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Abstract

ETAL oxide semiconducting (MOS) gas sensors provide an efficient means of
M monitoring air quality and noxious gas concentrations. This PhD research sets out to
investigate sol-gel prepared binary metal oxide compounds of MoO3-TiO2 and MoO3-WO3
thin films for gas sensing applications.

MoO3-TiOs and MoO3-WOs3 thin films were successfully fabricated using the sol-gel
process. The author designed this procedure in order to avoid solution precipitation,
agglomeration and premature gelling. The spin coating technique was used to deposit the
solutions on to substrates and transducers for micro and electrical characterisation. R.f.
sputtered samples were also fabricated for comparative purposes. A computer controlled
4-channel gas calibration system was designed and developed to calibrate the sensors
towards O, O3z, CO, NOy gas and ethanol vapor. Conductometric transducers based on
alumina, sapphire and silicon dioxide were fabricated using sputtering and photolithography
techniques. The transducers were designed to distribute heat homogeneously for consistent
sensor operation. They were mechanically, thermally and electrically stable at temperatures

up to 600°C. This was achieved by adhering the Pt electrodes using a Ti promoter.

[Micro analysis techniques were employed to correlate the gas sensing behavior with

the films’ micro-characteristics. The films’ microstructure, surface topography, morphology
and grain structure were analysed by Scanning Electron Microscopy (SEM), Transmission
Electron Microscopy (TEM) and Atomic Force Microscopy (AFM). The chemical com-
position and stoichiometry was measured by X-Ray Photoelectron Spectroscopy (XPS)
and Rutherford Backscattering Spectroscopy (RBS), the crystalline structure by X-Ray
Diffraction Analysis (XRD) and finally Secondary Ton Mass Spectrometry (SIMS) provided

useful material depth information of the films. The micro characterisation showed that a

higher content of Mo results in a rougher film with a higher surface area, possessing more

active sites for greater gas-film interaction. It was also shown that the Mo-based films should



be annealed at about 450°C and not operated more than 400°C as a result of MoOg3’s low

evaporation temperature, this was a critical concern for the author.

[The comparison between sol-gel and r.f. sputtering MoO3-TiO» films, showed that sol-
gel films possess a higher response towards CO and NOg attributed to the ultra-fine grain
structure (average grain size of about 10 nm for sol-gel versus 20 nm for r.f. sputtered).

However, both deposition techniques were successful in decreasing the resistivity of pure

MoOg3 from the giga-ohm to the mega-ohm range, hence MoO3-TiO and MoO3-WOj3 films

can be easily interfaced to electronics.

[The sol-gel MoO3-TiOy sensors had a response of 2 towards 25 ppm of CO, this

being comparable to commercial CO sensors (Capteur, U.K.). The MoO3-WOs3 sensors
showed a selective response to NOs, being insensitive to CO of up to 30 ppm. MoOs-
WOj3 showed a promising response towards ethanol vapor, outperforming commercially
available sensors (Capteur, U.K.) by over 500%. Moreover, MoO3-TiO9 showed promising
response characteristics to gasoline exhaust gas compared to commercial sensors from Figaro

(Japan), Microchemical (Switzerland) and Capteur (U.K.). The gas sensors developed were

integrated into a microcontrolled vehicle cabin air quality monitor which was designed,

developed and tested for fatigue and suicide prevention purposes. By monitoring the gas
concentration profiles within the vehicle cabin, alarms could be set to warn vehicle occupants
of poor cabin air quality to prevent driver fatigue and drowsiness or shutdown the engine

to prevent exhaust gas suicides.

Xviil



Chapter 1

Introduction

1.1 Motivation: Vehicle Cabin Air Quality Monitoring

AIR quality is one of the major environmental concerns in our industrialized world.
Increasing amounts of noxious pollutants are emitted into the atmosphere, resulting
in damage to human health and the environment. Air pollutants cause global warming
via the greenhouse effect and urban smog. The main pollutant sources are automobiles,
factories, power plants and smelters [1, 2]. Aside from environmental damage, ambient air
pollution causes health problems such as respiratory tract infections, asthma, lung cancer
and others [3, 4].

|Gas sensors are an important element in controlling and monitoring air pollution. By

using them, gases can be monitored and measures can be taken to correct the undesirable

effects their presence cause. This is particularly important in monitoring gases in indoor

environments. Ventilation rates are sometimes reduced in buildings and confined areas such

as aeroplane cabins to save energy. This causes headaches, colds and nausea to occupants

and passengers [5]. Another important indoor air quality problem exists in automobile
vehicle cabins. Driver discomfort and adverse health effects to vehicle occupants, caused by
exhaust gas entering the cabin, has prompted automobile manufacturers to install systems
such as cabin air quality control to the heating, ventilation and air conditioning (HVAC)
systems of automobiles. These systems are designed to optimise occupant comfort by
automatically controlling the HVAC flaps to be positioned in the “recycle” or “fresh-air”
mode.

[These systems do not take into consideration scenarios which may cause a build up in

poor cabin air quality from vehicle occupants exhaling carbon dioxide (CO3). Furthermore,
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the current systems do not take action when exhaust gas is forced into the vehicle cabin

by potential suicide victims being poisoned by carbon monoxide (CO). Another vehicle
cabin air quality concern is fatalities resulting from driver fatigue and drowsiness. Fatigue
symptoms are a result of CO inhalation and the depletion of oxygen (O2) within the cabin.

IGas sensors may be incorporated into the vehicle to analyse cabin air quality and to

take proactive action in order to prevent suicides and driver fatigue. For this application,

Metal Oxide Semiconducting (MOS) gas sensors are very attractive, due to their sensitivity,

stability, small size and low cost.
[With these current air quality concerns in mind, this research has been instigated by

two factors:

@ The improvement of gas sensor responsivity and dynamic performance for various
lpplications, particularly for cabin air quality control using binary metal oxide films;

land

@ The prevention of exhaust gas suicides and vehicle fatalities caused by fatigue and

drowsy driving instigated by poor cabin air quality.

A system based on specially fabricated binary metal oxides of MoO3-TiOy and
MoQO3-WO3 gas sensors will be developed. This system will prevent exhaust gas suicides
and driver fatigue caused by poor cabin air quality.

[To the best of the author’s knowledge there have been no published reports in the

public domain on the research and development of a vehicle cabin air quality monitor for

the purpose of preventing suicides and driver fatigue. Such a system, if correctly enforced

and installed, can eliminate all exhaust gas suicides in vehicles and reducing fatal accidents.

1.1.1 Gas Sensor Applications

Apart from automotive applications such as vehicle cabin air quality, a vast array of
gas sensor applications exist. Gas concentration profiles of ambient air is required by

scientists, policy makers and planners to enable them to make decisions on managing

and improving the environment. This monitoring is generally referred to as Ambient Air

Quality Monitoring. Various industries also have a need to monitor gas emissions for process

control, such as the aluminum, cement, chemical, fertilizer and mineral industries which need

to track their gas emissions. Such an application of gas monitoring is called Continuous
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Emissions Monitoring (CEM). Other industries such as the automotive (air-to-fuel ratio),
medical, and agricultural industries rely heavily on the monitoring of gas concentrations
for analysis, control and feedback purposes. Each application places various requirements
on their sensing and monitoring systems, however, the pollutants commonly monitored are
Carbon Monoxide (CO), Nitrogen Dioxide (NO3z), Carbon Dioxide (CO3) and Ozone (Os3).
Other gases and vapors such as Oxygen (O2) and Ethanol (CH3CH2OH) are also of concern,
and have therefore been considered within this research.

|Acceptable guidelines, standards and limits for air pollutants are published by numerous
regulatory and quasi-regulatory bodies for protecting public health from the adverse effects
of air pollution. These include the World Health Organization (WHO) [6], the Australian
National Occupational Health and Safety Commission (NOHSC) [7], the US Occupational
Safety and Health Administration (OSHA) [8], the US National Institute for Occupational
Safety and Health (NIOSH) [9] and the Department of Environment, Transport & Regions
(DETR) [10] of the UK. Table 1.1 shows noxious exposure gas limits and guidelines set by

the various regulatory bodies for time weighted concentrations over an 8 hour period.

Table 1.1: Noxious gas exposure limits in ppm and guidelines set by various regulatory bodies time
weighted average over an 8 hour period.

Gas WHO | NOHSC | OSHA | NIOSH | DETR
CO 10 30 35 35 10

NO; 21 3 5 1 -

CO2 - 5000 5000 5000 -

O3 0.06 0.1 0.1 0.1 0.5
Ethanol | - 1000 1000 1000 -

IGas species could be classified as toxic and non-toxic. The human physiological effects

of the main gas species focused throughout this research and applicable to vehicle cabin air
quality are highlighted below:

Carbon monozide (CO) is an odorless and toxic gas produced by the incomplete
combustion of carbonaceous materials. CO is present in the exhaust gas of motor vehicle
engines. Motor vehicles can contribute up to 95% of CO in city centers of developed
countries [11]. CO is regarded as the most common single cause of poisoning in both

industry and the home [6]. When inhaled, CO binds to blood haemoglobin, which reduces

the oxygen-carrying capacity of the blood. The affinity of CO to haemoglobin is 200 to 250
times higher than oxygen [12, 13].
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Carbon diozide (COs) is present in the atmosphere at about 400 ppm (0.04%). It is a
colorless, odourless, noncombustible gas [12]. In the course of breathing, carbon dioxide and
water vapour is emitted which, in an enclosed environment, can displace oxygen. The lowest
level at which CO5 effects has been observed in both humans and animal studies is about
1000 ppm. At concentrations more than 1500 ppm respiration is affected and breathing
becomes faster and more difficult. Concentrations above 3000 ppm can cause headaches,

dizziness and nausea [12].

\Nitrogen dioxide (NOs) is a reddish brown, highly reactive gas that is formed in the
ambient air through the oxidation of nitric oxide (NO). The major sources of man-made
NO, emissions are high-temperature combustion processes, such as those occurring in
automobiles and power plants. NOs can irritate the eyes, the skin and the respiratory
tract [6].

Ozone (Os) is created by a chemical reaction between NO,, and Volatile Organic

Compounds (VOC) in the presence of sunlight. Ground-level ozone exposure can also lead

to shortness of breath, chest pain, wheezing and coughing. Ozone occurs naturally in the
stratosphere (high level ozone). This naturally occurring ozone is destroyed by such man-

made chemicals as chlorofluorocarbons (CFCs), halons and other ozone depleting substances

(used in coolants, foaming agents, fire extinguishers and solvents). As the stratospheric
ozone layer is depleted, higher UV-b levels reach the earth’s surface causing human skin
cancer [14].

\Ethanol (CHs CH, OH) is the main element in alcoholic drinks. A clear, colorless vapour

it has a characteristic, agreeable odor. Ethanol acts as a drug affecting the central nervous

system. Its behavioral effects stem from its effects on the brain and not on the muscles or

senses themselves. The symptoms of intoxication are well known by most.

Ozygen (O2) makes up 20.9% of the atmosphere, however when atmosphere concen-

trations are less than 19.5% of O, the area is considered to be oxygen-deficient [15].
The O level inside a confined space may decrease as the result of either consumption
or displacement. To prevent confined space deaths and injuries, OSHA issued its final rules
on Confined Spaces (29 CFR 1910.146) [15]. As an oxygen deficient atmosphere contains
less than 19.5% oxygen by volume, it is considered as a hazardous environment at such

levels. In order to have safe working conditions in a confined space, the oxygen level must

be between 19.5% and 23.5%. Any level less than 19.5% is dangerous and will affect the

worker’s health and safety. Table 1.2 indicates the health symptoms of Oy depletion [16].
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Table 1.2: Os health symptoms of exposure.

Oxygen Symptoms

Concentration

23.5% Maximum Safe Level; OSHA

20.9% Ambient Oxygen Concentration.

19.5% Minimum Safe Level; OSHA, NIOSH

17.0% Impairment of judgment starts to be detected.

16.0% First signs of anoxia appears.

16-12% Breathing and pulse rate increases, muscular co-ordination is slightly impaired.
14-10% Consciousness continuous, emotional upsets, abnormal fatigue upon exertion.
[10-6% Nausea and vomiting, inability to move freely and loss of consciousness may occur.
6% Respiration stops and a few minutes later heart action ceases.

[The adverse health effects caused by various gas agents instigates the majority of gas
sensor research. Gas sensors have not only been used in determining the presence of gas
species, but have grown in aroma detection for determining the quality of wine, food, oil

and coffee and the presence of illegal drugs.

1.2 Gas Sensors

Measurement of gas concentration can be carried out using various means. Factors such
as accuracy, resolution, cost and sensing environment (temperature, vibration, mechanical
shock, chemical poisoning) influence the sensor’s response. Typically, the measurement
of air pollutants has been carried out using analytical instruments based on optical

spectroscopy. These instruments give precise analytical data, however are costly, large,

slow and require to be used by highly qualified personnel. Current trends are to improve

low cost gas sensors to obtain high sensitivity, selectivity and stability. For the application

of vehicle cabin air quality, low cost, small size, high sensitivity and a stable sensors are

required. Such attributes can be obtained by solid-state semiconductor metal oxide gas

SEensors.

1.2.1 Solid-State Semiconductor Gas Sensors

Solid-state gas sensors refers to the nature of the sensing element. Solid-state gas sensors

can be divided up into three categories; metal oxide semiconductor, solid electrolyte and
catalytic combustion based gas sensors.

[The most widely studied area of solid-state gas sensors is that based on metal
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ozide semiconductors (MOS). Other materials used as sensitive films are 3 -napthol,
phenanthrene, polybenzimidole, polyamide and phthalocyanine. Other gas sensitive
materials are elemental and compound semiconductors such as Si, Ge, GaAs and GaP.
However, these materials do not shown promising gas sensing performance compared to
metal oxide semiconducting materials such as SnOs and ZnO [17].

[The MOS sensing mechanism involves an electrical conductance change caused by gas

adsorption and chemical reaction on the semiconductor surface, inducing a gas concentration

dependent change in the electrical resistance of the material. This phenomenon occurs at
elevated temperatures more than 200°C [18]. MOS gas sensors are well known for their
high sensitivity (for most applications), reversibility, stability, durability and low cost. The
major disadvantages of MOS gas sensors is their poor selectivity, humidity and temperature
effects, however they can be improved by introducing noble metal catalysts and filters. High
power is also required to operate sensors at their elevated temperatures. The operating
mechanism’s of these gas sensors and their advantages/disadvantages are further elaborated
in Chapter 2.

Solid electrolyte (Zirconia) gas sensors, unlike semiconducting gas sensors, are more

commonly used in highly accurate continuous monitoring systems. They are constructed

from high ionic conductive solid electrolyte materials such as zirconia (ZrO3). They operate
at elevated temperatures of more than 600°C. The presence of oxygen vacancies in the
material makes the mobility of the oxygen ion O~ possible. The resulting conductivity is
very low at room temperature, however dramatically increases when heated up to about

600°C [19]. The major application of zirconia sensors is the monitoring of the air-to-fuel

ratio in fossil fuelled combustion systems such as that in automobiles and other industrial

combustion processes. They provide quick, accurate and continuous measurement, having

a low temperature dependence and long life time.

ICatalytic combustible gas sensors are popular for detecting combustible and hydrocarbon
gases. They are made up of two coils of fine wire coated with a ceramic material to form
beads. The active bead is coated with a palladium based material that allows catalyzed
combustion to occur on the surface of the bead, increasing its temperature and causing

the electrical resistance of the coil to rise. Catalytic beads are small, mechanically rugged,

inexpensive, stable, and simple to calibrate and maintain. However, the catalyst slowly

deactivates on the bead causing stability and drift problems [20].



1.2 Gas Sensors 7

1.2.2 Other Gas Detecting Methods

Many other gas sensing principles exist, aside from solid-state gas sensors. A brief overview
of the more common principles is provided.

|Electrochemical sensors have very good linearity. They can measure large or small gas
concentrations and require low power to operate, however they have a limited life span of

one to two years. The sensor is made up of a membrane, electrodes and electrolyte that

are chosen to detect a target gas. Gas diffuses through the membrane and reacts with the

electrolyte and electrodes to generate a current signal based on the concentration of the gas

present. A change in the fluids’ density caused by the reaction to the target gas changes

the amount of current passing between the two electrodes [19].
Infra-red (IR) based sensors are often used to identify gas, liquid or solid substances
by analysing their unique IR absorption spectra [21]. An IR gas detector is made up of an

IR source, detector and a optical filter. Non-dispersive infra-red (NDIR) is a subset of a

range of optical measurement techniques commonly used to detect COs. These IR based

gas sensors, are expensive, need cooling and have limited detection range, accuracy and

resolution.

\Photoionization Gas Detectors (PID) operate via chemiluminescent reactions by ionizing
the target gas with ultraviolet light. The ions produced by this process are collected by
electrodes, so the current generated is a measure of the gas concentration. The system is
expensive to start-up and maintain and its performance is affected by high humidity [21].

\Flame ionization detectors (FID) burn gas in a hydrogen flame. Organic compounds

produce positive ions, which are collected at an electrode above the flame. The generated

current is measured across the collector and the metal jet. The instrument is complex and

hydrogen is required for the flame. The system is also non-selective to organic compounds
[21].

Surface Acoustic Wave (SAW) based gas sensors rely on the interaction of a gas molecule
with a chemically selective layer deposited on the SAW device. Gas adsorption on the
selective layer results in a change of SAW operating frequency due to the acoustic wave
velocity change caused by the electric field interaction with the charge carriers of the film

22, 23].

[Other gas detecting methods include thermal conductivity, colorimetric and optical

fibre sensing means. Other analyzer type schemes are chemiluminescence, UV adsorption

and fluorescence, paramagnetic, thermal conductivity, and UV/IR spectrometry. Mass
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spectrometry and gas chromatography are used to detect a broad range of gases used in

laboratories and research applications.

1.3 Thesis Objective

As has been presented, many gas sensing mechanisms exist to detect gas species. However,

solid-state semiconducting gas sensors have distinct advantages for use in vehicle cabins.

MOS gas sensors are a very promising option since they have a high sensitivity, stability,
small physical size and are low cost. Metal oxide materials such as SnO2, ZnO, TiOs and
WOs3; are well documented in the literature and show promising gas sensing performance.
The addition (doping) of noble metal catalysts such as Pd and Pt improve the oxides’
sensitivity and selectivity and has enabled the commercialization of MOS gas sensors.

Another alternative to improve the gas sensing performance of metal oxide materials is

to employ binary metal oxide compositions. This novel alternative has the potential to

form “tailored” film morphologies, which facilitates gas-film interaction by altering the

concentration of each oxide. This appealing advantage has motivated the author to focus
on binary metal oxide compounds. In particular, the author’s research efforts are focused
on investigating the gas sensing performance of Molybdenum Trioxide - Titanium Dioxide
(M003-TiO3) and Molybdenum Trioxide - Tungsten Trioxide (MoO3-WO3). The author
proposes that by composing binary metal oxide systems based on MoQOs3, the following could

be achieved:

@ The resistivity of pure MoOgs could be reduced by introducing Ti and W;

@ Nano-sized grain features could be obtained, which could improve the gas sensor

performance as more active sites in the film are available for gas molecule interaction;

land
@ The “tailoring” of films to specific gases by varying the binary metal oxide ratio.

The films will be micro characterised using techniques such as Scanning Electron Microscopy

(SEM), Field Emission Scanning Electron Microscopy (FESEM), Transmission Electron Mi-

croscopy (TEM), Atomic Force Microscopy (AFM), X-ray Diffraction Spectroscopy (XRD),
Rutherford Backscattering Spectroscopy (RBS), X-ray Photoelectron Spectroscopy (XPS)

and Secondary Ion Mass Spectroscopy (SIMS). As a result, the annealing temperature and
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