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In-situ Mass Spectrometry Analysis of Chemical Vapour 
Deposition of TiO2 Thin Films to Study Gas Phase Mechanisms 

Ben J. Blackburn, Charalampos Drosos, Dean B. Brett, Michael A. Parkes, Claire J. Carmalt, Ivan. P. 
Parkin*  

Deposition of TiO2 thin films are studied using a 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 and 600 ˚C.Using an atmospheric sampling mass spectrometer, the vapour phase was 

analysed during deposition and signals assigned to intermediate species that were measured during the formation of the 

thin films. The films deposited were characterised via scanning electron microscopy and thin film X-ray diffraction analysis. 

Introduction 
 
Chemical vapour deposition (CVD) is a technique used to produce 
thin films of a range of materials from carbon based materials, such 
as graphene1 and diamond,2  to biocompatible materials such as 
hydroxyapitite. Atmospheric pressure CVD (APCVD) is the most basic 
method of chemical vapour deposition, simply heating precursors to 
roughly half of its boiling point so that a vapour is evolved, then 
pushing the vapour to a heated reactor where it decomposes, 
depositing a film onto a substrate.3 This method is commonly 
employed to deposit functional metal oxide thin films from simple 
molecular precursors, including TiO2,4–6 VO2(M),7–9 SnO2, 

10–12
 Fe2O3, 

13 WO3, 14,15 ZnO,16–18 α-Al2O3,19,20 as well  as many others.21 
Despite widespread use in the deposition of metal oxide coatings, 
little is known about reactions that occur within the gas phase during 
the deposition of the thin film.22 Part of the reason for this is the 
challenge in taking in situ measurement from the inside of a CVD 
reactor, as well as the potentially damaging nature of those vapours 
to analytical equipment.  
Although uncommon, mass spectrometry studies of certain CVD 
reactions have been carried out in the past including deposition of 
cuprous films from copper(I) cyclopentadienyltriethylphosphine 
using a time-of-flight (TOF) spectrometer23 and deposition of silicon 
carbide from a tetraethylsilane precursor using hot-wire CVD.24 
Rego, Petherbridge and Tsang et al. have completed mass 
spectroscopic studies on the CVD of diamond from methane, to 
measure the levels of CH4, C2H6, C2H4 and C2H2 and CH3 in the gas 
phase,25  as well as the effect of N2,26 Cl2,27 and PMe3

28  on the growth 
mechanics. In addition, analysis of titanium containing  
 
 
 

precursors have been carried out using mass spectrometry. Rahtu 
and Matero et al. used a similar system combined with a quartz 
crystal mass balance to analyse atomic layer deposition of titanium 
tetrachloride29 and titanium(IV) isopropoxide30 with deuterated 
water. These studies provided useful insight into the reaction of TiCl4 

with surface hydroxyl groups. 
Herein we describe the use of 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) capable of withstanding high temperature, corrosive 
species. The results provide an insight into the mechanisms occurring 
in the gas phase during the deposition of titanium dioxide thin films.  
TiO2 thin films31 and nanoparticles32–34 are used in a range of 
technological applications, including self cleaning windows,35–37 solar 
cells,38 catalysis39,40 and antimicrobial coatings.37,41,42 In this work 
two of the most commonly used precursors for TiO2 thin film 
deposition have been studied, namely titanium tetrachloride (TiCl4) 
43 and titanium tetraisopropoxide (TTIP).44–46 With TiCl4 an oxidising 
agent is required to produce TiO2, such as  ethyl aceatate,46 whereas 
TTIP is frequently deposited alone due to the abundance of Ti-O 
linkages.  
This work differs 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. Also whilst the previous studies with titanium 
containing precursors focused on reactions with hydroxyl groups on 
the substrate surface, 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. 

 

 

Experimental 
Department of Chemistry, University College London, 20 Gordon Street, London, 
WC1H 0AJ, UK  
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Argon (Puresheild 99.998%) was obtained from BOC and used as 
supplied. Films of TiO2 were deposited using a modified cold wall CVD 
reactor, onto 60 × 40 × 4 mm silicon coated float glass substrates, 
from Pilkington Glass Plc.  The argon carrier gas was delivered into 
the system using stainless steel tubing. All of the tubing was heated 
to 150 ˚C using heater tape, monitored using by Pt-Rh 
thermocouples. The precursors (TiCl4 + ethyl acetate and titanium 
isopropoxide) were introduced into the gas stream using a stainless 
steel bubbler, heated to 60 ˚C for TiCl4 and 110 ˚C for titanium 
isopropoxide (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 bubbler, heated to 35 °C (Figure 1). The amount of 
precursor was controlled using the flow rate of argon or nitrogen 
through the bubbler.  
The reactor was heated to 300 or 600 ˚C. A stainless steel sampling 
tube, 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 a chamber 
bolted to the front of the mass spectrometer, allowing a small 
amount of the gaseous reactants to pass into the chamber through a 
hole in the tube. Both the chamber and the tube were heated to 200 
˚C, however due to the flow of hot air from the reactor, it was 
estimated that the temperature inside the tubing was higher. A small 
amount of the vapour entered the mass spectrometer through a 

metal cone with a fine aperture ¼ mm, fitted in the front end, which 
then formed a jet of molecules. The  
 
remainder was carried away through the sampling tube or a 
secondary exhaust built into the front chamber.  
The mass spectrometer used was a HPR-60 Molecular Beam Mass 
Spectrometer (MBMS) featuring an inlet approximately 0.25 mm in 
diameter leading into three consecutive vacuum chambers of 
increasingly low pressure (Figure 2). This design allowed mass 
spectrometry analysis to be performed by directly sampling from the 
reactor atmosphere. The inlet focused the gas entering the system 
into a beam that entered the ionisation chamber before ionisation 
via electron bombardment using a dual source low profile electron 
ionisation source, before separation of m/z species by quadrupole 
mass analyser. The quadrupole has a mass range of m/z 1 -1000. This 
system allows for the 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 quantities. The MBMS instrument is ideal for high energy 
gas phase studies as upon entering the system the gaseous 
molecules undergo no further reaction, not coming into contact with 
each other or the walls of the detector. The detector 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.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Schematic representation of entire mass spectrometry CVD setup 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2  Schematic of gas flow within the CVD reactor sampling mass spectrometer setup 
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The mass spectrometer was set to scan continuously scan over a set 
m/z range of 50 – 500 Da (3 mins approx).  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 only.  

In the case of the 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 as it allows for enough 
scans to identify anomalous results, which can be the result of 
impurities or build-up 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 each case the 
spectrum of each deposition was generated by taking an average for 
each of sampled the m/z values for ten collected scans, then 
subtracting the background taken prior to the deposition.    
Depositions with TiCl4 were carried out with a flow rate through the 
bubbler of 0.4 L min-1 with a plain line flow rate of 2 L min-1, whereas 
with TTIP the bubbler flow was set to 0.2 L min-1 and the plain line at 
6 L min-1. This was due to the TTIP forming particulates of TiO2 that 
blocked the spectrometer inlet unless properly diluted with nitrogen.  

 
Results and Discussion 
 
Atmospheric pressure chemical vapour deposition (APCVD) was 
carried out using TiCl4 and ethyl acetate or titanium isopropoxide 
(TTIP) at 300 ˚C and 600 ˚C with in-situ analysis of the reaction 
chamber using a molecular beam mass spectrometer. The films 
deposited at 600 ˚C for both precursors were thick and translucent, 
showing characteristic birefringence. The film 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. 
 
 

 

Fig. 3  Mass spectrum of TiCl4 as passed through a CVD reactor at 
600 ˚C without ethyl acetate 
 
The film deposited from TTIP at 300 ˚C was more adherent than that 

deposited from TiCI4 at the same temperature, but failed the Scotch 
Tape test, and was fairly patchy and opaque.  The resulting films were 
characterised using thin film X-ray diffraction analysis (XRD) and 
scanning electron microscopy (SEM).   
 
Titanium tetrachloride + ethyl acetate: The EI mass spectrum 
obtained for TiCl4 vapour alone at reactor temperatures of both 300 
˚C and 600 ˚C gave signals at m/z 189, 154, 118 and 83. The peak at 
m/z 189 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 (Figure 3). A weak signal at 
m/z 225 represents TiCl4 having been further  
chlorinated by a chloride radical in the ionisation chamber. The 
formation of such ion species is possible in mass spectrometry when 
using hard ionisation sources such as electrospray ionisation.47  
 
When the bubbler containing 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. This fits with two ethyl acetate 
molecules coordinating directly to the metal centre of the TiCl4 

resulting in the subsequent loss of chlorine. The m/z value of this 
signal suggests that the species has also undergone the loss a single 
methyl group from one of the ethyl acetate molecules, likely 
occurring at the ionisation source (Figure 4). This is confirmed by the 
isotope pattern of the peak which suggests the presence of only 
three chlorine atoms. The ethyl acetate/TiCl4 coordinate species is 
likely the first step in the formation of the TiO2 thin film.   
 
 

Table 1       Conditions for the four depositions with summary of the resulting mass spectra 

No. Precursor 
Reactor 

Temp (˚C) 

Bubbler 
Temp 
(˚C) 

Bubbler 
Flow rate      
(L min⁻¹) 

Plain Line 
Flow Rate 
(L min⁻¹) 

EA bubbler 
Flow Rate 
(L min⁻¹) 

Observations 

1 TiCl₄ 300 60 0.4 2 0.4 Spectrum of TiCl₄ + ethyl acetate fully visible 

2 TiCl₄ 600 60 0.4 2 0.4 
Spectrum of TiCl₄ + ethyl acetate fully visible. 
New peaks above molecular ion peak observed. 

3 TTIP 300 110 0.2 6 - Spectrum of TTIP fully visible 

4 TTIP 600 110 0.2 6 - 
Spectrum of TTIP heavily reduced. New peaks 
above molecular ion peak observed 
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Fig. 4  Mass spectrum of TiCl4 as passed through a CVD reactor at 

600 ˚C with ethyl acetate 
 
The organic and chorine components of the unstable gaseous 
complex are likely removed upon contact with the heated substrate, 
leading to surface nucleation.  
 
Subsequent peaks at m/z 279, 244 and 209 represent subsequent 
losses of further chlorine, most likely within the ionisation chamber 
of the mass spectrometer, after leaving the reaction. These peaks 
were only visible in the mass spectrum generated at 600 ˚C, implying 
that at the lower temperature of 300 ̊ C the two reagents do not have 
enough energy to react in this way (ESI-1). At the lower temperature, 
no film was deposited, only a fine dust of TiO2 particles, suggesting 
that this gas phase reaction is an intermediate in TiO2 thin film 
formation. The removed chlorine ligands were not observed in either 
case as the m/z of a single chlorine atom would be 35 and 37, below 
the cut-off point of the scan.  
 
Titanium Isopropoxide: Mass spectra were obtained from 
depositions using titanium isopropoxide alone at 300 ˚C and 600 ˚C, 
with strikingly different results. In both cases the abundance of 
alkoxide groups lead to far more complex spectra than the TiCl4, 
which only involved loss of chlorine and methyl groups.  The 
deposition at 300 ˚C gave a range of peaks, representing 15 major 
groups of m/z fragments, with proton losses leading to many more 
minor products. The heaviest ion (greatest m/z value) of these was 
the TTIP molecular ion, at m/z 284. Subsequent fragmentation is 
likely the result of the ‘hard’ nature of the electron ionisation used 
with the base peak present at m/z 269 representing homolytic 
cleavage of a carbon-carbon bond and the loss of a methyl group. 
 
The molecular ion peak [M]+• 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 a phenomenon 

commonly observed in the ionisation chambers of EI mass 
spectrometers,48 
 
suggesting that the mass spectrum generated here is a very close 
approximation to putting TTIP through an EI  instrument directly. 
 This mass spectrum is similar to one taken from an atomic layer 
deposition reactor used to deposit TiO2 with titanium isopropoxide 
at 250 ˚C.49 The major difference between the two spectra appears 
to be the emergence of a doublet signal at m/z 247 and 245, the 
structure of which could not be assigned as it does not correspond 
to the loss of a simple fragment. Fragmentation is complex although 
assignments have been made based on fragmentation occurring at 
the Ti-O bond, the O-C bond and the C-C bonds, resulting in the loss 
of a methyl (mass = 15 amu), propyl (mass = 43 amu ) or isopropyl 
(mass = 59 amu) group respectively (Figure 6). It should be noted that 
only the fragmentations at the C-C bonds and Ti –O bonds occur in 
the first instance of fragmentation from the molecular ion, although 
fission of the C–O bond is observed in lower m/z fragmentations. 
 
The deposition at 600 ˚C gave a very different pattern to that 
observed at 300 ˚C (Figure 7). In this case a new set of m/z peaks, 
many above the m/z value of the molecular ion were observed. The 
initial assumption 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. It should be noted that the spectrum of the 
TTIP molecule observed at 300 ˚C is still visible but heavily reduced, 
suggesting that the majority of the molecular precursor is consumed 
by the reaction, converting into the oligomeric species or depositing 
onto the substrate. Furthermore the most heavily abundant peaks in 
the spectrum are the cluster of signals at m/z – 60, the top of which 
are cut off in figure 7. These relate to 2-propanol fragments, with 
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Fig. 5    Mass spectrum of gas within a CVD reactor during deposition with titanium  

tetraisopropoxide at 300 ˚C    
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corresponding proton losses which would be expected as a dominant 
fragment for titanium isopropoxide.   
 
 
 

Fig. 7 Mass spectrum of gas within a CVD reactor during deposition 
with titanium  tetra isopropoxide at 600 ˚C  
 
 
However the difference in m/z between the fragments would then 
be 58, as a proton would have to be lost from either end of the 
monomer.50 The formation of an oxo-bridged dimer species in 
titanium isopropoxide has been proposed as a possible mechanism 
for the formation of nanoparticles via the solvothermal synthesis of 
TiO2 from TTIP and benzylamine.51 It is thought that the high 
temperature leads to the loss of the propyl group leaving an unstable 
(OiPr)3TiOH (Figure 8).  In this APCVD reaction it appears as though a 
dioxo bridge has formed between the two titanium centres. This 
would likely be a weak interaction with electron density shared over 
the two oxygen atoms forming a four membered ring. 
The formation of the two oxo bridges without the loss of the 
isopropyl ligands would be highly disfavoured due to the two 
required Ti(V) species, therefore it is likely that the two bridging 
oxygen atoms are hydroxyl ligands, both of which could easily lose a 
proton in the mass spectrometer ionisation chamber. This would 
explain how such a species would be stable and would correspond to 
the small peak at m/z 484. If this is indeed the case, deprotonation 
of the bridging species could be a viable path for the loss of the 
isopropanol fragments.  
Following the formation of the dimer species, fragments were lost of 
m/z - 60. As with the polymer this is not simply a case of heterolytic 
fission causing loss of the ligand, as would occur in an ionisation 
chamber, as the fragments would have an m/z of 59. The 
isopropoxide ligand group must be abstracting a proton as it leaves, 
forming isopropanol. The most likely pathway for the loss of 
isopropanol from the ligand is via the abstraction of a proton from 
another isopropyl ligand. This is corroborated by the presence of a 
large peak at m/z - 60 in the mass spectrum, however it cannot be 

ruled out that the ligand would coordinate to a proton later.  The 
central carbon atom of the propane would be the most likely 
provider of a proton due to the tertiary nature of the carbon 
providing greater stability for the negative charge was well a being 
adjacent to the oxygen. The oxygen from one isopropoxide abstracts 

the central proton from the adjacent ligand, resulting in the 
formation of an acetone group which remains coordinated to the 
metal centre (Figure 9). The broadened peak at around m/z 60 ligand 
is higher than the tallest precursor peak by a factor of 10:1 at 600 ˚C 
and 1:1 at 300 ˚C, which is expected for the higher energy system. 
This species is formed in the CVD reactor, as these peaks were not 
observed during the deposition at 300 ˚C. 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 likely a 
precursor for the deposition of crystalline TiO2 at higher 
temperatures. As with the TiCl4 / ethy;l acetate deposition, the high 
temperature intermediate likely triggers thin film deposition.  

 
X-ray Diffraction Analysis 
 
In both cases the film deposited at 600 ˚C were the more crystalline, 
both giving XRD patterns for anatase TiO2 (Figure 10).  The more 
powdery films deposited from both precursors at 300 ˚C were found 
to be considerably less crystalline than those deposited at  higher 
temperatures, giving only very weak, broadened peaks that also 
suggest a small amount of crystalline anatase TiO2 . In the case of the 
film deposited from titanium isopropoxide this is likely due to a lack 
of crystallinity in the film deposited, and for films deposited from 
TiCl4 and ethyl acetate, is simply due to lack of product, the sparse 
and thin powdery product not being in high enough quantity to 
produce a strong pattern. 
 

Fig. 6 Fragmentation points 

on the TTIP parent ion. 
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between two titanium isopropoxide molecules at 
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H

O
+

CH3CH3

Ti

CH3

O

CH3

OTi

CH3

CH3

+
OH

CH3

CH3

Fig. 9 Proposed mechanism for the loss of the 

elimination of an isopropanol molecule from TTIP 

and its dimer at high temperatures. 

 



ARTICLE Journal Name 

 

6 | RSC Adv. 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

 
 
X-ray Photoelectron Spectroscopy 
 
X-Ray photoelectron spectroscopy was conducted on a Thermo 
Scientific K-alpha spectrometer with monochromated Al Kα 
radiation, a dual beam charge compensation system and constant 
pass energy of 50 eV (spot size 400 μm). Survey scans were collected 
from 0–1200 eV. High-resolution peak data was collected for Ti (2p), 
O (1s) and C (1s). Data was fitted using CASA XPS software, with a 
doublet separation of 5.7eV for Ti (2p) signals.55 In all four cases the 
XPS spectra of the films exhibit the peaks at 464.5 and 459.5 eV, 
commonly associated with titanium dioxide (Fig. 11), confirming the 
formation of some TiO2 in all four depositions.56 The atom% 
concentration of elements differs widely in each case (Table 2).  The 
films deposited at 300 ˚C from TTIP and TiCl4 have a carbon content 
of 57.68 and 74.94%, respectively, with the equivalent films 
deposited at 600 ˚C having considerably lower carbon contents of 
42.77 and 29.00 atom%. Based on previous studies with these 
precursors it is likely the carbon has collected at the surface of the 

films, with the amount of carbon 
overestimated due to the surface sensitivity 

of XPS.57, 58 
 
 
The titanium content of the films is below 20 atom% in each case, 
due to the titanium deficient nature of the anatase phase and the 
high carbon content. In the case of the TiO2 film deposited from TiCl4 

and Ethyl acetate at 300 ˚C, the titanium content is only 2.49 atom%, 
which is in keeping with the observed lack of thin film formation on 
the substrate surface, and also explains the exceptionally high 
relative carbon content of the sample.  

 
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 
(Figure 12a). Imaging of the powdery substance deposited at 300 ˚C 
shows a substrate sparsely populated with roughly square 

 
Fig. 10 X-ray diffraction pattern of the films deposited from  (top to bottom) TiCl4 and 

ethyl acetate at 600 and 300 ˚C and TTIP at 600 and 300 ˚C  onto float glass using the 

APCVD / mass spectrometry apparatus, alongside an anatase TiO2 standard.54 

 
Fig. 11 Ti2p and O1s XPS spectra of the film deposited from TiCl4 and ethyl acetate at 

600 and 300 ˚C  onto float glass using the APCVD / mass spectrometry apparatus. 

 

Table 2. Atom % conc. of C, Ti and O in all four films deposited 
 atom % conc 

 TTIP -    300 
˚C 

TTIP - 600 
˚C 

TiCl4 + EA - 300 
˚C 

TiCl4 + EA - 600 
˚C 

Carbon 57.68 42.77 74.97 29 

Oxygen 35.81 45.38 22.54 53.37 

Titanium 6.51 11.85 2.49 17.63 
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Fig. 12  SEM images of the film deposited 

from titanium chloride and ethyl acetate at 

600 ˚C a) and titanium isopropoxide at 300 

(b) and 600 ˚C (c) onto float glass using the 

APCVD / mass spectrometry apparatus 
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particulates of around 100 nm in diameter, with some areas more 
densely populated by particulates than others (ESI-2).  
SEM micrographs of the titanium isopropoxide – deposited thin films 
also reveal a marked difference in morphology with deposition 
temperature. The film deposited at 600 ˚C consisted of flattened 
diamond shaped crystallites roughly 100 nm in width and between 
200 and 300 nm in width, in a disordered arrangement with some 
perpendicular to the substrate an others lying flat.  At 300 ˚C the film 
appears to display more pores, a disordered microstructure 
constructed of small grains of approximately 100 nm in diameter 
forming pseudo dendritic protrusions. 

 
Conclusions 
 
This 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 thins film.  
The data from the SEM and XRD confirms 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. 
5,32,53,48  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 
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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