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Abstract 
 

his thesis describes the optimization of the synthesis of thin 
films from various precursors within a novel APCVD setup. 
Since, the latter was essential to be built for the needs of the 

current project, fine tuning deposition parameters, e.g. temperature 
flow rates, as well as screening precursors with the ability to block the 
stainless-steel lines were monitored. Moreover, volatility of 
precursors, decomposition and deposition temperature profiles were 
examined thoroughly. 
   A novel APCVD pre – reactor was established. Several steps included 
such as, DMADV (Define-Measure-Analyse-Design-Verify) 
methodology to increase the end product’s ability to produce results 
that would meet industrial standards. A key objective of the project 
was to elucidate the temperature profiles related to composition and 
decomposition of various materials (precursors, dopants, oxidants). A 
large list of materials was covered such as, titanium (IV) isopropoxide, 
tert-butylamine, niobium (V) ethoxide, vanadyl acetylacetonate, 
ammonium tungsten, iron (0) pentacarbonyl, tungsten hexacarbonyl, 
dimethyl sulfide (DMS) and vanadium oxytriisopropoxide. 
   The optimisation of the pre-reaction system allows us to optimise 
deposition temperature, pressure and growth rate much faster and 
with better accuracy. A brief example of the latter, would be the 
evaluation of the deposition and decomposition process of the 
proposed precursor.  The temperature profile of each precursor may 
contribute to a better screening of the chemical process. Our goal was 
to check on certain process parameters what would each precursor 
result after each experiment. Eventually, the outcome helped us to 
understand whether a reaction might produce powders during or after 
the experimental process, contributing to a safer and faster industrial 
procedure.  

   The objective in forming TiO2 coatings was to deposit barrier layers 
that reduce ion migration from the surface of glass bottles during a 
caustic wash. An additional function of these coatings was to prevent 
skunking in beer (anti-skunking coatings) or light struck flavour (LSF), 
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is the result of a complex photocatalysed chemical change not yet fully 
understood mechanistically. This can be inhibited by reducing UV and 
short wavelength visible light transmittance. Moreover, in terms of 

industrial application of thin films of TiO2,	 low friction coatings can 
inhibit breakages, increase production line speed and ease additives 
removal. Self-cleaning surfaces would ease the wash process and 

finally, coloured coatings can increase aesthetics. As for Fe2O3 coatings 

the main objectives were mainly to produce anti – skunking coatings.  
   Investigating a range of precursors gave us the opportunity to test 
both the capabilities of the pre – reactor in order to ensure parameters 
found from the APCVD pre – reactor is comparable with those used in 
the industrial scale APCVD reactor. 
   Finally, using a newly developed technique, a modified APCVD 
reactor and a molecular beam mass spectrometer were used in tandem 
to investigate the deposition of titanium dioxide in order to better 
understand the decomposition reactions that occur inside the reactor 
chamber. Monitoring chemical reactions during APCVD allowed us to 
gain a unique insight into the decomposition mechanism for several 
precursors at a range of conditions (mass flow rate, temperature etc) 
and can assist industry form new synthetic pathways or optimise 
existing routes. A two – way function of the newly founded system 
was established; film throughput alongside with screening of the 
chemical synthesis with in – situ with the Mass Spectrometer. 
Dibutoxydiacetoxy silane (DBDAS), a precursor for the deposition of 

SiO2 thin films was passed through the reactor - spectrometer system 

in order to better understand the deposition mechanism. Additionally, 

TTIP and TiCl4 vapour phases were examined and analysed by the 

mass spectrometer, in – situ during decomposition and the formation 

of thin films for the first time. 
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1 Introduction 

 
1.1 Literature Review 
 

obel laureate Richard Philips Feynman (May 11, 1918 – 
February 15, 1988) during his famous lecture in 1959 

“There’s Plenty of Room at the Bottom” 1 introduced the term 
of ‘nanotechnology’ and since, there have been great strides in all major 
scientific fields related to nanotechnology such as chemistry, physics 
and biology. R. Feynman’s philosophies of ‘matter manipulation’ have 
been adopted and developed at an intricately small scale, the level of 
molecules and atoms, commonly known today as, the nanoscale.  
   Nanotechnology is a term retained to describe the creation and 
utilization of materials with structural features in between those of 
atoms and bulk materials, with at least one dimension in the range of 
nanometres and furthermore they demonstrate different properties in 
comparison to their bulk counterparts. Nanomaterials find use in a 
wide range of applications including catalytic reactions, optoelectronic 

devices and biosensors 2. One of the fundamental goals of nanoscience 
is to establish a controlled design and a consistent synthesis protocol 
of nanoparticles with clearly defined composition shape and size. In 
terms of process and production of materials on the nanoscale and 
microscale, there have been many systems developed.  
   As with many technologies, improvements in Chemical Vapour 
Deposition have developed out of the needs of society. These 
improvements in CVD have been swifter compared with other thin 
film deposition technologies which have proved problematic or 
ineffective, for instance in the production of multiple thin film layers, 
as in semiconductors, or when large area coatings are needed as in 

industrial large – scale functional coatings on glass 3. 

 

N 

1.1 Literature Review

1



 

 

   Vapour Deposition-
      

 
echanical manufacturing techniques have been 
industrialized based on distinctive working philosophies 
and component manufacturing techniques. These 

techniques can be categorized into two main categories; additive 
methods and subtractive methods, using the method of component 
synthesis as a benchmark. Traditional machining techniques, such as 
milling, turning, drilling, grinding and cutting, depend on methods in 
which a component is gradually formed by removing from an existing 
block of material or subtracting materials from a geometric shape in 
larger concrete volume by casting forging, rolling, or extruding. This 
is commonly known as a work piece and the techniques are called 
subtractive methods. Regarding the additive method, a new technique 
which has been developed to gradually build up a component by 
adding material in solid powder state, succeeded by sintering or 
soldering, in fluid form followed by solidification, or in gaseous state 
followed by chemical reactions. Such techniques work on a layer 
manufacturing principle, in order to achieve the production of a layer 
with certain dimensions, and of course with the desired surface 

morphology.107  
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 Chemical Vapour Deposition (CVD) is a versatile and widely used 
process suitable for the manufacture of coatings, powders, fibres and 
monolithic components and it works on the same principle of adding 
a new layer onto a substrate surface and hence belong to the additive 
manufacturing lineage. Most of its applications involve applying solid 
– thin film coatings to surfaces, but it is additionally used for the 
production of high – purity bulk materials and powders along with 
producing composite materials through infiltration techniques. It is a 
practical method of atomistic or near atomistic deposition having the 
ability to synthesise well controlled dimensions and structures at 
reasonably low temperatures, high purity and in multiple formats such 
as single layer, multi-layer, composite and finally functional coatings 4 .



 

 

In its simplest incarnation, CVD encompasses a single precursor gas 
flowing into a chamber containing the substrates to be coated. 
Chemical reactions occur on and near the hot surface, resulting in the 

deposition of a thin film4, 5. There are plenty variants of CVD for the 

large variety of materials deposited and the wide range of applications. 
Essentially, CVD takes place in hot – wall reactors and cold – wall 
reactors, at sub – torr total pressures to above – atmospheric pressures, 
with or without the usage of carrier gases and at temperatures ranging 
from 200 to 1600˚C. Furthermore, there are a variety of enhanced CVD 
processes, which involve the use of ions, plasmas, lasers, photons, hot 
filaments or combustion reactions to increase deposition rates and/or 

lower deposition temperatures. 39 

   The precursors used within a variety of CVD techniques can be single 
source or dual source in origin. Single source precursors contain all the 
groups/elements required for successive thin film production. On the 
other hand, dual source precursors involve the interaction between 
multiple precursors for the synthesis of thin films. In each case, it is 
vital for the production of thin films to deliver the gas phase precursors 

with a carrier gas. The most common carrier gases are N2, He or Ar, 

especially when highly reactive of pyrophoric reactants are used and 
in some cases, reactions entail an energy input from the carrier gas, e.g. 

H2 or O2 enrichment. 3,5-7. A large number of different CVD methods 

have been developed by industry for various applications, including 
semiconductors and dielectric materials for microelectronics, coatings 

for optoelectronics and refractory ceramic coatings etc. 5 

The general stages that occur during a CVD process are outlined below 

and diagrammatically in figure 1: 3,5-7   

v Creation of active gaseous reactants 

v Transport of the precursor to the CVD Reactor via carrier gas 
or aerosol 

v Decomposition of gas phase precursor to remove gaseous by-
products and grow reactive intermediates 

v Gaseous reactants transportation onto substrate area 
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v Surface diffusion for nucleation and thin film growth 

v Desorption of by – products and mass transport away from 
active reaction zone 

 

 

 
   Figure 1: Common reaction processes that occur during CVD film growth. 
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Chemical vapour deposition has a plethora of advantages as a method 
for growing thin films. One main advantage is that films are in 
general quite uniform, e.g. the film thickness on the sidewalls of 
features is similar to the thickness on the main surface. This means 
that films can be applied to highly shaped pieces, including the inside 
and outside of features with high aspect ratios, whereas other 
commonly used coating techniques, such as Physical Vapour 
Deposition (PVD), are line – of – sight processes that cannot evenly 
coat highly shaped structures. Another advantage of CVD is that, a 
wide range of materials can be deposited, with very high purity. 
This purity arises from the comparative ease with which 
impurities are removed from gaseous precursors using distillation 
techniques. Finally, other advantages include relatively high 
deposition rates and the fact that CVD does not require as high 
a vacuum as PVD processes.



 

 

          
          

         

             

         

          
           

         
          

           
      

       
      

 
 
 

1.3 Atmospheric Pressure Chemical Vapour Deposition 
(APCVD) 

 
tmospheric pressure chemical vapour deposition (APCVD) 
is the conventional CVD technique that is used to grow thin 
films from gaseous precursors onto a suitable substrate at 

atmospheric pressure. Originally termed thermally activated CVD, it 
relies on reactant gas flows being produced by the vaporisation of 
inherently volatile precursors which are mobilised by either inert or 
reactive carrier gas flows. The technique follows the generalised 
reaction pattern detailed in Section 1.2, through which, precursors may 
react homogeneously in the gas or vapour phase or heterogeneously 
with consequent interaction on the heated substrate surface regardless 

of the origin of the precursor as single or dual source .3, 15-18  Several steps 

are associated with the APCVD process: 

A 
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Chemical vapour deposition also has a number of disadvantages. One 
of the main disadvantages lies in the properties of the precursors. 
Ideally, the precursors need to be volatile at near room temperature. 
CVD precursors can also be highly toxic [e.g. Ni (CO)4 ], explosive in 
air (e.g. PH3 , SiH4 ), or corrosive (e.g. SiCl4 ). Furthermore, the by- 
products of CVD reactions can be hazardous (such as CO, H2 , or HF) 
and some metal – organic precursors can be quite costly. Another main 
disadvantage is the fact that films are normally deposited at raised 
temperatures, which in turn, puts some restrictions on the substrates 
that can be coated. In some cases, it leads to unwanted results, such as 
stresses in films deposited on materials with different thermal 
expansion coefficients, which can cause instabilities in the deposited 
films (from a mechanical engineering perspective).



 

 

 Gas phase reaction 
 Transportation of the reactive species to the reaction area 
 Adsorption on the substrate surface area 
 Nucleation on the substrate surface area 
 Chemical reaction and desorption of by-products 
 Growth of thin film 

 
   A standard APCVD set up entails the use of Schlenk or stainless steel 
lines facilitating the inlet flow of carrier gases into precursor bubblers 
where the volatile liquid reactants are vaporised by thermal induction 
and the carrier gas flow mobilises the precursor vapour. Ideally the 
carrier gas inlet flows should be fully saturated with precursor vapour; 
this can be ensured with knowledge of the precursor volatility and 
vapour pressure, and then controlled by the carrier gas flow and 
bubbler temperature using flow meters and heating jackets. In a dual 
or multi source system the various precursor/carrier gas flows enter a 
pre-reactor mixing chamber to form a homogeneous, stoichiometric 
mixture of the required precursors which is then sent toward the 

reactor itself, as shown in Figure 2. 3, 15 

   Furthermore, in the APCVD technique the reaction chamber’s 
pressure is close to atmospheric pressure or ideally at one atmosphere 
of pressure. Precursors are often required to be low – melting solids or 
volatile liquids that can be transported to the reaction area by high 
temperature carrier gas. In addition, the substrate has to be at a high 

temperature for the deposition to take place 9. Inside the reaction 

chamber two types of reaction may appear: homogenous reactions that 
occur exclusively in the vapour phase and heterogeneous reactions 

occurring at the vapour solid surface interface 10.
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                            Figure 2: Schematic diagram of an APCVD reactor. 40 

 
 

   Despite that fact APCVD has proven capable in depositing a wide 
variety of functional coatings for a plethora of applications such as 
microelectronics, optoelectronics, protective and decorative coatings 
and optical coatings, a key factor is the availability and ease of use of 
the required chemical precursors. APCVD is a reasonably attractive 
low cost technique that can produce coatings from pure liquid 
precursors, which require little or no preparation. With the exception 
of choosing an appropriate carrier gas and deposition temperature, the 
selection of the precursors must satisfy numerous conditions, 
particularly temperature, pressure and carrier gas sensitivity. Below 

are the characteristics of an ideal precursor: 3, 15-17 

 

¨ Adequate volatility and vapour pressure to achieve the 
precursor concentration required for high growth rates at 
sufficiently low vaporisation and reaction temperatures (so as 
to not damage the precursors, substrate or product coating) 
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¨ Sufficient thermal stability, so that decomposition or pre-
reaction does not occur within the bubbler or inlet gas lines at 
vaporisation temperatures which may cause blockages and 
deterioration of the rig. 

¨ A large active temperature window between vaporisation and 
reaction, to ensure no precursor wastage and a full conversion 
of precursor to coating within the reaction chamber. 

¨ High inherent chemical purity to negate the requirement of 
costly and time consuming purification methods, in addition 
to, clean decomposition and reaction and minimal 
incorporation of impurities and defects into the coating. 

¨ Good compatibility with co-precursors in dual or multi source 
systems during diffusion and growth of doped films. 

¨ For protective coatings - indefinite stability at ambient 
conditions, i.e., unaffected by air, moisture, common solvents 
or UV-visible-IR radiation in both precursor and product film 
forms. There will be some examples of CVD coatings that are 
unstable and/or toxic that need a protective layer subsequently 
grown on top. 

¨ For environmentally friendly and economical coatings - 
convenient processes conditions such that it can be 
manufactured at a high yield and low cost, as well as, 
possessing no toxic or hazardous properties. 

  

 

 

1.3.1 Layer Morphology 

ne of the most important parameters that determine the 
physical characteristics of a thin film is layer morphology. 
The layer morphology is determined by surface diffusion 

and nucleation during a deposition. The latter is affected by substrate 
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temperature, partial or local pressures of gaseous species and of 
course, the total pressure of the system. The three main types of layers 
which can be formed by CVD are epitaxial, polycrystalline and 
amorphous.  

   Epitaxial layers encompass the growth of a flaw – free single crystal 
film on a substrate of the same material (homoepitaxy), or on a 

different material (heteroepitaxy)5,24. In either case, there is a 

requirement of having a strong lattice match at the interface between 
the two materials. The term epitaxy comes from the Greek roots epi 
(ἐπί), meaning “above”, and taxis (τάξις), meaning “an ordered 

manner”. In other words, it can be translated as “arranging upon”.40 

Epitaxial growth is usually accomplished in clean – room experimental 
conditions as it is required that the film is free from defects and surface 
contamination. The growth of epitaxial layers normally occurs at 
relatively high temperatures and ideally low growth rates. This 
ensures that surface diffusion is swift in relation to the arrival of new 
growth initiating species on the substrate surface, which permits 
adsorbed species to diffuse to low energy sites and allows the 
formation of a layer which imitates the under-laying substrate.            
Polycrystalline layers are grown at transitional temperatures, which 
results in nucleation at many different sites generating islands that 
merge to form a polycrystalline layer. In contrast, growth of 
amorphous layers requires low temperatures, reasonably high growth 

rates and gradual surface diffusion.5,24  There are three main 

mechanisms describing film growth on substrates as shown in Figure 
3. Volmer – Weber growth refers to island growth and occurs when 
interactions between film components are greater than the film – 
substrate interactions. Extensive deposition, leads to the formation of 
islands and ultimately, continuous film formation on the surface of the 
substrate. Frank van der Meerwe growth refers to layer – by – layer 
growth, as a result of stronger film substrate interactions. Finally, 
Stranski – Kastanov growth refers to a mixed form of these two growth 

9
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modes, where initial layer – by – layer growth is followed by island 

growth. 41,42,24 

 

Figure 3: The three modes of film growth that occur during polycrystalline film formation 
during CVD. 

 

The key criteria for selection of an industrially applicable CVD process 

in general are as follows: 4, 9-11, 15, 19, 24 

† The method should produce no significant damage to and be 
compatible with the bulk properties of the substrate. 

† The method should be capable of depositing the desired coating at 
the required thickness and morphology to give the desired physical 
and chemical properties, which is particularly important in 
functionalised films. 

† Be capable of coating all types of substrate components regardless 
of aspect ratio, size and shape. 

† Be cost effective in terms of raw material and precursor costs, as 
well as fabrication and operation of the deposition rig and set up. 

† Finally, the method should not have a negative impact on turn-
around times or yield or performance of the desired substrate or 
product. This is inclusive of material wastage or equipment down 
time which could become costly if the coated product cannot be 
produced in a reliable and reproducible manner. This is particularly 
important for high throughput applications and simple protective 
coatings, for example in the bottling and architectural glass 
industries.  
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lasses can be described as one of the most important classes 
of materials and can be traced back to 3500 BCE in 
Mesopotamia. Archaeological evidence suggests that the 

first true glass was made in coastal north Syria, Mesopotamia and 

Ancient Egypt 11. Glasses are amorphous solids, kinetically trapped in 

a non-equilibrium state. Glasses crystallise and afterwards melt and 

viscosity decreases continuously with increasing temperature 12. 

   Today, glasses are used in a plethora of applications including 
architectural glazing, high standard optics and various food 
containers. Glasses are multicomponent systems that are based on 
silicate (silicon dioxide or quartz) glasses, which is the primary 
constituent of sand. 
   A coating on glass has the capacity to modify the chemical surface 
along with changes in the physical properties and at the same time 
maintaining bulk properties. CVD is one of the most attractive and 
important techniques for coating glass, due to the wide range of thin 

films that can be deposited 3.  
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 Considering the total area of a deposited coating, the largest 
application is coating of window glass. Low thermal emissivity (ε) 
coatings is one of the most characteristic examples. The latter coatings 
prevent heat passing through, giving the ability to reduce the need for 
cooling down or warming up buildings, leading to reduced energy 
consumption. For such applications, very thin layers of Ag placed on 
the inner side of double glazing, is the most popular choice, as it is 
more reflective of infra-red compared i.e.,  compared to FTO. These 
layers would serve to keep any heat generation, as infrared radiation, 
in a building by reflecting it back inside. Moreover, such materials 
require a high transparency in the visible, allowing natural light 
into building creating a pleasing aesthetic appeal. By using such 
coatings, the combination of high visible light transparency and 
high infrared reflectivity,  a  significant  reduction of  building heat 
costs would take



 

 

place. Thin CVD coatings of TiO2 are also grown in situ during the glass 

formation process, and function as self-cleaning windows (a growing 

industry worth ~ $600 million).113  In order to modify the amount of 

light passing through a window, films of WO3 or VO2 are used as 
electrochromic and thermochromic coatings respectively. Thin 
coatings of TiN serve as heat reflection coatings and can also be used 
to tint glass. These coatings can be deposited on the glass as a final 
production step during the glass formation process via APCVD; with 
the APCVD reactor mounted on the float glass production line (Figure 
4). This technique was developed by Pilkington in the mid 1980’s by 

commercialising a low emissivity product known as K – Glass .7  

   Anti-friction coatings on glass containers have modernised the 
manufacture of bottle products. The smoother containers, enhance the 
speed and accuracy at which the bottles can be moved around the 
plant. The improvement of mechanical strength due to anti – friction 
coatings make the bottles less liable to fracture, leading to a 
combination for improving the production rate and overall efficiency 
of bottled glass manufacture. 

 
Figure 4: Float Glass Process by Pilkington – NSG. 
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An extensive range of functional coatings can be gown by CVD 
techniques including self-cleaning coatings, protective and decorative 
film coatings, microelectronic materials and optical and energy saving 

coatings 2,3,5,6,7,9,12. 

   The glass bottle industry is perhaps the most demanding area for the 
growth of CVD techniques. Between 75% - 95% of all glass containers 
are coated using CVD methods per annum, a number of more than 180 
billion units and sees revenues of at least $22 billion per annum in the 

USA alone.114 Production rates can be 700-coated containers per minute 

with the creation of glass bottles that have lower friction and faster line 
filling processing speeds.  
   Recently, Finite Element Analysis (FEA) has found application in 
glass container design and production. The technique makes it 
possible to evaluate mechanical strength and performance of a glass 
container on a computer before final design decisions are made. In the 
absence of FEA or other numerical analysis, decisions on safe wall 
thicknesses and the radii of curved surfaces were previously based on 
experience supplemented by pen and paper calculations and 
observations. A considerable factor of ignorance in this approach was 
whether the design would be adequate for all expected loads.  
   In terms of industrial glass manufacturing two large-scale industrial 
techniques are in use; the float glass process and the forming method. 
Float glass is the optimum method for producing, flat glass with the 
most important example being window glass, which can be cut to the 
desired size from the float glass ribbon. Flat glass, can be formed for 
applications in automotive, aerospace and several other industries. 
With respect to thin film application for glass coatings, glass bottles are 
coated with two substances: one coating occurs at the temperature 
controlled kiln for annealing objects made of glass known as Lehr 
directly after growing and is called hot – end coating (HEC) and the 
other occurs as the glass bottles exit the annealing Lehr and is called 
cold – end coating (CEC). HEC has the ability to protect the glass from 
being damaged and additionally prepares the glass for subsequent 
CEC coating. The most common coating material deposited is tin 
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oxide, although derivatives of titanium deposited by passing a mixture 

of SnCl4 /TiCl4 vapour and steam near the entrance to the annealing 

Lehr are also used.  Both the oxides are believed to increase the 
abrasion resistance of the glass surface; therefore, preventing them 
from being damaged by contacts with metal surfaces i.e. the conveyor 
belt. However, they do not protect glass surfaces from getting abraded 
by rubbing against each other.  
   Cold – end coating is applied once the glass container has been 
annealed. “Annealing is the process which reduces the residual strain in the 
container that has been introduced in the forming process.” The cold – end 
coating is typically a polyethylene wax that is spray coated from a 
water – based emulsion. The characteristics of this coating is that it has 
a ca. 50nm and is applied to the glass when cooler at 135 to 165 ˚C. This 
tends to make the glass slippery and by providing scratch resistance, 
the CEC imparts to the glass containers increased burst pressure and 

allows for a significant reduction of wall thickness 105. In terms of glass 
strengthening, the purpose of the cold – end coating is to create a 
strong lubricated surface that does not break under the influence of 
pressure or water and aids the flow of containers through a high speed-
filling line around the conveyor.  
   The purpose of both HEC and CEC is to provide protection against 
scratching and the ensuing loss of strength. In addition, it is preferred 
that they should not change the appearance of the glassware. For 
instance, many beer glass containers are brown or a similar dark 
colour. The only differentiation between products comes from the 
different labels or other indicia applied to the bottle. For certain 
marketing applications, it might be appropriate to further distinguish 
one product from another to provide straight product recognition. 
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Figure 5: Schematic Cold – End Coating spray mixing system. 

 

 

 

 
                 Figure 6: Anatomy of glass containers. Designed by C. Drosos.
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Figure 7: Hot – End Coating system during the production glass bottles. Thick TiO2  

[(i.e.,TiCl4 or Ti(OiPr)4] a ca 10 nm, or SnO2 [i.e., SnCl4, or SnCl3(C4H9)] layer is applied to 
the containers which is formed from APCVD at temperatures ranging from 450 – 600 ˚C. 

 

 

 

 

 

1.5 Tin Oxide 
 

in dioxide (SnO2), tin (IV) or stannic oxide, is one of the most 
important oxide materials for use in anti-friction coatings on 
glass bottles and transparent conducting oxide (TCO) coatings 

and low-emmisivity coatings on window glass. The material combines 
low electrical resistance with high optical transparency in the visible 
range of the electromagnetic spectrum (properties required for a TCO), 
and at the same time is a strong absorber of infrared light (the 

additional property required for use as a low emissivity coating).18, 19 

Tin is reactively earth abundant and the oxide is thermodynamically 
stable. It is a colourless, amphoteric and diamagnetic solid that is 
usually regarded as an oxygen – deficient n – type – semiconductor. 

T 
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Tin oxide is a wide bandgap semiconductor, with a theoretically 
calculated bandgap of 3.6 eV. It is mainly found as the mineral 
cassiterite, which crystallizes with a tetragonal rutile structure with 

space group D14 (P4"/mnm) 20. The unit cell consists of two tin atoms 

and four oxygen atoms. Six oxygen atoms, roughly arranged in a 
regular octahedron, surround each tin atom and three tin atoms, 
approximately forming an equilateral triangle, coordinates each 
oxygen atom. The lattice parameters are a= 4.737 Å and c=3.185 Å. The 

ionic radii for O2- and Sn4+ are 1.40 and 0.71 Å respectively. 108 

 
 
 

 
              Figure 8: Unit cell of the rutile crystal structure of SnO2 (cassiterite). 
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 Tin oxide protective coatings have been used in the bottling industry 
for decades, and despite the technology now being dated, when 
compared to other sophisticated materials, its cost effectiveness and 
performance are still a benchmark for the development of alternatives. 

Furthermore, SnO2 offers increased hardness and structural reliability 
with its advanced properties such as resilience to breaks/scuffs, burst 
resistance and most importantly, allowance for producing lighter glass 

bottles 21, 22. For lubricity of glass bottles an additional cold – end 

coating of partly oxidized polyethylene allows for a higher production 
rate reduction in breakages and improvement in lifetime and re-

usability 4,12,20,21. 
 
 

 
 
1.6 Titanium Dioxide 
 

itanium dioxide (TiO2) is one of the most methodically studied 
coating materials in the world due to its many reported self-

cleaning and photocatalytic applications. 44-46  In its most 

thermodynamically stable rutile form, it has the same structure as tin 
dioxide in the cassiterite structure, since tin and titanium have almost 

identical ionic and covalent radii, Ti4+; 0.61Å versus Sn4+; 0.69Å and Ti0; 

1.36Å versus Sn0; 1.41Å, respectively.45 

   TiO2 belongs to the family of transition metal oxides. There are three 

usually known crystalline modifications of TiO2	that can be found in 
nature; anatase (tetragonal), brookite (orthorhombic), rutile 
(tetragonal), all of which have been found naturally and prepared 

synthetically.47,48  Rutile is the thermodynamically stable form, whilst 

anatase and brookite being the kinetic meta-stable forms (anatase 

being the more prevalent). TiO2 is a wide bandgap semiconductor, 

albeit an indirect one. Anatase – TiO2 adopts a tetragonal – based 
structure encompassing 12 atoms in its unit cell; eight oxygen and four 
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Figure 9: TiO2 anatase crystal structure (a) (101), (b) (100) and (c) (001). Image adapted from 
Fujishima et al. 114 

 
 
Self-cleaning coatings on window glass have become one of the most 
desirable features in architecture and has been positively 
commercialised by four companies. To date, all commercial self-
cleaning windows are coated with a thin transparent layer of anatase 

titanium dioxide (TiO2), a coating which contributes to clean the coated 
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titanium as seen in Figure 9. Anatase has a wide range of 
semiconductor and dielectric properties that are highly dependent on 
the density of point defects, which can be controlled through adjusting 
film growth or annealing conditions.



             
 

 

surface in sunlight through photocatalysis and photo – induced 
hydrophilicity (PIH). 

       
         

          

     
 

Figure 10: Comparison showing the effect of wetting on Pilkington ActivTM versus float glass. 

 
 

 

            
        
    

        
        

        
         

           
        

      
         

           
        

            
          

         

The outcome is reactive superoxide (O2
-) and radical species (OH) that 

Float glass ActivTM
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Self-cleaning coatings for architectural glass combine photo – catalytic 

activity with super hydrophilicity. An industrial example of the latter 

is Pilkington NSG’S Activ TM , as shown in Figure 10, which contains a 

thin film of a TiO 2 coating.

In this case, the TiO 2 absorbs light photons in the UV-visible range, 
photocatalytically breaking down adsorbed organic matter, whilst the 
superhydrophilic coating morphology interacts with surface water 
droplets forming a sheet of water through coalescence which washes 
adhered particles away. The mechanism of photocatalysis, Figure 11, is 
the motivation for chemical breaking down organic modes that 
encounters the thin film coated surface. Mechanistically, this process 
requires a photo – excitation, that is caused by absorption of a photon 
with higher energy than that of the material’s bandgap, approximately 
3.2 eV, where electrons are excited from the valence band into the 
conduction band leaving behind a concurrent hole. Afterwards, the 
photo – generated electrons and holes are often able to travel in a free 
manner through the material and migrate to the lower energy surface 
of the coated surface. Then, the electrons and holes are stabilised by 
falling into narrow traps and react with molecules from the air. The 
trapped electrons favourably react with O 2 and trapped hole with H 2 O.



             
 

 

are imposed to reduce any organic material in contact with the film to 
carbon dioxide, water and mineral acids.  
 

 
Figure 11: Photocatalytic process that occur in TiO2 thin films which generate highly reactive 

species and break down organic dirt. 

 
 
 

Much research is being done into TiO2 coatings with novel dopants to 
enhance and adjust the material’s active working range with respect to 
the wavelength ranges, or indeed to impart secondary functionality 
such as colour, anti-reflectance and TCO properties. In addition, 

powdered TiO2	 nano-particles have also shown anti – organic and 

microbial photoactivity. 3, 5-6, 8, 16-17, 29-47  
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2. Engineering Perspective of CVD: An 
in-depth approach 
	

2.1 Overview of APCVD 
 

s described in Chapter 1, Atmospheric Pressure Chemical 
Vapour Deposition (APCVD) is the simplest and most 
widely used technique for coating glass bottles and 

functionalising float glass windows, which has many potential 
advantages over other forms of coating technologies, as well as 
commercial advantages in particular areas of glass container coating 
technology.  
   A normal CVD tube furnace consists of a reactor chamber, a gas inlet, 
a gas outlet, and an isothermal furnace where the substrate(s) are 
placed. The quartz tube is placed inside the tube furnace and is heated 
isothermally, and its precise temperature control can be achieved with 
detailed system design of the pre-reactor tube furnace.   

 

 

2.2 Design and manufacturing process of a Novel Pre – 
Reaction Tube Furnace 
 

or the necessity of this thesis it was required to design and 
manufacture a novel APCVD setup due to the fact that it was 
important to study pre – reaction experiments, before the latter 

was scaled for industrial purposes.  
   All component parts were designed with AutoCAD Mechanical 2016 
Ⓡ, tested in Autodesk Ⓡ Simulation Mechanical whilst in the workshop 

in order to set up advanced Multiphysics simulations with Finite 
Element Analysis and provide fast, accurate and flexible mechanical 
tools to help predict performance, optimize designs and validate 
components part behaviour before applying the manufacturing 
process in order to minimize reliance on costly physical prototypes.  

A 
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All components were manufactured with CNC machining, a process 
used in the manufacturing sector that involves the use of computers to 
control machine tools. Under CNC machining, machine tools function 
through numerical control. A computer program was customized for 
each part and the machines were programmed with CNC machine 
language (G-Code), that essentially controlled all features like feed 
rate, coordination, location and speeds. Furthermore, the advantages 
of CNC machining are numerous; the process is more precise 
compared to manual machining. Due to its high level of precision this 
process can be used for production of many complex three-
dimensional (3D) shaped – parts.   

	

	

 
 
2.3 Pre – Reactor Engineering Designs 
 

he Pre – Reactor tube furnace, was designed according to a 
general procedure for reactor design, using kinetic and 
thermodynamic data on each desired reaction from previous 

laboratory studies. Values were needed for the rate of reaction over a 
range of operating conditions, i.e., temperature, pressure and flow 
rate. In order to design the pre – reactor, data on physical properties 
were estimated through laboratory experiments and collected from the 

literature 99. Due to the fact that the results would be used for industrial 
purposes, it was critical to design the laboratory reactor in-line with an 
industrial scaled reactor, in order to attain the optimum results that 
could lead to successful industrial applications. In such cases, the 
reaction conditions were initially made to counterbalance the desired 
yield. Size and dimensions of the aforementioned reactor were 
estimated approximately, since it was built within prototype limits. 
For that reason, empirical methods based on the analysis of the 
idealized reactor were used. The materials for the construction were 
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selected, due to their properties in order to simulate the specific 
industrial conditions.  
   A preliminary mechanical design was developed in which the reactor 
met the criteria for proceeding to the manufacturing process and 
finally, an in depth analytical design was optimized and validated 
along with the cost of the proposed APCVD Pre - Reactor regarding 
manufacturing process.  
   The Pre – Reactor tube furnace was manufactured in order to study 
several aspects of thermodynamics, fluid dynamics and experimental 
process – results prior to industrial applications, within an industrial 
experimental and or industrial sequence. Ordinarily, gas slip occurs in 
devices with dimensions that are on the order of the mean free path of 

the gas molecules. Maxwell 68 introduced the possibility of gas slip 

within a vessel. The consideration of the flow of an ideal gas presumed 
that a percentage (1-p) of the wall impacts were specular while a 
percentage (p) were diffuse. According to the latter, it is possible to get 
an exchange of momentum between the walls of the vessel, e.g. glass, 

and the gas. 68  However, for a stationary wall, e.g. a quartz tube, a non-

slip condition is when the fluid velocity at the wall point is zero, 
because of the existence of the viscosity of the fluid. For inviscid flows, 
it is not possible to apply the non-slip condition at the wall due to the 
fact one cannot assume regarding viscosity. That being said, in the 
inviscid flow case, the fluid velocity at the boundaries of the system is 
allowed to slip along the contour of the surface (actually move on the 
surface at a tangent to the surface). 
   The plans of the pre-reaction tube furnace are shown in Figures 12 to 
14. The pre-reaction furnace is a tubular hot wall horizontal reactor 
that operates under atmospheric pressure, and has an internal 
diameter of 60 mm, 750 mm length. The baffle, which was 
manufactured from aluminium – bronze alloy for withstanding 

corrosion 23 has an internal diameter of 6.35 mm, and its external 

diameter is 8 mm. The baffle was designed as such in order to ensure 
laminar flow through the system, although with high flow rates, 
turbulent models can be inevitable . The inlet base is 80 mm long, has 
17 mm width, 23 mm height, and M5 threads. The gas – tight metallic 
channels are fitted with O–Rings in order to provide a leak free design. 
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Details of the exhaust flange are shown on Figure 13. Additionally, 

three bubblers were manufactured from aluminium bronze alloy 23 as 

seen in the CAD drawing below in Figure 14.  
         

    
 

 
                                    Figure 12: Pre – Reactor’s Baffle from all views. 
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 Based upon the engineering and design expertise  the following 
CAD designs were produced.



             
 

 

 
 

Figure 13: 2 – D AutoCAD designs. (a) The Inlet in all views, (b) Support flange, 

(c)& (d) Front and back view of the inlet’s foundation flange, (e) Exhaust Flange System.1  

                                            
1 Designed by Charalampos S. Drosos	

    
2.3 Pre — Reactor Engineering Designs

26



                       

	

 

 
 

 
 

 
Figure 14:  2D bubblers engineer designs. 
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2.4 Pre – Reactor Engineering 3D Modelling 
 

utoCAD Mechanical 2016 Ⓡ was used to produce the 3D space 

designs in order for the desired components to be 
represented for modification, analysis and optimization. 

CAD software, is generally used to increase the productivity, improve 
the quality of design, improve communication through documentation 
and finally, create a database for manufacturing processes. Overall, the 
technical and engineering drawings and images, must convey 
information regarding materials, processes, dimensions and tolerances 
according to the application and specific conventions. Industrial 
design requires the use of CAD software, in order to realise projects, 
since CAD software helps the engineer to explore ideas, visualize 
concepts through photorealistic renderings along with simulations of 
how the design project will perform in the real world as they can be 
depicted in Figures 15 to 19. 

 
 
 

 
 

Figure 15: 3D representation of Pre – Reactor’s exhaust as seen from several 
perspectives.

A 
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Figure 16: 3D representation of Pre – Reactor’s support flanges as seen from several 

perspectives. 
 
 
 
 

 
 

Figure 17: 3D representation of Pre – Reactor’s inlet as seen from several perspectives. 
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                               Figure 18: Bubblers in assembling process. 

 
 
 

 
 

Figure 19: Left and right bubbler after assembling. In the middle, bubbler rendered in its 
perspectives. 

 
 
 
 

2.5 Manufacturing Process of Pre – Reactor components 
 

ll of the Pre – Reactor’s components, were designed and 
simulated by design software and simulated in order for 
their quality to be adequate for laboratory scaled 

experimentations based in industrial scaled requirements. 
   Design for manufacturing (DFM) and design for assembly (DFA) are 
the combination of product design and process planning into one 
entity. The objective for each manufacturing process is to design a 
product that will be effortlessly and cost-effectively manufactured. 

A 
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Hence, it is important to incorporate important design principles that 
are well structured to aid the engineer or designer to reduce the cost 
and any difficulties during the manufacturing process. The most 

important steps are the below 69 :  

 

v Decrease of the total number of parts.  

v Acquire a prefabricated design 

v Utilization of standards components 

v Design of components to be efficient 

v Design for optimum manufacture 

v Maximise compliance  

v Diminish handling  
 
 

   According to the above, a parametric study took place in order to 
define the optimal path to manufacture the components of the Pre – 
Reactor. The aforementioned parts were built up with the aid of a 
Vertical CNC processing centre. The CNC had three axes, 16 automatic 
mounted tools, which were controlled by a microprocessor. In order to 
obtain the optimum precision, the components were manufactured 
with a tolerance of one tenth of a millimetre, and were fixed to a CVN 
Horizontal Machine Centre. The CVN consisted of four processing 
axes and 60 automatic mounted tools, allowing complete processing 
(material removal, drilling, tread cutting, etc.), of the components. The 
prototype pre – reaction parts were quality checked by the appropriate 
Quality and control Department, with respect to the provided 
theoretical calculations and designs. After completion, the surfaces of 
the components were examined by non-destructive testing for spotting 
micro – cracks and other structural deformities.  
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   Figure 20: Manufacturing processes of the metallic parts of the APCVD Pre – 

Reactor. 
 
 
 
 
 
 
 
 

 
 
 
 

2.6 Quality Control – Hardness Tests  
 

ardness is a mechanical property related to strength and in 
steels is a function of the carbon content and the particular 
microstructure. In order to fulfil the requirements for 

obtaining high – quality components the Rockwell hardness test was 
used whilst in the workshop where the components were 
manufactured. The Rockwell test is an empirical indentation hardness 
test for measure of the mechanical resistance of the material, 
specifically metals, to permanent indentation by measuring the 
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permanent depth of the latter. Nevertheless, consistent relationships 
have been founded amid various tests and important properties of 
materials, for example tensile strength and machinability. Rockwell 
hardness testing is covered by the ISO 6508 – 1:2015 test method. The 
Rockwell test is the most common technique and it is used for testing 
hardness.  
   The technique has a lot of positive characteristics; it is an inexpensive 
technique and at the same time, it literally takes seconds in order to 
finish the test. Additionally, the indentation is extremely small and this 
is a major advantage over other techniques, since there is no need for 
the latter to be removed by machining, making this a non-destructive 
investigation. Another advantage is that since in all manufactured 
components the Rockwell C scale test took place, the penetration level 
was approximately at 0.0089 mm, which makes the point of testing 
barely visible.  
   The principle of this technique consists of indenting the test material 
with a diamond cone or hardened steel ball intender. The intender is 
forced into the test material under a preliminary minor load F0, 
normally 10 kgf. By the time, equilibrium has been reached, an 
indicator which tracks the actions of the indenter and so reacts to 
changes in depth of penetration of the indenter is set to a datum 
reference position. Whilst the initial load is still applied a further load 
is applied with developing increase in penetration. Once equilibrium 
has again been reached, the additional load is detached but the initial 
load is still present. By removing the major load, it is expected to 
observe a recovery, thus reducing the depth of penetration. The 
Rockwell number, results from the application of removal of the 
further load thus offering the permanent increase in depth of the 

penetration.70  

 

 

           
 

HR = E − e (1) 
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where,  

 
F0 = initial load in kgf 
F1= additional major in kgf = total load in kgf 
e= sustained increase in depth of penetration due to major load F1 
measured in units of 0.002 mm 
E= a constant depending on form of indenter;100 units for diamond 
indenter and 130 units for steel ball indenter 
HR= Rockwell hardness number 
D= diameter of steel ball 
 
 

 

 
Figure 21: Rockwell hardness test procedure where F, depicts the load and D, is the diameter of steel 

ball. 

 
Figure 22 (a) and (b) illustrate what occurs when the total force level is 
increased. The test having the higher total force (lines with arrows), resulted 
in an increased indentation depth at the application of total force. Following 
the application of total force, the additional force is removed returning to the 
preliminary force level, most of the increased increment in indentation is 

D(⌀)
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maintained. The increased indentation depth enlarges the measurement 
value, h, and, thus, results in a lower hardness value.  

 
Figure 22: Plots of force versus time (a) and indenter – depth versus time (b) for an 
HRC test illustrating the testing cycle parts and the difference in the indenter depth 

measurements h. Graphs adopted from Rockwell Hardness Measurement of 
Metallic Materials, Samuel R. Low, National Institute of Standards and 

Technology, U.S Department of Commerce. 
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2.7 Summary and Conclusions  
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 he selection of materials for engineering components depends
 upon knowledge of material properties and behaviour in
 particular environmental states. Thorough investigation took 
place in order to find the optimum material that would meet the 
criteria for the specific project. The Pre – Reactor was designed and 
manufactured having in mind several considerations, such as thermal 
properties, chemical interactions with the environment and fracture 
phenomena. In order to lessen premature failure in service, surface 
treatments and precipitation hardening were applied to the 
components in the workshop. The prominence of creating a dedicated 
novel reactor design and manufacture, was to establish a new method 
for chemical testing in terms of indicating the behaviour of each 
precursor that would be tested within its boundaries. 
Temperature and decomposition profiles of the precursors tested 
would be later used for pure industrial processes and applications. 
The pre – reactor ’s importance is that precursors may be tried 
beforehand and ensure the behaviour before been used in a 
production line. This procedure, saves time, human hours from 
dealing  with  unwanted  problems  and  definitely  ensures 
the  efficiency  within  the  production  line  in  industrial 
requirements.



   

	

 

3. Evaluation of Manufacturing Process of 
APCVD Pre – Reactor Tube Furnace 

 
3.1 Pre –Reactor Tube Furnace Evaluation 

 
 novel APCVD Pre – Reactor system was established for the 
needs of this thesis, which was thoroughly described in 
Chapter 2. In précis, the current system used a split type 

furnace with no substrate heater, which gives the advantage to the 
system of having a uniform axial temperature zone in the central 
section of the tube and moreover, attached importance to radial 
temperature uniformity. Despite the fact that it is very common for 
dummy wafers to be used, since they help establish uniform thermal 
distribution within the tube, in the current system they were not used. 
All of the components were manufactured according to industrial 
needs and to preserve high levels of accuracy. 
   After the manufacturing process and installation of components of 
the APCVD Pre – Reactor system, many test runs took place in order 
to establish the optimal system parameters before proceeding to the 
experimental series. In order to adjust the system to the standards 
required from the industrial partners, it was crucial to develop specific 
strategies before running the initial experiments. 

 
 
 
 

3.2 Pre – Reactor Tube Furnace Heating Strategy 
 

ne could easily think that heating is simple; principally, 
passing Electric Current (EC), through a resistive wire or 
plate, produces heat. Thermal Engineering Control (TEC) 
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principles are one of the most challenging aspects of the CVD 
technique, along with flow dynamics and heat transport. Deposition 
temperature, along with the energy input and electric current needed 
to be established in order to facilitate deposition reactions with a 
controlled reactor temperature. Furthermore, the relationship between 
film uniformity, throughput and purity with temperature ranges that 

took place inside the reactor needed to be evaluated. 24 An additional 

factor to be considered is thermal shock which is related to thermal 
expansion and is the stress that can be caused by non-uniform thermal 
expansions/contractions, mainly affecting materials with poor 
thermal conductivity. A characteristic example would be when drops 
of molten glass hit water and the molten glass shatters violently 
because of the large thermal contraction, however quartz glass (fused 
silica) does not break but instead, gets hardened by thermal 
toughening. Thermal shock resistance is enriched by high thermal 
diffusivity, low thermal expansion coefficient, high tensile strength 

and particularly small size. 25,26,27 
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 Emphasis on the specific heating strategy was essential in order to 
avoid having unwanted results such as component failure, thermal 
fatigue and thermal stresses. The latter, arises every time there is a 
temperature gradient in the material. Thermal stresses grow with 
increasing heating rate; thus, uneven heating can result in local 
variations in volume due to uneven expansion rates and this could also 
contribute to stresses and distortion within the parts. To avoid this, pre 
– heating steps was carried out in order to equalise the temperature 
between the surface and the centre of each component.

 Several test runs took place in order to obtain the correct way of 
heating up the Pre – Reactor tube furnace before any experimental 
procedure. All test runs took place at UCL’s Laboratories, Christopher 
Ingold building using specific heating strategies as summarised in 
Table 1. 



   

	

 

           
  

 
 

           

 
 
 

          
         

        
          

         
      

          
        

         
             

RT - 350 ˚C
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Temperatures ranged from 20 – 1000 ˚C. The total test run cycle was 
approximately three hours. A carrier gas was not used initially and the 
test runs were repeated three times. Initially, the assembled 
components were placed and coupled with the tube furnace, in which 
the temperature was at RT (@ 20˚C). Afterwards, the entire system was 
heated up for 45 minutes for temperatures ranging from 
approximately 20˚C to 350 ˚C, creating the first segment of the plots 
represented in Figure 23. Hence, the temperature was elevated from 
350 up to 500 ˚C for 20 minutes creating the second segment; the reactor 
was heated up for 40 minutes in order for the temperature to be

            

                        

                        Table 1: Temperature Segment Setting data table used in heating strategy test runs.



 

 

steadied. The reactor’s temperature after the second segment was set 
up for 750 ̊ C, from 500 ̊ C and spent 20 minutes of heating at this stage. 
The final stage of heating up the reactor, was set up at 1000 ˚C and it 
was set there for 25 minutes. 
   In order to cool down the reactor, it was followed by a reverse 
procedure. As soon as the reactor spent 25 minutes at 1000 ˚C then the 
cooling process started. The temperature dropped to 750 ˚C for 25 
minutes, following to 500 ˚C for 25 minutes and finally, to 350 ˚C for 20 
minutes and then to RT, where the reactor was turned off.  
 
 
 

 
Figure 23: Set Temperature segment plot versus time of initial trial with Pre-reactor tube 

furnace. 
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3.3 Temperature Profile Test Runs 
 

         
          

         
         

             
          

         
      

         
            

       
   Temperature information, amongst other factors, is essential in order 
to reduce unwanted results such as particle contamination, that would 

lead to poor quality deposition/decomposition process.108 

             
        

  
 

 
Figure 24: Mean temperatures for test runs #8, #9 and #10. Target temperature was set at 
700˚C without the aid of carrier gas. The radial position was 67.5 cm [(45 x 1.5)] (length of 

the quartz tube that was heated in the tube furnace). 
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 n order to evaluate the temperature profiles within the Pre –
 Reactor tube furnace, various conditions were used; no carrier gas,
 nitrogen (N2	) and air as carrier gas. A temperature profile 
within the deposition area of the reactor would give to the 
operator a more precise evaluation of what is really going on inside the 
reactor and more specifically, where the end user would expect to get 
a thin film deposition. This is useful for observing decomposition 
and furthermore, has the advantage of creating a “map” of film 
growth vs the temperature profile. When a material was produced 
within the Pre – Reactor, it could then be analysed with several 
techniques such as XRD and SEM.

 The temperature profiles of the pre - reactor were built upon 
observation and empirical knowledge regarding the mechanics of 
materials as seen in Figures 24 to 26.



    

 

 
Figure 25: Mean temperatures for test runs #13 and #14. Target temperature was set  
at 750˚C with the aid of Nitrogen (N2) as carrier gas. The radial position was 67.5 cm 

(length of the quartz tube that was heated in the tube furnace). 
 
 

 
Figure 26: Mean temperatures for test runs #15, #16 and #17. Target temperature 
was set at 750˚C with the aid of Air as carrier gas. The radial position was 67.5 cm 

(length of the quartz tube that was heated in tube furnace). 
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3.4 Reaction Control and Physical Trends of CVD 
 

           
    

     
     

       
 
 
 

3.4.1 Reaction kinetics  
 

        
   

       
          

    
       

       
         

        
         

           
        

 
 

¨ Introduction of the precursor 

¨ Transport of the precursor to the substrate surface 

¨ Surface reaction of the precursor 
 
 

The slowest step in this mechanism will be the rate limiting step of the 
overall process. The temperature of the substrate and or the tube, 

C 
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3.4.1 Reaction Kinetics

 VD is a multifaceted procedure. Essentially, as it is a non-
 equilibrium process involving physical aspects such as
 thermodynamics, chemical kinetics (reaction kinetics) and 
mass transport phenomena need to be considered and analysed and 
will be discussed in the following paragraphs.

 VD is a kinetic process regarding decomposition of the gas
 precursors and consumption by homogeneous and
 heterogeneous itineraries. Consequently, the outcome of a 
reaction determines the speed of how fast or slow a process can occur. 
Chemical kinetics includes investigations of how different 
experimental conditions can influence the speed of a chemical reaction 
and yield information about the reaction’s mechanism and transition 
state. Furthermore, kinetics is applicable to systems in transition from 
non-equilibrium to equilibrium, or between two equilibrium states. 
Finally, the kinetics of any process, determines the energy barrier that 
must be overcome for a reaction to come to completion, in other words, 
the coating. A conventional CVD process normally involves three (3) 
steps:



 

 

pressure of the system and gas – phase composition play a crucial role 
in film growth rates in CVD. The dependence of film growth on 
substrate is illustrated in Figure 27. As temperature’s role is critical, the 
three growth modes are observable with respect to the substrate 
temperature. At low temperatures, the growth rate is restricted by 
chemical kinetics and increases exponentially with temperature which 
is described by the Arrhenius law: 
 

																																																				  
 
where, 
 
k, is the film deposition rate 
A, is a pre – exponential factor (constant) 

Ea, is the activation energy  

R, is the gas constant  
And T, is the temperature 
 
           

        
        
            

       
           

           
     

          

k = Aexp(−Ea
RT )

(2) 
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 When temperature is increased, there is a segment where film growth 
rate is independent of temperature for example, mass transport of a 
precursor controls the film deposition rate. This kind of growth is 
beneficial in the Cold – Wall CVD technique, since it is difficult to 
achieve uniform substrate heating. If the temperature is increased 
more, then the film growth rate reduces due to an increased desorption 
rate and depletion of reactants on the walls of the CVD reactor. Finally, 
even higher substrate temperatures stimulate gas phase reactions, 
occurring in particle formation (i.e. powder) instead of film formation.



   

	

 

 
Figure 27: Arrhenius plot of normalised growth rate as a function of temperature 3. 

 
 
In contrast, if a CVD process is mass transport limited, a characteristic 
rate limiting step can be the diffusion of the precursor molecules via 
the boundary layer. The rate of diffusion throughout a concentration 
gradient is expressed by Fick’s first law of diffusion: 
 
 

                          
where,  
 

Ja, is the precursor flux of species A (	$%&
$'(

	) 

D, is the diffusion coefficient in (	$
'

(
	) 

C, is the concentration of species in (	$%&
$* 	) 

x, is the position, ideally perpendicular to the substrate surface. 
 
Additionally, the concentration gradient can be expressed as: 

Ja = −D ∂2C
∂x

(3) 
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where,  
 

C𝐴(the precursor concentration of species at surface 

C𝐴,, is the precursor concentration in the bulk from above 
 
By combining these, equation (4) reduces to: 
 

 
 

and finally, substituting in equation (3) we get: 
 

𝐽. = 	
𝐷
𝛿
	[𝛢] 

 
which is the first order rate equation with respect to [A] and the rate 
constant is the temperature dependent diffusion constant at reference 
conditions divided by the thickness of the concentration boundary 
layer. The rate of diffusion of precursor to the surface is expressed in 

molecules per cm2s. 

 
 
 
 
 
 
 
 
 
 
 

∂CA

∂x
≅ ΔCA

Δx
=
CAS

−CAB

δ

∂CA

∂x
≅ ΔCA

Δx
= −

CAS

δ
= − [Α]

δ

(4) 

(5) 

(6) 
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3.4.2 APCVD Precursor Rate 
 

tmospheric pressure chemical vapour deposition (APCVD) 
is a conventional CVD technique that is used for the 
deposition of thin solid films from gaseous precursors onto 

a suitable substrate both in research and industry alike. Originally 
termed thermally activated CVD, it relies on reactant gas flows being 
produced through the vaporisation of inherently volatile precursors 
which are mobilised by either inert or reactive carrier gas flows. The 
rate at which each precursor is introduced to the reaction chamber 
depends on the temperature at which the bubbler is set (vapour 
pressure of the precursor) and the rate at which the inert gas is 
provided into the chemical bubbler. A critical requirement is that 
precursors need to have quite high vapour pressures in order for the 
liquid to change adequately to the vapour phase.  
           

            
        

            
              

         
        

       
 
 

A 
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 Essentially in order to ensure a good mixing within the internal 
boundaries of the chemical bubbler, the procedure to do so is quite 
straightforward. Each bubbler has an inlet and outlet. The inlet is 
normally a pipe that reaches the level of the liquid and the outlet is a 
simple hole at the top of the bubbler. The pipe that goes into the liquid, 
the inlet, “bubbles” the liquid as one flows gas into it. Practically 
speaking, the “bubbling” ensures a good mixing of the precursor 
before it is carried into the reaction chamber.



 

 

 
Figure 28: 3D - render of bubbler used to generate vapour of metal – organic precursors and 

transport of precursors through an inert carrier gas in the APCVD technique. 
 
 
A thermodynamic equilibrium can be established assuming ideal 
mixing of the gases in the chemical bubbler resulting in the following 
equation: 
 

               

Np

Nc

=
Pp
Pc

(7) 
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where,  
 
Np and Nc, are the number of moles of the meta – organic precursor and 

carrier gas respectively and,  

Pp and Pc are the partial pressures of the metal – organic precursor and 

carrier gas respectively.  
 
 
If one assumes the system only contains precursor and species of 
carrier gas, then we get:  
 

 
 

 
Since the system is operating under atmospheric pressure (APCVD), 

then we can substitute 760 Torr for Ptotal and substituting equation 8 in 

equation 7 we get: 
 
 

 
 

 
It is known that 1 mole of gas at room temperature and pressure of 1 
atm occupies 24.4 litres and by dividing Nc by the molar gas volume 
allows for the use of flow rates of carrier gas ( Fc in lt/min) to calculate 
the flow rate of precursor species (Fp) in moles/min. That said, 
equation 9 converts to: 
 

 
 
to calculate the molar flow rate of the precursor species based on the 

vapour pressure and carrier gas flow rate. 5  

Pc = (Ptotal − Pp )

Np =
Nc × Pp
(760 − Pp )

Fp =
Fc × Pp

24.4(760 − Pp )

(8) 

(9) 

(10) 
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3.4.2.1 Thermodynamics of APCVD Pre – Reactor  
 

 CVD reaction is governed by thermodynamics, that is the 
driving force which indicates the direction the reaction is 
going to proceed (if at all), and by kinetics, which defines the 

chemical reactions with respect to reaction rates, effect of various 
variables, re-arrangement of atoms, formation of intermediate species 
etc.  
   Chemical thermodynamics is concerned with the interrelation of 
various forms of energy and the transfer of energy from one chemical 
system to another in accordance with the first and second laws of 
thermodynamics. In the case of CVD, this transfer occurs when the 
gaseous compounds, introduced in the deposition chamber, react to 
form the solid deposit and by-product gases. 

  The Gibbs free energy of reaction (∆Gr) can be used to determine the 

initial feasibility of a reaction, for a given pressure and temperature. In 

order to calculate the ∆Gr, the Gibbs free energy of formation 

contributions (∆Gf) for both product and reactant species, need to be 
determined.  
The Gibbs free energy for a deposition is termed in the following 

differential equation, where T is the temperature in Kelvin, ∆Hf 
0 is the 

standard enthalpy of formation at 298 K, S0 is the entropy at 298 K and 
finally, Cp is the heat capacity. 
 

 
 
 

 
 

ΔGf (T ) = ΔH f
0
(298)+ CpdT −TS

298

T

∫
0
(298)− (CP

T )dT
298

T

∫

ΔGr = ΔGf (products)−∑ ΔGf (reactants)∑

A 

(11) 

(12) 
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A positive ∆Gr means the reaction will lead to a thermodynamically 
adverse outcome whereas a negative means the reaction will lead to a 

thermodynamically favourable outcome 5.   

   In the event where numerous different reaction routes are considered 
possible by the thermodynamic laws, the one giving rise to the most 

negative ∆Gr will dominate. The equilibrium constant K, for any such 

reaction mechanism can be determined, as shown below 5:  

 

 
 

Once K is found for the various allowed reaction mechanisms the 
partial pressure or activity of the gaseous precursor species can be 

calculated via the law of mass action, shown below 5:  

 

 
 

All feasible reaction routes, such as vapour pressure or aerosol 
saturation, homogeneous or heterogeneous reaction, precursor 
adsorption, desorption/removal of by-products produced and finally 
surface diffusion need to be considered. The film growth rate is 

determined by the slowest or rate determining step of deposition. 3, 5 

Arrhenius law can physically describe the overall chemical vapour 
deposition reaction rate as seen in Equation (2).  

 
 
 

K = exp(− ΔGr

RT
)

ΚΤ =
Π
i=1

n
Pi (products)

Π
i=1

n
Pi (reactants)

(13) 

(14) 
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Figure 29: The relationship between activation energy and enthalpy of formation (∆Η) 

plotted against the reaction coordinate. The highest energy position, represents the transition 
state. Essentially is the energy required to initiate a reaction.  

 
 
 
 
 
 

 
3.5 Mass transport phenomena in CVD process 

 

ass transport phenomena (MTP) is a phrase commonly 
used in engineering for physical processes that involve 
diffusive and convective transport of chemical species 

within physical systems. In terms of chemical vapour deposition, mass 
transport is determined by pseudo – physical parameters associated 
with the reactor’s architecture, as well as the thickness of the boundary 
layer along with concentration and diffusivity of the reactant, which 

ΔG ‡

M 
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themselves, are highly dependent on the temperature and pressure of 

the CVD 5. 

   Mass transport phenomena include fluid dynamics by which fluid 
flow, heat and mass transfer of the precursors from the gas phase to 
the reactor and mass transport of vaporised precursors close to the 

substrate surface, thermal diffusion (Soret effect) 34 through the 

thermal boundary layer and desorption of by-products from the 
substrate. The principal factors affecting the gas flow and deposition 
rate are the reactor’s temperature and pressure, flow rate of the carrier 
gas, precursor concentration, and last but not least, reactor’s pressure 

or vapour saturation and reactor’s architecture 5, 30. 

   Depending on the pressure, temperature, and the reactor’s 
architecture, the flow in the reactor may be treated as continuous, free 
molecular or transitional. Fluid flow within a conventional CVD 
reactor design can be characterised by two dimensionless factors; the 
Reynolds number (Re) and Knudsen number (Kn), where; ρ is the mass 
density, u is the flow density, μ is the dynamic viscosity of the fluid, λ 
is the mean free path and L is the characteristic length (or diameter D 

of tube) : 5 

 

           				  

 

                                        
 

Re defines the limit between the laminar and turbulent internal reactor 
flow, and Kn defines the limit between the laminar, intermediate and 

molecular flow 5. In every case, the transition Re for a given system can 

be anywhere from 2000 to 4000 and is dependent upon the system 
under investigation. Laminar flow: Re < 2000; transitional flow: 2000 < 

Re < 4000; turbulent flow: Re > 4000. 111 

Re = puL
µ

Kn = λ
L

(15) 

(16) 
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The mass transport rate is dependent on precursor concentration, 
boundary layer thickness and diffusivity of active species. The 
boundary layer as defined by the stagnant layer model is the distance 
where the velocity of gas increases from zero at the substrate surface 
to the bulk gas flow velocity; this effect can be seen within thin films 
deposited on flat substrates within horizontal reactors producing 
visible thickness contours. The boundary layer thickness is related to 
the Re number inverse-linearly, for example an increase in Re number 

results in a thinner boundary layer 5, 30. For flow in a tube as seen in 

         
 

 
Figure 30: Image of laminar variation in precursor vapour flow in the Pre-reactor tube 

furnace analysed with ANSYS Fluent. 
 

 
 

                
where  
 

DH is the hydraulic diameter of the tube (ID) 

Q is the volumetric flow rate (𝑚6 𝑠) 

A is the tube’s cross – sectional area (m2) 

u is the mean velocity of the fluid (m/s) 
μ is the dynamic viscosity of the fluid [(kg/(m/s)] 

Quartz tube

Inlet Outleth

Umax

Ux

y

h

Re = puDH

µ
= uDH

ν
= QDH

vA
(17) 
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                          Figure 30 and 31, the Reynolds number is generally defined as:



 

 

v is the kinematic viscosity ( v= μ/ρ) (m2/s) 

p is the density of the fluid (kg/m3) 
 

 
Figure 31: Vanadium thin film deposition on quartz tube glass after experimental procedure. 

The flow development length of the current deposition is at 14 cm. The Re for the current 
experimental conditions was found to be at 70.2. 

 

Altering the physical parameters allows for control of the coating 
properties during deposition. Low deposition temperatures combined 
with high inlet flow rates favour amorphous films due to arrival of 
growth species being faster than the rate of surface diffusion and 
nucleation, however, if left at temperature for any length of time 
annealing and further crystallisation can occur leading to thick ‘hazy’ 

films 3, 5.  

   Higher temperatures with relatively high precursor flow rates favour 
polycrystalline growth, which occurs through island growth at 
numerous substrate sites and eventual coalescence. In a few cases, 
higher temperatures and reduced flow rates will increase the 
crystallinity and phase purity of the film, reaching the extreme case 
where the rate of incoming growth species is lower than surface 

diffusion and growth, epitaxial films can be deposited 3, 5.  
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Figure 32: Descriptive image of temperature profiles showing phase changes during an 

experimental procedure of the pre – reaction tube furnace. 
 

Moreover, higher temperatures and reduced flow rates allow for more 
impurities and reaction by-products to desorb during the deposition,  
which significantly improves composition and phase purity, as well as 
film-substrate adhesion. However, at very high deposition 
temperatures (>700-800 °C) there is a risk of substrate damage or 

permanent phase transitions within the material 3, 5. In that perspective 

where temperatures are beyond 700-800˚C, homogeneous gas phase 
nucleation can take place, leading to the formation of powder deposits 

instead of a crystalline material 33. 

Additional tailoring of film properties can be governed by deposition 
time. Longer deposition times allow for thicker films with more 
uniform coverage of the substrate or of course a thicker highly phase 

pure film exhibiting uniform coverage 3, 5.  Shorter deposition times can 

be very attractive for industrial purposes to facilitate high throughput.  
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Specific growth mechanisms and coating adhesion are also dependent 
on the strength of reactant-reactant and reactant-substrate interactions; 
for example, a clean defect-free substrate surface absent of any 
impurities will always facilitate better adhesion and film purity, 
regardless of the given temperatures and flow rates. This is not only 
important for high purity applications such as epitaxial Si wafers in 
electronics, but also for protective coatings which may have to show 
physical and chemical endurance. Despite the importance of film 
integrity, the assessment is still rather unsophisticated. For example, 
the scalpel blade scratch test, Scotch tape ™ test, as well as, testing the 
resistance from acid/alkali attack, along with, standard solvents 

including water, ethanol and acetone are all simple methods 3, 5.   

   Further reaction variation and control can be established by the use 
of hot wall reactors. The latter, utilise a heated furnace into which the 
substrate is placed, it controls heat not only to the substrate but also to 
the outer zones of the reactor offering accurate temperature 
maintenance and uniform temperature profiles over the whole reactor. 
The boundaries are assumed to be isothermal or more precisely near 
isothermal. The total pressure over the whole heated surface varies 
from 0.1 to 10 Torr and the temperatures ranges from 300 to 900˚C. The 
fluid distributes equally in the annular region of the inner wall of the 

pre-reactor 32. However, the heated walls are also coated during a 

deposition run and thus the depletion of vapour phase precursor can 
lead to poor yield and efficiency. Angling the substrate at 45º facing 
the gas inlet flow, can reduce the poor yield and efficiency of the thin 

film deposition 3,5,31. 
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3.6 Evaluation of APCVD Pre – Reaction tube furnace 
study 

 
  

he key objective in the initial installation and development of 
the pre-reaction study was to evaluate the temperature profile 
related to composition and decomposition of various materials 

(precursors, dopants and oxidants). A large list of materials was 
covered such as titanium (IV) isopropoxide (TTIP), tert-butylamine, 
niobium (V) ethoxide, vanadyl acetylacetonate, ammonium tungsten, 
iron (0) pentacarbonyl, tungsten hexacarbonyl, dimethyl sulfide 
(DMS) and vanadium oxytriisopropoxide. All chemical reagents, 
precursors, oxidants and dopants used to measure the pre-reaction 
profiles were purchased from Sigma – Aldrich Ltd., The Old Brickyard, 
New Road, Gillingham, Dorset, SP8 4XT, UK and used as obtained in 
accordance with the appropriate MSDS at reagent grade purity or 
higher (>95%).  
 All carrier gases such as compressed air UN1002 and compressed 
oxygen free nitrogen UN1066, were purchased from BOC, Priestly 
Road, Worsley, Manchester M28 2UT and were used as supplied in 
accordance with the appropriate MSDS.  
  All laboratory pre – reaction depositions were carried out using a 
custom built pre – reaction system consisting of a split type furnace 
and no substrate heater, specially designed and manufactured flanges 
and exhaust from stainless steel 316, aluminium brass baffle, and 
finally quartz tube. Precursors were introduced through heated 
stainless steel bubblers and connected to the pre – reaction system 
through stainless steel Schlenk lines.  
   The effectiveness of the Pre – Reactor is based upon the ability to 
check on various precursors behaviour. With this system one can 
evaluate a precursor from its performance on creating powder or not 
within a decomposition. The industrial partners concern was to 
perform studies upon numerous precursors in order to see their 
behaviour before using them in their production lines. The precursors 

T 
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Ti(iOPr)4 (TTIP) was mainly studied as a precursor for TiO2 

depositions. Previous studies showed that titanium has received much 
attention due to self-cleaning properties for large scale production 

lines.109 In order to attain the optimum experimental conditions, we 

varied several parameters which included the bubbler temperature in 
which the precursor was contained (this would vary the vapour 
pressure of this chemical), the carrier gas flow rate (this controlled the 
mass transport of the precursor vapours into the reactor) and the 
reactor temperature (this controlled the film growth rate inside the 
reactor). This allowed us to link these parameters with our 
observations of film growth. For instance, film thickness, and if this 
was controlled by reactor temperature (surface reaction rate limited 
growth) or precursor flow (mass transport limited growth). By varying 
the reactor temperature, we could monitor over which temperature the 
decomposition reaction took place (flow development length within 
the quartz tube).  
   Variation in flow rates or oxidant loading within the range of the 
quartz tube did not significantly alter the characteristics of the 
composition and decomposition. It was found that longer deposition 
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that would not produce powders, would be listed as potential 
precursors for their industrial needs. The system that has 
been developed works as an indicator for powder formation. In 
the case where there is no powder formation, then the next step 
was to check on film formation onto the quartz tube walls and 
cross check on the temperature profile and draw 
conclusions about the decomposition process. In terms 
of scientific literary license, we use the term of “clean” reaction 
in order to label the outcome of an experiment. In such 
“clean” reactions, where no observable particulates or 
powders are produced, this is an indication that there will be no 
risk of build-up of solid by – products that could cause a 
blockage or damage in the industrial APCVD system.

 The main focus of the pre-reaction study was set, at this point of 

research,  to  TiO2	 and  Fe2	O3	 film  growth  and  evaluation  of 

their properties.



 

 

times, approximately 3 hours long, combined with slightly reduced 
precursor and oxidant flow rates allowed for wider coverage of 
deposition and decomposition inside the quartz tube with greater 

thickness, along with less hazing 3, 15.  

              
        

          
         

 

 
 
 
 

 

3.7 Conclusions  
 

he Pre – Reactor’s performance allowed us to explore several 
characteristics that occur within its boundaries. At this point 
of study, we stop envisaging what would the optimum 

conditions be, such as, temperature profile, pressure and flow rate, 
deposition and decomposition rate before, during or after the 
experimental process. The key point in evaluation of the pre – reactor 
is that with the techniques developed, it is possible to identify 
beforehand with great accuracy and in real time, where deposition and 
decomposition of the materials will occur. The connection between the 
academic and the industrial sectors is important in this respect, since 
obtaining results with great accuracy can reduce production line costs, 
cost of materials and develop improved quality end – products.  
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 With respect to the material that was collected after the experimental 
procedure, the powder formation that was produced within the 
characteristic length of the quartz tube could be observed. For TTIP, 
powder  X-Ray  diffraction,  confirmed  the  deposited  material  was 
anatase TiO2	.



 

 

4. Analysis and Characterization Techniques -   
Structural and Morphological Properties 

 
 
4.1 X – Ray Diffraction 
 

iffraction techniques are important tools in the identification 
of long – range order and periodicity in solids. X – ray 
diffraction measurements (XRD), take advantage of the fact 

that hard X – rays i.e. of the order of 1-2 x 10 -10 m are diffracted from 
the periodic array of planes in crystalline solids in accordance with the 

Bragg equation, nλ = 2d∙sinθ. The X – rays are normally generated by 
the bombardment of a metallic surface with high energy electrons. The 
X – rays produced are collimated and directed onto the sample where 
they are diffracted by the crystalline phases of the sample. The 
diffraction pattern obtained reflects the structure and symmetry of the 
crystalline phases present in each film to produce a “fingerprint” of d 
spacing, in agreement with Bragg’s law:  
 

  nλ = 2d ∙ sin𝜗 
 

 
where,  
 
n, is the order of reflection 
λ, is the wavelength of incident X – ray beam 
d, is the spacing between reflecting crystal planes 
θ, is the Bragg angle 
 
The principal use of the above, is for the phase identification, 
crystallinity and phase purity analyses.

D 

(18) 
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A representative laboratory X – ray source, in the current case study 
Cu – Kα, was used along with thin film characterisations carried out in 
ambient environment principally on a Bruker – AXS D8 X – Ray 

diffractometer with CuKα1 and CuKα2 radiation of wavelengths 

1.54060 Å	and 1.54439 Å	respectively, discharged with an intensity 

ratio 2:1, a voltage of 40 kV and current of 40 mA. The instrument 
allows for data to be collected at relatively short times by using a two 
dimensional area (2D) X – Ray detector to record large sections of 
multiple Debye – Scherrer cones concurrently. Integration of the Debye 
– Scherrer cones allow for a standard one dimensional (1D) X – Ray 
pattern to be plotted, after collection. 
   Fundamentally, the peak widths contain valuable information 
regarding the material properties including the crystallite size and 
stress – strain characteristics. In order to determine the sample 
broadening effects which may generate this information it is crucial to 
remove any instrument broadening effects by using a near perfect 
standard sample exhibiting zero sample broadening.  A reference 
pattern must be chosen so that the absorption of X – rays is similar to 
the sample in question. The measurement is then repeated to provide 

the broadening effect of the sample and instrument respectively 73. 

   The Scherrer equation was used to obtain a qualitative 
understanding of crystallite size change trends as a result of changing 

different experimental parameters in a single system.71, 72  

 

                                       𝐿 = 𝑘𝜆 𝛽 ∙ 𝑐𝑜𝑠𝜃 
 
where, 
 
L is the average crystallite size per nm 
k, is the shape factor, dependent on the shape of the crystallites. 

Usually taken as 0.9.   
λ, is the X – Ray wavelength  
β, is the XRD peak width 

(19) 
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θ, is the Bragg angle. 
 

          
          

            
      

         
         

       
         

         
          

         
          

      

 
 

                                
where,  

 
TC, is the texture coefficient of a given plane, (hkl) 
I, is the measured intensity for (hkl) reflection 

I0	is the standard integrated intensity for (hkl) reflection 
N is the number of reflections observed.

TC(hkl ) =

I(hkl )
I
0 (hkl )

1
N

I(hkl )

N
∑

I
0 (hkl )

(20) 
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Differences in peak intensity compared to a standard can be used to 
characterise texture. Texture coefficient (TC) values were used to 
identify any changes occurring in the thin films crystallite orientations 
a result of changes in experimental parameters. Comparisons 
of changes were carried out against single crystal references 
where a given change in intensity of reflections from the thin films 
denoted favoured growth along a  particular  plane.  Values  of 
TC greater  than unity  indicate  an  increase  of  growth,  along a 
plane.  A  value  of  exactly  one  indicates  random  growth.  The 
texture coefficient is critical since it is the dominant crystal plane, 
which  is  accountable  for  the  transmission  of  electrons  across  the 
deposited  substrate  surface.  A  method  for  achieving  this,  was 
developed  by  Barrett  and  Massalski  and  is  known  as  the  texture 
coefficient law.



  

	

 

4.1.2 Scanning Electron Microscopy (SEM)  
 

canning Electron Microscopy (SEM) uses a high energy electron 
beam which is directed onto a specimen to create images having 
high resolution quality. Bombardment of the specimen electrons 

results in the formation of secondary electrons and backscattered 

electrons. 108  The kinetic energy of secondary electrons is relatively low 

in comparison to that of backscattered electrons. Back - scattered 
electrons are incident electrons that have been reflected from a target 
specimen and have reacted elastically with the sample’s atoms and it 
is from these that an image is created. SEM  was used to investigate the 
morphological characteristics of the materials produced and moreover, 
to observe microstructural trends and changes because of varying 
experimental parameter.  The atomic number is important since the 
scattering intensity is increased in regions of higher electron density. 
Therefore, sections having higher electron density across a specimen 
tend to appear brighter in back – scattered electron images. Analyses 
of specimens during evaluation of the experimental procedure for 
surface morphology and film thickness were performed using a JEOL 
JSM – 6301F Field Emission SEM at an accelerating voltage of 4 – 5 keV. 
Relative images were captured using SEMAfore software. Each sample 
was coated with a sputtered layer of gold to enhance conductivity and 
reduce charging and at the same time, allow for a conduction route 
between the film and the stage. 
 

S 
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5. Investigation of Powder Formation 
during Decomposition and Thin Film 
Deposition of Various Materials 
 
5.1 Introduction 

ithin the scope of this thesis the aim was to further the 
development into existing coating solutions for the 
industries of flat architectural glass and bottle glass; in 

addition to, producing novel wear resistant and functional thin films. 
Key emphasis would be put into improving the on-line coating of glass 
via atmospheric pressure chemical vapour deposition (APCVD). This 
includes fine tuning deposition parameters e.g temperature flow rates, 
as well as screening precursors regarding their ability to block the 
lines, volatility of precursors, and decomposition and 
deposition temperatures.  
   The effect of temperature profiling along with the length of the tube 
plays a critical role since the mapping of decomposition reaction is 
observed beforehand in certain segments in which can be verified 
during an industrial process of CVD – where exactly the deposition 
and decomposition will take place.  
   The optimization of the APCVD Pre - Reaction system allowed us 
to enhance deposition of set temperature, pressure and growth rate 
much faster and with better accuracy. Investigation of a range of 
precursors was to test the capabilities of the pre - reactor which are 
comparable with those used in the APCVD reactor used for industrial 
purposes.  
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 As stated in previous the paragraphs, the main purpose of the Pre – 
Reactor that was designed was to check on various precursors in order 
to ensure that powder formation did not occur. The term clean 
reaction is used under its strict meaning, in terms of producing 
powder or not. The industrial concern for the precursors used 
was  to  ensure  powder  formation  did  not  occur  during  a  process. 
Furthermore, whilst in the experimental process no substrate was
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 Every experiment that was conducted through the Pre –Reactor 
was repeated two or three times. Afterwards, it was transferred to our 
industrial sponsors for examination of our work, this time in their 
APCVD reactors with the same experimental conditions, with similar 
results found.

          
         

         
         

           
     
        
     

     
         

        
        

        	    
          

           
         

       
         

        
        

          
         

       
            

          
         

         
         

           
           
        

   
       

         
    

        
       	     
          

          
      

         
         

        
        

          
         

       
            

          
         

         
         

           
           
        
         

        
     

      
 

 	    
   

          
        

        
         

        
         

          
       

         
      

          
         

         
         

           
           
        
         

        
          

          
           
  	          

           
 
 

     
 

  
  

       
     

used inside the quartz tube to check the behavior of each 
precursor. Thus, a precursor that would not produce powders or 
cause any problems to the system, such as blockages, would 
be listed as a potential precursor for industrial applications. In 
these terms the Pre – Reactor worked as an indicator of powder 
formation or not. In the case where there would not be powder 
formation then the second indicator would essentially be film 
formation. If there was film formation, a verification of the 
temperature profile would take place and allow for conclusions 
to be drawn about the decomposition process. In order to mimic 
the actual final process which would be done industrially, air was 
chosen as carrier gas for every experiment within the Pre – Reactor 
instead of N2	 or Ar. In this study, oxygen helps the chemistry and 
increases the growth rate as it acts as an additional source of oxygen to 
the wafer or the quartz tube specifically in our case study. Moreover, 
with respect to the experimental process, 2 long quartz tubes were 
used. Rigorous cleaning prior to placing in the tube furnace was 
critical. Each quartz tube was cleaned after each experimental 
procedure with acid and base bath, scrubbing with a sponge when 
necessary to ensure that the films and powders were removed from 
the walls of the tube. Rinsing with acetone and isopropanol followed 
by rinsing with deionized (DI) water was performed, and each tube 
dried in air for 24 hours.



 

 

5.2 Chemical Decomposition 
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 n order to accomplish the major experimental topics within this
 project, the study of the decomposition profiles of various
 materials was carried out so as to understand the 
decomposition reaction mechanism in a way that it would be possible 
to create functional films for the industrial sector. In terms of 
chemical  decomposition  or  so  called  thermal  decomposition  or 
thermolysis,  sufficient energy is  required to start  breaking down the 
precursor  molecule  into  its  component  parts/fragments  which 
eventually will react to form a film. This is the vapour/gas phase 
reaction before a deposition, and not the deposition itself. Practically 
speaking,  this  is  the  beginning  of  any  deposition  at  the  coldest 
point. In order for a compound to start breaking down into two 
or more elements or new compounds, the involvement of heat, light 
or electricity is essential to break the bonds of the molecule.

5.3 APCVD Pre – Reactor study of various materials

 s described in Chapter 3, Paragraph 3.7, all laboratory pre –
 reaction depositions was carried out using a custom built
 system which was built in order to understand the 
decomposition mechanisms of each material that would had been 
introduced into the pre – reactor. The components were manufactured 
in a way that they would create a system for producing results that 
would help in the development of industrial processes.

5.3 APCVD Pre — Reactor study of various materials



 

 

The focus of the Pre – Reaction system was research into TiO2 and 

Fe2O3 growth and evaluation of their properties regarding the needs of 
industrial processes. 
 
 
 

5.4 TiO2 Precursors  
 

he main precursors used in the Pre – Reaction synthesis of 

TiO2 were titanium (IV) isopropoxide [Ti(OC3H7)4 or TTIP] 

and titanium (IV) ethoxide [Ti4(OCH2CH3)16 or TET]. It was 
decided to use these precursors since they are less 
corrosive, possess greater thermal stability, are non-

pyrophoric, non – corrosive to metal components such as Schlenk lines 
and easier to handle. They were preferred for laboratory investigations 

since they are comparably much less toxic than TiCl4 as a starting 
material and the decomposition products do not include HCl gas.                                                                                           
Kafizas et.al have developed a combinatorial atmospheric pressure 
chemical vapour deposition (cAPCVD) for the optimizing the 

functional properties of thin – films. The exact mechanism by which 

TiCL4 reacts with ethyl acetate to form TiO2 thin films by APCVD is 

yet unknown. The decomposition of ethyl acetate at the surface to 

produce oxidant species such as ethanol, following the dehydration to 

develop water and ethane was carried out. Finally, with water present, 

the surface reaction could advance with a hydrolysis reaction with 

TiCl4. 110 In terms of the reaction conditions TiCl4 requires 85˚C to 

possess sufficient vapour pressure to deposit and boils at 135˚C, 

although TTIP requires 123˚C,  it does not boil until 232˚C. 74, 75  
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5.5 Results and Discussion 
 
5.5.1 Titanium (IV) Isopropoxide (TTIP) 
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 he Pre – Reaction study of titanium (IV) isopropoxide (TTIP),
 was able to indicate in which range of temperature the
 decomposition of the material would take place inside the 
quart tube as well as the deposition limits of TiO2	within the tube. The 
decomposition range was found to be from approximately 300˚C to 
400˚C having a development length from 1.5 to 15 cm (quartz tube size 
described in Paragraph 2.3). The corresponding temperature for 
the above was found to be from 240˚C to 550 ˚C. The deposition of 
TiO2 was found in two areas of the quartz tube from the inlet; from 
points 1 – 10 (1.5 to 15 cm) (left hand side, near inlet),  which 
corresponded  to  a  temperature  range  between  240  –  500˚C 
respectively and then for points 29 – 45 (43.5 – 67.5 cm) (near 
outlet), which corresponded to temperatures of 548 to 103˚C 
respectively (average temperature within these ranges of 336˚C). The 
bubbler was set at 85˚C and the temperature of the quartz tube within 
the tube furnace was set at 750˚C. Air was used as carrier gas at 10L/ 
min whilst bubbler ’s flow rate at 0.4 l/min. The experimental 
procedure was carried out for 3 hours.



 

 

 
Figure 33: Images of TTIP during evaluation process after experimental procedure. It was 

clearly pointed with red marker the deposition areas of TTIP in the quartz tube. 
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After completion of the experimental procedure (Figure 33), powder 
deposited at the boundaries of the reactor was collected; this was 
observed near the inlet and outlet of the quartz tube. It was found 
that the powder that was formed during the experimental procedure 
in the inlet, was of the anatase structure but at the same time it was 
quite amorphous, most likely due to the temperature being much 
lower at this segment, below 650 ˚C. In contrast, the powder that 
was collected from the exhaust, which surpassed 650˚C, possessed 
much more crystallinity, as it can be seen in Figure 34. Since anatase 
crystallises from 400 to 650 ˚C, one would expect a conversion to 
rutile. The optimal conditions for the deposition of TiO2 from TTIP 
precursor  were;  bubbler  temperature  of  85˚C,  with  deposition 
temperatures  ranging  from  500  –  600˚C.  These  conditions  were 
repeated in our industrial sponsor’s reactors. The results showed good 
aggreement with those obtained here.



 

 

 

Figure 34: Stacked overlay of XRD graphs of powders collected from the inlet, quartz tube 
and the exhaust from the reaction of TTIP in air at a reactor temperature of 750 °C. Plot 

alongside these patterns is an anatase TiO2 reference pattern, which matches the diffraction 

peaks of all powders formed. 
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In order to compare TiO2	 films synthesised from TTIP from different 
parts of the Pre – Reactor, the precursor was introduced at a flow rate 
of 0.4 L/min and air used as carrier gas at 10 L/min. As seen in Figure 
34, the film that was produced at these specific points it is obvious that 
the film possesses the (101) 25˚ 2θ, (200) 48˚ 2θ and (211) 55˚ 2θ crystal 
planes of anatase showing a significant change in the powder collected 
at the exhaust, thus becoming more crystalline at the end of the quartz 
tube. The diffraction patterns showed that there was no variation in 
phase when TTIP was used at a reactor temperature of 750 ˚C. 
Although, the exact mechanism by which precursors break down into 
intermediate species and then to form a TiO2	 coating is currently 
unknown. In fact, most Ti containing precursors like TiCl4	, TTIP, TET 
etc.…) will all fully react to form TiO2	 in the presence of O2	 from air, 
given enough energy and time.



 

 

5.5.2 Titanium (IV) ethoxide (TET) 

 

Figure 35: TiO2 deposition in quartz tube using TET as a precursor. Areas of deposition are 

indicated by black markers. 
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We subsequently investigated the decomposition of TET. After 
completion of the experimental procedure using TET as a precursor, 
powder that was found to be deposited in the boundaries of the reactor 
was also collected; from the inlet, the quartz tube and the outlet. It was 
found that there was less powder formed at the inlet, compared to that 
from TTIP and additionally it was very amorphous, due to the 
temperature being much lower at this particular segment, below 500 
˚C. In contrast, the powder that was collected from the exhaust, 
possessed much more crystallinity, as it can be seen in Figure 35 above 
where the white areas represent the TiO2	 deposition from TET. Since 
there was insufficient powder to collect from the middle section and 
the inlet of the quartz tube, the powder collected from the exhaust 
was used for XRD as can be seen in Figure 36. The optimal 
conditions for the deposition of TiO2	 from TET precursor were; a 
bubbler temperature of 85˚C, quartz tube temperature of 500˚C, air as 
carrier gas with fow rate at 10 L/min and a bubbler flow rate of 0.4 
L/min. The total experiment time was 3 hours. These conditions 
were successfully used to repeat the results in our industrial sponsor ’s 
reactors.



 

 

 

Figure 36: XRD pattern of powder collected from the exhaust, after deposition using TET as a 

precursor at 500 °C in air.  Plot alongside this pattern is an anatase TiO2 reference pattern, 

which matches the diffraction peaks of the powder formed. 

Figure 37: Stacked overlay of diffraction patterns for TiO2 deposited using TTIP or TET. Plot 

alongside these patterns is an anatase TiO2 reference pattern, which matches the diffraction 

peaks of all powders formed. 
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By comparing the two TiO2 precursors, TTIP and TET in terms of flow 
rates and synthesis total time, it was found that both films retain the 
(101) 25˚ 2θ, (200) 48˚ 2θ and (211) 55˚ 2θ crystal planes of anatase with  
 no substantial difference in relative peak intensity, preferred 
orientation or crystallinity, confirming negligible variation regarding 
the composition and phase of both films irrespective of the titanium 
precursor used. Therefore, there is no advantage in using TET over 

TTIP. 76, 77,78, 79-88  

 

 

5.6 Iron Oxide Precursors 

5.6.1 Iron Pentacarbonyl [Fe(CO)5] 

        
         

         
        

        
        

          
             

          
   

An inexpensive and simple precursor that was selected for methodical 
examination with the APCVD Pre – Reactor system was iron (0) 
pentacarbonyl, Fe(CO)5	, for the production of ceramic films via CVD 
to float glass for the application of optical control within industrial 
purposes. The conditions used within the Pre – Reactor were 
straightforward. Iron (0) pentacarbonyl was used as a precursor, the 
bubbler temperature was set at room temperature (25˚C), the quartz 
tube furnace was set at 500˚C. Air was used as a carrier gas for the 
experiment whilst bubbler flow rate was 0.8 l/min. The whole process 
took 15 minutes.

5.6.1 Iron Pentacarbonyl [Fe(CO)5]
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Figure 38: Iron Oxide deposition using [Fe(CO)5], as a precursor. On the left-hand side, 

deposition of Fe2O3 can be observed onto the walls of the quartz tube. On the right-hand side, 

near the exhaust, the deposition of Iron oxide is observed. 

 

During the evaluation process, a large amount of powder was created 
and deposited at the inlet of the quartz tube, however insufficient 
powder was deposited in the quartz tube and the exhaust to allow XRD 
analysis. The colour of the powder was orange – red indicative of a 
hematite, but was found to be largely amorphous with some stronger 
hematite peaks emerging in diffraction patterns of thicker films.  
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With respect to the temperature profile, the decomposition of iron (0) 
pentacarbonyl basically begins at approximately 300 ˚C. Regarding the 
deposition of Fe 2	O 3	 on the inlet side, the average temperature of points 
3 to 9 cm) with corresponding temperatures of 300˚C to 400 ˚C while  
near  the  outlet  the  temperature  corresponded to  the  range  60  to 
460˚C. The average temperature of points 36 – 46 (54 to 69 cm) was 
350˚C, with deposition temperatures ranging from 400 – 120 ˚C. 
The  results  suggested  that  temperatures  above  500  ˚C  will  not 
produce films with particles being formed and rapid decomposition of 
the precursor.



 

 

 
Figure 39: Diffraction pattern of Iron Oxide at 500˚C for 10 L-1	where hematite powder is 

stacked over Fe2O3 reference pattern.  

 
 
 

5.6.2 Ferrocene 
n alternative precursor for the deposition of iron oxide films 
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 was ferrocene. The conditions used within the pre-reactor
 were the following: The bubbler temperature was set to 
100˚C, quartz tube furnace temperature was set at 600˚C with air 
used as carrier gas at a flow rate of 10L/min whilst the precursor flow 
rate  was set  at  0.6  l/min.  The experimental  procedure lasted for  2 
hours.



 

 

 
Figure 40: Deposition of Ferrocene within the APCVD pre – reactor. 
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The decomposition range was found to be from 130˚C to 200˚C. For 
points 4 – 14 (6 to 21 cm – distance from inlet), the 
corresponding temperature range, was 110˚C to 250˚C from the 
temperature profile. The deposition temperature range was 450 to 120 
˚C for points 36 – 46 (54 to 69 cm) near the exhaust, with average 
temperature of 255˚C. During the evaluation, there was not sufficient 
formation of powder to proceed to XRD analysis, although as shown in 
Figure 40, there was a deposition on the walls of the quartz tube. 
Ferrocene did not produce as much iron oxide as was produced 
with  [Fe(CO)5	 ],  due  to  insufficiently  high  bubbler  temperature 
meaning the precursor condensed to a solid powder before entering in 
to the reactor.



 

 

5.7 Experimentation of other precursors within 
APCVD Pre – Reactor 

 
 
5.7.1 Tungsten hexacarbonyl [W(CO)6]  

nother precursor that was chosen for experimentation was 

tungsten hexacarbonyl [W(CO)6]. The development of thin 
films for maximum wear and abrasive protection for glass 

coatings is essential for strengthening the end products 89.  
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 The decomposition of the precursor started at 300˚C to 500˚C. The 
deposition range was found to be from 95 – 225 ˚C for points 4 – 15 (6 
to  22.5  cm  –  distance  from  inlet),  with  an  average  of  150˚C.  The 
deposition temperature range was 500 to 150 ˚C for points 31 – 44 
(46.5 to 66 cm – near exhaust), with average temperature of 250˚C. The 
bubbler temperature was set at 100˚C and the quartz tube temperature 
was set at 600˚C. Air was used as carrier gas at 10 L/min and the 
precursor flow rate was at 1 l/min whilst the experimental procedure 
was 2 hours long.



 

 

Figure 41: Tungsten oxide deposition in the inlet and the exhaust segments of the quartz 
tube.  
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After completion of the experimental procedure, as it can be seen in 
Figure 41, the quartz tube was covered throughout with tungsten oxide 
(whitish colour). However, there was insufficient formation of powder 
in order to proceed to XRD analysis. Despite this fact it concluded that 
the reaction was “clean” in terms of not blocking any sensitive part of 
the Pre – Reactor.

           
          

           
              
            

        
            

      	  	

           
          

           
              

         
        

            

           
          

           
              

         
       

          
    

5.7.2 Dimethyl Sulfide (DMS - C 2	H 6	S)

Dimethyl sulfide was tested with the Pre – Reactor to characterise the 
decomposition, as well as the possible deposition of a carbon sulfide. 
The decomposition temperature range was found to be from 310 ˚C to 
380 ˚C. The deposition was found starting from points 4 – 9 (6 to 13.5 
cm–near inlet), corresponding to temperatures between 60˚C to 80 ˚C. 
The bubbler temperature was set at room temperature, 
approximately at 25˚C and the quartz tube temperature was set at 
600˚C. Air was used as carrier gas at 10 L/min, whilst the precursor



 

 

            
       

 

Figure 42: Tube furnace after evaluation of DMS precursor showing negligible solid products. 
As it can be seen, there was little powder formation. A light haze formation as indicated by a 
gray-white colour covered the quartz tube walls at the inlet and outlet.  
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flow rate was at 0.2 l/min with the experimental procedure lasting 2 
hours.

During the evaluation process, there was insufficient formation of 
powder to proceed to XRD analysis, although as shown in Figure 42, 
there was a slight but observable deposition on the walls of the quartz 
tube. Inadequate oxidation of DMS led to a very thin deposition within 
the walls of the quartz tube. The experimental procedure was 
successful in terms of not producing large amount of powder within 
the process, leading to possible blockages inside the reactor. These 
results were successfully repeated in our industrial sponsor’s reactors.



 

 

5.7.3 Vanadium (V) oxytriisopropoxide [OV(OCH 
(CH3)2)3] 
 

anadium (V) oxytriisopropoxide was tested with the pre – 
reactor. The decomposition temperature was found to be 
between 300 ˚C and 400 ˚C. The deposition range was found 

to be from 50 ˚C to 100 ˚C for points 4 –10 (6 to 15 cm – distance from 
inlet), with average temperature of 70˚C. The deposition temperature 
range was 430 to 112 ˚C for points 38 – 44 (57 to 66 cm – near exhaust), 
with average temperature of 300 ˚C. The bubbler temperature was set 
at 45˚C and the quartz tube temperature was set at 600 ̊ C. Air was used 
as carrier gas at 10 L/min whilst the precursor flow rate was at 0.6 
l/min with the experimental procedure lasting 2 hours. 
    During the evaluation process, there was insufficient formation of 
powder to proceed to XRD analysis, although as seen in Figure 43, a 
deposition took place in the inlet and exhaust segment of the quartz 
tube. It showed that it is possible to get a sufficient decomposition of 
the precursor, which could lead to a deposition of a thin film. For 
commercial reasons, analytical results can not be reported here. 
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Figure 43: Vanadium pentoxide (V2	O5	) deposition in the inlet, quartz tube and the exhaust 

of the pre - reactor. Upper left is the condensation of the precursor and the colour change

indicating decomposition of the precursor to produce a film.

5.7.4 Tert – butylamine plus ethyl acetate at a 9:1 ratio

The pre – reaction of tert – butylamine plus ethyl acetate with a 9:1 
ratio, 9 ml of ethyl acetate and 1 ml of tert – butylamine, was 
investigated. The current precursor was used as an in – situ source for 
ammonia which is an ineffective nitriding agent. N – doping was 
inefficient and that was the reason we used such a high ratio. The 
latter could be used as an ammonia precursor for industrial 
applications. The expected product would be the following:
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Figure 44: Tert butylamine decomposition in the inlet, quartz tube and the exhaust of the pre 
– reactor. The light haze shows the decomposition of the precursor, which leads to a reaction.

              
          

     

            
                

          
         

            
                

          
          

               
         
    

            
                

          
          

               
         
    

            
                

          
          

              
  

   

The decomposition range was found to be from 450 ˚C to 550 ˚C. 
The deposition was found to be for points 4 – 10 (6 to 15 cm – near 
inlet), corresponding to a temperature range of 400˚C to 500˚C. The 
bubbler temperature was set at 25˚C and the quartz tube temperature 
was set at 550˚C. Air was used as a carrier gas at 10 L/min whilst the 
precursor flow rate was at 0.3 l/min and the experimental procedure 
lasted for 3 hours.

Yet again, there was insufficient formation of powder to proceed to 
XRD analysis, although as shown in Figure 44, the decomposition of t- 
butylamine was “clean” with negligible solid products.





 

 

5.7.5 Niobium (V) ethoxide [Nb2(OC2H5)10] plus Ethyl 
acetate (C4H8O2) 
 

         

            

         
         

              
          

         
            

      
 

 
Figure 45: Nb2O5 deposition in the inlet, quartz tube and the exhaust of the pre - reactor. 
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Niobium (V) ethoxide [Nb2	(OC2	H5	)10	] with the addition of ethyl 
acetate (C4	H8	O2	) was tested with the pre – reactor and we were able to 
indicate in which range the decomposition temperature would start, as 
well as the deposition of niobium. The decomposition range was 
found to be from 355 ˚C to 540 ˚C. The deposition for points 1 – 6 cm 
(near inlet), was 300 ˚C to 450 ˚C. The bubbler temperature was set at 
25˚C and the quartz tube was set at 750˚C. Air was used as a carrier 
gas at 10 L/min whilst the precursor flow rate was at 0.4 l/min. 
The experimental procedure lasted 2 hours.

         

          

       	      

         

         

          

       	      

  

After the experimental procedure, it was found that there was 

insufficient quantity of powder in order to proceed for further analysis. 

As can be seen in Table 2, Nb(OEt)5	, had an incredibly low vapour 

pressure at the temperatures that were studied. This lead to assumption



 

 

        
        

             
          

       
         

         
         
           

          

         
          

  
 

 
 
 
5.7.6 Vanadyl acetylacetonate VO(C5H7O2)2	
 

            
        

           
            

             
            

          
             

           
            
            
        

 

    
5.7.6 Vanadyl acetylacetonate VO(C5H7O2)2

85

         
         

            
           
           

          
            
          

             
           

   	  	        
       

      

         
        
            

           
           

          
            
          

             
           

   	 	

that  within these current parameters,  there was no significant mass 
transfer into the reactor. A temperature of 200˚C was required in order 
to obtain sufficient vapour pressure with this precursor. This was due 
to  the  fact  that  the  lower  temperature  of  the  bubbler  (23˚C,  room 
temperature) did not produce enough vapour. As seen in Figure 45, a 
very thin coating was deposited on the walls of the quartz tube near 
the reactor inlet. The coating was highly transparent and had a grey 
tint. Although this film was not evaluated by XRD, or other methods, 
the formation of a transparent film was in line with the formation of 
Nb2O5	.

           
        

          
           

            
              

            
              

           
            

            
        

For the pre – reaction of vanadyl acetylacetonate, we were able to 
indicate in which temperature range the decomposition would take 
place, as well confirm the deposition temperature range and thin film 
growth. The decomposition range was found to be from points 450˚C 
to 600 ˚C. The deposition range was found to be starting from points 
4 – 9 (6 to 13.5 cm – near inlet), corresponding to between 300˚C and 
450 ˚C. The deposition temperature range was 525 to 100 ˚C for points 
29 – 44 (43.5 to 66 cm – near exhaust), with an average temperature of 
370 ˚C. The temperature of the precursor inside the bubbler was set 
at 110 ˚C and quartz tube temperature (reactor) was set at 750 ˚C. Air 
was used as a carrier gas at 10 L/min, while the precursor at 0.4 l/
min and the experimental procedure lasted for 3 hours.



 

 

 
Figure 46: Coloured VO2 thin film on the quartz tube glass (inlet and outlet). 
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During the evaluation process, enough powder was deposited in the 

inlet of the quartz tube and to evaluate it via XRD. However, there was 

insufficient powder deposited in the quartz tube to allow for evaluation 

via XRD. From the powder that was collected from the inlet, Figure 46, 

the XRD, Figure 47, does not match the standard. This is because there 

are several accessible vanadium oxide phases, which include VO2	 (V4+	, 

often yellow/brown), V2O5	 (V5+	 often bluish) and the Magnelli phases 

of VOx	 in-between (typically green in colour). The colour of the deposit 

formed in the quartz tube was yellow/brown indicating it could be VO2	, 

rather than V2O5	.



 

 

 
Figure 47: XRD stacked graph of vanadium oxide deposited from Vanadyl acetylacetonate as 

precursor obtained from powder collected from the inlet of the pre – reactor with respect to 

XRD reference pattern of V2O5. 
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The last precursor that was used within the Pre – Reactor was 
ammonium tungstate. Through investigation of the pre – reaction of 
ammonium tungstate, we were able to indicate at which temperature 
the decomposition would take place, as well as confirm the deposition 
of WO3	. The decomposition range was found to occur at 300˚C 
and above. The deposition growth development was found to be 
from 400˚C to 550˚C for points 2 – 8 (3 to 12 cm). The bubbler 
temperature was set at 110˚C and the quartz tube temperature was set 
at  750˚C.  Air  was  used  as  a  carrier  gas  at  10  L/min  whilst  the 
bubbler  flow  rate  was  0.2  l/min  and  the  experimental  procedure 
lasted for 3 hours.



 

 

 

 
Figure 48: Ammonium tungstate (tungsten oxide) deposition in the inlet, quartz tube 

and the exhaust. 
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After the experimental procedure, it was found that there was 
insufficient quantity of powder in order to proceed for further analysis. 
This  was  indicated  that  the  vapour  pressure  of  the  precursor  was 
almost negligible under these experimental conditions. Further details 
can be found in Table 2. Yet again, there was insufficient formation of 
powder to proceed to XRD analysis, although as shown in Figure 48, 
the decomposition of t-butylamine was “clean” with negligible solid 
products.
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 The following chapter, Chapter 6, will explore the different theoretical 
and applied engineering routes for performing a novel coupling 
between an APCVD reactor and a molecular beam mass spectrometer. 
Yet again, the machining of the components is characterised with

            
          
      

          
            

        
          

          
        

          
            
             

      
            

 
 

     
      

 
    

          
     

 

           
           

         
    

          
        

         
     

 ne of the key points of the current project was to design,
 manufacture and establish a novel APCVD Pre – Reactor for
 investigating several precursors for industrial requirements. 
Despite the wide range of the different precursors that were examined, 
the key focus was set to a specific group of materials such as 
titanium and iron oxides. We assessed the decomposition and 
reaction of numerous metal precursors using air as a reactive carrier 
gas. In all the metal precursors examined, there was a strong 
thermodynamic driving force for decomposition and the oxide to 
form. Table 2 summarises the experimental conditions used to test the 
studied precursors in the pre - reactor. The temperature of the Pre – 
Reactor ranged from 500 to 750 ˚C. The carrier gas used was air and 
the flow rate kept at 10 l/min for all experiments. For the bubblers, 
the flow rates ranged from 0.2 l/min to 1 l/min. The temperature of 
the bubblers varied from room temperature (RT) up to 144˚C. It was 
found that the following precursors, tungsten hexacarbonyl, 
dimethyl sulfide (DMS), vanadium (IV) oxytriisopropoxide, t- 
butylamine, niobium (V) ethoxide and ammonium tungstate, did not 
produce powders during experimental procedure. Precursors such 
as TTIP, TET, iron pentacarbonyl and vanadium acetyl acetonate, 
produced powders which then were then examined through XRD to 
check their crystallinity. Finally, the films that were produced on the 
walls of the quartz tube, were from TTIP, TET, iron pentacarbonyl and 
vanadium acetylacetonate.

 This  work  generated  CVD  deposition  procedures  for  a  given 
precursor which were then re-examined by our industrial  sponsors, 
who found similar  results  and carried on with large scale  trials  of 
bottle coatings.



 

 

advanced accuracy. The development and successful accomplishment 
of this novel system is significant since it will be used to study high 
temperature gaseous reactions for industrial purposes. 
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6 Coupling of a Novel APCVD Reactor 
and a Molecular Beam Mass  Spectrometer 

6.1 Prologue 

 
n previous chapters design and testing of an APCVD Pre – Reactor 
was described. The evaluation of thermal decomposition of 
various CVD precursors for industrial purposes, has allowed for 

the identification of what temperatures reaction and deposition can 
likely take place. This will speed up the process of picking and 
optimising physical parameters for APCVD experiments. Finally, it is 
a useful tool for assessing “clean or unclean” precursors in relation to 
production of powder and the blocking of gas lines.  
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 In this Chapter a novel system consisting of a modified APCVD 
reactor and a molecular beam mass spectrometer is described. 
Emphasis is again on the manufacturing techniques of the system. 
Conceptual designs, simulations, 3D modelling and representation of 
the whole system will be analysed. Subsequent chapters describe how 
specific  precursors  were  used  to  test  the  system.  More  specifically, 
dibutoxydiacetoxy silane (DBDAS), a precursor for the deposition 
of SiO2	 films was passed through the reactor, spectrometer system in 
order to better understand the deposition mechanism. The coupling 
between  the  APCVD  reactor  and  the  mass  spectrometer  aids 
identification of gas phase intermediates, decomposition products and 
what passes through the reactor without depositing. This information 
allows for more precise clarification of reaction and or deposition 
mechanisms.  Ultimately,  any  variation  in  system  temperature  and 
gas  flow  rates,  provides  indications  on  reaction  profile,  assisting 
outcomes from the pre – reactor and allowing for greater estimation 
of  conditions  for  APCVD,  to  maximise  the  conversion  of  vapour 
phase to coating.



              

 

6.2 Approach to the Design of APCVD and Molecular    
Beam Mass Spectrometer Components 

 
n recent years manufacturing engineering has been outlined as a 
discipline which “involves the ability to plan processes and practices of 
manufacturing and to research and develop systems, processes, 

machines, tools and equipment for producing high quality products”.90  

Design and manufacturing process were important in order to create a 
novel coupling system between a modified APCVD reactor and a 
Molecular Beam Mass Spectrometer. Several stages were involved to 
produce the latter including conceptual designs, 3D modelling, 
simulations and finally the manufacturing of the final components and 
these will be described in the next sections. The technical feasibility 
stage of engineering development of the components was the period 
during which it was proven possible within the technological state of 
the art to produce novel components from the concept. Since it was 
required to manufacture the parts using acceptable engineering 
techniques, simulations were carried out in order to establish a firm 
coupling between the two different systems.  
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3	For further information see Appendix.	
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6.3 Prerequisite criteria for choosing 
materials in engineering design

6.3 Prerequisite criteria for choosing the right materials in engineering design

 he necessity of choosing the right materials for the conditions
 that would been used was critical. The following
 considerations were significant in the selection of the materials 
for the manufacturing of the novel coupling of the APCVD and the 
mass spectrometer.

        
      

     
       

      
      

	 3	

    

Assurance that materials of choice meet the expenditure plans. 
Raw material (stock) specifications, availability in standard 
shapes, dimensions, tolerances and surface characteristics. 
Reliability of the supplier with relevant ISO documentation. 
Requirement of time frame regarding delivery estimations. 
Confirmation of environmental hazards or concerns concerning
the required material of choice.

choice the manufacturingappropriatefollowMaterials of 
characteristics.

 

ü 

ü 

ü

 ü 

ü

ü

Since the materials would be functioning under both hostile, e.g. 
corrosive, and normal environments several factors were considered. 
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 The mechanical properties of interest in manufacturing include 
strength, ductility, hardness, toughness, elasticity, fatigue and creep 
resistance. Physical properties in order to choose the right material 
such as, density, specific heat thermal expansion and conductivity, 
melting point and electrical and magnetic properties were taken into 
consideration.  Chemical  properties  including  oxidation,  corrosion, 
degradation, toxicity and flammability were also considered.



 

 

Another major factor for the decision of the proper material was 
manufacturing properties, which dictate how a specific material can be 
treated as seen in Table 3; e.g. casting, forming, machining, joining and 
heat treating. Physical appearance also plays a role in a product’s 
acceptance by the operators. 
 

Table 3: General manufacturing characteristics of various materials. 

                      
 
 
 

6.4 Materials of choice for manufacturing process 
 

he success of many engineering activities relies on the selection 
of engineering materials whose properties match the 
necessities of the application. When selecting alloy steels, it is 

important to deliberate both usage and manufacture. Additionally, 
steel selection comprises defining the essential properties, including 
and determining the best microstructure to provide those properties. 
In this thesis, all components for the coupling of the APCVD reactor 
and the mass spectrometer were manufactured from SS 316L (AMS 
5507, ASTM A 240, ASTM A 666) austenitic structure chromium – 
nickel stainless steel containing molybdenum. The latter increases 
corrosion resistance, advances resistance to pitting from chloride ion 
solutions, and 

General Manufacturing Characteristics of Various Materials  
Alloy Castability Weldability Machinability Properties 

Aluminum E F E - G VP=Very 
Poor 

Copper G - F  F G - F  E=Excellent 
Gray Cast 

Iron 
E D G F=Fair 

White Cast 
Iron 

G VP VP G=Good 

Nickel F F F D=Difficult 
Steels F E F - 
Zinc E D E - 

T 
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          6.4 Materials of choice for manufacturing process



 

 

provides increased strength at elevated temperatures as well as down 
to cryogenic temperatures. Grade 316L is an extra – low carbon version 
of SS 316 family that minimises harmful carbide precipitation due to 
welding and additionally is immune from sensitisation enhancing it as 

a heavy gauge welded component (over 6 mm).92 The specific material 

was chosen due to the fact that it was suitable for the conditions of the 
experiment, such as its resistance to hostile chemical environments, 

offering higher creep and finally stress to rupture.93 Regarding 

machinability, a key point for obtaining the optimal results was to 
avoid machining the material too quickly since it tends to work harden 
and for that reason low speeds and continuous feed rates were 
recommended during the manufacturing process.  
 
 

6.5 2D Design of the APCVD reactor and Mass 
Spectrometer Coupling 

 
workable design was developed including a detailed plan for 
manufacturing. Geometric features were determined and 
dimensions were specified accompanied by acceptable 

tolerances. Appearance of the parts was considered along with cost, 
producibility, serviceability and additionally functionality. The design 
of the was based on engineering fundamentals, observations, 
calculations as well as, manufacturing and installation. The novel 
system consisted of two bubblers, one APCVD reactor and the mass 
spectrometer along with the peripherals, such as, electronic devices, 
computer and flow controllers. The importance of configuring the 
system in a way that it would work was critical.  
The design of a lab – scale system for producing results suitable for 
scaling up to the industrial scale needed to satisfy some important 

requirements. 94 
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v The kinetics of a reaction in which, the engineering design must 
allow for sufficient residence time for any specific chemical 
reaction to proceed for the required level of transformation. 

v Heat transfer factors, such as elimination or accumulation of 
the heat of reaction. 

v Safety factors, such as restriction of hazardous reactants or by 
– products, reaction control and ultimately conditions process 
parameters. 

v Economic factors such as operating expenses e.g. energy 
required, i.e. heating, energy consumption, i.e. 
cooling/pumping, raw material costs, manpower operational 
costs. 

v Finally, the designer’s tools which are imagination, capability 
to analyse and integrate and finally, adequate knowledge of 
advanced mathematics and mechanics and industrial design 
principals. 
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   Figure 49: APCVD Reactor as seen from left view, top view and right view respectively.  
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The geometry of the APCVD reactor is shown in Figure 49. It consisted 
of  a  cylindrical  cold  wall  horizontal  reactor  that  operated  at 
atmospheric  pressure.  The  inlet  which  was  manufactured  from 
aluminium - bronze alloy, to withstand corrosion had an internal 
diameter of 6.35 mm, and its external diameter was 8 mm. The inlet 
was 80 mm long, had 17 mm width, 23 mm height and M5 threads. 
The gas tight metallic channels were fitted with O – Rings to make 
them leak free. Details of the CAD drawings of the design can be 
found in Chapter, 2, Paragraph 2.4.

However, the novel reactor had totally different flanges and peripheral 
equipment compared to the pre – reactor that  was described in the 
previous chapters. The coupling of the APCVD reactor and the mass 
spectrometer consisted of two support flanges, one support for the 
inlet to be positioned, the actual inlet, the outlet of the system and the 
mass spectroscope head coupling. Figure 50 – 55 show details of the 
designs



 

 

 

 
Figure 50: Design of the inlet for the novel coupling in its engineering perspectives ready for 

manufacturing process. 
 
 

 
Figure 51: Design of the novel outlet of the APCVD reactor leading to the Mass 

Spectrometer. 

         6.5 2D Design of the APCVD reactor and Mass Spectrometer Coupling

99



 

 

 

 
           Figure 52: Mass spectrometer head for the coupling of the two systems. 
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Figure 53: Inlet for gas collection leading to the mass spectrometer. 

 

 
Figure 54: Detailed design of the geometry of the inlet to the mass spectrometer.
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Figure 55: Detailed design of kinked tube connection between the Mass 

Spectrometer and the APCVD Reactor. 
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6.6 Machining process of components 
 

achining is a common expression used to define a group 
of procedures which involve of the abstraction of material 
and reform of the surfaces of a component. It does not only 

depend on the material being machined but moreover on the specific 
machining process. Consequently, machining encompasses secondary 
and finishing operations. The latter, may be implemented in order to 
advance a component’s accuracy, surface finish, mechanical and 
physical properties and appearance. Secondary and finishing 
processes involve forging, heat treating, machining, grinding, plating 
impregnation (oil) and infiltration (as with low – melting – point 
metals). In this project case study, automated deburring of the edges of 
the parts that were manufactured took place in order to give a fine 

finish. 
95 

    As discussed above, all parts were mass-produced using Stainless 
Steel 316 L. In order for components to be interchangeable, they must 
be manufactured to the same standards of measurement. The 
manufacturing process took place in a horizontal machine centre 
(CNC), as seen in Figure 56, which consisted of four processing axes 
and 60 automatic mounted tools allowing for complete processing, 
such as material removal, drilling and thread cutting. The double 
processing table ensures high performance, accuracy and reliability of 
the system ensuring proper functionality and maximum productivity. 
Furthermore, the CNC system, is a closed – loop machining process 
having the ability to send signals back from the machine to the 
operator. It encloses critical information regarding the status of the 
cutting process which allow for automatic adjustments. In summary, 
the closed – loop is centre high-priced machinery, although it offers 
supreme process control by lessening unfavourable conditions such as 
work component slip or tool deflection.

M 
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Figure 56: CNC Horizontal Machine Centre from BretonⓇ  used for manufacturing of novel 

components. 

 
 
 
 
 

6.7 Outcome of Coupling Components and Critical 
Evaluation 
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 he detailed engineering designs, along with the high precision
 manufacturing techniques of the CNC machine, accompanied
 by the secondary operations provided a number of accurate 
novel components. Thorough scrutiny took place for mechanical errors 
after the manufacturing process was completed including variations in 
linear dimensions and variation in hole diameters, e.g. by leak testing. 
This was an essential step before proceeding to installation of the 
components in the system. The components are depicted in Figure 57.
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             Figure 57: Views of coupling components after completion of manufacturing process.
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6.8 Assembly of parts between Mass Spectrometer 
and APCVD Reactor  

t the critical phase of installation and deployment, the 
system’s specifications were taken in consideration and 
strictly followed in order for the related components to be 

set up accordingly without major changes or modifications. The 
novelty of the system installation was emphasized to the technicians 
under the supervision of a mechanical engineer, providing efficiency 
and the effectiveness during this process.  
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 Supply Chain Management (SCM) plays a critical role in the 
installation procedure, outlining the prime settings and locations for 
the system components and resources. An analogous emphasis is 
conveyed during the system processes and conservation phase, which 
occurs after installation and deployment. During this stage, the 
engineer and designer are primarily concerned about the follow – up 
assessment and feedback from the system to the operator, in order to 
find out “how well” the system performs and to explore and overcome 
any difficulties within the system which might occur. Detailed reports 
of incidents and/or accidents need to be documented and investigated 
in order to find their cause and make the necessary actions in the next 
version of the system if required. Essential maintenance and support 
actions should be carried out, such as retracting faulty components, re 
–  manufacturing of  components  if  required and general  system 
maintenance and safety activities. Faulty components could lead to 
catastrophic  consequences.  For  example,  TiCl4	 is  very  reactive, 
corrosive  and  produces  HCl  upon  contact  with  humid  air.  These 
actions  were  executed  on  a  constant  basis  in  order  to  provide 
feedback regarding the system’s quality procedure during 
experimental procedures and more importantly, accuracy when 
producing results within any experimentation for industrial purposes. 
The coupling between the APCVD reactor and mass spectrometer is 
depicted in Figure 58. All pipes were made from stainless steel having 
½ or ¼ inch internal diameter and wrapped in heating tape. Control of



 

 

        
          

        
         

         
      

           
  

 
 
 

 
Figure 58: 3D design of APCVD and Mass Spectrometer assembly used in UCL’s 

Laboratories designed by Charalampos Drosos. 

 
 
The APCVD reactor quartz tube chamber heater consisted of a 
horizontal graphite – block that was heated internally by three 

WhatmanⓇcartridge heaters. The glass substrate used for each 

experimental process had dimensions 150 x 40 x 4 mm. 
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the pipes, APCVD reactor, bubbler temperatures and mass 
spectrometer was achieved by ten independent type K (chromel – 
alumel) with a sensitivity of approximately 41+V/˚C and temperature 
range of -200 ˚C to +1350˚C and type R thermocouples (Pt/Rh 
87%/13% - Pt, by weight), which operate up to 1600˚C. The novel 
system allowed two independent temperature controlled gas 
streams to converge through a three – way valve prior to entering the 
reactor chamber.



  

 

          
          
             
           

           
       

       
            

        
          

         
        

         

          
        

           
         

          
          

        
              

             
              

           
            

     
   Care should be taken when filling the bubblers for the experiment.  
On all occasions, the bubblers should be filled in a fume cupboard.  
When using metal halides, additional protection, such as a full-face 
visor and rubber gloves should be used in addition to safety spectacles 
and a laboratory coat. 
   Care must be taken to ensure that the clamp at the top of the bubbler 
is securely fastened before each experiment.  It has been known for 
bubblers of this design to spray their contents if incorrectly sealed.  
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Precursors for each experiment were placed into one of two bubblers. 
Gas handling lines were typically heated under flowing nitrogen for 
one hour at 150 – 200 ˚C, prior to any deposition. The central reactor 
was brought to the required reaction temperature for at least fifteen 
minutes before each run. Prior to each coating, the nitrogen supply was 
diverted through the heated precursor for several seconds and the 
precursors vented to waste. The APCVD experiments were initiated 
such that the precursor entered the line to the chamber, mixed with the 
gas (typically nitrogen) and entered the reactor. All coatings were 
carried out at atmospheric pressure for between 20 and 180 s whilst 
gases travelled through the mass spectrometer. After each run, the 
precursors were initially diverted to waste and then the gas stream 
diverted away from the precursor bubblers. The assembly was allowed 
to cool under nitrogen until ca. 50 °C, when the coated glass was 
removed from the reactor. All atmospheric pressure CVD experiments 
must be conducted in a well-ventilated fume cupboard. The sash of 
the fume cupboard must be down during the running of the 
experiments. Precaution must be taken when turning the valves which 
control the gases through the CVD reactor. In particular, during 
experiments any unexpected change in gas flow, for instance, a drop- 
in gas flow signifies a blockage in the system. At this point the gas 
flow through the reactor should be expelled to bypass to avoid the risk 
of a pressure build up in the reactor and possible explosion. In the 
event that all the flow gauges show a drop-in gas flow this could mean 
that the exhaust line is blocked. In this event the main gas cylinder 
should be turned off directly.



  

 

6.8.1 Mass Spectrometry Principles 
 

ass spectrometry (MS) is an analytical technique wherein 
gaseous ions are formed and afterwards exposed to 
magnetic and electric fields in high vacuum for analysis of 

the mass spectra (mass to charge ratio). MS has comprehensive 
application within the analysis of complex organic, inorganic, 
bioorganic and almost all classes of biochemical molecules. MS dates 
back to the 1940’s when initial applications of MS in the study of 
biological processes using stable isotope ratio measurements took 

place.96 A mass spectrum is a diagram of the ion signal as a function of 

the mass – to – charge ratio. These spectra are used afterwards to define 
the division or isotopic mark of a sample, the masses of particles and 
that of molecules, and finally to clarify the chemical structures of 
molecules. Initially, gas – phase ions of the compound are produced, 
e.g., by electron ionisation. In a standard MS analysis, the test sample 
can be solid, liquid or gas and it is ionised by bombardment with 
electrons. This procedure, in most of the cases, will cause some of the 
sample’s molecules to break into charged fragments. The latter, after 
breakage are separated according to their mass – to – charge ratio by 
accelerating them and exposing them to an electric or magnetic field 
where ions of the same mass – to – charge ratio will experience a 

similar level of deflection.97 Subsequently, an electron multiplier detect 

the charged particles and the results will be displayed as spectra of the 
relative abundance of detected ions as a function of the mass – to – 
charge ratio. Identification of the atoms or molecules can be achieved 
by assigning individual mass/charge peaks or by a characteristic 
breakdown pattern.
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n a mass spectrometer, ion formation, mass analysis and detection 
of ions are fused. Numerous mass analysers have been 
industrialised in order to distinguish ions according to their mass 

– to – charge ratio.  Each type of analyser has its own characteristics 
and field of application and, none currently covers all conceivable 
requirements. The quadrupole mass analyser is a mass filter wherein a 
quadrupolar field with a DC component and an AC component allow 
only ions with a given m/z ratio to pass through. The remaining ions 
do not have a constant path through the quadrupole mass analyser and 
will break-in with the quadrupole rods, whilst never reaching the 
detector. The process of a quadrupole mass analyser is usually 
represented in terms of a stability diagram that conveys the applied 
DC potential and the applied RF potential, and the RF frequency to a 
stable versus unstable ion path through the quadrupole rods. Selected 

benefits of a quadrupole mass analyser representatively are: 98 

 
 

† Reproducibility 

† Stable operation  

† Classic mass spectra 

† Comparatively small and low – cost systems 

† Low – energy collision – induced dissociation (CID) MS/MS 
spectra in triple quadrupole and hybrid mass spectrometers. 

 
 
 

        
             

            

is the number of occurrences). The resolution will not be controlled by 

the number of times the detector is hit, since this has to do with the 
position where the detector is hit, after the ions go through the 
magnetic arc. Resolution also depends on the quality of the machining 

I 

   

   6.8.2 Quadrupole Mass Analyser

6.8.2 Quadrupole Mass Analyser

110

Resolution is inversely proportional to the number of ions that reach 

the detector. The signal to noise ratio improves with the number of 

ions that reach the detector (most likely with the ratio 1/N ½ where N



  

 

for the quadrupole rods. Quadrupole rods can have other functions 
besides their use as a mass filter. An RF-only quadrupole will act as an 
ion guide for ions within a broad mass range e.g., the collision region 
of a triple quadrupole mass spectrometer uses an RF (radio frequency) 
ion guide. A DC-only quadrupole is used as a lens component in 
certain ion optical structures. The reproducibility of such spectra, 
hinge on energy, pressure, collision gas and several other important 
factors.  
   Within the scope of this thesis, mass spectroscopy measurements 
were taken using a modified quartz tube CVD reactor containing a 
heated stainless steel pipe. This pipe carried a stream of the reactive 
vapour inside the system into a heated, airtight chamber attached to 
the front of a Hiden HPR60 molecular beam mass spectrometer 
(MBMS).  
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Figure 59: Mass Spectrometer from left perspective before coupling with APCVD reactor. 
 
 

This spectrometer had an inlet approximately 0.25 mm in diameter. 
This lead to three consecutive vacuum chambers of increasingly low 
pressure. These focus the gas entering the system into a beam of 
singular molecules that enter the ionisation chamber. The species are 
then ionised using a dual source low profile electron ionisation source, 
before separation by the quadrupole mass analyser. The device used 
an off axis positive and negative ion pulse counting single channel 
electron multiplier detector with a maximum threshold of 1000 Da. The 
particular system allows for examination of extremely low 
concentrations of analyte compared to traditional spectrometers, 
enabling the analysis of transition metal species that would damage 
the detector in larger concentrations. The MBMS system was ideal for 
high energy gas phase studies, as upon entering the system the 

    6.8.2 Quadrupole Mass Analyser

112



  

 

gaseous molecules undergo no further reaction, not coming into 
contact with each other or the walls of the detector.  

 
 
 
 

6.9 Conclusions 
 

       
      

      
         

           
         

         
          

       
         

         
         

     
       

    
Chapter 7 will focus on the computational fluid dynamics (CFD) of 
internal and external surfaces of each component in order to better 
understand the conditions within each component and of course as a 
whole, by depicting accurate results within the MBMS system. 
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 hapter 6, described the innovative coupling of a unique
 designed APCVD reactor and a Molecular Beam Mass
 Spectrometer. High precision engineering design and 
manufacturing were used in order to achieve a unique and firm 
coupling between the two systems. The latter lead to a high-end 
manufacturing process with specific materials being used and the 
machining of components treated with care and precision. An 
engineering approach was used in order to form a traditional design 
practice which was primarily sequential. The implementation of the 
3D design occurred after the model was created from the engineering 
drawings. In order to avoid manufacturing a prototype, and lower the 
cost of production, 3D designs of the parts that were involved and 
produced through AutoCAD 2016, giving 3D virtual models. This 
lowered the cost of production by avoiding creating a mechanical part 
including possible errors.



 

 

7 Simulations of Components in Relation 
to Mass Transfer Phenomena 

 
his Chapter describes the in depth evaluation of components 
in the coupled  MBMS/APCVD system. In order to obtain high 
– end results within the industrial requirements, it was crucial 

to acquire a full picture of what is really going on inside and outside 
of  the reactor’s system boundaries. Consequently, the objective of 
transport phenomena in chemical processes includes three closely 
related topics; fluid dynamics, heat and mass transfer. Fundamentally, 
fluid dynamics involves the transport of momentum, heat transfer 
treaties with transport of energy and mass transfer which is concerned 
with the transport of mass of various chemical species. Nowadays, 
science “has an ace up its sleeve” and that is Computation Fluid 
Dynamics (CFD) which is a branch of fluid mechanics that uses 
numerical analysis and algorithms to solve and analyse complex 
simulation scenarios. The primary basis of nearly all CFD problems are 
the Navier – Stokes equations which define gas or liquid (but not at the 
same time), fluid flows. These equations are useful since they describe 
the physics of many phenomena in science and engineering e.g., flow 

in a pipe (Flow Velocity - Law of Similarity99), heat transfer in the walls 

of a  cylinder, transfer phenomena in various solids, liquids and of 
course gases. The models that were implemented in ANSYS Fluent, 
were macroscopically investigated in order to understand how mass 
an, momentum and energy change in the current system.  
In this chapter, information regarding the simulation of components 
along with the APCVD reactor as a whole, will be analysed and 
deployed in relation to Mass Transport Phenomena.  
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7. Simulations of Components in Relation to Mass Transfer Phenomena



 

 

7.1 Heat Transfer  
 

Heat transfer is the science which investigates the energy transfer that 
may take place between bodies because of temperature differences. 

Heat passes from warmer confines to cooler ones .98 The science of heat 

transfer attempts to clarify how heat energy may be transferred and 
furthermore, to envisage the rate at which the exchange will take place 
under certain stipulated experimental conditions. Thermodynamics 
deals with systems in equilibrium and it can be used to investigate the 
quantity of requisite energy to change a system from one equilibrium 

state to an alternate one.100 Thermodynamics cannot calculate how fast 

a change can take place since the system is not in equilibrium whilst in 
the process. Heat transfer is based on the first and second law of 
thermodynamics by entailing supplementary investigation rules that 
can be used to determine energy – transfer rates. A relevant example, 
as it will be deployed in the next paragraphs, that is treated by 
thermodynamics and heat transfer is the cooling of a hot stainless steel 
flange that is trying to reach room temperature. Thermodynamics can 
be used to predict the final equilibrium temperature of the stainless-
steel flange – air (room temperature). Thermodynamics will not 
answer the question of “how long will it take to reach its equilibrium”, or 
“what would the temperature of the flange be over a certain length of time 
before the equilibrium condition is attained”. These questions can be 
answered by heat transfer in which a prediction of temperature of both 
the flange and the room temperature as a function of time can be 
calculated. The process fluid or gas to be cooled is typically separated 
from the cooler air by a barrier that is a good conductor of heat, and 
more specifically in this case the stainless-steel flange. Heat divergence 
is expressed in three ways, even though in most engineering 
applications, combinations of two of the methods take place. These are, 
conduction, convection and radiation. Conduction is how metal 
transfers heat from one part of the metal to another, i.e., stainless steel 
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components of the coupling between the MBMS and the APCVD 
reactor transport heat away from the process fluid by conduction.  
           

          
          

        
            

       
               

         
           

           
             

            
          

         
 

 
Figure 60: Heat divergence illustrated in a flaming candle; convection, radiation and 

conduction.  
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 Radiation is the conveyance of heat in the form of energy rays or 
waves, e.g., infrared energy. A characteristic example is depicted in 
Figure 60, which illustrates the three methods of heat transfer with a 
glowing candle. The hot gases from the flame transport heat into the 
air by convection. The convection streams in the air can be seen when 
looking at the air above the candle. Heat radiation is felt by placing a 
hand near the position of the flame. The hot wax below the flame 
transmits the heat into the candle by conduction through the wax.

 Thermal energy is transferred in a system when there is a 
temperature difference ∆T, i.e., from hot places to cold places by 
convection. Convection occurs when warmer areas of a liquid or gas 
rise to cooler areas in the liquid or gas. Afterwards, cooler liquid or gas 
takes the place of the warmer areas which have risen higher. One can 
imagine this as a continuous circulation pattern.
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 argely speaking a fluid is a substance that will deform
 constantly when it is subjected to a tangential or shear force,
 much as a similar force is exerted when a precursor skims over 
a substrate inside an APCVD reactor quartz tube. Such deployments 
do not depend only in the magnitude of the applied force at which the 
fluid deforms, but also in the viscosity or more simply, resistance to 
deformation and flow. Fluids are classified into two main categories: 
liquids and gases. Liquids are characterised by relatively high densities 
and viscosities, where molecules are close together. On the other 
hand, gases, have relatively low densities and viscosities, with their 
molecules located further apart.
            

           
          

             
            
           

           
              

          
        

            
          

               
           

           

            
          

        
            

            
          

               
           

           

            
          

        
            

            
            

         
             

          
           
           

              
          

          

            
           

           
             

           
          

          
           

           
           

   

            
           

          
         

    
          
           

             
         

         

             
          

              
         

     

            
          

              
        

    
            

          
        

            

            
          

              
        

     
            

          
        

            

            
           

          
            

            
          
           

            
         

            
          

              
        

     

            
          

        
            

 For laminar flow the motion of the particles of fluid is very 
methodical with all the particles flowing in a straight line, parallel to 
the walls or physical boundaries of the system, i.e., pipe walls 
and reaction chamber sides. If an obstacle is put in the path where 
a laminar flow is distributed, it does not have a significant effect on 
the path line taken, the laminar fluid flow will simply follow 
the curve around the obstacle and carry on streaming away in a 
smooth straight line. This is analogous to a stone in a slow flowing 
river, whereas chemically speaking, this is analogous to a reaction 
taking the path line of least resistance and lowest energy consumption.

 In turbulent flow the motion of the fluid is irregular, with particles 
moving in the same direction and destination as the laminar flow 
path line but in a chaotic way. If the velocity of the fluid flow is 
increased, then the turbulent fluid flow allows chaotic motion 
behind the stone, forming swirling eddies.

            
          

        
            

 In order to determine properties such as gas velocity and pressure at 
multiple points in a CVD reactor without the need for excessive 
instrumentation fluid dynamics can be used to compute flow 
behaviour within the boundaries of a given body. In the case of this
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thesis, the models – components were analysed using computational 
fluid dynamics (CFD). The latter is characterised by the ability to solve 
partial differential equations as simple linear relations.At the extremes 
where a finer mesh is required, the elements become thinner and 
smaller, and this approximation converges to the solution. ANSYS 
Fluent  simulation  software  package  was  used  to  calculate  the 
simulations.

          
           

         
          

          
          

       
        

        
        

         
          

            
          

         
           

           
          

        
        

As discussed previously in the prologue of Chapter 7, Paragraph 7.1.2, 
CFD is a numerical simulation of fluid flow. It is used to describe 
the complex behaviour of fluids by numerically solving the laws 
that govern the movement of fluids, in or around a component 
system, where its geometry is also modelled on the computer user 
interface by a compatible software. The entire system is converted into 
a computer-generated environment or cybernetic product. The entire 
system and its behaviour, can be realistically visualised through 
computer visualisation implements, to a tremendous level of accuracy, 
behaviour and amazing high – fidelity interpretation. Consequently, a 
complete system and its performance, and more precisely the novel 
coupling between the APCVD reactor and the MBMS can be depicted 
on a computer, before any part is ever manufactured. In order to place 
the  role  and  importance  of  CFD  nowadays,  Computer  –  Assisted 
Engineering (CAE) is aimed at assembling the simulation tools that 
support the work of an engineer between the initial design phase and 
the final definition of the manufacturing process. It is needless to point 
out that, the industrial production sector is certainly exposed to an 
enhanced growth toward the computerisation - mechanisation of the 
entire production sequence using software. Such important tools are:



 

 

Computer – Aided Design (CAD), Computer – Assisted Engineering 
(CAE) and Computer – Aided Manufacturing (CAM).  
           

          
          

           
          

         
          

    
   Computational Solid Mechanics (CSM), in which the software tools 
are encoded to assess the mechanical stresses, deformations of solids, 
vibrations that might occur in the solid parts of a system, fatigue and 
lifetime of a product. Additionally, the CSM software may contain 
modules wherein the thermal analysis of materials, including heat 
conduction, thermal stresses and thermal expansion are calculated. 
These are the most important modules for the case study within this 
thesis, which will be analysed in the following paragraphs.  
   Computational Fluid Dynamics (CFD), as already mentioned in the 
previous paragraphs, labels these tools that permit the analysis of fluid 
flow, including thermal heat transfer and conduction in the fluids and 
through the solid boundaries of the flow regime(s). A brief example of 
the latter would be in the case of an APCVD reactor, CFD software may 
scrutinise the flow within the boundaries of the quartz tube and 
typically, evaluate the performance, analyse and optimise the internal 
parts in order to locate “dead spots” which can be caused by nonideal 
flow. Such evaluation can be critical for the design or optimisation of a 
CVD reactor.   
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 After the design and manufacturing process that was described in 
Chapter 6, the next phase, that was essential for the needs of this thesis, 
was a simulation and analysis phase, which required software tools 
to calculate,  the physical behaviour of the entire system as well as the 
individual parts. There were several aspects related to the different 
physical  properties  that  required  to  be  modelled  and  simulated 
during  the  design  process.  The  most  important  of  these  are 
summarised below:
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A detailed design was important to give a highly detailed 
representation of the CFD model. Although, high accuracy in design is 
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 orking to accomplish the series of steps required for
 simulation of components that were manufactured for the
 coupling of the APCVD reactor and the MBMS, it was 
necessary to arrange a plan of points to be followed. During this phase, 
it was essential to understand what was being investigated. 
Subsequently, the simulation was founded upon fluid flow and 
thermal analysis within the confines of the novel system, a 
mathematical model, defining the level of the approximation to reality 
from a physics perspective that would be simulated was essential. 
Considering how one can check a simulation model, it is crucial to 
envisage how it really works as a physical system. This is very 
important due to the fact that since the fluid flow in APCVD reactors 
is principally three dimensional (3D), the mathematical expression of 
transport equations should be constructed appropriately. 
Additionally, a decision of whether to conduct a steady – state or 
transient  simulation  needed  to  be  considered.  Steady  –  state 
simulations  e.g.  Poisseuille  flow,  as  seen  in  Figure  30,  Chapter  3, 
Paragraph 3.5, represents conditions after the flow field has developed 
inside the APCVD reactor long enough in order to reach equilibrium. 
At this point it was important to highlight that some flows are 
integrally unsteady. In contrast, transient simulations, are those which 
give time – accurate results, for example filling of a water tank with 
respect to time. Moreover, the physics of the system to be simulated 
during CFD modelling must be determined. Critical factors that 
influence the effect of the results can be turbulence flow, heat transfer, 
chemical  species  transport,  and  radiation  phenomena.  Ultimately, 
flow physics such as, thermal sources, velocity profiles and chemical 
sources  were  important  details  that  had  to  be  modelled 
appropriately for the simulation to run efficiently.



 

 

          
             
         

        
      

The important CFD simulation steps can be summarised as follows: 101 

 

¨ Geometry of the model (1, 2 or 3-dimensional design of the 
model). 

¨ Designation of boundary conditions regarding volumes and, or 
surfaces that might occur. 

¨ Mesh generation of the model. 

¨ Conduction of quality checks before initial simulation. 

¨ Performance of simulation process. 

¨ Outcome evaluation and evaluation of refinement of the grid, 
discretisation of the model into a larger number of discrete 
elements. 

¨ Modification of the simulation and reoccupy as required. 

¨ Post process analysis of the simulation results and conclusions. 
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not necessary at all times. For example, if the system was proposed 
to work in a laboratory with fume hoods, then the fume hood sash 
details  are  not  important.  Instead,  a  divergence  into  the  geometric 
characteristics  of  a  component  would  have  caused  a  misleading 
behaviour in the simulation of the model.



 

 

        
   

 

   Figure 61: Distribution of components used for the coupling of the APCVD reactor and the 
MBMS. 

 
 
 
 

7.4 CFD Simulation Analysis of Components 
 
All simulations were analysed with ANSYS Fluent simulation software 
package. The latter was used to solve fluid flow velocity, heat transfer 
and thermal stresses for the components that were used during the 
experimentation phase between the coupling of the APCVD reactor 
and the MBMS. The basic physical phenomena of the environment 
were gas flow, heat transfer such as conduction, convection and 
radiation and finally species concentration of solid and gas particles 
that were used in the experimental procedure. The target for the 
current set of analysis was based upon the creation of specific 
environmental conditions since the experimentation was not going to 
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The components that were analysed via ANSYS Fluent are depicted 
below in Figure 61.



 

 

          
   

             
          

         
         
        

        
       

        
        

     
 

        
         

         
  

 
 
 
 
 
 

7.5 Governing Equations and Simulation Results 
 
he CFD simulations were performed in the software ANSYS 
Fluent, which uses the finite volume method for solving 
equations of momentum, mass and energy. Fluid motion 

within a fluid is described by the Navier – Stokes equations. Further 
details of the numerical algorithm and procedures can be found in the 
user’s guide of ANSYS Fluent. 
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Initially, in order to setup the simulation it was necessary to define the 
physics for each simulation. Since the system was defined as “closed”, 
convection, diffusion and or, radiation was able to be studied. Within 
convection, mass and energy exchange was included due to flow and 
temperature gradient. The practical interest arises in convection heat 
transfer within the channels that were manufactured for this 
experimental study. The mass spectroscope and APCVD coupling has 
a dual scope; one for creating thin films with large area film coverage 
and excellent blanket capability and secondly, to analyse the gas phase 
reactions that might occur within this process with the mass 
spectroscope.
All designs were created using AutoCAD 2016. Afterwards, geometry 
and volume mesh generation for the 2D and 3D fluid areas were 
implemented in ANSYS Fluent using the geometry kernel of the 
Design Modeller.

be held only on the laboratory scale, but also on the industrial scale.



 

 

          
  

 

                      
where  
p, is the density of the fluid, 
ν, is the flow velocity vector field in the fluid and (x, y) is the 2D 
spatial coordinates 
t, is time 
 
 
 
 

        
 

                   
 
 
 

where,  
p is the density of the fluid, 
u, is the speed 
τ, is the tensor forces associated with the rate of shear,  
μ, is the dynamic viscosity, 
δ, is the identity matrix,  
T, is the temperature 
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Mass Conservation Equation is referred to as the continuity equation 
in continuum mechanics.

        
Momentum conservation equation in an inertial (non – accelerating) is 
given by:



 

 

 
 
Thermal Energy: 
 

 
 
 
 

where 
 
p is the density of the fluid, 
u, is the speed 
τ, is the tensor forces associated with the rate of shear,  
μ, is the dynamic viscosity, 
δ, is the identity matrix,  
T, is the temperature  
h, is the thermodynamic enthalpy 

SE, is the term of power generation 

Rj is the reaction rate of component j 

λ, is the thermal conductivity 

cp,i, is the specific heat at constant pressure 

∆ΗR, is the change in enthalpy of the reaction,  

P, is the pressure,  

∇⋅(ρ ⋅u ⋅h) = ∇⋅(λ ⋅∇Τ)+τ :∇u + SE

h = Yi
i

Nc

∑ ⋅hi

hi = hi,Tref + cp,i dt
Tref

T

∫

SE = (−ΔHR ) j
j=1

Nr

∑ ⋅Rj

(23) 
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R, is the universal gas constant 
If the fluid is incompressible (p=0) and inviscid (μ=0) the Navier – 
Stokes equations become the Euler equations as seen below: 
 

 
 
And by inserting the vector identity, it becomes: 
 

 
 

Assuming that the external force field has a potential: 
 

 
 

Which finally gives: 
 

 
  

          
         

       
          

            
        

          
     

 

∇⋅v = 0
∂v
∂t

+ (∇⋅v)v=-1/ρ∇ρ + f

(v ⋅∇)v∑ = 1
2
∇ v 2 + (v ⋅∇)v

f = −∇V

∂v
∂t

+ 1
2
∇ v 2 + (∇v)v = −1/ p∇p −∇V

(24) 

(25) 

(26) 
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The solution of the above equations provides results of interest such as 
distribution of velocity and temperature profiles of the elements for the 
geometry of the components. Whilst using these equations, the domain 
of the part to be simulated is discretised or meshed into control 
volumes or areas (3D or 2D shapes), of micro – or nano – dimensions. 
It is needless to say that these volumes or areas, represent the actual or 
scaled (up or down) component which will be used under the same 
conditions of the experimental procedure.



 

 

The fluid boundaries in the simulations considered are the walls of 
each component, bottom and the free surface of the fluid. On the 
component walls the boundary condition is that the velocity of the 
flow at the wall is zero in the normal direction of the wall. 
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 The first part that was simulated in ANSYS Fluent was the exhaust 
from the MBMS Head to fume hood. Regarding the details of the mesh, 
the relevance centre was set to fine and the smoothing was set to high. 
In order to obtain more accurate results within the simulation, a 
refinement was used. The refinement level could be found in ANSYS 
Fluent was increased to level 3, thus obtaining the result as seen in 
Figure 63. Afterwards the boundary conditions were created. For each 
component, an inlet and an outlet were introduced. At the internal 
walls, we assume a no-slip condition for the velocity components, a 
fixed temperature based on experimental data. At the reactor inlet, the 
velocity, temperature and flow rate are fixed. At the reactor outlet, zero 
axial gradients of velocity, outflow and temperature are used. At the 
centreline, no radial gradients of velocity, temperature and 
concentration are considered. In terms of ANSYS Fluent, the boundary 
conditions were changed according to temperature of each component 
for the required simulation. Each part had its “own” inlet according to 
the direction of fluid flow, and temperature along the system.
 When the mathematical model was selected, the meshing process 
was initiated, in which the geometrical and mathematical model was 
translated into numbers. In this step, the geometry (mesh) of the design 
was divided intro discrete well-ordered volumes as can see in Figure 
63. Boundary conditions can be found in Table 1 below.



 

 

 
Figure 62: Exhaust from MBMS Head to Fume hood; top photograph as placed into the novel 

system and at the bottom the design of the exhaust designed in AutoCAD 2016. 
 

Table 4: Boundary conditions used for CFD and heat transfer simulations. 

 Flow Simulation Heat Transfer Simulation 
Inlet Fully Developed 

velocity profile. 
N2 flow rate at 

0.1 l/min. 
Reactor T˚ at 

300˚C 

Uniform temperature at 
473.15 K in inlet 

Outlet  Zero pressure 
outlet outflow  

Wall of the Tube  Standard no slip 
conditions 

Constant temperature at 
573.15 K 

Symmetry Plane Symmetry Symmetry 

∂T
∂x

= 0
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Figure 63: Representation of the model after discretisation process 102. 

 
 

 
Figure 64: CFD results of exhaust presenting the simulation procedure regarding the flow 

rates and the temperature distribution along the exhaust from MS to the fume hood. The flow 

rate of N2 was set at 0.1 l/min and the temperature in the inner boundaries was at 300˚C. The 

simulation showed an increase of the fluid’s velocity from 2.358 e-3 m/s to 3.282 e-3 m/s an 
increase of velocity at 39.18 % due to temperature change. 
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Figure 65: Exhaust from MS to Fume hood temperature distribution profile. 

 
 

The exhaust was wrapped with heating tape, as seen in Figure 66 (white 
colour), in order to establish a firm distribution of temperature within 
the external volume of the exhaust. The maximum external 
temperature was set at 200˚C in order to maintain a well-formed 
temperature conformity through the tube which had approximately 
temperatures between 300 and 600˚C. The temperature within the 
inner boundaries of the component were found to be at the inlet’s 
surface at 288˚C whilst the temperature at the tube exit was 
approximately 275˚C.  In order to avoid building up a thick layer of 
residue onto the walls of the specific part, by maintaining the 
temperature over 200˚C, the exhaust worked appropriately and there 
was not found any blockage during the experimental procedure since 
the transportation of gases to the fume hood was successful. The flow 

rate of nitrogen was at 0.1 lt/min (2.358 x 10-3 m/s), whilst the 

temperature of the reactor was set at 300˚C. Total pressure of the 
system was at 1 atm (ideally).  
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Figure 66: The 3D design of inlet from NW perspective, which transfers the gases from the 

APCVD reactor to the MBMS Head for further in-situ analysis. 
 

 
Figure 67: Discretisation of the inlet, as seen from right perspective before simulation process.  
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The meshing of the component connecting the APCVD reactor and 
the MS can be seen in Figure 67. The quality of the mesh guarantees 
the  best  analysis  results  for  the  simulation,  minimises  the  need  for 
additional analysis runs and improves the predictive capabilities.



 

 

In a high-quality mesh as depicted in Figure 71 the refinement was at 
level 3, whilst the aspect ratio was improved as well. The boundary 
conditions were set at the inlet’s velocity, the symmetry of the fixed 
wall (H) and the pressure outlet. 

 

 
Figure 68. Outcome of the velocity contours magnitude. The flow rate of nitrogen gas was set 

at 0.1 l/min (2.358 x 10-3	m/s) whilst the temperature inside the part was at 300˚C (573 K). The 
external part was heated up with heating tape in order to maintain the temperature within the 
inner boundaries at 300˚C in its whole length and eventually the flow rate to be maintained 
without being changed considerably. On the top left hand side is the “inlet” and the bottom 
right, is the “outlet” leading from the APCVD to MS Head component. The flow rate was 

calculated by Fluent within these conditions to be at 3.324 x 10-3 m/s, an increase of 41% to the 
initial one. 

 
 
 
 

The inlet was designed along these lines in order to help the gases to 
be able to flow from the exhaust towards the MS head. The component 
was wrapped in a heating tape with constant external temperature at 
200˚C. The latter temperature was selected since the target for the 
specific part of the system, was intended to have steady external 
temperature over its length. It was expected that since transport 
phenomena would take place, heat transfer from the APCVD Reactor’s 

132

7.5 Governing Equations and Simulation Results



 

 

would be distributed along with the fluid flow towards the surface and 
eventually to the volume of the tube. That being said, the temperature 
of the component was heated in a steady state manner with the heating 
tape, and the internal temperature was found to be at about 300˚C, 
which was similar to the calculations made with ANSYS.   
 
 
 

 
Figure 69: Component in between the APCVD reactor’s exhaust and the “inlet” of the MBMS 
head base. The temperature contour as simulated in Fluent. The maximum temperature was set 
at 300˚C (573 K) and the minimum was calculated by the software and was found to be at 27 
˚C (300 K). This calculation, would have been accurate in the case where the inlet would be 
coupled to the APCVD outlet. It was simulated on its own to check how it performs during a 
simulation. Hence, the boundary conditions were set at 300˚C for APCVD reactor and 0.1 

l/min (2.3579 x 10-4 m/s) N2 flow rate travelling through the component’s internal boundaries.  
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Figure 70: Component in between the APCVD reactor’s exhaust and the “inlet” of the MBMS 
head base. The temperature around the tube is practically persistent at 200˚C since the 
component is placed in an environmental temperature of approximately 23˚C (Room 
Temperature). The streamlines, depict the flow rate of nitrogen through the component that 
comes from the APCVD reactor (LHS) and moves towards the MS head (RHS). The velocity 

was set at 0.1 l/min (2.3579 x 10-4 m/s) and Re number showed that the flow was laminar. 
 
 
 

One of the most important components, without lessening the 
importance of the other works, was the Mass Head part. It was a 
complex design, and at the same time, a very delicate creation which 
played the most important role since the gases would be passing from 
its boundaries, distributing them between the mass spectrometer and 
the exhaust, leading to the fume hood.  
The design is depicted in Figure 74, in which the MS head is presented 
as a 3D design in multiple views, as it was installed onto the face of the 
base where the inlet of MS was positioned and finally, a slice plane in 
XY axis of the simulated part with respect to temperature flow within 
the component. 
 
 

Nitrogen Flow rate at
2.3579 e-4 m/s.

Reactor Temperature 
at 300˚C.
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Figure 71: Mass head in multiple states; Upper left, perspectives of 3D design, upper right, 
MS head after manufacturing process, in the middle, the MS head rendered, lower right corner, 
the MS head installed and coupled to the mass spectrometer along with the exhausts and inlet 
from the APCVD reactor and finally on the lower left corner, the plane of XY axis showing 
which point (red colour) would be simulated with ANSYS Fluent. 

 
 
 

The CFD simulation for the MS head inlet, was repeated three times in 
order to obtain a clear picture of what is really going on inside the 
internal boundaries of the solid piece. Three sets of different 
temperatures within the boundaries of the component were used; one 
at 300˚C, then at 500˚C and finally at 600˚C. The simulation parameters 
agreed with the temperatures that were measured experimentally.  
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Figure 72: MS head inlet after simulation process. On the top left side, the inlet was meshed 
and details of the mesh can be found exact below. On the top right, the boundary conditions 
were set, for the inlet and the two outlets, one leading to the MS and the other leading towards 
the exhaust to the fume hood. On the bottom left, the mass transport of nitrogen is depicted. 
The flow rate allowed for a laminar flow profile within this part. On the bottom, right, the 
velocity contour profile was simulated for the given simulation parameters. 

 
 
 
 
Regarding the conditions used in this simulation the APCVD reactor 
was set at 300˚C. The fluid flow of nitrogen was set at 0.1 l/min. After 
the completion of the simulation, it was found that the velocity of the 

fluid was slightly increased from 2.358 x 10-3 m/s to 3.045 x 10-3 m/s, 
showing a 29.13 % increase in velocity due to temperature. The flow 
was found to be laminar as shown in Figure 75, bottom left picture. The 
simulation showed sufficient quantity of each precursor entered the 
mass spectrometer. 
 
 

Fluid’s outlet to MS
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Since this part was critical in terms of delivering enough material to 
the MS for further analysis, another simulation took place. This time, 
the boundary conditions were: APCVD reactor temperature at 500˚C, 
and nitrogen flow at 0.2 lt/min. The results of the simulation can be 
found in Figure 77. 
 

 
Figure 73: MS head inlet after simulation views of the process where the velocity of fluid along 
the critical points of the component’s boundaries. The APCVD reactor temperature was set at 
600˚C for this simulation whilst the flow of nitrogen was set at 0.6 lt/min. 
 
 

With respect to the outcome of the simulation, the flow of nitrogen was 
distributed inside the part having a laminar profile as one can see in 
Figure 78. The velocity of the fluid was increased to a level of 99%, from 

4.715 x 10-3 m/s to 9.383 x 10-3	m/s, indicating an increase of velocity 
due to temperature change from 300˚C to 500˚C along with flow at 0.2 
lt/min.  
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Figure 74: MS head inlet after simulation process where the mass transport of nitrogen was 

calculated.  The flow profile was found to be laminar.  

 
 

For the last simulation, the boundary conditions for the MS head inlet 
were set at 600˚C for the APCVD reactor. The fluid flow was set at 0.6 
lt/min for the nitrogen. The results showed yet again, an increase in 
the velocity profile of the nitrogen flow. Although the initial flow rate 
was set at 0.6 l/min, it was found that with the given parameters, the 

velocity increased from 1.414 x 10-3 to 3.094 x 10-2 m/s. 
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7.6 Summary and Conclusions  
 
n this chapter, the CFD computational tool was used to investigate 
velocity, temperature and fluid flow profiles during experiments 
with nitrogen passing through the simulated components. The 

results showed that is possible obtain information and understand the 
system behaviour in such a way as to manufacture complex systems 
from fluid dynamics simulations.  
   CFD played a major role to this experimental coupling, since with 
fluid flow profiles we had a picture beforehand of what would the 
behaviour be for specific parts during an experiment. The importance 
of the analysis of each component allowed every part to be 
manufactured according to the industrial requirements. 
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8  In – situ Mass Spectrometry Analysis of 

APCVD of SiO2 and TiO2 thin films using a 

Quadrupole Mass Spectrometer to study 
Gas Phase Mechanisms 

 
 
8.1 Introduction 

 s discussed in Chapter 7, CFD computations – simulations 
were established for all the components that were involved 
in order to obtain a clear picture of what is really going on 

inside the reactor and the novel coupling regarding their internal 
conditions. A newly established method, involving a modified 
APCVD reactor and a molecular beam mass spectrometer were used 
to investigate the deposition of silicon dioxide in order to understand 
in depth the interactions occurring inside the APCVD reactor chamber. 
It is important to emphasize that mass spectroscopy measurements did 
not interfere with film deposition occurring in the APCVD reactor 
quartz tube. Dibutoxydiacetoxy silane (DBDAS), is one of the most 

common precursors for the deposition of SiO2 thin films. DBDAS was 
passed through the APCVD reactor, to the spectrometer system in 
order to have a clearer picture of how the deposition mechanism 
worked. 

   Titanium tetrachloride (TiCl4) and titanium tetraisopropoxide (TTIP) 

were also used to obtain TiO2 thin films. The current system that has 

been developed is robust and versatile enough such that almost any 
CVD precursor could be studied in – situ, whilst still depositing thin 
films of a material. This study focuses on the gas – phase reactions, 
obtaining information on the formation of gaseous intermediates prior 
to deposition of the film onto the heated substrate.  
 
 
 

A 

140

8.1 Introduction



 
 

 

8.2 Experimental  
 

he carrier gas was used for the experimental procedure was 
Argon (Pureshield 99.998%) and used as supplied. NSG Group 
– Pilkington Glass Plc., provided the silicon coated float glass 

substrates having dimensions of 60 x 40 x 4 mm. All films were 
deposited using a modified Cold – Wall Atmospheric Pressure 
Chemical Vapour Deposition reactor (CW – APCVD). A carbon block 
is contained within the quartz tube which holds a cartridge heater and 
two thermocouples. The desired substrate was cleaned in piranha 
solution and rinsed with copious amounts of distilled water, dried and 
then placed on top of the carbon block. The argon carrier gas was 
distributed into the system using Stainless Steel 316 tubes. All stainless 
steel 316 lines were covered by heater tape which provided a stable 
heat distribution on the volume of the lines. These lines were heated 
up to 150˚C and were monitored using Pt – Rh thermocouples. The 
DBDAS was introduced into the gas stream using a bubbler made of 
aluminium brass externally and stainless steel internally, as described 
in Chapter 3, Paragraph 3.6. The bubbler was heated to 120˚C which was 
half the temperature of the boiling point of the precursor, using a 
custom-made heater. Additionally, hot argon was passed through the 
bubbler, and along with the gas stream carried away the precursor 
molecules to the quartz tube, where the deposition took place. An 
identical second bubbler contained ethyl acetate (EtOAC), heated to 
35˚C, which introduced the ethyl acetate to the quartz tube. The 
quantity of precursor was fully controllable since the flow rate of argon 
was manipulated through the bubbler. This quantity had to be kept as 
low as possible in order to obtain an MS spectrum, to avoid damage to 
the detector. 
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8.2.1 Novel coupling of APCVD and MBMS 
 

       
        

         
        
        
           

 
       

        
       
         

           
 

 

 
Figure 75: Novel coupling between APCVD reactor and MBMS rendered in AutoCAD 

2016.  
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 ass spectroscopy measurements were taken using a
 modified APCVD quartz tube reactor containing a pipe
 that would lead the mixed gases to the inlet of the reactor 
where the decomposition and the deposition of thin films would take 
place. This stainless-steel pipe carried a stream of reactive vapour 
inside the quartz tube where it was introduced through the inlet onto 
a heated, sealed chamber (MS head) that was attached to the front of a 
Hiden HPR60 molecular beam mass spectrometer (MBMS). The latter 
had an inlet, approximately 0.25 mm in diameter which lead to three 
sequential vacuum chambers of progressively low pressure. This 
centres the gas entering the system into a beam of single molecules 
which enter the ionisation chamber as described in Chapter 6, Paragraph 
8.2.



 
 

 

 
                       Figure 76: Top view of APCVD reactor and mass spectrometry coupling rendered in 

AutoCAD 2016. 

     8.2.1 Novel Coupling of APCVD and MBMS

143



 

 

8.3 Initial Deposition of SiO2 using Dibutoxydiacetoxy 

silane (DBDAS) 
 

he initial depositions of SiO2, involved DBDAS and ethyl 
acetate, which were placed in bubblers (bubbler 1 & 2) and 
heated to 120˚C and 35˚C respectively. The mixing tube was 
50 cm long and the gases were turbulently mixed in order to 

ensure a good mixing of the materials before entering the reaction 
chamber. The flow rate of argon through bubblers 1 and 2 was set at 

0.4 L min-1. The flow rate of the plain line was kept at 10 L min-1. The 
series of depositions were carried out in the APCVD reactor at 150˚C 
and 600˚C, end-to-end, onto the same glass substrate. The carbon block 

that was contained inside the quartz tube ensured a firm SiO2 layer on 
the heated substrate, the temperature of which was obtained from the 
thermocouple that was plugged in the carbon block and viewed by the 
temperature control box. We also tested the temperature of the carbon 
block with an external thermocouple. The DBDAS flow was started 
first in order to flow through the APCVD reactor into the mass 
spectrometer for the duration of 10 scans, which was approximately 
equal to 5 minutes. Following this, the bubbler containing ethyl acetate 
was opened, and both precursors deposited for another 10 scans before 
shutting off both control valves. Following the depositions, all four 
groups of ten scans were averaged in order to produce four spectra; 
one of DBDAS at 150 ˚C, one of DBDAS and ethyl acetate 150˚C, one of 
DBDAS at 600˚C and finally, one of DBDAS and ethyl acetate at 600˚C. 
The results are depicted in Figures 82 and 83, with the major peaks 
assigned to molecular fragments of the parent molecules (M+). 
 
 
 

T 
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                    Figure 77: Fully characterised mass spectra along with their mass numbers of the 

depositions of DBDAS at 150˚C and 600˚C with plain line flow rate at 10 L min-1.  

 
 
 

 
Figure 78: Characterised mass spectra of the depositions of DBDAS and ethyl acetate at 

150˚C and 600˚C with plain line flow rate at 10 L min-1. Structures allocated to peaks 

resulting from ethyl acetate. 

Depositions With DBDAS Only
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hese experiments led to two unforeseen conclusions. 
Primarily, addition of a stream of ethyl acetate appeared to 
lead to a threefold growth in the amount of DBDAS entering 

the mass spectrometer chamber. This was astonishing as it was 
expected to react with DBDAS, thus reducing its presence. 
Furthermore, addition of the ethyl acetate did not result in any 
significant fluctuations to the relative intensities of the peaks in 
relation to each other. That being said, the vast majority of the 
precursor entering the reactor was not given enough residence time to 
react and flowed straight into the mass spectrometer unreacted. The 
current experiment was repeated with the flow rate of the plain line 

(previously set to 10 l min-1	as a variable). Runs were carried out at 

150˚C and 600˚C respectively, with the flow rate starting at 6 l min-1, 

before reducing to 4 l min-1 and finally to 2 l min-1. A few attempts to 

lessen the flow rate even lower were found to lead to blockages in the 
system. As previously, ten scans were taken with only DBDAS 
entering the APCVD reactor, then ten more with ethyl acetate being 
present. Results from these experiments are shown in Figure 79. 
 

T 
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Figure 79: Mass Spectra of depositions of DBDAS (top graph) and DBDAS plus ethyl acetate 

(bottom graph) at 600˚C, whist varying plain line flow rates. 
 

 

Variations in the flow rate and consequently the residence time were 
seen to lead to major differences. The spectra of the depositions with 
DBDAS showed only one major difference between them in the form 

of the peak at 60 amu assigned to the SiO2 fragment. Additionally, it 

was considerably higher in the deposition at 6 L min-1	compared to the 
others. This was likely due to the fact that in the other, slower, 

depositions most of the SiO2 formed was able to be deposited. On the 
other hand, it could theoretically be related to the fact that the pre – 

     

147

        8.3 Initial Deposition of SiO2 using Dibutoxydiacetoxy silane (DBDAS)



 

 

formed SiO2	 that was deposited in the reaction chamber, baffled to the 
side walls of the tubing and was thrust through by the air stream, with 
concentration in the first three scans higher than the following seven.  
   The variances of the spectra from the depositions of DBDAS and 
ethyl acetate together all exhibited a substantial peak at 60 amu, 

signifying that more SiO2 was forming at all ranges of flow rates.  
The greater difference came in the three – fold escalation in peak size 

of the peaks at 162 and 78 amu in the deposition at 2 L min-1. These two 
peaks correlated to the fragment in which both of the tert – butoxy 
groups had been removed from the silicon, leaving Si=O in their place. 
The occurrence of these specific peaks suggested that ethyl acetate 
somehow enhanced the loss of the tert – butoxy groups throughout the 
deposition. This might indicate a gas phase reaction in which the 
nucleophilic carbonyl of the ethyl acetate attacked the tertiary carbon 
of the tert – butoxy group. The latter enables the creation of the silicon 
oxygen double bond, which in turn leads to the elimination of the 
second tertiary butoxide as a butoxy anion.  
 

 
            Figure 80: Proposed mechanism for the interaction of ethyl acetate with DBDAS inside the 

chamber of an APCVD reactor, potentially initiating the deposition of SiO2. 

 
 

This reaction appeared only in the presence of ethyl acetate after longer 
residence times in the reactor, suggesting the reaction occurred before 
reaching the mass spectrometer and that it could be the initial step in 
the gas phase, leading to the deposition of silicon dioxide onto the glass 
substrate. An explanation of the fragment at 78 amu was far tougher 
to determine. It was uncertain if the reaction took place inside the 
APCVD reactor or within the ionisation chamber of the mass 
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spectrometer. A possible mechanism for the breakdown of the 
diacetoxy siloxane fragment with a mass of 162 amu leading to a 
fragment of 78 amu is depicted below, in Figure 86. 
 

 
Figure 81: Proposed mechanism for the fragmentation of the outcome of the ethyl acetate 

DBDAS reaction within the ionisation chamber of the mass spectrometer to give the improved 
peak at 78 amu. 

 
 

An alternative mechanism was that inside the APCVD reactor a second 

stage transpired in which the unstable SiO(OAc)2 restructured to form 
a new product. The latter could occur by the interaction of the Si=O 
double bond formed in the first step, which was known to be less that 

the formation of 2 Si – O single bonds.102 The silicon centre could form 

a six-membered ring system, with the oxygen double bond to silicon 
synchronised to one of the methyl protons, leading to a cyclic 
reordering at the formation of a new double bond. This readjustment 

would be entropically favourable,103 however the eliminated CH2CO 

molecule is not a thermodynamically favourable species. Molecules 

such as SiO(OH)2 has previously been reported in the high 

temperature reaction of SiO2 and H2O which suggested that heating 

alone could be capable of forming the intermediate species.104  

 

 
Figure 82: Suggested mechanism for the readjustment and elimination reactions of 

SiO(OAc)2 at high temperatures to give the peak at 78 amu. 
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8.4 Conclusions 
nitial mass spectroscopy studies of the use of DBDAS to deposit 

SiO2 have produced results that suggested that the deposition 
occurs via the interaction of the ethyl acetate with the butoxy 
groups of the DBDAS, resulting in the formation of a diacetoxy 
siloxane species. This suggested that the presence of the alkoxy 

groups were the driving force behind the breakdown of the precursor 

into SiO2. The results also suggested that the deposition favoured 
lower flow rates and consequently greater residence time in the 
APCVD reactor. A possible explanation for the latter would be that at 
lower flow rates it means less dilutant and that the streams were more 
concentrated during the experimental process.  
 
 
 
 
 

8.5 Mass Spectroscopy Study on the Effect of Humidity 
on DBDAS Depositions 
 

he effect of small amounts of water vapour on the deposition of 

DBDAS was studied by depositing DBDAS alongside mixtures 

of ethyl acetate and water. Two sets of depositions were carried out, 

one using 2.5% water in 10 ml ethyl acetate, the other 10% water in 

10ml ethyl acetate. The bubblers containing the ethyl acetate water 

mixtures were maintained at 35 ° C during depositions. The bubbler 

containing DBDAS was maintained at 120 ° C. 

   The proportion of reaction mix entering the reactor made up by 

water vapour was estimated using the vapour pressure curves of 

water, DBDAS and ethyl acetate. The runs were carried out varying the 

temperature and the flow rate of the precursor vapour as before in 

I 
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order to gauge the effect of water on the deposition. Depositions 

carried out are displayed in Table 5. 

 

 

 
 
 

The depositions were carried out over the course of two experiments, 
in each experiment the depositions were carried out one after another 
without switching the reactor off in between, in order to ensure that 
any observed changes were a direct result of the conditions within the 
reactor. 

Table 5. Depositions carried out in the humidity study of DBDAS.

Number Experiment % Water in 
Ethyl Acetate

Temperature Flow rate of 
DBDAS 
L /min

Flow rate of 
Ethyl Acetate 

L/min

Plain line flow rate
L/min

1 1 2.5 600 0.4 0 6

2 1 2.5 600 0.4 0.4 6

3 1 2.5 600 0.4 0 6

4 1 2.5 600 0.4 0.4 6

5 1 2.5 150 0.4 0 2

6 1 2.5 150 0.4 0.4 2

7 1 2.5 150 0.4 0 2

8 1 10 150 0.4 0.4 2

9 2 10 600 0.4 0 6

10 2 10 600 0.4 0.4 6

11 2 10 600 0.4 0 6

12 2 10 600 0.4 0.4 6

13 2 10 150 0.4 0 2

14 2 10 150 0.4 0.4 2

15 2 10 150 0.4 0 2

17 2 10 150 0.4 0.4 2
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Adding water to the deposition did not lead to the formation of any 
new peaks in the mass spectra, which suggests that any reaction that 
may be occurring directly with the water and the DBDAS is too rapid 
to be detected using this method. 
 
 

8.5.1 Presence of water in the reactor flow 
 
           

           
       

   
 

 
Figure 83: Histogram showing the presence of water in the gas stream at 150 ˚C with the ethyl 

acetate/ water bubblers open and closed.  
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Figure 83 shows that the amount of water present in the reactor is 
roughly trebled by the addition of 2.5% water to the ethyl acetate and 
increases almost 8-fold with a 10% water ethyl acetate mixture. This 
equated to roughly an increase from 0.001% water in the argon stream 
to around 0.003 and 0.01 respectively.

The amount of water present was measured by taking averages of two 
sets of 10 spectra. One taken with the ethyl acetate/water bubbler open 
and the second with the bubbler closed. Figure 83 shows the amount 
of water present in each experiment.



 

 

† Experiment 1 – 2.5% Water in Ethyl Acetate  
 
The introduction of the smaller amount of water appears to have little 
effect on the signal of the reagent gas entering the reactor.  Depositions 
carried out at 600 °C showed very little alteration when the stream of 
Ethyl acetate / water was introduced. Figure 84 shows a collection of 
important peaks observed for DBDAS, none of which show much 
change. One issue of note is that the pattern observed earlier in the 
report of the peaks at 78 and 163 increasing in size at the slower flow 

rate of 2L min-1
 is not observed here, suggesting that the reaction 

pathway suggested earlier may not be occurring in this case.   
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Figure 84: Compiled Mass peaks for DBDAS, with and without the 2.5% water in ethyl acetate gas 

flow at 600 °C, with the flow rate set to a) 6 L min-1 and 
 b) 2 L min-1	
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The presence of the ethyl acetate water mixture seems to have an effect at 
lower temperatures, visibly increasing the amount of DBDAS leaving the 
reactor when the bubbler is opened, however no meaningful change is seen 
in the relative peak heights. All major peaks associated with DBDAS were 
observed to increase in intensity by 40 – 60% in both the faster and slower 
depositions.  This  may suggest  that  the  presence  of  water  is  preventing 
some of the precursor from reacting in the gas phase, however this only 
appears to be the case at lower temperatures.



 

 

 
Figure 85: Compiled Mass peaks for DBDAS, with and without the 2.5% water I ethyl acetate gas 

flow at 150 °C, with the flow rate set to a) 6 L min-1 and b) 2 L min-1. 
 

Overall the effect of the low level of water present in these depositions 
appears to be minimal. On inspection, the film deposited appeared 
similar to the one produced in the preliminary experiment.  
 
 

 
† Experiment 2 – 10% Water in Ethyl Acetate  

 
Increasing the amount of water in the bubbler lead to more dramatic 
changes, in the spectra taken and also more apparently in the exhaust of the 
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apparatus, from which white smoke was visible whenever the bubbler was 
opened. The system was also more prone to blockages, the first attempt 
leading to a blockage in the plain line which lead to the cessation of the 
experiment and its repetition after the line was cleaned. 
 
 

 
 

 
Figure 86: Compiled Mass peaks for DBDAS, with and without the 10% water I ethyl acetate 

gas flow at 600 °C, with the flow rate set to a) 6 L min-1 and b) 2 L min-
-1
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The spectra taken with the reactor heated to 600 °C are much more 

dependent on flow rate. The deposition at the higher flow rate of 6 l min-1 
gives a similar peak pattern to those observed in experiment one. However, 
opening the bubbler containing 10% water in ethyl acetate causes a roughly 
three-fold increase in the signal of all major DBDAS mass fragments. This 
strongly suggests that the presence of water is interfering with the deposition 
of the DBDAS, with more failing to deposit onto the substrate and instead 
making its way to the mass spectrometer.  

 

Conversely, spectra taken at the lower flow rate (2L min-1) show a decrease 
in the peak heights of the DBDAS fragments. In this case peaks at 163 and 78 
appear to be augmented, as seen previously at slower deposition 
temperatures with DBDAS and ethyl acetate, however in this case the effect 
is far less pronounced. Upon opening the second bubbler, these peaks 
experience a drop-in intensity, in particular the peak at 163 Da which is 
reduced by almost half.  
This may be evidence that the water is interfering with the breakdown of the 
DBDAS precursor. The increased residence time allowing for further 

interaction within the reactor at higher temperatures 115	–	118	.  
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Figure 87: Compiled Mass peaks for DBDAS, with and without the 10% water / ethyl acetate gas 

flow at 150 °C, with the flow rate set to a) 6 L min-1 and  
b) 2 L min-1 

 
Lowering the temperature gives similar results with high flow rates showing 
an increase in the precursor making it though the reactor as water is 
introduced, and slower flow rates leading to a reduction in the signals 
implying that the increased residence time leads to the interaction of water 
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with the precursor. The effect is less pronounced in this case, which is 
reasonable considering the lower temperature.  
   The film obtained from this study had slightly patchier coverage than the 
films deposited without water and with 2.5% water present in the ethyl 
acetate bubbler, however it was still possessed good transparency.  

 
 
 
 
 
 

8.6 Conclusions 
 

 series of depositions were carried out using DBDAS and ethyl 
acetate, with water added to the ethyl acetate bubbler to simulate 
relative humidity in the atmosphere. 
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Depositions with 2.5% water had very little effect on both the spectra and the 
adherence and coverage of the films deposited. Depositing with a 10% water 
in ethyl acetate solution gave patchier films. In addition, the mass spectra 
obtained show that the presence of water leads to a far greater proportion of 
the reagent passing through the reactor at high flow rates. At low flow rates, 
the opposite effect is observed. Overall the effect of the water appears to be 
minimal,  with  no  new  peaks  observed,  and  the  majority  of  the  effects 
relating to the amount of reactor flowing into the spectrometer.



 

 

8.7 Determining the Effect of Humidity on 

the Deposition of SiO2 Thin Films from a 
DBDAS Precursor using in – situ Mass 
Spectroscopy 
 
8.7.1 Introduction 
 

          

          
         

        

       
        

         
         

         
            

       
        

    
 
 
 

8.7.2 Controlling Humidity 
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he primary goal of the current experimental process was to
develop a way to measure and control the humidity of the
APCVD reactor’s gas flow rate. Water (10 ml) was added to a

stainless-steel bubbler (internally) attached to a series of heated tubes

           
          
         

  	       
          

         
        

        
         

           
      

        
    

           
          
         

  	       
          

         
        

        
         

           
      

       
     

 he previous Chapter described an initial study of SiO2 using a
 DBDAS precursor. The work described in this Chapter set out
 to  establish  the  influence  of  atmospheric  water  on  the 
deposition  of  SiO2	from  DBDAS  in  preparation  for  “Open  Air” 
depositions in a specific area with higher than average levels of 
humidity. Initial depositions used a heated bubbler filled with water 
using different carrier gasses with different flow rates and temperature 
to  consistently  control  the  internal  humidity  of  the  vapour.  These 
depositions were carried out using DBDAS onto a float glass substrate, 
with  the  vapours  being analysed in  –  situ  using mass  spectroscopy. 
Films  were  analysed  subsequently  using  Scanning  Electron 
Microscopy (SEM). Details of the experimental procedure can be found 
in Section 8.2.



 

 

leading to a cold-wall quartz tube APCVD reactor. The temperature 
was set to 60 °C, with the humidity controlled using the flow rate. An 
optimization study at 60 °C, showed that this was the optimum 
bubbler temperature for humidifying the line. The relative humidity, 
vapour pressure of water at 60˚C, the flow rates and the gas which was 
saturated indicated that within these conditions we would get the 
correct concentrations of water in the gas flow.  

   The proportion of water (PW) was acquired by dividing the height of 

the water signal (Hw) by the height of the dominant peak(s) in the 

spectrum (HD). The HD peak was positioned at mass 40 for argon, 28 for 
nitrogen and the summation of 32 and 28 for air. This was multiplied 

by 100 to obtain the percentage of water. The maximum PW in the 
atmosphere is related to temperature, but in the moderate climate of 

South Africa would be roughly 0.03 (3%). Thus, assuming the PW at 
100% relative humidity to be 0.03, the percentage of relative humidity 
was found by the equation: 
 

                                   
where,  
 

PW, equals to HW/HD 

 

         
          

       
          

            
        

 

%humid = (PW 0.03)×100 (28) 
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It was found that for nitrogen and argon carrier gasses, the value was 
roughly 8%. The humidity of the air used was found to be 
approximately 16%. By varying the flow rate through the water 
bubbler, the latter could be increased, approximately at 100% of 
relative humidity level. The effect of bubbler flow rate on a stream of 
nitrogen gas at 150 ˚C can be seen in Figure 88.



 

 

 
     Figure 88: Effect of bubbler flow rate on a stream of Nitrogen gas at 150 ˚C. 

 
 
 

A strong positive correlation between the humidity in the system and 
the flow rate through the water bubbler was detected. This correlation 

remained up to a certain flow rate as seen in Figure 88 at 1.0 L min-1, at 

which point water vapour was pushed into the system quicker than it 
could be altered, leading to the peak level of humidity. The above 
pattern was observed for all three carrier gases. In the case of nitrogen, 
the peak was approximately 90% of relative humidity, and with air it 
was found to be at 100 % relative humidity more likely due to the air 
being “moister” to start with. In the case of argon, the connection 
between the humidity and the flow rate was more unpredictable, with 
the point at which the humidity levelled off being far more irregular. 
It was decided that only nitrogen and air were to be used as carrier 
gases in the humid deposition experimentations with DBDAS.  
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8.7.3 Deposition of DBDAS with Water  
 

hilst the humidity of the reactor could be adequately 
evaluated, depositions were carried out using the DBDAS 
precursor in one bubbler and water in the second one.  

Three sets of experimental procedures were followed, initially opening 
the DBDAS bubbler only, allowing for the spectrometer to obtain 10 
spectra (scans), subsequently opening the bubbler that contained 
water. The flow rate through the water bubbler was increased by 0.2 L 

min-1	 every 10 scans, until the humidity did not increase further. 
Afterwards, the water bubbler was turned off and the DBDAS allowed 
to flow to the reactor on its own in order to show any differences that 
might occur in the flow, which would be the result of the presence of 
humidity in the system. The experimental conditions that were used 
are summarised in Table 3. 
             

         
          

          
            

             
   

W 

8.7.3 Deposition of DBDAS with Water

 During the experimental process, white smoke was detected from the 
exhaust of the APCVD reactor and additionally from the exhaust pipe 
of the MS coupling which indicated the presence of DBDAS without 
the water. Despite that experiments 1 and 3 were carried out at 600˚C, 
experiment 2 was carried out at 150˚C in which no film was deposited 
onto the substrate so it  was decided not to be repeated with air as 
carrier gas.
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Table 6: Experimental conditions used for the deposition of DBDAS with 
Water. 

No. Experiment Carrier 
Gas Temp ˚C 

Flow 
Rate of 
DBDAS 
L min-1 

Flow 
Rate 

of 
H2O 

L 
min-1 

% Relative 
Humidity 

Plain Line 
Flow Rate L 

min-1 

1 1 Nitrogen 600 0.6 0.0 8 6 
2 1 Nitrogen 600 0.6 0.2 37.5 6 
3 1 Nitrogen 600 0.6 0.4 60 6 

4 1 Nitrogen 600 0.6 0.6 90 6 
5 2 Nitrogen 600 0.6 0.0 8 6 

          
6 2 Nitrogen 150 0.6 0.0 8 6 
7 2 Nitrogen 150 0.6 0.2 37.5 6 
8 2 Nitrogen 150 0.6 0.4 60 6 
9 2 Nitrogen 150 0.6 0.6 90 6 

10 3 Nitrogen 150 0.6 0.0 8 6 
          

11 3 Air 600 0.6 0.0 16 6 
12 3 Air 600 0.6 0.2 41 6 
13 3 Air 600 0.6 0.4 52 6 
14 3 Air 600 0.6 0.6 63 6 
15 3 Air 600 0.6 0.8 78 2 
16 3 Air 600 0.6 1.0 100 2 
17 3 Air 600 0.6 0.0 16 2 
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8.7.4 Results and Discussion 
 

he spectra collected from the three experiments were analysed in 

order to determine the effect of humidity on the deposition of SiO2 

from DBDAS. As seen in Figure 82, Chapter 8, major peaks formed by 
the breakdown of DBDAS in the spectrometer are found at points: 78, 120, 
163, 180, 219, 233, 277 and, 292 mass units. The existence and relative 
intensity of the above peaks found under humid deposition conditions, were 
examined in order to determine if any pre – reaction with water had 
occurred. 
 
 

Experiment 1: 600˚C in Nitrogen 
 
The collection of spectra at different humidity levels at 600˚C, along with 
collated heights of the most prominent peaks are shown in Figure 89. It can 
be observed that there was very little difference in the relative peak heights 
with increasing humidity, with the peak at 121 amu remaining dominant and 
the peak at 163 one half and one third of that height. The foremost difference 
between the levels was the peak height, which increased marginally from 8% 
to 37.5 % relative humidity and afterwards decreased significantly between 
37.5 and 60 % humidity. From 60 % to 90 %, there was little change in peak 
height.  
 

T 
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Figure 89: Stacked overlay of mass spectra collected from the reaction of DBDAS at various humidity levels 

in nitrogen at 600˚C. 
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Figure 90: Accumulated key peaks from the mass spectra of 600˚C of DBDAS and Nitrogen 

reagent gas streams with varying humidity levels. 

 
 
The above reductions in peak heights were expected since the 
increased level of moisture (water) in the reactor, lead to more rapid 
oxidation of the precursor and therefore, to faster deposition of the 
films. Theoretically, this results in less precursor entering the mass 
spectrometer inlet tube. Moreover, when the water bubbler was 
switched off, an increase in the level of DBDAS was observed again, 
however not to its original levels (peak level height at 121 amu, 
increased from 541 to 875). 

Humidity 8 % Humidity 37.5 % Humidity 60 % Humidity 90 %
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Experiment 2: 150˚C in Nitrogen 
 
The above experimental procedure was repeated in experiment 2, 
apart from the temperature of the APCVD reactor which was 
maintained at 150˚C. In this insistence, the reduction of the peak 
heights was not detected, as shown in Figure 91.  
 
 

 
Figure 91: Stacked overlay of key peaks from the mass spectra of DBDAS plus nitrogen gas 

streams at 150˚C, with varying humidity levels. 
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Figure 92: Compilation of mass spectra of DBDAS plus nitrogen reagent gas streams with 

varying humidity levels. 

 
 

Whilst the APCVD reactor was heated up and sustained at 150˚C, an 
increase of humidity between 8 % and 37.5 % was observed as in 
experiment 1, although the lessening of the peaks at higher humidity 
was not. As the flow rate throughout the bubbler was increased, a very 
minor escalation was detected in the heights of the major peaks. This 
was probably initiated by the improved total flow rate of the nitrogen 
through the system, which permitted more of the reagent gas to 
transfer through to the mass spectrometer and not specifically because 
of the humidity level. Once the depositions had finished the substrate 
was removed from the APCVD reactor chamber, with no surface film 
growth observed at all. The DBDAS vapour was highly stable whilst 

in the presence of water, not showing any signs of deposited SiO2 even 
at high temperatures, i.e. 600˚C. The gas phase reactions of DBDAS 
with water were therefore considered to be negligible, even at elevated 
temperatures.  
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† Experiment 3: 600˚C in Air 
 

Subsequent to the first two experiments, an additional deposition at 
600˚C was carried out with air used as the carrier gas instead of 
nitrogen. It was found that air had a larger base level of humidity in 
comparison to nitrogen, starting at 16 %. Air was found to be less 
affected by flow rate through the water bubbler than nitrogen. 
Humidity levels were increased from 16 % to 41 % between 0.0 and 0.2 

L min-1, whilst over the same range of flow rates, nitrogen humidity 
levels increased from 8 % to 37.5 %. The humidities were not actually 
the same since it was really hard to accurately control, however we 
were able to see significant differences. 

   Supplementary increases of 0.2 L min-1 in the flow of air through the 
water bubbler gave an 11 % increase in humidity, to 52 and 63 at 0.6 L 

min-1. Subsequently, the humidification level was found to be 

increased for example flow rates of 0.8 L min-1 and 1.0 L min-1 yielded 

78 % and 105 % moisture levels respectively. A peak was observed at 
97 % humidity, higher than that of the nitrogen, verifying the initial 
level of moisture the latter had. 
   Depositions through the APCVD reactor and coupling of the MBMS 
were carried out at these humidity levels. The preliminary patterns 
were similar to those of Experiment 1, with a primary increase in the 
level of DBDAS identified in the mass spectrometer as the humidity 
increased from 16 % to 41 %. As in Experiment 1, a sizable peak was 

located at 60 amu, indicating the isolated SiO2 unit. The 
aforementioned peak, shrank as the moisture level increased, hence the 
heat caused the organic component to burn away without being able 
to be deposited. Despite the fact that it was not detected as a direct part 
of the breakdown of the precursor, heat, along with humidity, 
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were able to facilitate the formation of a thin film, leading in such way 
to more of the precursor deposited onto the substrate as seen in Figure 
93. When the humidity increased above 41 %, the quantity of DBDAS 
in the spectra reduced significantly, leading to a 53 % decrease in the 
121 amu peak as moisture increased from 41 % to 52 %.  
 
 
 
 

 
Figure 93: Stacked overlay of mass spectra of DBDAS plus Nitrogen as reagent gas at 600˚C 

with fluctuating humidity levels. 
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Figure 94: Key peaks compilation from the mass spectra of DBDAS plus nitrogen as reagent 

gas with different humidity levels. 
 

 
              

          
           

         
 

   The presence of 28 % of O2 in the gas stream related to the 
insignificant quantity in the nitrogen stream was the major difference 

between the carrier gases. The presence of O2 appears to play a 
significant role regarding the increase of the deposition speed of the 

SiO2 thin films. The oxygen is likely to cause formation of SiO2 in a 

competitive and far more prevalent way than H2O rendering. In that 

way H2O is not an issue on the industrial scale, due to the quantities 

used. Still it was obvious that the process also required an increased 
level of water, as the initial “waterless” spectra obtained from 
depositing in both air and water were extremely comparable. 

≈ 100 % Humidity

8.7.4 Results and Discussion

              
            

            
          

There was a little change in peak heights up to the ≈ 100 % peak 
in humidity as seen in Figure 94. Nevertheless, the fact that the effect 
was far more predominant in air, in addition to the effect tailing off 
above  50  % humidity,  suggested  that  there  was  an  additional 
factor for consideration.
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8.7.5  SEM Imaging of SiO2 Thin Films Deposited in    
Humid Air and Humid Nitrogen 

 
urther to the study described above, depositions of SiO2 from 

DBDAS at 600 ˚C were carried out in air at 80 % level of 
humidity. Each deposition was carried out under identical 

experimental conditions, with the DBDAS bubbler kept at 120 ˚C and 

the flow rate at 0.6 L min-1. The water bubbler was maintained at 60 °C, 

with the flow rate at 0.5 L min-1	for the deposition with water and 0.8 

L min-1		for the deposition in air. Deposition time was set for more than 

5 minutes, with the H2O bubbler opened ten minutes before the 
DBDAS, and left open over the course of the whole experimental 
process, including the cooldown time. The outcomes showed that both 

the films appeared to be made up of particles of SiO2 of around 200 – 

400 nm in diameter. More specifically, in the case of the film deposited 
in air, the particles pressed against each other and formed gains. A 
possible explanation for this would be that with oxygen present the 
reaction is faster and more complete.  

 The films produced under N2	were a lot less tightly packed, and thus, 
were more spherical as it can be observed in the SEM images, Figure 95 
(a & b).  
  

F 

8.7.5 SEM Imaging of SiO2 Thin Films Deposited in Humid Air and Humid Nitrogen

173



 

 

 
 
 

 
Figure 95: SEM Images of the SiO2 thin films made from DBDAS in humid nitrogen (a) and 

humid air (b) at 600 ˚C and 80 % relative humidity. 
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Figure 96: SEM Images of SiO2 thin-films made from DBDAS at 600˚C in Nitrogen at x 

20000. 
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8.7.6 Summary and Conclusions  
 

n this Chapter, in – situ mass spectroscopy was used in order to 
study the effects of humidity on APCVD depositions of silicon 
dioxide thin films using DBDAS as a precursor to enable the 

reaction. The carrier gases that were used to establish the reaction, 
were nitrogen and air whilst humidity was provided by a bubbler 
which contained distilled water at 50 ˚C. Moreover, the flow rate was 
altered in order to control the amount of water in the atmosphere and 
contribute to create and maintain the ideal simulated conditions in 
comparison to the climate in South Africa.  
   The experimental depositions were carried out at 600˚C and 150˚C in 
nitrogen, with humidity levels ranging from 8 to 90% respectively. The 
results of the experiment at 150˚C gave only a thin film, however at 
600˚C a thick film of silicon dioxide was observed. Interestingly, at 
600˚C it was found that when introducing more water into the gas 
stream, the latter lead to a reduction of the signals for DBDAS in the 
analysis of the mass spectra that was taken, that were moderately, but 
at the same time that were partly restored when the humidity was 
removed. For the deposition at 150˚C this pattern was not observed at 
all.  
   The experimental procedure at 600˚C was repeated, only this time 
with air as the carrier gas and humidity levels varying between 16% –
atmospheric conditions – and 100%. The current experiment showed a 
comparable pattern in the mass spectrum which was more well-
defined, whilst the signals reduced more rapidly when humidity was 
increased. It was found that the humidity did not affect the mechanism 

of SiO2	deposition rate, giving a consistent DBDAS spectrum.   

   SiO2	films were deposited in 80% relative humidity in atmospheres 

of air/nitrogen. It was found as seen in Figure 95, both the air and 
nitrogen deposited films were found to consist of spherical particles of 
around 200 nm in diameter. Nevertheless, when air was used as a 
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 The conclusion of the study was that elevated humidity did not 

play a critical role in obstructing the deposition of SiO2	, in fact 

quite the opposite. It was observed that increased moisture likely 

results in more rapid deposition on the surface of the substrate.

carrier gas these particles were shown to be significantly more 
closely packed on the surface.
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9. In – situ Mass Spectrometry Analysis of 
Chemical Vapour Deposition of TiO2 
coatings to study Gas Phase Mechanisms 
 
9.1 Introduction 
 

eposition of TiO2 thin films were studied with the newly 

developed in – situ mass spectrometry technique to observe 
gas phase reactions. Atmospheric pressure chemical vapour 

deposition (APCVD) reactions were carried out using titanium 
chloride and titanium tetraisopropoxide precursors, with ethyl acetate 
acting as an oxygen source in the case of the former, depositing on to 
float glass substrates at 300˚C and 600˚C. Using an atmospheric 
sampling mass spectrometer, the vapour phase was analysed during 
deposition within the APCVD reactor and signals assigned to 
intermediate species that were measured during the formation of thin 
films. Ultimately, the produced films, were characterised via SEM and 
thin film XRD.  
   As described in the previous chapter, little is known about reactions 

that occur within the gas phase during the deposition of thin films 4. 
Previous mass spectroscopic studies have been completed on the CVD 

of diamond from methane, to measure levels of CH4, C2H6 and C2H2 in 

the gas phase, as well as the effect of N2, Cl2 and PMe3 on the growth 

mechanics 119-122. Additionally, analysis of titanium containing 
precursors have been carried out using mass spectroscopy. A previous 
study on that, used a similar system combined with a quartz crystal 
mass balance to analyse atomic layer deposition of titanium 

tetrachloride and titanium (IV) isopropoxide with deuterated water 123	
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–	124 . These studies provided useful insight into the reaction of TiCl4 
with surface hydroxyl groups. 
In this chapter, we describe the use of a newly developed system to 

study the APCVD reactions for the deposition of TiO2, using a newly 

developed system to study the APCVD reactions for the deposition of 

TiO2	, using heated tubes to carry a sample of the reagent gas from the 
centre of the reactor chamber to a robust molecular beam mass 
spectrometer system (MBMS) as described in the previous chapters, 
capable of withstanding high temperature, corrosive species. High – 
end engineering designs and manufacturing processes contributed to 
these outstanding results, which provide an insight into the 
mechanisms occurring in the gas phase during the deposition of 
titanium dioxide thin films. 

   As described in Chapter 1, TiO2 thin films and nanoparticles are used 
in a wide range of technological applications, including self-cleaning 

windows, solar cells, catalysis and anti-microbial coatings 39,	125	–	134 .  

   In this study, two of the most commonly used precursors for TiO2 

thin film deposition were studied; titanium tetrachloride and titanium 

(IV) isopropoxide. With TiCl4	an oxidizing agent is required to produce 

TiO2, such as ethyl acetate, whereas TTIP is frequently deposited alone 

due to the abundance of TI – O linkages. 
   This work is differentiated from the above examples in that the 
system developed was robust and versatile enough such that almost 
any CVD precursor could be studied in – situ, whilst still depositing 
thin films of a material. Additionally, the previous studies were 
focused on reactions with hydroxyl groups on the substrate surface, 
the current study focuses on the gas – phase reactions, obtaining 
critical information on the formation of gaseous intermediates prior to 
deposition of the film onto the heated substrate. 
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9.2 Experimental 
 

he carrier gas that was used for the experimental procedure 
was Argon (Pureshield 99.998%) and used as supplied. NSG 
Group – Pilkington Glass Plc., provided the silicon coated float 

glass substrates having dimensions of 60 x 40 x 4 mm. All films were 
deposited using a modified Cold – Wall Atmospheric Pressure 
Chemical Vapour Deposition reactor (CW – APCVD). The argon 
carrier gas was distributed into the system using Stainless Steel 316 
tubes. All stainless steel 316 lines were covered by heater tape which 
provided a stable heat distribution on the volume of the lines. These 
lines were heated up to 150˚C and were monitored using Pt – Rh 

thermocouples. The precursors, TiCl4 plus ethyl acetate and titanium 

(IV) isopropoxide (TTIP), were introduced into the gas stream using a 

stainless-steel bubbler, heated to 60˚C for TiCl4 and 110˚C for TTIP 

using a heater jacket. Hot argon or nitrogen was passed through the 
bubbler and the gas stream carried the precursor molecules to the 
reactor. When used, ethyl acetate was introduced through a second 
stainless steel bubbler, heated to 35 ˚C. The amount of precursor was 
controlled using the flow rate of argon or nitrogen through the 
bubbler. Figure 96 represents the system used.  
 

 
Figure 97: Mass spectrometry coupling with CVD setup. Image adapted from Blackburn B. J,  

Drosos C., et. al.	136 
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The APCVD reactor was heated from 300 ˚C to 600 ˚C. A stainless steel 
sampling tube which was designed and manufactured in such way in 
order to be positioned above the substrate, carried a sample of the 
reagent gas out of the reactor with the majority passing out of the rear 
of the reactor as exhaust. The sampling tube passed through the Mass 
head which is bolted to the front of the mass spectrometer, allowing an 
amount of the gaseous reactants to pass into the chamber through the 
hole in the tube. This component can be depicted in Figure 75. Both the 
chamber and the tube were heated to 200˚C, however due to the flow 
of hot air from the APCVD reactor, the temperature inside the tubing 
was higher. A small amount of the vapour entered the mass 
spectrometer through a small cylindrical orifice with a fine aperture of  
¼ mm, fitted in the front end, which then formed a jet of molecules. 
The remainder gas with molecules was carried away through the Mass 
head to the secondary exhaust that was built into the front chamber.  
The mass spectrometer which was thoroughly described in previous 
chapter, featured an inlet approximately 0.25 mm in diameter which 
lead intro three consecutive vacuum chambers of increasingly low 
pressure.  The schematic of the mass spectrometer along with the 
coupling can be seen in Figure 97. 
 

 
Figure 98: Schematic of gas flow with the APCVD reactor sampling MBMS setup. Image 

adopted from Blackburn, Drosos et al.136 
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The current design allowed mass spectrometry evaluation to be 
performed by directly sampling from the APCVD reactor atmosphere. 
The inlet focused the gas entering the system into a beam that entered 
the ionization chamber before ionization via electron bombardment, 
using a dual source low profile electron ionization source, before 
separation of m/z species by the quadrupole mass analyser. The 
quadrupole has a mass range of m/z 1 – 1000. The current system 
allows for the investigation of extremely low concentrations of analyte 
in contrast to traditional spectrometers, enabling the analysis of 
transition metal species that would damage the detector in large 
quantities. The MBMS is ideal for high energy gas phase analyses as 
upon entering the system the gaseous molecules experience no 
additional reaction, not coming into contact with each other or the 
boundaries of the detector. The latter was set to positive ion RGA mode 
for all measurements, meaning that all species analysed are positively 
charged. The energy of the ionizing electrons was set to 70 eV for all 
experiments.  
The mass spectrometer was set to scan continuously scan over a set 
m/z range of 50 to 500 Da, which was approximately 3 minutes. After 
collecting a background as the sum of at least 10 scans, the precursor 
bubbler was opened in order to view the spectrum of the precursor 
alone.  

   Regarding TiCl4 depositions, the ethyl acetate oxidising agent 
bubbler was then opened and the spectra of both reagents in the gas 
stream was observed. Each time either of the bubblers was turned on 
or the flow rates altered, the mass spectrometer was allowed to take 10 
scans. This was chosen in order to allow enough scans to identify 
anomalous results, which can be the result of impurities or buildup of 
charge inside the mass spectrometer ion optics, whilst still preventing 
overexposure of the detector to the gas stream, which can lead to 
blockages and damage. In either case, the spectrum of each deposition 
was generated by taking an average for each of sampled the m/z 
values for 10 collected scans, then subtracting the background taken 
prior to the deposition. 

 9.2 Experimental
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Depositions with TiCl4 were carried out with a flow rate through the 
bubbler of 0.4 l/min with a plain line flow rate of 2 l/min, however 
with TTIP the bubbler flow was set to 0.2 l/min and the plain line at 6 
l/min. This was decided since the TTIP tends to form particulates of 

TiO2 that would block the spectrometer inlet.  
 
 
 
 
 

9.3 Results and Discussion  
 

he films that were deposited at 600 ̊ C for both precursors were 
thick and translucent indicative of characteristic birefringence. 

The film that was deposited at 300 ˚C from TiCl4 and ethyl 

acetate was a very thin, fine powder of TiO2, not adherent and easily 

removed from the substrate. On the other hand, the film that was 
deposited from TTIP at 300 ˚C was more adherent that the one 

deposited from TiCl4 at the same temperature, but ultimately failed the 
Scotch Tape Test, whilst being fairly patchy and opaque. Afterwards, 
the films were characterised further with XRD and SEM. 

   The mass spectrum that was obtained for TiCl4 vapour alone at 
reactor temperatures of both 300 and 600 ˚C, gave signals at 189, 154, 
118 and 83 m/z respectively. The peak at m/z represents the molecular 

ion [TiCl4]+•, with the signals at m/z 154, 118 and 83 representing 

subsequent chlorine losses (-35 Da) resulting in the lower m/z value 

peaks, as seen in Figure 99. The week signal at m/z 225 represents TiCl4 

having been additionally chlorinated by a chloride radical in the 
ionisation chamber.  
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Figure 99: Mass spectrum of TiCl4 passed through the APCVD reactor at 600 ˚C without 

ethyl acetate. 
 
 

 

In contrast, when the stainless-steel bubbler with ethyl acetate was 
opened, new peaks were observed at m/z values in excess of the 

molecular ion [TiCl4]+• the highest of which was at m/z 314. The m/z 

signal suggests that the species has also undergone the loss of a single 
methyl group from one of the methyl group, most probably taking 

place in the ionisation source as seen in Figure 98. The TiCl4 and ethyl 
acetate coordinate species is likely the first step in the foundation of 

the TiO2 thin film. The organic and chlorine components of the 
unstable gaseous complex were probably removed as a result of 
contact with the heated substrate in the quartz tube, leading to surface 
nucleation. 
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Figure 100: Mass spectrum of TiCl4 path through the APCVD reactor at 600 ˚C with ethyl 

acetate.  
 
 

Peaks at m/z 279, 244 and 209 represent subsequent losses of further 
chlorine, most probably taking place within the ionisation chamber of 
the MBMS, after exiting the reaction. These peaks were visible only in 
the mass spectrum that was produced at 600 ˚C, suggesting that at the 
lower temperature of 300 ˚C, the two reagents do not have sufficient 
energy to react this way. At 300 ˚C at the substrate surface there was 
no deposition but powder formation, indicating that this gas phase 

reaction is an intermediate step in TiO2 thin film formation.   
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9.4 Titanium (IV) isopropoxide  
 
Regarding the mass spectra that were obtained from titanium (IV) 
isopropoxide APCVD depositions on their own, at 300 ˚C and 600 ˚C, 
the latter lead to extremely different results. In both cases the of 

alkoxide groups lead to more complex spectra than with TiCl4, which 

only involved loss of chlorine and methyl groups. The deposition of 
TTIP at 300 ˚C gave a variety of peaks, representing 15 major groups 
of m/z fragments, with proton losses leading to many more minor 
products. The heaviest ion (> m/z value), of these was the TTIP 
molecular ion, at m/z 269.  The molecular ion peak of TTIP was 
extremely weak, the most abundant ion corresponding to the loss of a 

single methyl group [M-15]+• from one of the isopropoxide ligands. 

This is pretty common in the ionisation chambers of Electron 
Ionisation mass spectrometers (EI) suggesting that the mass spectrum 
generated here is a very close approximation to putting TTIP through 
an EI instrument directly, without passing through the APCVD 
chamber.  
   On the other hand, the deposition at 600 ˚C gave a very different 
pattern to that observed at 300 ˚C as one can see in Figure 100. In this 
specific case, a new set of m/z peaks a number of them above the m/z 
value of the molecular ion were observed. The initial hypothesis when 
observing the repeating pattern of 60 amu decreases in the fragment 
masses was that the product was simply a polymer consisting of 
removed isopropoxide ligands potentially polypropylene glycol. In 
any case, bear in mind that the spectrum of the TTIP molecule 
observed at 300 ˚C is still visible, although greatly reduced indicating 
that the majority of the molecular precursor was consumed by the 
reaction, most probably depositing onto the substrate. Moreover, the 
most greatly abundant peaks in the spectrum are the cluster of signals 
at m/z 60, the peak of the latter is cut in Figure 100. These most 
probably relate to isopropanol fragments, with corresponding proton 
losses which would be expected as a dominant fragment for TTIP. 
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Further reactivity occurs with the loss of more isopropanol molecules 
in this way. Should the dimer species be forming inside the CVD 
reactor it is a prospective precursor for the deposition of crystalline 

TiO2 at higher temperatures. Along with the TiCl4 and ethyl acetate 
deposition, the high temperature intermediate likely initiates thin film 
deposition inside the APCVD reaction chamber. 
 
 
 

 
Figure 101: Mass Spectrum of gas within the APCVD reactor whilst with TTIP at 600 ˚C. 
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9.4.1 X – Ray Diffraction Analysis and Results 
 
It was observed that in the cases where films were deposited at 600 ˚C, 
these films were more crystalline, agiving XRD patterns for anatase 

TiO2 as can be seen below in Figure 101. The films that produced more 

powder from both of the precursors at 300˚C were found to be 
considerably less crystalline than those deposited at higher 
temperatures, sharing only very weak, broadened peaks that also 

suggested a small amount of crystalline anatase TiO2. In the case of the 
film deposited from TTIP, this was probably due to a lack of 

crystallinity in the film deposited, and for films deposited from TiCl4 
and ethyl acetate, there was a lack of product, which meant there was 
insufficient material to perform XRD analysis. 

 
             
           

         
 
 
 
 
 
 

9.4.1 X — Ray Diffraction Analysis and Results

             	    

                

          	

Figure 102: XRD pattern of the films deposited from top to bottom; TiCl4	and ethyl acetate at 

600 ˚C and 300 ˚C onto float glass using the novel coupling of APCVD and MBMS system. 

The red line is the reference pattern of anatase TiO2	.
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9.4.2 Scanning Electron Microscopy 
 
SEM images were obtained for all four films. Imaging of the film 

deposited from TiCl4 and ethyl acetate at 600 ˚C revealed a dense 
microstructure consisting of a mixture of thin plates roughly 200 nm in 
diameter and protruding rods of approximately 50 nm in diameter. 
Details of these can be seen in Figure 102 (a). The SEM image obtained 
from the powdery substance deposited at 300 ˚C exhibits a substrate 
sparsely populated with roughly geometrically square particulates of 
around 100 nm in diameter, with some areas more densely populated 
by particulates than others.  
   As regards the SEM micrograph of the titanium isopropoxide – 
deposited thin films, also show an obvious difference in morphology 
with deposition temperature. The film deposited at 600 ˚C consisted of 
compacted diamond shape crystallites roughly 100 nm in width and 
between 200 and 300 nm in width, in an irregular arrangement with 
some perpendicular to the substrate and others lying flat. At 300 ˚C, 
the film appears to display more pores, an irregular microstructure 
erected of small grains of around 100 nm in diameter establishing 
pseudo dendritic projections. 
 
 
 

 
Figure 103: (a) SEM images of the film deposited from TiCl4 and ethyl acetate at 600 ˚C, (b) 
TTIP at 300˚C and (c) onto float glass using the novel coupling of the APCVD and MBMS. 
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9.5 Summary and Conclusions  

 

his study presents a new, versatile means of studying gas 
phase reactions in chemical vapour deposition, utilised in the 
study of two common means of depositing titanium dioxide, 

namely from titanium chloride with an ethyl acetate oxidising agent, 
and from neat titanium isopropoxide, both deposited via atmospheric 
pressure CVD. In both cases, the spectra obtained at the higher 
deposition temperatures suggests the formation of a high temperature 
mediated intermediate that could be partially responsible for the 

deposition of the resulting TiO2 thin films. 

   The data from the SEM and XRD confirm the formation of TiO2 thin 

films at elevated temperatures from titanium isopropoxide and TiCl4 

with an oxidising agent, as is well documented in the literature 137-140. 

The pronounced difference in the mass spectra taken during 
depositions at 300 ̊ C and 600 ̊ C, as well as the resulting films, is strong 

evidence that the formation of the TiO2 on the substrate surface 
strongly relates to the formation of the gas phase intermediate 
observed in the gas phase mass spectrum of the reactor atmosphere. 

   In the case of the TiCl4 and ethyl acetate precursor mixture, it is 

evident that the intermediate [TiCl4(CH3COOC2H5)2] forms in the gas 
phase within the reactor vessel at high temperatures, followed by loss 
of ligands. As the measurement of this intermediate with mass 
spectrometry coincides with the successful deposition of a crystalline 

anatase TiO2 thin film, it can be inferred that the reaction proceeds via 
this intermediate, before depositing onto the substrate, at which point 
the ligands are removed leaving only oxygen. 
   The case with titanium isopropoxide is less certain. The large number 
of signals, many of which are split by proton loss makes the mass 
spectra difficult to fully assign. However, it is evident that the increase 
in temperature from 300 to 600 ̊ C leads to a distinct change in the mass 
spectrum, with the majority of the peaks from the titanium 
isopropoxide molecular ion replaced by a new set of peaks, many of 
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which are almost twice the m/z value of the molecular ion. The 
formation of titanium oxygen bonds within the gas phase before 
deposition would explain this phenomenon, with the resulting loss of 
whole isopropanol fragment via proton abstraction from other ligands 
evident in the considerable signal at m/z 60. 
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10. Conclusions 
 

10.1 Summary of Results  
 

his thesis has explored several different aspects of engineering 
fundamentals and chemistry routes as related to chemical 
growth via APCVD along with CFD and in – situ monitoring 

of materials for improving their properties. Whilst important 
relationships were discovered for each perspective, further work needs 
to be carried out to improve material understanding further in order 
to gain even greater ability to control film growth, fluid dynamics, and 
monitoring techniques for complex systems. These are issues of great 
importance for continued development in commercial materials 
technologies for erecting a more sustainable future. The necessity for 
refining more effective routes and requirements for APCVD 
procedures enabled us to work on this path for creating novel systems 
that would advantage the industrial processes.  
   Consequently, the design, manufacturing and establishing of an 
APCVD Pre – Reactor showed a wide range of temperatures within the 
long quartz tube reactor. This system allowed us to assess the 
decomposition of a range of useful metal precursors to their oxide. 
Furthermore, the formation of un – warranted powders was assessed 
along with thin film growth, warranted for coating glass with thin 

layers of functional metal oxides, such as TiO2 for self-cleaning 
purposes and hematite for anti-skunking purposes in beer bottles. The 
newly developed system enabled us to investigate with great accuracy 
the temperature range for APCVD film and powder formation for 
several metal oxide precursors, and determine the ideal air carrier gas 
flow rates and bubbler temperatures (where the precursors were held). 
After thorough investigation and experimentation, we draw 
conclusions of how the system would be more effective in terms of 
establishing such results that would be used for industrial – 
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results that would be used for industrial – commercial purposes. It was 
found out that with the newly developed system, we could identify 
how a precursor would behave under several experimental processes 
within the APCVD Pre – Reactor. In these terms, finding the ideal 
process would eventually lead to results that would be used for 
industrial purposes. More specifically, in all the metal precursors that 
were examined, it was found out that there was a strong 
thermodynamic driving force for the decomposition, whilst all 
reactions were found to be exothermic. Some of the precursors tested, 
were found that, under certain experimental conditions, produced 
unwanted results which possibly would lead to complications within 

the industrial production. Additionally, the TiO2 and iron precursors, 
exhibited additionally formation of thin films in the quartz tube and 
were further evaluated within XRD analysis. The concluding remark 
was that every precursor used with the APCVD Pre – Reactor was later 
tested efficiently by our industrial sponsors who found similar results. 
   Moreover, a fully customized APCVD reactor was designed, 
simulated and manufactured in order to be attached to a mass 
spectrometer and assessed the decomposition of DBDAS for the first 
time. This connection explored the in – situ analysis of DBDAS for the 
deposition of silica films using a quadrupole mass spectrometer. From 
the fragments, we observed by mass spectrometry at various 
temperatures or reaction conditions such as air or nitrogen as carrier 
gas, relative humidity, measurements of the intermediates etc. that, we 
could identify the most viable mechanistic pathways of decomposition 
of these precursors. The results indicated that the deposition occurred 
through the interaction of the ethyl acetate with the butoxy groups of 
the DBDAS, leading to the formation of diacetoxy siloxane species. The 
presence of the alkoxy groups found to be the motivating force behind 

the breakdown of the precursor into SiO2. Finally, the results also 
showed that deposition was favored by lower flow rates and 
subsequently greater residence time in the APCVD reactor. Also, 

investigation of the effect of humidity on the deposition of SiO2 thin 

films from a DBDAS precursor using in – situ mass spectroscopy took 
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place. Within this experiment, we simulated the environmental 
conditions with more than the average humidity levels within the 
boundaries of the novel system we have developed. 
Finally, in – situ mass spectrometry analysis for the observation of gas 

phase reactions of TiCl4 and TTIP were examined for the first time. 
Using a newly established system, an APCVD Sampling Mass 
Spectrometer (APCVD - SMS), we had the opportunity to study the 
vapour phase that was analysed during deposition and signals 
assigned to intermediate species that were measured throughout the 
formation of the thin films. 
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10.2 Epilogue and Future work 
 

he work presented in this thesis illustrates that the techniques 
used by Chemical Vapor Deposition hold fascinating promise 
for future development, control and innovation. The 

exploration of the mechanisms that can be used for the development 
of novel frameworks within CVD are numerous. Within the new 
systems that are developed it is possible to control, and simulate the 
numerous aspects of the CVD reactor, such as process pressure, gas 
flow, temperature and of course the thin film properties with a 
combination of parameters, while maintaining the safety of the 
operator and the environment. The importance of retrieving optimum 
results is unavoidable and imperative for both industry and academia. 
The latter would lead to improved material properties, and naturally 
to a new era of surfaces and materials, that will be industrialised within 
advanced systems development.  
   Future work would include the design and development of a new 
APCVD reaction chamber with enhanced deposition surface in order 
to avoid having “dead spots” during experimental procedures, leading 
to a more controlled distribution of species within the APCVD reactor. 
Additionally, real time sensors could be placed at critical points in the 
APCVD reactor and monitor the progress of each experimental 
procedure. The combination of FEA along with the in – situ sensor 
imaging, can establish a strong and vibrant picture of what is going on 
inside the reactor (as opposed to the exhaust gases we measured 

herein). Experimental work would include further APCVD of SnO2 

and TiO2	 for the effects of thin film deposition under various 
temperatures and oxidant combinations along with variable precursor 
flow depositions, humidity deposition testing and of course to better 
understand the chemistry of the precursors and their characteristics. 
The latter would be used in different and more delicate surfaces such 
glass and or stainless steel surfaces that might be used from the 
industrial sector and anywhere appropriate. Development of a new 
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and more robust coupling of the APCVD pre – reactor along with the 
Mass Beam Molecular Spectrometer, would lead to a real-time analysis 
breakdown of precursors which would lead to more effective 
deposition methods and experimental parameters. The development 
and manufacturing of robust CVD reactors requires the joint function 
of CFD analysis, engineering principles, simulations and of course, 
new concepts regarding the creation of more flexible and robust 
materials which would eventually lead to a new era of modern CVD 
reactors and applications.  
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APPENDIX 

316L Austenitic Stainless Steel Bar 

 

316K is a low carbon – chromium – nickel – molybdenum 

austenitic steel with good strength and excellent corrosion 

resistance. Typical brinell hardness of 175. Characterised by high 

corrosion resistanct  in marine and industrial atmospheres, it 

exhibits excellent resistance to chloride attack and against 

complex suphur compounds employed in the pulp and paper 

processing industries. The addition of 2% to 3% of molybdenum 

increases its resistance to pitting corrosion and improves its 

creep resistance at elevated temperatures. The low carbon 

content reduces the risk of intergranular corrosion, due to 

carbide precipitation, during welding, reducing the need for post 

weld annealing. Finally it displays good oxidation resistance at 

elevated temperatures. 

316 L can not be hardened by thermal treatment, but strength 

and hardness can be increased substantially by cold working, 

with subsequent reduction in ductility.  

The improvement machinability by calcium injection treatment, 

has little effect on corrosion resistance and weldability while 

greatly increasing feeds and/or speeds, plus extending tool life.  

It is used extensively by the Marine, Chemical, Pulp and Paper, 

Textile, Transport, Manufacturing and allied industries. 

Typical uses are: 

Chemical Equipments Architectural components, Textile 

equipment, Pup and Paper Processing equipment, Marine 
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equipment and Fittings, Photograpic equipment and X – Ray 

equipment etc.. 

Material non magnetic in the annealed condition, but can mildly 

magnetic following heavy cold working. Annealing is required 

to rectify if necessary.  

 

 

 

Related 

Specifications 

Australia AS 2837-1986-

316L 

Germany W.Nr 1.4404 

X2CrNiMo17 

13 2 

W.Nr 1.4435 

X2CrNiMo 18 

14 3 

Great Britain Bs970 Part 3 

1991 

316S11/316S13 

Japan JIS G4303 SuS 

316L 

USA ASTM A276-

98b 316L  

SAE 30316L 

AISI 316L  

UNS S31603 
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Chemical Composition 

 Min. 

% 

Max. % 

Carbon 0 0.03 

Silicon 0 1.00 

Manganese 0 2.00 

Nickel 10.00 14.00 

Chromium 16.00 18.00 

Molybdenum 2.00 3.00 

Nitrogen 0 0.10 

Phosphorous 0 0.045 

Sulphur 0 0.03 

 

 

Mechanical Property Requirements – Annealed to ASTM A276-98b 316L 

Finish Hot 

Finish 

Cold 

Finish 

 

Dia or 

Thickness 

mm 

All Up to 

12.7 

Over 

12.7 

Tensile 

Strength 

Mpa Min. 

485 620 485 

Yield 

Strength 

Mpa Min. 

170 310 170 
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Elongation 

in 50mm % 

Min. 

40 30 30 

 

Mechanical Property Requirements – Annealed to ASTM 

A276-98b 316L 

Finish Cold 

Drawn 

Other 

Tensile 

Strength 

680 590 

Yield 

Strength 

Mpa 

500 280 

Elongation 

in 50mm % 

42 55 

Impact 

Charpy V J 

190 180 

Hardness HB 

Rc 

195 

13 

155 

 
Elevated Temperature Properties 

            

                 

            

             

There is however a reduction in mechanical properties as temperature increases. 
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316L displays good oxidation resistance in continuous service up to 930 ˚C, and in 

intermittent service up to 870 ℃. Due to its low carbon content it is also less susceptable 

to carbide precipitation resulting in intergranular corrosion when heated or slow cooled 

through the temperature range 430 C - 870 ˚C either in service or during welding.
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Typical 0.2 % Yield Strength at Elevated Temperatures 

Temperature 

˚C 

50 100 150 200 250 300 400 450 500 550 

0.2 % Yield 

Strength  

182 166 152 137 127 118 108 103 100 98 

 

Low Temperatures Properties 

316L as with all of the 300 series austenitic stainless steels has excellent low temperature 

properties, with increased tensile and yield strength without loss of toughness in the 

annealed condition. 

 
 

Typical Mechanical Properties – Annealed at Zero and Sub-zero Temperatures 

Temperature 

˚C 

0 -40 -60 -200 -250 

Tensile 

Strength 

Mpa 

670 715 800 1250 1430 

Yield 

Strength 

Mpa 

310 280 300 510 560 

Elongation 

in 50mm % 

67 60 59 61 55 

Impact Izod 

J 

150 150 150 - - 

The combination of high strength and toughness at low temperatures allows this grade to be used 

in extremely cold climates or high altitudes, also for storage of liquified gasses etc. at very low 

temperatures. 

N.B. 316L even when cold worked will still have good high strength and ductility at sub-zero 

temperature. 
 

Cold Bending 

Cold bending can be carried out without too much difficulty, however due to the high 

work hardening ability of this grade any cold working causing more than 15% 

deformation should be followed by annealing. 
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Hot Bending 

Hot bending should be performed at 900 o C - 1100 o C, followed by annealing to restore 

optimum corrosion resistance. 

 

 

Corrosion Resistance  

 
General Corrosion 

316L has better resistance to general corrosion in most media than 310, 304, 321, 302 and 

303 grades. 

 

 
Pitting Corrosion 

316L has higher resistance to pitting corrosion than the non molybdenum bearing grades 

such as 304, 321, 310 and 303 etc.. 

 

 

Intergranular Corrosion 

316L due to its low carbon contenet has greater resistance to intergranular corosion than 

all the austenitic stainless steel grades except 304L grade and 321 titanium 

 

 
Crevice Corrosion 

316L has a higher resistance to crevice corrosion than the non molybdenum bearing 
grades such as 304, 321, 310 and 303 etc.. 
N.B. It is most important that oxygen is always allowed to circulate freely on all stainless 
steel surfaces to ensure that a chrome oxide film is always present to protect it. If this is 
not the case, rusting will occur as with other types of non stainless steels. 
For optimum corrosive resistance, surfaces must be free of scale and foreign particles. 
Finished parts should be passivated. 
 

 
Forging 

              

        

     

Finally forgings will require to be annealed in order to obtain optimum corrosion 

resistance. 

Appendix

Heat uniformly to 1150 ℃ - 1200 ℃, hold until temperature is uniform throughout the 

section. Do not forge below 900 ℃. 

Finished forgings should be air cooled.
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Heat Treatment 
Annealing 

              

          

*Actual soaking time should be long enough to ensure that the part is heated thoroughly 

throughout its section to the required temperature, 30 minutes per 25 mm of section may 

be used as a guide. 

 

Machining 

316L improved machinability is slightly more difficult to machine than improved 

machinability 304 grade. More difficult to machine than 303 free machining grade and 

most of the 400 series stainless steels. It has a typical machinability rating around 50% - 

55% of free machining (S1214) mild steel. Due to the high work hardening rate of this 

grade, cutting or drilling tools etc., must be kept sharp at all times and not cause 

unnecessary work hardening of the surface etc.. 

All machining should be carried out as per machine manufacturers recommendations for 

suitable tool type, feeds and speeds. 

 

 
Welding 

316L is readily weldable by shielded fusion and resistance welding processes, followed 

by air cooling giving good toughness.Oxcyacetylene welding is not recommended due to 

possible carbon pick up in the weld area. 

The low carbon content in 316L allows it to be welded without loss of corrosion resistance 

due to intergranular carbide precipitation, and post weld annealing is not generally 

required, except for service in the more extreme conditions. 

 

 
Welding Procedure 

Welding should be carried out using 316L or *similar electrodes or rods (depending upon 

application). No pre heat or post heat is generally required 
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Heat to 1020 ℃ - 1100 ℃  , hold until temperature is uniform throughout the section. 

*Soak as required. Quench in water to obtain optimum corrosion resistance.
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