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Abstract
Tungsten oxide and molybdenum oxide thin films have been deposited by aerosol assisted
chemical vapor deposition (AACVD) using polyoxometalates, large ionic clusters which
would be unsuitable for use in conventional atmospheric pressure chemical vapor
deposition due to their low volatility. AACVD reactions of polyoxotungstates resulted in
the formation of either fully oxidized yellow or partially reduced blue tungsten oxide films.
Raman spectroscopy, X-ray diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS) analysis indicated that there is a correlation between the stoichiometry of the films
and the randomisation of the crystallites; blue films have a partially reduced W (X x
stoichiometry and show preferred orientation along the

< 0

1 0

> direction, whereas yellow

films are fully oxidized WO 3 and composed of randomly orientated crystallites.
Depositions using polyoxotungstates containing heteroatoms, such as niobium, tantalum
and titanium afforded doped tungsten oxide films in which the W:heteroatom ratio of the
precursor was retained. This was also observed for films deposited using mixtures
comprising of a doped polyoxometalate in conjunction with an undoped polyoxometalate
demonstrating that polyoxometalates provide a route to the deposition of films with a
highly controlled level of doping. Polyoxometalates have also been used as precursors to
molybdenum oxide films. The resulting films were comprised of either M0 O 3 , M 0 O 2 or a
mixture of the two oxides, with the M 0 O 2 phase predominating with increasing temperature
and distance from the precursor inlet. Results are also presented on the AACVD reactions
of tungsten hexacarbonyl, [W(CO)6 j in a variety of organic solvents. The tungsten oxide
films function as gas sensitive resistors for detecting traces of ethanol and nitrogen dioxide
in air, showing responses exceeding those of commercially available screen printed sensors,
with a faster speed of response and lower optimum temperature for nitrogen dioxide
detection.
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Chapter 1: Introduction

1.1 General Introduction
Chemical vapour deposition (CVD) is a technique whereby thin films of materials are
deposited onto a heated substrate from a vapour phase precursor . 1,2 3 Conventionally CVD
precursors are required to be sufficiently volatile so they may be thermally vaporised,
limiting the range of suitable CVD precursors to small, neutral and monomeric complexes.
However the use of an aerosol to transport the precursor eliminates the volatility
requirement, such that the determining functionality of the precursor is solubility in a
suitable solvent, broadening the range of materials which are suitable for use as CVD
precursors . 4 The aim of this research is to prepare tungsten oxide and molybdenum oxide
films from polyoxometalate precursors, large ionic clusters , 5 by exploiting the aerosol
assisted chemical vapour deposition (AACVD) technique and to assess their potential for
use as gas sensitive resistors. In addition tungsten oxide films have been deposited from
tungsten hexacarbonyl, [W(CO)6] with a view to better understanding the role of the
solvent in AACVD and its effect on the composition and morphology of the resulting films.

This introductory chapter reviews the literature that has motivated this research. Initially
the CVD technique is described; its advantages over other deposition methods are
highlighted and the different variants of the CVD process are discussed (Section 1.2). In the
following sections the structure of tungsten trioxide is explained, the CVD reactions that
have previously been used for the preparation of WO 3 coatings are summarised and the
concept of single-source and dual-source precursors is introduced (Sections 1.3 - 1.4). In
sections 1.5 and 1.6 the structure of molybdenum oxide and the CVD of molybdenum
oxide films are reviewed respectively. Subsequently, the structure and properties of
polyoxometalates, which have been used as single-source CVD precursors for tungsten
oxide and molybdenum oxide films in this project, are described (Section 1.7). The final
section of the chapter reviews the gas-sensing applications of tungsten oxide thin films
(Section 1.8).
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1.2 Chemical Vapour Deposition (CVD)

1.2.1 Overview o f CVD
As already stated, chemical vapour deposition (CVD) is a process in which solid films are
deposited onto a heated substrate from one or more molecular precursors in the gas phase
by means of a chemical reaction. The chemical reaction distinguishes CVD from physical
vapour deposition (PVD) processes such as sputtering and evaporation . 1 CVD also differs
from PVD in that it is a non-line of sight technique, therefore it can be used to uniformly
coat complex shaped components and deposit films with good conformal coverage. Other
advantages of CVD include the capability of synthesizing materials of high purity with
good reproducibility and adhesion to the substrate. The crystal structure, surface
morphology and orientation of deposited films can be controlled by variation of the CVD
parameters. CVD coaters can be integrated with other manufacturing processes e.g. float
glass line, and deposition rates can be readily adjusted. A wide range of chemical
precursors including halides, hydrides and organometallics can be used enabling the
deposition of a large spectrum of materials. Furthermore CVD is a cost effective process.
Such features have led to the use of CVD in many fields ranging from semiconductor
fabrication to the glazing industry.

CVD processes in general involve the following key steps, Figure 1.1. The generation of
gaseous precursors ( 1 ) and their transportation into the reactor where they undergo gas
phase reactions forming intermediate species (2). These intermediate species diffuse along
a thin layer close to the surface of the substrate known as the boundary layer and are
subsequently adsorbed onto the heated substrate, where heterogeneous reactions take place
at the gas-solid interface producing the deposit and by-products (3). The deposits diffuse
along the surface of the heated substrate leading to the formation of nucleation sites and
promoting film growth (4). The gaseous by-products are removed from the boundary layer
by diffusion and are transported away from the reactor along with any unreacted precursor
(5).2-3
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Figure 1.1 A schematic representation of the steps involved in the CVD Process. The
precursor acts as a single-source. (1) The generation of gaseous precursor and their
transport to the reactor (2) formation of intermediate species (3) the adsorption of
intermediate species onto the substrate (4) nucleation and film growth and (5)
transport of by-products away from the reactor.
In order for the sequence described above to occur, the temperature of the CVD reactor has
to be comparable to that of the dissociation temperature of the intermediate phase. If
however the temperature greatly exceeds the decomposition temperature of the intermediate
species a series of homogenous gas phase reactions occur resulting in the subsequent
decomposition of the intermediate species to deposit a powdery film on the substrate and
produce gaseous by-products, which are transported away from the reactor. The deposited
film often shows poor adhesion to the surface. No deposition occurs at temperatures below
the dissociation temperature of the intermediate species, hence controlling and monitoring
the temperature of the reactor is a vital aspect of the CVD process.

CVD film growth is a complex process governed by a multitude of factors, including
concentration of precursor, rate of gas flow and substrate temperature . 2 However under
certain conditions the rate of film growth is dominated by a single factor. These processes
are best described with the aid of volcano plots which show the variation in growth rate as a
function of the temperature or flow rate, Figure 1.2.
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Figure 1.2 Idealised plots showing the influence of temperature and flow rate on film
growth.
The graphs in Figure 1.2 have been divided into several sections representing different
deposition regimes.

•

Reaction rate limited. In this regime the rate of film growth is controlled solely by
the surface reaction rate as the rate of transfer of the precursor to the substrate is fast
compared to the reaction rate. Increasing the temperature increases the deposition
rate in accordance to the Arrhenius equation whereas altering the flow rate has little
effect.

•

Mass transport limited. In this regime the rate of film growth is governed only by
the rate of delivery of the precursor as transport of the precursor to the deposition
zone is slow compared to the reaction rate. Therefore the growth rate is largely
independent of the temperature, however is strongly influenced by the flow rate.

•

Decomposition limited. At high temperatures undesirable decomposition pathways
become accessible. These pathways significantly reduce the growth rate of the film
and are a possible source of contamination.

•

Residence time limited. At high flow rates the low residence time of the precursors
in the deposition zone limits film growth.
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It is undesirable to operate under the latter two regimes, as both are inefficient processes
resulting in loss of precursor; furthermore in the case of decomposition limited regime,
impurities may be incorporated into the film. In the reaction rate limited regime, variations
in the temperature can have a large effect on the growth rate, resulting in uneven deposition
if there is a temperature gradient in the reactor. Consequently, reaction rate limited
conditions are usually employed in hot wall reactors, where the reactor is maintained at a
constant temperature. Conversely, the mass transport limited regime is favoured for use in
cold wall reactors, where only the substrate is heated and large temperature gradients can
occur. In this case, the growth rate is sensitive to changes in flow rate, so uniform gas flow
is required in order to deposit an even coating.

CVD can be carried out using a variety of reactor geometries. A horizontal cold wall CVD
reactor was used in this study. The reactor consists of a heated substrate and an unheated
parallel top plate between which a laminar gas flow passes. Film deposition occurred
exclusively on the top plate for depositions using polyoxometalates, rather than on both the
substrate and the top plate as is the case for most CVD precursors. An important aspect of
this work is to explain this phenomenon by considering the forces which act on gas phase
precursors.

1.2.2 Variants o f the CVD Process
There are many variants of the CVD process all involving three basic processes:
introduction of the precursor to the gas stream, transport of precursor to the substrate and
application of energy to instigate a chemical reaction . 1 The different types of CVD are
summarised in Table 1.1 and the AACVD technique which has been used in this project is
described in section 1.2.3. In sections 1.2.4 and 1.2.5 the forces acting on gas phase
precursors and the variants of the AACVD process are discussed respectively.

22

CVD Variant
Atmospheric
pressure CVD

Low pressure
CVD
Plasma
enhanced
CVD
Aerosol
assisted CVD

Gas phase
introduction
Heating

Transport of
precursor
Gas flow

Energy source
for reaction
Heated
substrate

Heating at
reduced
pressure
Heating

Vacuum pump

Heated
substrate

Gas flow

Electrical
discharge

Aerosol
generation

Gas flow

Heated
substrate

Restrictions
on precursor
Must be
volatile and
thermally
stable
Must be
volatile
Must be
volatile and
thermally
stable
Must be
soluble

Table 1.1 Comparison of CVD techniques.

1.2.3 Aerosol Assisted CVD (AACVD)
AACVD is a variant of the CVD process in which precursors are transported to the reactor
via an aerosol mist .4 An aerosol is defined as a mist of finely divided particles suspended in
the gas phase. The precursor preparation involves the dissolution of the solid or liquid
starting materials in a solvent (usually an organic solvent with a high boiling point) or a
mixture of solvents. The aerosol is generated by means of an ultrasonic aerosol generator,
electrostatic generator or pneumatic aerosol generator 6 and is delivered to a heated zone via
gas flow where the solvent is rapidly evaporated or combusted and the precursor undergoes
subsequent decomposition in the vicinity of a heated substrate to deposit the desired film.
The solvent acts as a transport medium as well as providing additional thermal energy for
the dissociation or decomposition of the chemicals.

AACVD offers numerous advantages over conventional CVD processes (APCVD). The
precursor generation and delivery method is less complex compared to that of the
conventional CVD system which requires the use of a bubbler or vapouriser and is hence a
more economically viable deposition process. Multicomponent materials with well
controlled stoichiometry can be synthesized by AACVD as single-source precursors are
typically used in depositions. As the precursor is transported by means of an aerosol the
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precursor need not be volatile as is the case with conventional CVD precursors, which are
vapourised by heating but merely soluble in a suitable solvent. Therefore AACVD
broadens the range of materials which are suitable for use as CVD precursors.

The criteria for the solvent in AACVD are high solubility of the precursor, low vapour
pressure, and low viscosity. AACVD reactions can be carried out in atmospheric pressure,
low pressure or in open air.

There are three major methods used for aerosol generation in AACVD; ultrasonic aerosol
generation, electrostatic atomisation and pneumatic aerosol jet, all of which produce
aerosols using different mechanisms, with different droplet sizes and size distributions at
differing production rates. These factors influence the structure and composition of the
resulting films, consequently precursor atomization is a vital parameter of the AACVD
process.

The most commonly used aerosol generation technique in AACVD is ultrasonic
atomisation, in which the aerosol is generated by applying an electric field to a
piezoelectric transducer, which is placed underneath the precursor solution . 7 The size of
aerosol droplets is given by Lang’s equation (Equation 1.1). 4 . 7 . X
/

d = 0.34

' 2jcy

(1 1 )

,pf2
Where d is the droplet size, y and p are the liquid surface tension, and the liquid density
respectively and / i s the ultrasonic frequency of the transducer. Equation 1.1 shows that for
any given solvent the droplet size of the aerosol is dependant only on the ultrasonic
frequency. This technique produces aerosol droplets with a narrow size distribution, which
is desirable for AACVD. Table 1.2 shows the physical constants used in Equation 1.1 for
the range of solvents used in this work , 9 and the calculated aerosol droplet size using a
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kHz excitation frequency, which is the frequency of the ultrasonic generator used in this
work.
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Solvent

Density (25°C) /
kg L 1

Surface tension
(25°C) / N m 1

Acetonitrile
Toluene
Water
Methanol
Acetone

0.786
0.867
0.996
0.791
0.784

1.9 x 10"
2.85 x 10' 2
7.28 x 10"
2.26 x 1 0 "
2.37 x 10"

Lang droplet
diameter ( 2 0
kHz) / pm
53.0
59.3
77.4
56.6
57.6

Table 1.2 Droplet sizes formed from different solvents upon 20 kHz ultrasonic
excitation, calculated from Equation 1.1.
There are two types of electrostatic aerosol atomization techniques; electrostatic charging
and electrostatic atomization . 10,11 The former involves atomizing the precursor solution
using an aerosol method followed by electrically charging the aerosol droplets, whereas
with the latter the aerosol is generated by applying an electrical potential to the precursor
solution.

In the pneumatic aerosol jet technique, the aerosol is generated by passing compressed gas
through the precursor. 12 This method produces larger droplets with a wider size distribution
compared to the electrostatic aerosol generation technique. The generation of small aerosol
droplets is essential in ensuring that the precursor undergoes CVD rather than a spray
pyroloysis process, as described in later sections.

The aerosol is transported to the reactor using an inert carrier gas, most commonly nitrogen
or argon, where it undergoes four possible deposition mechanisms depending on the reactor
temperature, as shown in Figure 1.3.1,n

In process 1, Figure 1.3, which occurs at the lowest temperatures the solvent evaporates
upon contact of the aerosol droplet with the substrate, leaving behind a solid which may
undergo decomposition. At intermediate temperatures the solvent evaporates prior to the
aerosol droplet reaching the substrate and the solid impinges on the surface of the substrate
where decomposition and / or chemical reactions occur yielding the desired product
(Process 2). Alternatively the solvent evaporates as the aerosol droplet approaches the
substrate, this is followed by vaporization of the precursor and subsequent diffusion to the
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substrate where it undergoes heterogonous reactions resulting in film deposition (Process
3). In Process 4, which occurs at the highest temperature, the precursor vaporizes before
reaching the substrate and the chemical reaction takes place in the vapour phase, resulting
in homogenous nucleation and the formation of fine particles which are subsequently
deposited onto the heated substrate. Sintering of the particles on the heated substrate leads
to film formation.

Aerosol
Droplet

Intermediate
Reaction
Species

Reactant
Vapour

Gas Phase
Particles

'>* v
N

O

4434

Substrate

i

Increasing Temperature

Figure 1.3 Influence of temperature on the AACVD process

Only processes 3 and 4 are considered to be ‘true’ CVD as the precursor is in the vapour
phase and undergoes heterogeneous or homogeneous chemical reactions respectively,
whereas as in case of

1

and

2

the aerosol vaporizes upon contact with the substrate and

undergoes a spray pyrolosis process. Spray pyrolosis is discussed elsewhere (Section 1.2.5).
Therefore selecting the precursor and solvent and controlling the AACVD process
parameters are essential in ensuring that a ‘true’ CVD process occurs.
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1.2.4 Forces Acting on Gas Phase Precursors
Within a cold wall CVD reactor, the aerosol particles are subject to a number of forces, the
effects of these are described in the following section.

Gas phase particles experience a thermophoretic force in the presence of a temperature
gradient. 14,15' 16’ 17’18 The thermophoretic force arises from a greater transfer of momentum
from gas molecules on the hot side of the particles compared to the colder side, resulting in
movement of the gas phase particles in the direction of decreasing temperature. The
magnitude of the thermophoretic force increases with particle size and temperature
gradient; however for particles smaller than

1

pm the thermophoreses is largely

independent of the particle size. For particle sizes between 0.1 - 1.0 pm thermophoresis is
the dominant force acting on the gas phase particles . 14,19 In cold wall CVD reactors,
thermophoresis prevents large particles being incorporated into the film, resulting in
increased film homogeneity and adherence.

Diffusion of particles is the net transport of the particles in a concentration gradient from
regions of higher concentration to regions of lower concentration. The motion of particles is
caused by uneven bombardment by gas molecules known as Brownian motion . 20 Particle
diffusion increases with temperature and decreasing particle size. Diffusion is the primary
transport and deposition mechanism for particles of diameter less than 0.1 pm . 14 When
diffusion is the principle force acting on aerosol particles, film deposition is expected to
occur on all surfaces of the CVD reactor.

In addition gravity acts on the aerosol particles, with the gravitational settling increasing
with particle size. For large particle (above 10 pm) gravitational settling is the most
important factor determining aerosol droplet migration within the CVD reactor . 2 1 22

As determined in section 1.2.3 the typical size of aerosol particles produced using a 20 kHz
ultrasonic vibration is 53 - 77 pm. In this size regime gravitational settling will be the most
important factor determining aerosol droplet migration within the reactor, followed by
thermopheresis and the effects of particle diffusion will be negligible. If deposition occurs
through impaction of the aerosol droplet onto a surface (Processes 1 and 2, Figure 1.3) the
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film is expected to form principally on the substrate due to gravitational settling. However,
in addition the aerosol droplets may undergo evaporation in the reactor. As previously
explained AACVD is only considered a true CVD process if the solvent evaporates prior to
decomposition of the precursor. 1,13 Upon evaporation of the solvent, the solute either
vaporises or precipitates to form a solid particle. If a particle is formed, it too will be
subject to thermophoresis, diffusion and gravity. The particle size will likely be smaller
than the original droplet, and therefore thermophoresis may be the dominant force. As such
film deposition may occur on the top plate, which is placed parallel to and above the
substrate in a CVD reactor rather than the substrate itself.

The change in droplet size with time upon evaporation can be described by Equation 1.2.23

C D
d 2 = d 2 - 8 r — —- In [ - * a ~
>-■*/*
cp

( 1.2)

Where do is the droplet size prior to evaporation at time t = 0, CA and Cp are the molar
concentration of species A in the vapour phase and liquid phase respectively, Dv is the
diffusivity of vapour A and XAs and X*, are the mole fractions of species A at the droplet
surface and far from the droplet respectively .

The time taken for the aerosol droplets to evaporate can be described by Equation 1.3 . 24
T““ ~ 2mJDvN ,

<1,3)

Where d is the droplet size, xsal is the characteristic time to saturate gas with vapour from
evaporating droplets, Dv is the diffusivity of the vapour and NL is the concentration of the
aerosol droplet (number of droplets per unit volume).The characteristic time increases with
droplet size and concentration. Hence the generation of smaller droplets in the atomization
step increases the likelihood of CVD occurring rather than a spray pyrolysis process. The
evaporation of precursor droplets can also be enhanced by using charged aerosol droplets,
like those generated by electrostatic aerosol atomization techniques. Upon evaporation of a
charged aerosol droplet the electric charge density on the surface increases, until the
Rayleigh limit is reached at which point the repulsion of the electric charges overcomes the
surface tension cohesive force holding the aerosol droplet together, resulting in the droplet
28

breaking up into smaller fragments.

The instability of exceeding the Rayleigh limit

leads to faster evaporation of charged aerosol droplets relative to neutral droplets.

Table 1.3 summarises the expected deposition location of films deposited by processes 1 - 4
shown in Figure 1.3. The different deposition locations result from the different forces
acting on particles as a function of their size as described above.

AACVD Process

Expected Deposition Location

Process 1

Predominately substrate

Process 2

Predominately substrate

Process 3

Substrate and top plate

Process 4

Predominately top plate

Table 1.3 Expected location of deposition of film in AACVD.

1.2.5 Variants o f the AACVD Process
AACVD is derived from the pyrosol process in which thin films are deposited by spraying
an atomised precursor solution onto a heated substrate.

f\ ^ f\

The precursor solution contains

all the elements required in the film. The main process parameters are substrate
temperature, distance between the aerosol spray nozzle and substrate, flow rate of carrier
gas and aerosol generation rate. The pyrosol process was originally used to deposit a layer
of conducting SnOx onto glass substrates . 27 Chamberlin et. al. demonstrated that the
pyrosol process could be applied to other materials. In 1966 they reported the deposition of
CdS films using a combination of Cd sources including cadmium chloride, cadmium
acetate and cadmium nitrite and sulphur sources such as thiourea, thioacetic acid
ammonium thiocyanate at substrate temperatures between 320 - 380°C.28 For the
subsequent 15 years literature reports regarding the pyrosol process were dominated by
CdS, in later years this was expanded to include oxides e.g. ImO^. SnCF, multi-component
films e.g. U 2 B4 O 7 and noble metal films e.g. Pt, Pd and Ru . 13,29

Processes 1 and 2 shown in Figure 1.3 are the most likely deposition mechanisms to occur
in spray pyrolosis as the precursor solution is sprayed directly onto the substrate, in effect
forcing the aerosol droplets onto the substrate, and not introduced into the reactor via a
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laminar gas flow as is the case with AACVD. As such spray pyroloysis is not a CVD
process. However using precursors with low boiling points and high deposition
temperatures increases the likelihood of the precursor vaporising and hence true CVD
taking place (Processes 3 and 4).

In recent years many variants of AACVD have been developed, these are summarised
below.

•

Electrostatic-spray assisted vapour deposition (ESAVD) and electrostatic-spray
assisted aerosol jet deposition (EAAJD) are variants of the AACVD process which
involve the generation and charging of an aerosol in the presence of an electric
field . 1,30,31 In EAAJD the aerosol generation and electrostatic charging are separate
stages, whereas in ESAVD they are carried out simultaneously. Films can be
deposited from a wider range of precursors using EAAJD compared with ESAVD.
Furthermore higher rates can be achieved with EAAJD. EAAJD has been used to
deposit a range of group II-VI semiconducting films including CdS, CdSe and
ZnS 32 ,33 and ESAVD has been used to deposit films of transition metal oxides,
multicomponent oxides, doped oxides, sulfides and selenides . 34 35 If the deposition
conditions are tailored such that the aerosol droplets undergo heterogeneous
chemical reactions as they approach the heated substrate, a CVD process similar to
process 3 in AACVD (Figure 1.3) occurs resulting in the formation of an adhesive
film. The deposition conditions can also be tailored such that homogenous gas
phase reactions occur, similar to process 4 in AACVD take place forming
nanocomposite powders.
intermediate

set

Porous films can

of deposition

conditions

be obtained by employing an
where

both

homogeneous

and

heterogeneous reactions occur.

•

In aerosol assisted combustion CVD (AACCVD) also known as flame-assisted
vapour deposition the atomised precursor solution is transported to a flame via gas
flow where combustion occurs . 3 6 ' 37 The film is deposited by repeatedly moving a
substrate under the ignited precursor solution. This technique enables high
deposition rates to be achieved at low cost. However a major drawback of the
technique is inability to accurately control the flame temperature. AACCVD has
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been used to produce a range of materials including powders (e.g. AI2 O 3 , YSZ,
Pt) , 38 films (ZnO, BaTiC>3 , CeC>2 ) , 39 nanowires and nanotubes .4 0 The deposition of
tungsten oxide and molybdenum oxide from aqueous polyoxometalate solutions
using AACCVD is described in sections 1.4.2 and 1. 6 respectively.

1.3 Tungsten oxide
Tungsten trioxide is a pale yellow solid with a distorted rhenium oxide structure . 41 The
rhenium oxide structure can be described as a cubic array of comer sharing WC>6 octahedra.
Distortions from ideality are manifest as tilting of the WC>6 octahedra and displacement of
the tungsten atoms away from the centres of the octahedra; consequently many phases of
tungsten trioxide exist. The monoclinic phase of tungsten oxide (Y-WO3) is most stable in
the range 290 - 600 K whereas at higher temperatures the orthorhombic phase (P-W O 3) is
dominant. 42 These phases differ only in their position of the tungsten atoms within the WO6
octahedra and in W -O bond length. Figure 1.4 illustrates structure of the monoclinic phase
of W O3.

b
Figure 1.4 Structure of monoclinic Y -W O 3. (a) Shows tungsten atoms in purple and
oxygen atoms in red; (b) depicts the corner-sharing WO* octehedra.
In addition tungsten trioxide displays variable oxidation states and can therefore
accommodate a wide range of non-stoichiometry i.e.W 0 3 .x (x = 0-0.3 ) . 43 Partially reduced
tungsten trioxide contains oxygen deficiencies. These oxygen vacancies form at particular
planes within the crystal. A partial collapse of the structure eliminates a layer of vacancies
forming crystallographic shear planes stabilising the structure. The shear planes are linked
by edge-shared octahedra. Fully oxidised WO3 is pale yellow, whereas partially reduced
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WOvx is blue. This change in colour upon oxidation and reduction means that tungsten
oxide is electrochromic.

The structure of amorphous WO 3 is composed of clusters of deformed W 0 6 octahedra,
which consist of alternating short W =0 bonds and long W-O bonds . 44 4> Each cluster is
comprised of 3 - 8 W 0 6 octahedral, which are linked together by corners or edges and has
dimensions no larger than
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- 30 A. which preserves X-ray amorphousness. The clusters

are randomly packed together giving rise to an open porous structure, which is filled with
water vapour adsorbed from the air. The adsorbed water molecules stabilize the structure of
amorphous WO 3 .

Tungsten oxide thin films have applications in a diverse range of fields; the gas-sensing
properties of tungsten oxide are particularly relevant to this research and are discussed in
section 1 .8 .

1.4 CVD o f Tungsten Oxide Thin Films

1.4.1 Dual-Source CVD Routes to Tungsten Oxide
The majority of literature reports detailing the CVD of tungsten oxide thin films describe
dual-source routes as opposed to the single-source approach. Dual-source precursors react
together on the heated substrate to deposit the coating, with each precursor introducing at
least one element into the film . 4 6 Conversely for single-source precursors all the elements
required in the film are contained within a single molecule, often in the correct
stoichiometry. In the subsequent sections the CVD of tungsten oxide films via the dual
source and single-source route are summarised.

Tungsten hexacarbonyl [W(CO)6] is one of the most widely reported CVD precursors to
tungsten oxide films. When used as an APCVD precursor in the absence of oxygen
tungsten metal contaminated with carbon known as ‘reflective tungsten' is formed whereas
deposition in the presence of oxygen yields tungsten oxide . 47 4S The structure and properties
of the resulting films are dependant upon the reaction conditions employed; with high
substrate temperatures and oxygen flow rates favouring the deposition of yellow'
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stoichiometric orthorhombic WO 3 films and low temperatures and oxygen flow rates giving
rise to blue partially reduced WO.vx (x =

0 .0 2

- 0.1) films which are largely amorphous in

nature. The low pressure CVD (LPCVD)49MK 1 >2 reaction of [W (C06)] in the absence of
oxygen afforded films composed of a mixture of tungsten metal and W 3 O. whereas carrying
out the reaction in oxygen resulted in the deposition of W |X0 _w films known as 'black
tungsten' which could be oxidised to monoclinic WO* by annealing in the presence of
oxygen at 500 - 600 °C. The PECVD reaction of [W(COL] using an Ar/fT plasma afforded
films comprising predominately of tungsten metal with some oxide and carbide
contamination and using a Ar/CL plasma produced monoclinic WO 3 films .'-' 3 The deposition
temperature was reduced considerably by employing plasma-enhanced conditions.
However this resulted in the formation of non-uniform coatings and pin-hole defects are
incorporated into the WCh films.

The

isonitrile

derivatives

methylbutylisonitrile.

of

tungsten

hexacarbonyl.

[("PrC H tC H fiN Q V A C O ff

and

tungsten
tungsten

pentacarbonyl

1-

pentacarbonyl

/?-

pentylisonitrile. [("Pentyl-NC)W(CO)s] have also been used to deposit tungsten oxide thin
films in dual-source APCVD reactions with oxygen /

4

All films were composed of near

stoichiometric WO 3 and were free of carbon and nitrogen contamination. The films
exhibited electrochromism with the fastest electrochromic switching observed for the films
with the lowest density (and therefore highest porosity).

Tungsten hexafluoride. WF6 and oxygen have been used as dual-source precursors for the
deposition of tungsten oxide films by plasma enhanced chemical vapour deposition
(PECVD).^ Hydrogen is added to the precursor mixture in order to react with fluorine
produced in the reactor that would otherwise destroy the coating; however its presence is
not required for the deposition of the film. Like the APCVD reactions of tungsten
hexacarbonyl and oxygen the stoichiometry of the deposited films could be controlled by
varying the oxygen flow rate: high oxygen flow rates yielded fully oxidised WCL, whereas
low oxygen flow rates afforded partially reduced WOv*.

Tungsten hexafluoride. WF 6 has also been used as an APCVD precursor to tungsten oxide
films in combination with H 2 O.

6

Thin films of monoclinic WCfi. which were free of

fluorine contamination, were obtained under a wide range of deposition conditions on
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sapphire (0112) substrates. Low substrate temperature and gas flow rates favoured the
deposition of randomly orientated films whereas high deposition temperatures and gas flow
rates produced epitaxial coatings. Epitaxial films are oriented in the same direction as the
substrate on which they are grown."

High substrate temperatures and low precursor

concentrations favour the growth of epitaxial films, as these conditions provide rapid
surface diffusion, which leads to the nucleation and growth of crystals in the orientation of
lowest interfacial free energy. Furthermore a substrate lacking in surface contaminants and
defects is required for epitaxial growth. In contrast a microstructure comprising of whiskers
can result from preferential growth at defect sites along a substrate. A whisker is formed
upon intersection of the substrate with a screw' dislocation and whisker growth involves
adsorption of atoms onto these defect sites, followed by diffusion to the tip.

Tungsten oxide films have been deposited on glass substrates via the APCVD reaction of
W OCI4

and ethanol or ethyl acetate /

7

APCVD reactions carried out at temperatures

between 350 - 450°C resulted in the deposition of yellow films of monoclinic WCf in
which the crystallites were randomly orientated, whereas depositions carried out at
temperatures exceeding 450°C afforded blue substoichiometric WCF 9 : films which showed
preferred orientation along the <0 1 0> direction. The substochiometry of the films
obtained at high temperatures was ascribed to an insufficient oxygen supply in the reactor.
Upon annealing the blue films in air at 500°C for 20 minutes they reverted to yellow WCL
films. The yellow

WCL films exhibited

photocatalysis and photo-induced

super

hydrophilicity; properties required for self-cleaning coatings. All films were free of carbon
and chlorine contamination.

LPCVD reactions of tungsten tetra(allyl). [W(q?-C}H0 4 ] and oxygen have been used to
deposit WO* films on indium tin oxide coated glass and silicon wafers.NS The films were
annealed at a temperature of 450 °C and a pressure of 1.5 Torr in a 50:50 mix of argon and
oxygen in order to reduce the carbon content of the films. X-ray diffraction studies showed
that deposition temperatures in excess of 350 °C were required for the deposition of
crystalline films. The crystalline films showed faster electrochromic switching compared to
the amorphous coatings.
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Tungsten oxide films have been deposited from dual source APCVD reactions of tungsten
hexachloride with a variety of oxygen containing solvents (ethanoic anhydride, ethanoic
acid, ethyl ethanoate. methanol, ethanol.

2

-propanol,

2

-methyl- 2 -propanol and water) on

glass substrates at temperatures in the range 450 - 625°C /9 Depositions using ethanoic
anhydride, water, and ethanoic acid afforded yellow films of fully oxidised monoclinic
W O 3.

whereas APCVD reaction using methanol and ethanol resulted in the deposition of

blue films with a partially reduced WOvx

stoichiometry (where x = 0.07 and 0.35

respectively ). Films deposited from ethanoic anhydride, water, ethanoic acid and methanol
were composed of randomly orientated crystallites whereas the film deposited from ethanol
shows preferred orientation along the <0 1 0> direction. No deposition occurred when
using ethyl ethanoate. 2-propanol, or 2-methyl-2-propanol. SEM showed that the film
morphology was strongly dependant on the co-reactant used in the APCVD reaction: films
deposited using ethanoic anhydride and ethanoic acid have a microstructure comprising of
cubic crystallites, those deposited using water have a plate-like morphology, films
deposited using ethanol are composed of a network of needle agglomerates orientated
parallel to the substrate and the film deposited from methanol had a microstructure
intermediate to that observed for ethanol and ethanoic anhydride. The film deposited using
ethanoic anhydride and ethanol displayed photochromism and photocatalysis respectively.
All films were free of carbon and chlorine contamination.

1.4.2 Single-Source Precursors to Tungsten Oxide Thin film s
Tungsten pentaethoxide. [W(OEt)5 ], and tungsten hexaethoxide. [W(OEt)6 ], have been used
as single-source precursors for the deposition of WCfi films in APCVD reactions by Riaz et
al.™ Films were deposited on soda-lime glass, quartz. Corning 7059 glass and silicon
substrates at temperatures ranging from 100 to 350°C. The structure and properties of the
resulting films were found to be independent of the precursor used. XRD showed that all
films were amorphous and XPS and Rutherford back scattering (RBS) found the carbon
contamination to be between 2 - 5 at. ck.

Tungsten (VI) oxo alkoxide, [W O (O R )4] (where R = Me, Et, 'Pr, CH: Bu ), and (3diketonate. [W O (O R h L ] (where L = acae, hfac) complexes have also been used as single
source LPCVD precursors for the deposition of W O3 films on quartz. Pyrex and indium
coated Pyrex substrates . 61 Films were obtained at a minimum temperature of 120°C for
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depositions using [WO(OlBu)4 ], whereas the other precursors required higher temperatures.
All films were amorphous and only after annealing in air at 400°C could be identified as
W 0 3 by XRD.

Tungsten oxo tetra (/crf-butoxide), [WO(OlBu4 )J has also been used in a dual source CVD
reactions with water to deposit tungsten oxide films in a combined CVD sol-gel process . 62
This technique enables films to be deposited at low temperatures and hence amorphous
coatings to be obtained, which are desirable for electrochromie applications. Films were
deposited on Si and soda lime glass substrates at 150 and 100°C respectively. The asdeposited coatings were composed of tungstic species of the form WO„(OH)w. which
following annealing in air at 400°C converted to WOv Interestingly the films remained
amorphous post annealing: however they showed poor colouration due to their low density.

Tungsten hexaaryloxide complexes. [W(OAr)6] (where Ar = Q H s. C 6 H 3 F, C 6 H 3 F) have
been used as AACVD precursors to WCF films by Cross et al . 63 These complexes were
originally intended as APCVD or LPCVD precursors, however due to their low volatility
they condensed in the gas-carry lines and on cold regions of the substrates. Their solubility
in organic solvents rendered them suitable for use as AACVD precursors. AACVD
reactions of [W(OAr)6] were carried out in toluene at substrate temperatures of 300 and
450°C. producing deep blue films. XRD showed that the films deposited at 300°C were
amorphous and at 450°C composed of randomly orientated WCF Films were also deposited
from [WCCKVHUV] using acetone at substrate temperatures of 300. 400 and 500°C.
Deposition at 300°C afforded an amorphous coating, and at 400 and 500UC partially
reduced WO 3 x films which showed preferred orientation along the

< 0

1 0

> direction were

formed. Annealing the film deposited at 300°C in air for two hours at 500°C produced
yellow' randomly orientated WCfi films whereas the films deposited at 4(X) and 500°C
retained their preferred orientation post annealing. The yellow WO 3 films functioned as
photocatalyts for the destruction of an over layer of stearic acid and exhibited photo
induced super hydrophilicity. The photochromic properties of WO 3 films deposited from
[W(O C H 5 )fd were investigated by Palgrave et a l M The study revealed that the annealed
WO 3 films showed a reversible photochromic transition upon UV irradiation whereas
doping the WCF films with Ti reduced the photochromism. proportional to the level of Ti
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doping. Section 1.8.3 describes the gas-sensing properties of WO 3 films deposited from
[W(OC 6 H5)6] under an applied field.

Cross also demonstrated that films could be deposited from ionic precursors using the
AACVD technique . 65 He used the polyoxometalate ["Bu4 N]2 [W6 Oi 9 f which is essentially a
fragment of the crystalline WO 3 structure to deposit tungsten oxide thin films. These
coatings exhibited photocatalysis and photo-induced super hydrophilicity. Unlike the
[W(OAr)6] complexes which were only employed as AACVD precursors because they
failed the volatility requirements of APCVD and LPCVD precursors, ["Bu4 N j 2 [W 6 0
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j was

selected specifically for use in AACVD. This preliminary work by Cross forms the basis of
this project.

Polyoxometalates have also been used as AACCVD precursors to tungsten oxide films.
Tungsten oxide films were deposited on silicon wafers or silicon coated float glass at 100°C
by repeatedly moving the substrate under an ignited precursor solution comprising of
ammonium metatungstate. [(NH 4 )6 H 2 W i 2 0 4 o] in deionised water. 66 The films were
amorphous and had stoichiometries close to WO 3 .

The single-source approach has several advantages over dual-source CVD;

film

stoichiometry can be controlled by varying the ratio of elements in the precursor rather than
the CVD process parameters. Furthermore the use of single-source precursors simplifies the
CVD apparatus, lowers the deposition temperature, and reduces the possibility of pre
reaction in the gas phase as well as eliminating the use of toxic and moisture sensitive
gases.466/ The main disadvantages of single-source precursors are associated with their low
volatility and thermal stability compared to dual-source alternatives. These however could
be overcome by applying the AACVD technique.

The primary requirement for single-source CVD precursors is that they decompose to form
the desired product. For conventional CVD processes it is also essential that the single
source precursors are volatile so that they can be thermally vaporised and transported to the
CVD reactor in the gaseous state; consequently they tend to be small, neutral and
monomeric complexes. In the case of AACVD since the precursor is vaporised by an
aerosol method the only additional requirement for a single-source precursor is solubility in
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a suitable solvent hence AACVD provides a route to the deposition of films from novel
precursors such as polyoxometalates (Section 1.7). However the AACVD approach has
usually only been employed for precursors that fail the volatility requirement like the
[W(OAr)6] complexes, as such the technique is currently underdeveloped and its potential
has yet to be fully exploited.

Prior to the work of Cross there were only two reports detailing the CVD of tungsten oxide
thin films from single-source precursors, despite the advantages of this approach compared
to dual-source CVD . 6 0 6 1 Hence the use of single-source precursors like the AACVD
technique has yet to be exploited fully. Interestingly the most recent reports describing the
CVD of tungsten oxide films from single source precursors use AACVD or a variant of the
AACVD process . 63 6 x 6 6 Since a major disadvantage of single source precursors can be low
volatility and thermal stability, it seems that the use of AACVD may be pivotal to WCf
single source CVD.

1.5 Molybdenum Oxide
MoCL is white solid at room temperature, which becomes yellow upon heating. Like WCf
MoCL exists in many crystalline modifications, of which the most common are
orthorhombic a-M oC f 63 and monoclinic p-MoCL69 and can accommodate a wide range of
non-stoichiometry. Both a-M oCf and p-MoCL are built up of M o0 6 octehedra.

Orthorhombic a-M oCf has a two-dimensional layered structure in which each Mo atom is
surrounded by a disordered octahedron of oxygen atoms. The layers comprise of corner
sharing chains of M o0 6 octahedra which share edges with two similar chains. The layers
stack together in a staggered arrangement and are held together only by van der Waals
forces. Figure 1.5a shows the structure of orthorhombic MoCf.

p-M o(L has a perovskite-type ReCL structure, which can be described as an infinite
network of corner-sharing MoCV octahedra. in which each Mo atom is surrounded by six
oxygen atoms. In between the MoCL octahedra. there are extended tunnels which can serve
as intercalation sites for mobile ions. At temperatures between 370-400°C a transformation
from p-MoCL to a-M oCf occurs . 70
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M o0 2 has a distorted rutile structure (Figure 1.5b). The structure is distorted to such a great
extent that Mo-Mo bonds are formed .
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a

b

Figure 1.5 Structures of orthorhombic M 0 O3 , (a) and monoclinic M0 O2 , (b). The
molybdenum atoms are shown in pink and the oxygen atoms in red.
Thin films of molybdenum oxide have a diverse range of applications including
electrochromic devices, catalysis and gas sensor components. The CVD reactions which
have been used to deposit molybdenum oxide films are described in sections 1 .6 .

1.6 CVD o f Molybdenum Oxide Thin Films
Like the analogous tungsten complex, molybdenum hexacarbonyl, [Mo(CO)6] has been
used as a single source precursor and in conjunction with a secondary source to deposit
molybdenum oxide films using a number of CVD techniques. When used as an APCVD
precursor in the absence of oxygen molybdenum metal contaminated with carbon known as
‘reflective molybdenum’ is formed whereas deposition in the presence of oxygen yields
black molybdenum

, 72

The reflective molybdenum and black molybdenum films both

crystallised in the orthorhombic modification of M0 O 3 following annealing in air at 600°C,
with crystallites preferentially orientated along the

<1

1

0

> and

< 0

1

0

> direction

respectively.

The optical properties of the molybdenum oxide films deposited from the APCVD reaction
■70

of [Mo(CC>6 )] and oxygen at low temperatures were investigated by Gesheva et al.

Films

were deposited on Si wafers and conductive Sn02:Sb glass at substrate temperatures of 150
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and 220°C with the [Mo(C 0

6 )]:0 2

ratio ranging from 1:24 to 1:40. The as-deposited films

were amorphous in nature and after post deposition annealing for one hour at a minimum
temperature of 300°C crystallized in the orthorhombic modification of M0 O 3 . The films
deposited on conductive glass showed high optical transmittance (60 - 70 CA ) in the visible
region, with the transmittance increasing with annealing temperature. The optical band gap
of molybdenum oxide films was dependant on the [Mo(C 0

6 )]:0 2

ratio: films deposited

from 1:24 and 1:40 [Mo(C 0 6 ) ] : 0 2 ratios had band gaps of 2.7 and 3.4 eV respectively.

Molybdenum hexacarbonyl and molybdenum hexafluoride, have been used as PECVD
precursors, in conjunction with hydrogen, methane or oxygen to deposit molybdenum oxide
films on silicon substrates . 74 The as-deposited films were all amorphous in structure. X ray
photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES) showed that the
PECVD reaction of [Mo(CO)6 ] with CHU afforded films composed of a mixture of MoCK
M0 2 C. and elemental Mo and depositions using PE yielded films of molybdenum
oxycarbide. Depositions using MoF 6 with hydrogen and CH4 both produced films
comprising of elemental Mo. however the latter also contained M0 2 C. In both cases the
films were free of fluorine contamination. All films could be oxidised to MoCE following
annealing in air. In contrast MoCE could be obtained directly via the PECVD reaction of
[Mo(CO)6] and oxygen.

Molybdenum oxide films have been deposited via hot filament metal oxide deposition
(HFMOD).

5

The technique involves heating a molybdenum filament in a low pressure

oxygen environment to generate volatile molybdenum oxide species which form a film on a
nearby substrate. The oxygen flow rate and molybdenum film current are the main
deposition parameters. Amorphous, compact films which showed good adherence to the
substrate were obtained under all deposition conditions. XPS revealed the presence of Mo(H
and Mo' + cations with a high predominance of the former over the latter and the RBS data
indicated an average atomic ratio of 2.9, confirming the MoCE x film stoichiometry. The
optical band gap value of the films was found to be independent of the oxygen flow rate
and molybdenum filament current.
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Molybdenum oxide films have been deposited on Si wafers and Si coated float glass at
100°C by AACCVD using an aqueous solution of ammonium molybdate, [NH 4 M M 0 7 O 2 4 ]
in deionised water.66 The films were amorphous and had stoichiometries close to MoCfl.

There are far fewer reports detailing the CVD of molybdenum oxide films compared with
tungsten oxide. Furthermore there is only one report describing the single source approach
and an AACVD based technique. This project aims to expand on this and hence
demonstrate the versatility of polyoxometalates as AACVD precursors. The subsequent
section describes the synthesis, structure and properties of polyoxometalates, which have
been used as precursors to tungsten oxide and molybdenum oxide films.

1.7 Polyoxometalates
Polyoxometalates are large anionic metal oxygen clusters, which are formed by the early
transition metals in their highest oxidation states, in particular by the elements tungsten,
vanadium and molybdenum and to a lesser extent by niobium and tantalum.5 76 77 Clusters
which contain one type of metal are known as isopolyoxometalates and those containing
additional elements (heteroatoms) are known as heteropolyoxometalates.

Most polyoxometalates are formed by varying the pH of an aqueous solution of M O 42 (M
= W, Mo, Nb. V. Ta) ions. The elements which can form polyoxometalates are able to
change their coordination with oxygen from 4 to 6 as they polymerize in solution upon
acidification and can form double bonds with unshared oxygen atoms from their M 0 6
7X

octahedra. by p7t-d7t interactions. ' Polyoxometalates can accommodate a wide range ot
heteroatoms, including most non-metals and transition metals. The formation of
isopolyoxometalates involves the polymerization of the metal-oxygen polyhedra around a
heteroatom as the solution is acidified 9 5(1 Polyoxometalates can be rendered soluble in
most solvents including water and hydrocarbons by variation of the counter ions. In this
study the polyoxometalates have been isolated as their tetrabutylammonium salts, rendering
them soluble in aprotic solvents such as acetone and acetonitrile, which is preferable for
AACVD reactions.
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Although the existence of polyoxometalates has been known since the nineteenth century, it
was only during the 1980’s that advances in characterization techniques such as O 17 NMR
spectroscopy and X-ray diffraction enabled their structures to be resolved . 76

The following polyoxometalates have been synthesized for use as AACVD precursors in
this study: ["Bu4 N]2 [W6 0 19], ["Bu4 N]4 [W,()0
[CpTi(WsOix)H][;,Bu4 N]2 ,
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] . l"Bu4 N]3 lNbW 5 0 , 9]. ["Bu4 N l 3 |TaW 3 0 , 9].

["Bu4 N]4 Ph[SiM oW ,,04l)].

["Bu4 N]4 |Mox() 2 f,l.

[,,Bu4 N]:[Mo 6 O ly]. ["Bu4 N] 2 [Mo 2 0 7] and ["Bu4 N]3 [PMoi2 0 4()]. These have been chosen to
study the effect of cluster size and the introduction of dopants on the resulting film
stoichiometry and properties.

Polyoxometalates are composed of comer and edge-sharing MC>6 octehedra (M = W. Mo).
The polyoxometalates ["Bu4 N]2 [W 6 0 19]. ["Bu4 N]2 [Mo6 0 19] and [''Bu4 N]4 [W,uO d have
structures comprising of a neutral Wn0 7n cage encapsulating one or more formally anionic
sub-units. The structure of [''Bu4 N]2 [W 6 O i9] and ["Bu4 N]2 [Mo6 0 i9], can be described as a
M6 0 !s cage encapsulating an O 2 anion . 8 '76 The M6 Oix cage is comprised of six [MO]4+
units occupying the vertices of an octahedron. Each hexavalent tungsten or molybdenum
centre forms single bonds to four adjacent doubly bridging oxygen atoms, a double bond to
its terminal oxo ligand and a very long weak bond to the central bridging OM 6 atom
(Figure 1.6). The structure of [MftOiy]"" is shown in Figure 1.7. The structures of
["BuiNfdNbWsOisd and ["Bu4 N]dTaW 5 0 i9] are similar except that one tungsten atom is
substituted by a niobium or a tantalum atom respectively . 81 Similarly the polyoxometalate
[CpTi(W 5 0 ls)H]["Bu4 N ]2 is generated by replacing a [OWvl]4+ unit with [CpTiIV ] 3 + . s2
O

W "

Figure 1.6 Representation of the three types of metal-oxygen bonds at each hexavalent
tungsten centre in [W6 0 i9 ]“\

a

b

Figure 1.7 Structural representation of the anion, [IV^O^]2* (M = W, Mo), (a) Shows
M atoms in pink and oxygen atoms in red; (b) depicts the edge-shared MC>6 octehedra.
The [WioC^]4* ion has a similar structure, where each tungsten centre has the local
environment just described for the tungsten atoms in [W6 Oi 9 ]2', however is part of a larger
W 10 O 30 cage which encapsulates two O2' ions (Figure 1.8) . 83 The [M0 8 O 2 6 ] 4 anion is
comprised of a ring of six M o0 6 octehedra which are linked to two distorted M0O4
tetrahedra, one above and one below the plane of the ring (Figure 1.9) . 84 The structure of
[M0 2 O7 ]2' consists of two M0O4 units sharing a bridging oxygen atom . 85

a

b

Figure 1.8 Structural representation of the anion, fWioC^]4’ (a) Shows tungsten atoms
in pink and oxygen atoms in red; (b) depicts the corner and edge-shared W 06
octehedra.
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a

b

Figure 1.9 Structural representation of the anion, [Mo^t^]4* (a) Shows molybdenum
atoms in pink and oxygen atoms in red; (b) depicts the edge-shared M o06 octehedra.
The structure of ["BU4 NMPM 0 1 2 O 4 0 ] is derived from the Keggin anion [PMo^O ^

] 3' . 5,76

The Keggin anion is composed of a central tetrahedron PO4 surrounded by 12 edge and
comer sharing MoC>6 octahedra, which are arranged in four M 0 3 O 13 groups. Each M0 3 O 13
group consists of three edge sharing octahedra which have a common oxygen atom which
is also shared with the central PO 4 tetrahedron. Figure 1.10 shows the structure of
[ P M 0 1 2 O 4 0 ] 3’ .

a

b

Figure 1.10 Structural representation of the Keggin anion, [PMonO^]3" (a) Shows
molybdenum atoms in pink, oxygen atoms in red and the phosphorous atom in blue;
(b) depicts the corner and edge-shared M o06 octehedra.
The structure of [SiM oW n0 4 o]4’ is derived from that of the dodecatungstosilicic ion
[SiW 120 4 o] \ which exists in three isomeric forms, a, (3 and y.86 The a-isomer has the
Keggin structure and is composed of four edge sharing W 3 O 13 octehdera around a central
S i0 4 tetrahedron. The p and y isomers are obtained by rotating one or two of the W 3 O 13
groups by 60° respectively. There is little variation between the stability of the three
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isomers and each can be isolated by varying the acidification conditions of the preparation.
The structure of [SiMoW nO^]4" is isomorphous with that of p -[ S iW i20 4o]4'.87 The p[SiWi2 0 4 o]4" ion has W atoms in three environments; three which are situated opposite the
rotated W 3 O 13 group, six in the adjacent octahedral, and three tungsten atoms in the rotated
W 3 O 13 group. In [SiMoWiiO^]4' the Mo atom occupies the site of a tungsten atom which
lies opposite the rotated W3O13 group. Figure 1.11 shows the structure of [SiMoWj 1O40]4’ .

a

b

Figure 1.11 Structural representation of the anion, [SiMoWn04o]4' (a) Shows tungsten
and molybdenum atoms in pink, oxygen atoms in red and the silicon atom in grey; (b)
depicts the corner and edge-shared W(>6 octehedra.
Films have also been deposited from the tetrabutlyammonium salt of the tetrahedral
[W O 4]3'

ion for comparison.

A number of excellent reviews have been published on polyoxometalate chemistry.
88.89.9o.9 i

5 7 6 X0

These provide compressive guides to the synthesis and structure of a wide range of

polyoxometalates as well as describing their potential applications which include catalysis,
photocatalysis, and antiviral and anti-HIV activity.

With their large caged structures and electronic charges polyoxometalates are the antithesis
of CVD precursors. This project aims to illustrate that the use of an aerosol to transport the
precursor broadens the range of materials that are suitable for use as CVD precursors as the
volatility requirement is eliminated.
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1.8 Semiconducting Gas Sensors

1.8.1 Introduction
An important aspect of this project is to assess the gas-sensing properties of the tungsten
oxide thin films deposited using AACVD and to study the effect of film thickness and
microstructure on the sensing characteristics.

1.8.2 Mechanisms fo r Resistance Change in Semiconducting Gas Sensors
A semiconducing gas sensor is composed of a metal oxide with a high surface area to
volume ratio deployed on a heated insulating substrate between two metal electrodes.
Semiconducting gas sensors exhibit a change in their electrical resistance upon exposure to
a trace gas.

92 93 94

9:' The resistance changes due to variations in the charge carrier density at

the sensor surface. This can occur:

•

Via reaction of a reducing gas (CO. C 2 H 5 O) to decrease the concentration of surface
adsorbed oxygen ions.

•

By direct chemisorption of oxidising gases (NO:. CD).

•

Through interaction with water.

Adsorbed oxygen species (e.g. O f . O"’. O’) play an important role in the gas sensing
mechanism of reducing gases.9rv96'97Changes in the concentration of adsorbed oxygen
species on the surface give rise to the change in resistance. The adsorbed oxygen abstracts
electrons from the bulk forming an electron depleted space charge layer, which lies within
the band gap of the material but at the surface.

In the case of an n-type semiconductor electrons are abstracted from the conduction band,
resulting in a decrease in the charge carrier density at the gas/solid interface and a potential
barrier to charge transport, AG. developing (Figure 1.12). As the surface charge increases,
the adsorption of further oxygen is inhibited as more charge must be transferred to the
adsorbate to overcome the increasing surface barrier, leading to saturation of the surface
coverage.
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At temperatures between 300 - 500°C semiconducting oxides can be used as gas sensitive
resistors for the detection of trace gases as in this temperature range relevant surface
reactions proceed at a sufficient rate. Exposure to a reducing gas such as CO decreases the
surface coverage of adsorbed oxygen ions and releases electrons into the space charge layer
(Equation 1.4).

CO + O2'—►C 0 2 + 2e'

(1.4)

This results in a reduction in the surface potential barrier and the space charge layer, hence
a decrease in the sensor resistance occurs.

1
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Figure 1.12 Charge exchange associated with the adsorption of oxygen onto the
surface of an n-type semiconductor. The adsorbed oxygen increases resistance. (1)
shows the adsorption of oxygen species onto the surface of the n-type semiconductor
and their chemisorption through charge transfer from the near surface region, (2) the
distribution of charge at the particle boundary and (3) the band structure of the ntype semiconductor. Where Z is the surface charge, AG the potential barrier to charge
transport and c.b and v.b the conduction band and the valence band respectively.
Adapted from reference.92
Conversely for a p-type semiconductor, the adsorbed oxygen abstracts electrons from the
valence band resulting in an excess of charge carriers (holes) at the gas/solid interface
(Figure 1.13). Upon interaction with a reducing gas a decrease in the surface coverage of
oxygen ions occur which decreases the charge carrier concentration. Therefore p-type
semiconductors show an increase in resistance upon exposure to a reducing gas.
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Figure 1.13 Charge exchange associated with the adsorption of oxygen onto the
surface of a p-type semiconductor. The adsorbed oxygen decreases resistance. (1)
shows the adsorption of oxygen species onto the surface of the p-type semiconductor
and their chemisorption through charge transfer from the near surface region and (2)
the band structure of the p-type semiconductor. Where Z is the surface charge, and
c.b and v.b the conduction band and the valence band respectively. Adapted from
reference.92
In contrast for oxidising gases, such as NCK electron abstraction does not occur via
reaction with adsorbed oxygen species but through direct chemisorption of the gas onto the
surface of the sensor (Equation 1.5) . 9:197

N 0 2 + e" —* N 0 2-

(1.5)

For n-type semiconductors the abstraction of electrons from the space charge layer,
increases its thickness resulting in an increase in the sensor resistance, whereas for p-type
semiconductors the chemisorption of an oxidizing gas increases the charge carrier density
(holes) at the solid/gas interface causing a reduction in the sensor resistance. Figure 1.14
depicts the processes which occur on the surface of an n-type semiconductor such as WO*
in (a) air (b) upon exposure to a reducing gas and (c) upon exposure to an oxidizing gas.
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Figure 1.14 Surface processes which occur on an n-type semiconductor in (a) air, (b)
upon exposure to a reducing gas and (c) on adsorption of an oxidizing gas.
Semiconductors can therefore be classified as n-type or p-type according to whether they
show an increase or decrease in their resistance upon exposure to an oxidising or reducing
gas in an atmosphere of fixed oxygen partial pressure, as summarised in Table 1.4.

Material

Reducing gases

Oxidising gases

n-type

Resistance decreases

Resistance increases

p-type

Resistance increases

Resistance decreases

Table 1.4 Resistance changes upon exposure to reducing and oxidising gases for nand p-type semiconducting gas sensors.
The change in resistance of a sensor is quantified by the response which is defined as the
ratio of the resistance upon exposure to the test gas to the resistance in clean air . 92,93
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The resistance of some semiconducing oxides is also modified by the presence of water
molecules, in particular tin oxide. The formation of water via a surface reaction may
contribute to the resistance change as well as the release of electrons . 98

H2 + 0 2 * - H 20 + 2e‘

(1.6)

The gas sensing properties of a material are dependant upon a number of factors, including

•

The nature of the reaction taking place at the oxide surface

•

Operating temperature of the sensor

•

Catalytic properties of the surface

•

Electronic properties of the bulk oxide

•

Surface area to volume ratio

•

Microstructure

Although reactions with gas molecules occur on the surface of the sensor, its effects can be
manifest through a considerable volume of the sensing material, resulting in changes in the
bulk resistance. In other cases the change in resistance may be confined to a small
proportion of the material close to the surface, however if the semiconductor has a large
surface area to volume ratio (e.g. in a porous thick film) a large change in resistance may
still occur upon exposure to trace gases . 9 4 ’95 Therefore high surface area to volume ratios
are desirable for semiconducting gas sensors.
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1.8.3 Tungsten Oxide Gas Sensors
Semiconducting gas sensors were originally commercialised by Taguchi in 1970, using
sintered tin oxide." However their applications were limited due to lack of selectivity
between gases and high humidity responses. Furthermore they showed poor long term
stability . 100 A range of more selective materials, including tungsten oxide are now
employed as gas sensors.

Tungsten oxide shows greater sensitivity towards oxidising gases than reducing gases and
is primarily used for NO 2 detection. Nitrogen oxides are pollutants, generated by
combustion facilities. The concentration of NO 2 in air is regulated by law, in most countries
this is between 40 - 60 ppb . 97 Consequently there has been much research in the
development of highly sensitive NO 2 sensors for environmental monitoring. The use of
WO 3 sensors for NO 2 detection was first reported by Akiyama et al. in 1991.101 The sensors
were prepared by applying a tungsten oxide paste to an alumina tube attached to two Pt coil
electrodes. The sensors detected NO 2 at a minimum concentration of 5 ppm. The minimum
concentration for NO 2 detection was lowered to

0 .2

ppm by adopting a thin film structure.

Thin film WO 3 sensors were first reported by Cantalini et al. in 1995 102103104 These were
obtained by evaporating WO 3 powders onto sensor substrates. The sensitivity of WO 3
sensors to NO 2 was also enhanced by doping the WO 3 films with Ti,1(b l0 6 1 l) 7 Al , 108 M o109
or Ta . 110 The sensitivity of WO 3 films to H2 S can also be improved by doping with Au. Pt
or Pd . 97 Depositing films composed of lamella-type WO 3 particles or by combining the
WO 3 films with an Au-comb type microelectrode further lowered the detection limit of
NO 2 to 0.01 ppm. The lamella WO 3 particles were prepared using an ion exchange wet
precipitation method . 111,112 The first stage of the synthesis involved passing an aqueous
solution of Na2 WC>4 through an ion exchange resin to form an aqueous WO 3 .2 H2 O sol,
which was then subject to either centrifuging or ultrasonic agitation to produce gels. The
gels were mixed with water and screen-printed onto alumina substrates. Annealing the
sensors in air at 300°C for 2 hours afforded WO 3 . The morphology of the WO 3 sensors was
dependant on the type and length of post-treatment the WO 3 .2 H2 O sol was subject to.
Prolonged ultrasonic treatment (5 hours) afforded WO 3 films composed of small lamella
particles, which were the most sensitive to NO 2 (0.01 ppm). This technique offered greater
control over the WO 3 morphology compared with the pyrolysis and sputtering techniques
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which had previously been used to prepare WO 3 sensors. The WO 3 sensors fabricated on a
gold type microelectrode were prepared by immersing a SiCb substrate with an Au
microelectrode into a WCVpentanol suspension, followed by annealing in air at 500°C for
three hours . 113,114 The film thickness could be controlled by varying the concentration of the
suspension and the time for which the substrates were immersed in the suspensions. All
sensors were comprised of closely packed spherical particles with a size distribution of 0 . 2
- 1.4 pm. The sensor with a thickness comparable to that of the Au electrode (0.6 pm) was
the most sensitive to NO 2 , with a detection limit of 0.01 ppm. The enhanced sensitivity of
this sensor was attributed to the small size of the WO 3 particles, their high porosity between
the electrodes and the visibility of the gold electrodes. For sensors with thicknesses greater
than

0 .6

pm, the NO 2 sensitivity decreased with increasing sensor thickness.

The most common method for preparing semiconductor gas sensors is screen printing,
which is also used industrially .9 3 ,9 4 The technique involves printing a mixture comprising of
the semiconducting oxide in an organic vehicle onto the sensor substrates. Sintering the
sensor affords a porous film. Gas sensors have also been produced using pyrolosis,
sputtering, precipitation, sol-gel and CVD techniques . 101,102

103,104

The majority of reports

describing the CVD of gas sensors have merely focused on the novel aspect of the
technique and the gas sensing properties have not been optimised, consequently they are
poor in comparison to those prepared by screen printing . 115,116 An exception to this is the
WO3 sensors deposited by the AACVD of [W(OC 6 H 5 )6 ] in toluene at 600°C under an

applied field . 117 Carrying out the reaction in an applied field produced thicker films and
enabled control over the film morphology. Using an alternating current afforded films
composed of needle agglomerates, which were orientated between the electrodes. These
sensors showed enhanced responses to low concentrations (90 - 740 ppb) of NCK

Despite CVD enabling direct control over film thicknesses, microstructure, composition
and doping; characteristics which impact significantly on the gas-sensing properties of a
material, its potential for use in gas-sensing has yet to be fully investigated. Furthermore
unlike screen printing CVD is directly compatible with silicon microfabrication technology.
This project aims to optimize the gas sensing properties of the tungsten oxide films
deposited by AACVD in terms of film thickness and microstructure.
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The following chapters present the results of the investigation. In Chapter 2 the AACVD
experimental setup is described, and the analytical techniques used to characterize the
resulting films are discussed. Chapter 3 presents results on the deposition of tungsten oxide
films from polyoxometalates and Chapter 4 on the AACVD reactions of tungsten
hexacarbonyl in a range of organic solvents. Chapter 5 describes the deposition of tungsten
oxide films from heteropolyoxometalates and Chapter

6

the deposition of molybdenum

oxide films from polyoxomolybdates. In Chapter 7 the gas sensing properties of tungsten
oxide films deposited using AACVD are examined and compared to that of a commercially
available screen-printed sensor.
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Chapter 2: Experimental

2.1 Introduction
This chapter describes the AACVD technique which has been used to deposit tungsten
oxide and molybdenum oxide films and to coat gas sensors. The analytical techniques used
to characterize the samples and the gas sensing measurements are also described.

2.2 Aerosol Assisted CVD
Aerosol assisted CVD was carried out using a horizontal bed reactor of in-house design.
Figure 2.1 shows the main features, which are further described below.

N 2 + exhaust out
S te e l s u p p o rts

S u b s tr a te

T o p p la te

B ra s s m a n if o ld

A e ro s o l c h a m b e r
U ltra s o n ic h u m id if ie r

Figure 2.1 Schematic diagram of a CVD reactor
The CVD reactor consists of a graphite block containing a heating element and two Pt-Rh
thermocouples, placed inside an open ended quartz cylindrical tube with dimensions 60 mm
by 160 mm, which contains supports for a top plate. Each end of the quartz tube is capped
with a stainless steel plate. Gas enters through one of the plates via a brass manifold, and
leaves at the opposite end through an exhaust port. The substrate was placed on the graphite
block, and a top plate was placed parallel to the substrate and

10

mm above it.

Both the substrate and top plate were 150 x 45 x 4 mm sheets of SiCF coated soda lime
float glass supplied by Pilkington Glass Pic. The SiCF acts a blocking layer preventing
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diffusion of sodium ions from within the glass into the deposited film. The substrate and
top plate were cleaned using acetone and propan-2-ol and dried in air prior to use. The
substrate was placed on top of the graphite heating block at room temperature. The reactor
was then sealed and heated to the desired temperature. Only the substrate was directly
heated, hence this is a cold wall reactor. The temperatures quoted in this thesis refer to the
substrate.

The aerosol mist was generated using a Vicks ultrasonic humidifier containing a
piezoelectric device which vibrates at a frequency of 20 kHz. The precursor solution was
placed in a glass vessel with a thinned base, which allowed more rapid aerosol generation.
Nitrogen gas, supplied by BOC, was passed through a flow meter and into the precursor
flask, transporting the aerosol mist to the reactor through a brass manifold, designed to
generate a uniform flow of gas across the width of the reactor. The aerosol mist entered the
reactor between the substrate and the top plate. The exhaust was vented into a fume
cupboard. The gas flow was continued until all the precursor mixture had passed through
the reactor, typically taking 20 to 60 minutes depending on the gas flow rate. Films were
cooled to room temperature in situ under a flow of N 2 , and after cooling were handled and
stored in air.

Gas sensors were coated using a steel plate with circular incisions into which the sensor
substrates were placed. For depositions using polyoxometalates the steel plate containing
the sensors was placed in the position of the top plate and for depositions using tungsten
hexacarbonyl, [W(CO)6 ] in the position of the substrate.

2.3 Physical Analysis Techniques
Powder X-ray diffraction (XRD) patterns were recorded using a Bruker-Axs D 8 (GADDS)
diffractometer in the reflection mode with monochromated Cu-Ka radiation (X = 1.5406 A)
using a glancing angle incidence beam of 5°. A motorized computer controlled stage
enabled accurate positioning of the sample and hence diffraction patterns to be recorded at
regular intervals along a sample. Rietveld refinements were carried out using the GSAS 118
suite via the EXPGUI 119 interface; this enabled determination of the lattice parameters and
the March Dollase r factors of the films.
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Raman spectra were acquired on a Renishaw Raman System 1000 using a helium-neon
laser (X = 632.8 nm). The Raman spectrometer was calibrated against the emission lines of
neon.

Differential scanning calorimetry (DSC)/Thermal gravimetric analysis (TGA) was
performed using a NETZSCH STA 449 instrument from 20°C to 550°C at a heating rate of
10 Kmin'1, with the samples stored under nitrogen in aluminum crucibles.

X-ray photoelectron spectroscopy (XPS) measurements were carried out on a VG ESALAB
220i XL instrument using focussed (300 pm spot) monochromatic Al-ka X-ray radiation at
a pass energy of 20 eV. Scans were acquired with steps of 50 meV. A flood gun was used
to control charging and the binding energies were referenced to surface elemental carbon at
284.6 eV. Depth profile measurements were obtained using argon beam sputtering (etch
voltage 5 kV). XPS data was fitted using the CasaXPS program.

Scanning electron microscopy (SEM) was carried out on a JEOL 630IF instrument using
voltages between

6

and 15 kV, at

8

pA. Images were recorded and analyzed using the

SEMAfore software. Samples were gold coated prior to analysis to enhance conductivity
and reduce charging, which causes image distortion. Environmental SEM (ESEM) was
used to image gas sensors. The images were obtained on a Hitachi S-3400N instrument
using the proprietary Hitachi software in the environmental VP-SEM mode with an
accelerating voltage of between 10 and 12 kV and a chamber pressure in the range
20 - 30 Pa. The samples were not coated prior to analysis.

Wavelength dispersive X-ray analysis (WDX) was carried out on a Philips XL30 ESEM at
accelerating voltages between 5 - 7.5 kV using Inca Wave analytical software. Samples
were carbon coated prior to analysis in order to improve conductivity and reduce charging.
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2.4 Functional Tests
Contact angles were determined by measuring the spread of a 1 pi droplet of water that had
been dropped onto the surface of the film. From this data the contact angles were calculated
using a Pilkington glass proprietry program.

Gas-sensing measurements were carried out using an apparatus of in-house design,
comprising of a glass flow-through cell to which three heated devices could be connected
and sealed. Gases were applied using computer operated mass flow controllers (Tylan
General) through two separate lines. The first carried pre-mixed gases in air of known
concentration (100 ppm EtOH, 10 ppm NO 2 ), supplied by BOC special gases. The second
line carried dry air (‘zero grade’ compressed air supplied by BOC). In this way the gas
concentration supplied to the sensors could be controlled. Gas-sensing experiments were
performed at operating temperature in the range 100 - 550°C. Automated resistance
readings were made every 60 seconds with a multiplexed Keithley digital multimeter.

A standard gas sensor test involved three steps. In the initial step clean air was flowed
through the sensor at a given temperature for thirty minutes in order to measure the baseline
resistance of the sensor, followed by exposure to a flow of known concentration of the test
gas for thirty minutes. In the final step clean air was passed through the sensor for thirty
minutes to return to the baseline resistance of the sensor. Performing this test at different
temperatures enabled the sensor response R/Ro (where R is the resistance upon exposure to
the test gas and R0 is the sensor resistance in clean air) to be determined as a function of the
operating temperature. Tests were also carried out in which the concentration of the test gas
was successively increased after each air step. In this test each air and gas step was also
thirty minutes. The sensor response was also measured at 50 % relative humidity. The
sensor was initially exposed to a flow of the test gas in between two dry air steps each thirty
minutes long, this process was then repeated at 50 % relative humidity. Tests were carried
out over an extended time period of four days in which the sensor were exposed to repeated
treatments of the test gas in between air steps to assess the stability of the sensors. Each air
step was six hours and each gas step thirty minutes.
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Chapter 3: Aerosol Assisted CVD o f Tungsten Oxide Thin Films
from Polyoxometalate Precursors
3.1 Introduction
This chapter describes the AACVD of tungsten oxide thin films from polyoxometalates,
large ionic clusters which would be unsuitable as APCVD precursors due to their low
volatility and thermal instability. However the use of an aerosol in CVD eliminates the
volatility and thermal stability requirements broadening the range of molecules suitable for
use as CVD precursors.

3.2 Precursors
[N H ^tW nO -ul and [NH 4 ]ioH2 [W 2 C>7 ](, are white solids highly soluble in water and other
polar solvents. [N H ^ tW ^ C ^ ] and [NH4]ioH2[W 2 0 7 ] 6 (99.9%) were purchased from
Aldrich Chemical Company and used without further refinement.

[;'Bu4 N]2 [W6 0 i9 ], [/>Bu4 N]4 [W 10 O 3 2 ] and ["B^NhtW Q*], are white powders soluble in
aprotic solvents such as acetone and acetonitrile. The polyoxometalates were synthesized
according to literature procedure as described below.120

Preparation o f ["B u 4 N] 2 [W6O i 9 ]
Sodium tungstate dihydrate, [Na2W0 4 .2H20], (16.5 g, 50 mmol), acetic anhydride (20 cm3)
and DMF were stirred at 100°C for 3 hours resulting in the formation of a white liquid. A
solution of acetic anhydride (10 cm3) and 12 N HC1 (9 cm3) in DMF (25 cm3) was then
added to the liquid whilst stirring. After the addition any undissolved material was removed
from the mixture by filtration under gravity. After washing with methanol (25 cm3) the
filtrate was allowed to cool to room temperature. Dropwise addition of a solution of
tetrabutylammonium bromide (7.5 g, 23.5 mmol) in methanol (25 cm3) whilst stirring
vigorously afforded a white precipitate. The precipitate was collected under suction
filtration and washed with methanol (10 cm3) and diethyl ether (25 cm3) before being
allowed to air dry.
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IR (KBr disk, cm"1): 444 (vs), 587 (m), 664 (vw), 716 (vw), 737 (vw), 754 (vw), 813 (vs),
874 (vw),

888

(vw), 975 (vs).

Preparation o f r^U4N]4^nf^32]
A solution of sodium tungstate dihydrate, [Na2 W 0 4 .2 H2 0 ], (16.0 g, 48.5 mmol) in boiling
water (100 cm3) was acidified rapidly (-1 0 s) with boiling HC1 solution (3 M, 33.5 cm3,
100.5

mmol) whilst stirring. The acidification was accompanied by the formation of a local

white precipitate which disappeared immediately. After boiling for a further 1 - 2 minutes
the clear, yellow solution was precipitated by addition of tetrabutylammonium bromide (6.4
g, 26.5 mmol) in water (10 cm3). The white solid was isolated by suction filtration and
subsequently washed with boiling water
(2 0 0

(1 2 0

cm3), ethanol

(1 2 0

cm3) and diethyl ether

cm3) before being allowed to air dry.

IR (KBr disk, cm"1): 331 (m), 322 (vs), 345 (w), 405 (s), 425 (sh), 434 (m), 582 (w), 740
(sh), 802 (vw),

888

(vs), 942 (s), 958 (vs), 995.1 (vw).

UV-vis (CH 3 CN, nm): 262 (vs).

Preparation of [nPu4N]3[W 04]
Tungstic acid, WO 3 .H 2 O (22 g,

88

mmol) was added to a hot (80 °C) solution of methanolic

tetrabutylammonium hydroxide (0.35 M, 487 cm3, 170 mmol) over a five minute period
with vigorous stirring. After the addition was complete the reaction mixture was stirred for
a further 10 minutes. Undissolved WO 3 .H2 O was removed from the mixture by cooling to
room temperature and filtering under gravity. The resulting solution was boiled for 90
minutes. Further water was removed on a rotary evaporator at 80 °C to yield a moist white
solid, which was dried at 60 °C in vacuo for

8

hours.

IR (KBr disk, cm"1): 667.3 (m), 738.7 (m), 834.2 (s),

1030.9 (m), 1110.0 (m), 904 (s),

1166.4 (w).
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As discussed in Section 1.4.2 an AACVD precursor must satisfy two criteria; solubility in a
suitable

solvent

and

decomposition

to

yield

the

desired

product.

Since

the

polyoxotungstates ["Bu4N]4[Wio032], [,'Bu4N]2 [W6Oi 9 ] and ["Bu4N]3[W04] are soluble in
aprotic solvents and [NH4]6 [Wi2 0 3 9 ] and [NH4]ioH2 [W2 0 7 ] 6 in water the first requirement
has been met. TGA was carried out on the polyoxometalates in order to determine whether
they decomposed to WO 3 , as shown in Figures 3.1 and 3.2.

The polyoxotungstate ["Bu4 N]2 [W6 O i 9 ] decomposes in a single step between 350 and
400°C with an observed mass loss of 22 %. This mass loss is consistent with decomposition
of the polyoxotungstate to yield

6

WO 3 fragments (26.4 7c). Similarly ["Bu4N]4[Wi0O 3 2 ]

decomposes in a single step with a total mass loss at 400°C of 26 %, corresponding to
decomposition to WO 3 , which is theoretically associated with a mass loss of 30 %
(Figure 3.1). However a small mass loss was also observed prior to the onset of
decomposition for ["Bu4 N]4 [Wio0 3 2 ], which is probably due to removal of solvent from the
sample. The TGA data therefore indicates that at temperatures exceeding 400°C the
AACVD reactions of [;IBu4 N]2 [W6 O i 9 ] and ["Bu4 N]4 [Wio0 3 2 ] will result in the deposition
of WO 3 .

In contrast the polyoxometalates [NH-jM W ^C^] and [NH4 ]ioH2 [W2 0 7 ] 6 decompose in
multiple steps. A total mass loss of 7.2 % was observed for [NH 4 ]6 [Wi2 0 3 9 ] at 450°C which
is in good agreement with the 5.3 % mass loss calculated for the decomposition of
[NH4 ]6 [W 120 3 9 l to afford

12

W O 3.

For [NH4 ]ioH2 [W2 0 7 ] 6 a total mass loss of

1 0 .1

%

occurred at 440°C, which is consistent with that expected for decomposition to W O3 (9.1

7c). This indicates that the AACVD of [NH4 ]6 [Wi2 0 3 9 ] and [NH4 ]i()H2 [W2 0 7 ] 6 at
temperatures above 450 and 440°C respectively will deposit WO3 films. The TGA of
[NH4 ]^[W12 O 3 9 ] is shown in Figure 3.2.

For ["Bu4 N]3 [W 0 4] a total mass loss of 76 7c would indicate that the polyoxotungstate had
decomposed to WO 3 , however at 550°C the mass loss is only 64 7c. The incomplete
decomposition of the precursor may be due to its significantly higher proportion of anion
(75%) compared to the other polyoxometalates (3 - 29 7c). Therefore AACVD using
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["B^NfilWO.*] may result in the deposition of WO 3 contaminated with significant levels of
carbon or nitrogen
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Figure 3.1 Thermal gravametric analysis of [nBu4 N]4 [Wio0 3 2 ].
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Figure 3.2 Thermal gravametric analysis of [NH^IW nO^].
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3.3 Deposition using Polyoxometalates
Depositions using [N R tM W ^C ^] and [NH4 ]ioH2 [W2 C>7 ] 6 were carried out using a
precursor solution comprising of the polyoxometalate (0.25 g) in water (50 cm3) at
substrate temperatures in the range 500 - 600°C and a flow rate of 2 L min"1. AACVD
reactions using fB u 4N]2 [W6O i 9 ], ["B^NfifW ioO^] and ["Bu4N]3 [W0 4] were carried out
using a precursor solution of the polyoxometalate (0.25 g) in acetonitrile (50 cm3) at
substrate temperatures between 500 - 600°C and a flow rate of 0.5 L m in'1.

The coatings were deposited exclusively on the top plate, rather than on both the top plate
and the substrate. Figure 1.3 in chapter 1 illustrates four different deposition processes
which may occur in AACVD. In processes 1 and 2 the aerosol droplets impinge directly
onto the substrate. Since the motion of aerosol droplets, above 10 pm in diameter, is
dominated by gravitational settling this would lead to deposition occurring primarily on the
heated substrate. Process 3 involves the vaporization of the aerosol droplets and deposition
from gas phase molecular precursors. As the motion of gas phase molecules is determined
by diffusion film deposition is expected to occur on all surfaces of the reactor. In process 4
gas phase particles are formed through reaction of the precursor. Gas phase particles are
subject to a thermophoretic force when exposed to a temperature gradient.14’15’16'17'18 This
force is directed away from the hot surface, so larger particles act as if repelled from a hot
surface and attracted towards a colder one. In effect the larger particles can not diffuse
through the thermal boundary layer at the surface of the hotter substrate. Since the flow of
gas in the reactor is laminar rather than turbulent, thermophoresis is usually the dominant
force in determining the deposition location of sub micron particles; hence coatings would
be expected predominately on the upper substrate. The deposition of films on the top plate
indicates that aerosol droplets evaporate prior to settling on the substrate and is indicative
of the formation of gas phase particles i.e process 4 in Figure 1.3.
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Films deposited from [N K d ^W n C ^] and [NH4]ioH2[W20 7]6 at all substrate temperatures
were yellow whereas those deposited from ["B^NBfWCH] and from ["Bu4 N]2 [W6 0 i9 ] at
500°C were blue. Annealing the blue films in air at 550°C for thirty minutes yielded yellow
films. Blue films are indicative of the partially reduced stoichiometry WO^ x (x = 0 - 0.3)
and yellow films of the fully oxidised WO 3 state .43 Aerosol assisted depositions of
[,iBu4 N]4 [W 10 O 3 2 ] and of fB ^ N h fW W ^ ] at temperatures exceeding 500°C resulted in the
formation of golden brown films; this colour may be the result of carbon contamination
within the films.

The films deposited from [N fL ^tW ^C ^] and [NH4 ]ioH2 [W2 (>7 ]6 at all substrate
temperatures showed poor adherence to the substrate and complete substrate coverage.
Films deposited from ["Bu4 N]2 [W6 O i 9 ] at temperatures of 500 and 550°C showed partial
adherence to the substrate whereas increasing the deposition temperature to 600°C afforded
a powdery coating. Maximum coverage of the substrate occurred at 550°C. A similar trend
was observed for the films obtained using ["B ^N ^tW ioC ^]; depositions carried out at
500°C and 600°C resulted in approximately 2/3 coverage of the substrate, with no
deposition occurring in the region furthest from the precursor inlet and complete coverage
of the substrate occurring at 550°C. However these films showed partial adherence to the
substrate at all deposition temperatures. An adherent film which showed complete coverage
of the substrate was deposited from ["Bu4 N]3 [W0 4 ] at 500°C. Increasing the deposition
temperature to 550°C yielded a predominately powdery film with a small adherent region
furthest away from the precursor inlet and the film obtained at 600°C was composed solely
of a powdery region. In both cases film coverage was restricted to the first and central third
of the substrate.
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The films deposited from the polyoxotungstates were analyzed by glancing angle XRD.
XRD provides information regarding the structure of the films and the orientation of the
crystallites with respect to the underlying substrate. The latter can be quantified by the
March Dollase r factor which is a measure of the preferred orientation. An r factor of 1
correlates to a random orientation of crystallites and an r factor of less than

1

to the

crystallites having a tendency to align such that the stated crystallographic direction is
perpendicular with respect to the underlying substrate.

XRD showed that films deposited from [N H ^ tW ^ C ^ ] and [NH4 ]ioH2 [W2 0 7 ] 6 at all
substrate temperatures were comprised of randomly orientated crystalline monoclinic WO 3
(March Dollase r factor =1 ) 121 which indexed in the P \2 \ln \ space group with typical cell
parameters of a - 7.35, b = 7.53, c = 7.70 A, p = 90.49°; this compares with literature
values of a = 7.31, b = 7.54, c = 7.69 A, p = 90.880.122 In contrast films deposited from
[^Bu-iNJ^iWO4 ] showed preferred orientation along the <0

1

0> direction, (the diffraction

patterns were dominated by the 0 2 0 and 0 4 0 reflections of y- WO 3 ) with the direction of
crystallites becoming increasingly randomised with increasing deposition temperature
(Figure 3.3). Increasing the deposition temperature from 500°C to 550°C resulted in an
increase in the r factor from 0.10 to 0.29. The film deposited at 600°C was the most
randomised with an r factor of 0.65. Preferred orientation arises when the constraints of a
thin film are imposed upon a material, and is a feature commonly associated with CVD
films. Previously tungsten oxide films which show preferred orientation along the <1 0
17 ^ I">4
PS P 6
0> ‘ “ and <0 0 1> “ ' ‘ direction have been deposited by CVD. Annealing the films in
air at 550°C resulted in complete randomisation of the crystallites (r = 1 ).

A similar trend was observed

for films deposited using

["Bu4 N]4 [Wio0 3 2 ] and

["Bu4 N]2 [W6 O i 9 ]; depositions carried out at 500°C yielded monoclinic WO 3 with a small
degree of preferred orientation along the <0 1 0> plane (r = 0.92 and 0.89 respectively),
whereas those carried out at temperatures in excess of 500°C resulted in the formation of
randomly orientated WO 3 (r = 1). Figure 3.4 shows the diffraction patterns of the films
deposited from the polyoxometalate precursors at 550°C.
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Figure 3.3 Powder XRD patterns of the films deposited by the AACVD reaction of
["Bu.iNktWOJ in acetonitrile as a function of substrate temperature. The stack plot
illustrates the increase in the randomisation of the crystallites (r factor)) with
increasing deposition temperature. The database finger print pattern for bulk WO3
powder has been included.
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Figure 3.4 Powder XRD patterns of the films deposited from the polyoxometalate
precursors at 550°C. The XRD pattern of the films deposited from [NH4 MW 1 2 O3 9 ],
[NH4 ]i0 H2[W2 0 7 ]6* [/,Bu4 N]4 [W1 o0 32] and ["Bu4 N]2 [W6 Oi9 ] are characteristic of
randomly orientated crystalline monoclinic tungsten oxide, whereas the film deposited
from ["BuiNMWC^] shows preferred orientation along the <0 1 0> direction. The
database finger print pattern for bulk WO 3 powder has been included.

XRD

showed

that

the

AACVD

of

[NH4 ]6 [W 120 3 9 ],

and

of

[,,Bu4N]4[W1o032] and f !Bu4N]2 [W6 0 i9 ] at substrate temperatures exceeding 500°C
afforded monoclinic tungsten oxide films in which the crystallites are randomly orientated,
whereas deposition using ["Bu4N]3[W04] yielded tungsten oxide films in which the
crystallites are aligned perpendicular to the underlying substrate.
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Further analysis was performed using Raman spectroscopy. Raman spectroscopy provides
structural information, primarily on the vibrational properties of a material. The films
deposited from [NH4 ]6 [Wi2 0 3 9 ] and [NH 4 ]ioH2 [W2 0 7 ] 6 have Raman patterns characteristic
of crystalline monoclinic WO 3

127

with bands at 808, 717 and 274 cm '1. The bands at 808

and 717 cm ' 1 correspond to the W6+-0 stretching vibrations and the band at 261 cm ' 1 arises
due to the W6 +-0-W 6+ stretching mode. No Raman bands were observed at wavenumbers
below 200 cm ' 1 although a band at 133 cm ' 1 corresponding to a W6 +-0-W 6+ stretching
vibration is expected for monoclinic WO 3 : the absence of this band is due to a filter in the
Raman spectrometer. The bands due to monoclinic tungsten oxide were also observed for
the films deposited from [/,B u 4N ] 4[W io 0 3 2] and [,!Bu 4 N]2 [W6 0 i9 ], however the bands were
broader in nature and of a lower intensity. The observation of crystalline monoclinic WO 3
by Raman spectroscopy is consistent the with XRD data.

The Raman patterns of the films deposited from ["Bu4 N] 3 [W 0 4] were characteristic of
amorphous WO 3 -X, 4 4 ,4 5 displaying a single band at 770 cm ' 1 corresponding to the W6+-0
stretching vibration, compared with the doublet observed for the crystalline monoclinic
phase and a band at 950 cm ' 1 which is thought to arise from either the W6+= 0 stretching
mode of terminal oxygen or is due to adsorbed water molecules. As described in Section
1.3 amorphous tungsten oxide has an open porous structure, which can accommodate water
molecules. In addition a band was observed at 220 cm ' 1 due to the vibration of W ^-O
bands. The presence of the reduced tungsten cations is consistent with the blue colour of the
films which is indicative of a partially reduced WO 3 -Xstoichiometry. The Raman spectra of
the films following annealing in air at 550°C resembled those of the films deposited from
[NH4 ]6 [Wi2 0

39

] and [NH4 ]i0 H2 [W 2 O 7 ]6 . The crystallization of films deposited from

[,!Bu4 N] 3 [W0 4] upon annealing was also observed by XRD. Figure 3.5 shows the Raman
spectra of the films deposited from the polyoxometalate precursors at 550°C.
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Figure 3 .5 Raman spectra of the films deposited from the polyoxometalate precursors
at 5 5 0 °C . The spectra of films deposited from [N H 4M W 12O 39], [ N I id io I M W iO ? ]* ,
[”Bu4 N]4 [Wio0 3 2 ] and [nBii4 N]2 [W6 0 i9 ] are characteristic of monoclinic crystalline
tungsten oxide, and that from [”Bu4 N]3 [W0 4 ] of amorphous tungsten oxide.

XRD showed that the films deposited using [NH4 ]6 [Wi2 0 3 9 ] and [NH4 ]ioH2 [W 2 (>7 ]6 were
composed of randomly orientated crystallites of WO 3 whereas those obtained from the
AACVD reactions of ["Bu4 N]3 [W 0 4 ] showed striking preferred orientation along the
<0 l 0> direction. The Raman patterns of the films deposited from ["B^NMWCTd post
annealing resembled that of crystalline monoclinic WO 3 and an increase in the r factor to l
was observed by XRD. This indicates that there may be a correlation between the
stoichiometry of the films and the randomisation of the crystallites.

X-ray photoelectron spectroscopy (XPS) was used to analyze the surface of the asdeposited films. Studying the spectra of the W 4f peaks provides information regarding the
oxidation state and the chemical environment of the tungsten cations. XPS of the film
deposited from [NPUM W ^C^] at 550°C revealed a doublet corresponding to W6+ 4f 7/ 2 and
W6* 4 f5/2 photoelectrons at binding energies of 35.5 and 37.7 eV respectively and an O Is
ionisation at 531.2 eV. These tungsten and oxygen chemical shifts are in good agreement
with previous studies of W O 3 . 1 2 8 ,129 The absence of any splitting or broadening of the W 4f
doublet indicates that the tungsten was present in a single environment, this is consistent
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with the Raman data in which no bands corresponding to reduced tungsten cations were
observed and the yellow colour of the films which is indicative of fully oxidised WO 3 . The
ratio of the W 4f doublet and O Is peak, taking into account empirically derived sensitivity
factors confirmed that the oxidation state of the tungsten was 6 +. XPS showed that films
deposited from [NH4 ]ioH2 [W 2 0 7 ] 6 (W6* 4f7/2 35.3 eV, 4f5/2 37.5 eV), |',Bu4 N]2 [W6 0 ,.J]
(W6* 4f7/2 35.6 eV, 4f5/2 37.8 eV) and ['‘Bu4 N]4 [Wi0 O42] (W6* 4f7/2 35.5 eV. 4f5/2 37.7 eV)
also contained tungsten in a single environment. The presence of tungsten in a single
oxidation state is consistent with the correlation between the film stoichiometry and
randomisation of the crystallites revealed by Raman spectroscopy and XRD.

Similarly only a single tungsten environment was observed for the films deposited using
["BU4 NMW O 4 ] at 500°C and 600°C, which showed increasing randomisation of the
crystallites with increasing deposition temperature. This is somewhat contradictory with the
Raman data in which multiple tungsten environments were observed and the blue colour of
the films which implies a reduced W 0

3

Xstoichiometry. This discrepancy may be attributed

to surface oxidation of the films, as the films were exposed to air after deposition and prior
to the XPS analysis. In contrast two tungsten environments were observed for the film
deposited using ["B^N^fW C^] at 550°C. Deconvolution of the W 4f doublet using a fullwidth half-maximum (fwhm) and peak area ratio constraint of 0.8 revealed W6+
(4 f7/2 35.4 eV,

4

fs/2 36.6 eV) and W 5 +(4 f7/2 34.2 eV,

4

f5/2 36.4 eV) environments which

were present in an approximately equal ratio. The tungsten.oxygen ratio was determined to
be W 0 2 75 which is consistent with the Raman data and the blue colour of the film.
Furthermore this result confirms the correlation between the stoichiometry of the films and
the randomisation of the crystallites.

Nitrogen was present in all samples with the N Is ionization occurring between 400.6402.0 eV, which is in good agreement with a range of ammonia compounds including
(CH 3 )4 NBrno and [NH4 ]io[Wi2 0 4 i ] , 131 indicating that the nitrogen in the polyoxometalates
does not get eliminated during the deposition. Furthermore the presence of nitrogen in the
films deposited from [NH 4 ]6 [Wi2 0 3 9 ] and [NFffiioFFfW^Cbk discounts that the nitrogen
originates from traces of acetonitrile remaining in the films. The N Is chemical shift
corresponding to acetonitrile occurs at a lower binding energy of around 397.2 eV . 132
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The presence of nitrogen in the films deposited from ["Bu4N]3[W04] is consistent with the
TGA data, which showed that the polyoxometalate did not fully decompose to W O3. As
["BU4NM W O4]

has a considerably smaller mass (974 g m o l1) than the other

polyoxometalates (1892 - 3320 g m o l1) the nitrogen makes a larger contribution to its total
mass.

In addition XPS enabled the level of carbon contamination on the surface of the tungsten
oxide coatings to be determined; for the films deposited from [NH4 U W 12 O 3 9 L
[NH4 ]ioH2 [W2 0 7 ]6> ["Bu4N]2 [W6O i 9 ] and [" B ^ N fitW u A d this was less than 2 % and for
those from ["B ^ N b tW A ] between 4 - 6 %. Etching showed that in all cases the carbon
contamination was entirely surface limited.

Scanning electron microscopy (SEM) was used to examine the surface morphology of the
films and measure the film thicknesses. All films were composed of uniformly spherical
particles agglomerated together, regardless of the starting precursor and the deposition
temperature. Furthermore the size distribution of the particles was also found to be
independent of the deposition temperature. This is illustrated well by the films deposited
from [nBu4N]3[W 04] at substrate temperature between 500°C and 600°C all of which had a
very similar size distribution and a mean particle size in the range 250 - 280 nm (Figure
3.6a). Annealing the films in air at 550°C resulted in an increase in the average particle size
to 480 nm (Figure 3.6b). Films deposited from [N K j^tW ^C ^] and [NFUlioFbtWSOz^ had
a similar mean particle size but a broader size distribution (Figure 3.6c), whereas those
deposited from ["Bu4N]4 [Wi0O 3 2 ] and ["Bu4N]2 [W6Oi 9 ] had a considerably higher average
particle size of around 500 nm and a very narrow size distribution. Interestingly the
microstructure of the films deposited from the later two precursors differed slightly from
that of the others in that there appeared to be some needle-type agglomerates growing out
of the spherical particles (Figure 3.6d and e).

The observation of the spherical particles on the substrate further supports a gas phase
nucleation mechanism (Process 4 in Figure 1.3), rather than molecular diffusion to the
substrate (Process 3). Particles sizes observed here are too small to be strongly effected by
gravitational settling, yet too large to experience rapid gas phase diffusion.1419
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Crosssectional SEM showed that the film thickness decreased with increasing distance
from the precursor inlet with a maximum thickness of around 3000 nm, which correlates to
a growth rate of approximately 50 nm min ' 1 (Figure 3.60-
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Figure 3.6 Scanning electron micrographs of tungsten oxide films deposited from the
AACVD reactions of polyoxometalates at 550°C. Figure 3.6 a shows the film deposited
from [/,Bu4 NJ3 [W0 4 ], and 3.6b following annealing in air at 550°C with their
corresponding size distributions. Figure 3.6c shows the film deposited from
[NH4 U W 12O39 ] and its corresponding size distribution. Figure 3.6d shows the Fdm
deposited from [nBu4 N]2 [W6 0 i9 ] with its corresponding size distribution and Figure
3.6e is a close up of the needle agglomerates. Figure 3.6f shows a cross-section of the
film deposited from r,Bu4 N]3 [W0 4].
Wavelength dispersive analysis by X-rays (WDX) was used to analyze the films deposited
at a substrate temperature of 550°C. Unlike XPS which is surface sensitive WDX is a bulk
technique. Despite using an accelerating voltage of 5 kV, only the films deposited from
["Bu4N]4 [WI0O 3 2 ], rB u 4 N] 3 [W0 4] and [NH4 ]6 [Wi2 0 3 9 ] were sufficiently thick to prevent
appreciable breakthrough to the underlying substrate, and enable a tungsten:oxygen ratio to
be determined. The results indicate that the film deposited from ["Bu4 N] 3 [W 0 4] is
substoichiometric W 0 2 .8i (+/. o.oi)> this is consistent with the blue colour of the films and in
good agreement with the W 0

2 .75

stoichometry determined by XPS and those deposited from
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[”Bu4 N]4 [Wi0O 3 2 ] and [NH4 ]6 [Wi2 0 3 9 ] are overstoichiometric. The overstoichiometry of
the oxygen may be due to water within the films. The WDX results for the films deposited
from [;IBu4 N]2 [W6Oi 9 ] and [NH4]ioH2 [W2 0 7 ] 6 confirm the presence of tungsten and oxygen
in the films.

XRD,

Raman

and

XPS

analysis of the films deposited from

[N K ^ IW ^ C ^ ],

[NH4 ]ioH2 [W2 (>7]6 and ["Bu4 N] 3 [W 0 4] indicate that there is a correlation between the
stoichiometry of the films and the orientation of the crystallites within the film. The films
deposited from [NH4 ]6 [Wi2 0 3 9 ] and [NH 4 ]i0 H 2 [W2 O 7 ] 6 are comprised of randomly
orientated crystalline monoclinic W O3 (r = 1). XPS confirmed the presence of the single
tungsten environment and the yellow colour of the films is characteristic of the fully
oxidised WO3 state. The blue films deposited from ["B^N^fW O*] showed preferred
orientation along the <0 1 0> direction (r = 0.1 - 0.69) and their Raman patterns were
characteristic of partially reduced tungsten oxide. Multiple tungsten environments were
also observed by XPS. Furthermore the stoichometry of the film deposited at 550°C was
determined to be W C b^and W C b^by XPS and WDX respectively. Annealing the films in
air at 550°C resulted in a colour change from blue to yellow, an increase in the r factor to 1
and a Raman pattern characteristic of crystalline monoclinic WO3.
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3.4 Conclusions
Tungsten oxide films have been deposited using polyoxometalate precursors, large ionic
clusters where it is the convention to use small, neutral monomers. This has been achieved
by taking advantage of the aerosol vaporisation technique, whereby the precursor only has
to be soluble in a suitable solvent, and volatility is no longer a requirement, as is the case
with

conventional

CVD

processes.

AACVD

reactions

of

[N H ^JW ^C fu]

and

[NH4 ]ioH2 [W2 0 7 ] 6 resulted in the formation of yellow films comprised of randomly
orientated crystalline monoclinic WO3 as did those using [''Bu4N]4[Wio032] and
["BmNMWaO^] at substrate temperatures exceeding 500°C. In contrast the blue films
deposited from [nBu4N]3[W04] showed preferred orientation along the < 0 1 0 > direction,
with the direction of crystallites becoming increasingly randomized with increasing
deposition temperature. There appears to be a correlation between the stoichometry of the
films and the randomisation of the crystallites; blue films have a partially reduced WO 3 -X
stoichiometry and show preferred orientation along the <0 1 0> orientation, whereas the
yellow films are fully oxidised W O3 and composed of randomly orientated crystallites
(Table 3.1).

There was little variation in the surface morphology of the films, which was composed of
spherical particles agglomerated together, with

starting precursor and deposition

temperature. A larger mean particle size of around 0.5 pm was observed for the films
deposited using [,'Bu4 N]4 [Wi0 O 3 2 ] and ["Bu4 N]2 [W6 Oi 9 ] compared to 0.25 - 0.28 pm for
the other polyoxometalates.

The deposition of films exclusively on the top plate and the observation of spherical
particles, indicates that film growth occurs via a gas phase nucleation mechanism for
polyoxometalates (Figure 1.3, Process 4).

Previous reports detailing the CVD of tungsten oxide films have focused on dual-source
routes. With the exception of [W(OAr)6 ] 63 complexes the few single-source precursors to
tungsten oxide have afforded amorphous coatings whose functional properties have largely
focused on electrochromism. The films showed poor adhesion to the substrate and
contained high levels of carbon contamination . 60,61 In contrast the tungsten oxide films
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deposited from polyoxometalates function as gas sensitive resistors for detecting traces of
nitrogen

dioxide and ethanol

in

air (Chapter 7).

Furthermore

by

varying

the

polyoxometalate used either fully oxidised yellow ([NH 4 ]6 [W 12C>3 9 ] [NH4 ]ioH2 [W2 0 7 ]6 ) or
blue partially reduced (["Bu4 N]3 [W0 4 ]) tungsten oxide films could be deposited. This is the
first report of the deposition of yellow tungsten oxide films via CVD using a single-source
precursor.

Precursor

Solvent

[NH4]6[W1 2 0 3 9]

Deposition
Temperature /°C
500-600

[NH 4 ] 10 H 2 [W 2 O 7 ] 6

500-600

Water

rB u4N ] 2 [W 6 0 19]

500

Acetonitrile

[nBu 4 N]2 [W 6 0 19]

550-600

Acetonitrile

[nBU4N]4[W10 O32]

500

Acetonitrile

550-600

Acetonitrile

Water

Material
As-deposited
Yellow y-W 0 3
random
orientation (r = 1 )
Yellow Y-WO3
random
orientation (r = 1 )
Brown Y-WO3
(r = 0.89)

Yellow Y-WO3
random
orientation (r = 1 )
Brown Y-WO3
(r = 0.92)

Material
post-sintering

yellow Y-WO3
random
orientation
(r= 1 )

yellow Y-WO3
random
orientation
(r = 1 )

Yellow Y-WO3
random
orientation (r = 1 )
[/,Bu4 N]3 [W 04]
Acetonitrile
500
Blue y-W 0 3 -x
yellow Y-WO3
< 0 1 0 > preferred
random
orientation
orientation
(r = 1 )
(r = 0 . 1 )
550
Acetonitrile
yellow Y-WO3
fB u4N ]3[W 04]
Blue Y-WO3 -X
< 0 1 0 > preferred
random
orientation
orientation
(r = 0.29)
(r = 1 )
600
Acetonitrile
yellow Y-WO3
rB u4N ] 3 [W04]
Blue Y-WO3 -X
< 0 1 0 > preferred
random
orientation
orientation
(r = 0.65)
(r = 1 )
Table 3.1 Thin films deposited from the AACVD reactions of polyoxometalates.
rBu4N]4[W 1 0 O32]
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Chapter 4: Aerosol Assisted CVD o f Tungsten Oxide Thin Films
from Tungsten Hexacarbonyl
4.1 Introduction
In chapter 3 the AACVD of tungsten oxide films from polyoxometalates, which would be
unsuitable for use as conventional CVD precursors due to their lack of volatility and
thermal stability was described. In the following chapter the AACVD approach is applied
to tungsten hexacarbonyl, [W(CO)6 ]; a conventional CVD precursor which has previously
been used both as a single-source precursor and in conjunction with a secondary source in a
variety of CVD techniques including APCVD, LPCVD and PECVD. AACVD reactions of
[W(CO)6 ] were carried out using different solvents with a view to better understanding the
role of the solvent in AACVD.

4.2 Precursors
Tungsten hexacarbonyl is a white solid soluble in a range of organic solvents. It is volatile
and sublimes at 150°C. Tungsten hexacarbonyl [W(CO)6 ] is one of the most widely
reported CVD precursors to tungsten oxide films. When used as an APCVD precursor in
the absence of oxygen tungsten metal contaminated with carbon known as ‘reflective
tungsten’ is formed whereas deposition in the presence of oxygen yields tungsten oxide.

47 4X

The LPCVD reaction of [W(CC>6 )] in the absence of oxygen afforded films composed of a
mixture of tungsten metal and W 3 0 , whereas carrying out the reaction in oxygen resulted in
the deposition of W 18 O 49 films known as ‘black tungsten’ which could be oxidised to
monoclinic WO 3 by annealing in the presence of oxygen at 500 - 600°C.49,50,5152 The
PECVD reaction of [W(CO>6 ] using an Ar/fL plasma afforded films comprising
predominately of tungsten metal with some oxide and carbide contamination and using a
Ar/CL plasma produced monoclinic WO 3 films . 53

Tungsten hexacarbonyl (97%) was obtained from Aldrich Chemical Company and used as
supplied.
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4,3 Depositions using Tungsten Hexacarbonyl
AACVD reactions of [W(C0)6] were carried out using a precursor solution comprising of
[W(CO)6] (0.16 g) in either acetone, acetonitrile, methanol, toluene or a 50:50 mixture of
acetone and toluene (50 cm3) at substrate temperatures of 300 and 350°C and a flow rate of
2 L m in'1.

The AACVD reaction of [W(CO)6 ] in acetone resulted in the deposition of adherent blue
films with interference fringes on the substrate. No deposition occurred on the third of the
substrate furthest from the precursor inlet. Similarly adherent blue films were obtained
using acetonitrile and methanol; however film deposition was restricted to the quarter of the
substrate closest to the precursor inlet in the case of methanol whereas complete coverage
of the substrate occurred when using acetonitrile. AACVD of [W(CO)6 ] in toluene afforded
dark blue/black reflective coatings, with complete coverage of the substrate occurring at all
deposition temperatures. Carrying out the depositions from a 50:50 mixture of acetone and
toluene yielded blue coatings with interference fringes similar to those obtained using
acetonitrile, methanol and solely acetone as a solvent. Film deposition was restricted to the
first and central third of the substrate. Blue films are indicative of the partially reduced
stoichiometry WO^x (x = 0 - 0.3) and yellow films of the fully oxidised WO 3 state .43

In contrast to depositions using polyoxometalates, AACVD reaction of [W(CO)6 ] produced
coatings on both the top plate and the substrate. This implies that film deposition occurred
through diffusion of a molecular precursor (Process 3, Figure 1.3) rather than aerosol
droplet settling (Process 1 and 2) or formation of large gas phase particles (Process 4), as
was

the

case

as

for

polyoxometalates.

Compared

to

tungsten

hexacarbonyl,

polyoxometalates are very large and highly involatile, as such they are less likely to form a
vapour but instead form a solid precipitate upon evaporation of the aerosol droplet.

Only films deposited on the substrate in depositions using [W(CO)6 ] were analysed.
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Films deposited from [W(CO)6 ] were analysed by XRD. The diffraction pattern of the film
deposited from acetone at 300°C was dominated by broad peaks indicative of a poorly
crystalline material. Increasing the deposition temperature to 350°C afforded monocline
WO 3 films which showed preferred orientation along the <0 1 0> direction (March Dollase
r factor = 0.21 ) . 121 Depositions carried out in methanol and acetonitrile also yielded WO 3
films which were preferentially orientated along the <0 1 0> direction (r = 0.34 and 0.38
respectively). Similarly tungsten oxide films deposited from ["B^NMWCL] showed
preferred orientation along the

< 0

1 0

> direction, with the direction of crystallites becoming

increasingly randomized with increasing deposition temperature (r = 0.1 - 0.65). As
previously discussed a March Dollase r factor of less than 1 correlates to the crystallites
having a strong tendency to align such that the stated crystallographic direction is
perpendicular with respect to the underlying substrate. In contrast films obtained from the
AACVD reaction of [W(CO)6] using toluene were composed of a mixture of tungsten metal
and W 3 O (Figure 4.1a). The formation of tungsten metal is consistent with the reflective
nature of the films. The use of tungsten hexacarbonyl as an LPCVD precursor in the
absence of oxygen also yields mixed tungsten metal and W3 O films49,5 0 ,5 1 ,5 2 and the
APCVD of tungsten hexacarbonyl in the absence of oxygen produces tungsten metal films
contaminated with carbon

.4 7 ,4 8

However the XRD patterns for the depositions carried out

from a 50:50 mixture of acetone and toluene resembled those of the films deposited using
methanol and acetone (r = 0.27, Figure 4.1b). The XRD patterns of all the films following
annealing in air at 550°C were characteristic of randomly orientated crystalline monoclinic
WO 3 crystallites (r = 1 , Figure 4.1c), which indexed in the P 2 \!n space group with typical
cell parameters of a = 7.33, b = 7.55, c = 7.72 A, p = 90.46°; this compares with literature
values of a = 7.31, b = 7.54, c = 7.69 A, p = 90.88°.123 The randomisation of the crystallites
following annealing was also observed for depositions using ["Bu4 N]3 [W 0 4] .
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Figure 4.1 Powder XRD patterns of the films deposited from the AACVD reaction of
[W(CO>6 ] in toluene, (a) and from a 50:50 mixture of acetone and toluene, (b) at
350°C and 2 Lm in1. The XRD pattern of the film obtained using toluene, (a)
correlates to a mixture of W 3 O and W metal, where the peaks denoted with an
* correspond to W3 O and those with a # to tungsten metal. The XRD pattern of the
film deposited from a 50:50 mixture of acetone and toluene, (b) is characteristic of
tungsten oxide preferentially orientated along the < 0 1 0 > direction and was also
observed for films deposited using acetone, acetonitrile and methanol. All films had an
XRD pattern characteristic of randomly orientated crystalline monoclinic tungsten
oxide (r =1), (c) following annealing in air at 550°C for thirty minutes.
The AACVD of [W(CO>6 ] using oxygen containing solvents (acetone, methanol) resulted
in the deposition of tungsten oxide films, whereas the films obtained from toluene were
comprised of a mixture of tungsten metal and W 3 O. This implies that the solvent acts as an
oxygen source for the growing films as well as a transport medium. TGA carried out on
[W(CO>6 ] merely revealed sublimation at 150°C. The lack of any W-O bonds suggests that
the decomposition of [W(CO)6 ] involves the loss of the carbonyl groups to yield tungsten
metal. Indeed the use of [W(CO)6 ] as a single source APCVD and LPCVD precursor
afforded films of ‘black tungsten’ and mixed tungsten and W 3 O respectively . 4 7 ,4 8 '4 9 ,5 0 ,5 152,53
However AACVD of [W(CO)6 ] in acetonitrile also afforded tungsten oxide films. This may
be due to the difference in polarity of the solvents giving acetonitrile a greater affinity for
absorbtion of water vapor compared with toluene. This was confirmed by FT-IR carried out
on the solvents following exposure to air for 30 minutes, which revealed a high intensity
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OH peak for the acetonitrile sample. Therefore dissolved water in the solvent also provides
oxygen for the films. AACVD reactions of polyoxotungstates were carried out in either
water

([NH 4 ]6 [Wi2 0 3 9 ],

['iB u 4 N ] 4 [W 1o 0 32],

[N H ^ io H ^ W ^ ^ )

[;,Bu 4 N ] 3 [W 0 4]).

However

or
TGA

acetonitrile
showed

the

decomposed to WO3 under a nitrogen atmosphere. Therefore,

(["Bu4N ]2[W 6Oi9],

polyoxometalates
unlike

[W(CO)6]

polyoxometalates do not require an additional oxygen source to deposit WO3 films as the
polyoxometalate core contains sufficient W -O bonds.

The Raman patterns of all the films deposited from [W(CO)6 ] were characteristic of
amorphous W O 3 -X, displaying bands at 220, 770 and 950 cm ' 1 resulting from the vibrations
of W4 +-0 , W6+- 0 and W6+= 0 bands respectively (Figure 4.2a ) . 44,45 The presence of the
reduced tungsten cations is consistent with the blue colour of the films. Similar Raman
patterns were recorded for the films obtained via the AACVD reaction of ["Bu4 N]3 [W0 4].
The observation of bands corresponding to WO 3 .Xfor the films deposited from toluene is
contradictory with the XRD data, which showed that the films were comprised of a mixture
of tungsten metal and W 3 O. This discrepancy may be due to oxidation of the films at high
laser powers or a consequence of the surface sensitivity of the technique compared with
XRD.
The Raman patterns of the annealed films were characteristic of crystalline monoclinic
WO 3 with bands at 808, 717 and 274 cm ' 1 (Figure 4.2b ) . 127 In addition the films deposited
using methanol and a 50:50 mixture of toluene and acetone displayed the band at 950 cm ' 1
post annealing. The formation of crystalline monoclinic WO 3 post annealing was also
observed by XRD.
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Figure 4.2 The Raman spectra of the film deposited from the AACVD reaction of
[W(CO>6 ] in acetone at 350°C and 2 L min'1, (a) and following annealing in air at
550°C for 30 minutes, (b), which are characteristic of amorphous W(>3 .x and
monoclinic WO3 respectively. Similar Raman patterns were recorded for all films.
As with ["BimNMWO.*] the AACVD of [W(CO)6 ] in acetone, methanol, acetonitrile and a
50:50 mixture of acetone and toluene afforded blue films with a partially reduced WC>3 -X
stoiciometry in which the crystallites were preferentially orientated along the

< 0

1

0

>

direction. Annealing the films in air at 550°C for 30 minutes produced fully oxidised
yellow WO 3 films with randomly orientated crystallites (r = 1).

Wavelength dispersive analysis by X-rays (WDX) was used to analyze the films deposited
at a substrate temperature of 350°C. The results indicate that the films deposited from
[W(CO)6 ] using acetonitrile and methanol are

substoichiometric WO 2 9 8 (+/-o.on and

W 0 2 6 (+/-o.o3 ) respectively, this is consistent with the blue colour of the films which is
indicative of a partially reduced WO 3 .X stoichiometry and the Raman data in which bands
corresponding to reduced tungsten cations were observed. The film deposited from toluene
is vastly substoichiometric with a tungsten :oxygen ratio of WOi.8 (+/- 0 .0 2 ) whereas the film
deposited using a 50:50 mixture of toluene and acetone has a similar stoichiometry to the
films obtained from acetone, acetonitrile, methanol, and ethanol (WO 2 .6 (+/-0 .0 2 ))- These
results are in agreement with the XRD data which showed that the AACVD of [W(CO>6]
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and toluene afforded a coating comprised of tungsten metal and W 3 O, whereas deposition
from the solvent mixture yielded tungsten oxide. WDX indicated that the film deposited
solely from acetone was stoichiometric WO 3.1 (+/_ 0 .0 2 b which is contradictory with the
Raman analysis and the blue colour of the films. This discrepancy may be ascribed to water
within the films.

XPS was carried out on the films deposited from [W(CO)6 ] using acetonitrile and toluene at
350°C. XPS of the film deposited from [W(CO)6 ] and acetonitrile revealed a broad
asymmetric W 4f doublet, indicative of multiple tungsten environments. Deconvolution of
the W 4f doublet using a full-width half-maximum (fwhm) and peak area ratio constraint of
0.8 revealed W6 +(4f7/2 35.5 eV, 4f5/2 37.7 eV) and W 5 +(4f 7/2 34.2 eV, 4f 7/2 36.5)
environments which were present in an approximately 3:1 ratio. In addition an O Is peak
corresponding to WO 3 was observed at 530.0 eV. The tungstemoxygen ratio was
determined to be W 0 2 8 7 which is consistent with the Raman data in which reduced
tungsten cations were observed and the blue colour of the film, which is indicative of a
partially reduced WC>3 .X stoichiometry. Furthermore this result confirms the correlation
between the stoichiometry of the films and the randomisation of the crystallites.

XPS of the film deposited from toluene revealed a doublet corresponding to W6+ 4f 7/2 and
W6* 4 f5/2 photoelectrons at binding energies of 36.0 and 38.2 eV respectively and an O Is
ionisation at 531.1 eV. The absence of any splitting or broadening of the W 4f doublet
indicates that the tungsten was present in a single environment. A further tungsten
environment was observed at a binding energy of 33.9 eV. The companion 4f 5/2 peak
appears to be masked by the more dominant

peak. XRD showed that the film was

composed of a mixture of W metal and W3O. There are no previous XPS studies of W3O,
however the position of this peak is intermediate between that of W metal (4f7/2 31.5 eV)m
and W4+ (4 fy/2 34.2 eV ) 128,129 as would be expected for W3O. In addition an O Is peak was
observed at 528.1 eV which may correlate to W3O. Therefore the XPS data is consistent
with the presence of W3O and WO3. The absence of any environments corresponding to W
metal and the presence of WO3 is contradictory with the XRD data and suggests that the
surface of the film may have been oxidised after deposition and prior to the XPS analysis.
Inconsistencies were also observed between the Raman and XRD data, which were
ascribed to oxidation of the film surface.
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No nitrogen was present in either of the films. The absence of nitrogen in the WO 3 films
deposited using acetonitrile suggests that nitrogen from the solvent is not incorporated into
the films. This confirms that the nitrogen observed in the films deposited from
fB u 4 N]2 [W6 0 i9 ], rB u 4N]4[Wi0O 3 2 ] and [”Bu4 N]3 [W0 4] (described in the previous
chapter) does not originate from traces of acetonitrile remaining in the films, but arises
because the nitrogen in the precursor does not get eliminated during the AACVD reactions.
XPS also enabled the level of carbon contamination on the surface of the tungsten oxide
coatings to be determined; this was 3 % and 5 % for the films deposited using acetonitrile
and toluene respectively. Etching showed that the carbon contamination was entirely
surface limited.

Analysis of the tungsten oxide films obtained from the polyoxometalate precursors
indicates that there may be a correlation between the stoichiometry of tungsten oxide films
and the randomisation of the crystallites; blue films have a partially reduced WO 3 -X
stoichiometry and show preferred orientation along the

< 0

1 0

> direction, whereas yellow

films are fully oxidised WO3 and composed of randomly orientated crystallites. The XRD,
Raman and WDX analysis of the films deposited from [W(CO>6] are consistent with this
finding. The blue films deposited from acetone, acetonitrile, ethanol, methanol and a 50:50
mixture of toluene and acetone showed preferred orientation along the

< 0

1 0

> direction (r

= 0.21 - 0.38), their Raman patterns were characteristic of partially reduced tungsten oxide
and WDX showed they were substoichiometric. Multiple tungsten environments were also
observed by XPS. Annealing the films in air at 550°C resulted in a colour change from blue
to yellow, an increase in the r factor to 1 and a Raman pattern characteristic of crystalline
monoclinic WO3.

Scanning electron microscopy (SEM) was used to examine the surface morphology of the
films deposited at 350°C and to measure the film thicknesses. The films obtained from the
AACVD reaction of [W(CO)6 ] using acetone, acetonitrile, toluene and a 50:50 mixture of
toluene and acetone have a similar microstructure composed of spherical particles
coalesced together, possibly the result of an island growth mechanism (Figure 4.3a). Such a
morphology arises when the interactions between the particles are stronger than those
between the particles and the substrate . 1,2 However, the size distribution of the particles
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varies greatly as a function of the solvent. Films deposited using acetonitrile and acetone
have a similar mean particle size in the range 310 - 340 nm, whilst the film deposited from
acetone has a broader size distribution of particles compared to that of actonitrile.
Annealing the films in air at 550°C resulted in an increase in the average particle size to
480 nm. Films deposited using a 50:50 mixture of toluene and acetone had a lower mean
particle size (270 nm), whereas those deposited solely from toluene had a considerably
larger average particle size of around 520 nm. In all cases some island growths protruded
above the average plane of the film. The observation of an island growth mechanism
indicates that film growth occurs through molecular diffusion to the substrate (Process 3,
Figure 1.3) rather than gas phase nucleation (Process 4), as was the case for
polyoxometalates. This difference may arise due to the greater volatility of tungsten
hexacarbonyl compared to polyoxometalates.

The film deposited from methanol had a strikingly different morphology comprised of a
network of randomly orientated needles (Figure 4.3b, 4.3c). Annealing the film in air at
550°C resulted in sintering of the needles and a decrease in their length (Figure 4.3d). This
morphology is similar to that obtained via the APCVD reaction of tungsten hexachloride
and ethanol, reported by Blackman et al. 5 9

Cross-sectional SEM showed that the film deposited using methanol (Figure 4.3c) had a
greater film thickness (1190 nm) compared to those deposited from the other solvents (700
nm), which correlates to growth rates of approximately 19.8 and 11.7 nmmin'1 respectively.
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a

c

d

Figure 4.3 Scanning electron m icrographs of tungsten oxide films deposited from the
AACVD reactions of [W(CO>6] in acetone, (a) and m ethanol, (b) at 350°C and 2 L
m in 1. The film deposited using acetone, (a) has a m icrostructure composed of
spherical islands coalesced together and is sim ilar to the morphology of films
deposited using acetonitrile, toluene and a 50:50 m ixture of toluene. The film
deposited from methanol, (b) has a m icrostructure com prising a network of needles
randomly orientated with respect to the substrate. Figures (c) and (d) show a crosssection of the film and the Film following annealing in a ir at 550°C for 30 minutes
respectively.
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4,4 Conclusions
The use of tungsten hexacarbonyl as an AACVD precursor provides a direct route for the
formation of tungsten oxide films. AACVD reactions of [W(CO)6] using oxygen containing
solvents (acetone, methanol) and acetonitrile resulted in the deposition of blue partially
reduced WC>3 -X films which showed preferred orientation along the <0

1

0> direction,

whereas black reflective coatings composed of a mixture of tungsten metal and W 3 O were
obtained from depositions using toluene. Depositions carried out using a 50:50 mixture of
acetone and toluene also afforded blue W 0 3 _x films. Annealing all films in air at 550° C
produced yellow randomly orientated crystalline monoclinic WO3 . The XRD, Raman,
WDX and XPS analysis is consistent with the correlation between the film stoichiometry
and the randomisation of the crystallites, which was observed for depositions using
polyoxotungstates (Table 4.1).

Films deposited from methanol have a microstructure comprising of an array of randomly
orientated needles, which is strikingly different to the agglomeration of spherical particles,
resulting from an island growth mechanism observed for the other solvents.

The deposition of films on both the substrate and the top plate and the observation of an
island morphology, indicates that film growth occurs through molecular diffusion to the
substrate for tungsten hexacarbonyl (Figure 1.3, Process 3). In contrast film deposition
occurred exclusively on the top plate for AACVD reactions using polyoxometalates and the
resulting microstructure was comprised of an agglomeration of spherical particles,
indicating that film growth occurs via gas phase nucleation (Figure 1.3, Process 4). This
difference may result from the greater volatility of tungsten hexacarbonyl compared to
polyoxometalates.

Previous reports detailing the CVD of [W(CO)6 ] have required either a post deposition
annealing

step

or

a

secondary

oxygen

containing

source

to

deposit

WO 3

Films.4 7 ,4 8 ,4 9 ,5 0 ’5 1,52,53 Although [W(CO)6 ] is not strictly speaking a single source AACVD
precursor to WO 3 , tungsten oxide films can be obtained in a single step via AACVD
providing either an oxygen containing or highly polar solvent is used. It is thought that the
primary source of oxygen for depositions using acetone, methanol and a 50:50 mixture of
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acetone and toluene is from decomposition of the organic solvent and for depositions using
acetonitrile dissolved water in the solvent. This work demonstrates that the solvent in
AACVD is not merely a transport agent as sometimes assumed 1 but can influence the
stoichiometry of the resulting film and its microstructure. The gas - sensing properties of
films deposited from the AACVD reaction of [W(CO)6 ] in acetone are described in chapter
7.

Solvent
Acetone

Methanol

acetonitrile

Toluene

50:50
mixture of
acetone and
toluene

Material
as-deposited
Blue Y-WO3-X
< 0 1 0 > preferred orientation
(r = 0 .2 1 )
Blue y -W 03-x
< 0 1 0 > preferred orientation
(r = 0.34)
Blue y-W 0 3 .x
< 0 1 0 > preferred orientation
(r = 0.38)
Black / blue reflective coating
Mixture of W metal and W3O

< 0

1 0

Blue Y-WO3-X
> preferred orientation
(r = 0.27)

Material
Post-sintering
yellow Y-WO3
random orientation
(r= 1 )
yellow Y-WO3
random orientation
(r= 1 )
yellow Y-WO3
random orientation
(r= 1 )
yellow Y-WO3
random orientation
(r=l)
yellow Y-WO3
random orientation
(r = 1 )

Table 4.1 Thin films deposited from the AACVD reactions of tungsten hexacarbonyl,
[W(CO)6 ] at 350°C and 2 L min' 1 using different solvents.
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Chapter 5: AACVD o f Tungsten Oxide Thin Films from
Heteropolyoxometalates
5.1 Introduction
Chapter 3 demonstrated that polyoxometalates are effective AACVD precursors to tungsten
oxide thin films. Polyoxometalates containing heteroatoms, such as niobium, tantalum,
titanium and molybdenum can also be prepared. This chapter describes the AACVD of
heteropolyoxometalates. Sections 5.2 and 5.3 describe the AACVD of ["Bu4N]3 [NbW5O i 9 ]
and ["Bu4 N]3 [TaW5Oi 9 ] respectively. In sections 5.4 - 5.6 the AACVD reactions using
mixtures of either [#IBu4N]3 [NbW5Oi9] or ["Bu4N]3[TaW50 19] and ["Bu4N]2[W60 19] is
described. The final sections examine the AACVD of [CpTi(W5O i 8 )H]["Bu4N ]2 (5.7) and
[,1Bu4N]4H3[SiMoWi104o] (5.8).

5.2 AACVD o f Tungsten Oxide Films from [nBu4N]3[NbW 50 19]
5.2.1 Precursors
["Bu4 N] 3 [NbW 5 0 i9] is a white powder soluble in aprotic solvents such as acetone and
acetonitrile. The heteropolyoxometalate ["B ^N ^N bW sO ^] has a similar structure to the
isopolyoxometalate [nBu4N]2 [W6 0 i9] except that one tungsten atom is substituted by a
niobium atom. ["B^NM NbW sO^] was synthesized according to literature procedure as
described below.81

Preparation o f {nBu4 N]2[Nb WsO / 9 ]
The preparation of ["Bu4N]3[NbW5 0 i9] required the use of ["B^Nf^WCU], the synthesis of
which is described in Section 3.2.

A solution comprising of niobium ethoxide, [NtyCX^Hsfs] (2.18 g, 6.85 mmol) and
trichloroacetic acid, CI3 C 2 O 2 H, (2.24 g, 13.7 mmol) in acetonitrile (5 cm3) was added drop
wise to a solution of [flBu4 N]3 [W 0 4] (10.0 g, 13.7 mmol) in acetonitrile (10 cm 3 ) whilst
stirring vigorously. The solution was stirred for a further 30 minutes, resulting in the
formation of a white precipitate. The precipitation was completed by addition of diethyl
ether (150 cm ). The precipitate was collected under suction filtration, washed with diethyl
ether (25 cm3) and dried in air.

IR (KBr disk, cm '1): 427.7 (vs), 537 (w, sh), 562 (s), 737.2 (w, sh), 785.0 (s), 884.3 (m),
902.1 (m), 967.6 (s), 1026.5 (m), 1107.5 (m), 1363.6 (w, sh), 1381.4 (s), 1484.1 (s).

TGA was carried out on ["B^N^tNbW sOnd in order to determine whether the
polyoxometalate decomposed to WO 3 and whether any niobium would be incorporated into
the films. The isopolyoxometalate ["B^NfitNbW.sO^] decomposes in multiple steps
between 300 and 400°C with an observed mass loss of 29 %. This mass loss is consistent
with decomposition of the isopolyoxometalate to yield 5 WO 3 and 1 Nb2 0 5 fragments (32
%). The TGA data therefore indicates that at temperatures exceeding 400°C the AACVD
reactions of [AiBu4 N]3 [NbW5 0 i9 ] will result in the deposition of either mixed phase WO 3
and

Nb2 0 5

films

or

WO 3

films

doped

with

Nb5+. The

isopolyoxometalates,

[NH-OfctW12O 3 9 ], [NH4 ]ioH2 [W2 0 7 ] 6 and ["B^NbfW Cb] also decomposed in multiple steps.

5. 2.2 Depositions using

Nb W5 O / 9 ]

Depositions using ["B ^N hfN bW sO ^] were carried out using a precursor solution
comprising of the polyoxometalate (0.25 g) in acetonitile (50 cm3) at substrate temperatures
in the range 500 - 600°C and a flow rate of 0.5 L min'1.
The AACVD reaction of ["B ^N bfN bW sO ^] in acetonitrile at substrate temperatures of
500°C and 600°C afforded a brown powdery coating (region A) with a small adherent film
in the region furthest from the precursor inlet (region B). The film deposited at 550°C was
composed of three distinct regions: a well adhered blue film with interference fringes
(region A), a partially adherent grey/blue coating (region B) in the central third of the
substrate and a powdery black/blue deposit in the region furthest from the precursor inlet
(region C). Complete coverage of the substrate occurred at all deposition temperatures.

As with depositions using isopolyoxometalates, film deposition occurred exclusively on the
top plate. This indicates that the aerosol droplets evaporate prior to settling on the substrate.
The evaporation of the aerosol results in gas phase heteropolyoxometalates or their
decomposition products, which, being much smaller than the original aerosol droplets, are
more strongly affected by thermophoresis and less strongly affected by gravitational
settling. This leads to repulsion from the heated substrate and deposition onto the top plate,
i.e. gas phase nucleation (Process 4 in Figure 1.3).
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Wavelength dispersive analysis by X-rays (WDX) was carried out on the films deposited
from [nBu 4 N]3 [NbW5 Oi 9 ] in order to determine the W:Nb and W :0 ratios of the films.
Despite using an accelerating voltage of 7.5 kV, the films were not sufficiently thick to
prevent appreciable breakthrough to the underlying substrate, therefore only the tungsten:
niobium ratio of the films could be determined. These are summarised in Table 5.1. The
ratios are an average of a minimum of three spots across the film. The results indicate that
all regions of the films have W:Nb ratios of approximately 5:1; the same as in the
precursor. Therefore AACVD of ["Bu-iNJ^NbWsO^] has produced films in which the
W:Nb ratio of the precursor has been retained.

Deposition Temperature / °C Tungsten : Niobium ratio
500

5.01:1

550-region A

4.49:1

550-region B

4.91:1

550-region C

4.75:1

600-region A

5.22:1

600-region B

5.47:1

Table 5.1 The W:Nb ratios of the films deposited from [nBu4 N]3 [NbW5 Oi9 ],
determined by WDX. The ratios represent an average of a minimum of three spots
across the film. For films composed of multiple regions; region A is the closest to the
precursor inlet.
Films deposited from ["B^NFtNbWsOjcd were analysed by XRD. The diffraction pattern
of the film deposited at 500°C was dominated by broad peaks indicative of a poorly
crystalline material. Films deposited at 550 and 600°C were composed of multiple regions.
In both cases the regions of the film closest to the precursor inlet had similar XRD patterns
to the film deposited at 500°C and those furthest from the precursor inlet were characteristic
of

monocline WO 3

which showed preferred orientation along the

< 0

1

0

> direction

(March Dollase r factor = 0.58 and 0.68 respectively ) . 121 The formation of preferentially
orientated WO3 films, which show an increase in the randomisation of the crystallites with
increasing deposition temperature was also observed for depositions using ["BU4 NMW O 4 ].
The XRD patterns of the films following annealing in air at 550°C were characteristic of
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randomly orientated WO 3 (r = 1), which indexed in the P2\/n space group with typical cell
parameters of a = 7.35, b = 7.55, c = 7.72

A,

p = 90.64°. Figure 5.1 shows the XRD

patterns of the films deposited from ["B^NhtNbW.sOig] at 500 - 600°C. No peaks
corresponding to known phases of niobium oxide or niobium tungsten oxide were observed
in the diffraction patterns, both prior to and following annealing, implying that the niobium
has either been incorporated into the films as a dopant or has formed a secondary phase
which is poorly crystalline.

The incorporation of dopants into a film is expected to shift the lattice parameters; however
in this case no significant variation in the lattice parameters of the films was observed
compared to films deposited from undoped polyoxometalates, which may be due to the
similar size of the niobium 5+ (0.64

A)

and tungsten 6 + (0.60

A)

cations . 9 The 5:1 tungsten:

niobium ratio determined by WDX is indicative of a Nbo.17 Wo.8 3 O 3 film stoichiometry and
hence a 0.008

A

increase in the lattice parameters (assuming a hard sphere model), which is

within error of the XRD data. The introduction of a dopant is also expected to result in a
change in the relative intensities of the diffraction peaks. However, due to the preferred
orientation of the films and the poor resolution of the data this was not possible to
determine.

XRD has shown that the films deposited from ["B^N hfN bW sO ^] are either poorly
crystalline or composed of preferentially orientated WO 3 crystallites, depending on the
substrate temperature and the distance from the precursor inlet. It is not possible to
determine from the XRD data alone whether the niobium is a dopant in the WO 3 films or
has formed a separate phase which is poorly crystalline.

91

I

15

20

— I

25

—

I

I

I

30

35

40

■--------- — 1---------------- 1

45

50

I

I

I

55

60

65

28 / degrees

Figure 5.1 XRD patterns of films deposited from ["B^NbfNbWsOiy]. For films
deposited at 550 and 600°C the diffraction pattern of the region furthest from the
precursor inlet is shown (region B). The diffraction pattern of the region closest to the
precursor inlet (region A) was similar to that of the film deposited at 500°C.
The Raman patterns of all regions of the films deposited from ["BiMNf^NbW.sOiid were
characteristic of amorphous WO^-x, displaying bands at 220, 770 and 950 cm ' 1 resulting
from the vibrations of W4 +-0 , W6+- 0 and W6+= 0 bands respectively .44,45 The broad nature
of the bands and their low intensity made it difficult to assess any shift their position
relative to WO 3 films deposited from undoped polyoxometalates. The presence of the
reduced tungsten cations is consistent with the blue colour of the film deposited at 550°C.
Similar Raman patterns were recorded for the films deposited from ["B^NbtW Cb] and
[W(CO)6 ]. The Raman patterns of the films post annealing were characteristic of crystalline
monoclinic WO 3 , 127 however the bands were shifted to lower wavenumbers compared to
films deposited from isopolyoxometalates, indicating that the niobium is a dopant in the
WO 3 films . 134 Bands corresponding to W6+- 0 stretching vibrations were observed at 804
and 709 cm ' 1 and the band due to the W6 +-0-W 6+ stretching mode at 269 cm ' 1 for films
deposited from ["B ^N btN bW sO ^], compared with 807, 716 and 274 cm ' 1 for films
deposited from ["Bu4 N]2 [W6 0 i9 ]. Figure 5.2 shows the Raman spectra of the film deposited
from ["Bu4 N]3 [NbW 5 0 i9 ] at 500°C and Figure 5.3 shows the shift in the position of the
W6+-0 vibrational band at 804 cm ' 1 relative to the film deposited from ["Bu4 N]2 [W 6 Oi 9 ].
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No additional bands arising from Nb-O-Nb vibrational modes were observed; intense
Raman bands are expected for these vibrations at wavenumbers of 692, 877 and 995 cm ' 1
135

Since there is no over lap between the WO 3 and Nb-O-Nb bands the possibility of

masking can be discounted. Therefore the Raman data is consistent with the formation of
doped films rather than composite films.
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Figure 5.2 The Raman spectra of the film deposited from [”Bu4 N]3 [NbW5 Oi9 ] at
500°C.
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Figure 5.3 The shift in the position of the W6+- 0 stretching band of the annealed film
deposited from ["BuuNktNbWsOi*)] at 500°C compared to the film deposited from
[/1Bu4 Nj2 [W6 Oi9 ] at the same temperature.
The AACVD of [”Bu 4 N]3 [NbW 5 0 i9 ] afforded

films with a partially reduced WO 3 -X

stoichiometry in which the crystallites were preferentially orientated along the

< 0

1

0

>

direction. The Raman patterns of the annealed films resembled those of crystalline
monoclinic WO 3 and an increase in the r factor to 1 was observed by XRD. These results
are consistent with the correlation between the stochiometry of the films and the
randomisation of the crystallites, which was observed for films deposited from
isopolyoxotungstates and [W(CO)6 ]. The observation of peaks corresponding to only WO 3
in the XRD pattern indicated that the niobium had either been incorporated into the WO 3
films as a dopant, or had formed a secondary phase which was amorphous. The absence of
any bands arising from Nb-O-Nb vibrational modes and the shift in the position of the
bands for the annealed film relative to films deposited from undoped precursors in the
Raman data is consistent with the formation of niobium doped tungsten oxide films as
opposed to composite films.

XPS of the film deposited from ["BuiNMNbWsO^] at 500°C revealed a doublet
corresponding to W6* Aim and W6* Aim photoelectrons at binding energies of 35.2 and
37.4 eV respectively and an O Is ionization at 529.6 eV. These tungsten and oxygen
1 1 1 ’9

chemical shifts are in good agreement with both previous studies of WO3 ~ ’ ~ and with
W O 3 films deposited from isopolyoxotungstates and tungsten hexacarbonyl. The absence of

any splitting or broadening of the W 4f doublet indicates that the tungsten was present in a
single environment; this was confirmed by the peak area ratio (0.76) and the splitting (2.2
eV) between the Aim and Aim peaks. The presence of a single tungsten environment is
somewhat contradictory with the Raman data in which multiple tungsten environments
were observed. This discrepancy may be attributed to surface oxidation of the films, as the
films were exposed to air after deposition and prior to the XPS analysis.

XPS also revealed a doublet corresponding to Nb5+ 3 d.v2 and Nb5+ 3d3/2 photoelectrons at
binding energies of 206.9 and 209.7 eV respectively, which is consistent with Nb 2 C>5 . 136 In
addition an O Is environment corresponding to Nb 2 0.s was observed at 531.2 eV. Initially
this seems contradictory with the XRD and Raman analysis, which are more consistent
with Nb doped W O3 films. There are no previous XPS studies of niobium doped tungsten
oxide compounds, however chemical shifts corresponding to Nbo.17 Wo.83 O 3 would be
expected at similar binding energies to Nb 2 0.s as both contain Nb in a 5+oxidation state and
are coordinated to oxygen. Therefore the XPS data does not preclude the formation of
niobium doped WO3 films. The observation of Nb 3 d and O Is environments
corresponding to Nb2 0 5 is in agreement with the TGA data which showed that the total
mass loss of 29 % at 400°C is consistent with decomposition of ["B^NhfNbW sO^] to
yield either mixed WO3 and Nb2Os or Nb5+ doped WO3.

The ratio of the Nb 3d and O Is peaks, taking into account empirically derived sensitivity
factors confirmed that the oxidation state of the niobium was 5+. The tungsten to niobium
ratio of the film was 5:1 the same as in the precursor. Therefore AACVD of
["Bu4 N]3 [NbW 5 0 i9 ] has afforded tungsten oxide films containing Nb5+, in which the
tungsten to niobium ratio of the precursor has been retained. These results are in good
agreement with the WDX analysis.
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Nitrogen was also present in the sample with the N Is ionization occurring at 401.6 eV,
which is in good agreement with a range of ammonia compounds including (C H ^ N B r 130
and [NH 4 ]io[Wi2 0 4 i ] 131 indicating that the nitrogen in the polyoxometalates does not get
eliminated during the deposition. Similar nitrogen environments were observed for films
deposited from isopolyoxometalates. The absence of nitrogen in the WO3 films deposited
from the AACVD of reaction of [W(CO)6 ] in acetonitrile discounts that the nitrogen
originates from traces of acetonitrile remaining in the films. In addition XPS showed that
the level of carbon contamination on the surface of the film was 3 %. Etching showed that
the carbon contamination was entirely surface limited.

Raman and XRD data indicated that the AACVD of [”Bu4 N] 3 [NbW 5 0 i9 ] yielded tungsten
oxide films doped with niobium. WDX and XPS have confirmed the presence of niobium
in the films and shown that the 5:1 W :N b ratio of the precursor has been preserved in the
films. Furthermore the N b 3d and O Is chemical shifts are consistent with the formation of
N b 5+ doped WO3 films (Nbo.17Wo.83O3).

SEM was used to analyse the surface morphology of the films deposited from
[nBu4 N] 3 [NbW5 0 i9 ]. SEM showed that the films deposited from ["Bu4 N] 3 [NbW 5 O i 9 ] had a
microstructure similar to those deposited from ["Bu4 N]2 [W6 Oi 9 ], comprising of spherical
particles agglomerated together with needle-type structures growing out of the spherical
particles. However there appeared to be a smaller degree of agglomeration and a higher
concentration of needle-type particles in the films deposited from ["Bu4 N]3 [NbW5 0 i9 ].
Furthermore the film had a larger mean particle size (300 nm) compared to films deposited
from ["Bu4 N]2 [W6 Oi9] (500 nm) and a narrower size distribution. The observation of the
spherical particles further supports a gas phase nucleation mechanism (Process 4 in Figure
1.3). Figure 5.4a shows the scanning electron micrograph of the film deposited from
["Bu4 N] 3 [NbW5 0 i9 ] at 550°C and its size distribution and Figure 5.4b a higher
magnification image of the needle agglomerates.
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b
Figure 5.4 Scanning electron m icrograph of the film deposited from
[nBu 4 N]3 [NbW 5 O i 9 ] a t 550°C and its size distribution, (a) and a higher magnification
image of the needle agglomerates, (b).
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5.3 AACVD o f Tungsten Oxide Films from [nBu4N]3[TaW50 I9]

5.3.1 Precursors
["Bu4 N] 3 [TaW5 0 i9] is a white powder soluble in aprotic solvents such as acetone and
acetonitrile. The heteropolyoxometalate ["B^NBITaW.sOiy] has a similar structure to the
isopolyoxometalate ["B ^N htW ^O ^] except that one tungsten atom is substituted by a
tantalum atom. fB ^N H T aW ^O ^] was synthesized according to literature procedure as
described below . 81

Preparation of BU4 N]2 [Ta W50 / 9 ]
The preparation of ["ButNhPTaWsOu] required the use of ["Bu4 N]3 [W0 4 ], the synthesis of
which is described in Section 3.2.

A solution comprising of tantalum ethoxide, [TaCCX^H.^] (2.78 g, 6.85 mmol) and
trichloroacetic acid, CI3 C 2 O 2 H, (2.24 g, 13.7 mmol) in acetonitrile (5 cm3) was added drop
wise to a solution of ["BU4 NMW O 4 ] (10.0 g, 13.7 mmol) in acetonitrile (10 cm 3 ) whilst
stirring vigorously. The solution was stirred for a further 30 minutes, resulting in the
formation of a white precipitate. The precipitation was completed by addition of diethyl
ether (150 cm ). The precipitate was collected under suction filtration, washed with diethyl
ether (25 cm3) and dried in air.
IR (KBr disk, cm '1): 430.6 (vs), 573.3 (m), 790.3 (m), 885.3 (m, sh), 916.1 (m), 957.6 (m),
1026.5 (w), 1152.4 (w), 1381.4 (s), 1488.9 (m).

The TGA of ["B^NhlTaW sOiy] showed a total mass loss of 23 % at 400°C, corresponding
to decomposition to WO3 and Ta 2 C>5 , which is theoretically associated with a mass loss of
24 %. However a small mass loss was also observed prior to the onset of decomposition,
which is probably due to removal of solvent from the sample. AACVD reactions using
["B^NhfTaW.sO^] above 400°C are therefore expected to yield either mixed phased WO3
and Ta2 0 5 films or WO3 films doped with Ta5+.
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5.3.2 Depositions using["Bu4 N]3 [TaWsO 1 9 ]
AACVD reactions using ["Bi^NfilTaW.sO^] were carried out using a precursor solution of
the polyoxometalate (0.25 g) in acetonitrile (50 cm3) at substrate temperatures between
500 - 600°C and a flow rate of 0.5 L m in'1.

As with depositions using isopolyoxometalates and ["B^NHNbWsOufi, film deposition
occurred exclusively on the top plate for AACVD reactions using ["Bu-iNhfTaWsOufi,
indicating that film growth occurs via gas phase nucleation (Figure 1.3, Process 4), rather
than aerosol droplet settling (Process 1 and 2) or molecular diffusion to the substrate as was
the case for tungsten hexacarbonyl (Process 3).

The films deposited from ["Bu-iNHTaW^O^] were composed of multiple regions. At
500°C the film was comprised of three distinct regions: a powdery brown deposit near the
precursor inlet (region A), an intermediate grey/blue partially adherent film (region B) and
an adherent blue coating with interference fringes in the regions furthest from the precursor
inlet (region C). Increasing the substrate temperature to 550°C afforded a film comprised
only of the adherent blue region (region A) with interference fringes and the grey/blue
partially adherent coating (region B). Deposition at 600°C yielded a predominately
powdery brown coating (region A), with a small adherent blue region furthest from the
precursor inlet (region B). Complete coverage of the substrate occurred at deposition
temperatures between 500 - 550°C whereas no deposition occurred in the third of the
substrate furthest from the precursor inlet at 600°C.

Wavelength dispersive analysis by X-rays (WDX) was carried out on the films deposited
from ["Bu-jN^ITaWsOicd in order to determine their W:Ta and W :0 ratios. WDX showed
that the 5:1 tungsten: tantalum ratio of the precursor had been approximately retained in all
regions of the films (Table 5.2). It was not possible however to determine the tungsten:
oxygen ratios of the films as they were not sufficiently thick to prevent appreciable
breakthrough to the underlying substrate.
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Deposition Temperature / °C

Tungsten:Tantalum ratio

500-region A

4.41:1

500-region B

4.23:1

550-region A

5.07:1

550-region B

4.54:1

600

4.68:1

Table 5.2 The W:Ta ratios of the films deposited from ["BiMNfotTaWsOu*],
determined by WDX. The ratios represent an average of a minimum of three spots
across the film. For films composed of multiple regions; region A is the closest to the
precursor inlet.
Films deposited from ["Bi^NhlTaW^O^] were analysed by XRD. The films deposited at
substrate temperatures of 500 and 550°C were composed of multiple regions. In both cases
the diffraction pattern of the regions of the film closest to the precursor inlet were
dominated by broad peaks indicative of a poorly crystalline material, and those furthest
from the precursor inlet by the 0 2 0 reflection of Y-WO3 (March Dollase r factor = 0.59 and
0.67 respectively ) . 121 The film deposited at 600°C was also comprised of W O3 crystallites,
which were preferentially orientated along the <0 1 0> direction (r = 0.74). AACVD
reactions of ["Bu-tNfitNhW^O^] also afforded films composed of multiple regions which
showed an increase in the randomisation of the crystallites with increasing deposition
temperature. The XRD patterns of the films following annealing in air at 550°C were
characteristic of randomly orientated WO3 (r = 1), which indexed in the P2\/n space group
with typical cell parameters of a = 7.35, b = 7.55, c = 7.73

A,

p = 90.44°. Figure 5.5 shows

the XRD patterns of the films deposited from rB ^ N h tT aW sO ^ ] at 500 - 600°C.

The absence of any peaks corresponding to tantalum oxide or tantalum tungsten oxides
phases in the diffraction patterns of both the as-deposited and annealed films is indicative
of the formation of either tantalum doped WO3 (Tao.17Wo.83O3) films or composite films in
which the tantalum oxide is a poorly crystalline phase. The incorporation of dopants into a
film is expected to shift the lattice parameters and change the relative intensities of the
peaks. However the size of the tantalum 5+ and tungsten 6 + cations is very similar (0.64 and
0.60

A

respectively ) 9 therefore only a 0.008

A

increase in the lattice parameters, compared

to films deposited from undoped polyoxometalates is expected upon

20

% doping with
100

tantalum. Such a shift is within error of the experimental data and would be difficult to
observe due to limitations in the instrument resolution. Furthermore the preferred
orientation of the films and the poor resolution of the data made it difficult to assess any
changes in the relative intensity of the peaks.
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Figure 5.5 XRD patterns of films deposited from ["Bu^NfetTaWsOi®]. The diffraction
pattern of the region furthest from the precursor inlet is shown (region B). The
diffraction pattern of the region closest to the precursor inlet (region A) contained
broad peaks characteristic of a poorly crystalline material.
XRD has shown that as with depositions using ["B^NFfNbW SO^] films deposited from
["ButNhlTaW.sO^] are either poorly crystalline or composed of

< 0

1

0

> preferentially

orientated WO 3 crystallites. The tantalum is thought to be either a dopant in the WO 3 films
or have formed a separate phase which is poorly crystalline.

The Raman patterns of the films deposited from ["B^NFfTaW .sO^l were characteristic of
amorphous WO 3 -X, exhibiting bands at 220, 770 and 950 cm ' 1 corresponding to the
vibrations of W4 +-0 , W6+-0 and W ^ O bands respectively . 44,45 Similar Raman patterns
were recorded for the films deposited from ["ButN ^N bW sO ^], ['!Bu4 N] 3 [W0 4] and
[W(CO)6]. The presence of the reduced tungsten cations is consistent with the blue regions
of the films. The broad nature of the bands and their low intensity made it difficult to assess
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any shift in their position relative to WO3 films deposited from undoped precursors. The
Raman patterns of the annealed films were characteristic of crystalline monoclinic W O3,
displaying bands at 804 and 709 cm' 1 arising from W 6+- 0 stretching vibrations and a band
at 269 cm' 1 which was assigned to the W 6+- 0 -W 6+ stretching mode. 127 The bands
corresponding to the vibrational modes of WO3 were shifted to lower wavenumbers
compared to films deposited from isopolyoxotungstates, indicating that the tantalum is a
dopant in the WO3 films (Figure 5.6) . 134 However the shift in the position of the bands is
smaller than that observed for depositions using [''B^N^tNbWsO^]. Such a small shift
may be less than the error associated with the measurement. Furthermore the broad nature
of the peaks made it difficult to assess the peak maxima. The absence of any bands arising
from Ta-O-Ta vibrational modes confirms the formation of doped films rather than
multiphase films. Intense Raman bands corresponding to vibrational modes of TSL2 O 5 are
expected at wavenumbers of 610, 500 and 240 cm' 1, 137 which do not coincide with any
peaks corresponding to y-WCh, discounting the possibility of masking.
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Figure 5.6 The shift in the position of the W6+-0 vibrational bands of the annealed
film deposited from ["B^NMTaWsO^] at 550°C compared to the film deposited from
[nBu4 N]2 [W6 0 19] at the same temperature.
XRD and Raman spectroscopy showed that AACVD reactions of ["B^N^fTaW.sOio]
afforded films with a partially reduced WO3 -Xstoichiometry in which the crystallites were
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preferentially orientated along the <0 1 0> direction. The annealed films were composed of
randomly orientated crystallites of monoclinic WO 3 (r = 1). These results are consistent
with the correlation between the stoichiometry of the films and the randomisation of the
crystallites,

which

was

observed

for

films

deposited

from

["B^NhfNbWsOig],

isopolyoxometalates and [W(CO>6 ]. The observation of peaks corresponding to only WO 3
in the XRD pattern indicated that the tantalum had either been incorporated into the WO 3
films as a dopant, or had formed a secondary phase which was amorphous. The absence of
any bands arising from Ta-O-Ta vibrational modes and the shift in the position of the bands
for the annealed film relative to films deposited from undoped precursors in the Raman data
is also consistent with the formation of tantalum doped tungsten oxide films.

The film deposited from [”Bu4 N] 3 [TaW 5 0 i9 ] at 550°C was analyzed by XPS. The surface of
the film exhibited a doublet corresponding to W6+ 4 f7 /2 and W6* 4 fs/2 photoelectrons at
binding energies of 36.5 and 38.7 eV respectively and an O Is ionization at 530.4 eV.
These tungsten and oxygen chemical shifts are in good agreement with both previous
p o
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studies of WO3 ~ ‘ and with WO3 films deposited from isopolyoxometalates and tungsten
hexacarbonyl. The absence of any splitting or broadening of the W 4f doublet indicates that
the tungsten was present in a single environment, which is contradictory with the Raman
data in which bands arising from vibrational modes of reduced tungsten cations were
observed and the blue colour of the film which is indicative of a partially reduced WO 3 -X
stoichiometry.

This

discrepancy

was

also

observed

for

films

deposited

from

["B^NMNbWsOiy] and may be attributed to surface oxidation of the films after deposition
and prior to the XPS analysis. The ratio of the W 4f doublet and the O Is peak at 530.4 eV,
taking into account their sensitivity factors is consistent with a WO3 stoichiometry,
confirming that the surface of the film is fully oxidised.

Tantalum was also present in the sample, with Ta Aini and Ta 4 f5/2 ionizations occurring at
27.1 and 29.1 eV respectively and an additional O Is environment was observed at 532.4
eV. There are no reported XPS studies of tantalum doped tungsten oxides; however these
Ta 4f and O Is chemical shifts are in good agreement with a range of tantalum compounds
in oxidation state 5+ including Ta 2 C>5 138 which would also be expected for Tao.17 Wo.8 3 O 3 .
The ratio of the Ta 4f doublet and O Is peak at 530.4 eV, taking into account empirically
derived sensitivity factors confirmed that the oxidation state of the tantalum was 5+. XPS
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showed that the 5:1 tungsten to tantalum ratio of the precursor was preserved in the film.
This is in good agreement with the WDX analysis.

As with the film deposited from ["B^NfifNbW.sO^] nitrogen was present in the sample
with the N Is photoelectron at 400.8 eV. The N Is chemical shift is in good agreement with
a range of ammonia compounds including (CH3 )4 NBr130 and [NH4 ]io[Wi20 4 i]131, indicating
that the nitrogen in the polyoxometalates does not get eliminated during the deposition. In
addition XPS revealed that the level of carbon contamination on the surface of the film was
4 %. Etching showed that the carbon contamination was entirely surface limited.

XPS and WDX have therefore confirmed the presence of tantalum in the films obtained via
AACVD of [”Bu4 N]3 [TaW5 0 i9 ] and have shown that the W:Ta ratio of the precursor has
been retained. Furthermore Ta 4f and O Is environments which would be expected for Ta
5+doped WO3 films were observed by XPS. This is consistent with the shift in the position
of the bands corresponding to WO3 stretching modes in the Raman spectrum and the lack
of peaks arising from tantalum oxides in the XRD data.
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SEM showed that the films deposited from
microstructure

to

those

deposited

from

["B^NM TaW sO^]

["Bu^M N bW sO ^],

had a similar

comprising

of

an

agglomeration of spherical particles, which is indicative of film growth through gas phase
nucleation, with needle-type particles growing out of the spheres (Figure 5.7a). Depositions
using ["Bu4 N]3 [TaW5Oi 9 ] afforded films with a smaller mean particle size (200 nm),
narrower size distribution and lower concentration of needle agglomerates (Figure 5.7b)
compared to those using ["Bu-tNMNhW.sO^] at the same temperature.
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Figure 5.7 Scanning electron micrograph of the film deposited from
[nBu4 N]3 [TaW5 Oi9 ] at 550°C and its size distribution, (a) and a higher magnification
image of the spherical particles, (b).
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5.4 AACVD o f Tungsten Oxide Films from Mixtures o f [nBu4N]2[W60 19]
and f lBu4N]3[NbW50 19]

5.4.1 Introduction
AACVD reactions of ["BiiiNhtNbW.sO^] and ["B^NM TaW sO^] afforded films in which
the W:Nb and W:Ta ratios, respectively, of the precursors were retained. A series of
depositions were carried out using ["Bu4 N]2[W6Oi 9 ] and either ["B^NfotNbW sO^] or
[,!Bu4 N] 3 [TaW5Oi 9 ] (Section 5.5) in which the relative amounts of the two precursors were
varied in order to study the effect on the W:dopant ratio of the resulting films. In addition a
film was deposited using all three precursors (Section 5.6).

5.4.2 Depositions using mixtures o f ["Bu 4 N]2 [W<iOi9 ] and ["BustNJjfNbWsOig]
Depositions using mixtures of ["Bi^NktW eO^] and ["B^N ^fN bW sO^] were carried out
using a precursor solution comprising of the polyoxometalates in acetonitile (50 cm ) at a
substrate temperature of 500°C and a flow rate of 0.5 L m in 1. The total mass of the
polyoxometalates was kept constant (0.25 g) and the relative amounts of ["Bu4N]2 [W6Oi 9 ]
and [”Bu4 N]3 [NbW5Oi 9 ] were varied.

AACVD of ["Bu4 N]2 [W6Oi 9 ] and ["B^NM NbW sO^] mixtures afforded golden brown
films, which showed good adherence to the substrate. Films deposited using 50:50 and
75:25 mixtures of ["Bu4N]2[W6Oi 9 ] and TB ^N H N bW ^O ^] resulted in approximately 75
% coverage of the substrate, with no deposition occurring in the quarter of the substrate
furthest from the precursor inlet, whereas with the 25:75 mixture substrate coverage was
reduced to a half. In contrast films deposited solely from ["B^N hfN bW sO ^] were
composed of multiple regions and complete substrate coverage occurred.

As with AACVD reactions using solely [,'Bu4N]2[W60,9] and ["B^NMNbW.sO^] film
deposition occurred exclusively on the top plate indicating that film growth occurs through
gas phase nucleation (Process 4 Figure 1.3).

The films deposited from mixtures of [,!Bu4N]2[W60i9] and ["B^NMNbW^sO^] were
analyzed

by

WDX.

WDX

carried

out

on

the

sample

deposited

using

only
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[/IBu4 N]3 [NbW 5 Oi 9 ] at 500°C showed that the 5:1 tungsten to niobium ratio of the precursor
was preserved in the film. The W:Nb ratios of the films deposited from the precursor
mixtures are summarised in Table 5.3. The results indicate that the W:Nb ratio of the
precursor mixture has been retained in all the films. It was not possible to determine the
W :0 ratio of the films, because the films were not sufficiently thick to prevent appreciable
breakthrough to the underlying substrate at the accelerating voltage used (7.5 kV).

[/,Bu4 N]2 [W6 0 19] / g

-

0.125
0.1875
0.0625

fB u 4 N]3 [NbW 3 Oi9] / g

0.25
0.125
0.0625
0.1875

W:Nb ratio of
precursor
mixture
5.00:1
10.77:1
22.18:1
6.99:1

W:Nb ratio of film
determined by
WDX
5.01:1
1 1 .1 0 :1
21.64:1
6.52:1

Table 5.3 The W:Nb ratio of the [nBu4 N]2 [W6 0 i9 ] and ["Bt^NMNbWsO^] mixtures,
and of the resulting films, determined by WDX. The W:Nb ratios of the films
represent an average of a minimum of three spots across the film.
These results demonstrate that by using varying amounts of a doped and undoped
polyoxometalate as AACVD precursors the level of doping in the resulting films can be
controlled.
The films deposited from mixtures of fB u 4 N]2 [W6 0 i9 ] and [#lBu4 N] 3 [NbW 5 Oi 9 ] were
analysed by XRD (Figure 5.8). The diffraction pattern of the film deposited solely from
["Bu4 N]3 [NbW 5 0 i9 ] at 500°C contained broad peaks characteristic of a poorly crystalline
material, whereas the film obtained solely from [”Bu4 N]2 [W6 Oi 9 ] was composed of almost
randomly orientated Y-WO3 (r = 0.89). Depositions carried out using mixtures of the two
precursors afforded WO 3 films in which the crystallites were preferentially orientated along
the <0 1 0> direction. The diffraction patterns of the films following annealing in air at
550°C were characteristic of randomly orientated WO 3 (r = 1). The March Dollase r factor
of the as-deposited films and the lattice parameters of the annealed films are summarised in
Table 5.4.
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[,'Bu 4 N]2 [W6 Oi9] / g

["Bu4N]3[NbW5 Oi9] / g

r factor

0.25

-

0.89

-

0.25
0.125
0.0625
0.1875

a

0.125
0.1875
0.0625

0.76
0.58
0.40

Lattice parameters
a
b
c
p
7.37 7.56 7.70 90.6
7.35 7.56 7.72 90.6
7.38 7.56 7.70 90.6
7.36 7.52 7.69 90.4
7.37 7.55 7.72 90.5

Table 5.4 Lattice parameters (post annealing) and March Dollase r factors (asdeposited) of films deposited from mixtures of [nBu4 N]2 [W6 0 i9 ] and [nBu4 N ] 3
[NbW50 19j (a indicates a poorly crystalline material).
There is no systematic variation in the r factor of the films with increasing
[,iBu4 N]3 [NbW5 Oi9 ] content nor is there any significant difference between lattice
parameters compared to films deposited solely from ["Bu4 N]2 [W6 O i 9 ] and other
isopolyoxometalates. The incorporation of dopants into a film is expected to result in a shift
in the lattice parameters, in this case, however the size of the niobium 5+ (0.064 A) cation is
very similar to the tungsten 6 + (0.060 A) cation, therefore no change was observed . 9 This is
consistent with the WDX results which indicated that increases in the lattice parameters of
0.006, 0.004 and

0 .0 0 2

A would be expected for films deposited from 25:75, 50:50 and

75:25 mixtures of [”Bu4 N]2 [W6 0 i9 ] and [''B^NfitN bW sO ^] respectively compared with
films deposited solely from [,'Bu 4 N]2 [W6 Oi 9 ]. Such shifts would be difficult to detect as
they are within error of the experimental data. Furthermore dopants can alter the relative
intensity of the peaks in the diffraction pattern, but this has been difficult to ascertain due to
the preferred orientation of the films and quality of the data. As with the films deposited
using only [''B^NfitNbW ^O^] no additional peaks corresponding to any known phases of
niobium oxide or niobium tungsten oxide were observed, implying that the AACVD using
precursor mixtures has resulted in the formation of either niobium doped WO 3 films or
composite films in which the secondary phase is poorly crystalline.
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Figure 5.8 XRD patterns of films deposited from mixtures of ["B^NktWiO^] and
[nBu4 N]3 [NbW5Oi9 ] at 500°C. The diffraction patterns of the films deposited solely
from [nBu4N]2 [W6Oi9 ] and ["B^NMNbWsO^] at 500°C are also shown.
The Raman patterns of the films deposited from mixtures of [nBu4 N]2 [W6 0 i9 ] and
[”Bu4 N]3 [NbW 5 0 i9 ] were characteristic of amorphous WO 3 -X. 44,45 Similar Raman patterns
were recorded for the films deposited from ["B^NMNbW.sO^], ["BU4 NMWO 4 ] and
[W(CO)6 ], whereas films obtained solely from [,iBu4 N]2 [W6 Oi 9 ] had Raman patterns
characteristic of crystalline monoclinic tungsten oxide. The Raman patterns of the annealed
films were also characteristic of crystalline monoclinic WO 3 (Figure 5.9 ) , 127 however for
films obtained from 50:50 and 25:75 mixtures of [,!Bu4 N]2 [W6 0 i9 ] and ["B^NfitNbW^sO^]
the bands were shifted to slightly lower wavenumbers compared to films deposited from
isopolyoxotungstates, indicating that AACVD of the precursor mixture may have resulted
in the deposition of niobium doped WO 3 films . 134 In contrast no shift in the position of the
bands was observed for the film deposited from a 75:25 mixture of [”Bu4 N]2 [W6 O i 9 ] and
["Bu4 N]3 [NbW5 0 i9 ], which maybe due to the considerably lower W:Nb ratio of the
precursor mixture. This is consistent with the WDX analysis which showed that the film
deposited using a 75:25 mixture of [”Bu4 N]2 [W6 0 i9 ] and ["B^NfifNbW sO^] contained 4.6
% Nb compared with 9.0 % and 15.3 % for the films obtained from 50:50 and 25:75
precursor mixtures respectively. Alternatively the absence of an observable shift for film
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deposited from a 75:25 precursor mixture may be due to limitations in the instrument
calibration. Bands corresponding to W6+-0 stretching vibrations occurred at 804 and 709
cm ' 1 and the band due to the W6 +-0-W 6+ stretching mode in WO 3 at 269 cm

1

for films

deposited using 50:50 and 25:75 mixtures of [nBu4 N]2 [W6 0 i9 l and ["Bu4 N] 3 [NbW 5 O i 9 ]
compared with 807, 716 and 274 cm ' 1 for the film deposited from the 75:25 precursor
mixture.

Furthermore the absence of bands corresponding to vibrational modes of niobium oxide is
in agreement with the formation of doped films rather than composite films. Similarly the
Raman and XRD data of the films deposited from only ["B^NFtNbW.sO^] were consistent
with the formation of doped films.
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Figure 5.9 Raman spectra of the films deposited from mixtures of [nBu4N]2 [W<iOi9 ]
and [nBu4 N]3 [NbWsOi9 ] post annealing. The bands of films deposited from 50:50 and
75:25 mixtures of [/,Bu4N]2[W60i9] and ["Bt^NMNbWsO^] occur at lower
wavenumbers than the film deposited from a 25:75 mixture.
The results of the XRD and Raman analysis for the films deposited using mixtures of
["Bu4 N]2 [W6 0 i9 ] and ["Bu4 N]3 [NbW 5 0 i9 ] are consistent with the correlation between the
stoichiometry of the films and the randomisation of the crystallites, which has been
previously observed for W O3 films in this study. Films with a partially reduced W 03_x
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stoichiometry are preferentially orientated along the

< 0

1

0

> direction, whereas fully

oxidised WO 3 films are composed of randomly orientated crystallites.

XPS analysis was performed on the films deposited from 50:50 and 75:25 mixtures of
[”Bu4 N]2 [W6 0 i 9 ]

and

["B^NMNbW.sO^].

The

films

deposited

solely

from

[nBu 4 N]2 [W6 Oi 9 ] and ["ButNfotNbWsOw] contained tungsten in a single environment
(W6+), however in the case of the latter this may have been due to surface oxidation of the
film. In contrast the tungsten 4f doublet of the film deposited from a 50:50 mixture of the
precursors was a composite of two peaks; a dominant peak (W6*) with 4f 7/2 and W6+ 4f$n
ionizations a 32.7 and 38.8 eV respectively and a smaller peak (W4+) with

4

f 7/2 and Aisn

ionizations at 31.4 and 33.5 eV respectively. In addition an O Is peak corresponding to
WO 3 was present at 528.3 eV. The tungsten: oxygen ratio was determined to be WO 2 ,7 g.
The presence of the reduced tungsten environments is consistent with the Raman data.
Furthermore this confirms the correlation between the stoichiometry of the films and the
randomisation of the crystallites.

A doublet corresponding to Nb5+ 3 d.v2 and Nb5+ 3 d 3/2 photoelectrons was observed at
binding energies of 205.6 and 208.4 eV respectively. The position of the Nb 3d peaks is
intermediate to those previously reported for a range of Nb compounds in oxidation state 5+
(Nb2 C>5 ) and 4+ (NbCb) . 136 An O Is ionization was observed at 530.2 eV, which is expected
for both Nb5+ and Nb4+ oxides. The ratio of the area of the Nb 3d and O Is peaks, taking
into account empirically derived sensitivity factors, is consistent with Nb in oxidation state
5+. Both the W ^4f and Nb 5 +3d ionizations occurred at lower binding energies compared
with the film deposited from only ["BuiN^tNbW.sO^]. There are no previous XPS studies
of niobium doped tungsten oxide compounds, however similar chemical shifts would be
expected for Nb0 .0 8 3 W0 .9 2 O 3 as the Nb is in oxidation state 5+ and is coordinated to oxygen.
The observation of Nb 3d and O Is environments corresponding to Nbo.os3 Wo.9 2 O 3 is
consistent with the shift in the position of the WO 3 bands in the Raman spectrum and the
lack of peaks arising from any niobium oxides in the XRD pattern. The W:Nb ratio of the
film was 12.7:1, which is in good agreement with the 11.1:1 ratio determined by WDX.
Therefore AACVD using a 50:50 mixture of ["Bu4 N]2 [W6 0 i9 ] and ["ButNtalNbWsO^l has
afforded films in which the tungsten to niobium ratio of the precursor has been retained.

Ill

The film deposited using a 75:25 mixture of [”Bu4 N]2 [W6 0 i9 ] and ["B^NMNbW^O^] also
contained two (or perhaps more) tungsten environments. The dominant peaks (W6+)
occurred at binding energies of

. ( f / ) and 37.3 eV (4f5/2) and are in good agreement

35 1 4 72

with previous studies of WO3 .128,129 A smaller doublet was observed, with similar binding
energies (4 f7/2 35.9, 4 fs/2 3 8 .1), which do not correspond to 4f 5+ or 4f 4+ photoelectrons.
Therefore it is possible that the second doublet relates to different tungsten-niobium
environments rather than different oxidation states of tungsten. The absence of any peaks
due to reduced tungsten cations may be the result of atmospheric oxidation of the film
surface prior to the XPS analysis. Niobium was present in the sample with Nb

3

d5/2

and3 d3/2 peaks at 206.9 and 209.6 eV respectively. There are no reported XPS studies of
niobium doped tungsten oxides; however the Nb 3d chemical shift is in good agreement
with both the film deposited solely from [”Bu4 N]3 [NbW5 Oi9 ] and a range of niobium
compounds in oxidation state 5+ including Nb2 0 5 which would also be expected for
NB0 .04 W0 .96 O3 . 136 This suggests that Nb5+ doped WO3 films have been deposited, which is
consistent with the Raman and XRD data. In addition two O Is environments
corresponding to W6* and Nb5+ photoelectrons were observed at binding energies of 530
and 532.1 eV respectively. The O Is peak did not contain any components arising from
reduced tungsten-oxygen environments, confirming that the two W 4f doublets do not
correspond to different tungsten oxidation states. Furthermore the area of the O Is peak,
corresponding to W 6+ and the sum of the area of the W 4f doublets, taking into account
sensitivity factors for W and O, is consistent with a WO3 stoichiometry indicating that both
W 4f doublets relate to tungsten-oxygen environments The ratio of the area of the Nb 3d
doublet and the oxygen Is peak at 532.1 ev confirms that the oxidation state of Nb is 5+
The W:Nb ratio of the film was determined to be 14.9:1, which compares with a ratio of
21.6:1 calculated by WDX. The discrepancy between the ratios’s obtained from the XPS
and WDX data may be due the small area of Nb 3d peaks which are difficult to accurately
quantify. Therefore the 14.9:1 Nb:W ratio is representative of an approximate retention of
the W:Nb ratio of the precursor in the film.

Therefore WDX and XPS have demonstrated that using mixtures of doped and undoped
polyoxometalates provides a route to the deposition of films with highly controlled levels
of doping.
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As with the film deposited from solely from ["Bu4 N]2 [W6 0 i9 ] and ["BiuNBtNbW.sO^]
nitrogen was present in the films deposited from 50:50 and 75:25 precursor mixtures with
the N Is photoelectron at 402.6 and 403.2 eV respectively. In addition XPS revealed that
the level of carbon contamination on the surface of the films was less than 3 %. Etching
showed that in both cases the carbon contamination was entirely surface limited.

Scanning electron microscopy (SEM) was used to examine the surface morphology of the
film deposited from a 50:50 mixture of ['!Bu4 N]2 [W6 Oi 9 ] and [nBu4 N]3 [NbW 5 O i 9 ]. The
films deposited solely from ["Bu4 N]2 [W6 Oi9 ] and ["BiuNMNbWsO^] were composed of
an agglomeration of spherical particles with needle agglomerates growing out of the
spheres, whereas the film deposited using a 50:50 mixture of the two precursors was
comprised of a network of randomly orientated needles (Figure 5.10). Closer examination
of the film microstructure revealed a small number of spherical particles. The observation
of spherical particles is indicative of film growth via gas phase nucleation (Process 4 in
Figure 1.3). A similar film microstructure was obtained via the AACVD reaction of
W(CO ) 6 in methanol. Both films have a partially reduced WO3 -X stoichiometry and show
striking preferred orientation along the

< 0

1

0

> direction, which suggests that such a

microstructure may only be accessible when the crystallites are preferentially orientated.

Figure 5.10 Scanning electron micrograph of the film deposited from a 50:50 mixture
of [nBu4 N]2 [W60 19] and ["B^NMNbWsOw].
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5.5 AACVD o f Tungsten Oxide Films from Mixtures o f f lBu 4N]2[W 60 19]
and rBuJMMTaWsOu]
Depositions using mixtures of ["BiuNbtWeO^] and ["B^NfilTaW.sO^] were carried out
using a precursor solution comprising of the polyoxometalates in acetonitile (50 cm ) at a
substrate temperature of 550°C and a flow rate of 0.5 L min"1. The total mass of the
polyoxometalates was kept constant (0.25 g) and the relative amounts of ["Bu4N]2 [W6Oi 9 ]
and ["Bu4 N]3 [TaW5Oi 9 ] were varied.

AACVD of 50:50 and 75:25 mixtures of ["Bu4N]2[W6019] and ["BmNMTaWsO^]
afforded golden brown films which showed good adherence to the substrate. In both cases
no deposition occurred on the third of the substrate furthest from the precursor inlet. In
contrast films deposited solely from [nBu4 N]3 [TaW 5 0 i9] were composed of multiple
regions and complete substrate coverage occurred at 550°C. The annealed films were
yellow, which is indicative of fully oxidised W O 3.43

As with AACVD reactions using solely ["Bu4N]2[W60i9] and ["Bu-tNfilTaWsO^] film
deposition occurred exclusively on the top plate indicating that film growth occurs through
gas phase nucleation (Process 4, Figure 1.3).

WDX was carried out on the films deposited using mixtures of ["Bu4N]2[W60i9] and
["Bu4N] 3 [TaW5Oi 9 ] in order to determine their W:Ta ratios (Table 3.5). The results indicate
that the W:Ta ratio of the [wBu4N]2 [W6Oi 9 ] and ["Bu4N]3 [TaW5Oi 9 ] mixture has been
retained in the films, thus demonstrating that films with a highly controlled level of doping
can be produced via AACVD using polyoxometalate mixtures.
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rB u 4N]2[W60 19] / g

rBu4N]3[TaW50 19] / g

0.25
0.125
0.0625

-

0.125
0.1875

W:Ta ratio of
precursor
mixture
5.0:1
1 1 .0 : 1
23.0:1

W:Ta ratio of film
determined by
WDX
5.1:1
11.5:1
2 2 .8 : 1

Table 5.5 The W:Ta ratio of the ["BiMNfelWiO^] and [/IBu4 N]3 [TaWsOi9 ] mixtures
and of the resulting films determined by WDX. The W:Ta ratios of the films represent
an average of a minimum of three spots across the film.
The films deposited using mixtures of ["BU4 N H W 6 O 19 ] and ["B ^N hlTaW sO ^] were
analysed by XRD. The diffraction pattern of film deposited solely from [''B ^N ^JTaW sO ^]
at 550°C was dominated by the 0 2 0 reflection of Y-WO3 , indicating extreme preferred
orientation (r = 0.67),121 whereas the film obtained solely from rB u 4 N]2 [W 6 0 i9] was
composed of randomly orientated Y-WO3 (r = 1). Depositions carried out using 50:50 and
75:25 mixtures of [nBu4 N]2 [W6 0 i9] and ["Bu4 N]3 [TaW 5 0 i9] also yielded WO 3 films which
were preferentially orientated along the <0 1 0> direction with March Dollase r factors of
0.1 and 0.73 respectively. Annealing the films in air at 550°C resulted in randomisation of
the crystallites (r = 1). Figure 5.11 shows the XRD patterns of the films deposited from
mixtures of ["Bu4 N]2 [W6 0 i9] and ["B ^N ^tTaW sO ^]. The absence of any peaks
corresponding to known phases of tantalum oxide or tantalum tungsten oxide suggests that
the tantalum is either a dopant in the WO 3 film or has formed a secondary phase which is
poorly crystalline. However the shift in the lattice parameters, which is expected upon
incorporation of a dopant into a film, is not observed in this case as the size of the W6* and
Ta5+ cations are very similar. 9 This is consistent with the WDX data which showed that
films

deposited

from

75:25

and

50:50

mixtures

of

["Bu4 N]2 [W6 Oi9]

and

[,!Bu4 N]3 [TaW5 Oi9] have W:Ta ratios of 11.5:1 and 22.8:1 respectively, which would result
in a 0.0035 % and 0.0017 7c increase in the lattice parameters respectively compared to
film deposited from only [,!Bu4 N]2 [W6 Oi9] Such a shift is beyond the resolution of the
diffractometer and within experimental error. Films deposited using 50:50 and 75:25
mixtures of the precursors had typical lattice parameters of a = 7.36, b = 7.52, c = 7.71
= 90.49°; this compares with values of a = 1 3 1 , b = 7.51, c = 7.69

A,

A, p

p = 90.42° for films

deposited using only [/iBu4 N]2 [W6 0 i9]. Furthermore it was difficult to assess any changes
in the relative intensity of the peaks compared to diffraction patterns of undoped films due
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to the preferred orientation of the films and the poor resolution of the data. Therefore as
with

films

deposited

from

other

heteropolyoxometalates

and

mixtures

of

heteropolyoxometalates and isopolyoxometalates, it is not possible to determine the nature
of the tantalum in the films by XRD alone.
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Figure 5.11 XRD patterns of films deposited from mixtures of ["B1 1 4 NMW 6 O 1 9 ] and
["BotNMTaWsOi!)] at 550°C. The diffraction patterns of the films deposited solely
from [/,Bu4 N]2 [W6 Oi9] and fBuuNMTaWsO^] at 550°C are also shown.
The Raman patterns of the films deposited from 50:50 and 75:25 mixtures of
["BU4 NMW 6 O 19 ] and ["Bu4 N]3 [TaW 5 0 i9 l were similar to those deposited solely from
[”Bu4 N] 3 [TaW5 0 i9 ]. The as-deposited films were characteristic of amorphous \VO3 -x. 4 4 ’45
The broad nature of the bands and their low intensity made it difficult to assess any shift in
their position relative to WO 3 films deposited from undoped precursors. The Raman
patterns of the annealed films were characteristic of crystalline monoclinic WO3 , 127
however the bands were shifted to lower wavenumbers compared to films obtained from
isopolyoxometalates, which implies that the tantalum has been incorporated into the WO 3
films as a dopant. 134 Unlike the film deposited from a 75:25 mixture of [”Bu4 N]2 [W6 0 i9 ]
and [,'Bu4 N] 3 [NbW 5 0 i9 ] a shift in the position of the bands was also observed when using a
precursor mixture comprising of only 25 % [,iBu4 N]3 [TaW5 O i9].Bands corresponding to
W6+-0 stretching vibrations occurred at 805 and 710 cm ' 1 and the band due to the W6 +-0 116

W6* stretching mode in WO 3 at 270 cm ' 1 for film deposited using a 50:50 mixture of
[#lBu4 N]2 [W6 Oi 9 ] and ["Bu4 N]3 [TaW 5 0 19], compared with 805, 713 and 272 cm ' 1 for the
film deposited from the 75:25 precursor mixture. Limitations in the instrument calibration
may account for the small shift in the position of the bands. The shift in the position of the
bands corresponding to W6+-0 stretching vibrations for the films deposited from the
precursor mixture relative to the film deposited from only ["Bu4 N]2 [W6 O i 9 ] is shown in
Figure 5.12. No bands arising from vibrational modes of tantalum oxide were observed by
Raman spectroscopy, which is consistent with the formation of doped films rather than
composite films.
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Figure 5.12 The shift in the position of the W6+-0 vibrational bands for films
deposited from mixtures of [/?Bu4N]2[W6Oi9 ] and ["B^N^TaWsO^] at 550°C post
annealing compared to the film deposited solely from (nBu4Nl2 [W6Oi9l.
AACVD of mixtures of rB u 4 N]2 [W6 0 19] and ["B^NfitTaW.sO^] afforded films with a
partially reduced WO 3 .X stoichiometry in which the crystallites were preferentially
orientated along the <0 1 0> direction. The Raman patterns of the annealed films resembled
those of crystalline monoclinic WO 3 and an increase in the r factor to 1 was observed by
XRD. These results are consistent with the correlation between the stoichiometry of the
films and the randomisation of the crystallites, which has been observed for tungsten oxide
films throughout this study. The observation of peaks corresponding to only WO 3 in the
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XRD pattern indicated that the tantalum had either been incorporated into the W O3 films as
a dopant, or had formed a secondary phase which was amorphous. The absence of any
bands arising from Ta-O-Ta vibrational modes and the shift in the position of the bands for
the annealed film relative to films deposited from undoped precursors in the Raman data is
consistent with the formation of tantalum doped tungsten oxide films.

XPS analysis was performed on the sample deposited using a 75:25 mixture of
[”Bu4 N]2 [W6 0 i9 ]

and

[/'Bu4 N]3 [TaW5 O i 9 ].

The

films

deposited

solely

from

[”Bu4 N]2 [W6 0 i9 ] and [;lBu4 N]3 [TaW 5 Oi 9 ] both contained tungsten in a single environment
(W6+), however in the case of the latter this may have been due to surface oxidation of the
film. In contrast the tungsten 4f doublet of the film deposited from a 75:25 mixture of the
precursors was a composite of two peaks; a dominant peak (W6*) with 4f 7/2 and W6* 4f 5/2
ionizations a 34.6 and 36.8 eV respectively and a smaller peak (W4+) with 4f 7/2 and 4f 5/2
ionizations at 31.5 and 33.7 eV respectively. In addition an O Is peak corresponding to
WO 3 was present at 529.4 eV. The tungsten: oxygen ratio was determined to be W 0 2.82The presence of the reduced tungsten environments is consistent with the Raman data in
which bands corresponding to vibrational modes of reduced tungsten cations were
observed. Furthermore this confirms the correlation between the stoichiometry of the films
and the randomisation of the crystallites which has been observed for WO 3 films through
out this study. A doublet corresponding to Ta5+ 4f7/ 2 and Ta5+ 4f5/2 photoelectrons was
present at binding energies of 27.2 and 28.9 eV respectively and an O Is ionization was
observed at 530.2 eV. There are no reported XPS studies of tantalum doped tungsten
oxides; however the position of the Ta 4 f doublet and the O Is peak is in good agreement
with Ta2 C>5 , 138 which would also be expected for Tao.0 4 Wo.9 6 O 3 . The ratio of the area of the
Ta 4f and O Is peaks, taking into account empirically determined sensitivity factors is
consistent with T ain oxidation state 5+. The W:Ta ratio of the film was determined to be
29.6:1 which compares with a ratio of 22.8:1 calculated by WDX. The discrepancy between
the two ratios may be due the small area of Ta peaks which are difficult to accurately
quantify. Therefore the 29.6:1 Ta:W ratio determined by XPS is representative of an
approximate retention of the W:Ta:ratio of the precursor to the film.

As well as enabling the W:Ta ratio of the sample to be determined XPS has shown that the
Ta is present in oxidation state 5+ and is coordinated to oxygen. Furthermore the chemical
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shift of the Ta 4f and O Is environments are consistent with those expected for Ta 5+ doped
WO3. The shift in the position of the WO3 bands in the Raman spectrum and the absence of

peaks arising from the any tantalum oxides or tantalum tungsten oxides in the XRD data is
also indicative of tantalum doped WO3 films.

Nitrogen was present in the sample with the N Is ionization occurring at 402.1 eV, which is
in good agreement with the films deposited from all polyoxometalates in this study and
indicates that the nitrogen does not get eliminated from the precursor during the deposition.
In addition XPS revealed that the level of carbon contamination on the surface of the film
was 4 % and etching showed that the carbon contamination was entirely surface limited.

SEM revealed that the film deposited from a 50:50 mixture of ["Bu4 N]2 [W6 Oi 9 ] and
[nBu4 N]3 [TaW5 Oi9 ] was composed of a mixture of spherical agglomerates and cubic
aggregates (Figure 5.13). Spherical agglomerates were also observed for films deposited
solely from ["Bu4 N]2 [W6 Oi 9 ] and [”Bu4 N]3 [TaW5 Oi 9 ], however in both cases needle-type
agglomerates were growing out of the spheres. The observation of spherical particles
provides further evidence of film growth through gas phase nucleation (Process 4, Figure
1.3).

a
b
Figure 5.13 Scanning electron micrographs of the film deposited from a 50:50 mixture
of [nBu4N]2[W6Oi9] and [,'Bu4 N]3 [TaW50 19 ].
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5.6

AACVD

of

a

Tungsten

Oxide

Film

from

a

Mixture

of

rB u 4N]2[W60 19], rB u 4N]3[NbW50 19] and rB u 4N]3[TaW50 19]
XPS and WDX have demonstrated that using varying amounts of a doped and undoped
polyoxometalate provides a route to the deposition of films with a highly controlled level of
doping.

The

following

section

describes

AACVD

using

a

mixture

of

three

polyoxometalates; rB u 4 N]2 [W6 0 19], [''Bu4 N]3 [NbW 5 Oi9] and [''Bu4 N]3 [TaW 5 O i9].

The AACVD reaction using a 50:50:25 mixture of ["Bu4 N]2 [W6 Oi9] (0.125 g),
["BmNHNbWsO^] (0.063 g) and ["B^NM TaW ^O^] (0.063 g) were carried out using a
precursor solution of the polyoxometalates in acetonitile (50 cm ) at a substrate temperature
of 500°C and a flow rate of 0.5 L m in'1.

AACVD from a 50:25:25

mixture of [”Bu4 N]2 [W6 Oi9], ["Bu4 N]3 [NbW 5 Oi9] and

[,!Bu4 N] 3 [TaW 5 0 i9] in acetonitrile at 500°C afforded an adherent golden brown film in
which deposition was restricted to the half of the substrate closest to the precursor inlet.
Annealing the film in air at 550°C for thirty minutes resulted in a colour change to yellow,
which suggests that the brown colour of the as-deposited films is due to carbon
contamination. Yellow films are indicative of a fully oxidised WO3 stoichiometry .43

As with AACVD reactions using solely ["Bu4 N]2 [W6 Oi9], ["Bu4 N]3 [NbW 5 Oi9] or
[,IBu4 N] 3 [TaW5 0 i9] film deposition occurred exclusively on the top plate indicating that
film growth occurs through gas phase nucleation (Process 4, Figure 1.3).

The tungsten: niobium: tantalum ratio of the film was determined to be 21.5:1.1:1 by
WDX; this compares with 22.26:1.05:1 for the precursor mixture, further demonstrating
that films with highly controlled levels of dopants can be deposited by using mixtures of
polyoxometalates.

The XRD pattern of the as-deposited film was dominated by the 0 2 0 reflection of
monoclinic WO3, indicating extreme preferred orientation (r = 0.58)121 and the diffraction
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pattern of the annealed film was characteristic of randomly orientated monoclinic WO3
(r = 1, Figure 5.14). The absence of any peaks corresponding to any known phases of
niobium oxide, niobium tungsten oxide, tantalum oxide, tantalum tungsten oxide or
niobium tantalum oxide suggests that the niobium and tantalum are either dopants in the
WO3 film or have formed separate phases, which are poorly crystalline. As previously

discussed the incorporation of dopants into a film can result in a shift in the lattice
parameters and a change in the relative intensity of the diffraction peaks. However in this
case there is no significant difference in the lattice parameters (a = 7.35, b = 7.56, c = 7.72

A,

p = 90.48°) compared to films deposited from isopolyoxotungstates, as the size of the

niobium 5+ and tantalum 5+ cation (0.64 A) is very similar to that of tungsten 6 + (0.60 A)

9

This is consistent with the WDX data which showed that the W:Nb:Ta ratio of the film is
21.5:1.1:1, which would result in a 0.0019 % increase in the lattice parameters compared to
the film deposited from only rB u 4 N]2 [W6 Oi 9 ]. Such a shift is beyond the resolution of the
diffractometer and within experimental error. Furthermore the preferred orientation of the
films coupled with the poor resolution of the data makes it is difficult to assess whether a
change in the relative intensity of the peaks has occurred.
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Figure 5.14 XRD pattern of the film deposited from a 50:25:25 mixture of
[nBu4 N]2 [W6 0 i9 ], ["Bu4N]3[NbWsOi9] and ["B^NMTaWsO^] as-deposited and post
annealing.
121

The Raman pattern resembled those of films deposited solely from ["Bu4 N] 3 [NbW 5 0 i9] and
[;'Bu4 N]3 [TaW 5 Oi 9 ] and from mixtures of the doped precursors and ["Bu4 N]2 [W6 O i 9 ],
displaying bands at 220, 770 and 950 cm ' 1 resulting from W4 +-0 , W6+- 0 and W6+= 0
vibrations respectively .44,45 The Raman pattern of the annealed film was characteristic of
crystalline monoclinic WO 3 with bands at 805 and 713 cm ' 1 corresponding to W6+-0
stretching vibrations and 274 c m 1, arising from the W6 +-0-W 6+ stretching mode (Figure
5.15).127 These bands however are shifted towards lower wavenumbers compared with
films deposited from undoped polyoxometalates (Figure 5.16), implying that the niobium
and tantalum have been incorporated into the film as dopants and have not formed separate
phases. 134 However the bands corresponding to W6+= 0 stretching modes, appear to be a
composite of several smaller peaks making it difficult to assess the peak maxima and hence
obtain an accurate measurement of the shift. The absence of any bands corresponding to
Nb-O-Nb or Ta.O-Ta vibrational modes is consistent with the formation of doped films.
Any shift in the position of the bands for the as-deposited film is less apparent due to their
broader nature and lower intensity.
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Figure 5.15 Raman spectra of the film deposited from a 50:25:25 mixture of
[nBu4N]2[W6Oi9], [nBu4 N]3 [NbW5 0 i9] and [/,Bu4N]3[TaW50i9] as-deposited and post
annealing.
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Figure 5.16 The shift in the position of the W6+-0 vibrational bands for films
deposited from a 50:25:25 mixture of ["BuiNktWgO^], ["B^Nj^fNbWsOiy] and
[nBu4 N]3 [TaW5Oi9 ] post annealing compared to the film deposited solely from
r B u 4 N ] 2 [ W 60 19].

The Raman and XRD data is consistent with the correlation between the stoichiometry of
the films and the randomisation of the crystallites, which has been previously observed for
tungsten oxide; films with a partially reduced WC>3 -X stoichiometry are preferentially
orientated along the <0 1 0> direction, whereas fully oxidised WO3 films are composed of
randomly orientated crystallites. The presence of only tungsten 6 + species is consistent with
yellow colour of the annealed film, which is indicative of a fully oxidised WO3
stoichiometry.

XPS

of

the

film

deposited

from

a

50:25:25

mixture

of

["Bu4 N]2 [W6 Oi 9 ],

["Bu4 N]3 [NbW5 0 i9 ] and ["B^NMTaW.sO^] revealed a broad asymmetric W 4f doublet,
indicative of multiple tungsten environments. The dominant peaks occur at binding
energies of 35.3 and 37.5 eV, which correspond to W6* 4 f ^ and

f

4 5/2

photoelectrons in

WO 3 . Additionally, the O Is peak at 528.3 eV is consistent with the formation of WO 3 .
Two further W 4f environments with similar binding energies were observed, which do not
correspond to W5+ or W4* 4f photoelectrons. Therefore it is possible that the different W 4f
environments relate to different coordinations of tungsten-niobium-tantalum rather than
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different oxidation states of tungsten. This was also observed to a lesser extent for the film
deposited from a 25:75 mixture of [nBu4 N]2 [W6 0 i9 ] and ["B^N fitN bW sO^]. The area of
the O Is peak, corresponding to WO3 and the sum of the area of the W 4 f doublets, taking
into account sensitivity factors for W and O is consistent with a W O3 stoichiometry,
indicating that the additional W 4f doublets are due to tungsten-oxygen environments.
Furthermore no variation in the number of W environments was observed upon annealing
the film, confirming that the different tungsten environments are not the result of different
oxidation states. The absence of any tungsten environments corresponding to W4+ or W5+
cations has been previously observed for as-deposited films, although bands arising from
the vibrational modes of reduced tungsten cations are present in the Raman spectrum. This
inconsistency in the Raman and XPS data is ascribed to atmospheric oxidation of the film
surface after deposition and prior to the XPS analysis.

In addition niobium and tantalum were present in the sample with Nb

3

d.v2 and

3

d 3/2

ionisations at 207.8 and 210 eV respectively and the peaks arising from Ta Aim. and Aim at
binding energies of 23.7 and 26.5 eV respectively. There are no reported XPS studies of
niobium and tantalum doped tungsten oxides, however these Nb 3d and Ta 4f chemical
shifts are in good agreement with a range of niobium and tantalum compounds respectively
in oxidation state 5+ including Nb 2 C>5 136 and Ta 2 (>5 138 which would also be expected for
Tao.o4 7 Nbo.o4 Wo.9 0 7 0 3 and with the films deposited solely from the heteropolyoxometalates.

An O Is ionisation was observed at 530.3 eV; O Is peaks corresponding to both Nb5+ and
Ta5+ oxides are expected at this binding energy. Comparing the ratio of the area of the Nb
3d and Ta 4f doublet to that of the O Is peak, taking into account empirically derived XPS
sensitivity factors showed that the O Is peak at 530.3 eV was a sum of the Nb 3d and Ta 4f
environments. The presence of Nb 3d and Ta 4f peaks corresponding to Tao.047
Nbo 047W0.907O3 and the observation

of W 4f environments arising from different

coordinations of tungsten-niobium-tantalum suggests that the niobium and tantalum are
dopants in the WO3 film and have not formed separate phases. This is also consistent with
the absence of peaks arising from niobium or tantalum oxides in the XRD data and the shift
in the position of the bands in the Raman spectra. The tungsten: niobium: tantalum ratio of
the film was calculated as 17.2:1.02:1, slightly lower than the ratio determined by WDX.
The Nb 3d and Ta 4f peaks have small areas that are difficult to accurately quantify.
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Therefore the 17.2:1.02:1 ratio is representative of an approximate retention of the
Nb:Ta:W ratio of the precursor to the film. 21.5:1.1:1

These results demonstrate that the control in the W:dopant ratio of the films that was
observed when using a mixtures of two polyoxometalates can be applied to mixtures
comprising of two heteropolyoxometalates and one isopolyoxometalate.

As with the film deposited from solely from ["Bu4 N]2 [W6 0 i9 ], ["B^N hfN bW sO ^] and
[/iBu4 N]3 [TaW5 0 i9] nitrogen was present in the films deposited from a 50:25:25 precursor
mixtures with the N Is photoelectron occurring at 402.4 eV. In addition XPS revealed that
the level of carbon contamination on the surface of the film was

2

% and etching showed

that the carbon contamination was entirely surface limited.

The film deposited from a 50:25:25 mixture ["Bu4 N]2 [W6 Oi9 ] , [”Bu4 N]3 [NbW 5 O i9] and
[nBu4 N] 3 [TaW 5 0 i9 ] had a morphology unlike that of the films deposited solely from
[nBu4 N]2 [W6 0 ,9],

[nBu4 N]3 [NbW5 O i 9 ],

["Bu4 N]3 [TaW5 Oi 9 ]

or

from

mixtures

of

[”Bu4 N]2 [W6 O i 9 ] and the heteropolyoxometalates consisting of a continuous film with a
compact and uniform microstructure (Figure 5.17).

Figure 5.17 Scanning electron micrograph of the film deposited from a 50:25:25
mixture of rBu4N]2[W6Oi9], ["BujNblNbWsOw and ["B^NMTaWsO^].
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5.7 AACVD of Tungsten Oxide Films from [CpTi(W 5Oi8)H][/IBu 4N ]2
5.7.1 Precursors
The heteropolyoxometalate [CpTi(W50i8)H]["Bu4N]2 is a white powder soluble in aprotic
solvents such as acetone and acetonitrile. [CpTi(W 5 0 i8 )H][”Bu4N]2 has a similar structure
to [”Bii4N]2[W60i9] except that one [OWVI]4+ unit is replaced with a [CpTi,v]3+ unit. The
heteropolyoxometalate [CpTi(W5O i 8 )H]["Bu4 N ]2 was synthesized according to literature
procedure as described below.82

Preparation o f [CpTi(W 5 0 i 8 )H]["Bii4 N ] 2
The preparation of [CpTi(W 5 0 i8 )H]["Bu4 N ]2 required the use of ["B^NMWCU], the
synthesis of which is described in Section 3.2.

A solution of titanium dicyclopentadienyl dichloride, [(CsHs^TiCb] (0.68 g, 2.7 mmol) in
dichloromethane, CH 2 CI2 (20 cm3) and aqueous HC1 (0.80 M, 17 cm3, 14.0 mmol) were
added to a solution of ["Bu4 N] 3 [W0 4 ] (10.0 g, 13.7 mmol) in acetonitrile (60 cm3 ) whilst
stirring vigorously, resulting in a colour change from red to yellow. The solution was
stirred for a further 10 minutes after which the solvents were removed under reduced
pressure on a rotary evaporator to yield a yellow oil containing a white powder. The white
powder was isolated from the suspension by performing a series of four precipitations from
n-propyl alcohol as follows. The suspension was diluted with n- propylalcohol (10 cm3)
and then poured into diethyl ether (200 cm3) with vigorous stirring. The resulting mixture
was stirred for a further 5 minutes and then allowed to settle for 20 minutes, after which the
ether, which formed a separate layer, was decanted. After each successive precipitation, the
material remaining contained less oil and more solid until after the fourth precipitation only
white solid remained. The white powder was washed with diethyl ether (30 cm3), isolated
by suction filtration, and dried in vacuo.
IR (KBr disk, cm '1): 436.8 (s), 520.3 (w), 558.4 (w), 576.7 (w, sh), 618.1 (w), 685.6 (m),
806.2 (vs), 883.3 (m), 920.9 (v, sh), 943.6 (vs), 920.9 (w, sh), 1024.6 (w), 1151.9 (s),
1382.9 (m), 1458.6 (w, sh), 1482.2 (m).
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The heteropolyoxometalate [CpTi(W5Oi 8 )H]['IBu4N ]2 decomposes in multiple steps
between 240 and 450°C with an observed mass loss of 35 %, which is consistent with
decomposition of the heteropolyoxometalate to yield 5 WO 3 and 1 TiCb fragment (33 %).
This indicates that at temperatures exceeding 450°C the AACVD

reactions of

[CpTi(W 5 O i 8 )H][nBu4 N ] 2 will result in the deposition of either composite WO 3 and TiC>2
films or WO 3 films doped with Ti4+.

5.7.2 Depositions using [CpTi(W5Ois)H][ftB u4i\ ] 2
AACVD reactions using [CpTi(W 5 O i 8 )H]['!Bu4 N ]2 were carried out using a precursor
solution consisting of the polyoxotungstate (0.25 g) in acetonitrile (50 cm3) at substrate
temperatures in the range 500 - 600°C and a flow rate of 0.5 L m in 1.

The films deposited from [CpTi(W 5 0 i8 )H][''Bu4 N ]2 at substrate temperatures of 500 and
550°C were composed of two distinct regions: an adherent blue coating with interference
fringes near the precursor inlet (region A) and a brown powdery film in the region furthest
from the precursor inlet (region B). Increasing the substrate temperature to 600°C yielded a
film comprising solely of the partially adherent brown coating. Complete coverage of the
substrate occurred at deposition temperatures between 550 - 600°C whereas there was no
deposition in the third of the substrate closest to the precursor inlet at 500°C. Annealing the
films in air at 550°C for 30 minutes resulted in a colour change to yellow for all regions of
the films. Blue films are indicative of a partially reduced W 0 3 _x stoichiometry and yellow
films of fully oxidised WO 3 43 The colour change to yellow observed for the brown regions
of the film upon annealing suggests that the colour originates from carbon contamination.

AACVD reactions of [CpTi(W 5 0 i8 )H]["Bu4 N ]2 produced coatings exclusively on the top
plate. This phenomenon has been observed for all depositions using polyoxometalates and
indicates that film growth occurs through gas phase nucleation (Figure 1.3, process 4).

Wavelength dispersive analysis by X-rays (WDX) was carried out on the films deposited
from [CpTi(W 5 0 i8 )H][”Bu4 N ] 2 in order to determine the W:Ti and W :0 ratios of the films.
Despite using an accelerating voltage of 7.5 kV, the films were not sufficiently thick to
prevent appreciable breakthrough to the underlying substrate, therefore only the tungsten:
titanium ratio of the films could be determined. These are summarised in Table 5.6. The
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ratios are an average of a minimum of three spots across the film. There was considerably
more variation between the values used to calculate the average ratio compared with films
deposited from the other doped polyoxometalates. This may be due to the significantly
lower counts recorded for titanium than tungsten or uneven distribution of titanium in the
film. Nevertheless the results indicate that W:Ti ratio of the precursor has been
approximately retained in all regions of the films.

Deposition Temperature / °C Tungsten:Titanium ratio
500-region A

4.74:1

500-region B

3.92:1

550-region A

4.62:1

550-region B

4.13:1

600

5:78:1

Table 5.6 The W:Ti ratios of the films deposited from [CpTi(WsOi8 )H][/lBii4 N]2 ,
determined by WDX. The ratios represent an average of a minimum of three spots
across the film. For films composed of multiple regions; region A is the closest to the
precursor inlet.
Films deposited from [CpTi(W 5 0 i8 )H]["Bu4 N ]2 were analysed by XRD. AACVD of
[CpTi(W5Oi 8 )H]['IBu4N ]2 at 500 and 550°C afforded films composed of multiple regions.
At 500°C the diffraction pattern of the region closest to the precursor inlet (region A) was
dominated by broad humps indicative of a poorly crystalline material, with a small peak at
20 degrees of 23, corresponding to the 0 2 0 reflection of y-W 0 3 . The diffraction pattern of
the region of the film furthest from the precursor inlet (region B) displayed more intense
peaks corresponding to the 0 2 0 reflection of Y-WO3 (r = 0.58).121 Similarly both regions
(A and B) of the film deposited at 550°C were characteristic of preferentially orientated yWO3 with r factors of 0.56 and 0.59 respectively. The film deposited at 600°C was the most
randomised with an r factor of 0.72. The formation of preferentially orientated WO 3 films,
which show an increase in the randomisation of the crystallites with increasing deposition
temperature

was

also

observed

for

depositions

using

["Bu4 N] 3 [NbW 5 0 i9 ],

[/IBu4 N]3 [TaW5 Oi 9 ] and ["Bu4 N]3 [W 0 4]. The XRD patterns of the films post annealing
were characteristic of randomly orientated Y-WO3 (r = 1). Figure 5.18 shows the XRD
patterns of the film deposited at 500°C. No peaks corresponding to any known phases of
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titanium oxide or titanium tungsten oxide were observed in the XRD pattern both prior to
and following annealing. The most intense peaks expected for the rutile and anatase phases
of TiC>2 occur at 20 degrees of 28 and 25139 respectively, which do not coincide with any
peaks corresponding to Y-WO3 , discounting the possibility of masking. This suggests that
the titanium has either formed an amorphous phase or has been incorporated into the WO 3
films as a dopant. As previously stated a shift in the lattice parameters and a change in the
relative intensities of the diffraction peaks is expected upon incorporation of a dopant into a
film. However no significant variation in the lattice parameters (a - 7.35, b = 7.55, c - 7.72

A, p = 90.49°) was observed compared to films deposited from isopolyoxometalates,
may be due to the similar size of the tungsten

6

which

+ (0.60 A) and the titanium 4+ (0.61

A ).9

cations. The 5:1 tungsten:titanium ratio determined by WDX is indicative of a Tio.17 Wo.8 3 O 3
film stoichiometry and a

0.002 A

in the lattice parameters (assuming a hard sphere model),

which is beyond the resolution of the X-ray diffractometer. Furthermore it was difficult to
assess any changes in the relative intensity of the diffraction peaks due to the preferred
orientation of the films and the poor resolution of the data.
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Figure 5.18 XRD patterns of the film deposited from [CpTi(WsOi8 )H]["Bu4 N ] 2 at
500°C. Regions A and B refer to the regions of the film closest and furthest to the
precursor inlet respectively.
The AACVD of [C pT ^W sO ^H lpB iuN k has afforded films comprised of preferentially
orientated Y-WO3 which show an increase in the randomisation of the crystallites with
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increasing deposition temperature. The diffraction pattern of the annealed films were
characteristic of randomly orientated Y-WO3 (r=l). The randomisation of crystallites upon
annealing has been observed throughout this research for preferentially orientated WO 3
films. The titanium is thought to be either a dopant in the films or have formed a separate
phase which is amorphous.

The Raman patterns of the films deposited from [CpTi(W 5 0 i 8 )H]["Bu4 N ]2 displayed bands
corresponding to the vibrations of W 4+- 0 , W 6*-O and W 6*= 0 in amorphous W 0 3 _ x . 4 4 45 The
presence of bands corresponding to vibrational modes of reduced tungsten cations is
consistent with the blue colour of the films, which is indicative of a partially reduced WO 3 .X
stoichiometry. The broad nature of the bands and their low intensity made it difficult to
assess any shift in their position relative to WO3 films deposited from isopolyoxometalates.
The Raman patterns of the annealed films were characteristic of crystalline monoclinic
W O3 displaying bands at 808, 717 and 274 cm ' 1. 127 The bands at 808 and 717 cm ' 1

correspond to the W ^-O stretching vibrations and the band at 261 arises due to the W 6+- 0 W6* stretching mode. The observation of crystalline monoclinic WO3 by Raman
spectroscopy is consistent with the XRD data. Figure 5.19 shows the Raman spectra of the
film deposited

at 500°C.

Unlike

films deposited from

["B^NM NbW sO^]

and

[,IBu4 N]3 [TaW5 0 i9 ] there was no shift in the position of the bands compared to films
obtained from isopolyoxotungstates. This may be due to the considerably smaller
proportion of Ti in [CpTi(W 5 0 i 8 )H][”Bu4 N ] 2 than Nb and Ta in ["B^NM NbW sO^] and
["Bu4 N]3 [TaW5 0 i9 ] respectively resulting in shift smaller than the error associated with the
measurement. Similarly no shift in the position of the bands was observed for the film
deposited using a 75:25 mixture of [/!Bu4 N]2 [W6 O i 9 ] and ["B^NbfNbW sO^].

The Raman spectra contained no bands arising from vibrational modes of TiCb; intense
bands are expected for the rutile phase of TiC>2 at wave numbers of 605, 430 and 230 cm ' 1
and for anatase at 640 520 and 400 cm ' 1. 139 Since there is no overlap between these bands
and those corresponding to Y-WO3 , the possibility of masking can be discounted. The
Raman data is therefore more consistent with the formation of Ti-doped films rather than
multi phase films.
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Figure 5.19 Raman pattern of the film deposited from [CpTi(W5Oi8 )H][nBu4 N ] 2 at
500°C, as-deposited and post-annealing.
The

results

of the XRD

and

Raman

analysis

for the

films

deposited

from

[CpTi(W5Oi 8 )H][”Bu 4 N ]2 are consistent with the correlation between the stoichiometry of
the films and the randomisation of the crystallites, which has been previously observed for
WO3 films in this study. Blue films have a partially reduced W 0 3 -x stoichiometry and are
preferentially orientated along the

< 0

1

0

> direction, whereas yellow films are fully

oxidised WO3 and are composed of randomly orientated crystallites (r = 1). The Raman and
XRD data provided no direct evidence for the formation of doped films (i.e. a shift in the
lattice parameters or in the position of the Raman bands), however the absence of any peaks
or bands corresponding to D O 2 suggests that it is unlikely that multiphase films have been
deposited. WDX has shown that Ti is indeed present in the sample with an approximate
retention of the W:Ti ratio of the precursor.

XPS of the film deposited from [CpTi(W 5 0 i8 )H]["Bu4 N ]2 at 600°C revealed a doublet
corresponding to W6+ 4f 7/2 and W6* 4 f5/2 photoelectrons at binding energies of 35.4 and
37.6 eV respectively and an O Is ionization at 530.4 eV. These tungsten and oxygen
chemical shifts are in good agreement with both previous studies of WO3 and with WO3
films deposited from isopolyoxotungstates and tungsten hexacarbonyl. 128,129 The absence of
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any splitting or broadening of the W 4f doublet indicates that the tungsten was present in a
single environment; this was confirmed by the peak area ratio (0.78) and the splitting (2.2
eV) between the

4

f7 /2 and 4f 5/ 2 peaks. The presence of a single tungsten environment is

contradictory with the Raman data in which bands corresponding to vibrational modes of
reduced tungsten cations were observed and the correlation between the stoichiometry of
films and the randomisation of the crystallites which has been apparent throughout this
study. This discrepancy was also observed for films deposited from ["B ^N fifTaW sO ^]
and [”Bu4 N]3 [NbW5 0 i9 ] and may be attributed to surface oxidation of the films after
deposition and prior to the XPS analysis.

Titanium was also present in the film with Ti

2

p 3/2 and Ti 2 p !/2 ionizations occurring at

458.4 and 464.1 eV respectively, consistent with the formation of Ti0

2 . 140

The O Is

observed at 530.4 eV is also expected for TiCb. Comparing the ratio of the area of the Ti 2p
and W 4f doublet to that of the O Is peak, taking into account empirically derived XPS
sensitivity factors showed that the O Is peak at 530.4 eV was a sum of the W 4f and Ti 2P
environments. The XRD and Raman analysis are more consistent with the formation of Ti
doped W O3 films than multiphase films. Although there are no previous XPS studies of
titanium doped tungsten oxide compounds, chemical shifts corresponding to Tio.17W0.83O3
would be expected at similar binding energies to TiCb as both contain Ti in a 4+oxidation
state and are coordinated to oxygen therefore the XPS data does not preclude the formation
of titanium doped W O3 films. The observation of Ti 2p and O Is environments
corresponding to TiCb is consistent with TGA data.

The tungsten to titanium ratio of the film was 6.3:1, very similar to that of the precursor.
Therefore AACVD of [CpTi(W 5 0 i8 )H]["Bu4 N ]2 has afforded tungsten oxide films in which
the tungsten to titanium ratio of the precursor has been retained. These results are in good
agreement with the WDX analysis. The XRD and Raman analysis is more consistent with
the Ti being a dopant in the W O3 film rather than a separate phase

Nitrogen was present in the sample with the N Is ionization occurring at 401.6 eV, which is
in good agreement with the films deposited from all polyoxometalates in this study and
indicates that the nitrogen does not get eliminated from the precursor during the deposition.
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In addition XPS revealed that the level of carbon contamination on the surface of the film
was 3 % and etching showed that the carbon contamination was entirely surface limited.

SEM showed that the films deposited from [CpTi(W 5 Oi 8 )H]["Bu4 N ]2 had a similar
microstructure

to

those

deposited

from

[''Bu4 N]3 [W0 4],

[NH4 ]6 [W]2 0 3 9 ]

and

[NH4 ]ioH2 [W20 7 ]6 , comprising of an agglomeration of spherical particles, with a similar
mean particle size (220 nm) but narrower size distribution (Figure 5.20a). The films
deposited from [CpTi(W 5 0 i8 )H]['!Bu4 N ]2 showed a greater degree of agglomeration than
those deposited from [''Bu4 N]3 [NbW 5 Oi 9 ] and [/!Bu4 N]3 [TaW5 Oi 9 ] and did not contain
needle agglomerates (Figure 5.20d). The observation of spherical particles provides further
evidence for film growth through gas phase nucleation.

f

°

f
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P a rtic le S ize / jim

b
Figure 5.20 Scanning electron micrograph of the film deposited from
[CpTi(W5Oi8)H][/,Bu4N]2 at 550°C and its size distribution, (a) and a higher
magnification of the spherical particles, (b).
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5.8 AACVD o f tungsten oxide films from f 1Bu 4N]4H3[SiMo WuO40]
5.8.1 Precursors
[”Bu4 N]4 H 3 [SiMoWn 0 4 o] is a white powder soluble in aprotic solvents such as acetone and
acetonitrile.

The

heteropolyoxometalate

["B ^N ^^tSiM oW nC ^o]

was

synthesized

according to literature procedure as described below . 141

Preparation o f [nB u 4 N] 4 H 3 [SiM oW jJ0 4 o]
A solution of sodium silicate, Na2 SiC>3 .9 H2 0 (0.8 g, 3.1 mmol) and sodium tungstate
dihydrate, [Na2 W0 4 .2 H 2 0 ], (10.0 g, 30.3 mmol) in water (15 cm3) was acidified with HC1
(12 M, 3.7 cm3, 44.4 mmol) whilst stirring vigorously. The resulting solution was refluxed
for 4 hours. The solution was cooled to room temperature and subsequently added to a
solution of sodium molybdate dehydrate, [Na2 Mo 0 4 .2 H 2 0 ], (0.67 g, 2.8 mmol) in water (3
cm3). HC1

(6

M) was added dropwise to the resulting solution until its pH was less than 2.

Addition of tetrabutylammonium bromide (7.5 g, 31.1 mmol) afforded a white precipitate.
The precipitate was collected under suction filtration, washed with diethyl ether (25 cm3)
before being allowed to air dry.
IR (KBr disk, cm '1): 558.4 (w), 667 (s), 716.0 (w, sh), 807.6 (s), 923.4 (s), 1029.9 (m),
1383.3 (m), 1458.6 (w, sh), 1483.2 (s).

The heteropolyoxometalate [,'Bu4 N]4 H3 [SiMoWii0 4 o] decomposes in multiple steps
between 200 and 500°C with an observed mass loss of 30 %, which is consistent with
decomposition to afford 11 WO 3 and 1 M 0 O 3 fragments. It is difficult to tell from the TGA
data whether the silicon is eliminated as a gaseous species during the decomposition, as the
silicon makes only a small contribution to the total mass.

5.8.2 Depositions using [ " B u jN ] ^ 3 [SiM oW u 0 4 o]
Depositions using ["B ^N ^^tSiM oW nC U o] were carried out using a precursor solution
comprising of the polyoxometalate (0.25 g) in acetonitile (50 cm3) at substrate temperatures
in the range 500 - 600°C and a flow rate of 0.5 L m in 1.
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AACVD of [;‘Bu4 N]4 H 3 [SiMoWii0 4 o] at substrate temperatures in the range 500 - 600°C
afforded brown partially adherent coatings. Complete coverage of the substrate occurred at
all deposition temperatures. Annealing the films in air at 550°C for thirty minutes resulted
in a colour change to yellow, which suggests that the brown colour of the as-deposited
films arises from carbon contamination. Yellow films are indicative of fully oxidised
WO 3 43

As

with

all

polyoxometalates

investigated

in

this

study

depositions

using

[nBu4 N]4 H 3 [SiMoWii0 4 o] produced coatings exclusively on the top plate, which is
indicative of film growth through gas phase nucleation ( Figure 1.3, process 4).

Wavelength dispersive analysis by X-rays (WDX) showed that the 11:1 W:Mo ratio of the
polyoxometalate precursor had been retained in the films. Films deposited from
['IBu4 N]4 H 3 [SiMoW 110 4 o] at 500, 550 and 600°C had W: Mo ratios of 10.32:1, 11.86:1 and
10.55:1 respectively. It was not possible to determine what the proportion of the detected Si
was from the film as apposed to the underlying substrate, nor was it possible to determine
the W :0 ratio of the films.

Films deposited from [”Bu4 N]4 H 3 [SiMoWii0 4 o] were analysed by XRD. The diffraction
patterns of all as-deposited films were dominated by broad peaks indicative of a poorly
crystalline material and the XRD patterns of the annealed films were characteristic of
almost randomly orientated Y-WO3 (r = 0.98, Figure 5.21). There is considerable overlap,
however between the peaks corresponding to W O3 and those expected for M0 O 3 and to a
lesser extent for M 0 O 2 particularly in the region 23 - 33 20 in which intense peaks occur for
all three phases . 142 Rietveld refinement carried out on the annealed samples confirmed that
the only crystalline phase present in the films was y-WCV, which suggests that the
molybdenum is either a dopant in the W O3 films or has formed a separate phase which is
amorphous.

The incorporation of dopants into a film is expected to result in a change in the relative
intensity of the diffraction peaks and a shift in the lattice parameters. A considerable shift in
the intensity of the peaks in the region 23 - 25 20 was observed at deposition temperatures
of 550 and 600°C relative to films deposited from undoped polyoxometalates. The ratio of
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the intensity of the peaks corresponding to the

(0 0 2 ):(0

2 0

):(2 0 0

) peaks was 1 : 1 .3:2.1

for the film deposited using ["Bu4 N]4 H 3 [SiMoWn 0 4 o3 at 550°C compared with 1.1:1:1 for
the film deposited from [”Bu4 N]4 [Wio0 3 2 ]. However it is unlikely that this shift in the
relative intensity of the peaks is the result of molybdenum doping in the WO3 films but due
to the small degree of preferred orientation in the films post annealing (r - 0.98).

Furthermore there is no significant difference in the lattice parameters (a = 7.34, b = 7.56, c
= 7.72

A, p = 90.50°) compared to

size of the molybdenum

6

films deposited from undoped polyoxotungstaes, as the

+ cation (0.59 A) is very similar to that of tungsten

6

+ (0.60

A ).9

The WDX data indicated that the 11:1 W:Mo ratio of the precursor has been preserved in
films which would result in a 0.0011 % decrease in the lattice parameters. Such a shift
would be undetectable by the diffractometer.
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Figure 5.21 XRD patterns of films deposited from [',Bu4N]4H 3[SiM oW ii04o] a t 550°C,
as-deposited and post-annealing.
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The XRD patterns of the as-deposited films are characteristic of a poorly crystalline
material and those of the annealed films of almost randomly orientated Y-WO3 . The
molybdenum is thought to be either a dopant in the film or have formed a secondary phase
which is amorphous.

The Raman patterns of all films deposited from ["BuiNfif^SiMoWnC^o] were
characteristic of amorphous WC>3-X.44 45 Due to the broad nature of the bands and their low
intensity it was difficult to assess whether any shift their position relative to WO3 films
deposited from isopolyoxometalates had occurred. The Raman patterns of the annealed
films were characteristic of crystalline monoclinic WO3 , 127 however the bands were shifted
to lower wavenumbers compared to films deposited from isopolyoxometalates, indicating
that the molybdenum is a dopant in the WO3 films. 134 Bands corresponding to W6+-0
stretching vibrations were observed at 803 and 698 cm' 1 and the band due to the W6 +-0W6* stretching mode at 267 cm' 1 for films deposited from ["B^Nfil-^fSiMoWnC^o]
compared with 807, 716 and 274 cm' 1 for films deposited from ["B^NfitWioC^l (Figure
5.22). Changes in the position of the bands relative to films deposited from undoped
precursors

were

also

observed

for depositions

using

["Bu^N^tNbWsO^]

and

fBu 4 N]3 [TaW5 0 i9 ] and mixtures of the heteropolyoxometales with ["Bu4 N]2 [W6 Oi9 l
although the shift was smaller. The observation of bands corresponding only to vibrational
modes of W6+ cations upon annealing is consistent with the correlation between the
stoichiometry of the WO3 films and the randomisation of the crystallites which has been
previously observed. Furthermore the yellow colour of the films is indicative of fully
oxidised WO3 No bands arising from vibrational modes of M0 O3 or M0 O2 were observed;
the most intense Raman band corresponding to M0 O3 is expected at 818 cm' 1 and for M0 O2
and 740 cm' 1. 142,143 Since there is no over lap with the WO3 bands the possibility of making
can be discounted. Therefore the Raman data is consistent with the formation of doped
films rather than composite films.
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Figure 5.22 The shift in the position of the Raman bands for the film deposited from
[nBu4 N]4 H3 [SiMoWn0 4 o] at 550°C post annealing compared to the film deposited
from [/,Bu4N]4[Wio032].
The observation of peaks corresponding to only WO 3 in the XRD pattern indicated that the
molybdenum had either been incorporated into the WO 3 films as a dopant, or had formed a
secondary phase which was poorly crystalline. The absence of any bands arising from
molybdenum oxide vibrational modes and the shift in the position of the bands for the
annealed film relative to films deposited from undoped precursors in the Raman data is
consistent with the formation of molybdenum doped tungsten oxide films.

WDX confirmed the presence of Mo in the films and showed that W:Mo ratio of the
precursor has been preserved. XPS was subsequently carried out on the sample in order
identify the chemical environment of the molybdenum and silicon as well as to compare the
W:Mo ratio determined by WDX.
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XPS of the film deposited from ["B^Nfiff^SiMoW nC^o] at 550°C revealed a doublet
corresponding to W6+ 4 f 7/2 and W6* 4f 5/2 photoelectrons at binding energies of 35.4 and
37.6 eV respectively and an O Is ionization at 530.4 eV. These tungsten and oxygen
chemical shifts are in good agreement with both previous studies of WO 3 and with WO 3
1^8 1">9

films deposited from other polyoxotungstaes and tungsten hexacarbonyl. ‘ ’ “ The absence
of any splitting or broadening of the W 4f doublet indicates that the tungsten was present in
a single environment; this was confirmed by the peak area ratio (0.78) and the splitting (2.2
eV) between the 4f7/2 and 4f5/2 peaks. The presence of a single tungsten environment is
contradictory with the Raman data in which bands corresponding to reduced tungsten
cations were observed and the correlation between the stoichiometry of films and the
randomisation of the crystallites which has been apparent throughout this study. This
discrepancy was also observed for films deposited from [CpTi(W 5 0 i8 )H][''Bu4 N]2,
[/zBu4 N]3 [TaW5 Oi 9 ] and ["Bu4 N] 3 [NbW 5 O i 9 l and may be attributed to surface oxidation of
the films as the films were stored in air after deposition and prior to the XPS analysis.

Molybdenum was present in the film with Mo 3d.v2 and Mo 3 d 3/2 peaks at 232.6 and 235.7
eV respectively. There are no reported XPS studies of molybdenum doped tungsten oxides;
however the Mo 3d chemical shift is in good agreement with MoCV 44 which would also be
expected for M 0 0 .0 9 1 W0 .9 1 0 O 3 . The O Is observed at 530.4 eV is also expected for Mo6+
oxides. Comparing the ratio of the area of the Mo 3d and W 4f doublet to that of the O Is
peak, taking into account the XPS sensitivity factors for W, Mo and O showed that the O Is
peak at 530.4 eV was a sum of the W 4f and Mo 3d environments. Furthermore this
confirmed that the oxidation state of the Mo was 6 +

The tungsten to molybdenum ratio of the film was 12.3:1, which compares with a ratio of
11:1 for the precursor. Therefore AACVD of ["Bu4 N]4 H3 [SiMoWii0 4 o] has afforded
tungsten oxide films containing molybdenum, in which the tungsten to molybdenum ratio
of the precursor has been preserved. These results are in good agreement with the WDX
analysis. The XRD and Raman analysis are consistent with the M0 O 3 being a dopant in the
WO3 film rather than a separate phase.
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Nitrogen was present in the sample with the N Is ionization occurring at 402.6 eV, which is
in good agreement with the films deposited from all polyoxometalates in this study and
indicates that the nitrogen does not get eliminated from the polyoxometalate during the
AACVD reaction. In addition XPS showed that the level of carbon contamination on the
surface of the film was 6 % and that the carbon contamination was entirely surface limited.

No additional Si 2p ionizations were observed in the film other than at 102.0 eV, which
corresponds to the S i0 2 substrate. This suggests that the Si was either eliminated during the
AACVD reaction of ["B^NfiHf^SiMoWnC^o] and was therefore not incorporated into the
resulting film or that the Si 2p peak occurs at the same binding energy as that of the S i0 2
and is present in a very small quantity. It was difficult to tell from the TGA data whether
the silicon was eliminated as a gaseous species during the decomposition or was
incorporated into the films, as the silicon makes only a small contribution to the total mass
of the heteropolyoxometalate.

The microstructure of the films deposited from ["B ^N fiH ^SiM oW nO ^] resembled those
of films deposited from [CpTi(W 5 0 i8 )H][”Bu4 N]2, however with a smaller mean particle
size (180 nm) and narrower size distribution.(Figure 5.23). The spherical particles are
indicative of film growth via a gas phase nucleation mechanism.
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5.9 Conclusions
Tungsten oxide films have been deposited from a range of heteropolyoxometalates. The
XRD and Raman analysis are consistent with the correlation between the stoichiometry of
the films and the randomisation of the crystallites, which has been previously observed for
W O3 films in this study. Films with a partially reduced WO3 .X stoichiometry are

preferentially orientated along the <0 1 0> direction, whereas fully oxidised WO3 films are
composed of randomly orientated crystallites (Table 5.7). Furthermore reduced tungsten
cations were observed by XPS for films deposited using a 50:50 mixture of
[nBu4 N]2 [W6 0 i9] and ["BmNfctNbWsOud and a 75:25 mixture of ["BmNMWeOw] and
['1Bu4 N]3 [TaW5 0 19].

WDX and XPS analysis indicated that the tungsten:dopant ratio of the precursor was
retained in the films. This was also observed for films deposited using mixtures comprising
of a doped polyoxometalate in conjunction with an undoped polyoxometalate, thus
demonstrating that polyoxometalates provide a route to the deposition of films with a
highly controlled level of doping. Such a highly controlled level of doping would be
difficult to achieve using dual source CVD precursors.

The observation of peaks corresponding to only WO 3 in the XRD pattern and the shift in
the position of the Raman bands suggests that the heteroatom has been incorporated into the
WO 3 films as a dopant and has not formed a separate phase. The presence of tungsten
environments corresponding to different coordinations of tungsten-niobium and tungstenniobium-tan talum for films deposited from a 75:25 mixture of ["Bu4 N]2 [W6 Oi 9 ] and
[”Bu4 N]3 [NbW5 0 i 9] and a 50:25:25 mixture of [''Bu4 N]2 [W6 0 , 9] , ["Bu4 N]3 [NbW5 Oi9] and
[”Bu4 N] 3 [TaW5 0 i9 ] respectively by XPS provides further evidence for the formation of
doped films.

SEM showed that films deposited from f Bu 4 N]3 [NbW 5 0 i9 ] and [”Bu4 N]3 [TaW 5 Oi 9 ] had a
morphology comprising of an agglomeration

of spherical particles with needle

agglomerates growing out of the spherical particles, whereas the microstructure
[CpTi(W 5 0 i8 )H]["Bu4 N ] 2 and ['T5 u4 N]4 H 3 [SiMoWii0 4 o] was comprised solely of the
spherical agglomerates.

Films deposited using mixtures of [”Bu4 N]2 [W6 Oi 9 ] and
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[”Bu4N]3 [NbW5Oi 9 ] were composed of predominately of a network of randomly orientated
needles, those from mixtures of [”Bu4 N]2 [W6 0 i9 ] and [”Bu4 N]3 [TaW5 0 i 9 ] of a combination
of spherical agglomerates and cubic aggregates and the film deposited using all three
precursors had a compact and uniform microstructure.

Film deposition occurred exclusively on the top plate for AACVD reactions using
heteropolyoxometalates, indicating that film growth occurs via a gas phase nucleation
mechanism (Figure 1.3, Process 4). The observation of spherical particles by SEM for films
deposited

from

["BmNMNbWsOw],

["Bu4 N]4 H 3 [SiMoWn 0 4 o]

and

from

["B^N M TaW sO ^l,
mixtures

of

[C pT iC W sO ^H ifB u^fe
["B^NM NbW sO^]

and

[”Bu4 N]3 [TaW5Oi 9 ] with [”Bu4 N]2 [W6Oi 9 ] provides further evidence for a gas phase
nucleation mechanism.

There are no previous reports detailing the CVD of niobium, tantalum, titanium or
molybdenum doped WO3 films. However W O3 films doped with Nb, Ta and Ti have been
prepared by dip-coating.145 Therefore the results presented in this chapter represent a novel
and effective method for the deposition of films with a highly controlled level of doping.
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Precursor
rBiMN]3[NbW 5 0 19]

["BmNMNbWsOu]
(Region A)

Deposition
Temperature /°C
500

Material
as-deposited
Brown poorly
crystalline material

550

Brown poorly
crystalline material

(Region B)

Blue y-W 03.x
1 0 > preferred
orientation
(r =0.58)
Brown poorly
crystalline material
< 0

rBu4N]3[NbW 5 0 19]
(Region A)

600

(Region B)

Blue y-W 03.x
1 0 > preferred
orientation
(r = 0 .6 8 )
Golden brown
y -w o 3x
< 0 1 0 > preferred
orientation
(r =0.76)

< 0

50:50 mixture of
rB u 4 N]2 [W 6 0 19]
and
[nBu 4 N]3 [NbW 5 0 19]

500

75:25 mixture of
fBu4N]2[W60 19]
and
rB u 4 N]3 [NbW 5 O i9]

500

25:75 mixture of
fBii4N ] 2 [W 6 0 19]
and
[nBu4N]3[NbW50 19]

500

r B u 4 N]3 [TaW 5 0 19]
(Region A)

500

(Region B)

Golden brown
y -w o 3x
< 0 1 0 > preferred
orientation
(r =0.58)
Golden brown
y-W 03.x
< 0 1 0 > preferred
orientation
(r =0.58)
Brown poorly
crystalline material
Blue y-W 03x
< 0 1 0 > preferred
orientation
(r =0.58)

Material
post-sintering
yellow y-W 0 3
random orientation
(r= 1 )

yellow y-W 0 3
random orientation
(r = 1 )

yellow y-W 0 3
random orientation
(r= 1 )

yellow y-W 0 3
random orientation
(r= 1 )

yellow y-W 0 3
random orientation
(r= 1 )

yellow y-W 0 3
random orientation
(r = 1 )

yellow y-W 0 3
random orientation
(r = 1 )
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Precursor
rBu4N]3[TaW 5 Oi9]
(Region A)

Deposition
Temperature /°C
550

(Region B)

rBu4N]3[NbW 5 Oi9]
(Region A)

550

(Region B)

Blue Y-WO3 -X
< 0 1 0 > preferred
orientation
(r = 0 .6 8 )
Brown poorly
crystalline material
Blue y-WO^.x
1 0 > preferred
orientation
(r = 0.58)
Golden brown
Y-WO3 -X
< 0 1 0 > preferred
orientation
(r = 0.76)
< 0

50:50 mixture of
["BmNMW.Ou

500

75:25 mixture of
[nBu4N]2[W60 19]
and
[nBu4N]3[NbW50 19]

500

25:75 mixture of
rB u4N ] 2 [W 6 0 , 9]
and
rBu4N]3[NbW50,9]
r B u 4 N]3[TaW 5019]
(Region A)

500

(Region B)

Material
as-deposited
Brown poorly
crystalline material

500

Golden brown
Y-WO3 -X
< 0 1 0 > preferred
orientation
(r =0.58)
Blue Y-WO3 -X
< 0 1 0 > preferred
orientation
(r = 0.4)
Brown poorly
crystalline material
Blue Y-WO3 -X
< 0 1 0 > preferred
orientation
(r = 0.59)

Material
post-sintering

yellow Y-WO3
random orientation
(r= 1 )

yellow Y-WO3
random orientation
(r=l)

yellow Y-WO3
random orientation
(.r = 1 )

yellow Y-WO3
random orientation
(r= 1 )

yellow Y-WO3
random orientation
(r= 1 )

yellow Y-WO3
random orientation
(r= 1 )
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[nBu4N]3[TaW5019]
(Region A)

550

(Region B)

Brown poorly
crystalline material
Blue y-W 0 3 -x
1 0 > preferred
orientation
(r = 0.67)
Golden brown
Y-W03-x
< 0 1 0 > preferred
orientation
(r = 0.74)
Golden brown
Y-WO3 -X
< 0 1 0 > preferred
orientation
(r = 0 . 1 )
< 0

[nBu4N]3[TaW5 Oi9]

600

50:50 mixture of
rBu 4 N]2 [W6 0 19] and
rBu 4 N]3 [TaW 5 0 19]

550

75:25 mixture of
[nBu4 N]2 [W6 0 19] and
[nBu4 N]3 [TaW 5 0 19]

550

50:25:
25 mixture of
["Bii4N]2 [W6 0 , 9],
rBu 4 N]3 [NbW5 0 ,9]
and
[/,Bu4 N]3 [TaW5 0 ,9]
[CpTi(W5 Oi8 )H][,IBu
4N] 2
(Region A)

500

500

Golden brown
Y-WO3 .X
< 0 1 0 > preferred
orientation
(r = 0.73)
Blue Y-WO3 .X
< 0 1 0 > preferred
orientation
(r = 0.4)

yellow Y-WO3
random orientation
(r= l)

yellow Y-WO3
random orientation
( r= 1 )

yellow Y-WO3
random orientation
(r= 1 )

yellow Y-WO3
random orientation
(r = 1 )

Blue poorly
crystalline material
Brown Y-WO3 -X
1 0 > preferred
orientation
(r = 0.58)

< 0

(Region B)

yellow Y-WO3
random orientation
( r= 1 )

yellow Y-WO3
random orientation
(r= 1 )
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[CpTi(W5 0 ,8 )H][,,Bu4
N] 2
(Region A)

550

(Region B)

[CpTi(W 5 Oi8 )H][/lBU 4
N] 2

600

pBmNkHatSiMoW,,
O4 0 ]

500-600

Blue Y-WO3 -X
< 0 1 0 > preferred
orientation
(r =0.56)
Brown y-WO^.x
< 0 1 0 > preferred
orientation
(r = 0.59)
Golden brown
Y-WO3 .X
< 0 1 0 > preferred
orientation
(r = 0.72)
Brown poorly
crystalline material

yellow Y-WO3
random orientation
(r= 1 )

yellow y-WO}
random orientation
(r= 1 )

yellow Y-WO3
(almost) random
orientation
(r = 0.98)

Table 5.7 Thin films deposited from the AACVD reactions of heteropolyoxometalates.
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Chapter 6: Aerosol Assisted CVD o f Molybdenum Oxide
Thin Films from Polyoxometalate Precursors
6. 1 Introduction
Chapter 3 described the AACVD of tungsten oxide films from polyoxotungstate precursors
and chapter 5 demonstrated that polyoxometalates provide a route to the deposition of films
with a highly controlled level of doping. This chapter details the AACVD of molybdenum
oxide films from polyoxomolybdates, demonstrating the versatility of polyoxometalates as
AACVD precursors.

6.2 Precursors
[”Bu4N]4[Mo8026], [,,Bu4N]2[Mo60 19],

[,'Bu4N]2[Mo207] and

[nBu4N]3[PMoi2O40] are

yellow powders soluble in aprotic solvents such as acetone and acetonitrile. The
polyoxometalates were synthesized according to literature procedure as described
below.82120

Preparation o f ["B 1 1 4 N ]4 Mo $02 6]
A solution of sodium molybdate dihydrate, [Na2M o04.2H20 ], (5.0 g, 20.7 mmol) in water
(12 cm ) was acidified with HC1 (6 M, 5.17 cm , 31.0 mmol) with vigorous stirring, over a
period of 1 - 2 minutes. This was followed by precipitation with tetrabutylammonium
bromide (3.34 g, 10.4 mmol) in water (10 cm3). After stirring for a further 10 minutes the
yellow precipitate was isolated by suction filtration and subsequently washed with water
(20 cm ), ethanol (20 cm ), acetone (20 cm ) and diethyl ether (20 cm ) before being
allowed to air dry.
IR (KBr disk, c m 1): 722 (m), 736 (m), 804 (s), 852 (m), 885 (w, sh), 904 (s), 950 (m).

Preparation o f [rtBu4N]2[Mo60ig]
A solution of sodium molybdate dihydrate, [Na2M o04.2H20 ], (2.5 g, 10.3 mmol) in water
(10 cm3) was acidified with HC1 (6 M, 2.9 cm3, 17.4 mmol) with vigorous stirring. This
was followed by addition of tetrabutylammonium bromide (1.21 g, 3.75 mmol) in water (2
cm3) which afforded a white precipitate. Heating the precipitate to 75 - 80°C with stirring
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for approximately 45 minutes resulted in colour change to yellow. The yellow solid was
isolated by suction filtration, washed with water (60 cm3) and dried in air.
IR (KBr disk, cm '1): 742 (m), 800 (s), 880 (w), 890 (w, sh), 885 (w, sh). 904 (s), 920 (s),
950 (m).

Preparation o f [nBu 4 ^ ] 2 [Mo2 0 7 ]
A solution of ["B^Nl-dMogC^], (2.58 g, 1.20 mmol) in acetonitrile (20 cm3) was
combined with methanolic tetrabutylammonium hydroxide (1 M, 4.8 cm3, 4.8 mmol).
Undissolved material was removed from the mixture by filtration under gravity and solvent
was removed from the resulting solution under vacuum to yield a viscous oil. The material
was then diluted with acetonitrile (15 cm3) and precipitated by dropwise addition of diethyl
ether, with rapid stirring. After stirring for a further 20 minutes the precipitate was collected
under suction filtration, washed with diethyl ether (20 cm 3) and dried in air.
IR (KBr disk, cm '1): 735 (m, sh), 780 (s, br), 880 (s, br), 928 (m), 975 (w), 904 (s).

Preparation of [nBu4 N]j[PMo / 2 O4 0 ]
A solution of phosphorous pentachloride, PCI5 (0.7 g, 3.36 mmol) and sodium molybdate
dihydrate, [Na2Mo04.2H20], (5.0 g, 20.6 mmol) in water (25 cm3) was acidified with HC1
(12 M, 2.5 cm3, 30.0 mmol) whilst stirring vigorously. This was followed by addition of
tetrabutylammonium bromide (3.0 g, 9.30 mmol) which resulted in the formation of a
yellow precipitate. After stirring for a further 15 minutes the precipitate was collected under
suction filtration, and subsequently washed with water (20 cm3), diethyl ether (20 cm3) and
dried in air.
IR (KBr disk, cm '1): 558.4 (m), 667.8 (s), 716.0 (w, sh), 757.5 (m), 807.6 (s), 855.4 (w),
905.0 (m), 923.4 (m, sh), 1029.9 (m), 1383.3 (s), 1419.0 (vw), 1436.9 (vw), 1458.6 (w, sh),
1483.2 (s).

[NH4]6[Mo70 2 4 ] is a white solid highly soluble in water and other polar solvents.
[NH4]6[Mo7024] (99.9%) was purchased from Aldrich Chemical Company and used
without further refinement. [NH4]6[Mo7024] has been used as an AACCVD precursor to
molybdenum oxide films.66
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TGA was carried out on the polyoxomolybdates in order to investigate their thermal
decomposition.

The

polyoxometalates

["BU4 NBIPM0 1 2 O4 0 ] and

["Bu4 N]4 [Mo8 0 2 6 l

decompose in three steps, as shown in Figures 6.1 and 6.2. The initial step is associated
with a mass loss corresponding to removal of the tetrabutyl ammonium ion to yield the
polymolybdate core that upon further heating decomposes to M0 O3 . The final step involves
the decomposition of M0 O3 to M0 O2 . TGA showed that ["B^NBtPMo^C^o] decomposes
with a total mass loss of 46 7c at 500°C corresponding to decomposition to MoCK which is
theoretically associated with a 45 % mass loss. An initial mass loss of 28 % occurs between
240 - 355°C corresponding to the loss of three tetrabutyl ammonium ions (theoretically 28

7c). From 355 - 360°C a 5 % mass loss occurs, corresponding to the decomposition of the
[PM0 1 2 O4 0 ] ' core to I2 M0 O3 (theoretically 5 7c). This is associated with a sharp exotherm
at 360°C, indicating the formation of M0 O3 . From 360 - 500°C, a further

6

% mass loss

occurs, corresponding to the decomposition of M0 O3 to M0 O2 (theoretically 7 7c). This
final mass loss is accompanied by a broad exotherm. The TGA data therefore indicates that
at temperatures between 355 - 360°C AACVD reactions of ["B^NhfPMonCUo] will afford
M0 O3 coatings and at temperatures exceeding 360°C M0 O2 will be formed. It is difficult to
tell from the TGA data whether the phosphorous is incorporated into the film, as the
phosphorous makes only a small contribution to the total mass of the precursor.

The polyoxomolybdate ["B^N^fMoxC^l follows a similar decomposition pattern to
["Bu4 N]3 [PMoi2 0 4 o]. A total mass loss of 48 7c is observed at 500°C corresponding to
decomposition to M0 O2 (theoretically 54 7c). An initial mass loss of 45 7c occurs between
170 - 300°C relating to the loss of four tetrabutyl ammonium ions to yield the [MosC^

] 4

core (theoretically 45 7c), which decomposes to M0 O3 between 300 - 315°C with an
observed mass loss of 3 7c (theoretically 2 7c). The formation of M0 O3 is accompanied by a
sharp exotherm at 315°C. From 375 - 500°C, a further 9 7c mass loss occurs, corresponding
to decomposition of M0 O3 to M0 O2 (theoretically 7 7c). The decomposition of M0 O3 to
M0 O2 is accompanied by a broad exotherm. A small mass loss was observed prior to the
onset of decomposition (20 - 100°C) corresponding to removal of solvent from the
polyoxometalate cluster. The TGA data therefore indicates that at temperatures between
315 - 375°C AACVD reactions of ["B^NhtMosC^] will afford M0 O3 whereas at
temperatures exceeding 375°C M0 O2 will be formed.
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Figure 6.1 TGA/DSC data for ["B^NMPMouO^L Step 1 represents loss of three
[nBii4 N]+groups to yield the [PMouO^l^core, step 2 decomposition of the core to
M 0 O3 and step 3 the decomposition of M 0 O3 to M0 O2 .

DSC /(uV/nrtg)

T G /%

T

e x c

100

15
90

10

60

70
05
60
50 K

100

200

300

400

500

Temperature / C

Figure 6.2 TGA/DSC data for ["B^NkfMosC^]. Step 1 represents removal of solvent
from the complex, Step 2 loss of four [nBii4 N]+groups to yield the [M0 8 O2 6 ] 4 core, step
3 decomposition of the core to M 0 O3 and step 4 the decomposition of M 0 O3 to M 0 O 2 .
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The polyoxomolbdates, [NH4 ]6 [Mo7 0 24L ["B ^N btM c^O ^]

and ["B114NM M 0 2 O 7 ] also

decompose in multiple steps, however the intermediate steps in the TGA are less easy to
interpret. The total mass losses of 24, 43 and 67 % at 500°C for [NH4 ]6[Mo7 0 24],
["Bu4 N] 2 [Mo6 Oi 9 ] and ["BU4 NM M 0 2 O 7 ] respectively are consistent with decomposition to
M 0 O 2 . The exotherms corresponding to the formation of M0 O 3 and M 0 O 2 for the
polyoxometalate precursors are summarised in Table 6.1.

Polyoxometalate

M

[nBu4 N]4 [Mo8 0 26
fB u 4 N]2 [Mo6 0 19]
[” B
[ N

[nB u

u

4N

H
4 N

]

2[

4 ] 6 [ M

M

o

o

20

7 ]

70 2 4 ]

]3 [PM 0 1 2 O40]

Exotherm
corresponding to
0
2 formation /
°C
375
500
500

Exotherm
corresponding to
0
3 formation /
°C
315
340
280
340
340
O

M

O

Temperature
difference
between
exotherms / °C
60
60
120

a

a

360

20

Table 6.1 Comparison of the crystallisation exotherms for the polyoxometalate
precursors determined from the DSC data (a could not be determined).

6.3 Depositions using polyoxometalates
Depositions

using

["Bu4 N]4 [Mo80 2 6L

["Bu4 N]2 [Mo6 0 i9 ],

["Bu4 N]2 [Mo2 0 7]

and

["BU4 NMPM 0 1 2 O 4 0 ] were carried out using a precursor solution comprising of the
polyoxometalate (0.25 g) in acetonitrile (50 cm3) at substrate temperatures in the range
350 - 600°C and a flow rate of 0.5 L m in 1. AACVD reactions using [NH 4 ]6 [Mo7 0 24] were
carried out using a precursor solution of the polyoxometalate (0.25 g) in water (50 cm ) at
substrate temperatures between 350 - 600°C and a flow rate of 2 L m in 1.

At

temperatures

exceeding

500°C

AACVD

reactions

of

["Bu4N ]4[M ok 0 26 ]

and

["Bu4 N] 3 [PMoi2 0 4 o] resulted in the deposition of grey films, whereas lower deposition
temperatures afforded pale yellow coatings (350°C). The films showed good adherence to
the substrate.

The

films deposited

from

[NH 4 ]6[Mo7 0 24],

["Bu4 N]2 [Mo6 0 | 9 ] and

[''Bu4 N]2 [M0 2 0 7 ] at all temperature were comprised of multiple regions as were those
deposited from ["Bu4 N]4 [Mo8 0 2 6] and ["Bu4 N]3 [PMoi2 0 4 o] between 400 - 500°C; an
adherent pale yellow coating in the region closest to the precursor inlet coating, an adherent
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grey film in the intermediate regions and a powdery black/blue deposit in the region
furthest from the precursor inlet. All regions of the films became yellow following
annealing in air at 550°C. Yellow films are indicative of M0 O 3 and grey films of M 0 O 2 . 6 8 ’69

Complete coverage of the substrate was obtained at deposition temperatures below 400°C
with less coverage observed at higher temperatures, the films having full-width coverage
but being localised to the central third of the substrate.

As with depositions using polytungstates film deposition occurred exclusively on the top
plate. This indicates that the aerosol droplets evaporate prior to settling on the substrate.
The evaporation of the aerosol results in gas phase polymolybdates or their decomposition
products, which, being much smaller than the original aerosol droplets, are more strongly
affected by thermophoresis and less strongly affected by gravitational settling. This leads to
repulsion from the heated substrate and deposition onto the top plate i.e. gas phase
nucleation (Process 4, Figure 1.3).

Raman spectroscopy showed that the films deposited from polyoxomolybdates were
composed of either M 0 O 3 or a mixture of M 0 O 3 and M 0 O 2 depending on the precursor,
deposition temperature and the distance from the precursor inlet. The Raman spectra of the
films deposited from ["Bu-iNfitMosC^] and ["B^NhtPMo^CUol at substrate temperatures
of 350°C and 400°C are characteristic of orthorhombic M 0 O 3 displaying bands at 996, 822
and 667 cm ' 1 corresponding to the terminal (M o=0) stretching mode, doubly connected
bridge oxygen (M 0 O 2 -O) stretching mode and the triply connected bridge oxygen (M 0 O 3 O) stretching mode respectively . 144 At deposition temperatures in the range 450 - 600°C
additional bands were observed at 230, 347, 496, 569 and 740 cm ' 1 corresponding to
monoclinic M0 O 2 . No films deposited from ["B^N fitM onC^] or ["B^NfilPMo^Cho]
were comprised entirely of the M 0 O 2 phase although TGA showed that at temperatures
above 375°C and 360°C respectively decomposition to M0 O 2 is expected. This discrepancy
may be a consequence of the film deposition occurring on the top plate rather than the
substrate and the temperature gradients within the reactor or due to oxidation of the M 0 O 2
film surface by the laser. Depositions using ["Bu4 N]2 [M0 2 O 7 ], ["B^NbtMoftOiy] and
[NH4 ]6 [Mo7 0 2 4 ] afforded films comprising of a mixture of

M 0 O 2 and M0 O 3 at all

deposition temperatures. The Raman patterns of the mixed oxide films following annealing
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in air at 550°C were characteristic of orthorhombic M 0 O 3 . No additional bands arising from
phosphorous

oxide

vibrational

modes

were

observed

for

films

deposited

from

['‘BU4 NMPM 0 1 2 O 4 0 ] both prior to and following annealing; intense Raman bands are
expected for these vibrations at wavenumbers of 388, 520 and 910 cm " 1. 146 Since there is no
overlap between molybdenum oxide and phosphorous oxide bands the possibility of
masking can be discounted, implying that the phosphorous has been incorporated into the
molybdenum oxide films as a dopant rather than forming a separate phase. However there
is no shift in the position of the Raman bands relative to films deposited from
isopolymolybdates as is expected for doped films . 134 This was also observed for films
deposited from [CpTi(W 5 0 iX)H]["Bu4 N ]2 and from a 75:25 mixture of ["Bu4 N]2 [W6 0 i9 ]
and ["Bu4 N]3 [NbW 5 Oi 9 ] and was accounted for by the low proportion of dopant in the
precursor. Furthermore any shifts in the positions of the bands may be comparable to the
instrument calibration or may be difficult to assess due to the large number of bands and
their broad nature. Nevertheless the Raman data is more consistent with the formation of
doped films rather than composite films.

In many cases the films deposited from ["B^NfilM ogC^] and ["B^NfifPMo^CUo] were
comprised of multiple regions corresponding to M0 O 3 and a mixture of M 0 O 3 and MoCK
This is illustrated by the film deposited from ["B^NfifM ogC^] at 450°C which consisted
of two regions: an adherent pale yellow region closest to the precursor inlet which had a
Raman spectrum characteristic of M 0 O 3 and a dark grey region further away from the
precursor inlet which displayed additional bands due to M 0 O 2 The predominance of the
M 0 O 2 phase with increasing distance from the precursor was also observed for the entirely
mixed phase films.

The Raman spectra of the films deposited from the AACVD reactions of ["B^NfilMogCFftl
and ["Bu4 N]2 [Mo6 0 i9 ] at 400°C are shown in Figure 6.3. The film deposited from
["Bu4N]4[Mox026] has a Raman pattern characteristic of orthorhombic M 0 O 3 , whereas the
film deposited from ["B^NfilM oftO^] contains additional bands corresponding to
monoclinic M 0 O 2

The Raman pattern of the film deposited from ["B^NfitMogCFft] at

550°C, which is comprised predominately of M0 O 2 is also shown.
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Figure 6.3 Raman spectra for films deposited from ["BuiNbtMogC^L (a) and
[nBu4 N]4 [M0 6 0 19] , (b) in acetonitrile at 450°C and 0.5 L min'1. The spectrum of (a) is
characteristic of M0 O3 (hollow circles) whereas that of (b) contains additional peaks
due to the dioxide phase (filled circles). Spectrum (c) shows the Raman pattern of the
film deposited from ["BujNkfMogO^] at 550°C which is comprised predominately of
M 0 O2 , with the exception of the broad peak in the region 800 cm ' 1 which corresponds
to M0 O3 , this maybe a consequence of the high laser power or due to a more oxidised
surface compared with the bulk of the film.
XRD was used to analyse the films. By using a small focused X-ray spot ( 1 - 2 mm2) at a
low incident angle it is was possible to analyse separate regions of the films and obtain Xray profiles of the substrate at different points along its length. This variation in the oxide
phase deposited along the length of the substrate is illustrated well by the film deposited at
500°C from ["B^NkfM ogC^]- The film is comprised of approximately

6

regions varying

in colour. The XRD patterns of the different regions are shown in Figure 6.4. The region
closest to the precursor inlet is comprised solely of M 0 O 3 and that furthest away of MoCF.
The intermediate regions consist of a mixture of these two phases representing a transition
from the trioxide to the dioxide. The TGA data indicates that the film should be comprised
entirely of the dioxide phase at this deposition temperature, however coatings are obtained
on the top plate rather than the substrate and considerable temperature gradients exist
within the reactor. The films deposited from ["B ^N ^M o g C ^] at 450°C also had variable
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composition, with the M 0 O 2 phase predominating with increasing distance from the
precursor inlet. In contrast, the films obtained at 600°C and 550°C consisted solely of the
M 0 O 2 phase, indicating that the precursor temperature was above the 315°C required for
the formation of M0 O 3 . Similarly, the films deposited at 350°C and 400°C were comprised
only of orthorhombic M 0 O 3 implying that the precursor temperature did not exceed the
360°C required for decomposition to M 0 O 2 . The single phase M0 O 3 and M 0 O 2 films
showed no preferential orientation, whereas the M0 O 3 components of the mixed phase
films did show some degree of preferred orientation. However due to the overlap of peaks it
was not possible to determine the direction of orientation. Films deposited from [W(CO)6 ]
and the polyoxotungstates [/'Bu4 N]3 [W0 4 ], ["Bu4 N] 3 [NbW 5 Oi 9 ], ["Bu4 N]3 [TaW 5 0 i9 ] and
[CpTi(W5Oi 8 )H][nBu4N ]2 showed preferred orientation along the < 0 1 0 > direction.

The diffraction patterns for M0 O3 indexed in the Pbnm space group with typical cell
parameters of a - 3.96, b = 13.85, c = 3.69 A; this compares with literature values of a =

A ,147 and the M0 O2 diffraction pattern indexed in the P I 2i 1 space
parameters of a = 5.62, b = 4.84, c = 5.56 A. (3 = 119.32° which

3.92, b = 13.94, c = 3.66
group with typical cell

again compares very well with literature values of a = 5.61, b = 4.84, c = 5.53

A,

p

= 119.62°.148
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Figure 6.4 Powder XRD patterns for the film deposited by the AACVD reaction of
[nBu4N]4[Mo80 26] in acetonitrile at 500°C and 0.5 L min 1 as a function of distance
from the precursor inlet. The stack plot illustrates the predominance of the
molybdenum dioxide phase (filled circles) over the molybdenum trioxide phase
(hollow circles) with increasing distance from the precursor inlet.
The XRD data is consistent with the Raman study; at substrate temperatures of 350°C and
400°C the diffraction patterns are characteristic of orthorhombic M0 O3 and those obtained

at 450 and 500°C relate to a mixture of the two oxide phases. However the observation of
only the M0 O2 phase for the films deposited at 550°C and 600°C from ["Bu-jNktMosC^] is
contradictory with the Raman data, in which M0 O3 was also observed. This difference may
be due to oxidation of the films at high laser powers or a consequence of the surface
sensitivity of the technique compared with XRD.

Depositions using [''B^NbfPMo^Cbo] at 450°C and 500°C also afforded films with
variable composition. XRD showed that as with depositions using ["Bu4 N]4 [Mo8 0 2 6 ],
M0 O3 is formed in the regions closest to the precursor inlet, while M0 O2 is formed further
along the substrate (Figure 6.5). Films deposited from [''Bu4 N]3 [PMoi2 0 4 o] at 350 and
400°C consisted entirely of the M0 O3 phase, implying that the precursor temperature did

not exceed the 360°C required for decomposition to M0 O2 . Those deposited at 550 and
600°C consisted solely of M0 O2 indicating that the precursor temperature was above 360°C
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as is required for the formation of M 0 O 3 . The coatings obtained at intermediate
temperatures (450~500°C) were comprised of a mixture of the two oxide phases. The
formation of M 0 O 3 at 350 - 400°C and of mixed M0 O 3 and M0 O 2 at 450 - 500°C is
consistent with the Raman data. However the observation of only the M0 O 2 phase for the
films deposited at 550°C and 600°C is contradictory with the Raman data, in which bands
corresponding to M 0 O 3 were also observed. This discrepancy may be ascribed to oxidation
of the films at high laser powers or arise from the surface sensitivity of the technique
compared with XRD.
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Figure 6.5 Powder XRD patterns for the film obtained from the AACVD reactions of
["BU4 NMPMO1 2 O4 0 ] in acetonitrile at 500°C and 0.5 L min' 1 as a function of distance
from the precursor inlet. The stack plot illustrates the predominance of the
molybdenum dioxide phase (filled circles) over the molybdenum trioxide phase
(hollow circles) with increasing distance from the precursor inlet. The regions of the
film closest to the precursor inlet are poorly crystalline.
TGA indicates that a temperature of 355°C is necessary for decomposition of
["Bu4 N]3 [PMoi2 0 4 o] to M 0 O 3 , and from 360 - 500°C, further decomposition to M 0 O 2
occurs. For ["B ^ N ^ M o g C ^ l a temperature of 315°C is required for the formation of
M 0 O 3 and at temperatures exceeding 375°C further decomposition to M 0 O 2 occurs. The
presence of M 0 O 3 at 450°C and 500°C indicates that the temperature of the top plate does
157

not exceed 360°C during the depositions using ["Bu4N]3[PMoi204o] or 375°C for
Bu4 N]4 [M 0 ^0 2 6 ] otherwise decomposition to M 0 O 2 would be expected. This suggests that
the M 0 O 2 portions of the film may be formed in the gas phase, at a higher temperature. A
proposed deposition mechanism to account for these observations is shown in Figure 6.6.
As the precursor enters the manifold and passes along the reactor, its temperature increases.
At

355°C

for

["Bu4N b[PM o,20 4o] or

315°C

for

[,,Bu4N]4[Mo80 26],

gas

phase

decomposition to M 0 O 3 occurs. At this point deposition of M 0 O 3 occurs on the top plate.
As the temperature of the gas increases, further decomposition to M0 O 2 occurs. The
predominance of the M 0 O 2 phase correlates with the TGA data, which shows that M 0 O 3 is
formed within a very narrow temperature range (355 - 360°C and 315 - 375°C for
["Bu4N ]3 [P M o 120 4o] and [/IBu4N]4[Mo8026] respectively).

Waste products
- N H B ------------------------►
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Heating block

o

P recursor
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Figure 6 . 6 Schematic showing the formation of
reactor from polyoxometalate precursors.
Films

deposited

from

the

M0 O2

M

0

O

3

and

M

heteropolyoxometalates,

0

O

2

in a cold wall CVD

[MBu4 N]3 [NbW 5 0 i9 ],

["Bu4 N]3 [TaWsOi9 ] and [CpTi(W 5 0 i8 )H]["Bu4 N ]2 were also composed of multiple regions,
with the different regions relating to different degrees of preferred orientation (r factor),
whereas in this case the different regions correspond to different phases of molybdenum
oxide.

The XRD patterns of the Films deposited from ["Bu4N]4[Mox026] and ["Bu4 N]3 [PMoi2 0 4 o]
following annealing in air at 550°C resembled those of orthorhombic M 0 O 3 .
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No peaks corresponding to known phases of phosphorous oxide or phosphorous
molybdenum oxide were observed in the diffraction patterns of films deposited from
["BmNbtPMouOttL both prior to and following annealing, implying that the phosphorous
has either been incorporated into the films as a dopant or has formed a secondary phase
which is poorly crystalline. The former is consistent with the lack of any bands
corresponding to phosphorous oxide vibrational bands in the Raman data. The
incorporation of dopants into a film is expected to shift the lattice parameters; however in
this case no significant variation in the lattice parameters of the films was observed
compared to films deposited from ["B^NfifMogC^L which may be due to the low
proportion of phosphorous in the precursor. The introduction of a dopant is also expected to
result in a change in the relative intensities of the diffraction peaks. However, due to the
poor resolution of the data this was not possible to determine.

Unlike the films deposited from ["Bu4N]4[Mo8026] and ["Bu4N]3[PMoi204o] the coatings
obtained from [”Bu4 N]2 [Mo2 0 7 ], [”Bu4 N]2 [Mo6 0 i9 ] and [NH4 ]6 [Mo7 0 2 4 ] at all substrate
temperatures were composed of a mixture of MoCF and M0 O3 , with the dioxide phase
predominating with increasing deposition temperature and distance from the precursor
inlet. This is consistent with Raman data although the contribution of the M0 O3 phase may
have been overestimated.

The difference in deposition may be due the exotherms corresponding to the crystallisation
of M0 O3 and M0 O2 occurring at significantly lower temperatures in [''B^NbfMogC^] and
["Bu4 N]3 [PMo 12 0 4 o] compared with ["Bu4 N]2 [Mo2 0 7 ] and ["Bu4 N]2 [Mo6 Oi9 ] (Table

Furthermore there

is

a smaller

temperature difference

between

the

two

. ).

6 1

for

rBu4N]4[Mo80 2 6 ] and ["Bu4 N]3 [PMoi2 0 4 o], hence both oxide phases can be formed at
temperatures which can be attained in the AACVD reactor despite the temperature
gradients and film deposition occurring on the top plate.

The coatings obtained from ["B^NfitMogC^] at a given deposition temperature were the
most crystalline (as calculated from XRD line broadening studies) followed by those
deposited

from

["Bu4 N]2 [Mo6 0 i9 ]

["Bu4 N]3 [PMoi20 4 o]
were

the

least.

and
For

those

example

from
the

["Bu4 N]2 [Mo2 0 7]

coatings

deposited

and
from

["B^NfifMosC^] and [nBu4 N]3 [PMoi2 0 4 o] at 400°C yielded an M0 O3 phase with
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crystallite sizes of 310

A

and

200

A

respectively (determined using the Scherrer equation).

This difference in crystallinity correlates with the temperature changes associated with
M 0 O 3 and M 0 O 2 formation and the crystallisation exotherms as assessed from the
TGA/DSC data (Table 6 .1).

WDX was carried out on the films deposited from the polyoxomolybdates. Despite using
an accelerating voltage of 5 kV, the films were not sufficiently thick to prevent appreciable
breakthrough to the underlying substrate, therefore the M o:0 ratio of the films could not be
determined. However WDX showed the 12:1 Mo:P ratio of the ["Bu4 N] 3 [PMoi2 0 4 o]
precursor had been preserved in the resulting films. Similarly depositions using
['IBu4 N]3 [NbW 5 Oi 9 ],

['IBu4 N] 3 [TaW 5 0 19],

[CpTi(W 5 O i 8 )H][#IBu4 N ]2

and

["Bu4 N]4 H 3 [SiMoWii0 4 o] afforded films in which the Wrdopant atom ratio of the precursor
was retained.

Raman and XRD analysis indicated that the AACVD of fB ^N hfPM onCU o] afforded
molybdenum oxide films doped with phosphorus. WDX has confirmed the presence of
phosphorous in the films and showed that the Mo:P ratio of the precursor has been
preserved in the films.
XPS analysis was carried out on the molybdenum oxide films. The film obtained from the
AACVD reaction of ["Bu4N]4[Mos026] in acetonitrile at 450°C was comprised of two
distinct regions; a pale yellow M 0 O 3 region closest to the precursor inlet (region A) and a
dark grey mixed M0 O 3 and M 0 O 2 phase further away (region B). XPS of region A revealed
a doublet corresponding to Mo6+ 3 d.v2 and Mo6+ 3 d 3/2 photoelectrons at binding energies of
233.1 and 236.3 eV respectively and an O Is ionisation at 531.0 eV. These molybdenum
and oxygen chemical shifts are in good agreement with previous studies of MO 3 . 144 The
absence of any splitting or broadening of the Mo 3d doublet indicates that the Mo was
present in a single environment; this is consistent with the Raman and XRD data which
showed that the region was comprised solely of the MO 3 phase. The ratio of the Mo 3d
doublet to the O Is peak, taking into account their sensitivity factors is 3:1, confirming that
region A is composed entirely of M 0 O 3 . In contrast the Mo 3d doublet for region B was a
composite of two peaks. Deconvolution of the Mo 3d doublet using a full-width half
maximum (fwhm) and peak area ratio constraint of 1. 6 revealed Mo6+ ( 3 d.v2 232.4 eV, 3 d 3/2
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235.5 eV) and Mo4+ ( 3 d 5 /2 229.4 eV, 3 d 3 /2 232.6 eV ) 149 environments which were present in
an approximately 10:1 ratio. In addition two O Is environments corresponding to M 0 O 3
and M 0 O 2 were observed at 531.6 and 530.4 eV respectively. The presence of the M 0 O 2
and M0 O 3 phases is consistent with the Raman and XRD analysis.

The XPS surface scan of the film deposited from ["BU4 N H PM 0 1 2 O 4 0 ] at 450°C was similar
to that of region B, containing Mo6+ ( 3 d.v2 233.0 eV, 3 d 3/2 236.6 eV) and Mo4 +(3 d 5 /2 230.4
eV, 3d 3/2 233.6 eV) environments in an approximately 7:1 ratio. Two O Is ionisations were
observed at binding energies of 531.2 and 530.5 eV, corresponding to M0 O 3 and M0 O 2
respectively. Phosphorous was also present in the sample with the P

2

p 3 /2 and 2pi /2

ionisations occurring at 134.2 and 154.7 eV respectively, which is consistent with the
presence of P2 O 5 . 150 In addition an O Is environment corresponding to P 2 O 5 was observed
at 532.0 eV. Initially this seems contradictory with the XRD and Raman analysis, which are
more consistent with P doped molybdenum oxide films. There are no previous XPS studies
of phosphorous doped molybdenum oxide compounds, however chemical shifts at similar
binding energies to P2 O 5 would be expected for such compounds as both contain P in a 5+
oxidation state and are coordinated to oxygen therefore the XPS data does not preclude the
formation of phosphorous doped films. The ratio of the P 2p doublet and O Is peak at 532.0
eV, taking into account empirically derived sensitivity factors confirmed that the oxidation
state of the phosphorous was 5+.

The molybdenum to phosphorous ratio of the film was 12:1 the same as in the precursor.
Therefore AACVD of ["B^NpfPMo^CUo] at 450°C has afforded mixed phase M 0 O 3 and
M 0 O 2 films doped with Ps+, in which the molybdenum to phosphorous ratio of the
precursor has been retained. These results are in good agreement with the WDX analysis.

Nitrogen was also present in all samples with the N Is ionization occurring between 401.6 403.0 eV, which is consistent with a range of ammonia compounds including (CH 3 )4 NBr 130
and [N H 4]io [W ,20 4 i ] ,131 indicating that the nitrogen in the polyoxometalates does not get
eliminated during the deposition. The absence of nitrogen in the WO3 films deposited from
the AACVD of reaction of [W (C O )6] in acetonitrile and the presence in those deposited
from [NH4MW12O39] and [N H 4hoH 2[W 207]6 in water discounts that the nitrogen originates
from traces of acetonitrile remaining in the films. Furthermore the N Is chemical shift
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corresponding to acetonitrile occurs at a lower binding energy of around 397.2 eV .132 In
addition XPS enabled the level of carbon contamination on the surface of the tungsten
oxide coatings to be determined; this was 3 % and 5 % for the films deposited from
[”Bu4N]4[Mo8026] and ["B^NfilPM o^C^o] respectively. Etching showed that in both cases
the carbon contamination was entirely surface limited.

Scanning electron microscopy (SEM) was used to examine the surface morphology of the
films and measure the film thicknesses. The microstructure of the films varied greatly as a
function of the precursor, deposition temperature and position of the film on the substrate.
This is in contrast with the films deposited from polyoxotungstates, the microstructure of
which was largely independent of these factors. Deposition from ["B^NfifM ogC^] at
350°C afforded a material that is comprised of spherical agglomerates of crystallites up to 1
pm in diameter, intertwined with needle agglomerates, Figure 6.7a and b. The film
deposited from the same precursor at 500°C yielded a coating with a similar microstructure;
however there appears to be a greater concentration of needle agglomerates (Figure 6.7c
and d). These morphologies are consistent with the formation of multi-phase films, with the
spherical agglomerates representing the trioxide phase, whereas the needle agglomerates
correlate to M 0 O 2 . This trend was observed for many of the coatings deposited from
[''Bu4N]4[Mo8 0 2 6 ]; regions of the films in which the dioxide phase predominated contained
a higher concentration of the needle agglomerates. Furthermore the observation of spherical
particles is consistent with film deposition through gas phase nucleation (Process 4, Figure
1.3). Annealing the films in air at 550°C for thirty minutes resulted in a film microstructure
composed

entirely

of

spherical

agglomerates

(Figure

6.7e).

Depositions

from

["Bu4 N]2 [Mo2 0 7 ], ["Bu4N]2[Mo60 19] and [NH4 M M 0 7 O 2 4 ] at 500°C (Figure 6.7f, g and h
respectively) afforded a material comprised of agglomerates of crystallites up to 1 pm in
diameter, with a greater a degree of agglomeration observed for the films deposited from
["Bu4 N]2 [Mo2 0 7 ]

and

["B^NfifMoftO^],

whereas

the

coating

obtained

from

["BU4 NMPM 0 1 2 O 4 0 ] at the same temperature were composed of needles and platelets up to
1 pm in length fused together (Figure 6.7i). These morphologies are unlike those previously
reported for molybdenum oxide films deposited by CVD all of which have a uniform and
compact microstructure,72,73’74,75similar to that obtained using a 50:25:25 precursor mixture
of ["Bu4N]2[W60,9], [/,Bu4N]3[NbW5Oi9 and ["Bu4N]3 [TaW5Oi9]. The range of different
morphologies obtained in this study has important implications for the functional properties
162

of the films in particular the gas-sensing properties which can be enhanced by an open
porous structure and the hydrophobicity of the films which is dependant upon a needle-like
microstructure.

163

i
Figure 6.7 Scanning electron micrographs of molybdenum oxide Films deposited from
the polyoxometalate precursors. Figure 6.7a and b show the surface morphology of
the coatings deposited from ['’B^NkfMogC^] at 350°C . Figure 6.7c and d at 500°C
and image e following annealing in air at 550°C. Figure 6.7f, g, h and i show the films
deposited
from
["BmNMMozO?],
["BmNfilMogC^],
[NH^PVloyOzd and
[nBu4 N]3 [PMoi2 0 4 o] respectively deposited at 500°C.
The molybdenum oxide films were hydrophobic in nature, displaying water contact angles
in the range 75 - 125°. The highest contact angles were measured for the films with a
microstructure comprising of a high concentration of needle agglomerates, which is
indicative of a rough surface (Figure 6.7c and d). The surface of the films were adhesive in
that water droplets tended not to be displaced even when placed vertically or inverted. As
such they are examples of a Wenzel hydrophobic surface,151 where the water droplet
penetrates the surface structure. In contrast the tungsten oxide films deposited from
polyoxotungstates were hydrophilic in nature, displaying low water contact angles between
2 - 9°. This difference may be due to differences in the microstructure of the films and the
increased porosity of the tungsten oxide films compared with the molybdenum oxide films.
Furthermore the hydrophilicity of the W 0 3 films may be a consequence of their partially
hydroxylated surface.152
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Cross-sectional SEM showed that all the film thicknesses were of the order 500 nm, which
correlates to a growth rate of approximately 15 nm m in'1.

165

6.4 Conclusions
Polyoxometalates have been used as precursors to molybdenum oxide films. The resulting
films were comprised of either M 0 O 3 , M 0 O 2 or a mixture of the two oxide phases
depending on the precursor, deposition temperature and the position of the film on the
substrate. Films deposited from ["B ^N fitM ogC ^l and ["B^NfilPMonC^o] at 350°C and
400°C were comprised of orthorhombic M 0 O 3 , those at 550°C and 600°C of monoclinic
M 0 O 2 and those at 450°C and 500°C of multiple regions. The regions closest to the
precursor inlet were comprised solely of M 0 O 3 and those furthest away of M 0 O 2 . The
intermediate regions consist of a mixture of these two phases representing a transition from
the

trioxide

to

the

dioxide.

In

contrast

depositions

using

[NH4]6[Mo7024],

["Bu4 N]2 [M0 6 O 19] and ["Bu4 N]2 [Mo2 0 7] afforded mixed M 0 O 3 and M 0 O 2 films at all
temperatures, with the M 0 O 2 phase predominating with increasing distance from the
precursor inlet. These results are summarised in Table 6.2.

The observation of peaks corresponding to only molybdenum in the XRD pattern and the
lack of any Raman bands arising from vibrational modes of phosphorus oxide for films
deposited from ["B^NfitPMonCUo] suggests that the P has been incorporated into the
molybdenum oxide films as a dopant rather than forming a separate phase. XPS and WDX
analysis confirmed the presence of phosphorous in the films and showed that the 12:1 Mo:
P ratio of the precursor had been retained in the films. Annealing in air for 30 minutes at
550°C resulted in the conversion of all films to orthorhombic M 0 O 3 .

Scanning electron microscopy (SEM) showed that the microstructure of the molybdenum
oxide films varied greatly as a function of the precursor, deposition temperature and
position of the film on the substrate. The range of film morphologies obtained has
important implications for the functional properties namely the gas sensing and contact
angles upon which film microstructure impacts strongly. The molybdenum oxide films
displayed enhanced hydrophobicity to water droplets with contact angles between 75-125°.

There are far fewer reports detailing the CVD of molybdenum oxide films compared with
tungsten oxide.

Furthermore

with the exception

of the AACCVD

reactions of

[NH4]6 [Mo70 2 4 ],66 they have described dual-source routes rather than the single-source
approach. This work has demonstrated that the phase of molybdenum oxide formed in
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p r e c u r so r
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v a r ia tio n

of

th e

d e p o s it io n

c o n d itio n s .

F u r th er m o re

d e p o s it io n

u s in g

h e t e r o p o ly o x o m e t a la t e s e n a b le d c o n t r o lle d le v e l s o f a d o p a n t to b e in c o r p o r a te d in to th e
r e s u ltin g f ilm s .

Precursor

Temperature /

[nBu 4N] 4[Mo 8026j
[,,Bu 4N ] 4[Mo 8026]

3 5 0 -4 0 0
450

f B u 4N ] 4[Mo 8026]

500

r B u 4N] 4[Mo 8026]

550 - 600
3 5 0 -4 0 0
450 - 500

["BU 4 N M P M O 12O 40 ]

[nBu 4N ] 3[PM oi 2O 40]

["B U 4N ]3[P M o 12O40]

r B u 4N ]4[Mo60 19]
["B u 4N ]2 [M o 20 7]

[NH 4]6[Mo 7024]

550 - 600
3 5 0 -6 0 0
350 - 600
3 5 0 -6 0 0

°C

XRD

Raman

M0O3
M0O3,
M0O3/M0O2,
M0O2
M0O3,
M0O3/M0O2,
M0O2
M0O2
M0O3
M0O3,
M0O3/M0O2,
M0O2
M0O2
M0O2 /M0O3
M0O2 /M0O3
M0O2 /M0O3

M0O3
M0O3,
M0O2 /M0O3
M0O2 /M0O3

M0O2 /M0O3
M0O3
M0O3,
M0O2 /M0O3
M0O2
M0O2
M0O2
M0O2

/M0O3
/M0O3
/M0O3
/M0O3

Table 6.2 Thin films deposited from the AACVD reactions of polyoxomolybdates.
Phases separated by commas indicate that regions of the substrate contain separate
phases and entries such as M0 O2 /M 0 O3 refer to mixtures of the two oxide phases.
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Chapter 7: Gas-sensing Properties of Tungsten Oxide Thin
Films Deposited by Aerosol Assisted CVD
7.1 Introduction
This chapter describes the gas sensing properties of tungsten oxide films deposited by
AACVD upon exposure to trace amounts of NO 2 . In sections 7.2 and 7.3 the gas sensing
properties of films deposited from [(W(CO)6 ] and ["Bu4 N]4 [Wio0 3 2 ] are examined
respectively. A selected number of these sensors were also tested to ethanol (Section 7.4).

7.2 Tungsten oxide Sensors deposited from [(W(CO)6]
The gas sensing properties of five WO 3 sensors of thicknesses 1.0, 1.8, 2.1, 3.5, 4.9 and 7.0
pm prepared by AACVD were examined and compared to that of a commercial screen
printed WO 3 sensor (50 pm). These were produced by carrying out one, one and a half, two
and a half, three, five, seven and ten successive depositions respectively using [W(CO)6 ]
and acetone at a substrate temperature of 350 °C and a flow rate of 2 L min ' 1 onto a gas
sensor substrate, which was comprised of a series of interdigitated gold electrodes on an
alumina tile (Figure 7.1a). The screen printed sensor was prepared by mixing WO 3 powder
with an organic vehicle (ESL400) in a WO 3 powder to vehicle ratio of 3:1, to produce an
ink, which was screen printed onto the sensor substrate. The screen printed sensors were
fired in a furnace (Carbolite HTC1400) at 600°C for 2 hours, at a ramp rate of 25°C
minute'1, in order to bum off the organic vehicle. The sensor thickness refers to the
thickness of the material deposited in the electrode gap and was determined by crosssectional SEM.

P r e lim in a r y te s ts ca r ried o u t o n s e n s o r s fo r m e d u s in g a s in g le d e p o s it io n h a d v e r y h ig h
b a s e lin e r e s is ta n c e s a n d d id n o t r e s p o n d to N O 2 th e r e fo r e th ic k e r s e n s o r s w e r e p r o d u c e d
u s in g s u c c e s iv e d e s p o s it io n s .
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3 mm
Screen printed
interdigitated
gold electrodes

Alumina
substrate

Figure 7.1 Schematic of a gas sensor substrate before, A and after deposition, B.
Image B shows a cut away view of the sensor post deposition.
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The sensors were annealed at 550°C in air for 90 minutes prior to testing. Figure 7.2 shows
a WO3 sensor welded to a header. The XRD and Raman patterns of the sensors post
annealing were characteristic of monoclinic crystalline WO 3 with a random orientation.

Figure 7.2 An annealed WO 3 sensor welded to a header prior to testing.

Environmental SEM (ESEM) was used to study the morphology of the gas sensors post
annealing and prior to testing. ESEM has a lower resolution than Field emission SEM
(FESEM), which was used to examine the microstructure of films deposited on glass
substrates however ESEM enables uncoated samples to be imaged. Figure 7.3a shows the
topography of the 3.5 pm sensor. The higher magnification images show that the
morphology on the electrode and in the electrode gap is very similar comprising of an
agglomeration of spherical particles of average size 113 nm, indicative of an island growth
mechanism (Figures 7.3b and 7.3 c respectively). Such a microstructure would be ideal for
gas sensing applications due to the high surface area to volume ratio of the small spherical
particles. The 1.0, 1.8, 2.1 and 4.9 pm sensors had an identical morphology (Figures 7.3d
and 7.3e) although coverage of the electrodes appeared to be less for the 1.0, 1.8 and 2.1
pm sensors. The screen-printed sensor had similar morphology to the CVD sensor except
with a considerably higher average particle size of around 1 pm (Figure 7.3f).
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40 Oum

Figure 7.3 SEM images of the W O 3 sensors deposited from [W(CO)6 ]. Figure7.3a
shows the topography of the 3.5 pm sensor. Figures 7.3 b and 7.3c show the
morphology of the electrode and electrode gap respectively of the 3.5 pm sensor.
Figure 7.3d shows the morphology of the electrode and electrode gap of the 2.1 pm
sensor and Figure 7.3e the electrode gap of the 7.0 pm sensor. Figure 7.3f shows the
morphology of the screen printed sensor (50 pm) on the electrode gap.
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The sensors were exposed to 0.2 and 2 ppm of NO 2 . NO 2 exists in equilibrium with N 2 O 4 in
the gas phase (Equation 7 .1) . 71 The equilibrium is strongly temperature dependant, with
high temperatures favoring dissociation to NO 2 . At temperatures above 140°C complete
dissociation occurs.

2 N 0 2 <-» N20 4

(7.1)

As described in Section 1.8.2 the adsorption of an oxidising gas such as NO 2 onto the
surface of the WO3 sensor abstracts electrons from the space charge layer, increasing its
thickness, and resulting in an increase in the sensor resistance . 9 2 '9 3 ,9 4 ’95 However, NO 2
begins to thermally decompose to N O at 150°C and this process is complete at 600°C
(Equation 7.2 ) . 71 Since the W O3 sensors are operated at such elevated temperatures (100 450°C) Equation 7.2 is likely to proceed to some extent. As WO3 is less responsive to NO
than NO2, the formation of N O will inhibit the sensor response . 101

2 N 0 2<-►2NO + 0 2

(7.2)

Figure 7.4 shows the sensor response, R/Ro (where Ro is the resistance in clean air and R is
the resistance upon exposure to the test gas) to

0 .2

ppm of NO 2 in flowing air as a function

of temperature.

172

90 n
80 707.0

hi

4.9 Hi
2.1 nm

303.5 nm
201.8 nm
50 nm

(screen-printed)

0

50

100

150

200

250

300

350

400

450

500

Temperature/°C

Figure 7.4 The variation in response (R/Ro) upon exposure to 0.2 ppm of NO2 in
flowing air as a function of temperature for sensors of thicknesses 1.8, 2.1, 3.5,4.9 and
7.0 pm produced by two and half, three, five, seven and ten successive AACVD
depositions respectively using [W(CO>6 ] and acetone at 350°C and 2 L min' 1 and a
screen printed WO3 sensor (50 pm).
The 2.1 and 3.5 pm sensors showed a large increase in response in the low temperature
range (100 - 200°C) with maximum responses of 34.5 and 29.4 respectively recorded at
200°C. Increasing the temperature further (250 - 300°C) resulted in a decrease in the
response and no significant variation in the response occurred between 300 - 450°C. Three
processes occur upon increasing the temperature; an increase in the rate of dissociation of
N 2 O 4 to NO 2 , an increase in the rate of chemisorption of NO 2 onto the sensor which results
in an increase in the response and an increase in the rate of decomposition of NO 2 to NO
which lowers the sensor response. Although the dissociation of N 2 O4 to NO 2 is complete at
140°C the test gas is initially at room temperature and its temperature increases following
adsorption onto the sensor. These competing factors give rise to the optimum operating
temperature. In the low temperature range (100 - 200°C) the rate of chemisorption of NO 2
onto the sensor surface increases significantly with temperature as does the rate of
dissociation of N2 O 4 to NO 2 , whereas the rate of NO 2 decomposition is low, resulting in an
increase in response with temperature. On increasing the temperature further the
decomposition of NO 2 proceeds at a faster rate resulting in greater production of NO, which
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hinders the response. Also at higher temperatures there is more NO 2 available for
decomposition due to the enhanced dissociation rate. The thermal decomposition of NO 2
occurs within the bulk of the sensor rather than at the surface. Since the W O3 film has been
deposited onto a substrate with a narrow-gap electrode which largely probes the bulk of the
sensor, as apposed to a wide gap electrode, which probes the surface, the effects of
decomposition are significant (Figure 7.5).92,93 The lack of any variation in response in the
temperature range 300 - 450°C suggests the rate of NO 2 dissociation may have optimised.
The 2.1 pm sensor shows slightly higher responses than the 3.5 pm sensor between 100 250°C despite having a lower surface area for N 0 2 adsorption. This inconsistency may be
due to differences in the porosity of the sensors which is difficult to assess from SEM
images. The 1.8 pm sensor only responded to 0.2 ppm of NO 2 between 200 - 350°C, with a
maximum response of 8.46 obtained at 250°C. The 1.0 pm sensor had very high baseline
resistances and did not respond to 0.2 ppm of NO 2 .

Gas

Au electrodes

Pt heater

Alumina
tile

Figure 7.5 Comparison of a wide gap and a narrow gap electrode. The narrow gap
electrode probes the bulk of the sensing material, whereas a wide gap electrode probes
closer to the surface.
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Figure 7.6 shows the response of the 2.1 pm sensor at 350, 300, 250 and 200°C. The shape
of the response recorded at 350 and 300°C differs significantly from the shape at 200°C.
The former are square shaped, indicating that the sensor responds rapidly upon exposure to
the NO 2 achieving a steady state (within 60 s) and shows good recovery to baseline after
the exposure ends. Square response transients were also observed at operating temperatures
above 350°C. However, at 200°C the sensor responded much slower to the N 0 2, signified
by a triangular response transient, the response did not saturate and the return to base line
was slow. This difference in the speed of response may be due to a decrease in the rate of
chemisoiption of N 0 2 onto the surface of the gas sensor at the lower temperature,
preventing a steady state from being attained, (within the gas step) and hence the response
from saturating. Furthermore, the speed of response may also be limited by the lower
proportion of N 0 2 in the test gas at 200°C. The shape of the response at operating
temperatures of 100 and 150°C was similar to that observed at 200°C.
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Figure 7.6 Response transients of the 2.1 pm sensor as a function of temperature upon
exposure to 0.2 ppm of N 0 2.
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Figure 7.7 shows a comparison of the sensor response at low temperatures (100 - 200°C).
The slope of the resistance time graph following NO 2 exposure becomes less steep with
decreasing operating temperature, indicating that the sensor responds more slowly to NO 2
with decreasing temperature as a result of the reduced rate of chemisorption. Furthermore
significant baseline drift is observed prior to the gas exposure at 100°C and the resistance
does not return to baseline after the exposure at operating temperatures of 100 and 150°C.
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Figure 7.7 Response transients of the 2.1 pm sensor upon exposure to 0.2 ppm of NO2
at temperatures between 100 - 200°C.
At 250°C the shape of the response was intermediate between triangular and square: a small
slope in the resistance time graph was observed following NO 2 exposure signifying that the
rate of adsorption of NO 2 had begun slowing down, however the response did saturate and
the sensor showed good recovery to baseline resistance.

The 3.5 pm sensor showed a similar variation in the shape of the response with
temperature; at 300°C and above square response transients were observed, at 250°C the
shape was intermediate between triangular and square and at temperatures between 100 200°C the shape of the response was triangular (Figures 7.8 and 7.9 ).
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Figure 7.8 Response transients of the 3.5 pm sensor as a function of temperature upon
exposure to 0.2 ppm of NO2 .
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Figure 7.9 Response transients of the 3.5 pm sensor upon exposure to 0.2 ppm of NO2
at temperatures between 100- 200°C.
The 1.8 nm sensor had square response transients at all temperatures (200 - 350°C),
whereas at 200°C the 2.1 and 3.5 pm sensors had triangular response transients (Figure
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7.10). The decrease in the speed of response may be due to the thicker sensors acquiring a
greater build up of NO 2 and decomposition by-products throughout the material, increasing
the time taken for the test-gas to diffuse through the tortuous porosity of the structure and
attain a steady state.
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Figure 7.10 Response transients of the 2.1 and 3.5 pm sensor upon exposure to 0.2
ppm of NO2 at 200°C.
The dependence of the sensor thickness on the speed of response was also illustrated by the
2.1 and 3.5 pm sensors at 200 and 150°C (Figures 7.10 and 7.11). The sensors had
triangular response transient, however, at both operating temperatures, the slope of the
response transient was steeper for the

2 .1

pm sensor, indicating a faster speed of response

upon exposure to NO 2 compared with the 3.5 pm sensor. At 100°C the shape of the
response was identical (Figure 7.12), which suggests that the rate of chemisorption of NO 2
onto the sensor and the rate of dissociation of N 2 O 4 to NCF were very slow and hence the
dominant factors in determining the speed of the response.
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Figure 7.11 Response transients of the 2.1 and 3.5 pm sensor upon exposure to 0.2
ppm of NO2 at 150°C.
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Figure 7.12 Response transients of the 2.1 and 3.5 pm sensor upon exposure to 0.2
ppm of NO2 at 100°C.
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The 4.9 and 7.0 pm sensors showed a similar variation in response with temperature to the
2.1 and 3.5 pm sensors; however the optimum operating temperature occurred at 150°C
giving responses of 53.3 and 80.6 respectively. The higher response of the 4.9 and 7.0 pm
sensors is due to their larger surface area, providing a greater capacity for NO 2 adsorption
compared with the thinner sensors. The lower optimum operating temperature of the 4.9
and 7.0 pm sensors (150°C) may be due to the test gas taking longer to diffuse through the
thicker sensors gaining more thermal energy resulting in increased rates of dissociation to
NO 2 and chemisorption of the NO 2 and hence higher responses. Similar effects occur upon
increasing the operating temperature however the rate of decomposition of NO2 to N O
proceeds at a greater rate inhibiting the response. The 4.9 and 7.0 pm sensors provide a
larger surface area for the decomposition of N O 2 to N O , which results in smaller responses
between 250 - 450°C compared to the thinner sensors. Figures 7.13 and 7.14 show a
comparison of the response at temperatures between 150 - 300°C for the 4.9 and 7.0 pm
sensors respectively. At 250 and 300°C both sensors respond rapidly upon exposure to the
NO 2 achieving a steady state (within 60 s) and show good recovery to baseline after the
exposure ends. This is represented by a square response transient. Such responses were also
observed at operating temperatures exceeding 300°C. Upon decreasing the temperature to
200°C a small slope in the resistance time graph was observed following NO 2 exposure
indicating a reduced rate of NO2 chemisorption and hence a slower speed of response. At
150°C both sensors responded much slower to the NO 2 than at 200W
C, the response did not
saturate and the return to base line was slow. This was signified by a triangular response
transient. The slope of the resistance time graph, however, was steeper for the 4.9 pm
sensor, implying a faster speed of response upon exposure to NO2 compared with the 7.0
pm sensor (Figure 7.15). This decrease in the speed of response for the thicker sensor was
also observed at 100°C and may be attributed to a greater build up of NO2 and
decomposition by-products throughout the material, increasing the time taken for the testgas to diffuse through the sensor.
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Figure 7.13 Response transients of the 4.9 pm sensor as a function of temperature
upon exposure to 0.2 ppm of N 0 2.
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Figure 7.14 Response transients of the 7.0 pm sensor as a function of temperature
upon exposure to 0.2 ppm of N 0 2.
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Figure 7.15 Response transients of the 4.9 and 7.0 pm sensor upon exposure to 0.2
ppm of NO2 at 150°C.
The screen printed sensor showed significantly lower responses at low temperatures and
slightly larger responses at temperatures exceeding 300°C compared with the CVD
produced sensors. A maximum response of 22.7 was obtained at 150°C. Unlike the CVD
sensors, the screen printed sensor had triangular response transients at all operating
temperatures (150 - 450°C). In addition to the greater thickness (50 pm) of the screen
printed sensor compared to the CVD produced sensors (1.8 - 7.0 pm), the screen printed
sensor had a considerably larger particle size (1 pm, c.a 113 nm) which provided a smaller
surface area for the adsorption of NO2 further lowering the speed of response. The larger
particle size of the screen-printed sensor also resulted in a smaller surface area to volume
ratio compared to the CVD sensors and hence lower overall responses.
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The variable temperature results indicate that increasing the sensor thickness lowers the
optimum operating temperature of the sensors; the maximum response for the 1.8 pm
sensor occurred at 200°C, for the 2.1 and 3.5 pm sensors at 150°C and for the 4.9, 7.0 and
50 pm (screen-printed) sensors at 150°C. The lowering of the optimum operating
temperature with increasing thickness may be due to greater levels of NO being produced
upon decomposition of NO 2 in the thicker sensors (4.9, 7.0 pm) compared to the thinner
sensors (1.8, 2.1 and 3.5 pm). Although the rate of decomposition is independent of sensor
thickness, the thicker sensors have a higher capacity for NO 2 adsorption at any given
temperature, which will result in a greater production of NO and a more substantial decline
in response compared to thinner sensors. Therefore, the 4.9 and 7.0 pm sensors had lower
optimum operating temperatures than the 1.8, 2.1 and 3.5 pm sensors. The 1.8 pm sensor
showed square shaped responses at all temperatures and the screen printed sensor triangular
shaped responses. The 2.1 and 3.5 pm sensors had square response transients at
temperature between 300 - 450°C and triangular response transients between 100 - 200°C.
The 4.9 and 7.0 pm sensors had square response transients at temperatures exceeding
200°C and triangular response transients below 150°C.

Further tests in which the concentration of NO 2 was varied (0.1 - 0.4 ppm) and in which the
sensors were exposed to 50 % relative humidity were carried out at the optimum operating
temperature of the sensors. The variation in response as a function of NO 2 concentration at
200°C was linear for the 2.1 and 3.5 pm sensors, with the highest response at any given
concentration being measured for the 2.1 pm thick sensor (Figure 7.16a and 7.16b).
Similarly the 1.8 pm sensor showed a linear increase in response with NO2 concentration at
250°C as did the 4.9, 7.0 and 50 pm (screen printed) sensors at 150°C. The highest response
at any given concentration at 150°C was measured for the 7.0 pm sensor, followed by the
4.9 pm sensor and that of the screen printed sensor was the lowest. These results are
consistent with the variable temperature tests. All sensors responded to a minimum
concentration of 0.1 ppm of NO 2 .
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Figure 7.16a The change in electrical resistance upon exposure to differing
concentrations (0.1 - 0.4 ppm) of NO2 at 200°C for the 2.1 and 3.5 pm sensors.
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Figure 7.16b The variation in response (R/Ro) upon exposure to differing
concentrations (0.1 - 0.4 ppm) of NO2 at 200°C for the 2.1 and 3.5 pm sensors.
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Exposing the 2.1 and 3.5 pm sensors to 50 % relative humidity enhanced the response of
the sensors to 0.2 ppm of NO 2 by 23.2 % and 29.3 % respectively at 200°C and the 1.8 pm
sensor by 26.4 % at 250°C (Figure 7.17). Initially this seems unlikely as water vapour is a
reducing gas and is thus expected to decrease the sensor resistance however much higher
H2O concentrations (500 - 4000 ppm) are required in order for WO3 to respond . 101' 102' 103’104

Water reacts with NO 2 forming HNO 3 and HNO 2 , providing an alternative pathway to the
decomposition of NO 2 to NO, which accounts for the increase in response (equation 7.3 ) . 71

2N 0 2 + H20 ~ HNO3 + H N 0 2

(7.3)

At higher temperatures however the thermal decomposition of HNO 2 regenerates NO
(Equation 7.4 ) . 71

3H N 0 2 ^ 2 HNO3 + NO + H20

(7.4)

The thicker sensors showed much smaller increases in their responses (2.6 - 8.1 %) at 50 %
relative humidity at their optimum operating temperature of 150°C. However the 4.9 pm
thick sensor showed a 16.3 % increase in response to 50 % relative humidity upon
increasing the operating temperature to 200°C. This implies that in temperature range 150 200°C the rate of N 0 2 hydrolysis exceeds the rate of thermal decomposition of H N 02,
otherwise a smaller increase in response would be expected at 200°C for the 4.9 pm sensor.
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Figure 7.17 The change in electrical resistance upon exposure to 0.2ppm of NO2
vapour in dry air followed by 50 % relative humidity at 200°C for the 2.1 pm sensor.
Tests carried out over an extended time period (4 days) in which the CVD sensors were
exposed to repeated treatments of 0.20 ppm NO 2 in flowing air showed that sensors were
stable in that the magnitude of the response remained constant and no significant drift in the
baseline resistance occurred as is expected for tungsten oxide sensors. However a periodic
shift in the baseline resistance was observed over a 24 hour period which is ascribed to
environmental changes in the laboratory. Figure 7.18 shows the variation in electrical
resistance upon exposure to repeated treatments of 0.2 ppm of NCF at 150°C over 4 days
for the 7.0 pm sensor.
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Figure 7.18 Variation in electrical resistance upon exposure to repeated treatments of
0.2 ppm of NO2 at 150°C over 4 days for the 7.0 pm sensor.
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The sensor response to 2 ppm of NO 2 was also recorded (Figure 7.19). The 1.0 pm sensor
responded at this gas concentration and the 1.8 pm sensor responded over a larger
temperature range compared to the tests performed using 0.2 ppm of NCK
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Figure 7.19 The variation in response (R/Ro) upon exposure to 2 ppm of NO2 as a
function of temperature for sensors of thicknesses 1.0, 1.8, 2.1, 3.5 and 4.9 pm
produced by one and a half, two and a half, three, five and seven successive AACVD
depositions respectively using [W(CO)6] and acetone at 350°C and 2 L min'1 and a
screen printed WO3 sensor (50 pm).
The 2.1 and 3.5 pm sensors showed very similar variation in response as a function of
temperature upon exposure to 2 ppm of NO 2 . A small increase in the response was
observed between 150 - 200°C, increasing the temperature to 250°C gave maximum
responses of 39.1 and 36.8 respectively and between 250 and 300°C a significant reduction
in the response occurred (12.6 and 13.1 respectively). Tests carried out at intermediate
temperatures of 275 and 285°C gave responses of 34.5 and 24.4 respectively for the 2.1 pm
sensor and of 32.0 and 24.3 respectively for the 3.5 pm sensor, which are consistent with
the variation in response between 250 - 300°C (Figure 7.20). Increasing the temperature
further resulted in a steady decrease in the response.
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As with results obtained using 0.2 ppm of NO 2 the 2.1 pm sensor shows slightly higher
responses than the 3.5 pm sensor despite the fact it ought to have a lower capacity for NO 2
adsorption because of its smaller surface area. This inconsistency may be ascribed to the
greater porosity of the 2.1 pm sensor.
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Figure 7.20 The variation in response (R/Ro) upon exposure to 2 ppm of NO2 for the
2.1 and 3.5 pm sensors between 250 and 300°C.
The 1.8 pm sensor responded to 2 ppm of NO 2 over a larger temperature range than to 0.2
ppm of NO 2 and followed a similar trend in response with varying temperature to the 2.1
and 3.5 pm sensors. However, the 1.8 pm sensor had considerably higher responses at 150
and 200°C, showed a smaller decrease in the response after the optimum operating
temperature (250°C) and had slightly higher responses between 300 - 450°C compared to
the 2.1 and 3.5 pm sensors. At operating temperatures in the range 200 - 350°C the 1.8 pm
sensor responded rapidly upon exposure to 2 ppm of NO 2 achieving a steady state and
showed good recovery to baseline after the exposure ended (square response transient),
whereas at 150°C the response was much slower and did not reach saturation (triangula
response transient). In contrast the sensor had a square response transient when exposed t
0.2 ppm of NO 2 at the same operating temperature, which implies that the saturation of tl
response observed at the lower concentration is not due to saturation of available surfs
sites but a consequence of the low gas concentration. The sensor attained a steady state

temperatures between 200 - 350°C at both gas concentrations indicating that at 0.2 ppm of
NO 2 the number of sites available for NO 2 chemisorption were not all occupied.
Interestingly a decline in the speed of response was observed at higher temperatures (400 500°C) at 2ppm of NO 2 . This may be a consequence of the high gas concentration and
temperature resulting in a large build up of NO which inhibits the response by competing
for adsorption sites. Furthermore, at high temperatures different decomposition by-products
may be formed to which the sensor is less responsive to compared with NO 2 . This seems
unlikely however as the decomposition of NO 2 produces NO up to 600°C. Figure 7.21
shows a comparison of the response transients for the 1.8 pm sensor in the temperature
range 300 - 450°C. The decline in the speed of response appears to begin at 350°C.
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Figure 7.21 Response transients of the 1.8 pm sensor as a function of temperature
upon exposure to 2 ppm of NO2 .
The decrease in the speed of response between 400-500°C also occurred for the 2.1 and 3.5
pm sensors (Figure 7.22a). However these sensors showed square shaped responses when
exposed to 0.2 ppm of NO 2 at the same temperature (Figure 7.22b), which suggests that a
large build up of NO is the more likely cause for the slower response. The increased
thickness of the 3.5 pm sensor slowed down its response further compared to the 2.1 pm
sensor upon exposure to 2ppm of NO 2 . At 250 and 300°C the sensor responded faster to 2
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ppm of NO 2 showing square shaped responses and triangular shaped responses were also
observed at temperatures below 200°C. However in this case the decrease in the speed of
the response is probably due to a slower rate of NO 2 chemisorption at the lower
temperature. In contrast the 1.8 pm sensor showed a fast response to 2 ppm of NO 2 at
200°C, further demonstrating the dependence of sensor thickness on the speed of response.
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Figure 7.22a Response transients of the 2.1 and 3.5 pm sensors upon exposure to 2
ppm of NO 2 at 400°C.
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Figure 7.22b Response transients of the 2.1 and 3.5 pm sensors upon exposure to 0.2
ppm of NO2 at 400°C.
The 1.0 pm sensor responded to

2

ppm of NO 2 in the temperature range 200 - 500°C,

(whereas the sensor did not respond to

0 .2

ppm of NO 2 ), showing a similar variation in

response with increasing temperature to the 1.8, 2.1 and 3.5 pm sensors, with considerably
lower responses in the range 200 - 300°C. A maximum response of 16.3 was obtained at
250°C, however a smaller decrease in the response occurred on increasing the temperature
to 300°C (12.6), compared to the other sensors. The variation in the speed of response with
temperature was similar to that of the 2.1 and 3.5 pm sensors; at 200°C the response was
triangular indicating a slow rate of NO 2 adsorption, between 250 - 350°C the response was
fast and reached saturation and on increasing the temperature further (400 - 500°C) a
decline in the speed of response occurred, signifying a large build up of NO.

The 2.1 and 3.5 pm sensors showed an increase in the optimum operating temperature from
200 to 250°C on increasing the NO 2 concentration to 2 ppm, whereas for the 1.8 pm sensor
it remained at 250°C. The 1. 8 pm sensor, however had very similar responses to 0.2 ppm of
NO2 at 200 (8.24) and 250°C (8.46). The increase in optimum operating temperature
suggests that at the higher gas concentration greater thermal energy is required in order for
dissociation of N 2 O 4 to NO 2 and for chemisorption of NO 2 onto the sensor.
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The increase in the optimum operating temperature with gas concentration was also
observed for the 4.9 and 7.0 pm sensors (150 - 200°C). The 4.9 pm sensor showed a small
increase in response between 100 -150°C, increasing the temperature to 200°C yielded a
maximum response of 68.1, which when further increased to 250°C dropped to 27.0.
Between 250 - 450°C a steady decline in response occurred. The 7.0 pm sensor showed
similar variation in response as a function of temperature, however with a considerably
higher maximum response (428.0) and a larger difference in response between 150 - 200°C
and 200 - 250°C (Figure 7.23).
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Figure 7.23 The variation in response (R/Ro) for the 7.0 pm sensor upon exposures to
2 ppm of NO2 as a function of temperature.
Tests carried out at intermediate temperatures of 175, 185, 195, 225 and 235°C on the 4.9
and 7.0 pm sensors are consistent with the variation in response observed between 150 250°C (Figure 7.24) and confirm that 200°C is the optimum operating temperature of the
sensors.
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Figure 7.24 The variation in response (R/Ro) upon exposure to 2 ppm of N 0 2 for the
4.9 and 7.0 pm sensors between 150 and 250°C.
Figures 7.25 and 7.26 show the response of the 4.9 and 7.0 pm sensors respectively to 2
ppm of NO: at temperatures ranging 200 - 350°C. At 200°C the sensors responded slowly
to the NO:, and did not attain a steady state during the 30 minute gas exposure. Similar
responses were recorded at lower operating temperatures. At intermediate temperatures of
250 and 300°C the sensors responded rapidly to the test gas and the response reached
saturation. Increasing the temperature further (350°C) resulted in a decline in the speed of
response. As previously discussed at low operating temperatures the rate of NO:
chemisorption onto the sensor surface slows down the speed of response and prevents a
steady state from being obtained. Furthermore at low temperatures the speed of the
response is limited by the slow rate of dissociation of N :0 4 to NO:. This was also observed
upon exposure to 0.2 ppm of NO:. Whereas at high temperatures a large build up of NO
inhibits the response. Conversely the sensors responded rapidly to 0.2 ppm of NO: at the
same operating temperatures, suggesting that the increase in gas concentration is
responsible for the decline in response.
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Figure 7.25 Response transients of the 4.9 pm sensor as a function of temperature
upon exposure to 2 ppm of NO 2 .
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Figure 7.26 Response transients of the 7.0 pm sensor as a function of temperature
upon exposure to 2 ppm of NO 2 .
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Comparing the shape of the response at 200 and 350°C for the 2.1, 3.5, 4.7 and 7.0 pm
sensors (Figures 7.27 and 7.28 respectively) illustrates that in addition to the operating
temperature and gas concentration the sensor thickness also determines the speed of
response. In both cases the slope of the resistance time graph became steeper with
decreasing sensor thickness, indicating a faster speed of response.
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Figure 7.27 Response transients of the 2.1, 3.5, 4.9 and 7.0 pm sensor at 200°C upon
exposure to 2 ppm of NO2 .
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Figure 7.28 Response transients of the 2.1, 3.5, 4.9 and 7.0 pm sensors at 350°C upon
exposure to 2 ppm of NO 2 .
The variation in response with temperature of the screen printed sensor differed
significantly from the CVD sensors. The response appears to saturate between 250 and
300°C and between 350 and 400°C, with a large increase occurring between 300 and 350°C.
A maximum response of 20.5 was measured at 350°C. The screen printed sensor had
triangular response transients at all temperature. In addition to the greater thickness of the
screen printed sensors compared to CVD sensors, their larger particle size provides a lower
surface area for NO: adsorption inhibiting the response further. There appeared to be no
difference in the speed of response at higher temperatures compared to 0.2 ppm of NO:,
indicating that sensor thickness and particle size are the dominant factors in determining the
response speed in this case.

The maximum response of the sensors and the temperature of their maximum response
upon exposure to 0.2 and 2 ppm of NO: are summarised in Table 7.1. As previously stated,
with the exception of the 1.8 pm sensor all the CVD sensors showed a 50°C increase in
their optimum operating temperature upon increasing the NO: concentration from 0.2 to 2
ppm. For both NO: concentrations the 4.9 and 7.0 pm sensors showed maximum responses
at lower temperatures than the thinner sensors (Figures 7.29 and 7.30).
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Concentration of
NO, / ppm

Temperature of
Maximum
Response

Maximum
Response (R/R«)

0.2
2.0
0.2
2.0
0.2
2.0
0.2
2.0
0.2
2.0
0.2
2.0
0.2
2.0

a

a

250
250
250
200
250
200
250
150
200
150
200
150
350

16.3
8.5
42.5
34.5
39.1
29.4
36.8
53.3
68.1
80.6
428.0
22.2
20.5

Sensor Thickness /
pm
1.0
1.8

2.1
3.5
4.9
7.0
50
(Screen-printed)

Table 7.1 Maximum response and temperature of maximum response upon exposure
to 0 . 2 and 2 ppm N 0 2 for the WO3 sensors deposited from [W(CO)6 ]. (a indicates no
response).
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Figure 7.29 Temperature of maximum response as a function of sensor thickness upon
exposure to 0.2 ppm of N 0 2.
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The sensors showed a linear variation in maximum response with increasing thickness upon
exposure to 0.2 ppm of NO: (Figure 7.31). A similar trend was observed upon increasing
the concentration to 2 ppm, however increasing the sensor thickness from 4.9 to 7.0 pm
resulted in a very large increase in the maximum response (Figure 7.32). The maximum
response of the 2.1 and 3.5 pm sensors remained approximately constant on increasing the
gas concentration, whereas that of the other sensors increased substantially. The screenprinted sensor did not follow the same trends in maximum response and optimum operating
temperature as the CVD sensors, which may be due to its significantly greater thickness or
larger particle size.
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Figure 7.31 Maximum responses of the sensors as a function of sensor thickness upon
exposure to 0.2 ppm of NO2 .
450 -i
400 ■
_ 350 o
DC

£C 300 -

0c

250 -

& 200

-

E
3

1

150 -

X

<0
2

100

-

50 -

0

1

2

3

4

5

6

7

8

S en so r T h ick n ess / n.m

Figure 7.32 Maximum responses of the sensors as a function of sensor thickness upon
exposure to 2 ppm of NO 2 .
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With the exception of the 1.8 pm sensor all CVD sensors showed a large decline in
response after their optimum operating temperature upon exposure to 2ppm of NO:, with
the difference in response increasing with thickness. As previously described thicker
sensors have a greater surface area and hence a larger capacity for the chemisorption of
NO: therefore the response increases with sensor thickness. However upon increasing the
temperature further the decomposition of NO: proceeds at a faster rate resulting in a
decrease in response. The decrease in response is greatest for the thicker sensors as there is
more NO: available for decomposition to NO. This decline in response was also observed
at 0.2 ppm, however to a lesser extent as there is less NO: available for chemisorption onto
the sensor and subsequent decomposition at the lower gas concentration.
Further tests in which the concentration of NO: was varied and in which the sensors were
exposed to 50 Vc relative humidity were carried out at the optimum operating temperature
of the sensors. The variation in response as a function of NO: concentration at 250°C was
linear for the 1.0, 1.8. 2.1 and 3.5 pm sensors as was that of the 4.9 and 7.0 pm sensors at
200°C (Figures 7.33 and 7.34).
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Figure 7.33a The change in electrical resistance upon exposure to differing
concentrations (1.0 - 3.9 ppm) of NO2 at 250°C for the 1.0,1.8, 2.1 and 3.5 pm sensors.
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Figure 7.33b The variation in response (R/Ro) upon exposures to differing
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Figure 7.34a The change in electrical resistance upon exposure to differing
concentrations (1.0 - 3.9 ppm) of NO 2 at 200°C for the 4.9 and 7.0 pm sensors.
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Figure 7.34b The variation in response (R/Ro) upon exposures to differing
concentrations (1.0 - 3.9 ppm) of NO2 at 200°C for the 4.9 and 7.0 pm sensors.
Exposing the 1.0, 1.8. 2.1 and 3.5 pm sensors to 50 7c relative humidity enhanced the
response of the sensors to 2 ppm of NO 2 by 14.2 7c, 12.7 7c, 11.1 7c and 23.3 7c
respectively at 250°C. As with the measurements recorded using 0.2 ppm of NO: the 4.9
and 7.0 pm sensors showed smaller increase in response of 7.1 7c and 5.4 7c respectively at
200°C. As previously described the introduction of water provides an alternative pathway
to the decomposition of NO: to NO resulting in an increase in the sensor response.
The magnitude of the response remained stable when the sensors were exposed to repeated
treatments of 2 ppm NO: and no significant baseline drift occurred (Figure 7.35). As with
the analogous measurements using 0.2 ppm of NO: a periodic shift in the baseline line was
observed, corresponding to environmental changes.
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Figure 735 The variation in electrical resistance upon exposure to repeated
treatments of 2 ppm of NO2 at 250°C over 4 days for the 2.1 pm sensor.

7.3 Tungsten Oxide Sensors deposited from F BU4N]2[W 10O32I
Section 7.2 described the gas sensing properties of WO 3 sensors of varying thickness
deposited using [W(CO>6 ] upon exposure to NO 2 . This section details the gas sensing
properties of two WO 3 sensors deposited from the polyoxometalate ["Bu-^NklWHjO^]-

The sensors were produced by carrying out five and ten successive depositions using
["Bu4 N]:[Wio 0 3 2 ] at a substrate temperature of 550 °C and 0.5 L min

1

onto a gas sensor

substrate and had thicknesses of 15 and 30 pm respectively.

The sensors were annealed in air at 550°C for 90 minutes prior to testing. The XRD and
Raman patterns of the sensors post annealing were characteristic of monoclinic crystalline
W O3 with a random orientation. SEM showed that the morphology on the electrode and in

the electrode gap of the 15 pm sensor was similar to that obtained on glass substrates,
comprising of spherical agglomerates of average size 550 nm intertwined with needle
agglomerates (Figure 7.36a and b). The 30 pm sensor had a similar microstructure except
with a higher concentration of needle agglomerates (Figure 7.36c and d). The spherical
agglomerates have a high surface area to volume ratio due to their small size which is
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desirable for gas sensing applications. The needle agglomerates, however have poor
connectivity between the grains, which may result in high resistances across the electrode
gap-

12 OkV 14 7mm x13 Ok ESED 60Pa

4 OOum

Figure 7.36 a shows the morphology in the electrode gap of the WO3 sensor of
thickness 15 pm deposited from [nBu4 N]2 [Wio0 3 2 ] and Figure 7.36b is a higher
magnification image of the needle agglomerates. Figure 7.36c and d show the
morphology in the electrode gap of the 30 pm sensor.
Figure 7.37 shows the variation in the sensor response as a function of the temperature
upon exposure to 2 ppm of NO2 in flowing air. The CVD sensors showed a linear decrease
in response upon increasing the operating temperature. A maximum response of 16.3 and
19.7 was recorded for 15 pm and 30 pm sensors respectively at 250°C. The decline in
response upon increasing the temperature further may be due to an increase in the rate of
decomposition of NO 2 The sensors of thicknesses 1.0, 1.8, 2.1 and 3.5 pm deposited from
[W(CO)6] also showed maximum responses at 250°C. The 1.0 pm sensor had a similar
response (16.3) whereas the others had significantly higher responses at 250°C compared to
the sensors deposited from TBi^N htW ioC^]. Furthermore the [W(CO>6] sensors
responded to NO2 over a larger temperature range and to lower concentrations of the gas
205

(0.2 ppm). The sensors produced from f B ^N k tW io O ^] did not respond to NO 2 in the low
temperature range (100 - 200°C) where increases in response with temperature due to
increases in the rate of dissociation of N 2 O 4 and chemisorption of NO 2 may occur.
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Figure 7.37 The variation in response (R/Ro) upon exposure to 2 ppm of NO 2 in
flowing air as a function of temperature for sensors of thickness 15 pm and 30 pm
produced bv five and ten successive AACVD depositions respectively using
["BimNMWwOmJ.
This difference in response may be due to differences in their microstructure, the sensors
deposited from [W(CO)6 ] had the morphology of spherical particles of average diameter
113 nm agglomerated together, whereas sensors deposited from ["Bu-iNblWioO^] were
composed of a mixture of spherical particles (550 nm) and needle agglomerates. Although
the sensors deposited from f'B ^N blW io O ^] were thicker than those deposited from
[W(CO)ft], they had a considerably lower surface area to volume ratio due to their larger
particle size, and therefore a smaller capacity for chemisorption of NO 2 resulting in lower
responses compared to the [W(CO)6 ] sensors. Furthermore the needle agglomerates also
provide a lower surface area for chemisorption of NCX These sensors however show
slightly higher responses than the screen printed sensor. The sensors deposited from
["Bu4 N]2 [Wio0 3 2 ] show similar responses in spite of their differing thickness. Increasing
the sensor thickness is expected to increase the capacity for chemisorption of NO 2
producing larger responses. However in this case increasing the sensor thickness resulted in
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an increase in the concentration of needle agglomerates (Figures 7.36 c and d) which
provided a lower surface area for chemisorption of NO 2 than spherical particles, therefore
the increase in response is less substantial. Furthermore the sensors produced from
["Bu4 N]2 [W10O 3 2 ] had considerably higher baseline resistances (108) which approached the
measurement capability of the multimeter.

At 250°C the sensors responded slowly to the NO 2 and did not attain a steady state resulting
in triangular response transients, whereas at higher temperatures the response was fast and a
steady state was achieved, signified by square response transients. The sensors deposited
from [/iBu4N]2[Wio032] responded faster to NO: than the screen printed sensor as well as
being more responsive.

A linear increase in the sensor response was observed upon increasing the NO 2
concentration from 1.03 - 3.89 ppm at 250°C (Figure 7.38).
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Figure 7.38 The variation in response (R/Ro) upon exposure to differing
concentrations (1.0 - 3.9 ppm) of NO 2 at 250°C for the 15 and 30 pm sensors.
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7.4 Ethanol Testing
Sections 7.2 and 7.3 described the gas sensing properties of WO? sensors of differing
thicknesses to NO 2 . A selected number of these sensors were also tested to ethanol; 3.5 and
7 .0

pm sensors deposited from [(W(CO)6 ], 15 and 30 pm sensors deposited from

["Bu4 N]2 [Wio0 3 2 ] and the screen printed sensor (50 pm). Tungsten oxide is far less
responsive to ethanol than oxidizing gases such as N 0

2

and O 3 and is not used

commercially for ethanol detection.
Surface adsorbed oxygen species play an important role in the sensing mechanism of
reducing gasessuch as ethanol. 92 93 94 95 Ethanol reacts with oxygen species chemisorbed on
the surface of the sensor releasing electrons into the space charge layer which in the case of
an n-type semiconductor like WO 3 , results in a decrease in the sensor resistance. At 300 500°C the most stable species adsorbed on the WO 3 surface is O ' , 153 which oxidizes the
ethanol (Equation 7.5 ) . 154

C 2 H 5 O H (g) + O (ads) <“►C H 3 C H O (ads) + H 2 O (g) + e

(7 .5 )

The acetaldehyde can be oxidized further producing acetic acid and an oxygen vacancy V()
(Equation 7.6 ) . 154
C H 3 C H O (ads) + O (bulk)

C H 3 C O O H (vap) + V o

(7 .6 )

The oxygen on the surface and in the bulk can be regenerated upon exposure to air
(Equations 7.7 and 7.8 ) . 154
I / 2 O 2 (g) + e + As «--►O(ads)

(7 .7 )

o (ads) + V o + <-* O(bulk)

(7.8)

Where As is an adsorption site on the WO 3 surface.
Figure 7.39 shows the sensor response to 20 ppm of ethanol in flowing air as a function of
temperature. For reducing gases the response is expressed as Ro/R (where Ro is the
resistance in clean air and R is the resistance upon exposure to the test gas). The response
of the 30 pm thick sensor deposited from ["Bu-iNMWioCh:] increased linearly with
temperature, showing a maximum response of 5.1 at 550°C, whereas the optimum
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operating temperature was found to be 450°C for the 15 pm and the screen printed sensor
giving responses of 3.2 and 4.15 respectively. Increasing the temperature further resulted in
a decrease in the response. Upon increasing the temperature the oxidation of ethanol
proceeds at a faster rate resulting in an increase in the response. The decline in response
observed at high temperatures for the 15 pm and screen printed sensor may be due to the
ethanol combusting on the surface of the sensor forming CCb and H2 O . 71 Alternatively the
ethanol may decompose to ethene and water catalyzed by the WO 3 . The sensor is less
responsive to carbon dioxide, water and ethene . 1 0 2 10311)4,153 The 30 pm sensor did not show
a decline in response at high temperatures, however the response did appear to be
approaching a maximum. The 3.5 and 7.0 pm sensors deposited from [W(CO)6 ] followed a
similar trend in response with varying temperature to the 15 pm and screen printed with
maximum responses of 4.8 and 6.4 respectively recorded at 500°C.
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Figure 7.39 The variation in response (R</R) upon exposure to 20 ppm of ethanol as a
function of temperature for sensors of thicknesses 3.5 and 7.0 , 15 and 30 pm
produced by AACVD and a screen printed WO3 sensor (50 pm).
As expected the W O3 sensors are less responsive to ethanol than NCK The sensors
deposited from [W (C O )6] show slightly higher responses than those deposited from
["BU4 N H W 10 O 3 2 ] due to the higher surface area to volume ratio resulting from their
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smaller particle size. The screen-printed sensor showed higher responses than the 15 pm
sensor, implying that although the screen printed sensor has a larger particle size its
increased thickness provides a greater capacity for the adsorption of O resulting in larger
responses.

The CVD sensors responded rapidly upon exposure to ethanol achieving a steady state
within 60 s and showed good recovery to baseline after the exposure, resulting in square
response transients. Conversely the screen printed sensor responded much slower to
ethanol, the response did not reach a steady state and the return to base line was slow. This
was signified by a triangular response transient. The difference in the speed of the response
may be due to the smaller particle size of CVD produced sensors (100 - 500 nm) compared
to the screen printed sensors (1 pm), which provides a higher surface area for the
adsorption of O'. Furthermore, the greater thickness of the screen-printed sensors (50 pm)
compared to the CVD sensors (3.5 - 30 pm), results in a greater build up of ethanol and
decomposition by-products throughout the material, increasing the time taken for the testgas to diffuse through the tortuous porosity of the structure and attain a steady state.

The 15, 30 and 50 pm sensors showed a linear variation in response with ethanol
concentration at 400°C (Figure 7.40). The highest response at any given concentration was
measured for the screen printed sensor, followed by the 30 pm sensor and that of the 15 pm
sensor was the lowest. Initially this seems contradictory with the variable temperature
results in which the highest response was recorded for the 30 pm thick sensor, however the
variable concentration tests were carried out much closer to the peak operating temperature
of the screen printed sensor (450°C) compared to that of the 30 pm sensor.
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Figure 7.40 The variation in response (R/Ro) upon exposure to differing
concentrations of ethanol at 400°C for sensors of thicknesses 15 pm and 30 pm
produced by five and ten successive AACVD depositions respectively using
[nBu4 N]4[W10O32] and a screen printed WO3 sensor (50 pm).
Figure 7.41 shows the response of the 3.5 |xm sensor to repeated treatments of 20 ppm of
ethanol at 400°C over 4 days. The magnitude of the response remained constant during the
analysis and no significant baseline drift was observed. As with the analogous tests using
NO: a periodic shift in the baseline resistance occurred every 24 hours which is ascribed to
environmental changes in the laboratory.
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Figure 7.41 The variation in electrical resistance upon exposure to repeated
treatments of 20 ppm of ethanol at 400°C over 4 days for the 3.5 pm sensor.
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7.5 Conclusions
The WO 3 films deposited from [W(CO) 6 ] function as gas sensitive resistors for detecting
traces of NO 2 in air. Responses were recorded at minimum concentrations of 0.103 ppm for
the 1.8, 2.1, 3.5, 4.9 and 7.0 pm thick sensors and 1.03 ppm for the 1.0 pm sensor. There
appeared to be a correlation between the sensor thickness, the optimum operating
temperature of the sensors and the NO: concentration. At 0.2 ppm of NO: the 1.8 pm
sensor showed a maximum response at 250°C, the 2.1 and 3.5 pm sensors at 200°C and the
4.9 and 7.0 pm sensors at 150°C. Upon increasing the NO: concentration to 2 ppm the
optimum operating temperature of the 1.8 pm sensor remained 250°C, whereas that of the
others increased by 50°C. The sensors showed a linear variation in maximum response with
sensor thickness at both NO: concentrations, with the highest responses recorded for the 7.0
pm sensor (80.6 and 438.0 at 0.2 and 2 ppm respectively). The sensors deposited from
[W(CO)6 ] had responses exceeding those of the screen printed sensor with faster speeds of
response and lower optimum operating temperatures for detecting 2 ppm of NO:. The
sensors showed a liner increase in response with increasing gas concentration and exposure
to 50 9c relative humidity enhanced the response of the sensors. The sensors responses were
stable upon exposure to repeated treatments of NO: over a four day analysis period.
The WO 3 sensors deposited from [''Bu4 N]:[Wio 0 3 :] showed comparable responses to 2
ppm of NO: to the screen printed sensors, with a faster speed of response and lower
optimum temperature. However these sensors were less responsive to NO: than those
deposited from [W(CO)6 ] due to their lower capacity for NO: adsorption. Furthermore, the
sensors produced did not respond to 0.2 ppm of NO:, although the detection of a response
may have been hampered by difficulties in measuring the high resistances of these sensors.
A selection of the CVD sensors were also tested to ethanol. Responses were recorded at
minimum concentrations of 1 ppm. The CVD sensors responded rapidly upon exposure to
the ethanol reaching a steady state and showing good recovery to baseline resistance after
the exposure albeit with much smaller responses than to NO:. In contrast the screen printed
sensor responded slowly to the ethanol, did not attain a steady state within the gas step and
the return to baseline was slow. The larger particle size and the greater thickness of the
screen printed sensor (1 and 50 pm respectively) compared to the CVD sensors accounts
for the slower speed of response. The sensors showed a linear increase in response with gas
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concentration and the responses were stable upon exposure to repeated treatments of

20

ppm of ethanol over a four day analysis period.
The responses of the sensors studied in this work, particularly those deposited from
[W(CO)6 ], are considerably higher than those of previous reports detailing the CVD of gas
sensors. These include WO 3 sensors produced via the AACVD of tungsten hexaphenoxide
under the application of an electric field , 117 APCVD of gallium oxide sensors produced
from gallium trichloride 115 and methanol and antimony oxide sensors from antimony
pentachloride and ethyl acetate . 116 This may be due to the high surface area to volume ratio
of the films and their increased porosity.

This work demonstrates that CVD has enormous potential for use in gas sensor fabrication
as it enables direct control over film thicknesses, microstructure, composition and doping;
characteristics which impact significantly on the gas-sensing properties of a material. In
particular this project has demonstrated that films with a highly controlled level of doping
can be produced by CVD (Chapter 5) and a wide of range of film microstructures can be
obtained (Chapter 6 ). Furthermore unlike screen printing CVD is directly compatible with
silicon microfabrication technology.
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8: Conclusions
The aim of this project was to deposit tungsten oxide and molybdenum oxide thin films
from novel precursors by exploiting the aerosol assisted chemical vapour deposition
(AACVD) technique and to investigate their gas sensing properties. AACVD is a variant of
the CVD process involving the use of liquid-gas aerosols to transport soluble precursors to
a heated substrate. Unlike conventional CVD, AACVD can be used to deposit films from
non-volatile precursors, and therefore rather unconventional precursors can be used.
Tungsten oxide and molybdenum oxide films have been deposited from polyoxometalates,
large ionic clusters. AACVD has traditionally been used when conventional atmospheric
pressure

CVD

polyoxometalates

precursors
were

prove

selected

in volatile

or

thermally

specifically

for

use

as

unstable.
AACVD

However
precursors.

Polyoxometalates proved effective single source CVD precursors, in particular they
enabled the deposition of films with a highly controlled level of doping, which would be
much more difficult to achieve using a dual-source system. Furthermore the gas sensors
produced using the AACVD technique showed higher responses for NO: detection
compared to conventionally prepared screen printed sensors, with faster speeds of response
and lower optimum operating temperatures.

Tungsten oxide films have been deposited from the polyoxometalates, [N H ^tW ^O ^y],
[NH4]ioH2[W20 7]6. ["Bu4N]2[W6Oi9], ["Bu4N)4[W,0O 3 2] and ["Bu4N]3[W 04]. AACVD
reactions of [NH 4 ]6 [Wi2 0

39

] and [NH4 ]i0 H2 [W2 O 7 ] 6 resulted in the formation of yellow

films comprised of randomly orientated crystalline monoclinic W 0 3 as did those using
['!Bu4N]4[W i(,032] and ["Bu4N]2[W6O i 9 ] at substrate temperatures exceeding 500°C. In
contrast the blue films deposited from ["Bu4N]3[W 04] showed preferred orientation along
the <0 1 0> direction, with the direction of crystallites becoming increasingly randomised
with increasing deposition temperature. XRD, Raman and XPS analysis of the films
deposited from [NH 4 ]6 [Wi2 0

39

], [NH4 ]ioH2 [W 2 0 7 ] 6 and [''Bu4N]3[W 04] indicate that there

is a correlation between the stoichiometry of the films and the orientation of the crystallites
within the film. The films deposited from [NH 4 ]6 [Wi2 0

39

] and [NH4 ]ioH2 [W 2 0 7 ] 6 are

comprised of randomly orientated crystalline monoclinic W 0 3 (r = 1). XPS confirmed the
presence of the single tungsten environment and the yellow colour of the films is
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characteristic

of the fully oxidised

WO 3 state. The blue films deposited from

["Bu4 N h [W 0 4] showed preferred orientation along the <0 1 0> direction (r = 0.1 - 0.69)
and their Raman patterns were characteristic of partially reduced tungsten oxide. Multiple
tungsten environments were also observed by XPS. Furthermore the stoichometry of the
film deposited at 550°C was determined to be WO 2 75 and WCb*: by XPS and WDX
respectively. Annealing the films in air at 550°C resulted in a colour change from blue to
yellow, an increase in the r factor to 1 and a Raman pattern characteristic of crystalline
monoclinic

WO 3 . SEM

showed

that the

films

deposited

from

[N H ^lW ^C hy],

[NH 4 ]ioH2 [W2 0 7 ]6 and ["Bu4 N] 3 [W 0 4] had the morphology of uniformly spherical particles
agglomerated together, with a mean particle size in the range 0.25 - 0.28 pm. Films
deposited from [nBu4 N]2 [W6 O i 9 ] and [,,Bu4 N]4 [W 1o0 3 2 ] had a similar microstructure,
except there were needle-type agglomerates growing out of the spherical particles.

Tungsten oxide films were also deposited using tungsten hexacarbonyl [W (C O >6]; a
conventional CVD precursor which has previously been used both as a single source
precursor and in conjunction with a secondary source in a variety of CVD techniques
including APCVD , 4 7 4 8 LPCVDW,0M 5: and PECVD5’. AACVD reactions of [W(CO)6]
were carried out in a variety of organic solvents with a view to better understanding the role
of the solvent in AACVD and its effect on the composition and morphology of the resulting
films. AACVD reactions of [W (C O )6] using oxygen containing solvents (acetone,
methanol), acetonitrile and a 50:50 mixture of acetone and toluene resulted in the
deposition of blue partially reduced WO 3 -X films which showed preferred orientation along
the

< 0

1 0

> direction, whereas black reflective coatings composed of a mixture of tungsten

metal and W 3O were obtained from depositions using solely toluene as a solvent. This
implies that the primary source of oxygen for depositions using acetone and methanol is
from decomposition of the organic solvent and for depositions using acetonitrile dissolved
water in the solvent. Previous reports detailing the CVD of [W (C O )6] have required either a
post deposition annealing step or a secondary oxygen containing source to deposit W O3
films. Although [W (C O )6 ] is not strictly speaking a single source AACVD precursor,
tungsten oxide films can be obtained in a single step using AACVD providing either an
oxygen containing or highly polar solvent is used. SEM showed that the films deposited
from methanol have a microstructure comprising of an array of randomly orientated
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needles, which is strikingly different to the agglomeration of spherical particles, resulting
from an island growth mechanism observed for the other solvents.

These results demonstrate that the solvent in AACVD is not merely a transport agent as
sometimes assumed but can influence the stoichiometry and the microstructure of the
resulting films. Annealing all films in air at 550° C produced yellow randomly orientated
crystalline monoclinic W 0 3. The XRD, Raman. WDX and XPS analysis is consistent with
the correlation between the film stoichiometry and the randomisation of the crystallites,
which was observed for depositions using polyoxotungstates.

Polyoxometalates can accommodate heteroatoms, such as niobium, tantalum, titanium and
molybdenum into their structure. Chapter 5 described the AACVD of ["Bu4 N] 3 [NbW 5 Oi 9 ],
[''Bu4 N] 3 [TaW 50 , 9 ], [CpTi(W 5 0

18

)H][,,Bu4 N ]2 and ["Bu4 N]4 H 3 [SiMoWn 0 4 o]. Depositions

using the heteropolyoxometalates afforded blue W 0 3.x films which showed preferred
orientation along the

< 0

1

0

> direction, with the direction of crystallites becoming

increasingly randomized with increasing deposition temperature and distance from the
precursor inlet. Annealing the films in air at 550°C produced fully oxidised yellow WO 3
films with a random orientation. These findings are consistent with correlation between the
film stoichiometry and randomisation of the crystallites which has been observed
throughout this study for tungsten oxide films. WDX and XPS analysis showed that the
tungsten:dopant ratio of the precursor was retained in the films. This was also observed for
films

deposited

using

mixtures

comprising

of

varying

amounts

of

either

["Bu4 N] 3 [NbW 5 0 19] or [,,Bu4 N]3 [TaW 5 Oi 9 ] and ["Bu4 N]2 [W6 0 ,9 ], thus demonstrating that
polyoxometalates provide a route to the deposition of films with a highly controlled level of
doping. The observation of peaks corresponding to only W 0 3 in the XRD pattern and the
shift in the position of the Raman bands suggests that the heteroatom has been incorporated
into the W 0 3 films as a dopant and has not formed a separate phase. The presence of
tungsten environments corresponding to different coordination’s of tungsten-heteroatom in
the XPS data provided further evidence for the formation of doped films. SEM showed that
films deposited from ["Bu4 N] 3 [NbW 5 0 i9 ] and ["Bu4 N]3 [TaW 5 0 i9 ] had a morphology
comprising of an agglomeration of spherical particles with needle agglomerates growing
out of the spherical particles, whereas the microstructure [CpTi(W 5 0 i8 )H]["Bu4 N ]2 and
["Bu4 N]4 H 3 [SiM oW n0 4 o] was comprised solely of the spherical agglomerates. Films
217

deposited using mixtures of ["Bu4N]2 [W 6 0 i9 ] and ["Bu4N]3 [NbW5O i 9 ] were composed of a
network of randomly orientated needles similar to that obtained via the AACVD reaction of
[W(CO)6]

in

methanol

and

those

from

mixtures

of

["Bu4N]2 [W6O i 9 ]

and

[,,Bu4 N] 3 [TaW 5 0 i9 ] of a combination of spherical agglomerates and cubic aggregates.

Polyoxometalates have also been used as precursors to molybdenum oxide films. Films
were

deposited

using

["Bu4N]4[Mo8026],

["Bu4N]3[PMoi204o],

[NH4]6[Mo7024],

["Bu4N]2[Mo60,9] and [”Bu4 N] 2 [Mo2 0 7 ]. The resulting films were comprised of either
M 0 O 3 , M 0 O 2 or a mixture of the two oxide phases depending on the precursor, deposition
temperature and the position of the film on the substrate. Films deposited from
[,,Bu4 N]4 [Mo8 0 2 6] and [nBu4 N ] 3 [PM o 120 4 o] at 350°C and 400°C were composed of
orthorhombic M0 O 3 , those at 550°C and 600°C of monoclinic M 0 O 2 and those at 450°C
and 500°C of multiple regions. The regions closest to the precursor inlet were comprised
solely of M 0 O 3 and those furthest away of MoCK The intermediate regions consist of a
mixture of these two phases representing a transition from the trioxide to the dioxide. In
contrast depositions using [NH4]6 [Mo7 0 2 4]. [/'Bu4N]2 [Mo6 0 i9 ] and ["Bu4 N]2 [Mo 2 C>7 ]
afforded mixed M 0 O 3 and M 0 O 2 films at all temperatures, with the M 0 O 2 phase
predominating with increasing distance from the precursor inlet. XPS and WDX analysis
showed that the 12:1 Mo:P ratio of ["Bu4 N] 3 [PMoi2 0 4 o] had been retained in the resulting
films. As with films deposited using doped polyoxotungstates the Raman and XRD data
was indicative of the formation of doped films. A wide range of film microstructures were
obtained including, spherical agglomerates, needle agglomerates, cubic aggregates and
platelets depending on the precursor, deposition temperature and position of the film on the
substrate. These results demonstrate the importance of the precursor and deposition
conditions in CVD and the versatility of polyoxometalates as AACVD precursors.

Film deposition occurs exclusively on the top plate for AACVD reactions using
polyoxometalates and the resulting films are comprised predominately of spherical
particles, indicating that film growth occurs via a gas phase nucleation mechanism (Figure
1.3, Process 4). Conversely for tungsten hexacarbonyl film deposition occurs on both the
substrate and the top plate, and the resulting film microstructure is reminiscent of an island
growth mechanism indicating that film growth occurs through molecular diffusion to the
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substrate (Process 3). This difference may arise due to the greater volatility of tungsten
hexacarbonyl compared to polyoxometalates.

The gas sensing properties of tungsten oxide films of varying thicknesses deposited via the
AACVD reaction of [W(CO)6 ] in acetone ( 1 .8 , 2.1, 3.5, 4.9 and 7.0 pm) of
("Bu.jNhtWfcOiy] (15 and 30 pm) in acetonitrile were investigated and compared to that of
a commercially available screen printed WO 3 sensor (50 pm). The 1.8, 2.1, 3.5, 4.9 and 7.0
pm sensors deposited using [W(CO)6 ] responded to NOo at a minimum concentration of
0.103 ppm and the 1.0 pm sensor at 1.03 ppm. The sensors responded rapidly upon
exposure to the NO 2 , achieved a steady state and showed good recovery to baseline
resistance. There appeared to be a correlation between the sensor thickness, the optimum
operating temperature of the sensors and the NO 2 concentration. At 0.2ppm of NO 2 the 1.8
pm sensor showed a maximum response at 250°C, the 2.1 and 3.5 pm sensors at 200°C and
the 4.9 and 7.0 pm sensors at 150°C. Upon increasing the NO 2 concentration to 2 ppm the
optimum operating temperature of the 1.8 pm sensor remained 250°C, whereas that of the
others increased by 50°C. The sensors showed a linear variation in maximum response with
sensor thickness at both NO 2 concentrations, with the highest responses recorded for the 7.0
pm sensor (80.6 and 438.0 at 0.2 and 2 ppm respectively). The sensors deposited from
[W(CO)6 ] had responses exceeding those of the screen printed sensor with faster speeds of
response and lower optimum operating temperatures for detecting 2 ppm of NO 2 . The
sensors showed a linear increase in response with increasing gas concentration and
exposure to 50 7c relative humidity enhanced the response of the sensors. The sensor
response was stable upon exposure to repeated treatments of NO 2 over a four day analysis
period. Like the 1.0 pm sensor the WO 3 sensors deposited from ["Bu4 N] 2 [Wio0 3 2 ]
responded to NO 2 at a minimum concentration of 1.03 ppm with responses comparable to
the screen printed sensors, however with a faster speed of response and lower optimum
temperature. The CVD sensors responded to ethanol at minimum concentrations of 1 ppm
and showed comparable responses to the screen printed sensor but with enhanced speeds of
response. The sensors showed a liner increase in response with gas concentration and the
sensor response was stable upon exposure to repeated treatments of 2 0 ppm of ethanol over
a four day analysis period. The response of the CVD sensors particularly those deposited
from [W(CO)6] have been optimized for NO 2 detection in terms of sensor thickness.
AACVD may be used to further optimise the sensors by varying the film microstructure
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and depositing doped films. The high level of control in doping which can be achieved by
using

varying

amounts

of

an

isopolyoxometalate

in

conjunction

with

a

heteropolyoxometalates has important implications for gas sensing as the incorporation
io5,K)6.io7 fyj0 109 and Ti110 dopants has been known to enhance the gas sensing properties
of WO3 screen printed sensors.

This work has demonstrated that the use of an aerosol in AACVD broadens the range of
molecules suitable for use as CVD precursors. Furthermore AACVD seems pivotal to
developments in single source CVD, as the use of single source CVD precursors can be
limited due to their low volatility and thermal stability. There are two reports detailing the
deposition of WO3 films from single source APCVD precursors both of which produced
amorphous coatings which could only be identified as WO3 following annealing.60'61 In
contrast AACVD reactions using polyoxometalate precursors have afforded tungsten oxide
and molybdenum oxide films with controlled levels of doping and highly sensitive W O3
gas sensors which have potential for use commercially.
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