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Most scientists tend to understand little more about science than fish about

hydrodynamics.

Imre Lakatos 1
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Abstract.

This thesis investigates the deposition of thin films of main group metal phosphide and 

main group metal oxide compounds on glass substrates by the use of dual source 

atmospheric pressure chemical vapour deposition. Binary phosphide systems with tin, 

germanium, silicon, antimony, copper or boron have been examined. Binary oxide 

systems of gallium, antimony, tin or niobium have also been investigated. Additionally 

these systems were deposited on gas sensor substrates and evaluated as metal oxide 

semiconductor gas sensors. Halides were used as the metal precursor, RXPH3.X (R = 

Cychex or Phenyl) were used as phosphorous precursors and either methanol or ethyl 

acetate were used as oxygen precursors. These coatings showed good uniformity and 

coverage and the films were adherent passing the Scotch tape test. The tin phosphide 

films were opaque in appearance with some signs of birefringence due to differential 

thickness effects. Germanium phosphide and the gallium, antimony, niobium and tin 

oxide systems were all transparent, once again birefringence was observed. The films 

produced from the antimony phosphide and silicon phosphide systems were opaque, 

grey and metallic. Additional work was conducted on the deposition on a variety of 

alkali metal and alkaline earth metal fluorides on glass substrates using aerosol assisted 

chemical vapour deposition. In all cases the films were very powdery and were easily 

wiped off of the substrate. A number of depositions were carried out combining the 

aerosol and atmospheric pressure methodologies. A tin oxide film was produced from 

the atmospheric pressure chemical vapour deposition reaction of tin tetrachloride and 

ethyl acetate. The film contained tungsten, which was introduced into the reaction 

using a polyoxometalate delivered via aerosol assisted chemical vapour deposition.
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Films were analysed using Raman microscopy, X-ray diffraction, scanning electron 

microscopy, energy dispersive analysis of X-rays, electron probe microanalysis, X-ray 

photoelectron spectroscopy and ultra violet and visible spectroscopy.
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Chapter 1 - Introduction

1.1 Aim and Purpose

The aim of this work was to investigate the deposition of novel main group 

metal phosphide and oxide materials on a variety of different substrates (Chapters 3 & 4 

respectively). As these materials are semiconductors it is important to have an 

understanding of semiconductor properties and what causes them. It also advantageous 

to have an understanding of chemical vapour deposition, related techniques and thin 

film deposition in general. Metal oxide semiconductors provide a resistance change 

with varying surrounding gas composition; this is the basis of metal oxide 

semiconductor gas sensors that are evaluated in chapter 5. In this chapter band theory, 

semiconductors, film deposition and simple gas sensing theory are discussed.

1.2 Electronic Considerations

1.2.1 Band Theory

As a consequence of quantum theory and the combination of atomic orbitals, 

molecules have discreet quantised energy levels called molecular orbitals. These 

molecular orbitals may be bonding, non-bonding or anti-bonding; they may or may not 

be occupied with electrons. In a solid many similar molecules are bought and packed 

together (Figure 1.1). As such the molecular orbitals combine and rather than 

producing an extensive degenerate energy level they produce a "band".
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Solid State 
“Bands”

Atomic
orbital

Molecular
Orbitals

o* antibonding mo

✓ <■Conduction band

a bonding mo

Valence band

Figure 1.1. Orbital diagram schematically showing the derivation of band theory via cumulative addition 

of atomic/molecular orbitals.

This non-degeneracy is a consequence of the Pauli exclusion principle, which 

states that no two electrons may have the same set of quantum numbers associated with 

them . 2 Hence these molecular orbitals in a solid must all be slightly perturbed in order 

for the molecules to pack in a solid. As such a band is a collection of similar energy 

molecular orbitals, and the band structure of a material corresponds (broadly) to the 

molecular orbital energy levels of the constituent molecules. This can lead to filled or 

unfilled bands. The bands in some cases may overlap or be partially filled. The Pauli 

exclusion principle also governs the filling of bands, as each energy level can only 

contain two electrons and these must have opposing spin quantum numbers. Hence a 

band may contain 2N electrons where N is the number of energy levels in a band.
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For example a metal such as lithium contains only one 2s electron. So the 2s 

band in lithium metal will contain only N electrons (one for every 2s level). Figure 1.2 

shows the band picture for a metal where one energy level contains N electrons and is 

therefore half full. Other metals such as magnesium or calcium have filled s levels so 

we might expect them to be insulators as their electrons are immobile. However, the 

next energy level up, the p band, overlaps with the s band giving the effect of a partially 

filled band.

Energy

Figure 1.2. Density of states representation of a half filled band.

The highest filled energy level at absolute zero is known as the Fermi level; the 

energy of this level is called the Fermi energy and is denoted Ef. The definition of a 

metallic conductor is when Ef falls where N(e> (the density of states) is greater than zero. 

Superconductors are identical to metallic conductors with the exception that for a 

superconductor the resistance of the material is zero. Superconductivity is only 

observed at low temperatures (-10 -  80 K) and at temperatures above a critical 

temperature (Tc) this effect disappears and the material behaves like a metallic 

conductor. This happens because of lattice vibrations caused by elevated temperature. 

These lattice vibrations hinder the motion of electrons. This effect is observed in all

19



superconductors and the increase of resistivity with temperature is seen with all metallic 

conductors.

The same effect is not observed in semimetals, semiconductors or insulators 

(Figure 1.3) because Ef lies where N(e> is equal to zero. The effect of heating these 

systems is to reduce resistivity.

uT
z“
cnu
255
o
£

Figure 1.3. Density of states diagrams illustrating the differences between a semimetal, semiconductor 

and insulator.

The reason for this reduction is that thermal energy may allow the redistribution 

of electrons about the bands according to the Boltzman distribution law (Equation 1.1).

Nj = Ne'^/Se*^

Equation 1.1. The Boltzman distribution formula where N = number of states, P = 1/kT (k = Boltzman 

constant, T = thermodynamic temperature) and ei = the energy of state i.

So that the highest filled energy bands may be higher than Ef and some electronic 

conductivity will be allowed.

IQ
Energy
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1.2.2 Charge Carriers in Semiconductors

In insulators and semiconductors at absolute zero the valence band is completely 

filled and the conduction band is completely empty. Neither full nor empty bands are 

able to carry any current so a semiconductor behaves like an insulator at absolute zero. 

In order for electron conduction to be possible, electrons have to be excited into the 

conduction band. This could be achieved by thermal excitation or doping the 

semiconductor material. Doping is achieved by replacing one of the atoms of the 

semiconductor with another atom, which has one or more electrons than the constituent 

atoms. This leads either to an excess of electrons or an absence of electrons in the 

valence band. An absence of an electron in the valence band is called a “hole”. At 

absolute zero no hole states are observed since the valence band is fully occupied. 

Holes have corresponding properties to electrons. The effective mass of a hole is equal 

to the negative effective mass of an electron. The charge of a hole is the equal opposite 

of an electron; i.e. +e. The velocity of the hole is considered equal to the velocity of a 

mobile electron. In addition to this the energy of a hole is equal but opposite to that of 

an electron.

1.2.3 Semiconductors

If an electron is promoted from the valence band to the conduction band by 

light, thermal energy or similar, then it leaves a vacancy or hole behind. This hole has 

the appearance of behaving like a positron. Some interesting properties result from 

this, for example this hole may recombine with an electron re-entering the valence band 

leading to an emission of electromagnetic radiation or a phonon. The energy of this 

emission corresponds to the energy gap between the valence and conduction band. A
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phonon is a mechanical vibration of energy hv, and related to sound waves in the same 

way that photons relate to electromagnetic radiation. The hole may also migrate 

through the semiconductor material. This may occur because the hole has properties 

like a positron but is in fact the absence of an electron. Electrons in the valence band 

will want to move towards this positive charge as an electron does so it creates a hole 

from where it came whilst filling where the hole was before. In this way holes migrate. 

Intrinsic conduction is when the number of holes is equal to the number of promoted 

electrons. In this case the Fermi level lies in the middle of the band gap. Pure silicon 

and germanium are such semiconductor materials.

Extra atoms such as impurities or atoms deliberately doped into the material can 

lead to an excess of electrons or holes. Semiconductors of this type are called extrinsic 

semiconductors. For example if silicon is doped with phosphorus, then there will be an 

excess of electrons as phosphorus has five valence shell electrons compared to silicon’s 

four. This spare electron has to go into the conduction band. This type of 

semiconductor is denoted n-type because the majority charge carrier is negatively 

charged. The opposite is true if silicon is doped with an element such as gallium, which 

has only three valence shell electrons. In this case there will be a deficit of electrons 

and so there will be hole in the valence band. Holes are considered to be positive 

charge carriers hence this type of semiconductor is denoted p-type.

The addition of dopants also leads to donor or acceptor levels being introduced 

into the band picture of the material (Figure 1.4). This occurs because dopants have 

different molecular orbitals to that of the host material.
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Figure 1.4. The difference between intrinsic and extrinsic semiconductors.

It is possible for a semiconductor to contain both p-type and n-type dopants. 

Semiconductors of this type are called compensated semiconductors.

1.2.4 Compound Semiconductors

A large number of compounds exhibit semiconductor behaviour. Binary 

compounds of groups 13 and 15 (III-V), groups 2 and 16 (II-VI) and groups 1 and 17 (I- 

VII) are expected to be semiconductors. However, only the III-V and II-VI materials 

are semiconductors, whereas I-VII compounds are insulators. This is because the bonds 

in this type of material are very ionic in character. II-VI materials are more ionic in 

character than III-V materials and II-VI materials have a larger band gap as a result. 

These materials may be expected to show intrinsic behaviour but do not, because crystal 

defects behave in the same way as dopant atoms. Cation deficiencies lead to n-type 

behaviour and anion deficiencies lead to p-type behaviour. Ternary and quaternary 

compounds can also be made. The choice and relative proportions of the elements used
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in these compounds to some degree allows us to tune the properties of the 

semiconductor.

1.2.5 Direct and Indirect Semiconductors

Intrinsic and extrinsic descriptions of semiconductors only describe allowed and 

disallowed states. They do not describe the associated transitions.

Direct transitions occur when no perturbation of the wave vector of the system is 

necessary. The wave vector of the system is a measure of the momentum of the system. 

These transitions typically occur when the band gap is small where the lowest energy 

point of the conduction band is directly above the highest energy point of the 

conduction band on a wave vector versus energy plot (Figure 1.5).

Conduction
Band

Photon<5
W

Valence
Band

Conduction
Band

Photon

Valence
Band

Wavevector Wavevector

Figure 1.5. The difference between direct (left) and indirect (right) transitions in semiconductor 

materials.
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Indirect transitions occur when perturbation of the wave vector is necessary 

because the momentum of an electron being promoted is altered. This perturbation 

occurs in the wave vector through phonons.

1.3 Film Deposition

There are many different methods to deposit films and there are a variety of 

ways in which the deposited film may interact with the target substrate. Films may be 

epitaxial, polycrystalline or amorphous. The type of film obtained depends on the 

conditions used for the production and the nature of the substrate. Film deposition often 

requires additional energy, for example from a heated substrate or by activation of the 

precursor species.

1.3.1 Physical Vapour Deposition

1.3.1.1 Evaporation and Sublimation

The easiest way to grow a film is by vaporising a pure material and allowing the 

vapour phase molecules to deposit on a cooler surface. Different ways of evaporating a 

material lead to alternative methods that all work on the same principle. Examples 

include vacuum deposition, flash evaporation and electron bombardment. 3

1.3.1.2 Molecular Beam Epitaxy

This technique involves the production of an epitaxial film, which is to say a 

film that is crystalline and ordered in a coherent way that matches the substrate surface.
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To enable this happen the process is done under ultrahigh vacuum and growth rates are 

slow (~1 pm/hour) . 4 The precursor is transported to the substrate as a molecular beam. 

This is achieved by heating the precursor in a pyrolytic boron nitride crucible. As the 

precursor is evaporated a small aperture controls the outlet of gaseous precursor 

molecules. This has the effect of creating a beam of molecules. The cell in which this 

happens is called a Knudsen cell. Multiple Knudsen cells can be used to create multi- 

component films or a single component but more uniform film.

1.3.1.3 Sputtering

This method employs high-energy ions to bombard the surface of the precursor 

material. This causes atoms from the surface to be ejected in an ionised form. These 

ionised atoms are accelerated towards the substrate surface by an applied electric field, 

where the substrate forms part of one of the electrodes. 3,4

1.3.2 Chemical Vapour Deposition

Chemical vapour deposition (CVD) is a process whereby thin solid film is 

synthesized from a gaseous phase by a chemical reaction. It is this reactive process that 

distinguishes CVD from a physical vapour deposition process such as those mentioned 

above. The main purpose of any CVD reaction is to produce a functionalised surface on 

a bulk material.

This may be a mechanical, magnetic, optical, electrical or chemical property, or 

even a combination of these, and a wide variety of films can be created from CVD 

reactions. There are important properties and characteristics that CVD reactions bring
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to thin films that PVD methods cannot. Film thickness of CVD prepared films can vary 

within wide limits from single atomic layers to 1 0 0 ’s of microns depending on the exact 

technique employed. Film adhesion is also important, and any useful film deposited 

will have to adhere to the substrate. The factors that determine film adhesion are not 

well-understood and not all CVD reactions produce adherent films. The use of 

interfacial barrier layers (deposited via CVD) can often overcome problems of substrate 

adhesion. Composition and purity can be controlled in CVD reactions, as can dopant 

levels. One of the most important things that can occur in CVD reactions is the 

production of conformal films (Figure 1.6). Unlike PVD methods, which are line of 

site, CVD features mobile, activated surface species.

1.3.3 The CVD Process

There are certain features which are always present in a CVD system: a source 

of gases or vapours, a reaction chamber and an exit for the exhaust gasses. Certain 

CVD systems require additional items such as a pump for low-pressure systems, lasers 

or plasma generators. Finally there must be a place for a target substrate for deposition 

to occur upon. There are a wide variety of processes which may take place in a CVD 

system. These are common to all CVD systems and are illustrated in Figure 1.7.
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Figure 1.6. The top illustration indicates conformal film growth, the bottom non-conformal or “line of 

sight” film growth. The blue and red dots represent film precursor and the arrows indicate the direction 

of precursor flow.
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Surface Reactions
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Figure 1.7. The processes in CVD

The gas phase reactants must decompose on the substrate (or in the gas phase) to 

form small molecules that will eventually be part of the growing film. The molecules at 

this stage are physisorbed onto the surface and are able to move around. The molecule 

may be desorbed or move to a low energy site and may bond to the surface or a cluster 

of other molecules. For a film to grow successfully the rate of nucleation must be 

greater than the rate of desorption. There are several ways in which films can grow 

(Figure 1.8).

V olm er-W eber Frank - Van Der Merwe Stanski - Kastanov
Island Growth Layer Growth Mixed Layered and

Island Growth

Figure 1.8. The three main types of film growth.
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1.3.3.1 Kinetics -  Mass Transport

The motion of precursors is measured most simply by the flux (Equation 1.2) of 

the precursor, defined simply as the motion of a volume (V) across an area (A) in a time 

(t). This can be simplified further to:

Flux = Density x Velocity 

Equation 1.2. Flux.

The velocity is often just the overall velocity of a moving gas flow. Flux due to 

this overall motion of fluid is convection.

Diffusion is a more subtle mechanism but is just as important as convection. 

Diffusion results from the thermal motion of molecules. When molecules are evenly 

distributed diffusion tends to have no importance. However, where there is a 

concentration gradient the diffusive motion of molecules produces a net flux that 

reduces the gradient in concentration. Diffusion can also result from gradients in 

temperature (thermodiffusion) but this is usually unimportant in CVD except where 

there is a large difference in the molecular weights of precursors; e.g. tungsten 

deposition from tungstenhexafluoride and hydrogen. It is important to note that 

diffusion is always the dominant transport mechanism near the substrate surface 

because it is not possible for a convective flux to be set up through a solid object. The 

flux due to diffusion is proportional to the gradient in concentration.

Mass transport can occur due to the motion of a fluid or gas regardless of the 

existence of a concentration gradient. Working out flow type can be difficult, but may
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be characterised with various measurements such as the Reynolds number (Equation 

1.3).

Re = UL/v

Equation 1.3. The Reynolds number

where Re is the Reynolds number, U is the overall velocity of the flow through the 

reactor, L is the characteristic length of the reaction chamber and v is the kinematic 

viscosity defined as the viscosity of the system divided by the mass density of the 

system.

Where Re is large (Re>1000), momentum diffuses ineffectively and velocities 

vary greatly in the system; this would generally be described as turbulent flow. When 

Re is small (Re < 2), then momentum diffuses rapidly across the chamber and velocity 

varies in a simple manner; this would be describing laminar or creeping flow 

conditions. Most CVD reactors operate in the laminar flow region because turbulent 

flow conditions are not conducive to reproducibility.

The Reynolds number is unaffected by changes in pressure where there is 

constant molar flow. This is in fessence because the viscosity is independent of 

pressure; it is determined by the product of the density and the mean free path; one 

being proportional to the pressure and the other inversely proportional. However, at 

low pressure where the mean free length is similar to the reactor dimensions molecules 

are just as likely to hit the walls of the reactor as they are each other. At this point the 

description of fluid flow becomes invalid. The validity of the fluid flow description 

may be calculated from the Knudsen number (Kn). This is the ratio of the system size 

to the mean free path of the gas molecules. If Kn »  1 then our description of flow
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conditions is still valid. If Kn «  1 then we must turn to computational methods to 

glean an insight to what’s happening in the reactor. In reality however, things are much 

more complicated.

1.3.3.2 Thermodynamics -  Heat Transport

Most CVD processes operate at some temperature other than room temperature. 

The vast majority of processes operate at elevated temperature. Heat transfer has three 

main facets. Conduction is the motion of heat through a stationary solid, liquid or gas. 

Conduction in a gas takes place by the same mechanisms as with mass transport. The 

main difference is that heat fluxes do not necessarily reduce to zero at a surface. 

Convection is the physical transfer of gasses or liquids containing energy. Radiative 

heat transfer dominates in a vacuum through the transfer of photons. The thermal 

conductivity varies a great deal between different materials, much more so than 

diffusion constants for common gasses. As such large temperature gradients may be set 

up near the substrate surface (and in hot walled reactors the walls), this will aid 

thermodiffusion.

When heat is added to a gas it expands and there is a change in density. This 

change in density creates a change in the body forces, which can lead to flow without 

any external force being applied. This natural convection is highly undesirable in CVD 

systems as it represents an uncontrolled gas flow. In most CVD systems it is 

insignificant as the applied flow velocity (forced convection) is usually much larger.
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1.3.3.3 Film Growth

The growth of a thin film in CVD is achieved by exposing a suitably prepared 

substrate to the precursors in the reaction chamber. The resulting growth and 

microstructure of the film is determined by the surface diffusion and nucleation that 

take place at the growth interface. These are influenced by substrate temperature, 

reactor pressure, and gas phase composition.

Amorphous films tend to be created at lower temperatures and high growth rates 

where the surface diffusion is slow relative to the arrival rate of film precursors. At 

high temperatures and low growth rates where surface diffusion is fast relative to the 

incoming flux the adsorbed species are able to diffuse to step growth sites and produce a 

film replicating the substrate surface; this is known as an epitaxial layer. The 

intermediate case sees nucleation at many points on the surface and also surface 

diffusion to form “islands” of growth.

Growth rates depend on a number of factors such as substrate temperatures, 

reactor pressure and gas-phase composition. There are three main regimes to consider. 

At low temperatures, the growth rate is limited by chemical kinetics and increases 

exponentially with temperature according to the Arrhenius expression shown in 

Equation 1.4.

Rate = A exp (Ea / RT)

Equation 1.4. Rate of film growth.

where Ea is the apparent activation energy, R is the gas constant, and T is the 

temperature.
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The rate is limited by chemical kinetics; uniform film thickness can be achieved 

by minimising temperature variations. In the intermediate temperature regime growth 

rate is almost independent of temperature as mass transport to the surface controls the 

rate. This temperature independence is quite desirable in cold walled systems where it 

is difficult to obtain completely uniform substrate heating. At high temperatures growth 

rates may decrease due to an increase in the rate of reactant desorption. Alternative 

reaction pathways may also become available. Gas phase reactions become 

increasingly important with increasing temperature and partial pressure of reactants. 

High reactant concentrations may lead to gas phase nucleation. This leads to a decline 

in film quality and yield.

1.3.3.4 Precursors

A wide variety of precursors may be used in CVD and ideally they must be 

volatile, decompose cleanly and be inexpensive. Precursor delivery occurs either from a 

single source or multiple sources. Single-source precursors are compounds where 

bonds between the elements of the target compound are already present within the 

precursor. For example, for the formation of a film of TiC>2 then the single-source 

precursor must contain Ti-O bonds as illustrated in Figure 1.9.
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iPrO O'Pr
Figure 1.9. Structure of titanium iso-propoxide

Single source precursors are useful in that their decomposition and reaction 

properties can be tuned by changing the ligands. These precursors may suffer from 

contamination as they have bonds to species that are undesirable in the resultant film, 

for example carbon. Also they may be used in lower temperature depositions. Often 

the limiting step in such cases is the temperature at which the compound decomposes. 

Single-source precursors tend to be less toxic, but are generally not commercially 

available and expensive. Multisource precursors are when two or more different 

compounds are reacted together in the reaction chamber, e.g. Equation 1.5.

Equation 1.5. An example of a dual source CVD reaction.

The advantages of this methodology are that these compounds tend to be cheap, 

thermally stable in transport and volatile. Disadvantages are that film contamination

WF6 (g> + 3/2 O2 (g> —> WO3 (S) + 3F2 (g>
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can be an issue, higher substrate temperatures are often required and many of the 

compounds used are either toxic or have toxic by products.4

1.3.4 Types of CVD

Sometimes traditional heating of the substrate is undesirable (if for example the 

substrate has a low melting point or the film you are trying to make may decompose). 

In these cases other methods of getting the additional energy into the system for 

reaction to occur must be sought.

1.3.4.1 Photo Assisted CVD

Photo assisted CVD (PACVD) may help grow a film in two ways.4  Firstly in a 

photolytic manner, when a laser beam is shone across or just above the surface, the laser 

light excites the gaseous precursor species meaning less heating of the substrate is 

needed to initiate reaction.

The second way lasers can be used is in a pyrolytic sense. A laser is focused on 

one spot on the surface of a substrate and this point heats up and a film can be 

selectively deposited. By using optical technology intricate and precise patterns on the 

substrate can be produced. By varying the power of the laser the surface may also be 

selectively etched. This technology has applications in the microelectronics industry.

1.3.4.2 Plasma Enhanced CVD

Plasma Enhanced CVD (PECVD) 4 works in a similar way to photolytic 

PACVD in that precursor species are activated before they reach the surface of the 

substrate. Species are activated by travelling through a plasma, created using a radio
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frequency electric field. This field interacts with gaseous electrons and accelerates 

them; this causes the electrons to collide with precursor species and potentially ionise 

them. The field also interacts with ions but because of the larger mass of these has 

negligible effect.

1.3.4.3 Aerosol Assisted CVD

AACVD uses an aerosol vaporisation technique. 5 The precursor is dissolved into 

a solvent and an aerosol mist is generated using a piezo-electric device. These 

ultrasonic waves pass through the precursor solution generating a wave pattern on the 

surface of the liquid. When the height of the wave is sufficient; the wave crests become 

unstable and form droplets that are ejected from the surface, thus generating an aerosol 

mist. The mist is transported to the reaction chamber using a positive nitrogen pressure. 

In the reaction chamber, which is usually heated in excess of 200 °C, the solvent 

evaporates to leave the precursor as a vapour from whence a CVD reaction occurs.

1.3.5 Applications of CVD

CVD has applications in five main areas:

1 ) microelectronics

2 ) optoelectronics

3) protective and decorative coatings

4) optical coatings

5) Glazing

CVD is used extensively in the microelectronics industry to deposit 

semiconductors, metals and insulators. The optoelectronic materials market is an area
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of growth and increasing importance. Materials such as cubic boron nitride are 

deposited via CVD onto tools to increase their working lifetimes; there is also 

considerable interest in fibre reinforced composites and coatings for the aerospace 

industry. Optical coatings is probably a smaller area but nevertheless an area of 

important technological developments. CVD in the glazing industry has been used to 

produce films of titanium dioxide for self-cleaning uses or other materials such as tin 

dioxide for solar control applications.

1.4 Gas Sensing

Gas sensors are a type of chemical sensor, which may be defined as a simple to 

use, robust device that is capable of reliable quantitative or qualitative recognition of 

atomic, molecular or ionic species. Gas sensing can be achieved in a variety of 

manners, for example electrochemical devices, solid state semi-conducting metal oxide 

devices, metal phthalocyanine devices, electrolytic fuel cells and infrared spectroscopy. 6

1.4.1 Metal Oxide Semiconductor Gas Sensors

The current widely held view of gas sensors 7 states that the conductivity of 

semi-conducting oxides in air is determined by the trapping of electrons in surface states 

associated with surface absorbed oxygen. If interstitials or oxygen vacancies are 

immobile in the lattice, then the behaviour is described in terms of electron distribution 

between bulk and surface states. The surface conductivity is sensitive to small amounts 

of reactive gas as catalytic surface processes result in a change in the surface coverage 

of the oxygen surface trap states. If oxygen defects are mobile within the lattice then 

the conductivity is determined by the equilibrium between bulk lattice defects and
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oxygen in the gas phase, and sensitivity to trace reactive gases is lost. A further case for 

gas sensing can arise where there is a time dependence on the equilibration of lattice 

and surface states. Conductivity time dependence can also be observed as a result of 

lattice defect migration, which alters the potential and thus the charge carrier 

distribution near the surface. Due to a microstructural effect, part of the conductivity is 

gas sensitive due to modification in surface reactions whilst the conductivity contributed 

by the bulk far enough away from the surface is not gas sensitive. 8 If the films are 

especially thin (100’s of nm) then dense films such as those produced by CVD 

methodology may produce high quality gas sensors. Typically solid-state gas sensors 

are made of semiconductor materials. The band structure of these materials creates 

electronic lattice defects; these defects may be mobile and migrate to the surface of the 

material creating and increased number of trap states and thus catalytic sites. Reactions 

at these sites result in a change of the fractional surface coverage of this acceptor state 

and thus a change a change in conductivity. For example, in a p-type semiconductor 

where holes are majority charge carriers and electrons the minority the resistance will 

increase in the presence of a reducing gas (CO, alcohols, alkanes, etc.). The 

classification n and p is used to describe gas sensitive semiconductor materials because 

it is believed that this reflects the charge type of the majority carrier in the two cases. 

The most widely used semiconductor in solid-state gas sensors is tin oxide, which gives 

a large response to a number of reducing gasses. 6 Materials are often doped into the tin 

oxide, or a thin layer applied to the surface in order to improve selectivity and 

response. 6

In this chapter the fundamentals of band theory, semiconductor behaviour, 

chemical vapour deposition and metal oxide semiconductor gas sensing have been 

discussed. In the next chapter the experimental and analytical methodology is outlined.
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Chapter 2 - Experimental

2.1 Atmospheric Pressure Chemical Vapour Deposition

The apparatus and procedure described here was used for the production of all 

films described in chapters three and four. Nitrogen (99.99%) was obtained by BOC 

and used as supplied. Coatings were obtained on SiC>2 coated float glass. Atmospheric 

pressure chemical vapour deposition (APCVD) experiments were conducted on 150 

mm x 45 mm x 3 mm pieces of glass using a flat bed cold walled APCVD reactor 

(Figures 2.1 and 2.3). A graphite block containing a Whatman cartridge heater was 

used to heat the glass substrate. The temperature of the substrate was monitored by a 

Pt-Rh thermocouple. Independent thermocouple measurements indicated that 

temperature gradients of up to 50 °C were observable at 600 °C across the surface of the 

glass. The rig was designed so that three independent gas lines could be used.

Plain Line Line One Exhn* Line Two Exhant

m m

Figure 2.1. Schematic diagram of an APCVD rig.
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All gas handling lines, regulators and flow valves were made of stainless steel 

and were lA” internal diameter except for the inlet to the mixing chamber and the 

exhaust line from the apparatus that were Vi” in diameter. In these experiments three 

gas lines were used. Gases came directly from a cylinder and were preheated by 

passing along 2  m lengths of stainless steel tubing, which was curled and inserted inside 

a tube furnace. The temperatures of all the gas inlet lines were monitored by Pt-Rh 

thermocouples and Eurotherm heat controllers. Precursors were placed into separate 

stainless steel bubblers. The bubblers were heated to appropriate temperatures by a 

heating jacket and introduced into the gas streams by passing hot nitrogen gas through 

the liquids. The two components of the system were mixed by the use of two concentric 

pipes of lA” and Vi” diameter respectively, the inner pipe being 3 cm shorter than the 

outer pipe. The concentric pipes were attached directly to the reaction chamber of the 

coater. The reaction chamber (Figure 2.2) was designed to ensure an even, reactor wide 

laminar flow.

Support

Top Plate Support

Brass Baffle BlockQuartz TubeGas Outlet

Gas Inlet Port

Graphite Heater Block
Glass End Plate

Glass Substrate

Figure 2.2. Schematic diagram of an APCVD reaction chamber.
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Gas flows were adjusted using suitable regulators and flow controllers. The 

exhaust from the reactor was vented directly into the extraction system of a fume 

cupboard.

Figure 2.3. Photo of an APCVD rig.

Precursors were loaded into the bubblers in a Safron Scientific Equipment Ltd 

glove box type 2p.

Gas Flow In

Valve

Precursor

Figure 2.4. Schematic diagram of a bubbler.
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When nitrogen gas is passed through the bubbler the chemicals are entrained in 

the gas flow and transported to the reaction chamber and substrate (Figure 2.4). 

Bubblers may be heated to melt precursors that are solid at room temperature. Gases 

may be added by mixing with the plain flow line or by the addition of another gas line 

to the reactor. Liquid precursors may also be injected directly into the gas flow using a 

syringe driver.

Prior to use the glass substrates were cleaned by washing with petroleum ether 

(60-80 °C) and isopropanol and then dried in air. Once placed into the reactor all of the 

equipment was baked out with nitrogen at 150 °C. The graphite-heating block was 

turned on and allowed to heat to its set temperature at a rate of 10 °C min'1. Faster 

heating could lead to the glass substrate cracking. The bubbler heating collars were also 

turned on and allowed to heat up to the desired temperature. This temperature was 

estimated based on data given in the handbook of Chemistry and Physics; 9 where such 

data was unavailable it was based on the boiling point of the precursor less 20-30 °C 

and improved during the course of the experiments. When the lines, bubblers and 

reactor had reached the desired temperatures the system was left for a further ten 

minutes in order to reach thermal equilibrium. Admitting hot nitrogen gas into the 

bubblers started the run. The vaporised precursors were then allowed to flow into the 

mixing chamber and then over the heated glass substrate in the reactor. Deposition 

experiments were timed by use of a stopwatch and were conducted typically for 1 

minute. At the end of the deposition only nitrogen was allowed to flow over the glass 

substrate until the substrate was sufficiently cool to handle (~60 °C).
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2.2 Aerosol Assisted Chemical Vapour Deposition

Aerosol assisted chemical vapour deposition (AACVD) was used in the 

experiments described in chapter six. The precursor was dissolved in solvent and an 

aerosol was generated at room temperature by use of a PIFCO air humidifier. Nitrogen 

was passed through the aerosol mist, thus forcing the aerosol particles encapsulated with 

precursor into the heated reaction chamber. The exhaust from the reaction chamber was 

vented directly into a fume cupboard. Deposition experiments were carried out by 

heating the flatbed cold-wall reactor to the desired temperature before diverting the 

nitrogen flow through the generated aerosol mist and into the reactor. Deposition 

experiments were timed by stopwatch for one hour. At the end of the deposition the 

nitrogen flow through the aerosol was diverted and only nitrogen passed over the 

substrate. A schematic diagram of the deposition set up is shown in Figure 2.5 and a 

photograph in Figure 2.6.
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To Exhaust Nitrogen Gas In

Flask Inlet ValveFlask Outlet Valve

Heated Graphite Block

Flask Containing 
Precursor Solution

Ultrasonic Humidifier

Figure 2.5. Schematic diagram of the AACVD setup.

(1) Nitrogen line

(2) Flask containing precursor

(3) Ultrasonic humidifier

(4) Heat controller

(5) Cold wall, flat bed reactor

Figure 2.6. Photograph of the AACVD set up.
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2.3 Analysis

Cool, coated samples were handled and stored in air. The large coated glass 

sample was cut into smaller samples (1 cm x 1 cm squares) for analysis by XPS, 

EDXA, SEM, electron probe, transmission/reflectance and UV absorption studies. 

Larger pieces of glass (4 cm x 4 cm) were used for sheet resistance, X-ray powder 

diffraction, contact angle and Scotch tape tests.

2.3.1 X-Ray Diffraction

Glancing angle X-ray diffraction (XRD) was carried out on a Siemens D5000 

diffractometer using filtered (CuK«i A, = 1.5406 A) radiation. The angle of incidence in 

the diffractometer was 1.5 °. All spectra were recorded using between 20 and 70 °, as 

this covered all of the major peaks for the known phases of the compounds under 

investigation.

2.3.2 Raman Spectroscopy

Raman spectra were obtained using a Renishaw Raman system 1000 using a 

helium neon laser of wavelength 632.8 nm. The Raman system was calibrated against 

the emission spectrum of neon.

2.3.3 Energy Dispersive X-ray Analysis

EDXA was used to obtain atomic ratios on a JEOL 35-CF instrument typically 

using an accelerating voltage of 20 KV and a working distance of 39 mm. All elements 

were standardised relative to cobalt. All data was quantified using Oxford Link ISIS
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software. As the films made were very thin, breakthrough to the underlying glass was 

observed. This posed several problems as some of the constituents of the glass had 

lines in the EDXA spectrum that overlapped with those of the target film. An additional 

problem in the analysis of the silicon containing films is that compared to the film, glass 

contains an enormous amount of silicon. This meant that EDXA could not be used to 

analyse atomic ratios of these films with any accuracy.

2.3.4 Scanning Electron Microscopy

SEM was carried out on a Hitachi S570 filament scanning electron microscope. 

Working distances between 10 and 39 mm were used. Accelerating voltages were 

between 10 KV and 30 KV depending on the sample. Magnification ranged from x 

1000 to x 40,000.

2.3.5 X-ray Photoelectron Spectroscopy

XPS has two analytical purposes. It can be used to calculate the elemental 

composition of a sample. This technique can also be used to gain information on the 

oxidation states and local environment of atoms. However, determining elemental 

ratios using this method can be difficult as lighter atoms are more easily sputtered than 

heavier atoms. This can potentially lead to misrepresentative results.

XPS spectra were recorded using a VG ESCALAB 2201 XL instrument using a 

focused (300 pm spot) monochromatic Al-K« 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 an adventitious C Is peak at 284.6 eV. 

Depth profiling measurements were obtained by using argon beam sputtering.
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2.3.6 Transmittance / Reflectance Spectroscopy

This was carried out to determine the optical properties of the films, such as heat 

mirror capabilities. Spectra were recorded between 300 and 1150 nm by a Zeiss 

miniature spectrometer. Measurements were standardised relative to a rhodium mirror 

(reflectance) and air (transmission).

2.3.7 Adhesion Tests

The standard Scotch tape test was carried out. Samples also underwent scratch 

tests with tissue paper, a brass and steel scalpel.

2.3.8 Ultra Violet / Visible Spectroscopy

UV/Vis spectra were obtained using a Helios double beam instrument between 

200 - 1100 nm. The results from these were used to calculate band gaps using the direct 

and indirect methods. 10

2.4 Gas Sensing

For gas response, metal oxide films were deposited by APCVD onto 

commercially produced sensor substrates. For comparison sensors were also prepared 

by screen-printing. The raw metal oxide materials were obtained as powders from 

Aldrich. These powders were then mixed with a commercial organic vehicle (ESL400) 

in a weight : weight ratio of 1 :1  then triple roll milled to ensure a homogenous
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dispersion of the powder in the vehicle. The ink was screen-printed using a DEK 1202 

onto a 3 x 3 mm sensor chip. The printed sensor chips were subsequently fired for 30 

minutes in air at 600 °C. Typically, screen-printing produced a film with a thickness of 

10 pm ±2 pm. The sensor chips consist of a gold track printed on the top of an alumina 

tile and a platinum heater track printed on the reverse side of the tile. Gold electrodes 

were formed using laser trimming. This produced an interdigitized section with gap and 

finger widths of 50 pm (Figure 2.7.).

ssrspi

Figure 2.7. An SEM micrograph of a blank gas sensor substrate.

Contacts to the devices were formed by spot welding 50 pm diameter platinum 

wire to pads of the track material in the comer of the sensor chip. The sensor heater 

was kept at constant resistance and hence constant temperature by incorporating it into a 

Wheatstone bridge. Electrical experiments were formed on a locally constructed test 

rig . 11 Test gasses were diluted from cylinders of synthetic air (79% nitrogen, 21% 

oxygen) containing ethanol (100 ppm). The devices were investigated over a variety of 

operating temperatures between 400 and 600 °C.
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Chapter 3 - Main Group Metal Phosphides

Metal phosphides are postulated to have interesting optical properties and also

19find use in the microelectronics industry. No in depth investigation has been 

undertaken to examine these materials as thin films, other than gallium and indium 

phosphides, which are not investigated for this reason. In this chapter the production of 

some main group metal phosphides using atmospheric pressure chemical vapour 

deposition is examined.

3.1 Introduction

Preparation of bulk phosphides can be completed in many ways: heating a metal 

with phosphorus, 12' 14 the reaction of metal oxides in the presence of phosphorus and

19iodine and heating a metal in a stream of phosphine are the older better-known routes. 

The reaction of a metal with Ca3P2 16,17 or electrolysis 12 is more difficult to do in terms 

of cost and time. The reduction of a phosphate with carbon and the reaction of metal 

with a phosphide to alter the stiochiometry 12 are ways of producing new phosphides. 

The use of solid-state metathesis reactions is a relatively recent development18-23 as is 

the use of sonochemical reactions.24

19Phosphides can be classified into four main groups. Metal rich phosphides (where M/P 

> 1 ) these tend to be hard, brittle and refractory materials, usually with a metallic lustre. 

They display high thermal and electronic conductivity, good thermal stability and 

general chemical inertness.
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Monophosphides (M/P = 1 )  have a variety of structures and properties, which 

are influenced by both the metal atom size and other electronic effects. They may be 

insulators, semiconductors or metallic conductors.

Phosphorus rich phosphides (M/P < 1) tend to have much lower melting points 

and thermal stabilities compared with other phosphide types. Often they are 

semiconductors rather than metallic conductors and may feature catenation of 

phosphorus atoms, which can extend in a 3d network through out the material.

The last group is called pseudophosphides and includes non-metal phosphides 

such as boron phosphide. Again there are a variety of structures and properties that are 

known for these materials.

The study of phosphides began in the late 1700's 13 and a wealth of work has 

been done since this time. Phosphides of almost all elements are known. Often 

elements have more than one known stiochiometry of phosphide and the properties of 

these differ accordingly. Only antimony, bismuth, lead and mercury are considered not 

to form phosphides because these compounds are considered thermodynamically 

unstable, 12 although several papers have been published claiming that these compounds 

have been made. 77 ’78

Phosphides appear in a large and diverse number of structures; to name but a 

few, pyrites such as PtP2 , skullerites (NiP3, C0 P3) and zinc blendes (GaP, InP) are all 

known. 13’14’25' 29

Formation of metal phosphide films has received little attention, especially by 

the use of Chemical Vapour Deposition (CVD). Transition metal phosphides have a 

variety of properties that could potentially find commercial applications. They are 

metallic conductors, hard, refractory materials and in some cases resistant to
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oxidation. 30,31 Despite this they have found only limited use as catalysts32 and as 

diffusion barrier layers in semiconductor devices, 33 where as the corresponding metal 

nitrides have many technological applications. 34,35 Of the main group phosphides 

indium phosphide and gallium phosphide are the best known. 12 Both are III-V type 

semiconductors and are of great importance in the microelectronics industry, being used 

in the production of microchips, diode lasers and the like. A variety of synthetic 

techniques have been developed to produce these materials. 36

Considerable work has also been done on boron phosphide, which is used as a 

hard, scratch resistant coating, 37-42 and along with many other phosphides a spectral 

modifier 43 Aluminium phosphide is known as a rat poison and fumigant. 44^ 6

3.1.1 Tin Phosphides

These phosphides, as bulk materials, have been known for some time.47 An 

investigation into the thermodynamic properties of the tin phosphide system was 

published in 1974.48,49 Crystal structures of bulk materials were published between 1957 

and 1972 50-54 and later refined. 55-56 Recently tin phosphides have received attention as 

potentially interesting nanomaterials. 57 It is anticipated that such nanomaterials may 

have interesting mechanical, optical and electrical properties due to quantum 

confinement effects. 58 They are also known to be catalysts of alkylation reactions. 59

3.1.2 Germanium Phosphide

To our knowledge no work has been published on the formation of thin films of 

germanium phosphides by any technique. Bulk germanium phosphide (GeP) has been 

prepared and known for some time. 60 The thermodynamic properties of the germanium
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phosphide system have also been investigated. 61 Crystal structures of the only known 

stoichiometric bulk materials GeP and GeP3 have also been published. 62 '66  Germanium

fflphosphide (GeP) is a semiconductor with a band gap of 0.95 eV. Quantum dots of this 

material may have been prepared. 68

3.1.3 Copper Phosphide

The formation of copper phosphide films has received scant attention. Crystal 

structures of the various copper phosphides (CU3P, CU2P7 and CUP2) have been 

elucidated and refined.69 ' 71 It has been suggested that Q 1P2 has semi conducting 

properties, 72 whilst CU3P has been formed previously, by accident, under CVD 

conditions 73 and has been used as an additive to improve the wear properties of some 

high-speed steels.74

3.1.4 Silicon Phosphide

Silicon based alloys have been widely studied and used in microelectronic 

optical devices. 75 Silicon phosphide is not well known 13,14 although several theoretical 

studies have been carried out concerning this material.

3.1.5 Antimony Phosphide

There have only been a small number of papers regarding the production of 

antimony phosphide, 77,78 indeed, along with bismuth and lead phosphides it is 

considered to be unknown. 12' 14
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3.1.6 Boron Phosphide

Boron phosphide has been studied since the late 1800’s.79,80 Investigation has 

taken place into the production of thin films at elevated temperature (>1000°C) 8 ,-8 4  and
Of

also using molecular beam methods. Boron phosphide has similar properties to boron
O f

nitride, which is an extremely hard, refractory material used as coatings for cutting 

tools 87 and wear resistant coatings 88 in other areas such as aerospace technology. 

Boron phosphide may have an advantage over hexagonal boron nitride in that unlike 

hexagonal boron nitride it does not delaminate easily. However, cubic boron nitride 

does not suffer from this problem and so production routes to boron phosphide would 

have to be more efficient in order to surpass cubic boron nitride use.

3.2 Experimental Details

Metal halides are often used as CVD precursors because they are generally very 

volatile and highly reactive.89 This is certainly true of tin, germanium and silicon 

tetrachloride, antimony pentachloride and boron tribromide and to a lesser extent tin 

tetrabromide. Indeed tin tetrachloride is used in the commercial coating of glass. 90 

Phosphine gas has been widely used in the production of gallium, indium and boron 

phosphides. But PH3 is unsuitable for large-scale processes as it is highly flammable, 

explosive and very toxic. Substituted phosphines such as cyclohexylphosphines or 

phenyl phosphines are much less dangerous and easier to handle, as they are liquids or 

solids rather than a gas.

The metal halides were reacted with a wide variety of substituted phosphines. 

The phosphines used were monocyclohexylphosphine, biscyclohexylphosphine,
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triscyclohexylphosphine, monophenylphosphine and monotertiarybutylphosphine. It 

was found that bis and tris phenylphosphines were unsuitable as CVD precursors as 

they did not provide a high enough vapour pressure to be utilised with the apparatus 

available.

3.3 Results and Discussion

3.3.1 Tin Phosphide and Germanium Phosphide

3.3.1.1 Tin Phosphide and Germanium Phosphide Results

Atmospheric Pressure Chemical Vapour Deposition (APCVD) of tin phosphide 

and germanium phosphide films were achieved on glass substrates from the dual source 

CVD reaction of MCI4 or MBr4 (where M = Sn or Ge) and a substituted phosphine 

(PCychexH2 , PCycheX2H, PCycheX3 or PhPKb). The process was studied at different 

substrate temperatures and flow rates of precursor (Table 3.1 and 3.2.).
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Table 3.1. Table of reaction conditions and micro-analytical results for the tin phosphide system.

Substrate 
Temperature / 

°C

Nitrogen 
Flow through 
S11X4 bubbler 
1/min (S11X4 ) 

[Bubbler 
temperature / 

°C]

Nitrogen Flow 
through RxPH3-x 

bubbler 1/min 
(RxPH3.x) 
[Bubbler 

temperature / °C]

Nitrogen 
Row of make 
up gas 1/min.

EDAX and 
Electron Probe 

analysis

500 0.5 (SnCU) 
[35]

0.5 (CyhexPH2) 
[1 2 0 ]

1 . 0 Sn

500 0.5 (SnCU) 
[35]

0.5 (CyhexPH2) 
[1 2 0 ]

1.4 SnPo.40

500 0.5 (SnCU) 
[35]

0.5 (CyhexPH2) 
[1 2 0 ]

1 .8 SnPo.66

500 0 . 2  (SnCU) 
[35]

0.8 (CyhexPH2) 
[ 1 2 0 ]

1 . 0 SnPo.40

500 0.3 (SnCU) 
[35]

0.3 (CyhexPH2) 
[1 2 0 ]

1 . 0 SnPj.oo

500 0 . 8  (SnCU) 
[35]

0.2 (CyhexPH2) 
[1 2 0 ]

1 . 0 Sn

550 0.3 (SnCU) 
[35]

0.3 (CyhexPH2) 
[1 2 0 ]

1 . 0 SnPj.oo

600 0.3 (SnCU) 
[35]

0.3 (CyhexPH2) 
[1 2 0 ]

1 . 0 SnPj.oo

500 0.3 (SnCU) 
[35]

0.3 (PhPH2) [145] 1 . 0 SnPo.66

500 0.3 (SnCU) 
[35]

0.5 (PhPH2) [145] 1 . 0 SnPi.33

600 0.3 (SnCU) 
[35]

0.5 (PhPH2) [145] 1 . 0 SnPj.oo

600 0.3 (SnCU) 
[35]

0.7 (Cyhex2PH) 
[250]

0.7 SnPo.66

600 0.3 (SnCU) 
[35]

1.8 (Cyhex3PH) 
[250]

0 . 2 SnPj.oo

600 0.5 (SnBr4 ) 
[2 0 0 ]

0.3 (CyhexPH2) 
[1 2 0 ]

0 . 8 SnPj.oo

600 0.4 (SnBr4) 
[2 0 0 ]

0.4 (CyhexPH2) 
[1 2 0 ]

0 . 8 SnPi.33
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Table 3.2. Table o f reaction conditions and micro-analytical results for the germanium phosphide system.

Substrate
Temperature

/°C

Nitrogen 
Flow through 
GeX4  bubbler 
1/min (GeXO 

[Bubbler 
temperature / 

°C]

Nitrogen Row 
through RxPH3_x 

bubbler 1/min 
(RxPH3.x) 
[Bubbler 

temperature / °C]

Nitrogen 
Flow of make 
up gas 1/min.

ED AX and 
Electron Probe 

analysis

600 0.3 (GeCU) 
[40]

0.3 (CyhexPH2) 
[1 2 0 ]

1 . 0 Various
Oxides

600 0.3 (GeCU) 
[40]

0.3 (CyhexPH2) 
[1 2 0 ]

0 . 8 Ge2P

600 0.3 (GeCU) 
[40]

0.3 (CyhexPH2) 
[1 2 0 ]

0.3 GePuo

600 0.3 (GeCU) 
[40]

0.3 (CyhexPH2) 
[1 2 0 ]

1 . 0 GePi.oo

600 0.3 (GeBr4 ) 
[140]

0.3 (CyhexPH2) 
[1 2 0 ]

1 . 0 Ge2P

600 0.3 (GeBr4) 
[140]

0.3 (CyhexPH2) 
[1 2 0 ]

0 . 6 Ge2P3

600 0.3 (GeBr4) 
[140]

0.3 (CyhexPH2) 
[1 2 0 ]

0.3 GePi.oo

600 0.3 (GeBr4) 
[140]

0.3 (CyhexPH2) 
[1 2 0 ]

0 . 6 Ge2P3

500 0.3 (GeBr4) 
[140]

0.3 (CyhexPH2) 
[1 2 0 ]

0 . 6 Various
Oxides

550 0.3 (GeBr4) 
[140]

0.3 (CyhexPH2) 
[1 2 0 ]

0 . 6 Various
Oxides

600 0.3 (GeBr4) 
[140]

0.5 (CyhexPH2) 
[1 2 0 ]

0 . 6 GePi.20

600 0.3 (GeBr4) 
[140]

0.7 (CyhexPH2) 
[1 2 0 ]

0 . 6 GePi.20

600 0.5 (GeBr4) 
[140]

0.3 (CyhexPH2) 
[ 1 2 0 ]

0 . 6 GePi.io

600 0.7 (GeBr4) 
[140]

0.3 (CyhexPH2) 
[1 2 0 ]

0 . 6 Gei.ioP

No tin phosphide film could be grown at substrate temperatures below 400 °C; 

uniform films were obtained at 500 °C and above. The films grown from the dual 

source CVD reaction of SnCU or SnBr4 and a substituted phosphine (PCychexH2 , 

CycheX2H, PCycheX3 or PhPHb) were opaque in colour, although those grown at higher
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temperatures had a blue tint. The films appeared unreflective. Germanium phosphide 

films could be grown at substrate temperatures of 550 °C or more; uniform films could 

were grown at 600 °C. All of the films prepared at higher temperatures exhibited some 

birefringence due to thickness effects. All of the films passed the Scotch tape test. 

They could not be marked with a wet towel but could be marked with a brass stylus or 

steel scalpel. The tin phosphide films prepared at higher precursor flow rates showed 

some “pin-holing” due to gas phase nucleation; this was not seen in the case of the 

germanium phosphide films. None of the films showed any optical change after storage 

in air for a year.

Raman microscopy was used to investigate all of the tin phosphide and 

germanium phosphide films. In all cases no Raman scattering due to the films was 

observed. It is thought that tin and germanium phosphides are poor Raman scatterers, 

indeed a sample of S114P3 purchased form Aldrich gave no discemable Raman spectra. 

In the samples prepared using PCychexH2 and PI1PH2 Raman detected no free carbon. 

This was not the case with films prepared using PCychex2H and PCychex3 where free 

carbon was present in the films. No Raman scattering was observed from the film due 

to the presence of tin or germanium oxides (Figures 3.1 and 3.2). In previous work it 

has been shown that even trace amounts of tin oxides (SnC>2 or Sn3C>4) give strong 

Raman patterns. 91' 93
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Figure 3.1. Raman pattern of a SnPi.oo sample. The broad features of this spectrum are due to the 

amorphous glass substrate.
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Figure 3.2. Raman pattern o f a GePi.oo sample. The broad features of this spectrum are due to the 

amorphous glass substrate.
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Compositional analysis of the films was determined by EDXA and electron 

probe measurements (summarised in Tables 3.1 and 3.2). The results show that the 

films are free of chlorine (or bromine if MBr 4 (M = Ge or Sn) was used) and contain 

only tin / germanium and phosphorus. In all cases some breakthrough to the underlying 

glass was observed. This was corrected for, based on a sample of plain glass. These 

results show that it is possible to create films with a selection of stoichiometries, 

ranging from SnPi.33 to SnPo.40. The analysis showed that there was a slight variation in 

composition across the surface of the glass substrate, for example films with 

composition SnPi.33 had a composition of SnPi.oo at the extreme edges, this correlates 

with the measured temperature gradient across the glass substrate. Area maps indicate 

that particles containing tin and phosphorus are made (Figure 3.3.), and that no oxygen 

is present in these particles.

Secondary Tin L line Phosphorus Oxygen
electron X-ray K line X-ray K line X-ray
image. image. image. image.

Figure 3.3. Energy dispersive X-ray analysis area maps of tin phosphide particles. Red indicates a higher 

concentration of the specific element, blue less and black none. The numbers 255, 66, 19 and 32 indicate 

the uncorrected counts per second for each X-ray line.

A wide variety of germanium phosphide film stoichiometries were also possible; 

these ranged from Ge3P to GeP2 (including non-stoichiometric phases such as GeuP).
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These films were free of phosphate or oxide materials. Similarly the germanium 

phosphide films had a stoichiometry variation across the surface. For example a film 

with a composition of Ge2P3 had a composition of GePi.oo at the extreme edge of the 

substrate.

SEM analysis of the phosphide films (Figure 3.4) showed that the deposition 

reaction proceeded via an island growth mechanism. The majority of tin phosphide 

samples consisted of microspheres of tin phosphide covering the majority of the surface. 

This was not observed in the case of the germanium phosphide films, where a more 

conventional platelet type of island growth occurs.

Figure 3.4. Typical SEM photos for samples o f tin phosphide (left) and germanium phosphide (right)

Use of different phosphine precursors had an effect on film morphology in the 

tin phosphide system. Using more substituted phosphine precursors decreased the size 

of the microspheres on the substrate. This is probably due to a decrease in the rate of 

surface reaction. The use of bis and tris substituted cyclohexylphosphines leads to 

smaller particle size and less surface coverage (Figure 3.5.). The use of
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monophenylphosphine whilst decreasing particle size ensures good surface coverage 

comparable to that observed with monocyclohexylphosphine (Figure 3.5.).

BI^CYH2 TRISCYH2

8 6 0 8 5 8  28KV

Figure 3.5. SEM pictures of tin phosphide samples prepared with different phosphorus precursors: left; 

tin tetrachloride and monophenylphosphine, centre; tin tetrachloride and biscyclohexylphosphine, right; 

tin tetrachloride and triscyclohexylphosphine.

Reaction with biscyclohexylphosphine produced films with highly exotic 

morphologies (Figure 3.5.). It is possible that these are forming according to a vapour, 

liquid, solid routine (Figure 3.6) .94

Gaseous Reactant Gaseous Reactant

Liquid C luster W ire N u clea tion  W ire G row th

Figure 3.6. Illustration of the vapour-liquid-solid growth mechanism.

The use of more highly substituted phosphines with germanium precursors did 

not yield any films. Use of monophenylphosphine led to production of very thin films
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of germanium phosphide (GePi.oo)- These are barely distinguishable from the glass 

surface except by film defects (Figure 3.7.).

Figure 3.7. SEM picture of a thin film of germanium phosphide.

The optical properties of the germanium and tin phosphide films were studied by 

reflectance / transmission measurements (Figure 3.8.) and UV absorption between 400 

nm and 1100 nm. All samples showed a shift in the absorption edge relative to the plain 

glass substrate. The films showed minimal reflectivity (2%, Figure 3.8), less so than the 

substrate (10%). The transmission spectra were indicative of hazing; this is due to 

scattering by particles in the film of a similar size to the wavelength of the light. 

Hazing was more pronounced in the tin phosphide samples than the germanium 

phosphide samples, undoubtedly because the spheres of tin phosphide were typically a 

similar size to the incident wavelength of light used in recording a portion of the 

transmission spectra (800 -  1 1 0 0  nm).
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Figure 3.8. Illustration to show typical transmission and reflectance data for samples of tin phosphide and 

germanium phosphide.

By plotting a h f 1/2 against hf in eV (Tauc methodology) and extrapolating the 

flat part of the curve to the x-axis the value of the indirect band gap can be calculated. 10 

For the measured SnP samples this corresponded to 2.2 eV. For other samples an 

accurate measurement could not be made as the glass substrate causes the signal to 

appear very noisy if the film is very thin. In addition to this the opaque nature of the 

thicker tin phosphide films led to a poor transmission profile which also contributed to a 

noisy plot. The germanium phosphide samples had band gaps of 1.1 eV, similar to 

literature values for the bulk material (0.95 eV) .67

XPS measurements on a sample of SnPj.oo composition, revealed binding energy 

shifts of 487.2 eV and 133.6 eV for Sn 3 ds/2 and P 2 p3/2 respectively. These are in 

reasonable agreement with previous values published in the literature concerning
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nanoscale S n ^  57 of 487.6 eV for Sn 3 ds/2 and 134.1 eV for P 2 p3/2. A sample of 

composition S n P o . 4 0  revealed similar binding shifts of 487.2 eV and 133.8 eV for Sn 

3 d5/2 and P 2 p3/2 respectively. The XPS peak profiles for both samples (Figure 3.9.) are 

consistent with one environment for both tin and phosphorus. There is no evidence for 

the presence of tin oxides from the XPS profiles though the small peak centred at 139 

eV may indicate the formation of some phosphate, this shift is however, higher than 

values reported in the literature.95

10000

9500 -

9000 -

8500 

§■ 8000

f  7500
|  7000 -

6500 ^

6000 -

5500 -

5000
128 130 132 134 136 138 140 142 144 146

B in d in g  E nergy / eV

140000

1 2 0 0 0 0  -

1 0 0 0 0 0  -

«
y 8 0 0 0 0  - 
2r
in
|  60000 c

40000

20000

480 485 490 495 500
B in d in g  E n e rg y  / eV

Figure 3.9. The XPS spectra for a sample of tin phosphide.
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The XPS peak profiles for the GeP films observed after sputtering (Figure 3.10) 

are consistent with one environment for both germanium and phosphorus, although at 

the surface the shifts are slightly higher indicating perhaps, the presence of germanium 

phosphate. This is confirmed by observing a peak in the oxygen Ois region that is not 

due to surface oxygen. After the first sputtering there is no evidence for the presence of 

germanium oxides or phosphate from the XPS profiles -  the bulk of the film 

corresponds to GeP. XPS measurements on a sample of the film prepared by the dual 

source atmospheric pressure chemical vapour deposition reaction of GeCU and 

PCychexH2 gave a composition of GePi.oo. This film revealed binding energy shifts of 

1218.2 eV and 131.5 eV for Ge 2 p3/2 and P 2 p3/2, respectively. To our knowledge the 

XPS spectrum of GeP has not previously been reported. The Ge 2 p3/2 binding energy is 

intermediate between 1217.0 eV in elemental germanium and 1219.5 eV in GeS2 . The 

P 2 p3/2 binding energy in GePi.oo is similar to the P 2 p3/2 binding energy of 133.5 eV for 

tin phosphide.95 Both the tin phosphide and the germanium phosphide films were X-ray 

amorphous. Both types of film were shown to have contact angles to water droplets of 

60-80°. The contact angle did not change significantly after irradiation with 254 nm UV 

light for one hour. This contact angle is similar to that of plain glass, 50-75°. None of 

the films show any photocatalytic activity for the destruction of a stearic acid over layer 

using 254 nm light.
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Figure 3.10. The post sputtering XPS spectra for a sample of germanium phosphide.

3.3.1.2 Discussion

Reaction of MCI4 or MBr4 (M = Sn or Ge) and a substituted phosphine 

(PCychexH2, PCycheX2H, PCycheX3 or PWPH2) under atmospheric pressure chemical 

vapour deposition affords opaque films of tin or germanium phosphide on glass
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substrates. The tin phosphide films were shown in most cases to be tin rich, although it 

was possible to make the stoichiometric compound tin monophosphide when equimolar 

quantities of precursor were introduced into the gas phase.

A range of germanium phosphide film stoichiometries (Ge3P —» GeP2> could be 

made depending on the deposition conditions. A number of non-stoichiometric films 

were also produced. It is unlikely that these films contain significant elemental 

germanium or phosphorus, as these would be detected in the analysis.

The tin phosphide films were opaque and grey and were found to be insulating. 

It would be expected that the films of tin phosphide were poor conductors as Tauc plots 

indicate they are semiconductors with a band gap of 2.2 eV. It is likely this is because 

of grain boundary effects due to the island growth mechanism.

The mechanism of these reactions was not determined in this study. It is likely 

that HC1 (or HBr if using a bromide precursor) is produced in the reaction as well as 

CychexCl or PhCl (depending on the phosphine precursor used). 96,97 It is plausible that 

the reaction to produce tin phosphide occurs via the formation of an adduct as some 

material was recovered from the exhaust which was not starting material. Additionally 

some pin holing was seen across the substrate surface; this is indicative of gas phase 

nucleation where particles grow in the gas phase and do not strongly bond to the 

substrate surface and may be blown off or fall off during handling. Previous work also 

suggests that similar deposition processes occur via adducts.98 No significant solid 

material was observed in the exhaust line of the experimental set up suggesting that this 

is not the case with the germanium phosphide system; the film formation onset 

temperature is higher in this system; this may be because gas phase adduct formation 

does not take place, and additional energy is required to form adducts at the surface, 

where as in the tin phosphide system adducts may merely decompose on the surface of
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the substrate to form a film. These films show no Raman spectra. They shift the 

absorption edge of, and undergo less transmission and reflection than SiC>2 coated glass 

due to scattering haze. Analysis of the UV/Vis data using the Tauc method indicates a 

band gap of 2.2 eV for SnP and 1.1 eV for GeP. ED AX and electron probe results 

suggest that the composition over the surface of the glass is similar. SEM shows that 

whilst various morphologies are possible, one, that of spheres of tin phosphide 

predominates in samples of tin phosphide films. In the germanium phosphide samples a 

platelet type of island growth is observed.

There is no variation of film stoichiometry with different precursors where films 

are deposited. It was noted that discrete phases (such as SnPi.33, SnPi.oo, SnPo.66 and 

SnPo.40 or Ge2P, GePi.oo, Ge2P3.) were seen and no intermediate phases were observed. 

With tin phosphide samples higher nitrogen flow rates had the effect of lowering the 

phosphorus content of the resultant films. Variation of the phosphorus or tin precursor 

flow rate appeared to not have a significant effect. This indicates that phosphorus 

precursor dilution is a limiting factor in the rate of reaction. Using di- and tri

substituted phosphines required higher substrate temperatures (600 °C) for films to 

form; this is most likely because there are a larger number of bonds to break and 

therefore more energy is required. Where films did form at lower substrate 

temperatures (500 °C) with the di- and tri- substituted phosphines they were lower in 

phosphorus content than those formed at higher substrate temperatures suggesting 

incomplete and partial reactions.

Germanium content in the films increased with the flow rate of the germanium 

precursor. A similar trend was not observed with the variation of flow rate of the 

phosphorus precursor. It appears to be the case that the concentration of germanium
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precursor in the reactor is the limiting reagent. Where the flow of nitrogen gas is higher 

less phosphorus incorporation into the final film was observed.

The precursor halides and phosphines were chosen for this study as they are 

volatile and give sufficient carryover for APCVD. The phosphines are commercially 

available and do not have the toxicity and extreme pyrophoric characteristics of PH3 .

3.3.2 Copper Phosphide

3.3.2.1 Copper Phosphide Results

The reaction between copper metal and PCychexH2 afforded films of copper 

phosphide (CU3P). The process was studied at different temperatures and with different 

co-reactant “activating” metal halides (none, SnCU, SbCU, TiCU and SiCU.) (Table 

3.3).

The metal halides were not incorporated directly into the CU3P films. However, 

they did affect the film morphology and colour. Films were found to form uniformly at 

substrate temperatures of 500 °C from the reaction of copper sheets and PCychexH2 . 

However, films could be produced at substrate temperatures as low as 300 °C. The 

films produced from the reaction of copper substrates and PCychexH2 were light grey in 

colour, and appeared unreflective. The use of a metal halide co-reactant (SnCU, SbCU, 

TiCU or SiCU), led to darker grey films. All of the films passed the Scotch tape test and 

could not be marked by abrasion with a wet towel. They could however, be marked 

with a brass stylus or steel scalpel.
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Table 3.3. Table of reaction conditions and micro-analytical results for the copper phosphide system.

Substrate 
Temperature / 

°C

Nitrogen 
Row through 
MCI* bubbler 
1/min (MCI*) 

[Bubbler 
temperature / 

°C]

Nitrogen Row 
through 

phosphine 
bubbler 1/min / 

[Bubbler 
temperature / 

°C]

Make up 
nitrogen flow 

/ substrate 
type

EDAX, EPMA 
and XRD 
analysis

500 0.3 (SnCU) 
[35]

0.3 [120] 1.0/Copper Amorphous
Cu3P.

600 0.3 (SnCU) 
[35]

0.3 [120] 1.0/Copper Crystalline
Cu3P

500 0.3 (SiCU) 
[35]

0.3 [120] 1.0/Copper Crystalline
Cu3P

600 0.3 (SiCU) 
[35]

0.3 [120] 1.0/Copper Crystalline
Cu3P

500 0.3 (SbCl5) 
[1 1 0 ]

0.3 [120] 1.0 /Copper Amorphous
Cu3P

600 0.3 (SbCl5) 
[1 1 0 ]

0.3 [120] 1.0/Copper Amorphous
Cu3P

500 0.3 (TiCU) 
[35]

0.3 [120] 1.0/Copper Amorphous
Cu3P

600 0.3 (TiCU) 
[35]

0.3 [120] 1.0/Copper Crystalline
Cu3P

500 None 0.3 [120] 1.0/Copper Amorphous
Cu3P

600 None 0.3 [120] 1.0/Copper Amorphous
Cu3P

Raman microscopy was used to investigate the films. Raman scattering was not 

observed in any instance. It is believed that copper phosphides are poor Raman 

scatterers. No evidence of graphitic carbon or metal oxides was observed in any of the 

spectra.

Compositional analysis of the films was conducted by EDAX and EPMA 

studies. The results indicate that the films are free of halide and metal from the co
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reactant. These results show that only one phase of copper phosphide (CU3P) was 

produced. This phase was invariant across the surface of the substrate.

SEM analysis of the films revealed that film growth occurred via an island 

growth mechanism. The morphology of the sample could be varied by using a different 

co-reactant or by changing the temperature of the experiment. It was found that an 

increase in substrate temperature led to the production of thicker films and more 

consistent morphological ordering. Variation of the co-reactant decided the overall 

morphology (Figure 3.11.).

0 0 0 0 7 6  23KV

d

Figure 3.11. SEM secondary electron images of thin film samples produced from the reaction of a copper 

substrate and PCychexH2 (a) and SnCl4 (b) TiCl4 (c) SbCl5 (d) and SiCl4 (e).
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XPS measurements on a sample of CU3P composition, revealed binding energy 

shifts of 933.2 eV and 129.2 eV for Cu 2 p3/2 and P 2\>m respectively. These are in 

agreement with previous values for transition metal phosphides (Figure 3.12. ) . 95 The 

copper phosphide films were in the main X-ray amorphous. Samples produced at 600 

°C were crystalline by X-ray diffraction investigation and identified as CU3P (Figure 

3.13.). 99 Indexing indicated a hexagonal lattice with parameters a = 6.972(1) A  and c = 

7.148(1) A similar to those seen in the literature.99
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Figure 3.12. XPS spectra for a sample of copper phosphide.
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Figure 3.13. The X-ray diffraction pattern of a thin film sample of Cu3P, the starred peaks relate to the 

copper metal substrate.

The films were shown to have contact angles to water droplets of 70-80 °. This 

angle did not change appreciably after irradiation with 254 nm UV light for one hour.

3.3.2.2 Discussion

Reaction of copper metal substrates and PCychexH2 under APCVD conditions 

affords light grey films of copper phosphide. The films were found to be insulating, 

which is surprising as metal rich phosphides tend to be metallic in character. If a 

sensitising co-reactant metal halide is used in the reaction the resultant films appear
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darker in tone. In all cases the films are shown to be monophasic C113P by EDAX with 

no contaminants.

The use of higher temperatures produced thicker, more crystalline films. Using 

a co-reactant had a similar effect. Of all of the co-reactants investigated silicon 

tetrachloride had the most profound effect on the crystallinity of the film. SEM 

micrographs clearly show crystals of up to 3 microns in size residing on the surface of 

the substrate. In all cases investigated the co-reactant increased the crystallinity of the 

film relative to those created from the reaction of the copper substrate and PCychexH2 . It 

would appear therefore that the metal halide co-reactant increases the quality and 

crystallinity of the films by the pre-nucleation or pre-activation of the copper surface. A 

test to see if pre-nucleation of the surface occurred was conducted by flowing a metal 

halide precursor over the surface, followed by the phosphine. It was found that the 

films were no different from those runs using only the phosphine. Therefore the effect 

of the metal halide is probably a gas phase effect. It is likely that the metal halide reacts 

with the PCychexH2 in the gas phase to produce activated species, and that the by 

products of this reaction contain the metal from the metal halide. This is suggested by 

the failure of EDAX to detect any metal other than copper in the films.

These films display no Raman spectra, indicating the absence of graphitic 

carbon and some metal oxides from the films. SEM analysis (Figure 3.12) indicates 

that various morphologies are obtainable depending on the co-reactant and conditions 

used. There is no variation of film stoichiometry with different conditions or co

reactant. One distinct phase (CU3P) was observed. EDAX and EPMA studies indicated 

that the composition over the substrate is uniform and that no metal from co-reactant 

precursors was found in the films.
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Similar reactions were carried out with iron and aluminium substrates. In these 

cases films of iron oxide (Fe2C>3) and aluminium oxide (AI2O3) respectively were 

produced. The reaction between a copper metal substrate and PCychexH2 is hence 

somewhat unique under the conditions evaluated.

The mechanism of this reaction was not investigated but it is likely that the co

reactants activate the gas phase species towards surface reaction.

3.3.3 Silicon Phosphide

3.3.3.1 Silicon Phosphide Results and Discussion

A number of films were made on tin oxide coated glass substrates under dual 

source atmospheric pressure chemical vapour deposition (APCVD) conditions from the 

reaction of SiCU or SiBr4 and a substituted phosphine (PCychexH2). The process was 

studied at different substrate temperatures and flow rates of precursor (Table 3.4.). No 

film could be grown at substrate temperatures below 600 °C; above 600 °C uniform 

films were obtained. The films appeared an almost metallic grey colour but were quite 

dull and as such unreflective. The films prepared at higher precursor flow rates showed 

some pinhole defects due to gas phase nucleation or possibly adduct formation as non

starting material debris was recovered from the reactor exhaust. Those films prepared at 

higher temperatures exhibited some birefringence due to thickness effects. None of the 

films could be marked with a wet towel or brass stylus but could be marked with a steel 

scalpel. All of the films passed the Scotch tape test. The films showed no optical 

change after storage in air for six months. Raman was used to investigate all of the 

films. No Raman scattering due to the films was observed. No free carbon was 

detected by Raman in the samples prepared using monocyclohexyl phosphine.
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Table 3.4. Table showing reaction conditions and micro-analytical results for the silicon phosphide

system.

Substrate 
Temperature / 

°C

Nitrogen 
Flow through 
SiX4  bubbler 
1/min (SiX4 ) 

[Bubbler 
temperature / 

°C]

Nitrogen Flow 
through RxPH3.x 

bubbler 1/min 
(RxPH3.x) 
[Bubbler 

temperature / 
°C]

Nitrogen 
Flow of make 
up gas 1/min.

EDAX and 
Electron Probe 

analysis

600 0.5 (SiCl4) 
[35]

0.5 (CyhexPH2) 
[120]

1.0 No Film

600 0.5 (SiCU) 
[35]

0.7 (CyhexPH2) 
[120]

1.0 No Film

600 0.7 (SiCU) 
[35]

0.5 (CyhexPH2) 
[120]

1.0 No Film

600 0.3 (SiCU) 
[35]

0.7 (CyhexPH2) 
[120]

1.0 Si and P 
present

600 0.7 (SiCU) 
[35]

0.3 (CyhexPH2) 
[120]

1.0 No Film

600 0.5 (SiBr4) 
[200]

0.5 (CyhexPH2) 
[120]

1.0 No Film

600 0.5 (SiBr4) 
[200]

0.7 (CyhexPH2) 
[120]

1.0 No Film

600 0.7 (SiBr4) 
[200]

0.5 (CyhexPH2) 
[120]

1.0 No Film

600 0.3 (SiBr4) 
[200]

0.7 (CyhexPH2) 
[120]

1.0 No Film

600 0.7 (SiBr4) 
[200]

0.3 (CyhexPH2) 
[120]

1.0 Si and P 
present

600 0.3 (SiBr4) 
[200]

0.7 (CyhexPH2) 
[120]

1.2 Si and P 
present

600 0.3 (SiBr4) 
[200]

0.7 (CyhexPH2) 
[120]

1.4 Si and P 
present

600 0.3 (SiBr4) 
[200]

0.7 (CyhexPH2) 
[120]

1.6 Si and P 
present

600 0.3 (SiBr4) 
[200]

0.7 (CyhexPH2) 
[120]

1.8 Si and P 
present

550 0.3 (SiBr4) 
[200]

0.7 (CyhexPH2) 
[120]

2.0 Si and P 
present
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Compositional analysis of the films was determined by EDXA and electron 

probe measurements (summarised in Table 3.4.). The results of both experiments show 

that the films are free of chlorine and contain silicon and phosphorus. In the case of 

EDXA breakthrough to the underlying glass was confirmed as potassium was observed 

in the spectra. It was difficult to correct for this based on a sample of plain glass that 

mainly consists of silicon and oxygen and as such no conclusions are drawn about the 

possible stoichiometry of the films based on EDXA.

SEM analysis of the films (figure 3.14.) showed mostly discrete particles on the 

surface, indicative of an island growth mechanism.

«  C <• >
000027 20KV

Figure 3.14. SEM photograph of a silicon phosphide thin film.

The optical properties of the films were studied by UV absorption between 400 

nm and 1100 nm and reflectance / transmission measurements. All samples showed a 

shift in the absorption edge relative to the plain glass substrate. The films showed 

minimal reflectivity (3%), less so than the substrate (10%). The transmission spectra 

were indicative of hazing; this is due to scattering by particles in the film of a similar
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size to the wavelength of the light. No Tauc plot to indicate an indirect band gap was 

possible as the film was opaque.

XPS measurements on a sample (Figure 3.15.), revealed binding energy shifts of 

105.8 eV and 134.2 eV for Si 2p and P 2p3/2 respectively confirming the presence of 

silicon and phosphorus in the films. The phosphorus shift is quite high compared to 

literature values for other phosphides,95 but comparable to that seen with tin phosphide 

(133.5 eV). The silicon shift is similar to that of tetramethyl silicon (105.9 eV).10

Analysis by X-ray diffraction indicated the formation of a crystalline phase in 

the film (Figure 3.16.); attempts to index this pattern to anything containing silicon and 

phosphorus have proved to be unsuccessful. There are a large number of densely 

packed peaks of similar intensity in the XRD pattern; this may be indicative of a 

multiphase film.
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Figure 3.16. The X-ray diffraction pattern produced by samples made from the APCVD reaction of 

silicon tetrabromide and monocyclohexylphosphine.

The films were shown to have contact angles of 70-80 °. This contact angle did 

not change significantly after irradiation with 254 nm UV light for one hour. This 

contact angle is in the same region to that of plain glass 50-75 °.

3.3.3.2 Summary

Reaction of silicon tetrabromide and monocyclohexylphosphine under 

atmospheric pressure chemical vapour deposition affords opaque films on tin dioxide 

coated glass substrates. The films were found to be insulating.
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These films show no Raman spectra. They shift the absorption edge of, and 

undergo less transmission and reflection than SnC>2 coated glass. EDAX and electron 

probe results suggest that the films contain silicon and phosphorus. There is a large 

amount of oxygen present in the analysis and it is unclear if this originates from the 

deposited film or the substrate. SEM indicates that a single morphology dominates.

In some cases an absence of phosphorus was seen from EDXA or XPS. These 

films are likely to contain silicon dioxide. This is because silicon is extremely 

oxophillic: should any oxygen enter the system then it would be expected that silicon 

oxides would be produced preferentially to any other possible product. XPS analysis is 

inconclusive because a large amount of oxygen is present at the surface and upon 

etching. Film deposition did not occur on other substrates, only on tin dioxide coated 

glass. Silicon wafers, aluminium, copper and iron sheets were all tried but no film was 

observed that was silicon phosphide.

3.3.4 Antimony Phosphide

3.3.4.1 Antimony Phosphide Results

APCVD reaction of antimony pentachloride and monocyclohexylphosphine led 

to the production of thin films of antimony metal on glass substrates. The process was 

studied at different substrate temperatures and carrier gas flow conditions (table 3.5.).
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Table 3.5. Table of reaction conditions and micro-analytical results for the antimony phosphide system.

Substrate 
Temperature / 

°C

Nitrogen 
Flow through 
SbCIs bubbler 
1/min (SbCIs) 

[Bubbler 
temperature / 

°C]

Nitrogen Flow 
through RxPH3-x 

bubbler 1/min 
(RxPH3-x) 
[Bubbler 

temperature / 
°C]

Nitrogen 
Flow of make 
up gas 1/min.

EDAX and 
Electron Probe 

analysis

300 0.5 (SbCl5) 
[120]

0.5 (CyhexPH2) 
[120]

1.0 Sb Metal

350 0.5 (SbCIs) 
[120]

0.5 (CyhexPH2) 
[120]

1.0 Sb Metal

400 0.5 (SbCIs) 
[120]

0.5 (CyhexPH2) 
[120]

1.0 Sb Metal

450 0.5 (SbCIs) 
[120]

0.5 (CyhexPH2) 
[120]

1.0 Sb Metal

500 0.5 (SbCIs) 
[120]

0.5 (CyhexPH2) 
[120]

1.0 Sb Metal

550 0.5 (SbCIs) 
[120]

0.5 (CyhexPH2) 
[120]

1.0 Sb Metal

600 0.5 (SbCIs) 
[120]

0.5 (CyhexPH2) 
[120]

1.0 Sb Metal, 
1%P

600 0.5 (SbCIs) 
[120]

0.3 (CyhexPH2) 
[120]

1.0 Sb Metal, 
1%P

600 0.3 (SbCIs) 
[120]

0.5 (CyhexPH2) 
[120]

1.0 Sb Metal, 
1%P

600 0.5 (SbCIs) 
[120]

0.3 (lbutPH2) 
[70]

1.0 No Film

600 0.3 (SbCIs) 
[120]

0.5 (lbutPH2) 
[70]

1.0 No Film

Films were deposited at temperatures as low as 300°C and up to 600°C, the 

maximum possible with the experimental set up. All of the films appeared uniform. 

All of the films had a dull, dark metallic grey in appearance; as such they were 

unreflective. They all failed the Scotch tape test, could be marked by a brass stylus and 

could be wiped from the substrate using a dry cloth. No optical change was apparent in 

the films over the course of three months.
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SEM analysis of the films highlighted that films grew via island growth 

mechanism and that cubic crystals of antimony metal were produced on the substrate 

(Figure 3.17.).

wmQBQ
Figure 3.17. An SEM picture o f an antimony (phosphide?) sample.

Compositional analysis of the films was determined by EDXA. In all cases 

some breakthrough to the underlying glass substrate was observed; this was corrected 

for based on a sample of plain glass. The results indicate that the films consist almost 

entirely of antimony. In some cases small amounts of phosphorus (~1%) were 

observed. EDXA of a small area of the substrate devoid of antimony metal crystallites 

indicated a film composition of SbP.

The optical properties of the films were investigated using transmission / 

reflectance measurements and UV absorption between 1100 nm and 400 nm. All 

samples showed a shift in absorption edge relative to plain glass due to absorption by 

the deposited film. The films showed minimal reflectivity (2%) and transmission (5- 

10%) between 1100 nm and 400 nm. The films were examined under X-ray diffraction 

conditions and returned XRD patterns identical to those produced previously by
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antimony metal (figure 3.18.)." Indexing indicated a trigonal hexagonal lattice with 

lattice parameters: a = 4.3224(8) A and c = 11.312(2) A, indicating a slightly larger unit 

cell than reported previously."

20 30 40 50 60 70
2 theta degrees

Figure 3.18. XRD pattern indicating the formation of antimony metal 
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Figure 3.19. The XPS peak of antimony in an antimony (phosphide?) sample.
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XPS measurements on a sample of antimony (phosphide?) (Figure 3.19.) 

revealed binding energies of 771.1 eV for Sb3p3. If any phosphorus was present it was 

beyond the detectable limit of 1 % of this method of analysis.

3.3.4.2 Discussion

APCVD of antimony pentachloride and monocyclohexylphosphine produces 

thin films of antimony metal on glass substrates. It is likely that antimony does not 

form a phosphide because it is a thermodynamically unstable product. It was found that 

the gas flow conditions and substrate temperature had little detectable effect on the 

films produced. The films were found to be insulating which is probably due to a lack 

of physical connectivity on the substrate surface between crystallites. These films show 

no Raman spectra. They shift the absorption edge of and undergo less transmission and 

reflection of light than the glass substrates used in these deposition experiments. All of 

the films have similar morphologies. EDXA indicates the presence of phosphorus 

amongst the film underlying the antimony metal crystallites.

3.3.5 Boron Phosphide

The reaction of Boron tribromide and monocyclohexylphosphine or 

monotertiarybutylphosphine was evaluated under APCVD conditions. Under no 

reaction conditions (table 3.6) was any film deposited onto any of the substrates 

evaluated (glass, silicon, iron, copper, aluminium).
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Table 3.6. Table of reaction conditions and micro-analytical results for the boron phosphide system.

Substrate
Temperature

l°C

Nitrogen 
Flow through 
BBr3 bubbler 
1/min (BBr3) 

[Bubbler 
temperature / 

°C]

Nitrogen Flow 
through RxPH3.x 

bubbler 1/min 
(RxPH3.x) 
[Bubbler 

temperature / °C]

Nitrogen 
Flow of make 
up gas 1/min.

EDAX and 
Electron Probe 

analysis

600 0.5 (BBr3) 
[35]

0.5 (CyhexPH2) 
[1 2 0 ]

1 . 0 No Film

600 0.5 (BBr3) 
[35]

0.7 (CyhexPH2) 
[1 2 0 ]

1 . 0 No Film

600 0.7 (BBr3) 
[35]

0.5 (CyhexPH2) 
[1 2 0 ]

1 . 0 No Film

600 0.3 (BBr3) 
[35]

0.7 (CyhexPH2) 
[1 2 0 ]

1 . 0 No Film

600 0.7 (BBr3) 
[35]

0.3 (CyhexPH2) 
[1 2 0 ]

1 . 0 No Film

It is anticipated that reaction temperature was too low. Previous examples 

quoted in the literature of the reaction of phosphine gas and boron tribromide were 

conducted in excess of 1000°C. 81' 84 This temperature was impossible to achieve with 

the reactor system used here, which had a maximum substrate temperature of 650 °C.

3.4 Conclusions

Reaction of metal halides (SnCU, SnBr4 , GeCU, GeBr4) and a substituted 

phosphine (PCychexH2, PCychex2H, PCychex3 or PhPH2) under atmospheric pressure 

chemical vapour deposition affords opaque films of tin or translucent films germanium 

phosphide on glass substrates. The films show good surface coverage, adhesion and 

reasonable uniformity. Tin phosphide films with a range of stoichiometries (SnPo.4o - 

SnPi.33) could be obtained depending on the experimental conditions used; these were 

all opaque in appearance and electrical insulators. A Tauc plot indicates that tin
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monophosphide films are semi-conducting with a band gap of 2.2 eV. Germanium 

phosphide films with a range of stoichiometries (GeaP -  GeP2> could be obtained. 

These were all translucent in appearance and poor electrical conductors. A Tauc plot 

indicated that germanium monophosphide films are semi-conducting with an indirect 

band gap of 1.1 eV.

Reaction of a copper metal substrate and monocyclohexylphosphine under 

APCVD conditions affords thin films of copper phosphide (CU3P). The use of a co

reactant produces thicker, more crystalline films. The films show excellent surface 

coverage, uniformity and good adhesion properties. Copper phosphide films (CU3P) 

could be obtained; these were grey in appearance and electrical insulators. Reaction of 

antimony pentachloride and monocyclohexylphosphine lead to the production of 

antimony metal films. EDXA evidence indicates a small level of phosphorus in regions 

of the substrate that are clear from metal crystallites; XPS is inconclusive. Boron 

tribromide was reacted with monocyclohexylphosphine under APCVD conditions; 

however, no product was observed.

In this chapter we have examined the reaction conditions for producing thin 

films of main group metal phosphides under atmospheric pressure chemical vapour 

deposition conditions. A variety of metal phosphides can be formed with a wide range 

of stoichiometries. Higher substrate temperatures led to the formation of 

monophosphides and phosphorous rich phosphides. Lower substrate temperatures 

tended to lead to the production of phosphorous deficient phosphides; the incomplete 

reaction of the phosphide precursor on the substrate surface may be responsible for 

these unusual stiochiometries.
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Chapter 4 -  Main Group Metal Oxides

4.1 Introduction

Facile routes to metal oxide thin films are of interest because of their 

applicability to the microelectronics and gas sensing industries. In this chapter the 

formation of metal oxide thin films under atmospheric pressure conditions is discussed. 

In the following chapter the gas sensing properties of these films are presented and 

evaluated.

4.1.1 Gallium Oxide

Gallium oxide (GaaCb) is a wide band gap semiconductor material, 100’101 with a 

host of current and potential applications. It has received attention as a compound 

semiconductor surface passivator, 102 as a luminescent phosphor 103' 105 as a potential 

deep ultraviolet transparent conducting oxide, 106 as a nanomaterial 107‘ 109 and in acid / 

base catalysis. 1 1 0 1 1 2  Recently Ga2C>3 prepared by PVD has received attention as a gas 

sensor. 113 It has been reported as a having a response to oxidising gases at elevated 

temperature (>900 °C) 114 and a response to reducing gases at lower temperatures (500 

°C) . 115

Thin films of Ga2C>3 have been prepared in a variety of ways. Physical vapour 

deposition methods such as magnetron sputtering and electron-beam evaporation have 

been utilised. 116,117 Low-pressure chemical vapour deposition of gallium

fluoroalkoxides, 118 homoleptic gallium alkoxides, 119 and gallium tris-

1 ?0hexafluoroacetylacetonate has also been conducted.
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4.1.2 Tin Oxide

Tin oxide (SnCb) is a well-known material with a wide variety of applications

191and uses. It has received attention as a chemical sensor and has been prepared for 

this purpose by a variety of methods including; sputtering, 121 sol gel techniques 122 and 

thick film screen-printing. 123 Tin oxide finds particular use as a gas sensor because it is 

a wide band gap (3.6 eV) n-type semiconductor, whose conductivity is due to oxygen 

vacancies. 124

Tin oxide has a found use as a catalyst support. 125 An investigation into the 

nano-scale properties has been undertaken. 126

Thin films of tin dioxide haves been prepared in a variety of different ways. 

Physical methods such as PVD, 121 thermal evaporation 127 and spray pyrolysis 128 have 

all been conducted. Chemical vapour deposition methods are well known ranging from 

low-pressure examples 129 to metal organic CVD, 130 and atmospheric pressure CVD; 

which is used in the glazing industry to make low emmisivity coatings on glass. 131,132

4.1.3 Antimony Oxide

Antimony oxide (Sb2C>3) has received interest as a co-catalyst, 133 and as an 

additive in flame resistant polymers. 134 Additionally it has been used as the base for a 

new type of glass, 135 and has an application within ceramics. 136 Several investigations

137 139have been conducted into antimony oxide as a nanomaterial. ' There is increasing

• j  140 141interest m antimony oxide as a gas sensor.
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Antimony oxide thin films have received attention. An extensive investigation 

into the electrical, optical and structural properties of films produced by thermal 

vacuum evaporation has taken place.142,143 Additionally investigations by sputtering 144 

and spray pyrolysis have also been conducted. Metal organic CVD has been conducted 

using precursors such as antimony butoxide or tri-ethyl antimony 141 deposited at 600 

°C. Aerosol assisted CVD has been conducted using antimony (V) chloride and 

water.145,146 It was found in all cases that films of Sb2C>3 were produced, though there 

was some contamination with Sb6 0 i3 .

4.1.4 Niobium Oxide

Niobium oxide has received much attention due to its wide ranging industrial 

applications particularly in the Optoelectronic industry.147 Niobium oxide has been 

prepared by a variety of methods including: oxidation of metallic niobium, hydrolysis of 

niobium alkoxides, niobium (V) chloride or alkali metal niobiate.148 Niobium oxide has 

a wide range of crystal structures with at least 12 having been identified." Niobium 

oxide is an insulator but becomes an n-type semiconductor at non-stoichiometric levels 

of oxygen. Niobium oxide and niobium oxide derived materials have found functions 

within a variety of fields such as: battery technology,149,150 electrochromism,151 solar 

cells,152,153 catalysis 154,155 and gas sensors.156,157

The production of thin films of niobium oxide has been studied extensively. 

Films have been produced using a variety of physical methods such as pulsed laser 

deposition,157 magnetron sputtering, 158 160 and thermal oxidation,161 chemical methods 

such as sol gel and notably a variety of chemical vapour deposition techniques.162' 168
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4.2 Results

Atmospheric pressure chemical vapour deposition reaction of a metal chloride 

(where the metal is gallium, tin, antimony or niobium) and methanol or ethyl acetate (as 

an oxygen source.) led to the creation of metal oxide thin films on a variety of 

substrates: glass, silicon, quartz, iron, aluminium and gas sensor. The process was 

studied across a range of different substrate temperatures and flow conditions.

Table 4.1. Table o f reaction conditions and m icro-analytical results for the gallium oxide system.

Substrate 
Temperature / 

°C

Nitrogen
Row

through
m x 4

bubbler
1/min

(MX4 )
[Bubbler

temperatur
e/°C]

Nitrogen Row 
through Oxygen 

precursor bubbler 
1/min (precursor) 

[Bubbler 
temperature /  °C]

Nitrogen 
Row of make 
up gas 1/min.

EDAX and 
Electron Probe 

analysis

400 0.5 (GaCl3) 
[150]

0.5 (CH3OH) [50] 1 . 0 Ga2 0 3

450 0.5 (GaCl3) 
[150]

0.5 (CH3OH) [50] 1.4 Ga2 0 3

500 0.5 (GaCl3) 
[150]

0.5 (CH3OH) [50] 1 .8 Ga2 0 3

550 0.5 (GaCl3) 
[150]

0.5 (CH3OH) [50] 1 . 0 Ga2 0 3

600 0.5 (GaCl3) 
[150]

0.5 (CH3OH) [50] 1 . 0 Ga2 0 3

600 0.3 (GaCl3) 
[150]

0.5 (CH3OH) [50] 1 . 0 Ga2 0 3

600 0.3 (GaCl3) 
[150]

0.7 (CH3OH) [50] 1 . 0 Ga2 0 3

600 0.5 (GaCl3) 
[150]

0.3 (CH3OH) [50] 1 . 0 Ga2 0 3

600 0.7 (GaCl3) 
[150]

0.3 (CH3OH) [50] 1 . 0 Ga2 0 3

600 0.5 (GaCl3) 
[150]

0.5 (CH3OH) [50] 1 . 0 Ga2 0 3

600 0.5 (GaCl3) 
[150]

0.5 (CH3OH) [50] 1.5 Ga2 0 3

93



Table 4.2. Table of reaction conditions and micro-analytical results for the tin oxide system.

Substrate 
Temperature / 

°C

Nitrogen Flow 
through MX4  

bubbler 1/min 
(MX*) 

[Bubbler 
temperature / 

°C]

Nitrogen Flow 
through Oxygen 

precursor 
bubbler 1/min 

(precursor) 
[Bubbler 

temperature / 
°C]

Nitrogen Flow 
of make up gas 

1/min.

EDAX and 
Electron Probe 

analysis

400 0.5 (SnCLO 
[35]

0.5
(C2H5OCOCH3)

[45]

1 . 0 SnC>2

450 0.5 (SnCLO 
[35]

0.5
(C2H5OCOCH3)

[45]

1 . 0 Sn0 2

500 0.5 (SnCLO 
[35]

0.5
(C2H5OCOCH3)

[45]

1 . 0 Sn02

550 0.5 (SnCLO 
[35]

0.5
(C2H5OCOCH3)

[45]

1 . 0 Sn(> 2

600 0.5 (SnCLO 
[35]

0.5
(C2H5OCOCH3)

[45]

1 . 0 SnC>2

600 0.3 (SnCLO 
[35]

0.5
(C2H5OCOCH3)

[45]

1 . 0 SnC>2

600 0.7 (SnCLO 
[35]

0.5
(C2H5OCOCH3)

[45]

1 . 0 SnC>2

600 0.5 (SnCLO 
[35]

0.3
(C2H5OCOCH3)

[45]

1 . 0 SnC>2

600 0.5 (SnCLO 
[35]

0.7
(C2H5OCOCH3)

[45]

1 . 0 Sn02

600 0.3 (SnCLO 
[35]

0.7
(C2H5OCOCH3)

[45]

1 . 0 SnC>2

600 0.7 (SnCLO 
[35]

0.3
(C2H5OCOCH3)

[45]

1 . 0 SnC>2

600 0.5 (SnCLO 
[35]

0.5
(C2H5OCOCH3)

[45]

1.5 Sn02
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Table 4.3. Table of reaction conditions and micro-analytical results for the antimony oxide system.

Substrate 
Temperature / 

°C

Nitrogen Flow 
through M X 4 

bubbler 1/min 
(M X 4) 

[Bubbler 
temperature / 

°C]

Nitrogen Flow 
through Oxygen 

precursor 
bubbler 1/min 

(precursor) 
[Bubbler 

temperature / 
°C]

Nitrogen Flow 
of make up gas 

1/min.

EDAX and 
Electron Probe 

analysis

550 0.5 (SbCl5) 
[1 2 0 ]

0.5
(C2H5OCOCH3)

[45]

1 . 0 Sb20 3

6 0 0 0.5 (SbCl5) 
[1 2 0 ]

0.5
(C2H5OCOCH3)

[45]

1 . 0 Sb20 3

6 0 0 0 .5  (SbC Is) 
[1 2 0 ]

0 .3
(C2H5OCOCH3)

[45]

1 . 0 No Film

6 0 0 0 .5  (SbC Is) 
[1 2 0 ]

0 .7
(C2H5OCOCH3)

[45]

1 . 0 Sb20 3

6 0 0 0 .7  (SbC Is) 
[1 2 0 ]

0.5
(C2H5OCOCH3)

[45]

1 . 0 No Film

6 0 0 0 .3  (SbC Is) 
[1 2 0 ]

0.5
(C2H5OCOCH3)

[45]

1 . 0 Sb20 3

6 0 0 0 .7  (SbC Is) 
[1 2 0 ]

0 .3
(C2H5OCOCH3)

[45]

1 . 0 No Film

6 0 0 0 .3  (SbC Is) 
[1 2 0 ]

0 .7
(C2H5OCOCH3)

[45]

1 . 0 Sb20 3

6 0 0 0 .5  (SbC Is) 
[1 2 0 ]

0.5
(C2H5OCOCH3)

[45]

1.5 Sb20 3
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Table 4.4. Table of reaction conditions and micro-analytical results for the niobium oxide system.

Substrate 
Temperature / 

°C

Nitrogen Flow 
through M X 4 

bubbler 1/min 
(M X 4) 

[Bubbler 
temperature / 

°C]

Nitrogen Flow 
through Oxygen 

precursor 
bubbler 1/min 

(precursor) 
[Bubbler 

temperature / 
°C]

Nitrogen Flow 
of make up gas 

1/min.

EDAX and 
Electron Probe 

analysis

600 0.3 (NbCl5) 
[2 2 0 ]

1 . 8

(C2H5OCOCH3)
[45]

2 . 0 Nb20 5

600 0.5 (NbCl5) 
[2 2 0 ]

1 . 8

(C2H5OCOCH3)
[45]

2 . 0 No Film

600 0.7 (NbC15) 
[2 2 0 ]

1 . 8

(C2H5OCOCH3)
[45]

2 . 0 No Film

Films would not grow at substrate temperatures lower than 400 °C for gallium 

oxide and tin oxide films or 550 °C for antimony oxide. Niobium oxide films would 

only grow at 600 °C. Uniform films were obtained at 550 °C and above in the tin and 

gallium oxide systems or at 600 °C for the niobium and antimony systems. In all cases 

films appeared transparent, unreflective, colourless and birefringence was observed. 

The films all passed the Scotch tape test and were resistant to marking by a wet towel or 

a brass stylus, but could be marked by a steel scalpel. None of the films showed any 

change in their appearance on storage in air for six months.

Compositional analysis was determined by EPMA and EDXA and indicated that 

the films had single compositions: Ga2C>3 , SnC>2 , Sb2C>3 and With EDXA some

breakthrough to the underlying glass substrate was seen. The EDXA results showed 

that the films were free from contaminants such as chlorine. In the case of thinner films
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such as the niobium oxide some breakthrough to the underlying substrate was observed. 

This was corrected for based on a sample of the pure substrate. Further analysis 

revealed that the samples of niobium, tin and gallium oxides had a uniform composition 

and thickness across the surface of the substrate in this deposition set up; this is in 

contrast to what has been observed earlier with the phosphides in chapter 3. These 

results indicate it is possible to create single-phase metal oxide thin films by APCVD.

Scanning electron microscopy analysis of the films indicated that, in all cases, 

deposition occurred through an island growth mechanism. The morphology varied 

according to the material being made (Figure 4.1.). Gallium oxide films appear to have 

circular surface growths whereas tin, niobium and antimony oxides consisted of grains 

of material forming a coherent coating across the surface of the substrate. There was no 

change or even variation of film morphology with differing substrate. Direct 

measurements of film thickness using scanning electron microscopy were made with 

samples of gallium oxide and tin oxide. Gallium oxide samples had film thicknesses of 

between 500 nm at 400 °C and 900 nm at 600 °C. Tin oxide was similar giving 

thicknesses of 500 nm at 400 °C and 1200 nm at 600 °C. Surface coverage appeared 

insufficient to directly measure film thickness of the antimony or niobium oxide films. 

In all cases experiments were conducted for one minute; this leads to nominal growth 

rates of 500 nm.min'1 at 400 °C for both tin and gallium oxides and growth rates of 900 

nm.min'1 and 1200 nm.min'1 for gallium oxide and tin oxide respectively at 600 °C.
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a

0 d
Figure 4.1. Typical SEM pictures for: a gallium oxide, b antimony oxide, c tin oxide, d niobium oxide. 

In all cases samples were produced by APCVD from the metal chloride and ethyl acetate with a reactor 

tem perature o f 600 °C. The scale bars represent 10 pm for a, b and d and 5 pm for c.

All of the films were investigated using Raman microscopy but only in the case 

of tin oxide (SnCh) was a pattern due to the deposited film observed (Figure 4.2.). This 

Raman pattern is similar to that which has been previously published in the literature
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with peaks appearing at 476, 638 and 782 cm'1.91'93 Raman microscopy did, however, 

indicate the absence of impurities such as graphitic carbon.
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Figure 4.2. The Raman pattern given by a tin oxide thin film sample.

X-ray photoelectron spectroscopy of a Ga2C>3 sample revealed binding energy 

shifts of 20.3 eV for Ga 3d and 530.6 eV for O Is respectively. The XPS peak profiles 

(Figure 4.3) are consistent with a single environment for gallium and oxygen. The 

binding energy shifts are in agreement with previous literature values of 20.3 eV for Ga 

3d and 530.5 eV for O Is.95
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Figure 4.3. XPS peaks produced from a sample o f gallium oxide.

X-ray photoelectron spectroscopy of a sample of SnC>2 revealed binding energy 

shifts of 530.6 eV for O Is and 487.2 eV for Sn 3d5/2. The XPS peak profiles (Figure 

4.4.) are consistent with a single environment for tin and oxygen. The binding energy 

shifts are in agreement with previous literature values of 487.3 eV for Sn 3d5/2 and 

530.5 eV for O Is.95
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Figure 4.4. XPS peaks produced from a sample o f tin oxide.
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X-ray photoelectron spectroscopy of an Sb2 0 3  sample revealed binding energy 

shifts of 20.6 eV for O 2s and 35.4 eV for Sb 4d respectively. The O 2s peak was 

investigated rather than the O Is as this peak was obscured by the antimony Sb 3d5/2 

peak. The XPS peak profiles (Figure 4.5.) are consistent with a single environment for 

antimony and oxygen. The binding energy shifts are in agreement with previous 

literature values.95
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Figure 4.5. XPS peaks produced from a sample o f antimony oxide.

102



X-ray photoelectron spectroscopy of a sample of Nt^Os revealed binding energy 

shifts of 530.6 eV for O Is and 207.0 eV for Nb 3d respectively. The XPS peak profiles 

(Figure 4.6.) are consistent with a single environment for niobium and oxygen. The 

binding energy shifts are in agreement with previous literature values of 207.2 eV for 

Nb 3d and 530.5 eV for O Is.95
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Figure 4.6. XPS peaks produced from a sample o f niobium oxide.
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The optical properties of the films were investigated using reflectance, 

transmission and UV/Visible measurements between 400 -  1100 nm. All samples 

showed a slight shift in the adsorption edge towards the visible relative to a plain glass 

substrate. The films displayed minimal reflectivity (5-15 %) and high transmission (60- 

80 %) (Figure 4.7.).
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Figure 4.7. Hlustration showing typical transmission and reflectance data for metal oxide thin film 

samples.

Tauc plots 10 of the UV/Visible data were constructed (Figure 4.8.). They 

indicated that tin oxide an indirect band gap of 1.2 eV. The data in this instance is poor 

due to some absorption by the glass. And that gallium oxide (coated on optically 

transparent quartz) had an indirect band gap of 4.3 eV comparable to other literature 

values.101,102 Tauc plots conducted for antimony oxide and niobium oxide samples 

failed to elucidate information on the band structure of these materials.
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Figure 4.8. Tauc plots for tin oxide on glass (red) and gallium oxide on quartz (blue).

Previous work on the growth of gallium oxide thin films under low-pressure 

chemical vapour deposition conditions at 600°C indicates that these are X-ray 

amorphous. Similarly the gallium oxide thin films produced by atmospheric pressure 

chemical vapour deposition in this work were X-ray amorphous, as are the thin films of 

niobium oxide and antimony oxide. Tin oxide films produced under the APCVD
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regime at 600 °C were polycrystalline (Figure 4.9.). Indexing indicated tetragonal 

lattice with lattice parameters of a = 4.698(2) A and c = 3.149(1) A similar to previously 

published values." Films produced at lower temperatures were all X-ray amorphous.

<Mc
3O

U

60 7040 5010 20 30
2 theta degrees

Figure 4.9. The X-ray diffraction pattern produced from a tin oxide thin film sample.

All of the films were shown to have contact angles for water droplets in the 

region of 65 - 85°. This is similar to that of plain glass 60-75°.
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4.3 Discussion

Reaction of metal chloride and methanol or ethyl acetate under atmospheric 

pressure chemical vapour deposition conditions affords thin films of metal oxides on a 

range of substrates. The metal oxide films were found to be of a uniform phase 

regardless of the experimental conditions investigated.

Faster film growth rates were observed with an increase in substrate 

temperature, indicating that the reaction is surface limited. The choice of substrate 

appeared not to affect the films in any way. The same composition, morphology and 

reaction onset temperature was seen irrespective of substrate. This indicates that 

deposition is not substrate specific.

The mechanism in these reactions was not investigated, though it appears likely 

that HC1 is produced along with C2H5CI and CH3CI 169 as exhaust gas tested with 

universal indicator paper during the reaction turned red. It is unlikely that an adduct 

reaction occurs as no material other than product was recovered from the reactor. No 

evidence of pin holing was observed as has been observed where an adduct mechanism

170is likely to be taking place.

Reaction of metal (M = Sb, Nb, Sn or Ga) chlorides with methanol or ethyl 

acetate under APCVD conditions affords clear films of metal oxides on a variety of 

substrates. The films show good surface coverage, adhesion and uniformity. Oxide 

films of a single phase were obtained. These were colourless in appearance and were 

electrical insulators at room temperature, with the exception of gallium oxide, which 

had low electrical conductivity at room temperature.

Previous work done on gallium oxide films produced by CVD 118120 indicates 

some similar results to those obtained here. Films deposited from the CVD of Ga(hfac>3
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at temperatures between 450 and 500 °C were X-ray amorphous and had a uniform, 

smooth morphology as determined by scanning electron microscopy though were black 

in appearance; this was not observed here and may have been caused by carbon 

contamination within the film. Similarly deposition from homoleptic gallium alkoxide 

complexes led to the production of thin films of gallium oxide which were also X-ray 

amorphous and had a fine-grained surface structure as determined by SEM. XPS 

analysis conducted on these samples gave binding energies of 21.1 eV for Ga 3d and 

531.8 eV for O Is. This is in reasonable agreement with binding energies elucidated 

here of 20.3 eV for Ga 3d and 531.8 eV for O Is. Gallium oxide films deposited from 

the APCVD reaction of gallium chloride and methanol or ethyl acetate were also X-ray 

amorphous. The main difference between the films seems to be one of morphology. 

The surface of the APCVD films investigated here is relatively uneven and rough. 

There is evidence of gas phase nucleation in that the surface consists mainly of 

interlinking spheres. However, there is an absence of “pin holing” normally associated 

with gas phase nucleation and seen in chapter 3 with tin phosphide. Additionally no 

solid material was recovered from the reactor exhaust as is usually the case where gas 

phase nucleation is observed. It is perhaps the case that nucleation can occur in the gas 

phase but due to precursor species concentration or gas phase residence time being low 

means that particle growth is surface limited.

The tin oxide films produced here share similar properties and characteristics 

with tin oxide produced by APCVD in other work. The same fine-grained columnar

i i n  119growth found here is also seen elsewhere. ' APCVD produced films are highly 

adherent to the substrate surface; this may prove to be an advantage over thick film 

technologies used in the production of sensor materials.
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Previous work on the production of antimony oxide thin films by CVD and thermal 

evaporation show some similarities with the antimony oxide films produced here. Films 

of antimony oxide produced by thermal evaporation of Sb2C>3 powder were made up of 

small grains of antimony oxide; these were typically in the range of 5 0 -  150 nm across 

in size. The films were shown to be crystalline by XRD. Likewise niobium oxide films 

grown from the CVD of niobium alkoxides produced crystalline films. In this instance 

however, a strictly island growth mechanism is seen with particles typically around 2  

microns in diameter. Multiple phases were observed in these reaction systems. Some 

Sb6Oi3 was observed amongst the Sb2C>3 on the substrate. These were found to increase 

if oxygen was added to the reactant gas flow. This is in contrast to what is observed 

here. No mixed phases were observed, only Sb2C>3 was found, although it is difficult to 

be exact about this as the oxygen Is and antimony 3d5/2 peaks overlap and the signals 

from the oxygen 2s and antimony 4d are close together and affected by preferential 

sputtering, which destabilises the baseline reading and distorts chemical shift peak 

shapes. 95 The Sb2C>3 films were X-ray amorphous and an island growth mechanism 

prevailed.

The niobium oxide films produced here have properties and characteristics in 

sharp contrast to those produced using the same reaction and methodology in work done 

previously . 171 At 600 °C in previous work a high surface coverage and columnar style 

island growth is observed; in this work however, surface coverage is much more sparse 

and there is no columnar character to the surface particle growth. This could be because 

the experiments in the previous work were conducted for a greater length of time, 

typically 3 minutes rather than the one-minute employed with the current work. The
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films produced here were not found to be crystalline by XRD, in stark contrast to the 

previous work, nor was a Raman spectrum observed.

4.4 Conclusion

Metal oxide films were formed on a variety of substrates from the APCVD 

reaction of metal chlorides and ethyl acetate or methanol between temperatures of 400 

and 600 °C. The films display good surface coverage, adhesion and uniformity. Films 

of single-phase gallium oxide (Ga2C>3), tin oxide (SnCh), antimony oxide (Sb2C>3) and 

niobium oxide ( I^ O s )  were formed. These films were colourless in appearance.

In this chapter we have examined the production of some metal oxide thin films. In the 

next chapter we evaluate these metal oxide thin films as gas sensors.
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Chapter 5 -  Gas Sensing

5.1 Introduction

The production of thin films by CVD affords inexpensive, adhesive, 

reproducible films with low impurity levels, 172 and may therefore provide an 

advantageous method of producing gas sensors. APCVD in particular is of interest 

because of fast growth rates and high surface coverage. 1 7 3 ,174 CVD methods are directly 

compatible with Si -  micro fabrication technology. It is important to evaluate whether 

the generally dense films produced by CVD are compatible with solid-state oxide gas- 

sensors. Typically solid-state oxide gas-sensors are made by screen-printing and tend to 

be very porous.

The current widely held view of gas sensors 7 states that the conductivity of semi

conducting oxides in air is determined by the trapping of electrons in surface states 

associated with surface absorbed oxygen. If interstitials or oxygen vacancies are 

immobile in the lattice, then the behaviour is described in terms of electron distribution 

between bulk and surface states. The surface conductivity is sensitive to small amounts 

of reactive gas as catalytic surface processes result in a change in the surface coverage 

of the oxygen surface trap states. If oxygen defects are mobile within the lattice then 

the conductivity is determined by the equilibrium between bulk lattice defects and 

oxygen in the gas phase, and sensitivity to trace reactive gases is lost. A further case for 

gas sensing can arise where there is a time dependence on the equilibration of lattice 

and surface states. Conductivity time dependence can also be observed as a result of 

lattice defect migration, which alters the potential and thus the charge carrier 

distribution near the surface. Due to a micro-structural effect part of the conductivity is 

gas sensitive due to modification in surface reactions whilst the conductivity contributed
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by the bulk is not gas sensitive. 8 If the films are especially thin (100’s of nm) then dense 

films such as those produced by CVD methodology may produce high quality gas 

sensors. Semiconductor gas sensors are either n-type or p-type; this affects the type of 

gas response they provide. In an n-type semi-conducting oxide, such as tin oxide, 

oxygen adsorption decreases the charge carrier density at the surface; this is balanced by 

the charge carried on the ionised donors. A p-type semi-conducting oxide in contrast 

has an increased charge carrier density at the surface due to adsorption; this increase in 

charge is balanced by holes in the valence band.

5.1.1 Gallium Oxide

Gallium oxide has received an extensive amount of attention as a solid-state gas 

sensor prepared by physical vapour deposition methods such as magnetron sputtering 

and electron beam evaporation. 1 1 6 ,117 It has been reported to have a response to reducing 

gases at lower temperatures (-500 °C) 114 and a response to oxidizing gases at elevated 

temperatures (> 900 °C) . 115

5.1.2 Antimony Oxide

Pure antimony oxide has received scant attention for its gas sensing properties, 

though antimony oxide gas sensors have been produced via MOCVD using antimony 

(III) alkoxides where preliminary results suggest a rapid response to methane gas and a 

full recovery on the removal of the gas. 175 More usually a few weight percent of 

antimony oxide is doped into tin oxide to aid selectivity towards hydrocarbons. 176
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5.1.3 Niobium Oxide

Niobium oxide sensors have been produced using pulsed laser deposition 157 and 

screen-printing.156 The response of these niobium oxide sensors has been evaluated 

using a variety of gases such as methanol, carbon monoxide and ammonia. In all cases 

a quick response was observed although information regarding sensitivity is not readily 

available.

5.1.4 Tin Oxide

Tin oxide is the main commercially available metal oxide semiconductor gas_ 

sensor. It has been used widely for a number of years and is routinely doped to improve 

selectivity and sensitivity.176 Doping also occurs in an attempt to lessen the effect of 

“sensor drift”, whereby the zero exposure reading of the sensor changes. This is a 

particular problem for tin oxide sensors in the presence of humidity or variable humidity 

atmospheres. Tin oxide sensors have been shown to have sensitivities in the range of 

20-50 towards a variety of hydrocarbon compounds at an operating temperature of 4 0 0  

°C.177 In this chapter a wide range of metal oxides were deposited onto gas sensing 

substrates by CVD. The films were evaluated as gas sensors and comparisons made 

with traditional screen-printed materials.

5.2 Results

The production and characterisation of metal oxide thin films on gas sensor 

substrates was discussed in the previous chapter. Here we shall concentrate on the gas
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sensing properties of the deposited films. Gas response has been measured as the ratio 

between R (the resistance when exposed to ethanol) and Ro (the resistance at the point 

immediately preceding the introduction of ethanol). The resistance was measured 

between the two electrodes of an interdigitized gold electrode structure on an alumina 

tile. Samples of Ga2C>3 , SbaOs, SnC>2 and M^Os were prepared by CVD and screen- 

printing for comparative purposes. All samples were tested across a range of operation 

temperatures, from 400 °C to 600 °C, for their response to ethanol gas at concentrations 

ranging from 1 ppm to 100 ppm. Additionally the sensors produced by CVD were 

evaluated for their response in dry air and humid air (50 % humidity).

5.2.1 Gallium Oxide

The Ga2 0 3  films showed a p type response to ethanol at a variety of 

temperatures. In all cases gas response increased with ethanol concentration, a 

representative example is shown in Figure 5.1. The gas response was rapid and a near 

plateau was reached within minutes of exposure to ethanol.
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Figure 5.1. The gas response o f a CVD prepared gallium oxide sensor to varying concentrations of 

ethanol at an operational tem perature o f 400 °C.

When the ethanol flow was stopped the response also dropped rapidly to near the 

baseline level and then tailed off more slowly to the baseline. Throughout the duration 

of the experiment the baseline remained stable showing only a slight downward drift. 

Some signal noise is evident. Above 60 ppm of ethanol gas the response level remained 

fairly constant and did not vary to any great extent. Evaluation of response to a gas 

concentration of 100 ppm of ethanol indicated that the greatest response of R/Ro at 2.84 

occurred at 400 °C (Table 5.1.). As expected a maximum is reached and then tails off to 

a plateau. It is believed this is an instrumental effect rather than experimental as it is 

seen in all cases and in previous work conducted on the same equipment.11
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Table 5.1. Table showing gas-sensing response of gallium oxide sensors to various concentrations of 

ethanol gas. CVD (chemical vapour deposition) or SP (screen printing) indicates the method of sample 

preparation, and the operational temperature. Response values are given as an average of two or more 

experiments ±0.25.

Ethanol 

concentr

ation in 

ppm

CVD

400°C

R/Ro

CVD

450°C

R/Ro

CVD

500°C

R/Ro

CVD

550°C

R/Ro

CVD

600°C

R/Ro

SP

400°C

R/Ro

SP

450°C

R/Ro

SP

500°C

R/Ro

SP

550°C

R/Ro

SP

600°C

R/Ro

1 1.38 1.17 1.03 1.001 1.02 1 1.35 1.26 1.07 1.00

2 1.65 1.36 1.05 1.02 1.04 1 1.41 1.31 1.16 1.16

4 1.68 1.51 1.12 1.09 1.07 1 1.58 1.40 1.28 1.23

8 1.65 1.67 1.09 1.14 1.14 1 1.53 1.64 1.44 1.28

16 1.86 1.95 1.11 1.17 1.19 1 1.80 1.72 1.55 1.46

40 2.06 2.45 1.16 1.24 1.29 1 2.00 1.83 1.56 1.51

60 3.01 2.76 1.32 1.35 1.49 1 2.00 1.94 1.67 1.62

80 3.28 2.52 1.36 1.49 1.74 1 2.00 2.04 1.78 1.72

100 2.84 2.78 1.37 1.47 1.77 1 2.07 2.12 1.84 1.72

Conversely the gallium oxide sensor prepared by screen-printing had a 

maximum p type response of R/RO = 2.12 at 500 °C. This sensor gave no response to 

ethanol at 400 °C but follows a similar trend to the CVD produced sensors in that gas 

response decreases at higher operating temperatures once the optimum operating 

temperature has been surpassed. The response of the screen printed sensor (Figure 5.2.) 

shares many similar features to the response of the CVD produced sensor: the response 

was rapid and a near plateau was reached minutes after the initial exposure, once the 

ethanol flow is stopped the response falls rapidly to near base line level and then tails 

off more slowly; there is also evidence of noise. A notable difference is that there is an
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upward shift in the baseline resistance as the experiment proceeded and that there is a p- 

type rather than n-type response, this is most likely due to a significant difference in 

charge carrier concentration.6
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Figure 5.2. The gas response o f a screen print prepared gallium oxide sensor to varying concentrations of 

ethanol at an operational temperature o f 450 °C.

The gas response of the CVD produced gallium oxide sensor in the presence of 

50% humidity was also evaluated (Figure 5.3.).
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Figure 5.3. The gas response o f a CVD prepared gallium oxide sensor to 100 ppm ethanol at an 

operational tem perature o f 400 °C under dry and wet conditions.

Addition of humidity into the chamber provokes a slight upward shift in the 

resistance baseline, which is otherwise relatively flat. The magnitude of the resistance 

response is similar in dry and humid air.
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5.2.2 Antimony Oxide

The antimony oxide sensors showed an n type response to ethanol gas at a 

variety of operating temperatures. A typical example is indicated in figure 5.4.
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Figure 5.4. The gas response o f a CVD prepared antimony oxide sensor to varying concentrations of 

ethanol at an operational tem perature o f 400 °C.

In all cases response increased with ethanol concentration. The response is 

initially fast but tails off as a near plateau is reached. Similarly to the gallium oxide 

sensors once ethanol flow is stopped the response rapidly falls to near baseline levels 

then tails off more slowly. There is minimal baseline drift throughout the course of the 

experiment. The greatest response (R/Ro) was 1.47 to 100 ppm ethanol gas at an 

operating temperature of 400 °C. Table indicates the responses of both CVD and 

screen-printed sensors at a variety of temperatures and ethanol concentrations.
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T able 5.2. T able show ing gas-sensing response o f  antimony oxide sensors to various concentrations of 

ethanol gas. C V D  (chem ical vapour deposition) or SP (screen printing) indicates the method of sample 

preparation, and the operational tem perature. Response values are given as an average o f two or more 

experim ents ±0.25.

E thanol CV D CVD CV D CVD CVD SP SP SP SP SP

concentration 400°C 450°C 500°C 550°C 600°C 400°C 450°C 500°C 550°C 600°C

in ppm R/Ro R/Ro R/Ro R/Ro R/Ro R/Ro R/Ro R/Ro R/Ro R/Ro

1 1.13 1.07 1.04 1.06 1.01 1.23 1.03 1.21 1.08 1.08

2 1.14 1.12 1.05 1.12 1.02 1.29 1.06 1.29 1.11 1.13

4 1.22 1.16 1.09 1.16 1.02 1.40 1.18 1.41 1.19 1.17

8 1.31 1.21 1.14 1.21 1.06 1.58 1.23 1.60 1.29 1.24

16 1.30 1.36 1.14 1.37 1.05 1.68 1.25 1.68 1.33 1.28

40 1.41 1.27 1.16 1.28 1.07 1.72 1.32 1.76 1.46 1.36

60 1.41 1.31 1.19 1.31 1.06 1.90 1.39 1.90 1.53 1.47

80 1.47 1.38 1.20 1.38 1.08 2.03 1.48 2.05 1.68 1.54

100 1.47 1.40 1.24 1.40 1.10 2.12 1.55 2.17 1.76 1.61

Antimony oxide sensors produced by screen-printing elucidated a maximum gas 

response of R/Ro = 2.17 to 100 ppm of ethanol at an operational temperature of 500 °C. 

The gas response is similar with a rapid initial response and a quick return to near 

baseline levels on the ceasing of ethanol gas flow. There is also no apparent baseline 

drift during the experiment. The main difference in the response is that after the rapid 

initial response a plateau is not reached, giving rise to a response peak akin to a shark 

fin. A representative example is shown in figure 5.5.
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Figure 5.5. The gas response of a screen print prepared antimony oxide sensor to varying concentrations 

of ethanol at an operational tem perature o f 500 °C.

The gas response of the CVD produced antimony oxide sensor in the presence of 

50% humidity was also evaluated (Figure 5.6.).
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Figure 5.6. The gas response o f a CVD prepared antimony oxide sensor to 100 ppm ethanol at an 

operational tem perature o f 400 °C under dry and wet conditions.
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Addition of humidity into the chamber seems to have little effect on the 

resistance baseline, which is relatively flat. The magnitude of the resistance response is 

similar in dry and humid air.

5.2.3 Niobium Oxide

Niobium oxide gas sensors produced via CVD gave no determinable response to 

ethanol gas at any concentration or operational temperature investigated. Figure 5.7. 

shows a typical response of one of these sensors. The lack of response is most likely to 

be due to there being insufficient surface coverage of the film between the electrodes to 

give a change in resistance on exposure to the gas, hence that baseline resistance is very 

high as it is a measure of the resistance of the alumina tile.
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Figure 5.7. The gas response o f a CVD prepared niobium oxide sensor to varying concentrations of 

ethanol at an operational tem perature o f 400 °C.
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Sensors produced by screen-printing however, give an n type response to 

ethanol gas, the maximum of which was 10.13 to 100 ppm ethanol gas at an operational 

temperature of 600 °C. Other results are summarised in table 5.3.

Table 5.3. Table show ing gas-sensing response o f niobium oxide sensors to various concentrations of 

ethanol gas. C V D  (chem ical vapour deposition) or SP (screen printing) indicates the method of sample 

preparation, and the operational tem perature. R esponse values are given as an average o f two or more 

experim ents ±0.25.

Ethanol 

concentration 

in ppm

CV D

400°C

R/Ro

CV D

450°C

R/Ro

C V D

500°C

R/Ro

CVD

550°C

R/Ro

CVD

60crc

R/Ro

SP

400°C

R/Ro

SP

450°C

R/Ro

SP

500°C

R/Ro

SP

550°C

R/Ro

SP

600°C

R/Ro

1 1 1 1 1 1 1.36 1.15 1.21 1.08 1.28

2 1 1 1 1 1 1.45 1.18 1.53 1.31 1.63

4 1 1 1 1 1 1.61 1.31 2.11 1.52 2.69

8 1 1 1 I 1 1.78 1.52 2.86 2.27 4.16

16 1 1 1 1 1 1.96 1.67 3.16 2.55 4.70

40 1 1 1 1 1 2.18 1.86 3.13 3.60 6.09

60 1 1 1 1 1 2.41 2.15 3.84 4.51 7.35

80 1 1 1 1 1 2.70 2.47 4.69 5.55 8.76

100 1 1 1 1 1 3.01 2.75 5.52 6.54 10.13

In all cases response increased with ethanol concentration, the initial response 

was rapid until a near plateau is reached after a few minutes exposure. Once the flow of 

ethanol gas is stopped response decreases to near baseline levels rapidly and then 

decreases more slowly. The response of the screen-printed niobium oxide sensors is 

free from noise. A typical response is shown in figure 5.8.
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Figure 5.8. The gas response o f a screen print prepared niobium oxide sensor to varying concentrations of 

ethanol at an operational tem perature o f 450 °C.

The response of niobium oxide sensors produced by screen-printing in humid 

conditions was also evaluated (figure 5.9.). A similar response to 100-ppm ethanol is 

seen in dry air; on the introduction of 50 % humidity the response decreases to 

approximately half the value in dry air (figure 5.9.).
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Figure 5.9. The gas response of a niobium  oxide sensor prepared by screen printing to 100 ppm ethanol 

at an operational tem perature o f 450 °C under dry and wet conditions.

The response retains all of the same features in humid conditions as in dry 

conditions. The only discemable difference, other than magnitude of response, is that 

there is a slight increase in baseline resistance.

5.2.4 Tin Oxide

CVD produced tin oxide gas sensors give an n type response to ethanol gas. 

This response was found to be at a maximum of 1.86 when exposed to 100 ppm of 

ethanol gas at an operational temperature of 600 °C. The response was similar to other 

sensors produced by CVD investigated here; the initial response is quick until a near 

plateau is reached. The response falls away quickly once the flow of ethanol gas has
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ceased to near baseline levels and then proceeds less quickly; an example response is

shown in figure 5.10. 
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Figure 5.10. The gas response o f a CV D  prepared tin oxide sensor to varying concentrations o f ethanol at 

an operational tem perature o f 600 °C.

A similar response is observed for tin oxide gas sensors produced by screen- 

printing (figure 5.11.).
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Figure 5.11. The gas response of a screen print prepared tin oxide sensor to varying concentrations of 

ethanol at an operational tem perature o f 500 °C.
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In this case though the responses are much larger (table 5.4.).

A maximum response of 15.7 is observed to 100 ppm ethanol at an operational 

temperature of 500 °C. The response of the tin oxide sensors produced by CVD was 

evaluated in dry and humid air (figure 5.12.).

It was found that the introduction of humidity into the gas flow significantly 

altered the baseline level, which proved to be somewhat unstable. The response also 

diminished; though it is difficult to accurately quantify this because of the shifting 

baseline level.

Table 5.4. Table show ing gas-sensing response o f tin oxide sensors to various concentrations o f ethanol 

gas. C V D  (chem ical vapour deposition) or SP (screen printing) indicates the method of sample 

preparation, and the operational tem perature. Response values are given as an average of two or more 

experim ents ±0.25.

E thanol 

concentration 

in ppm

CVD

400°C

R/Ro

CVD

450°C

R/Ro

CVD

500°C

R/Ro

CVD

550°C

R/Ro

CVD

600°C

R/Ro

SP

400°C

R/Ro

SP

450°C

R/Ro

SP

500°C

R/Ro

SP

550°C

R/Ro

SP

600°C

R/Ro

1 1.04 1.02 1.03 1.01 1.08 1.78 3.06 2.81 2.36 1.00

2 1.09 1.04 1.03 1.01 1.12 2.11 3.95 3.52 3.15 1.32

4 1.13 1.07 1.06 1.02 1.28 2.90 6.16 5.15 4.27 1.43

8 1.17 1.09 1.12 1.02 1.32 3.68 6.46 7.66 5.53 1.94

16 1.17 1.12 1.14 1.02 1.47 4.13 7.76 7.02 8.17 3.9

40 1.24 1.16 1.18 1.02 1.52 6.18 13.23 6.40 8.45 5.02

60 1.27 1.19 1.19 1.03 1.63 6.91 13.36 13.33 10.03 5.77

80 1.28 1.21 1.20 1.04 1.71 8.04 14.30 16.67 11.08 6.37

100 1.28 1.22 1.24 1.04 1.86 8.28 15.20 15.70 12.05 6.93

127



0 .0000013  -

0.00000125

5  0.0000012

o  0.00000115

Gas out0.0000011
50% humidity on

0.00000105

0.000001  r T , r  T 7 T---------- !
0 1 2 3 4 5 6 7 8 9

Time / Hours

Figure 5.12. The gas response o f a C V D  prepared tin oxide sensor to 100 ppm ethanol at an operational 

tem perature o f 600 °C under dry and wet conditions.

5.3 Discussion

For the gallium and antimony oxide sensors made here the change in resistance 

is due to changes in oxygen trap sites in response to the catalytic oxidation of ethanol. 

This is not due to absorption, as we would expect to see a marked change in gas 

response on the introduction of humidity into the chamber. It is therefore likely that for 

these materials surface absorbed water is not associated with the same surface state as 

the surface absorbed ethanol. However, there is a marked change on the gas sensing 

response on the introduction of humidity into the chamber for the niobium and tin oxide 

sensors; indeed this is a current problem in sensor technology that makes SnC>2 (the 

most widely used) devices unsuitable for a range of applications.178,179 For these 

materials surface states are non-specific towards absorbed species. Much work has 

been conducted to improve the surface selectivity of SnC>2 devices 176 to lessen the
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effect of variable humidity. The response peak shape for the samples prepared by CVD 

is quite “square” ; this indicates that some of the resistivity change is a result of 

contributions from the bulk of the material as discussed in the introduction to this 

chapter. As dense films, such as those produced by CVD, have relatively fewer 

absorption sites than porous films, such as those produced by screen printing, they will 

saturate more quickly. This is likely to be a key factor to the square nature of the 

response. This will also affect the extent of the response; indeed in the case of tin, 

niobium and antimony oxide sensors produced by CVD have a lower response than 

those produced by screen-printing.

Figure 5.13. Typical SEM  pictures for: a gallium oxide, b antimony oxide, c tin oxide, d niobium oxide. 

In all cases sam ples were produced by CVD with a reactor temperature of 600 °C. Scale bars indicate 10 

pm  for a, b and d; but 5 pm  for c.
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Sensors that give rise to a lower response are also subject to noise, which limits 

their usefulness in devices. Gallium oxide sensors produced by the two methodologies 

have similar responses; this is most likely because of the morphology of CVD produced 

gallium oxide films (figure 5.13.). The morphology of the gallium oxide film is one of 

spherical particles on the surface, which leads to a higher surface area relative to the flat 

morphologies of other CVD produced oxide sensors. Indeed the films produced of 

antimony oxide and tin oxides are relatively flat compared to the film of gallium oxide. 

In all cases island growth regime is observed. Poor physical connectivity between 

islands is observed in the case of niobium oxide, this is in contrast to previous work 

conducted on the production of niobium oxide via CVD methods.171 In this work it was 

found that crystalline niobium oxide films could be grown with dense columnar island 

growth structures. No gas sensing response could be observed from the niobium oxide 

gas sensors, this is because of a lack of physical connectivity of niobium oxide between 

the sensor electrodes. Screen printed samples had a response shape more akin to a 

“shark fin”, whereby saturation takes longer, thus indicating the increased number of 

absorption sites due to the more porous nature of sensors prepared using this 

methodology (Figure 5.14.).

130



Figure 5.14. Typical SEM  pictures for: a gallium  oxide, b antimony oxide, c tin oxide, d niobium oxide. 

In all cases sam ples were produced by screen-printing the raw materials onto a gas sensor substrate. In all 

cases the scale bar indicates a distance o f 10 pm.

In general it is felt that screen-printing is a more suitable method in the 

production of solid-state gas sensors. This is because the films are especially porous 

with a large number of sites for interaction between surface and gas phase species, 

resultantly the ratio of surface conductivity to bulk conductivity is high; not only does 

this increase the magnitude of response (for example between the two types of tin oxide 

sensor evaluated here), but leads to a much less noisy response. Other advantages of 

screen-printing include high surface coverage and high physical connectivity ensuring a 

good connection between sensor electrodes. It is found that there is a mismatch in the 

optimum operational temperature of sensors prepared by CVD compared to those
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prepared by screen-printing. Gallium oxide and antimony oxide sensors prepared by 

CVD have lower optimum temperatures than those prepared by screen-printing. This 

could be due to the island growth mechanism which may lead to grain boundaries and 

defects with a lower activation energy toward trap states and / or higher electron 

mobility. This is not the case with tin oxide samples; this may be because of the higher 

surface coverage and increased connectivity of the film. This indicates an advantage to 

CVD prepared sensors over screen-printed examples in terms of energy usage.

Previous work has examined the gas sensing properties of gallium and tin oxides 

prepared by PVD methods. PVD prepared gallium oxide films in the presence of gases 

such as methane and carbon monoxide 114,115 found that higher temperatures these gases 

are readily sensed. An example result indicates that the R/R0 value for a sensor 

prepared by sputtering to 5000 ppm methane in dry air is 40 at 700 °C. This decreases 

dramatically at 600 °C to a R/Ro of only 5. APCVD produced films had R/Ro values 

between 1 and 2.84 for gas concentrations between 1 and 100 ppm, similarly screen 

printed sensors had responses between 1 and 2.12 under the same conditions. The 

optimum response temperature was found to be 400 °C for CVD prepared sensors and 

500 °C for screen-printed sensors. These are significantly lower than the PVD prepared 

material (700 °C). Lowering the optimum operational temperature in sensor devices is 

desirable as this results in the consumption of less energy. Screen-printed tin oxide 

sensors give high responses to hydrocarbon gases at low temperature (400 °C).

177Typically these responses are in the order of 20 -  50. Much work has been 

undertaken to improve the selectivity and stability of these sensors. Metals such as 

antimony or platinum are routinely doped into the sensors to help achieve this.176 PVD 

routes have been used to deposit SnC>2 films for gas sensor applications. 121 These
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sensors have optimum response while operating at 350 °C.180 The sensors prepared by 

CVD give optimum responses at elevated temperature (600 °C), though this response is 

small (1.86) compared to the optimum response given by the screen-printed sensors 

investigate here (15.70 at 500 °C or 15.20 at 450 °C).

5.4 Conclusion

The response to reducing gas (ethanol) by APCVD and screen print prepared 

metal oxide sensors was evaluated. It was found that of the four materials prepared by 

APCVD evaluated here the gallium oxide sensors gave the greatest response of 2.83 at 

an operating temperature of 400 °C. The screen-printed samples gave better responses, 

with the exception of the gallium oxide sample. The best of these responses was by the 

tin oxide sensor of 15.7 at an operating temperature of 500 °C. It is likely that the more 

open morphology of the APCVD prepared gallium oxide sensor is responsible for 

increasing the sensitivity of this sensor versus the screen-printed gallium oxide sensor. 

APCVD prepared dense thin films of metal oxides have been shown to provide 

measurable responses to a reducing gas.

133



Chapter 6 -  Aerosol Assisted Chemical Vapour 

Deposition

In the previous chapter we saw metal oxide films being evaluated as gas sensors. 

In this chapter we change tack and examine the versatility of aerosol assisted chemical 

vapour deposition in the deposition of ionic films from simple ionic precursors and as a 

novel way to dope materials.

6.1 Introduction

In recent years there has been much interest in the development of new 

precursors for the chemical vapour deposition of inorganic materials. In general, such 

precursors must be volatile, have sufficient stability to transport to the deposition site

172and decompose cleanly to give the desired material.

Aerosol assisted chemical vapour deposition (AACVD) is a technique that is

potentially an extremely valuable tool. It has been demonstrated that functionalised

181films can be deposited from traditional single source precursors or grown using 

unconventional polyoxometelate precursors.5

Alkali fluoride films have received some interest in recent years since their 

characteristics suggest possible applications in the generation of light and as wave-guide 

devices.182,183 For instance sodium fluoride film deposition has been observed from the 

single source CVD of sodium fluoralkoxides.184,185 Alkali fluoride thin films have been 

deposited using (3 -  diketonates 186 and alkoxide based precursors.187' 189 Optical and 

structural properties of sodium fluoride thin films deposited by physical vapour 

deposition methods have been investigated.190
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6.2 Results

Deposition of metal fluoride films was achieved on glass substrates from the 

AACVD of metal fluoride powder dissolved in water. The process was studied at 

different substrate temperatures and carrier gas flow conditions (examples for NaF in 

table 6.1). We believe that this process is an actual CVD reaction rather than an aerosol 

spray type delivery because the hot zone of the reactor used was at a sufficiently high 

temperature to vaporise all of the aerosol solvent. Further, the NaF precursor would be 

expected to be in the form of dissolved and separated ions within the aerosol -  rather 

than as a discrete molecule in conventional molecular based CVD processes.

There appeared to be no limit to deposition temperature as films were deposited 

at all temperatures investigated. All of the films were uniform; and all of the films had 

a white opaque appearance; as such they were unreflective and appeared powdery. 

They all failed the Scotch tape test, could be marked by a brass stylus and could be 

wiped from the substrate using a dry cloth. No optical change was apparent in the films 

over the course of three months.
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Table 6.1. Experimental Conditions and micro-analytical results for NaF thin films.

Substrate 
Temperature / 

°C

Nitrogen 
Gas Flow 
Through 
Aerosol 

Mist 1/min.

Elemental 
Composition 

As Determined 
ByEDAX

600 2.0 NaF

600 1.0 NaF

600 0.5 NaF

600 0.3 NaF

600 0.1 NaF

550 1.0 NaF

500 1.0 NaF

450 1.0 NaF

400 1.0 NaF

350 1.0 NaF

300 1.0 NaF

250 1.0 NaF

200 1.0 NaF

Compositional analysis of the films was determined by EDXA. In all cases 

some breakthrough to the underlying glass substrate was observed. This was corrected 

for based on a sample of plain glass. The results indicate that the films have the same
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elemental ratio as a pellet of the starting material, which was also examined (Table 

6.1.).

SEM analysis of the films highlighted that films grew via island growth 

mechanism. A representative sample is shown in figure 6.1.

Figure 6.1. A Representative SEM photograph of AACVD prepared sodium fluoride thin film.

The optical properties of the films (Table 6.2.) were investigated using 

transmission / reflectance measurements and UV absorption between 1100 nm and 400 

nm. All samples showed a shift in absorption edge relative to plain glass. The films 

showed minimal reflectivity (2%) and transmission (5-10%) between 1100 nm and 400 

nm. The transmission spectra indicated high levels of hazing; indeed haze 

measurements gave values between 5 and 90.
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Table 6.2. Optical properties and microanalytical results.

Sample EDXA Analysis Optical Properties Haze

LiF LiF 11% Transmission 
3% Reflectance

18.2

NaF NaF 10% Transmission 
2% Reflectance

77.5

KF KF 10% Transmission 
3% reflectance

30.4

RbF RbF 7% Transmission 
4% Reflectance

15.2

MgF2 MgF2 12% Transmission 
1 % Reflectance

87.1

CaF2 CaF2 5% Transmission 
1 % Reflectance

5.1

SrF2 SrF2 9% Transmission 
1% Reflectance

16.7
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Figure 6.2. The X-ray diffraction pattern given by an AACVD prepared sodium fluoride thin film. The 

stick pattern is that o f bulk sodium fluoride obtained from the database. Indexing indicated a face 

centred cubic lattice with lattice parameter a = 4.5777(1) A.99
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Metal fluoride films were examined by X-ray diffraction conditions and returned 

XRD patterns akin to those produced by powder XRD of the applicable metal fluoride 

powder (Figure 6.2.). 99 However, analysis of the same films a week later did not show 

the powder pattern seen before. There was evidence of a hydrate being produced.

XPS measurements on a sample of NaF revealed binding energies of 684.4 eV and 

1071.0 eV for F Is and Na Is, respectively. These are comparable to previous literature 

values of 684.5 eV and 1071.2 eV .95 The XPS peak profiles are consistent with one 

environment each for sodium and fluorine (figure 6.3.). Elemental quantification suggests a 

1:1 ratio of metal to fluorine.

6.3 Discussion

AACVD of metal fluoride powders dissolved in water produces thin films of the 

appropriate fluoride on glass substrates. In all cases the films were monophasic 

fluoride: the same phase as the starting material. It was found that the gas flow 

conditions and substrate temperature had little detectable effect on the films produced.

The films were found to be insulating as expected of this type of ionic solid. These 

films show no discemable Raman spectra. They shift the absorption edge of and 

undergo less transmission and reflection of light than the glass substrates used in these 

deposition experiments. As they have an opaque, powdery appearance their application 

in glazing is highly unlikely. All of the films have similar island growth morphologies. 

Subsequent reanalysis by EDXA in the light of the XRD results produced near identical 

elemental ratios to those from samples examined soon after production. It would appear
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that these films absorb water from the air to form the hydrated metal fluoride. This 

might be expected, as the films are porous.
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Figure 6.3. XPS binding energy shifts for F  Is and Na 1 s respectively.
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6.4 Conclusion

AACVD reaction of metal fluoride powders dissolved in water affords opaque 

thin films of metal fluoride on glass substrates. The films show good surface coverage 

and uniformity and are free of the cracks associated with other production methods 

such as solvent evaporation. We have demonstrated that AACVD can be used to 

deposit materials from unorthodox non-volatile precursors.
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Chapter 7 AACVD + APCVD

Aerosol assisted chemical vapour deposition may also be used in conjunction 

with atmospheric pressure chemical vapour deposition as a way to dope materials, by 

diverting the plain flow of the atmospheric pressure chemical vapour deposition rig 

through the aerosol assisted chemical vapour deposition rig (both described in chapter 

2, see figure 7.1).

Line 1 Line 2Exhaust Plain LineExhaust

Mixing ChamberReaction Chamber

Precursor
Flask

Ultrasonic
Humidifier

Figure 7.1. Schematic o f AA CVD / APCVD rig

Aerosol generated precursors can be introduced into the APCVD reaction. In 

test runs well known reactions were considered. For the atmospheric pressure reaction, 

the reaction of tin tetrachloride and ethyl acetate to form tin oxide was chosen because 

both of these precursors provide high enough vapour pressures to be used at room 

temperature and the formation of tin oxide by APCVD is relatively facile. The aerosol
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precursor chosen was the tungsten polyoxometalate salt ["Bu4N]2 [W6 0 i9] dissolved in 

acetone Figure 7.2 is a structural representation of the anion [W6O19]2'.

Figure 7.2. Structural representation of the anion of ["BiuNEfWfiOw], [W60 | 9]2\  Tungsten atoms are 

shown in green and oxygen atoms in red.

In the instance of this reaction the APCVD rig bubblers were not heated and 

neither was the incoming nitrogen gas flow as it was felt this would even out the 

reaction time scale of the two systems.

7.1 Results and Discussion

Compositional analysis of the films was determined by EDXA. In all cases 

some breakthrough to the underlying glass substrate was observed, this was corrected 

for based on a sample of plain glass. The results indicate that the films contained high 

amounts of tin and oxygen and smaller amounts of tungsten, though it is difficult to 

discern from the EDXA analysis the phases present in the film.
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Table 7.1. Table o f  reaction conditions and microanalytical results for the mixed A A /A P C V D  system.

Substrate 
Temperature / 

°C

Nitrogen 
Flow through 
SnCU bubbler 
1/min (SnCU) 

[Bubbler 
temperature / 

°C]

Nitrogen Flow 
through Ethyl 

acetate bubbler 
1/min 

(C2H5OCOH) 
[Bubbler 

temperature / °C]

Nitrogen 
Flow of 

make up gas 
(flow 

through AA 
delivery 
system) 

1/min.

EDAX and 
Electron Probe 

analysis

550 0.5 (SnCU) 
[25]

0.5
(C2H5OCOCH3)

[25]

1 .0 Sn 32% O 
65% W 3%

600 0.3 (SnCU) 
[25]

0.7
(C2H5OCOCH3)

[25]

1 .0 Sn 32% O 
65% W 3%

600 0.7 (SnCU) 
[25]

0.3
(C2H5OCOCH3 )

[25]

1 .0 Sn 32% O 
65% W 3%

600 0.5 (SnCU) 
[25]

0.5
(C2H5OCOCH3)

[25]

1.0 Sn 31% O 
64% W 5%

600 0.5 (SnCU) 
[25]

0.5
(C2H5OCOCH3)

[25]

1.5 Sn 31% O 
64% W 5%

600 0.5 (SnCU) 
[25]

0.5
(C2H5OCOCH3)

[25]

2.0 Sn 30% O 
64% W 6 %

SEM analysis of the films highlighted that films grew via island growth 

mechanism. A representative sample is shown in figure 7.3.

Figure 7.3. SEM picture of a film made from the combined AA /  AP CVD system.

144



20 40
2 theta degrees

Figure 7.4. XRD pattern of a film  made from the combined AA /  AP CVD system. The pattern is that of 

Sn02. "

X-ray diffraction indicated a pattern which matched a reference pattern of SnC>2 

99 (Figure 7.4.). Indexing this pattern indicated the presence of a tetragonal lattice with 

lattice parameters of a = 4.7688(6) and c = 3.2045(4) similar to previously published 

values.99 These lattice parameters are larger than those found for the films of tin oxide 

in chapter 4. This is probably because tungsten is doped into the lattice. However, the 

ionic radius of 6 coordinate W4+ (0.66 A) is actually slightly smaller than that of 6 

coordinate Sn4+ (0.69 A) 12 although perturbations of electron density may lead to a 

larger unit cell. X-ray photoelectron spectroscopy revealed binding energy shifts of 

530.6 eV for O Is and 487.2 eV for Sn 3d5/2 respectively. The XPS peak profiles 

(Figure 7.5.) are consistent with a single environment for tin and oxygen. The binding
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energy shifts are in agreement with previous literature values of 487.3 eV for Sn 3d5/2 

and 530.5 eV for O Is.95 Compositional analysis reveals that 6% of the material is 

tungsten. The tungsten 4f peak is asymmetrical suggesting that tungsten resides in a 

variety of oxidation states. This is a possibility as tungsten oxide is likely to be formed 

during the course of the reaction from the polyoxometalate precursor.5 Unfortunately 

the oxygen Is peak does not provide any information. Indeed the binding energy shift 

for oxygen in tin oxide and tungsten oxide is similar.95
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Figure 7.5. XPS peaks from a sample of tungsten doped tin oxide.

147



7.2 Conclusion

Preliminary work has been presented demonstrating that AACVD can be 

combined with APCVD to introduce dopants into films. Considerable additional work 

needs to be done to investigate and understand this.
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Chapter 8 -  Conclusions

8.1 Overall Conclusions

This thesis has examined the production of thin films of some novel main group 

metal phosphide and oxide thin films using dual source atmospheric pressure chemical 

vapour deposition. The main group metal oxides were deposited onto gas sensor 

substrates, and their response to ethanol, a reducing gas, was evaluated. The production 

of alkali metal and alkaline earth metal fluorides using aerosol assisted chemical vapour 

deposition is investigated. Atmospheric pressure and aerosol-assisted methodologies 

have been combined for what we believe is the first time and the resulting products 

examined.

Tin phosphide films could be made with a variety of stoichiometries. Tin 

phosphide has been found to have an indirect band gap of 2.2 eV. These films had an 

island growth mechanism with an interesting surface morphology of spherical particles. 

According to the experimental conditions the size, distribution and number of these 

particles could be controlled. In certain cases exotic web like structures were observed 

on the surface.

Films of germanium phosphide were produced via an island growth mechanism 

from the APCVD reaction of germanium chloride or bromide and PCychexH2 . A variety 

of film stiochiometries could be prepared depending on the experimental conditions. 

The morphology of these films was fairly flat and featureless. Germanium 

monophosphide films were found to have a band gap of 1.1 eV.
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Reaction of a copper metal substrate and PCychexH2 under APCVD conditions 

affords thin films of copper phosphide (CU3P). The use of a co-reactant produces 

thicker, more crystalline films. The films show excellent surface coverage, uniformity 

and good adhesion properties. Copper phosphide films (CU3P) could be obtained; these 

were grey in appearance and electrical insulators.

An attempt to make a thin film of silicon phosphide from the APCVD reaction 

of silicon tetrabromide and PCychexH2 was made. Grey, almost metal-like films were 

produced on glass substrates. Analysis proved inconclusive; XRD indicates that it is 

likely that a film with a variety of phases and compositions has been produced. In some 

samples phosphorous could be detected in the film using both XPS and EDAX along 

with a significant amount of oxygen. It is however, unclear as to if this oxygen 

originates as part of the film or from the glass substrate.

The APCVD reaction of antimony pentachloride and PCychexH2 led to the 

production of metallic films. XRD indicated that this film was of antimony metal. 

Examination by SEM and EDAX confirmed that antimony metal crystallites had grown 

on the surface of the glass substrate. EDAX conducted on areas free from metal 

crystallites indicated a very thin film containing antimony and phosphorous was 

present, although the quantities detected are near the limit of detection for the 

instrument and so are viewed as not 1 0 0 % reliable.

Attempts to make boron phosphide films seemed to be beyond the limits of the 

CVD apparatus used. The maximum substrate temperature was 600 °C; boron 

phosphide has in the past been deposited at temperatures in the region of 1000 °c .81'84
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The reaction of gallium trichloride with methanol under APCVD conditions 

affords clear films of gallium oxide on a variety of substrates. The films show good 

surface coverage, adhesion and uniformity. Gallium oxide films of a single phase were 

obtained. These were colourless in appearance and had low electrical conductivity at 

room temperature. The response to reducing gas (ethanol) by APCVD prepared gallium 

oxide gas sensors was evaluated. For the APCVD produced gas sensor it was found 

that there was a significant gas sensing response, which was most pronounced at 450 °C 

(3.29). The response was greater than that of a gallium oxide sensor prepared by 

screen-printing (2.07). This is most likely to be because of the high surface area 

afforded by the spherical particle morphology of APCVD produced gas sensors.

The APCVD reaction of tin tetrachloride with ethyl acetate leads to the 

production of clear films of tin oxide on a variety of substrates. The films show good 

adhesion, uniformity and surface coverage. Single-phase films of tin oxide were 

obtained. The gas sensor response to ethanol reducing gas was evaluated for both 

APCVD produced and screen-printed materials. The APCVD produced sensors’ whose 

most pronounced response was at 600 °C (1.86), whereas the screen-printed sensors 

optimum temperature was 500 °C (15.7). The screen-printed sensor gave a response an 

order of magnitude greater than the APCVD prepared material. This is because of the 

open, porous morphology seen with screen-printing, versus the relatively closed, fine

grained, columnar structure of APCVD produced tin oxide.

Transparent, single-phase films of antimony oxide were produced from the 

APCVD reaction of antimony pentachloride and ethyl acetate. The films show good
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adhesion, uniformity and surface coverage on a variety of substrates. The response to 

reducing gas (ethanol) by screen-printed and APCVD prepared antimony oxide gas 

sensors was evaluated. The screen-printed sensor gave the most significant response at 

500 °C (1.47). The largest response afforded by the APCVD prepared sensor occurred 

at 400 °C (2.17).

The APCVD reaction of niobium pentachloride with ethyl acetate leads to the 

production of clear films of niobium oxide on a range of substrates. The films show 

good adhesion and uniformity. Surface coverage whilst complete to the naked eye was 

relatively poor when examined using an electron microscope. Single-phase films of 

niobium oxide were obtained. The response to reducing gas (ethanol) by APCVD 

prepared gallium oxide gas sensors was evaluated but no response could be elucidated. 

This is because there is a lack of physical connectivity over the surface of the gas sensor 

between the electrodes making the material appear as an insulator. It was, however, 

found that the screen-printed sensor gave a good gas sensing response (10.13) which 

was most pronounced at 600 °C.

AACVD reaction of alkali metal and alkaline earth metal fluorides in water 

affords opaque thin films of metal fluoride on glass substrates. The films show good 

surface coverage and uniformity and are free of the cracks associated with other 

production methods such as solvent evaporation. XRD suggests that the deposited 

materials are very similar to the starting materials, though hydrolysis occurs over the 

course of a week or so. It has been demonstrated that AACVD can be used to deposit 

materials from unorthodox non-volatile precursors.
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Combination of aerosol assisted and atmospheric pressure CVD methodologies 

leads to the production of thin films where the aerosol-assisted precursor is doped into 

the film created from the APCVD reaction. More work needs to be conducted in order 

to understand this process better.

8.2 Future Work

The work described in this thesis has demonstrated that APCVD can be used in 

the production of novel metal phosphide thin films from metal halides and substituted 

phosphines. A broader assessment of their structure, properties and semiconductor 

qualities may prove useful.

Metal oxide semiconductor gas sensors are traditionally not produced via CVD 

routes though it has been shown in this thesis that devices with a measurable response 

can be created by such methodologies. CVD routes may have an advantage over 

traditional routes (such as screen-printing) in terms of time and cost. However, the 

magnitude of response would need to be comparable if not better than the traditionally 

produced sensors if they were to compete in the market place. More work to improve 

the film morphologies and optimise film thickness could be done to see if this can be 

achieved. Aerosol assisted routes have potential in this sphere as films tend to be much 

more porous than films produced by atmospheric pressure chemical vapour deposition 

and the choice of precursor is much less constrained.

Preliminary work is presented here on the combination of atmospheric and 

aerosol routes to produce a doped film. It may be that this is a convenient way to dope 

unusual and interesting materials into target films. More work needs to be done to 

understand the interaction of the two processes and possibly exploit it.
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