed
to have only one imaginary frequency as per the criteria. The hard-to-find TSs were
located by exploring the potential energy surface (PES) along the expected reaction
coordinate, which was followed by TS optimization for the highest point at the PES.
Each TS was verified by performing intrinsic reactions coordinate (IRC) to confirm
that it connects the two desired minima. Single-point energies (SPE) were calculated at
the CCSD(T)/6-311++G(d,p) level of theory. The full notation for the calculation method
used in this work is thus CCSD(T)/6-311++G(d,p)//B3LYP/6-311++G(d,p). Zero-point
energies (ZPE) were determined at the B3LYP/6-311++G(d,p) level of theory and were
scaled by a factor of 0.9806, as proposed by Scott and Radom.100 The enthalpies at 298 K
(H298) were obtained by adding the quantity (H298-H0) to the enthalpies at 0 K (H0). The
quantity (H298-H0) was calculated by subtracting the unscaled ZPE from the thermal
correction to enthalpy. Gibbs free energies at 298 K (G298) were obtained in a similar way
using thermal correction to the Gibbs free energy. Entropy at 298 K (S298) was computed
from values of enthalpy and Gibbs free energy at 298 K. The activation enthalpy (∆Hǂ)
and activation Gibbs free energy (∆Gǂ) were determined by computing the difference
between the Hǂ or Gǂ for the reactant and those of the transition state. The activation
entropies (∆Sǂ) was computed by dividing the quantity (∆Hǂ-∆Gǂ) by temperature. The
reaction enthalpies (∆H), reaction Gibbs free energies (∆G), and reaction entropies (∆S)
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were determined similarly using H, G, and S of the reactants and products. All
computations in this work were performed using Gaussian 16 program. 101
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Chapter Three: Decomposition of 1,1,1,3,3,3-Hexamethyldisilazane on Hot Tungsten
and Tantalum Surfaces
3.1 Motivation
1,1,1,3,3,3-Hexamethyldisilazane (HMDSZ), a methyl-substituted disilazane
molecule, has been used extensively as a single-source precursor in various CVD
processes to form silicon carbonitride (SiCyNz) thin films.102-108 As mentioned in Chapter
1, HMDSZ has been used as a source gas in HWCVD to fabricate SiCyNz.61, 89 Among
the two methyl-substituted disilazanes (HMDSZ and tetramethyldisilazne, TMDSZ),
TMDSZ has been found to have higher deposition rate compared to HMDSZ. The higher
deposition rate is attributed to the presence of Si-H bonds in the structure of TMDSZ.
Also, addition of NH3 (as source of nitrogen) to methyl-substituted disilazane molecules
controls the composition of the deposited SiCyNz thin film. Despite these studies, radical
formation and detection of gas-phase chemical species with HMDSZ have received less
+

+

attention. Stelzner et al.109 detected (CH3)3SiNHSi(CH3)2 and CH3 as the two primary
products from the first fragmentation step in plasma-enhanced CVD of silicon
carbonitride thin films using HMDSZ as the single-source precursor. The activation
energy for the methyl production was not determined in their work.
Recently, the Shi group has explored the gas-phase reaction chemistry of two-types of
organosilicon molecules, namely open-chain alkylsilanes and four-membered-ring
(di)silacylcobutanes.110 The formation of methyl radical has been found to be the
common step in the primary decomposition of methyl-substituted silanes111 and methylsubstituted (di)silacylcobutanes82, 83, 85 on the W or Ta filaments. The activation energy
has been determined for the methyl formation in all the above-mentioned precursors. The
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role of methyl radical in the deposition of SiCyNz thin films is uncertain, but previous
studies in the Shi group on the gas-phase reaction chemistry using organosilicon
compounds24, 83, 85, 112 in HWCVD have shown that the formation of methyl radical from
hot-wire decomposition initiates a short chain reaction in the gas phase.
Recently, Shi and coworkers113 studied the catalytic dissociation of
tris(dimethylamino)silane ((N(CH3)2)3SiH), a dimethylamino-substituted silane molecule,
on hot W and Ta filaments. They observed the formation of methyl radical using the 10.5
eV VUV laser SPI mass spectrometry, suggesting the dissociation of N-CH3 bond on the
hot filaments. The authors determined the activation energy for the production of methyl
radical to be in the range of 47.4 ± 6.7 to 81.0 ± 9.9 kJ mol-1, depending on the filament
material and temperature. Tris(dimethylamino)silane is a N-containing organosilicon
molecule lacking a direct Si-C bond. It will be interesting to examine a N-containing
organosilicon molecule that has a direct Si-C bond, such as HMDSZ.
As a base, the use of only HMDSZ as source gas was examined experimentally in this
work using HWCVD sources to identify the gas-phase species responsible for the SiCyNz
film growth. In this Chapter, a systematic study on the decomposition chemistry of
HMDSZ on W and Ta filament surfaces is reported. The decomposition products were
detected with the 118 nm (10.5 eV) VUV laser SPI coupled with time-of-flight mass
spectrometer (TOF MS). The operating pressure was maintained at 1 × 10-5 Torr to
ensure collision-free conditions to allow the detection of species produced directly form
hot-wire decomposition of HMDSZ. The intensity profile of any decomposition product
at different temperatures were explored for the study of the effect of filament temperature
on their production. From the Arrhenius plot in the temperature-dependent rise of these
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products, the apparent activation energies could be determined. The effect of filament
material on the decomposition chemistry was also examined. A theoretical investigation
using ab initio calculations of the concerted and stepwise decomposition of HMDSZ
along with the homolytic cleavage of Si-C bond were also explored. The results obtained
from the experimental study were compared with those determined theoretically.

3.2 Room-temperature VUV Single-photon Ionization Mass Spectra of HMDSZ
HMDSZ is extremely sensitive to moisture and care needs to be taken in handling the
chemical. The room-temperature mass spectrum of HMDSZ after using the developed
protocol of transferring moisture-sensitive chemicals as shown in Section 2.6, was
recorded using SPI with the VUV photon of 10.5 eV ( = 118 nm) when the filament was
off. As shown in Figure 3-1, the mass spectrum is dominated by a photofragment ion
peak at m/z 146 (C5H16Si2N+·, base peak) and the parent ion peak at m/z 161 (34.8 ±
6.2% to the base peak). The isotope peaks of the parent ion at m/z 161 originating the
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Si, 30Si, and 13C were observed at 162 (22.2 ± 4.4%) and 163 (9.8 ± 3.5%), respectively.

The percentage intensities of the isotope peaks are relative to the parent ion intensity at
m/z 161. Other main peaks are observed from Figure 3-1 at m/z 4, 74 and 89, with the
peak at m/z 4 from He+. From the enlarged mass spectrum shown in the inset, other weak
peaks can also be seen at m/z 75, 90, 108, and 110.
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Figure 3-1: Room-temperature 10.5 eV single-photon ionization TOF mass spectrum
of 0.9 % HMDSZ/He. The inset is an enlarged picture in the mass region of 0-140
amu

Tamas et al.114 reported the mass spectrometric study of electron impact-induced
fragmentation of HMDSZ. They showed that the primary fragmentation pathway was the
loss of CH3 radical, leading to the formation of (CH3)3SiNHSi(CH3)2+· with m/z 146
From this ion, the main process of further fragmentation is the elimination of methane
molecule to form a fragment ion of CH3)2Si-N=Si(CH3)2+· with m/z 130. They found that
the CH3)2Si-N=Si(CH3)2+· (m/z 130) arising from this process was stable and its
fragmentation only took place weakly which involved the elimination of NH3 to form a
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fragment ion of C4H9Si2+· at m/z 113. Figure 3-2 shows a 70 eV mass spectrum from
NIST Chemistry WebBook, which showed the fragment ion peaks at m/z 146, 130, and
73. A comparison of the 10.5 eV SPI mass spectrum shown in Figure 3-1 and the 70-eV
EI mass spectrum in Figure 3-2 showed that the parent ion (m/z 161) intensity was
significantly enhanced using 10.5 eV SPI. Furthermore, only the main fragment ion of
(CH3)3SiNHSi(CH3)2+· (m/z 146) was observed in Figure 3-1, with all other known
fragment ions from HMDSZ absent. The above two observations provides support that
10.5 eV VUV SPI is a “soft” ionization source. 115, 116
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Figure 3-2: Room-temperature 70 eV mass spectrum of HMDSZ showing the main
fragment peaks (Adapted from NIST Chemistry WebBook)

The two weak peaks at m/z 74 and 89 in Figure 3-1 were believed to come from the
hydrolysis products of HMDSZ. Gas chromatography-mass spectrometry (GC-MS)
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analysis of contaminated HMDSZ samples exposed to the air showed the existence of
both hexamethyldisiloxane (HMDSO) and trimethylsilanol (TriMSO) (See Appendix A).
HMDSO and TriMSO are the products of HMDSZ with water, as illustrated in Equations
(3-1) and (3-2).

Figure 3-3 shows a room-temperature mass spectrum of HMDSZ with contamination
of hydrolysis products recorded with the 10.5 eV SPI source. The mass peak from
HMDSO are represented by its molecular ion peak at m/z 162 and the fragment ion peak
at m/z 147. These two peaks overlap with the isotope peaks of the molecular ion of
HMDSZ and its fragment ion at m/z 146. Therefore, an increased intensity ratio of I(m/z
147)/I(m/z 146) and I(m/z 162)/I(m/z 161) is a strong indication that HMDSO (from the
reaction of HMDSZ and H2O) is present. According to the theoretical calculations, the
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isotopic contributions from m/z 147 and 162 to the ones at m/z 146 and 161 from
HMDSZ are 16.5% and 17.6%, respectively. The TOF mass spectrum of hydrolyzed
HMDSZ using the 10.5 eV VUV SPI showed an increase in the intensity ratio of I(m/z
147)/I(m/z 146) and I(m/z 162)/I(m/z 161) to 81.0% and 41.1%, respectively.

Figure 3-3: Room-temperature 10.5 eV single-photon ionization TOF mass spectrum
of 0.9 % HMDSZ/He with contamination of hydrolysis products. The inset is an
enlarged picture in the mass region of 0-140 amu

In addition, the peaks at m/z 17, 74, and 89 are also found to come with the formation
of HMDSO as shown in Figure 3-3. The peak at m/z 89 is attributed to trimethylamine
((CH3)3SiNH2+), formed from the partial hydrolysis of HMDSZ as shown in Equation (33). The peak at m/z 74 ((CH3)2SiNH2+) is believed to be a photofragment ion from the
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peak at m/z 89. Peak at m/z 17 is from NH3, the other product from the hydrolysis of
HMDSZ. The peaks at m/z 108 and 110 have not been assigned yet.

3.3 Primary Decomposition of HMDSZ on W
To examine the primary decomposition products of HMDSZ on W filaments, mass
spectra were collected at different W filament temperatures ranging from 900 - 2400 oC
at an increment of 100 oC for a mixture of HMDSZ/He. Figure 3-4 shows the mass
spectra in the mass region of 2-28 amu for the temperature range of 1200 – 2400 oC. As
can be seen from Figure 3-4, mass peak at m/z 15 was very weak at low filament
temperatures and started to show increases in intensity with increasing filament
temperature at high filament temperatures. The peak at m/z 15 should come from the
methyl radical, produced by the breakage of Si-CH3 bond connection in the HMDSZ
molecule. In Figure 3-5 (a) and (b), the distribution of the bare intensity and the
normalised intensity of +CH3 as a function of filament temperature for HMDSZ is shown
respectively. The normalised intensity is achieved by multiplying the intensity of +CH3 at
one specific temperature by the ratio of the intensity of the parent ion peak at room
temperature to that at the same temperature. The +CH3 radical intensity is relatively
constant from 900 oC to 1700 oC,and shows an increase from 1800 oC. The intensity
keeps increasing with temperature to 2400 o C, the highest temperature tested in this
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work. This increase in intensity indicates that a decomposition path exists to cleave the
Si-CH3 bond on the W filament. This observation further confirms that HMDSZ, a
methyl-substituted disilazane molecule, decomposes on heated W filament to produce
methyl radicals as shown in the Equation (3-4). This is in good agreement with the results
from the work of Stelzner et al.109 who detected (CH3)3SiNHSi(CH3)2 and CH3 as the two
primary products from the first fragmentation step in plasma-enhanced CVD of silicon
carbonitride thin films using HMDSZ as the single-source precursor.
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Figure 3-4: 10.5 eV single-photon ionization TOF mass spectra of HMDSZ in the mass
region of 2-28 amu with W filament temperatures in the range 1200-2400 oC at a
chamber pressure of 1× 10-5 Torr. Room-temperature mass spectrum is also shown for
comparison.
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Figure 3-5: The peak intensity of (a) bare intensity of peak m/z 15 (CH3+), and (b)
normalised intensity of peak m/z 15 (CH3+) as a function of filament temperature for
HMDSZ on W filament at a chamber pressure of 1× 10-5 Torr
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As shown in Figure 3-5, the intensity of the methyl radical increases with increase in
filament temperature in the range of 1800 - 2400 o C. This indicates that the formation of
methyl radicals from the decomposition of HMDSZ on W filament is controlled by
surface reactions at filament temperatures ranging from 1800 to 2400 oC. Unlike
HMDSZ, tris(dimethylanino)silane113 and other organosilicon molecules not containing N
atoms, such as methyl-substituted (di)silanes111, 117 and silacyclobutanes,82, 83 show
transition from surface reaction to mass transport regime.
The formation of methyl radical from HMDSZ follows Arrhenius behavior in the
region where there is a monotonic increase. The apparent activation energy (Eaapp) for the
formation of methyl radical was determined to be 71.2 ± 9.1 kJ/mol in the temperature
range of 1700 - 2400 oC. A comparison of the determined Eaapp value with the energy for
the homolytic cleavage of Si-CH3 bond in HMDSZ from the theoretical calculations will
be discussed later on in this Chapter.
The peak at m/z 17 (NH3) was observed under collision-free conditions when the
filament is off. The intensity ratio of m/z 17 to m/z 161 (parent ion) revealed no obvious
increase with increase in temperature as shown in Figure 3-6. Therefore, it is believed
that there is no contribution to the peak intensity of NH3 from the decomposition of the
HMDSZ molecule.
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Figure 3-6: The intensity ratio of I(m/z 17)/I(m/z 161) for 0.9 %HMDSZ/He as a
function of filament temperature in the range of 900 – 2400 o C. Note that the roomtemperature (20 oC) intensity was represented by the data point at 800 oC in the
figure to avoid a large empty space between 20 oC and 900 oC.
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Figure 3-7: 10.5 eV single-photon ionization TOF mass spectra of HMDSZ in the
mass region of 26-140 amu with W filament temperatures in the range 1200-2400 oC
at a chamber pressure of 1× 10-5 Torr
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Figure 3-7 shows the mass spectra in the mass regions of 30 – 140 amu recorded after
the filament was turned on at the temperatures of 1200 – 2400 oC. No new mass peaks
were observed in this region when the filament was turned on. In their work on the mass
spectrometric studies of HWCVD processes with both HMDSZ and TrDMAS, Morimoto
et al.61 showed the appearance of the two peaks at m/z 74 and 89 after heating the
tungsten catalyzer. They attributed these two peaks to HSi(CH3)3+ and (CH3)3SiNH2+,
respectively, which was produced by the surface reactions of Si(CH3)3 and (CH3)3SiNH
on chamber walls. This suggests that Si-N bond dissociation takes place on the filament
surfaces to produce Si(CH3)3 and (CH3)3SiNH, although the bond dissociation energy of
Si-C (338 kJ/mol) is lower than Si-N (434 kJ/mol).61 In our experiment, the two peaks at
m/z 74 and 89 were observed when the filament was off. the intensity ratios of the mass
peaks at 74 and 89 to that of the parent HMDSZ ion at m/z 161 versus the filament
temperatures are shown in Figure 3-8 (a) and (b), respectively. The intensity ratios did
not show an obvious increase with filament temperature, indicating no contribution from
the decomposition of the parent HMDSZ molecule to these two peak intensities. This
suggests that no chemical species with mass of 74 amu and 89 amu, respectively, was
produced from the dissociation of HMDSZ on the W filament surfaces under our
experimental conditions.
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Figure 3-8: The intensity ratio of (a) I(m/z 74)/I(m/z 161), and (b) I(m/z 89)/I(m/z
161) for 0.9%HMDSZ/He as a function of filament temperature in the range of 900
– 2400 o C. Note that the room-temperature (20 oC) intensity was represented by the
data point at 800 oC in the figure to avoid a large empty space between 20 oC and
900 oC.
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3.4. Experiments with 1,1,1,3,3,3-hexa(deuteratedmethyl)disilazane (HMDSZ-d18)
on W
In order to better understand the decomposition of HMDSZ on W and to help assign
the mass peaks, experiments with the deuterated isotopomer, 1,1,1,3,3,3hexa(deuteratedmethyl)disilazane, (HMDSZ-d18), were carried out using 10.5 eV SPI
TOF MS. The room-temperature TOF mass spectrum of HMDSZ-d18 is shown in Figure
3-9, which is dominated by the peaks at m/z 161 and 179. Compared to the roomtemperature mass spectrum of HMDSZ in Figure 3-1, it is clear that the mass peaks at
m/z 146 and 161 are shifted to 161 and 179, respectively, when HMDSZ is replaced by
HMDSZ-d18. The dominance of these two peaks is also preserved. The weak peaks at
m/z 80 and 98 are the corresponding peaks for the ones at m/z 74 and 89, respectively, as
appeared in Figure 3-1, the usual mass peaks that accompany the hydrolysis of HMDSZ.

Figure 3-9: Room-temperature 10.5 eV single-photon ionization TOF mass spectrum
of 0.9%HMDSZ-d18/He. The inset is an enlarged picture in the mass region of 0-140
amu
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Figure 3-10 shows the mass spectra for HMDSZ-d18 after the filament was turned on.
A careful examination of the mass spectra in the low mass region revealed no presence of
the peak at m/z 18 (CD3), which is the corresponding peak at m/z 15 (CH3) in HMDSZ.
The formation of peak at 17 (NH3), which is the by-product of the hydrolysis of HMDSZ,
was observed. The observation of peak at m/z 17 with HMDSZ-d18 confirms its origin
from the hydrolysis of HMDSZ since the formation of NH3 involves the reaction of the
N-H bond in HMDSZ with the hydrogen atoms in H2O. The absence of a peak at m/z 18
(CD3) could be due to the weak intensity as the intensity of the parent ion (HMDSZ-d18)
is also weak. The peaks at m/z 133 and 139, appeared after the filament was turned on
when HMDSZ-d18 was used, and believed to be produced in-situ in the presence of the
filament.
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Figure 3-10: 10.5 eV VUV SPI TOF mass spectra of 0.9% HMDSZ-d18/He in the
mass region of 0-150 amu with W filament temperature in the range of 900 - 2000 oC
at a chamber pressure of 1× 10-5 Torr. Room-temperature mass spectrum is also
shown for comparison.
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3.5 Primary Decomposition on Ta
The mass spectra of HMDSZ after turning on a Ta filament were collected at different
temperatures ranging from 900 - 2400 oC at an increment of 100 oC. The normalised intensity
distribution of peak at m/z 15 as a function of filament temperature for HMDSZ is shown in
Figure 3-11. The normalised intensity is achieved as described earlier. An increase in the +CH3
radical intensity was observed in the temperature range of 1700 - 2400 oC, which indicates that a
decomposition path exists to cleave the Si-CH3 bond on the Ta filament, producing methyl
radicals.
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Figure 3-11: The normalised peak intensity of m/z 15 (CH3 ) as a function of
filament temperature for HMDSZ on Ta filament at a chamber pressure of 1× 10
Torr.

The apparent activation energy for the formation of methyl radical was also
determined using Ta filament. The average apparent activation energy (Eaapp) was
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determined to be 76.7 ± 8.1kJmol-1 in a temperature range of 1600 - 1900 oC. A
comparison of the determined Eaapp value using Ta filament with the energy for the
homolytic cleavage of Si-CH3 bond in HMDSZ from the theoretical calculations will be
discussed later on in this Chapter.
The filament material used in HWCVD process is believed to play an important role
in the decomposition of the source gas.118 Toukabri et al. observed that the temperature at
which the gas-phase chemistry was active for MMS80 and DMS79 decomposition on W
and Ta were different. However, the gas-phase chemistry of the two precursors were not
affected by W or Ta materials. The decomposition of HMDSZ molecules were studied on
two filaments, W and Ta, to understand the effect of filament material. The methyl
radical intensities from the primary decomposition of HMDSZ were compared using
these two filaments. The normalised intensity of the methyl radicals as a function of the
filament temperature for both W and Ta showed Arrhenius behavior. The temperature
profile of methyl radical for HMDSZ for both W (1700-2400 oC) and Ta (1600-1900 oC)
shows an increase with increase in filament temperature. This suggest that the methyl
radical formation on both W and Ta follows the same mechanism as described earlier.
With Ta, the temperature range (1600-1900 oC) was narrower compared to that of W
(1700-2400 oC).
The average Eaapp was determined to be 71.2 ± 9.1 kJ/mol for W filament which is
comparable to that of Ta filament (76.7 ± 8.1 kJ/mol). This shows that, W and Ta exhibit
similar apparent activation energies for methyl radical production. Although the binding
energies of CH3-W or CH3-Ta are unknown, several groups have studied the binding
energies of CH3 with various other transition metal surfaces such as Cu(111), Ni(111),
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Pd(111), Pt(111), Rh(111), Ru(001), Ir(111), and Au(111).119-121 The binding energies of
these transition metals and CH3 are in the range of 112 - 238 kJmol-1, which is higher
than the activation energies determined in our work. From Lin and Bent’s122 studies on
the thermal decomposition of CH3I on Cu(111) surface, there are two pathways to form
methyl radical. The first pathway is to generate free methyl radicals in the gas-phase with
I bound simultaneously to the Cu surface, and the second is formation of bound CH3
group and I to the Cu surface followed by their desorption. This indicates that the methyl
radicals are ejected from the filament surfaces and follows the first pathway as described
by Bent and coworkers.
3.6 Theoretical Study on the Decomposition Chemistry of HMDSZ
In order to understand the role that metal filaments play in the dissociation processes
of HMDSZ, an ab initio calculation of various decomposition pathways of HMDSZ in
the gas phase was performed. To the best of our knowledge, there have been no reports
on a systematic study on the decomposition of HMDSZ using ab initio calculations. As
stated in Section 2.7, all geometry optimization and vibrational frequency calculations
were carried out at the B3LYP/6-311++G(d,p) level of theory and single-point energies
of optimized geometries were calculated using CCSD(T) with the basis set of 6311++G(d,p). Scheme 3-1 illustrates both the concerted and stepwise pathways for the
decomposition of HMDSZ studied in this work.
3.6.1 Homolytic cleavage of various bonds in HMDSZ
As the first step for the theoretical study of the decomposition pathways of HMDSZ,
the homolytic bond cleavages of the various bonds in HMDSZ, including Si-C, Si-N, and
N-H bonds, were examined as shown in Scheme 3-1. A homolytic cleavage results in the
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formation of free radicals. In route SR-1a, the Si-C bond cleavage leads to the formation
of (trimethylsilylamino)dimethylsilyl radical (I1) and CH3 radical (I2). The Si-N bond
cleavage in route SR-2a leads to the formation of trimethylsilyl radical (I3) and
trimethylsilylamino radical (I4). In route SR-3a, the N-H bond cleaves to form H radical
(I5) and hexamethyldisilazyl radical (I6). Typically, homolytic cleavages proceed with no
energy barrier, i.e., no transition states exist for homolytic bond cleavage processes.84, 113,
123-125

The optimized geometries of HMDSZ, I1, I3, I4, and I6 are illustrated in Figure 3-

12. The typical bond length for Si-C, Si-N, and N-H bond in the optimized geometry of
HMDSZ is 1.888 Å, 1.753 Å, and 1.013 Å, respectively. The optimized geometry of
HMDSZ calculated in this work at B3LYP/6-311++G(d,p) level is in good agreement
with a previous ab initio study by Fleischer and McKean.126 However, our results for
HMDSZ are in much better agreement with the previously reported structure by
experimental electron diffraction study by Fjeldberg et al.127 For example, the Si-N bond
length of 1.753 Å in the B3LYP/6-311++G(d,p) structure is very close to the
experimental result of 1.738 ± 0.005 Å. The calculated Si-C bond length at B3LYP/6311++G(d,p) level at 1.888 Å agrees well with the experimental results of 1.876 ± 0.001
Å. The Si-C bond lengths (1.896 Å) in I1 was slightly elongated compared to that in
HMDSZ (1.887 Å) after the homolytic cleavage of Si-C in HMDSZ. The Si-C bond
lengths in I3 also saw a slight increase, whereas those in I4 and I6 were very close to that
of HMDSZ. The Si-N bond length in I1 and I4 showed a slight increase in bond, whereas
that of I6 showed a slight decrease as compared to HMDSZ.
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Scheme 3-1: Stepwise and concerted routes for the decomposition of hexamethyldisilazane
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Figure 3-12: Optimized geometries of (a) hexamethyldisilazane (HMDSZ), (b)
(trimethylsilylamino)dimethylsilyl radical (I1), (c) trimethylsilyl radical (I3), (d)
trimethylsilylamino radical (I4), and (e) hexamethyldisilazyl radical (I6)
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The energy-level diagram for all three homolytic bond cleavage processes, i.e., SR-1a,
SR-2a, and SR-3a, is shown in Figure 3-13.
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Figure 3-13: Energy-level diagram for the homolytic bond cleavages of HMDSZ.
Energy values represent the relative enthalpies in kcal/mol at 0 K (ZPE correction
included).

The reaction enthalpies for the homolytic cleavages of Si-C bond, Si-N bond, and NH bond were determined to be 86.8 kcal/mol (i.e., 363.2 kJ/mol), 109.7 kcal/mol (i.e.,
459.0 kJ/mol), and 106.0 kcal/mol (i.e., 443.5 kJ/mol), respectively. From our
experimental study of the decomposition of HMDSZ on W and Ta filaments, the
activation energies for the production of CH3 were determined to be 71.2 ± 9.1 kJ/mol
and 76.7 ± 8.1kJ/mol, respectively. These values are much lower than the theoretically
determined value of 86.8 kcal/mol (i.e., 363.2 kJ/mol) for the Si-C bond cleavage in
HMDSZ. This clearly suggests that the dissociation of HMDSZ on both W and Ta
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filaments is a catalytic process and the metal wires serve as the catalyst in the cracking of
HMDSZ molecules. Toukabri et al.111 studied the formation of methyl radicals from the
decomposition of methyl-substituted silanes. In their studies, the Si-C bonds in these
molecules cleave to form methyl radicals and the obtained activation energy values for
the methyl radical formation were in the range of 51.1 - 84.7 kJ/mol. In a similar effort,
Badran et al.125 also studied the gas-phase reactions of 1-methylsilacyclobutane in
HWCVD. They observed that the exocyclic Si-CH3 bond cleaves to form methyl radical
and the obtained experimental activation energy of 46.7 kJ/mol was much lower than the
theoretically determined value of 361 kJ/mol at the CCSD(T)/6-311++G(3d,2p)//MP2/6311++G(d,p) level of theory.125 The results obtained from this work on HMDSZ are in
good agreement with those obtained from previous studies on hot wire decomposition of
organosilicon molecules containing direct Si-C bonds.
3.6.2 Concerted Decomposition routes
The possible concerted routes for the decomposition of HMDSZ were then explored.
From this, four concerted decomposition routes were identified as shown in Scheme 3-1.
They lead to the formation of 1,1-dimethyl silanimine (P1) and tetramethylsilane (P2) in
the concerted CR-1 route, 1,1-dimethylsilene (P3) and trimethylsilylamine (P4) in the
CR-2 route, (trimethylsilyl)dimethylsilanimine (P5) and methane (P6) in the concerted
CR-3 route, and 1-trimethylsilylamino-1-methylsilene (P8) and methane (P6) in the
concerted CR-4 route.
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3.6.2.1 Concerted Decomposition Route (CR-1) for the Formation of 1,1-Dimethyl
silanimine (P1) and Tetramethylsilane (P2)
The first concerted decomposition route, denoted as CR-1, is a 1,3-methyl shift from
one Si to another Si to produce 1,1-dimethylsilanimine (P1) and tetramethylsilane (P2).
The transition state for this route, which is labeled as TS-CR-1, has been located at the
B3LYP/6-311++G(d,p) level of theory. The single imaginary frequency for the TS was
308.2i cm-1. The intrinsic reaction coordinate (IRC) path of the TS-CR-1 confirms that it
connect to both P1 and P2 at the two minima. The optimized geometries of TS-CR-1 and
the two products (P1 and P2) are shown in Figure 3-14.
(b) 1,1-Dimethylsilanimine (P1)

(a) TS-CR-1

(c) Tetramethylsilane (P2)

Figure 3-14: Optimized geometries of (a) TS-CR-1, (b) 1,1-dimethylsilanimine (P1),
and (c) tetramethylsilane (P2) involved in the concerted 1,3 methyl-shift for the
formation of P1 and P2 in the CR-1 route
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3.6.2.2 Concerted Decomposition Route (CR-2) for the Formation of 1,1Dimethylsilene (P3) and Trimethylsilylamine (P4)
The second concerted pathway, denoted as CR-2, concerns a 1,3-H shift from C to N
to form 1,1-dimethylsilene (P3) and trimethylsilylamine (P4). The transition state for this
concerted route, labeled as TS-CR-2, was also successfully found at the B3LYP/6311++G(d,p) level of theory. The single imaginary frequency for TS-CR-2 was 1216.9i
cm-1. The IRC path of the TS-CR-2 confirms that it connects to both P3 and P4 at the two
minima. Figure 3-15 illustrate the optimized geometries of TS-CR-2, P3, and P4.

(a) TS-CR-2

(b) 1,1-Dimethylsilene (P3)

(c) Trimethylsilylamine (P4)

Figure 3-15: Optimized geometries of (a) TS-CR-2, (b) 1,1-dimethylsilene (P3), and
trimethylsilylamine (P4) involved in the concerted 1,3 H-shift for the formation of
P3 and P4 in the CR-2 route
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3.6.2.3 Concerted Elimination of Methane (P6) for the Formation of
(Trimethylsilyl)dimethylsilanimine (P5)
The third concerted pathway (CR-3) is the first of the two concerted elimination of
methane (P6), which forms (trimethylsilyl)dimethylsilanimine (P5). The transition state
for this route, labeled as TS-CR-3, was located at B3LYP/6-311++G(d,p) level of theory.
The single imaginary frequency for TS-CR-3 at 1517.1i cm-1 corresponds to concurrent
bond breaking of Si-C and N-H bonds, and subsequent bond formation between methyl
and hydrogen radicals in HMDSZ, which is in agreement with the coordinate of this
reaction. The IRC path of the TS-CR-3 confirms that it connects to both P5 and P6 at the
two minima. The optimized geometries of TS-CR-3 and P5 are illustrated in Figure 3-16.

(b) (Trimethylsilyl)dimethylsilanimine (P5)

(a) TS-CR-3

Figure 3-16: Optimized geometries of (a) TS-CR-3 and (b)
(trimethylsilyl)dimethylsilanimine (P5) involved in the concerted elimination of
methane for the formation of P5 in the CR-3 route
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3.6.2.4 Concerted Elimination of Methane (P6) for the Formation of 1Trimethylsilylamino-1-methylsilene (P8)
The last concerted pathway (CR-4) is the second of the two concerted elimination of
methane (P6), which forms 1-trimethylsilylamino-1-methylsilene (P8). The strong single
imaginary frequency (1487.97i cm-1) for transition state of this route, labeled as TS-CR-4,
corresponds to simultaneous bond breaking and forming between methyl and hydrogen
readicals, to form P6 and P8 in the concerted manner. The IRC path of TS-CR-4 connects
both P6 and P8 at the two minima. Figure 3-17 shows the optimized geometries of TSCR-4 and P8.

(a) TS-CR-4

(b) 1-Trimethylsilylamino-1-methylsilene (P8)

Figure 3-17: Optimized geometries of (a) TS-CR-4 and (b) 1-trimethylsilylamino-1methylsilene (P8) involved in the concerted elimination of methane for the formation
of P8 in the CR-4 route
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Figure 3-18: Energy-level diagram for all concerted mechanisms of HMDSZ.
Energy values represent the relative enthalpies in kcal/mol at 0 K (ZPE correction
included)

Figure 3-18 shows the energy-level diagram for all the four concerted pathways
investigated in this work, including CR-1, CR-2, CR-3, and CR-4. All the enthalpies were
calculated for 0 K at the CCSD(T)/6-311++G(d,p)//B3LYP/6-311++G(d,p) level of
theory. All energy values in Figure 3-17 include the zero-point energy (ZPE) corrections.
The activation enthalpy for the concerted formation of P1 and P2 in route CR-1 was
determined to be 87.5 kcal/mol (i.e., 366.1 kJ/mol). In route CR-2, the determined
activation enthalpy for the concerted formation of P3 and P4 was 66.4 kcal/mol (i.e.,
277.5 kJ/mol). Both CR-3 and CR-4 routes involve the elimination of methane, with the
respective formation of P5 and P8. The activation enthalpies for the formation of P5 in
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CR-3 and P8 in CR-4 were calculated to be 74.0 kcal/mol (i.e., 310 kJ/mol) and 88.9
kcal/mol (i.e., 372.0 kJ/mol), respectively. A comparison of all the four concerted
pathways studied in this work showed that the formation of P3 and P4 in route CR-2 is
most energetically favourable with lowest activation enthalpy of 66.4 kcal/mol. The
concerted elimination methane to form P5 (CR-3) has the second lowest activation
enthalpy of 74.0 kcal/mol, whereas the other methane elimination route (CR-4) has the
highest value of 88.9 kcal/mol. The remaining route, CR-1, gives the second highest
activation enthalpy value.

3.6.3 Stepwise Decomposition routes
The stepwise decomposition routes of HMDSZ were also explored. For the stepwise
processes, the reaction starts with the homolytic cleavage of the various bonds in
HMDSZ, including Si-C, Si-N, and N-H bonds, to generate free radicals. The free
radicals then undergo further decomposition to form the final products.

3.6.3.1 Stepwise Decomposition Route Initiated by the Rupture of Si-C bond
The first step in this stepwise decomposition route is the homolytic cleavage of Si-C
bond, labeled as SR-1a, to generate I1 and I2, as described in Section 3.6.1. As mentioned
before, this step proceeds without a TS. From I1, the elimination of trimethylsilyl radical
(I3) is possible to produce 1,1-dimethylsilanimine (P1), one of the products in CR-1. This
second step is labeled as SR-1b-1. This is one of the three possible pathways for the
formation of P1. The elimination of H radical from I1 proceeded by the removal of H
from C-H is labeled as SR-1b-2. The final product of SR-1b-2 is H radical and 1trimethylsilylamino-1-methylsilene (P8), which is one of the products in CR-4. The H
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atom from C-H can also undergo 1,2-H shift from C to Si. This step is labeled as SR-1b3, which leads to the formation of (trimethylsilylamino)methylsilyl methyl radical (P9).
A transition state was located for SR-1b-1 by exploring the potential energy surface
(PES) along the reaction coordinate in I1. The located TS, labeled as TS-SR-1b-1, has a
weak imaginary frequency of 101.01i cm-1. The imaginary frequency corresponds to the
stretching of the N14 and Si1 (atom numbering scheme indicated in Figure 3-19), which is
in agreement with the coordinate of this reaction. The optimised TS is shown in Figure 319. An IRC was performed to confirm that the TS connects the desired minima. As it can
be seen in Figure 3-20, a shallow minimum exists at the product side in the IRC.

Figure 3-19: Optimized geometry of TS-SR-1b-1 involved in the elimination of
trimethylsilyl radical from (trimethylsilylamino)dimethylsilyl radical (I1).
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Figure 3-20: Intrinsic reaction coordinate path of TS-SR-1b-1

In an attempt to locate the transition state, TS-SR-1b-2, that connects I1 with P8 by
the elimination of H atom at B3LYP/6-311++G(d,p) level of theory, the potential energy
surface was explored by scanning C-H bond up to a distance of 5.5 Å as shown in Figure
3-21. Along the PES, no saddle points were located, which indicates that no transition
state exists. Another attempt was made to locate the transition state, TS-SR-1b-2, by
exploring the relaxed scan with ‘ModRedundant’. This enables geometry relaxation
around a constrained degree of freedom (bond length, angle, dihedral etc.) in the
Gaussian program.
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Figure 3-21: Potential energy scan of Si-C bond of I1 to a distance of 5.5 Å

A transition state was located with this approach, but an IRC performed showed that
the H atom forms a bond with the Si in the silyl radical site in I1. This led to the location
of a new transition state, labeled TS-SR-1b-3. The single imaginary frequency (817.25i
cm-1) of TS-SR-1b-3 corresponds to the swinging of the H19 between Si16 and C17 (atom
numbering scheme indicated in Figure 3-19). The IRC of TS-SR-1b-3 connects I1 to P9
through a 1,2-H shift. This strongly suggests that the reactive H connected to C atom on
I1 tends to form a bond with Si via a 1,2-H shift rather than leaving the radical regardless
of any restrictions placed on the H-atom. The optimised geometries of the TS-SR-1b-3
and the product (P9) for SR-1b-3 are shown in Figure 3-22.
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(b) (Trimethylsilylamino)methylsilyl methyl radical (P9)

(a) TS-SR-1b-3

Figure 3-22: Optimized geometries of (a) TS-SR-1b-3 and (b)
(Trimethylsilylamino)methylsilylmethyl radical (P9) involved in the 1,2-H shift in
SR-1b-3

3.6.3.2 Stepwise Decomposition Route Initiated by the Rupture of Si-N bond
The first step in this stepwise decomposition route is the Si-N bond cleavage in SR-2a
to generate I3 and I4 proceeding without TS, as described in Section 3.6.1. From I4, the
elimination of methyl radical (I2) leads to the formation of 1,1-dimethylsilanimine (P1),
which is one of the products in CR-1. This second step is labeled as SR-2b-1. As regards
to I3, the elimination of H radical from C-H in I3 could form 1,1-dimethylsilene (P3), one
of the products in CR-2. This step is labeled as SR-2b-2. The H atom from C-H in I3 can
also undergo 1,2-H shift from C to Si to form dimethylsilyl methyl radical (P7), which is
labeled as SR-2b-3.
The TS search for SR-2b-1 was performed by exploring the PES along the reaction
coordinate of Si-C in I4. The PES scan plateaued beyond the distance of 2.8 Å and no
saddle points were located along the PES, as shown in Figure 3-23. This shows that the

.

elimination of CH3 from I4 proceeds with no barrier at the B3LYP/6-311++G(d,p) level
of theory. The optimization of the last point in the plateaued region as TS gave a very
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weak imaginary frequency of 27.37i cm-1, labeled as TS-2b-1x. This very small
imaginary frequency corresponds to the stretching of C6 and C10 as shown in Figure 3-24
which is not in agreement with the coordinate for this reaction. This further confirms that
no TS exists for this route.
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Figure 3-23: Potential energy scan of Si-C bond of I4 to a distance of 3.6 Å
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Figure 3-24: Optimized geometry of TS-SR-2b-1x from the last point of PES scan of
I4 as shown in Figure 3-23
An attempt was made to locate the transition state, TS-SR-2b-2, that connects I3 with
P3 by the elimination of H atom at the B3LYP/6-311++G(d,p) level of theory by
exploring the potential energy surface and following the rise in energy up to a C-H
distance of 6.5 Å. There was no saddle point along this PES scan, which indicates no TS
for SR-2b-2. A similar approach was employed by exploring the relaxed scan with
‘ModRedundant’ optimization. A transition state was located with this approach, but
from the analysis of the IRC of the located TS, the H atom forms a bond with Si in I3.
This also led to the location of a new transition state labeled as TS-SR-2b-3. The single
imaginary frequency (778.36i cm-1) of TS-SR-2b-3 corresponds to the stretching of Si1
and H4, which agrees with the coordinate for this reaction. The progress of the IRC path
of TS-SR-2b-3 connects I3 and P7. This observation is consistent with that observed in
SR-1b-3. Figure 3-25 illustrates the optimized geometries of TS-SR-2b-3 and product
(P7) in SR-2b-3.
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(a) TS-SR-2b-3

(b) Dimethylsilylmethyl radical

Figure 3-25 Optimized structures of (a) TS-SR-2b-3 and (b) dimethylsilylmethyl
radical (P7) involved in the 1,2-H shift of I3 in SR-2b-3

3.6.3.3 Stepwise Decomposition Route Initiated by the Rupture of N-H bond
The first step in this stepwise decomposition route is the homolytic cleavage of N-H
bond, labeled as SR-1a, to generate I5 and I6, as described in Section 3.6.1. As mentioned
before, this step proceeds without a TS. From I6, the elimination of methyl radical (I2) is
possible to produce (trimethylsilyl)dimethylsilanimine (P5), which is one of the products
in CR-3. This second step is labeled as SR-3b. The TS search for SR-3b was performed
by exploring the PES along the reaction coordinate of Si-C in I6. As shown in Figure 326, no saddle points were located on the PES and the energy plateaued beyond the
distance of 3.0 Å. This shows that no TS exists for the elimination of CH3 from I6. The
optimization of the last point in the plateaued region as TS gave no imaginary frequency.
This supports the point that no TS exists for SR-3b at the B3LYP/6-311++G(d,p) level of
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theory. This observation is also consistent with the previous observation that there is no
TS for the elimination of CH3 from I4 in the SR-2b-1 route.
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Figure 3-26: PES scanning along the reaction coordinate of Si-C bond of I6 up to a
distance of 3.7 Å

To summarize, for the stepwise routes, transition states for SR-1b-1 (the elimination
of trimethylsilyl (I3) from I1), SR-1b-3 (1,2-H shift in I1), SR-2b-3 (1,2-H shift in I3)
were successfully located in this work. It is interesting to find that the elimination of H
from the C atom attached to a Si atom in a silyl radical proceeds with no activation
barrier. This is illustrated in the two routes of SR-1b-2 (elimination of H from I1) and
SR-2b-2 (elimination of H from I3). In addition, it is found that the elimination of ·CH3
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radical from a methylated silylamino radical also proceeds with no transition state, as is
shown in SR-2b-1 (elimination of CH3 from I4) and SR-3b (elimination of CH3 from I6).
Figure 3-27 shows the energy-level diagram for all the stepwise pathways as
represented in Scheme 3-1. The two radicals of I1 and I2, produced from the cleavage of
Si-C bond in HMDSZ, lie at an energy of 86.8 kcal/mol above HMDSZ. From this, it
takes a further activation barrier of 60.6 kcal/mol (i.e., 253.6 kJ/mol) and 61.3 kcal/mol
(256.5 kJ/mol) to produce P1 in SR-1b-1 and P9 in SR-1b-3, respectively, from one of
the radical, I1. The two radicals of I3 and I4, produced from the cleavage of Si-N bond in
HMDSZ, lie at an energy of 109.7 kcal/mol above HMDSZ, from which it takes a further
activation barrier of 64.0 kcal/mol (i.e., 268.0 kJ/mol) to produce P7 from one of the
radical, I3. The elimination of H from the C atom attached to a Si atom in a silyl radical
site proceeds with no activation barrier and this is shown in route SR-1b-2 (elimination of
H from I1) with reaction enthalpy of 60.1kcal/mol, and in route SR-2b-2 (elimination of
H from I3) with a reaction enthalpy of 61.1kcal/mol. Also, the elimination of CH3 radical
from a methylated silylamino radical proceeds with no transition state as illustrated in
SR-2b-1(elimination of CH3 from I4) route, with a reaction enthalpy of 40.2 kcal/mol,
and in SR-3b (elimination of CH3 from I6) route with reaction enthalpy 34.9kcal/mol.
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Figure 3-27: Energy-level diagram for all stepwise decomposition routes of HMDSZ. Energy values represent the
relative enthalpies in kcal/mol at 0 K (ZPE correction included)
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3.6.4 Reaction Kinetics and Thermochemistry
The activation enthalpies (∆H0 ǂ) and reaction enthalpies (∆H0) for the various
decomposition pathways of HMDSZ studied in this work are listed in Table 3-1 and 3-2
respectively. The subscript 0 indicates the enthalpy values are calculated at 0 K. It is clear
that the concerted 1,3-H shift from C to N atom to form P3 and P4 in the CR-2 route has
the lowest activation barrier (66.4 kcal/mol) of all. This is followed closely by the
concerted formation of P5 and P6 in the CR-3 route with an activation barrier of 74.0
kcal/mol. All the reaction studied in this work are endothermic in nature. A comparison
of the reaction enthalpy values show that the concerted formation of P5 and P6 in the CR3 route is the least endothermic in the concerted routes. In the stepwise routes, SR-1b-3
and SR-2b-3 involve rearrangement of H atom via 1,2-H shift from C to Si resulting in
the least endothermic values for these routes. For the other reactions in the stepwise
routes that do not involve rearrangement, the SR-3b route is the least endothermic.
So far, we have discussed the concerted and stepwise decomposition of HMDSZ in
terms of enthalpies at 0 K. In order to understand the effect of temperature on the reaction
ǂ

ǂ

ǂ

kinetics and thermochemistry, we computed the kinetic (∆H 298, ∆G 298, ∆S 298) and
thermochemical (∆H298, ∆G298, ∆S298) parameters at the room temperature of 298 K to
examine the effect of temperature change on the activation and reaction enthalpy (∆H ǂ,
∆H), entropy (∆S ǂ, ∆S), and Gibbs free energy (∆G ǂ, ∆G). Tables 3-1 and 3-2 summarise
the thermochemical and kinetic parameters obtained at 298 K. The negative entropy of
activation found in some of the decomposition routes is counter-intuitive, since a positive
entropy of activation is typical for a decomposition reaction. The negative ∆S ǂ obtained
in this work could be attributed to the simultaneous bond breaking and bond formation in
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the concerted routes. As regards to Gibbs free energies of activations, it is found that the
enthalpy term is the major contributor by comparing the ∆H ǂ298 and T∆S ǂ298 values. The
reaction entropy (∆S298) was always positive in Table 3-2. This is ascribed to the fact that
two different species are formed as products in the overall reactions of the decomposition
of HMDSZ. The observed increase in the difference between ∆G298 and ∆H298 indicates
that the reaction entropy started to contribute more to the Gibbs free energy. It is
expected that further increase in temperature will increase the contribution from the
reaction entropy to G.
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Table 3-1: Activation enthalpies, entropies and Gibbs free energies for the various decomposition pathways of HMDSZ
ǂ

∆H 0(kcal/mol)

ǂ

ǂ

∆H 298(kcal/mol)

∆G 298(kcal/mol)
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ǂ

T∆S 298(kcal/mol)

Table 3-2: The reaction enthalpies, entropies and Gibbs free energies for the various decomposition pathways of
HMDSZ

∆H0(kcal/mol)

∆H298(kcal/mol)

∆G298(kcal/mol)
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T∆S298(kcal/mol)

3.7 Summary
The primary decomposition of HMDSZ on hot W and Ta filaments under the
collision-free conditions was investigated in this work. The species produced directly
from the hot-wire decomposition were ionized using an SPI source with a VUV
wavelength of 118 nm (photon energy of 10.5 eV) coupled with TOF MS. The SPI is
designed to detect multiple species at one time, as long as their ionization energies are
below 10.5 eV. This technique is very useful for probing a system that contains a large
number of reactive species. In principle, information on all the species with IE < 10.5 eV
can be obtained in each laser shot.
Methyl radicals were produced on the heated W and Ta filaments during the study of
the decomposition of HMDSZ. The intensity of the methyl radicals increased with an
increase in filament temperature for both filaments. The increase in intensity for the
methyl radical production was observed at high temperatures. The average apparent
activation energies (Eaapp) determined for methyl radicals on both W and Ta were 71.2 ±
9.1 kJmol-1 and 76.74 ± 8.1 kJmol-1 respectively. This indicates that W and Ta exhibit
similar apparent activation energy for methyl radical production. The binding energy of
CH3 and other various transition metal surfaces are in the range of 112 - 238 kJ/mol,
which is higher than the Eaapp determined for both W (71.2 ± 9.1 kJ/mol) and Ta (76.7 ±
8.1 kJ/mol) in this work,, indicating that the CH3 radicals are ejected from the filament
surfaces. HMDSZ is moisture sensitive and reacts with H2O to form HMDSO and
TriMSO. The peaks at m/z 17, 74, and 89 are products from the hydrolysis of HMDSZ
and were not produced from the hot-wire decomposition as shown by Morimoto et al.
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An ab initio calculation of the various decomposition pathways of HMDSZ in the gas
phase was performed. The concerted and stepwise decomposition pathways were
explored using the CCSD(T)/6-311++G(d,p)//B3LYP/6-311++G(d,p) level of theory.
From the theoretical calculations, the determined reaction enthalpy for the production of
CH3 via homolytic cleavage of Si-C bond in HMDSZ was determined to be 86.8 kcal/mol
(i.e., 363.2 kJ/mol). This value is much higher than the experimentally determined values
of 71.2 ± 9.1 kJmol-1 and 76.7 ± 8.1 kJmol-1 for W and Ta, respectively. This suggests
that the dissociation of HMDSZ on both W and Ta filaments is a catalytic process and the
metal wires serve as the catalyst in the cracking of HMDSZ molecules.
In the theoretical calculations, four possible concerted routes for the decomposition of
HMDSZ were explored, including the formation of 1,1-dimethyl silanimine (P1) and
tetramethylsilane (P2) in CR-1, 1,1-dimethylsilene (P3) and trimethylsilylamine (P4) in
CR-2, and the elimination of CH4 to form (trimethylsilyl)dimethylsilanimine (P5) in CR3 and 1-trimethylsilylamino-1-methylsilene (P8) in CR-4. The transition states for all four
concerted routes were successfully located. A comparison of all the four concerted
pathways studied in this work showed that the formation of P3 and P4 in route CR-2 is
most energetically favourable with the lowest activation enthalpy of 66.4 kcal/mol. In the
stepwise routes, three transition states were successfully located, including TS-SR-1b-1
(for the elimination of trimethylsilyl (I3) from I1), TS-SR-1b-3 (for 1,2-H shift in I1), and
TS-SR-2b-3 (for 1,2-H shift in I3). It has been shown that the elimination of H from the C
atom attached to a Si atom in a silyl radical proceeds with no activation barrier. This is
illustrated in the two routes of SR-1b-2 (elimination of H from I1) and SR-2b-2
(elimination of H from I3). The elimination of CH3 radical from a methylated silylamino
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radical also proceeds with no transition state, as is shown in SR-2b-1 (elimination of CH3
from I4) and SR-3b (elimination of CH3 from I6).
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Chapter Four: Gas-phase Reaction Chemistry of 1,1,1,3,3,3-Hexamethyldisilazane
in a Hot-wire Chemical Vapor Deposition Reactor
4.1 Motivation
1,1,1,3,3,3-Hexamethyldisilazane (HMDSZ) has been widely used as the source gas
in chemical vapor deposition (CVD) of silicon carbonitride (SiCyNz) thin films.56, 102-105,
107, 108, 128, 129

Fainer et al.56 investigated the properties of thin films obtained by remote

plasma enhanced CVD from HMDSZ or its mixture with NH3 as source gases in the
temperature range of 373 - 773 K. They observed the formation of polycrystalline
hexagonal Si3N4 and polycrystalline SiC phases when pure HMDSZ was used as the
source gas. Addition of NH3 to the gas mixture resulted in a change in the chemical
composition and structure of the deposited film by the disappearance of C-bonding to
silicon. They showed that the SiCyNz films containing considerable amount of C in the
form of a polycrystalline SiC phase worsened its dielectric properties, whereas SiN x:H
films containing no C had dielectric properties close to the films grown from SiH4 + NH3
gas mixtures. The authors observed that an increase in substrate temperature favored the
formation of hexagonal silicon nitride.
In a similar effort, Guruvenket et al.128 studied the atmospheric-pressure plasmaenhanced CVD of amorphous SiCyNz:H films using HMDSZ and N2 as the source and
reactive gases, respectively. The reactive gas is activated in the afterglow region of the
plasma, which reacts with the source gas to activate it. They also found that the substrate
temperature played a crucial role in controlling the structure and chemical composition of
SiCyNz films. It was observed that organic moieties such as Si-CH3 groups were
eliminated by increasing the substrate temperature, which led to the formation of films
exhibiting ceramic-like features of Si-C, Si-N, and SiCN bonds. At low substrate
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temperatures (25 – 250 o C), the film thickness decreased with increasing substrate
temperature, indicating that the film growth mechanism is surface-reaction controlled. An
increase in the film thickness was observed at high temperatures (250 – 450 o C), which
showed that the film growth mechanism is mass-transport controlled.
Saloum et al.129 studied the structural, optical, and electrical properties of plasma
deposited SiCyNz thin films from using HMDSZ as the source gas. The authors found that
a change in the feed gas for plasma generation from rare gas (argon) to a reactive
molecular gas (N2) was accompanied with an increase of refractive index, dielectric
constant, photoluminescence intensity, and a decrease in energy band gap of SiCyNz
films. A change in the applied power for the plasma generation from 100 W to 300 W
corresponded to a maximum refractive index, dielectric constant, optical absorbance,
photoluminescence intensity, and a minimum energy band gap of SiCxNy films. They
found that the deposited SiCyNz films exhibited high electrical resistivity which is
inversely proportional to the film thickness. It was concluded that the deposited films had
several applications in the optoelectronic and microelectronic devices.
The characteristics of deposited SiCyNz thin films from hot-wire CVD process using
HMDSZ and NH3 as source gases was studied by Neethirajan et al.130 The authors found
that the composition of Si, C, and N in the obtained SiCyNz films was influenced by the
flow rate of NH3 gas. They observed that a higher flow rate of NH3 gas resulted in higher
N and lower C content in the deposited thin films. They also found out that correlation
existed between mechanical stress and substrate temperature. At the substrate temperature
in the range of 275 to 325 oC, the stress changed from compressive to tensile. From their

92

observation, they concluded that the deposited SiCyNz thin films can be used for
developing sensors for harsh environment.
Although HMDSZ has been used as a source gas for different CVD processes, the
gas-phase chemistry involved in the generation of the actual growth precursor for the
SiCyNz films has received less attention. As mention in Chapter 1, Morimoto et al.61 and
Yoshimura et al.89 studied the gas-phase chemistry using HMDSZ in HWCVD.
Morimoto et al. employed mass spectrometric techniques to detect the gas-phase species.
They observed the formation of trimethylsilane and trimethylsilylamine when the
filament was turned on and attributed the formation of these species to the surface
reaction on the chamber walls. In their work on using low-energy mass-selected fragment
ion beam with a hot tungsten wire, Yoshimura et al. showed that ion production strongly
depended on W temperature. They observed that fragmentation was less effective at low
W temperatures, but significantly increased when the W temperature was increased.
In this work, single-photon ionization (SPI) with a vacuum ultraviolet (VUV) laser
wavelength of 118 nm coupled with time-of-flight mass spectrometry (TOF MS) was
used to study the secondary gas-phase reactions in the HWCVD reactor. The mechanism
for the formation of secondary gas-phase reaction products, that are generated from the
reactions between species from the primary decomposition and the abundant HMDSZ
molecules, has been explored. Experiments with deuterated isotopomers of HMDSZ,
including bis(trimethylsilyl)-N-deuterioamine (HMDSZ-d1) and 1,1,1,3,3,3hexa(deuteratedmethyl)disilazane (HMDSZ-d18), were also performed under the same
experimental conditions to help understand the reaction chemistry in the HWCVD
reactor.
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4.2. Secondary Gas-phase Reactions of HMDSZ in a HWCVD Reactor with W
Filaments
The chemical products from secondary gas-phase reactions between the primary
decomposition products of HMDSZ on the filament and the parent molecules were
investigated by monitoring the species exiting from a HWCVD reactor as described in
Section 2.2. Mass spectra for filament temperatures ranging from 1200 - 2000 oC were
recorded. For each temperature, a mass spectrum was collected every 5 minutes for 60
minutes. Temperatures lower than 1200 oC and above 2000 oC were not explored. At
temperatures higher than 2000 oC, the parent mass peak and the predominant
photofragment peak disappeared quickly after the filament was turned on.
Figure 4-1 shows the TOF mass spectra recorded for 12 Torr of 0.9 % HMDSZ/He
sample at different filament temperatures ranging from 1200 - 2000 oC. For comparison,
the room-temperature mass spectrum is also shown. As shown in Figure 4-1, the mass
spectra when filament was on were still dominated by the parent ion peak (m/z 161) and
its photofragment ion, i.e., (trimethylsilylamino)dimethylsilyl ion (m/z 146). However,
with increasing filament temperatures, the intensities of the parent mass peaks were
decreased, indicating that the parent HMDSZ molecules were decomposed on the
filament and consumed in the secondary gas-phase reactions in the reactor. At the same
time when the parent ion and the photofragment ion peaks decreased in intensities, a new
mass peak were observed at m/z 17 in the mass regions lower than the photofragment
mass (146 amu). Several new peaks were observed in the mass regions higher than the
parent mass (161 amu), including those at m/z 175, 203, and 219. These are shown in
Figure 4-1.
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Figure 4-1: 10.5 eV VUV SPI TOF mass spectra of 12 Torr of 0.9% HMDSZ/He at
W filament temperatures between 1200 oC -2000 oC at 60 minutes of reaction time.
The spectrum at 20 oC is recorded when the filament is off.
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Figure 4-2: 10.5 eV VUV SPI TOF mass spectra of 12 Torr of 0.9% HMDSZ/He at
W filament temperatures between 1200 oC-2000 oC in mass regions of (a) 2 amu and
140 amu (b) 165 amu and 360 amu at 35 minutes of reaction time.
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From the enlarged mass spectra shown in Figure 4-2 (a) in the mass regions between
2 and 140 amu, new mass peaks at m/z 73, 88, 130, and 131 were also observed. Figure
4-2 (b) shows the enlarged mass spectra in the high mass regions between 170 and 350
amu. Weaker high-mass peaks at 189, 234, 264, 277, 292, 308, and 320 were observed in
this region.
4.2.1 Formation of Peaks in the Mass Regions Lower Than the Photofragment Mass
of 146 amu
As stated above, several new mass peaks were observed in the low mass region below
146 amu, including those at m/z 17, 73, 88, 130, and 131.
4.2.1.1 Formation of Ammonia (m/z 17)
The new peak at m/z 17 observed when the filament was turned on in the HWCVD
reactor shows an increase with increase in filament temperature and filament-on time. In
Figure 4-3, the intensity distributions of the peak at m/z 17 as a function of filament-on
time at different filament temperatures are shown. When the filament-on time is shorter
than 30 min, the intensity generally increases with increasing filament-on time at all
temperatures. At a filament temperature of 1700 oC, the intensity shows a continual
increase beyond 30 min for the whole duration of 1 hour, as shown in the inset in Figure
4-3. The peak at m/z 17 is assigned to NH3. The intensity distribution of the peak at m/z
17 in Figure 4-3 suggests that NH3 is produced in-situ in the presence of the filament in a
HWCVD reactor. However, the mechanism for the formation of NH3 (m/z 17) from
HMDSZ in the process of HWCVD is not understood at the moment.
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4.2.1.2 Formation of 1,1-Dimethylsilanimine (m/z 73)
From the enlarged mass spectra shown in Figure 4-2 (a), a new peak at m/z 73 was
observed at high temperatures from 1700 oC - 2000 oC. Figure 4-4 illustrates the intensity
distributions of the peak at m/z 73 as a function of temperature at different filament-on
time. A general increase in the peak intensity with increase in temperature is observed for
the different filament-on time.

97

0.00045

2min
12min
22min
32min
42min
52min

0.00040

Intensity (V)

0.00035
0.00030
0.00025
0.00020
0.00015
0.00010
0.00005
0.00000
1100

1200

1300

1400

1500

1600

1700

1800

1900

2000

2100

o

Temperature ( C)

Figure 4-4: Intensity distributions of the mass peak at m/z 73 as a function of
filament temperature at different reaction time in a HWCVD reactor with a W
filament
Guruvenket et al.128 have previously studied atmospheric-pressure plasma-enhanced
CVD of SiCyNz using HMDSZ. N2 was used as the reactive gas in plasma generation.
They observed that the afterglow region of the plasma consisted of N species. The
activated nitrogen species in the afterglow region can react with the source gas (HMDSZ)
and activate them in several ways. The initiation reaction between HMDSZ and the
activated N atoms was given as:

The trimethylsilyl radical species formed can undergo secondary gas-phase reactions as
shown in Equation (4-2).
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The biradical species, I, in Equation (4-2) may convert to 1,1-dimethylsilanimine and
dimethylsilylene upon reaching the substrate, as shown in Equation (4-3).

1,1-dimethylsilanimine (HN=Si(Me)2) is believed to be the ‘hot’ intermediate, which
readily undergo film-forming reactions. The authors suggested that the highly reactive
species of 1,1-dimethylsilanimine contributed to film formation. 128 Other literature work
on the formation of the SiCyNz thin films using HMDSZ53, 109 also showed that chemical
species containing a N=Si double bond were involved in the film growth. According to
these, the peak observed at m/z 73 in our experiment is attributed to 1,1dimethylsilaninime (HN=Si(CH3)2). The ionization energy (IE) of 1,1-dimethylsilaninime
is unknown. However, the IE for other silanimine compounds are known. For example,
the IE of silanimine, N-methylslanimine, and trimethylsilanimine ((CH3)N=Si(CH3)2) is
known to be 9.62 eV, 8.71 eV, and 7.98 eV, respectively. 131 All of them are lower than
the VUV photon energy of 10.5 eV. Therefore, the IE for (HN=Si(Me) 2) should not be
higher than 10.5 eV. This suggests that 1,1-dimethylsilaninime, once formed in the
HWCVD reactor, can be ionized by the ionization laser source and detected by our TOF
MS.
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From the theoretical calculations discussed in Section 3.6, there are three possible
routes to form 1,1-dimethylsilanimine, i.e., the concerted route CR-1 to form 1,1dimethylsilanimine (P1) and tetramethylsilane (P2), the stepwise route SR-1b-1 to form
1,1-dimethylsilanimine by the elimination of trimethylsilyl radical (I3) from
(trimethylsilyamino)dimethylsilyl radical (I1), and the stepwise route SR-2b-1 by the
elimination of methyl radical (I2) from trimethylsilyamino radical (I4). The calculated
activation barrier for the concerted formation of P1 and P2 in CR-1 was determined to be
87.5 kcal/mol (i.e., 366.1 kJ/mol). A comparison with the activation barriers of other
three concerted routes, for example, the one at 66.4 kcal/mol (i.e., 277.8 kJ/mol) for CR-2
for the formation of 1,1-dimethylsilene (P3) and trimethylsiylamine (P4), indicates that
the CR-1 route is not the most energetically favourable concerted route.
The stepwise formation of P1 and I2 from I4 in SR-2b-1 proceeded with no barrier,
however, the production of I4 and trimethylsilyl radical via a homolytic cleavage of Si-N
bond requires an energy of 109.7 kcal/mol (i.e., 459.0 kJ/mol). I1 and methyl radical via
the homolytic cleavage of Si-C bond lies at 86.8 kcal/mol above the reactant of HMDSZ,
and it takes a further activation barrier of 60.6 kcal/mol (i.e., 253.55 kJ/mol) to produce
P1 and I3 from I1 in SR-1b-1. Comparing all the three possible routes for the formation
of 1,1-dimethylsilanimine, it is clear that the concerted formation via CR-1 is the most
energetically favorable one in the gas phase, according to theoretical calculations.
On a W filament, however, it has been shown in Section 3.3 that the primary

.

decomposition products of HMDSZ are methyl (CH3) and (trimethylsilylamino)

.

dimethylsilyl ((CH3)3SiNHSi(CH3)2, denoted as I1 in Scheme 3-1) radicals (Equation 33). The decomposition is catalytic with a low activation barrier. Once the
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(CH3)3SiNHSi(CH3)2 radical (I1) is produced from the hot-wire decomposition, it can
undergo further fragmentation by eliminating a trimethylsilyl radical to form 1,1dimethylsilanimine (HN=Si(Me)2) species, as represented by Equation (4-4).

A careful examination of the mass regions lower than the photofragment mass (146
amu) shows a weak peak at m/z 88 at high temperatures of 1900 oC and 2000 oC, as
shown in Figure 4-2 (a). This peak could be from tetramethylsilane (m/z 88) via the
concerted formation of 1,1-dimethylsilanimine, as illustrated in route CR-1. Li et al.24
showed that the room-temperature mass spectrum of tetramethylsilane recorded with a
10.5 eV VUV SPI showed a predominant photofragment ion (Si(CH3)3+) peak at m/z 73
and the parent ions atm/z 88. The intensity ratio of the peak at m/z 73 to that at m/z 88
was determined to be 4.0:1. In our experiments with HMDSZ in a HWCVD reactor, the
intensity ratios of the peak at m/z 73 to that at m/z 88 was less than 4.0:1. The intensity
ratios of peak at m/z 73 to that of peak at m/z 88 was about 3.5: 1. This could be
attributed to the weak intensity of peak at m/z 73 ( Si(CH3)3+) which might be embedded
in peak at m/z 73 (1,1-dimethylsilanimine).
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4.2.1.3 Reactions Involving Silanimines
Silanimines are known to be highly reactive and they tend to undergo dimerization
easily.132-136 Sander et al.133 investigated the existence of silanimines in cryogenic
matrices. They observed that in the absence of trapping agents, silanimines easily
dimerized to form cyclodisilazane as shown in Equation (4-5), (where R and R’= H or
CH3).

Letulle et al.136 generated silanimines from two different source gases, i.e.,
azasilacyclobutane and propargylic disilazane, using flash vacuum thermolysis. Using the
mass spectrometric technique, they observed the formation of the cyclo-dimer of 1,1dimethylsilanimine, which is 1,1,3,3-tetramethylcyclodisilazane (146 amu), represented
by its fragment peak at m/z 131. In our experiment, 1,1-dimethylsilanimine can undergo
head-to-tail cycloaddition to form 1,1,3,3-tetramethylcyclodisilazane as shown in
Equation (4-6). The mass of 1,1,3,3-tetramethylcyclodisilazane (146 amu) overlaps with
that of the photofragment mass peak at m/z 146 from HMDSZ. This makes it difficult to
distinguish between the two masses. However, similar to what was observed by Letulle et
al.,136 the 1,1,3,3-tetramethylcyclodisilazane formed can lose one methyl group upon
ionization by the VUV radiation. This leads to the observation of the weak peak at m/z
131 in our work.
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4.2.2 Formation of Peaks in the Mass Regions Higher Than the Parent Mass of 161
amu
As stated earlier, several new mass peaks were observed in the high-mass region
above 161 amu. These include the peaks at m/z 175, 189, 203, 219, 234, 264, 277, 292,
308, and 320.
4.2.2.1 Free Radical Short-Chain Reactions
As described in Section 3.3, the primary decomposition products of HMDSZ on the
W filament are methyl and (trimethylsilylamino)dimethylsilyl radicals. This process
serves as the initiation step in the HWCVD reactor. In the HWCVD reactor, secondary

.

.

reactions of CH3 and (CH3)3SiNHSi(CH3)2 radicals with the parent HMDSZ molecule are
likely to occur. The primary radicals produced will react with each other or with the
abundant parent molecule in the reactor chamber. It has long been known that methyl
radicals can react with organosilicon molecules by abstracting the hydrogen atom
attached to C atoms.137, 138 The hydrogen abstraction by methyl radical is well known and
they are found to be the main chain propagation steps in the short chain mechanisms that
dominate the secondary gas-phase reactions when tetramethylsilane,24 trimethylsilane,77
and hexamethyldisilane117 were used in a HWCVD reactor. The abstraction of H from C-
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H bond in HMDSZ by the methyl radical is represented in Equation (4-6), which also
propagates a chain reaction.

The subsequent recombination reactions between radicals produced in Equation (4-7)
and the two primary radicals from Equation (3-3) terminate the short-chain reactions,
leading to the formation of stable high-molecular-mass products as shown below:

The products from Equation (4-8), (4-9), and (4-10) seemed to be observed
experimentally. The intensity of peak at m/z 175 was dominant in the high mass region.
The peaks at m/z 175, 189 and 203 have a mass difference of 14 amu between the
neighbouring peaks. This is because the produced species with 175 amu also has multiple
CH3 groups that contain C-H bond. Cycles of H-abstraction reaction and biradical
recombination reaction lead to the formation of chemical species that has one or two
additional CH2 moiety in the products. The observation of peak at m/z 277 is a
photofragment of peak at m/z 292 by losing one methyl group upon ionization by the
10.5 eV VUV photon. However, the signal of the stable product from Equation (4-6),
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methane, was not observed due to its high IE of 12.6 eV, which is above the 10.5 eV used
in this work. The product from Equation (4-10) with a mass of 306 amu was not observed
in our mass spectra.
4.2.2.2 Other Products from Reactions Involving Silanimines
Silanimines are also known to undergo nucleophilic addition reactions as shown in
Equation (4-12).132

Nucleophiles containing O atoms such as water,134 alcohol,134, 139-141 silanols,134 and
silyl ethers, including (CH3)3SiOCH3,134, 142 ((CH3)2SiO)3,134 HSi(OC2H6)3,143, 144 and
(CH3)3Si(OCH3)3,143, 144 all add to the S=N bond. Similarly, nitrogen-containing
nucleophiles, such as (CH3)2SiNSi(CH3)3 and (CH3)3SiN(CH3)2134 can also be added to
silanimines. In our experiment, the peak at m/z 234 (octamethyltrisilazane) could be
attributed to the nucleophilic attack by the abundant HMDSZ molecules to 1,1dimethylsilanimine produced in the reactor, leading to the addition reaction as shown in
Equation (4-13). The peak at m/z 234 can lose one methyl group leading to the
observation of peak at m/z 219 upon ionization by the VUV radiation.
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4.3 Experiments with Deuterated Isotopomers on W filament
In order to help assign the mass peaks observed in the HWCVD reactor when using
HMDSZ, experiments with deuterated isotopomers, including bis(trimethylsilyl)-Ndeuterioamine (HMDSZ-d1) and 1,1,1,3,3,3-hexa(deuteratedmethyl)disilazane (HMDSZd18), were carried out under the same experimental conditions. For this, 12 Torr of 0.9%
HMDSZ-d1/He and 0.9 % HMDSZ-d18/He were prepared, and mass spectra were
recorded after filament was turned on in the filament temperature range of 1200 - 2000
o

C.

4.3.1 Experiments with bis(trimethylsilyl)-N-deuterioamine
Figure 4-5 shows the mass spectra of 12 Torr 0.9% HMDSZ-d1 in HWCVD reactor
with W filament at 1700 oC. As mentioned earlier, with 0.9 % HMDSZ/He, the roomtemperature 10.5 eV SPI mass spectrum was dominated by the parent HMDSZ ion at m/z
161 and the photofragment ion peak at m/z 146. When HMDSZ was replaced with
bis(trimethylsilyl)-N-deuterioamine (HMDSZ-d1), the dominant peaks at m/z 146 and
161 were clearly shifted to m/z 147 and 162, respectively, and the dominance of these
peaks are preserved, as shown in Figure 4-5(a). From the enlarged mass spectra shown in
Figure 4-5(b) in the mass region between 2 and 140 amu, mass peaks at m/z 75 and 90
were observed. The peaks at m/z 75 and 90 are the corresponding peaks at m/z 74 and 89,
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respectively, in the room-temperature mass spectrum of HMDSZ. In the enlarged mass
spectra illustrated in Figure 4-5 (c), only the background peak at m/z 219 was observed.
It can be seen from Figure 4-5 (b) that a new peak at m/z 74 was observed when the
filament was turned on. This indicates the formation of the isotopomer of 1,1dimethylsilanimine-d1, (DN=Si(CH3)2), with a mass of 74 amu. As described in Section
4.2.1.2, the formation of 1,1-dimethylsilanimine (HN=Si(CH3)2, 73 amu) occurred via the
decomposition of (trimethylsilylamino)dimethylsilyl radical as represented by Equation
(4-4). When HMDSZ-d1 was used, the corresponding radical product by the cleavage of
Si-C bond is (trimethylsilylamino-d1)dimethylsilyl radical. Its decomposition according
to Equation (4-14) produced 1,1-dimethylsilanimine-d1. Therefore, the observation of the
new peak at m/z 74 provided strong support for the existence of 1,1-dimethylsilanimine
and its formation via the decomposition of the (trimethylsilylamino)dimethylsilyl radical.
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Figure 4-5: (a) 10.5 eV VUV SPI TOF mass spectra of 12 Torr 0.9 % HMDSZ-d1/He
in HWCVD reactor with W filament at 1700 oC. The spectrum at 20 oC is recorded
when the filament is off. (b) An enlarged picture of (a) in the mass region between 2
amu and 140 amu. (c) An enlarged picture of (a) in the mass region between 170
amu and 450 amu

108

As shown in Figure 4-5(c), the usage of the HMDSZ-d1 isotopomer was not helpful
in assigning peaks in the high mass regions. There was no new mass peaks observed in
the high mass regions with HMDSZ-d1. This could be a result of their weak intensities
and the fact that temperatures higher than 1700 ºC were not explored experimentally in
this work. The peak at m/z 219 is a background peak, it is observed even when there is no
source gas introduced into the system.
4.3.2 Experiments with 1,1,1,3,3,3-Hexa(deuteratedmethyl)disilazane
Figure 4-6 shows the mass spectra of 12 Torr 0.9 % HMDSZ-d18 in HWCVD reactor
with W filament at 1700 oC. As can be seen from Figure 4-6, when the filament was
turned on, no new peaks were observed in both the low mass regions and high-mass
regions. This is due to their weak intensities and the fact that temperatures higher than
1700 ºC were not explored experimentally in this work.
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Figure 4-6: 10.5 eV VUV SPI TOF mass spectra of 12 Torr 0.9 % HMDSZ-d18/He
in HWCVD reactor with W filament at 1700 oC in the mass region of (a) 2 amu and
150 amu. (b) 170 amu and 450 amu. The spectrum at 20 oC is recorded when the
filament is off.
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4.4. Secondary Gas-phase Reactions of HMDSZ in a HWCVD Reactor with Ta
Filaments
Similarly, the secondary gas-phase reaction chemistry of HMDSZ on Ta was studied
by introducing 12 Torr of 0.9 % HMDSZ/He in the HWCVD reactor in the temperature
range of 1200 - 2000 oC. When the filament was turned on, the parent ion peak at m/z
161 and the predominant photofragment ion peak at m/z 146 also decreased with
increasing filament temperature as shown in Figure 4-7(a). From the enlarged mass
spectrum, at temperatures of 1900 - 2000 oC, the intensities of peak at 146 and 161 are
just discernable from the baseline. This shows that the parent HMDSZ molecules
decompose and consume more quickly at higher temperatures. In Figure 4-7(b), the
enlarged mass spectrum shows similar new mass peaks at m/z 17, 73, 88, 130, and 131
when Ta was used as filament. Figure 4-8 illustrates the intensity distributions of peaks at
m/z 146 and 161, respectively for both W and Ta filaments. On W, at 1900 oC, the
intensity of peaks at m/z 146 and 161 show continual decrease with increasing filamenton time, whereas, at 2000 oC, the intensity plateaued after 25 minutes of reaction time.
With regard to Ta, the intensity of peaks at m/z 146 and 161 plateaued after 5 minutes of
reaction time at both 1900 oC and 2000 oC.

110

Intensity(V)

(a)
146

4

O

2000 C
O
1900 C
O
1800 C
O
1700 C
O
1600 C
O
1500 C
O
1400 C
O
1300 C
O
1200 C
O
20 C

161
175 203219
74 89

0

40

80

120

160

200

240

280

320

360

m/z

(b)

0.007

4
o

0.006

2000 C
o

17

0.005

Intensity (V)

7374

89
88

130

1900 C
o

131 1800 C
o
1700 C

0.004

o

1600 C

0.003

108

o

1500 C
110

0.002

o

1400 C
o

1300 C
0.001
o

1200 C
o

0.000

20 C
0

20

40

60

80

100

120

140

M/Z

Figure 4-7: (a) 10.5 eV VUV SPI TOF mass spectra of 12 Torr 0.9% HMDSZ/He at Ta
filament temperatures between 1200 oC and 2000 oC. The spectrum at 20 oC is recorded
when the filament is off (b) Enlarge spectra in mass regions between 2 amu and 140
amu
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From the enlarged picture shown in Figure 4-9, weak high mass peaks at m/z 175,
189, 203, 219, 234, 264, 277, 292, 308, and 320 were observed when the filament was
turned on. The optimum temperatures for active chemistry in the high mass regions on W
was observed in the range of 1500-2000 oC, whereas, that of Ta was in the range of 16001800 oC. It can, therefore, be concluded that the gas-phase chemistry of HMDZ was not
affected by W or Ta materials.
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Figure 4-9: 10.5 eV SPI TOF mass spectra of 1% HMDSZ/He in HWCVD reactor of
Ta filament temperature ranging from 1200 – 2000 o C at 32 minutes of reaction
time in the mass regions of 165-360 amu
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4.5 Summary
The secondary gas-phase reactions of HMDSZ in the HWCVD reactor when using W
and Ta filaments were examined using SPI with a 118nm VUV wavelength coupled with
TOF MS. In the secondary gas-phase reactions, species generated from the primary
decomposition of HMDSZ react with each other and with the abundant HMDSZ
molecules. The room-temperature 10.5 eV SPI mass spectrum was dominated by the
parent HMDSZ ion at m/z 161 and the photofragment ion peak at m/z 146. When the
filament was turned on, the intensity of the parent ion peak at m/z 161 and the
predominant photofragment ion peak at m/z 146 decreased with an increase in filament
temperature. This indicates that the parent HMDSZ decomposes on the filament and gets
consumed in the secondary gas-phase reactions in the HWCVD reactor. When the
filament was turned on, a new peak at m/z 73 (1,1-dimethylsilanimine) was observed in
both W and Ta filaments, which increase with increase in temperature. This is as a result
of fragmentation of (trimethylsilylamino)dimethylsilyl radical in the reactor. Experiments
with the isotopomer, bis(trimethylsilyl)-N-deuterioamine (HMDSZ-d1), confirmed the
existence of 1,1-dimethylsilanimine and its formation via the decomposition of the
(trimethylsilylamino)dimethylsilyl radical. Silanimines are known to dimerize easily to
form cyclodisilazane. The 1,1-dimethylsilanimine formed in the reactor dimerizes to form
1,1,3,3-tetramethylcyclodisilazane (146 amu), shown in our experiments with the
presence of its photofragment peak at m/z 131 upon ionization by the 10.5 eV SPI.
Silanimines also undergo nucleophilic addition reactions. The peak at m/z 234
(octamethyltrisilazane) is attributed to the nucleophilic attack by the abundant parent
molecules to 1,1-dimethylsilanimine produced in the reactor.
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Another mechanism that operated in the secondary gas-phase reactions in the
HWCVD reactor with HMDSZ is the free radical short-chain reaction. The primary
decomposition of HMDSZ on the metal filaments to produce methyl radicals initiates the
chain reaction. The hydrogen abstraction by methyl radical is the main propagation step
in the reactor. The biradical recombination reactions terminate the chain reaction, leading
to the formation of various stable products in the high mass regions. These highmolecular-mass products include those observed at m/z 175, 189, 203, 292 and 320.

115

Chapter Five: Conclusions and Future Work
5.1 Conclusions
Hot-wire chemical vapor deposition (HWCVD), also known as catalytic CVD (CatCVD), is a promising method for preparing silicon-based thin films. HWCVD has many
advantages compared to the conventionally used CVD techniques such as low-pressure
CVD (LPCVD) and plasma-enhanced CVD (PECVD). The technique of HWCVD offers
the advantages of low substrate temperature, high deposition rate, minimal damage to the
deposited film, and low equipment cost. HWCVD consists of three processes: (a)
catalytic decomposition of source gas by resistively heated metal filament to produce
reactive radical species; (b) gas-phase reactions of these reactive radical species with
each other and with the abundant source gas; and (c) surface reactions with the final
mixture of growth precursors on the substrate placed near the heated filament, but kept at
relatively low temperature (~300 oC), leading to film growth. Film growth in HWCVD is
induced by reactive species in the gas phase and these film growth precursors come from
direct decomposition on the filament or from the secondary reactions in the gas phase.
The properties and quality of the deposited films are governed by the gas-phase film
growth precursor species. Therefore, it is important to identify the gas-phase chemical
species for a better understanding of the HWCVD processes.
Silicon nitride (SiNx) and silicon carbonitride (SiCyNz) thin films deposited by
HWCVD have attracted great attention due to the combination of Si-C and Si-N binary
compounds properties, which makes them suitable for many applications such as solar
cell, flat panel display, optical memory and anti-reflective coatings. Most CVD growths
of SiNx and SiCyNz proceed through the use of separate Si-containing molecules (e.g.,
SiH4), C-bearing molecules (e.g., CH4) and NH3 as source gases. Handling of pyrophoric
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silane is difficult, and the process of optimization with multiple source gases is extremely
complex. This has urged interest in exploring alternative single-source precursors for
SiNx and SiCyNz deposition. 1,1,1,3,3,3-Hexamethyldisilazane (HMDSZ), a methylsubstituted disilazane molecule, contains both Si-C and Si-N bonds which can readily be
incorporated into the SiCyNz films. In addition, HMDSZ is non-explosive, non-toxic,
inexpensive, and commercially available.
In this work, the primary decomposition of HMDSZ on W and Ta filaments were
investigated using single-photon ionization (SPI) with a vacuum ultraviolet (VUV) laser
radiation of a 118-nm wavelength coupled with time-of-flight mass spectrometry (TOF
MS). The formation of methyl radicals was found to be the common decomposition
pathway on heated W and Ta metal surfaces. The intensity of the methyl radical increases
with increase in filament temperature for both W and Ta when the temperature is higher
than 1700 – 1800 ºC. The apparent activation energy for the formation of methyl radical
on W filament was determined to be 71.2 ± 9.1 kJmol-1, whereas that for Ta filament was
76.7 ± 8.1 kJmol-1. This indicates that W and Ta exhibit similar apparent activation
energies for methyl radical production.
In order to better understand the role that metal filaments play in the dissociation
processes of HMDSZ, the decomposition pathways of HMDSZ in the gas phase were
examined using ab initio methods. From the theoretical calculations, the reaction
enthalpy for the homolytic cleavage of Si-C bond was determined to be 86.8 kcal/mol
(i.e., 363.2 kJ/mol) The experimentally determined activation energies for the production
of CH3, 71.2 ± 9.1 kJ/mol and 76.7 ± 8.1 kJ/mol for W and Ta respectively are much
lower than the theoretically determined value of 86.8 kcal/mol (i.e., 363.2 kJ/mol) for the
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Si-C bond cleavage in HMDSZ. This clearly suggests that the dissociation of HMDSZ on
both W and Ta filaments is a catalytic process. W or Ta metal wire serves as a catalyst in
the cracking of HMDSZ molecules.
Aside from the homolytic cleavage of Si-C, Si-N, and N-H bonds, concerted and
stepwise decomposition pathways of HMDSZ have been systematically explored using
ab initio methods at the CCSD(T)/6-311++G(d,p)//B3LYP/6-311++G(d,p) level of
theory. Four concerted decomposition routes were identified, leading to the formation of
1,1-dimethyl silanimine (P1) and tetramethylsilane (P2) in the concerted CR-1 route, 1,1dimethylsilene (P3) and trimethylsilylamine (P4) in CR-2,
(trimethylsilyl)dimethylsilanimine (P5) and methane (P6) in CR-3, and 1trimethylsilylamino-1-methylsilene (P8) and P6 in CR-4. The transition state for all four
concerted routes were successfully located. A comparison of all the four concerted
pathways showed that the formation of P3 and P4 in route CR-2 is most energetically
favourable with the lowest activation enthalpy of 66.4 kcal/mol, whereas methane
elimination in CR-4 has the highest value of 88.9 kcal/mol. In the stepwise routes, the
transition states for SR-1b-1 (the elimination of trimethylsilyl (I3) from I1), SR-1b-3
(1,2-H shift in I1), SR-2b-3 (1,2-H shift in I3) were successfully located. The elimination
of H from the C atom attached to a Si atom in a silyl radical proceeds with no activation
barrier. This is illustrated in the two routes of SR-1b-2 (elimination of H from I1) and
SR-2b-2 (elimination of H from I3). Also, the elimination of CH3 radical from a
methylated silylamino radical proceeds with no transition state, as is shown in SR-2b-1
(elimination of CH3 from I4) and SR-3b (elimination of CH3 from I6). A comparison of
all the stepwise pathways revealed that the elimination of trimethylsilyl (I3) from I1 in
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SR-1b-1 route is most energetically favourable with the lowest activation enthalpy of
60.6 kcal/mol, whereas the SR-2b-3 route (1,2-H shift in I3) has the highest value of 64.0
kcal/mol.
In order to understand the effect of temperature on the reaction kinetics and
ǂ

ǂ

ǂ

thermochemistry, the kinetic (∆H 298, ∆G 298, ∆S 298) and thermochemical (∆H298, ∆G298,
∆S298) parameters were computed for the room temperature of 298 K to examine the
effect of temperature change on the activation and reaction enthalpy (∆H ǂ, ∆H), entropy
(∆S ǂ, ∆S), and Gibbs free energy (∆G ǂ, ∆G). From the ab initio calculations, increasing
the temperature to 298 K did not affect much the reaction kinetics and thermochemistry.
The secondary gas-phase reaction chemistry of HMDSZ in the HWCVD reactor
under practical deposition pressures with W or Ta filaments was explored by introducing
12 Torr of 0.9 % HMDSZ diluted in He in the HWCVD reactor. When the filament was
turned on, the intensity of the parent ion at m/z 161 and the predominant photofragment
ion at m/z 146 decreases with the increase in temperature. This shows that the parent
HMDSZ decomposes on the filament and gets consumed in the secondary gas-phase
reactions in the HWCVD reactor. At the same time, new peaks at m/z 17 and 73 were
observed. The peaks at m/z 17 and 73 were assigned to ammonia and 1,1dimethylsilanimine, respectively. The NH3 peak at m/z 17 increases with increase in
temperature. It is believed that NH3 is produced in-situ in a HWCVD reactor with
HMDSZ in the presence of the filament. The 1,1-dimethylsilanimine peak at m/z 73 is as
a result of fragmentation of (trimethylsilylamino)dimethylsilyl radical in the reactor and
this was confirmed by an isotopomer experiment with bis(trimethylsilyl)-Ndeuterioamine (HMDSZ-d1).
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Silanimines are known to dimerize to form cycloaddition. The 1,1-dimethylsilanimine
undergo dimerization to form 1,1,3,3-tetramethylcyclodisilazane (146 amu). The peak
observed at m/z 234 (octamethyltrisilazane) is a result of nucleophilic attack by the
abundant parent molecules to 1,1-dimethylsilanimine produced in the reactor. Free
radical short-chain reaction is another mechanism utilized in the secondary gas-phase
reactions. This is initiated by the primary decomposition of HMDSZ on the metal
filaments to produce methyl radicals. The hydrogen abstraction by methyl radical is the
main propagation step in the reactor and the chain is terminated by biradical
recombination reactions to form various stable products in the high mass regions.
5.2 Future Work
In this work, primary decomposition of HMDSZ on W and Ta filaments and its
secondary reaction chemistry in a HWCVD reactor were investigated. As discussed in
Chapter 4, the hydrogen abstraction reaction by the methyl radical constitutes the main
chain propagation step. This reaction also forms a stable methane molecule, which was
not observed due to its high IE of 12.6 eV. In order to observe the methane and other
species such as hydrogen with IE > 10.5 eV, a dual ionisation source developed in the Shi
laboratory can be proposed. A dual ionization source consists of SPI and laser induced
electron impact ionization (LIEI). In this source the LiF lens after the gas cell is removed
and the path of the laser adjusted to aim at the repeller plate. This technique is versatile
and capable of ionising all species of interest. In addition, it is achieved in one source,
without the need to switch between the SPI and LIEI modes.
In order to assign the new peaks unambiguously, experiments with the isotopomers of
HMDSZ-d1 and HMDSZ-d18 at temperatures higher than 1700 oC will be performed.
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Also, to further confirm the existence and production of 1,1-dimethylsilanimine in the
reactor, trapping experiment with t-butanol is proposed. 1,1-dimethylsilanimine is known
to react with t-butanol to form 1-t-Butoxy-1,1-dimethylsilanamine.
As decomposition reactions studied in this work occurred at high temperatures, the
kinetic and thermochemical parameters of relevant reactions, such as the formation of
methyl radical via homolytic Si-CH3 bond cleavage along with the stepwise and
concerted formation of 1,1-dimethylsilanimine at high temperatures (900 – 2000 ºC) need
to be calculated.
In the future, it will be interesting to examine another methyl-substituted disilazane
containing Si-C, Si-N and Si-H, for example 1,1,3,3-tetramethyldisilazane (TMDSZ)
both experimentally and theoretically to test if the Si-H bond will have an effect on the
decomposition chemistry, for example the production of methyl radical and 1,1dimethylsilanimine, in the process of HWCVD.
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APPENDIX A: HYDROLYSIS OF HMDSZ

A. Gas Chromatography/Mass Spectrometry (GC-MS) of hydrolysed HMDSZ
As discussed in section 3.2.1, HMDSZ has been shown to hydrolyse in humid
airstream to HMDSO and TriMSO plus ammonia. Using our TOF MS, it has been proven
that, HMDSZ can easily undergo hydrolysis in humid conditions. GC-MS experiment
was performed using electron ionization source. As shown in the chromatogram below,
there are three integrated peaks in the chromatogram. A NIST (National Institute of
Standards and Technology) search confirms that peak (a) and (b) with retention time 1.36
min and 1.66 are impurities from H2O and HMDSO/TriMSO respectively.
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