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ABSTRACT

A gas sensor is a selective device used in monitoring the presence or concentration level of a
particular gas in the ambient atmosphere. Gas sensors operate on the principle which is
anchored on any of the following three classifications, that is, spectroscopic, optical, and solid-
state gas sensing methods. In spectroscopic techniques, the gas sensor is based on basic gas
properties such as molecular mass or vibration spectrum, while for optical gas sensors;
measurements of the absorption spectra are involved. Solid-state gas sensors apply the fact that
there is a change in the electrical properties of a sensing material whenever there is exposure

to gas.

Data collected on hydrogen sensors indicate that all the sensors have a low response time and
are less sensitive to respond to even very low leakages of hydrogen. This work was prompted
by the fact that there is continued research and study of new gas sensing materials, and therefore
a likelihood in improvement in terms of response to the gas sensing properties as well as widen

the choice and variety of hydrogen gas sensors fabricated using different types of materials.

Thin films of Nb:TiO. for gas sensing applications have been deposited using radio frequency
(RF) magnetron sputtering. The samples were deposited at different partial pressures and
sputtering power. The objectives were to analyse the optical, electrical and gas sensing

properties of the thin films.

The general results on optical and electrical properties of pure TiO2 and doped 2%wt Nb: TiO2

and 4%wt Nb: TiO2 have shown the different amount of thin-film transmittance depending on
deposition conditions. The increase in partial pressure has been observed to cause a decrease
in transmittance in doped TiO2, which has been attributed to competition for oxygen molecules
between TiO2 and NbO phase. The deposition power has also been observed to give similar
results in terms of transmittance, this is because at lower power a thinner film forms while at a
higher deposition power a thicker film is formed thus resulting in to decrease in transmittance.
The amount of doping influences the number of free electrons and thus influencing the optical
and electrical properties of thin films. The band gaps for the three types of thin films were
observed to vary depending on the deposition conditions. The drop in bandgap after the post-
deposition annealing was observed and is fact attributed to improved crystallinity due to an
increase in electrically activated charge carriers. Finally, the sensing capability of the thin film
device has been observed to improve with annealing, a factor that has been attributed to the
crystallinity and charge carriers
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CHAPTER ONE: INTRODUCTION

1.1 Background of the study
The devices used in the detections of the existence of gas in domestic, laboratories, and

industrial environment, for the simple purpose of monitoring toxic and combustible gases as a
preventive measure, are called gas sensors (Wei- Cheng et al., 2013). These gadgets have been
given a great attention in research activities in the last few years for diverse usage in various
areas, such as alcohol level breath-tests/ breathalyser (Yang et al., 2009; Bihar et al., 2016;
Barnett et al., 2017), environmental monitoring (Rossi and Brunelli, 2012; Novikov et al.,
2016; Yang and Deng, 2019), indoor/ outdoor air quality (Prajapati et al., 2017; Arroyo et al.,
2020), workplace health and safety (Kanaparthi and Singh, 2020; Thomas et al., 2018), and
homeland security (Rout and Roy, 2016; Sathish et al., 2017). The gas sensors form essential
components in contemporary electronic systems as a crossing point with the environment for
monitoring gas molecules, identification, and bringing together. These days, data from
environmental detection devices is vital in many scientific disciplines, and technology
particularly for safety reasons, such as those deployed in environmental monitoring, industrial
process monitoring, and the automobile industry (Claudio et al., 2012; Ghosh et al., 2019;
Nazemi et al., 2019; Poloju et al., 2018).

The research work being reported in this thesis was devoted to hydrogen gas detection being
among the many gases that are of interest in research in the recent years (Zhu and Zeng, 2017,
Poloju et al., 2018). Hydrogen is highly inflammable in the air at a wide range (4-75%) by
volume, but if properly packaged, it can act as a very important alternative source of clean
energy (Chomkitich et al., 2012; Hames et al., 2018). The global concern on climate change
due to environmental pollution by fossil fuels considers hydrogen gas energy source as one of
the best alternative clean energy for the novel transportation scenario and hydrogen derived
power- sources based on fuel cells. As a fact, hydrogen is an explosive gas that can explode in
ambient air at a concentration as low as 4% vol. (Arndt and Simon, 2001). In recent years,
Hydrogen has steadily started to emerge as a possible alternative fuel source to supplement
mineral fossil fuels. It is important to note at this juncture, that hydrogen-based fuel cells,
founded on various technologies, is the technique by which energy is obtained from the reaction
of hydrogen and oxygen gases within the fuel cell with by product being water as exhaust
material which is a non-pollutant (Arndt and Simon, 2001).



The consumer industry for hydrogen fuel cells is based on three large market segments namely:
the portable fuel cells (Lalchand et al., 2014), the stationary or residential fuel cells (Ghenai
et al., 2020), and the automotive fuel cells (Jacobson et al., 2005; Wiebe, et al., 2020). Two
types of sensors are required for these types of fuel cells depending on purpose of usage; first to
monitor the quality of the hydrogen feed gas, and then secondly and more important sensor
systems for leak detection. Hydrogen fuel cells are an emerging technology and consequently
the codes and standards for the fuel cells and the sensors supporting the fuel cells are still in
their nascent stages. Sensor standards and specifications for these applications are still being
written, with no specific standard yet passed for use. Hydrogen gas is odourless, colourless,
and tasteless, it cannot be distinguished by the human sense of smell (Xu et al.,
2020). The hydrogen gas has a low ignition temperature as well as a wide flammable range
making it easily inflammable and explosive. Itis in this regard that, rapid and accurate detection
system is necessary during the manufacturing, stowage, and use of hydrogen (Lalchand et al.,
2014). When it is compared with domestic natural gas, sulphur-containing mercaptan gas are
introduced to alert the consumer of possible gas leakage (Sun et al., 2020), but this approach is
not advisable in case of hydrogen, given that such add-ons can poison the fuel cell catalyst
(platinum) and hydrogen sensors are needed to monitor the environment around the fuel cell for
hydrogen leaks. The human nose is commonly used for natural gas detection, as it is a
remarkably reliable, superb low-level detection sensor. Hydrogen leak-detection sensors differ
in that these sensors must detect over the general level of ambient hydrogen levels available in
the detection environment. For example, automobile lead-acid batteries evolve hydrogen
routinely and for a garage-based sensor, a sensor must be able to discriminate from certain level
in parts per million in ambient sources of hydrogen and those which will be generated by a
hydrogen leak. Once leakage has taken place, suppression of hydrogen gas is difficult since it
diffuses readily through most materials due to its intrinsic property of being the lightest gas. As
a result, there will always be hydrogen gas presence in the ambient environment, if hydrogen is

present in a container or if the hydrogen has evolved (Oleg et al., 2008).

In order to fabricate a commercially viable hydrogen gas leak detector the following factors
need to be put into consideration: redundant arrays of multiplexed sensors, selectivity to avoid
false alarms; autonomous integrated fuel cell shutoff/venting measures; dependable sensing,
calibration standards, and self-testing. It is a standard practise to have in place two type of
sensors for leak detection, which serve two purposes: one to detect the presence of the gas and

a second for alarm sensor which should be triggered when the 50% of the Lower Explosive



Limit (LEL) of 4 % hydrogen in air is reached. In pour modern day society, hydrogen gas
consumption is becoming common place and it is critical to have leak detection system in place.
Places where large quantities of such gas are found maybe in suburban centres, fuelling stations,
welding garages, and automotive repair shops (Adamyan et al., 2008).

Three-dimensional detection of hydrogen gas leak requires a detector element on a probe
analogous to comparable leak-detection methods. The sensor element itself must be a short
response time to avert operator fatigue, be able to detect down to 1000 ppm range, and larger
upper detection limit as a necessity, depending on the usage. In addition, there is a necessity to
have a leakage detector that is discriminatory and ambient autonomous (Seham et al., 2019), for
example, a leakage sensor enclosed argon that can function accurately, this may be essential

technique to prevent ignition of a compressed gas leak.

In this work, Niobium (Nb) doped Titanium dioxide (TiOz) thin films were used for fabricating
hydrogen gas sensor. In the last few years, a number of materials have been used to fabricate
solid-state gas sensors, among these materials, semiconductor metal oxides have dominated the
materials used for the fabrication of the gas sensors (Dey, 2018). The semiconductor metal
oxide gas sensors may also be known as semiconductor gas sensors. Some of the materials
previously studied to fabricate the semiconductor gas sensors include SnO; (Oyabo, 1982; Wen
et.al., 2009), ZnO (Boccuzzi et al, 1992), WOs (Lin et al, 1994), SrTiOz (Hu et al., 2004),
V205 (Schillini et al., 1994), Fe.Os and TiO> (Schilliniet al, 1994; Dey, 2018). For these
semiconductor gas sensors, the detection indicator is founded on the alteration of the material’s
resistivity after gas contact. The sensitivities of the sensor devices are usually high at
temperatures ranging between 200°C to 800°C as this temperature range is in the same

spectrum to the optimum conductivity of semiconductors.

The material proposed in this research work was selected because prior researchers had shown
that Nb doping in TiO2 modifies the microstructure of TiO2 by influencing the grain size growth
and therefore resulting in a modification in the conductivity of the resultant material (Sukon et
al., 2011). In the prior literature work, a number of techniques have been described for the
deposition of TiO; thin films, these includes and not limited to sputtering (Alexandrov, et al,
1996), chemical vapour deposition (Rausch and Burte, 1993; Zhangand Griffin, 1995), screen
printing (Bach et al., 1998; Marcos, et al, 2008), evaporation (Grahn et al,1998; Rao and
Mohan, 1990), sol-gel method (Kim et al, 2006), tape-casting (Chao and Dogan, 2011), laser



chemical vapour deposition (LCVD) (Gao et al, 2012; Guo et al., 2013), and spray pyrolysis
(Ojaetal., 2006).

In this research, Nb doped TiO: thin films were prepared by vacuum radio frequency (RF)
magnetron sputtering deposition method. The deposition method chosen has the following
advantages over other coating techniques; low substrate temperatures are possible during
deposition, good substrates adhesion of the thin film. Other factors are formation of a uniform
thin film with homogeneous thickness and the ability of formation of compact thin film, as well
as ease of co-deposition of different materials to form alloys, and compounds materials with
possibility of varying the vapour pressures (Angelats-Silva, 2006).

1.2 Statement of the problem.
Fossil fuel currently is the main source of energy worldwide despite the environmental

consequences associated with them. The scientist has estimated that one time in the future they
will get depleted and therefore it is important to search for an alternative source of energy
during this grace period while they are available and the climatic conditions are not yet severe.
Several alternative sources of energy are being mulled as possible candidates that can occupy
the gap which will be left by the fossil fuel once they get depleted. Hydrogen fuel cells are a
possibility and seem to be having an emerging market niche, and therefore standards and codes
for these cells are still being developed, similarly, sensor specifications are still being
researched. The hydrogen sensors are already in use in the market, but optimisation of a
hydrogen sensor or sensor suitable to respond quickly with short reaction time to sensing
requirements for fuel cells is still ongoing due to the numerous challenges being faced. Data
collected on hydrogen sensors indicate that all the sensors have a low response time (8-30
seconds), which is not the expected duty cycle needed for most applications. Also noted is the
lack of a more sensitive gas sensor that can respond to even very low leakage of hydrogen. It
is also a fact that the maturity and specialisation of these sensors will also necessitate
considerable yet realistic cost reductions, as well as a better description from the emerging fuel
cell market for the probable duty cycle loads, hydrogen fuel stream pressures, flow rates, and

configuration.

1.3 Objectives
1.3.1 Goal



The main objective of the work was to study the properties of Niobium (Nb) doped Titanium
dioxide (TiO2) thin films deposited by RF sputtering technique to be used as hydrogen gas

Sensor.

1.3.2 Specific objectives
1. To analyse the optical properties of niobium (Nb) doped Titanium dioxide (TiOz) thin
films deposited at different partial pressure and sputtering power.
2. To investigate the electrical properties of Nb doped TiO: thin films deposited at
different partial pressure and sputtering power.
3. To determine the gas sensing properties of Nb doped TiO> thin films deposited at

different partial pressure and sputtering power.

1.4. The significance of the study.
It obvious from data collected on hydrogen sensors indicate that all the sensors have a low

response time (8-30 seconds), which is not the expected duty cycle for most application. Also
noted is the lack of a more sensitive gas sensor that can respond to even very low leakage of
hydrogen. It is also a fact that the as this model of the sensor develops and gets highly
optimised, it will be necessary to achieve some considerable and realistic cost reduction, as
well as a better description from the emerging fuel cell market for the probable duty cycle

loads, flow rates, hydrogen fuel stream pressures, and composition.

The continued research and study of new gas detection materials, as greater milestones are
achieved there is a likelihood of improvement in terms of response to the gas sensing properties
as well as widen the choice and variety of hydrogen gas sensors fabricated using a different
type of materials.

The significance of materials design in innovating gas detection device is demonstrated by
taking a semiconductor gas sensor as an analogy. By some innovations, the existing devices
can be made more intelligent and more quantitative, which is an essential step for the further
advancement of gas sensor technology. Therefore, new gas sensors for future markets can arise
from the moulding of the existing gas sensor performances in realistic operational conditions
utilizing a combination of spectroscopic and phenomenological techniques. Intrinsic properties
of selectivity, sensitivity, and stability, which are limiting factors to the wide application of the

current gas sensors still need to be addressed further.

1.5 Justification



The most important characteristic of TiO2 in this research work is that being a semiconducting
oxide, it has the ability upon gas adsorption to change its electrical conductivity, and this
change is utilised as a signature of detection when fabricating a gas sensor. The Titanium
dioxide thin films have distinct characteristics at two different temperatures: At elevated
temperature, Titanium dioxide thin films can be used as a thermodynamically controlled bulk
defects sensor to determine gas over a large range of partial pressures, while secondly, at low
temperature, as in our case, the addition of dopants like Nb and Pt. leads to high gas sensitivity

and then tested widely for the sensitivity of a variety of gas.

Doping TiO2 with Niobium results in modification of the pristine material and leads to a new
structurally different material with different characteristics from the pure TiO, material. The
same way, the levels of doping vary the characteristics of the material. Different deposition
condition results in a material with different characteristics to be investigated. Since TiO>
sensor materials are already in use and it is a fact that sensitivity among other qualities of
sensors remains a challenge in the market, this research will dwell on studying doped materials
at different percentage, and changing the deposition conditions of sensor material to come up

with a more sensitive sensor.



CHAPTER TWO: LITERATURE REVIEW

2.1. Overview of hydrogen gas sensors.
The gas sensor may be described as a selective device used in monitoring the existence of or

establishing the concentration level of a particular gas in the ambient atmosphere. The working
principle is founded on the changes in potential difference by changing resistivity of the
material used in fabricating the sensor, this is usually triggered when the concentration of a
particular gas being monitored exceeds a certain threshold value, and the potential difference
is then measured as output voltage. Depending on the calibrated output voltage value, the type
and its percentage presence in ambient of the gas can be estimated (Kumar et al., 2015; Li et
al., 2018).

At present, gas sensors can be classified into three broad categories which include: solid-state
gas sensor (Korotcenkov, 2007), spectroscopic gas sensor (Kassa-Baghdouche, 2020) or
optical gas sensor (Meixner et al., 1995). The vibrational spectrum of the target gas and, or the
direct analysis of the molecular mass of a particular gas forms the basic principle of
spectroscopic gas sensors. These sensors have a good precision measurement capability
because molecular mass of a gas is an intrinsic property of the particular gas being measured,
the best example in this class of gas detection devices are the mass chromatography gas sensor
and the mass spectrograph gas sensor. Lastly, the optical sensors are based on the principle of
light interaction with target material, absorption takes place and the device measures the
absorption spectra. This kind of sensor is bulk and composed of a complex system which has
a monochromator which acts as excitation source and an optical detector unit for the analysis
of the absorbed spectra (Meixner et al., 1995). Apparently, the spectroscopic and optical types
of gas sensors are costly for domestic application and occasionally difficult to actualise in
limited spacing such as the automotive bonnet, nonetheless, the so-called solid-state sensors
present remarkable comparative advantage due to their short reaction time on gas exposure,
less intricate implementation and inexpensive to acquire and mount (Woetsman et al., 1995).
Moreover, the traditional methods that are used for gas sensing do apply diverse technologies
that result in different categories of gas sensors. Correspondingly, some of these procedures
are known to give rise to bulky sensors, slow in response, and in addition, necessitate elevated
temperatures and operational power for use (Haoshuang et al., 2012). An ideal gas sensor will
have such qualities as being of small size, low power consumption, low operation temperature,
short reaction time, compactness and permit in-situ monitoring. The commercially existing and

typically used gas sensor devices mainly for hydrogen detection and some other reducing gases
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may fall under any of the stated groupings (Zhu and Zeng, 2017; Kumar et al., 2015; Li et al.,
2018).

2.2Types of gas sensor

a) Catalytic bead sensor

The catalytic bead detector typically comprise two beads that enclose a wire that functions at
high temperatures, usually approximately 450°C (Han et al., 2007; Suehiro et al., 2007). The
two beads are usually not fabricated the same one, the bead is insulated such that reaction
cannot take place when it comes into contact with the target gas, whereas the other bead is
coated with a thin film of a catalyst so that its reaction response is amplified in the presence of
gas molecules. These beads are located on the separate ends of a Wheatstone bridge circuit (De
Marcellis, et al., 2013). In the presence of a gas, that is, hydrogen, there is no considerable
effect on the insulated bead, but there is a substantial effect registered for the other catalysed
bead. The high temperature will ensure an augmentation in the bridge signal which is the sensor
(Han et al., 2007; Suehiro et al., 2007). A pellistor coil of Pt. wire can be enveloped in a bead
working at temperatures between 800°C and 1000°C. This catalytic technology is utilised by
making variations for 1% to 5% of hydrogen detection. Generally, for these sensors, the control
unit, together with the sensing units results in a cost of upwards of US$1700. The response
time is low at around 10 to 30 seconds (Han et al., 2007; Suehiro et al., 2007; Braus et al.,
2013).

b) Electrochemical sensors

The electrochemical sensors are composed of duo electrodes, one which acts as the cathode
and the other anode. In between the electrodes, an electrolyte which is chemically sensitive is
sandwiched in between. When hydrogen gas permeates inside the electrolyte, a chemical
reaction will take place which will give rise to an electrical current signal. The electrical current
generated is proportionate to the concentration of the gas passed and hence forms a sensor. One
of the shortcomings of these types of sensors is that oxygen gas is required during the sensing
process to ensure resilience to chemical reversibility. In this regard, the sensor is said not to be
environmentally independent. It has a low sensitivity reaction time of between 30 to 50
seconds. Comparable to catalytic bead sensors, the electrochemical sensors are equally
expensive sensors (Tao et al., 2017).

c) The resistive palladium alloy sensors



The palladium alloy resistive sensor is type of devices in which the surface is made of
palladium metal which acts as a catalyst to break the diatomic H-H bond of hydrogen and allow
the resultant monoatomic hydrogen to diffuse into the material. The electrical resistance of the
palladium coating is affected proportionately by the quantity of the monoatomic hydrogen
hence the concept of gas sensing (Chadwick et al., 1994; Vanotti et al., 2015). These sensors
are of convenient sizes, they can be used at elevated pressures, and also, they are independent
of the environment such that resetting to the initial state does not require the presence of another
gas. Nevertheless, when exposed to high concentrations for a prolonged duration, this may
destroy the palladium coating where palladium hydride will form and thereby will potentially

degrade the performance of the sensor over time (Chadwick et al., 1994; Vanotti et al., 2015).

d) Metal oxide semiconductor (SMO) gas sensors

The metal oxide semiconductor gas sensors are of various types as discussed below.

I.  Thermoelectric gas sensors
These gas sensors are fabricated half range surface of the nickel oxide thick film deposited with
a thin film of a platinum catalyst. When exposed to air containing target gas, in this case,
hydrogen, the platinum-coated surface heat up when a catalytic reaction take place
exothermally. As a result, a thermoelectric voltage builds up along the cold and hot areas of
the oxide film. The build-up voltage is proportional to the concentration of hydrogen in the
ambient environment (Shin et al., 2003; Shin et al., 2004; Goto et al., 2016).

Il.  Optical gas sensors
A good example of the optical gas sensor is the original electrochromic devices which are

fabricated using tungsten oxide (WO3) thin films integrated with a hydrated silicon-germanium
p-i-n (SiGe: H) photodetector (Lee et al., 2000). This set-up combined with the palladium metal
thin film which acts as a catalyst by ionising hydrogen gas, the WOz thin film will
henceforward react with a hydrogen ion and leading to change of colour from being transparent
to blue. The colour change lowers the absorption range of light with other wavelengths except
for the blue colour and therefore the photocurrent generated by the SiGe: H p-i-n photodetector
will be lowered down thus detecting the existing hydrogen (Fine et al., 2010; Nasir et al., 2014).
The optical gas sensors are considerably affected by humidity in the air and generally have low
sensitivity as well as very poor resilience and recovery time. In the recent development, this
model now involves the inclusion of optical fibre technology in hydrogen gas sensing. A fibre
optic gas sensor that uses a catalyst supported tungsten trioxide (WO3) has been reported by

Okazaki et al., (2003). The tungsten thin film coating on a silica case sensor of the sensor,
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when it absorbs the evanescent field, it gives the signal which is measured and this forms the
basic principles of how this type of sensor works (Okazaki et al., 2003; Fine et al., 2010; Nasir
etal., 2014).

I11.  Acoustic gas sensor
The acoustic sensors function in the principle of fluctuation of the acoustic wave properties
analogous to the resonance frequency of the piezoelectric material due to adsorption of
hydrogen gas in the sensing layer (Cheeke and Wang, 2009; Jakubik, 2011). The acoustic gas
sensors are composed of the input interdigitated transducer, a semiconductor oxide thin film
surface, output interdigitated transducer positioned on the surface of a piezoelectric layer as

shown in Figure 2.1 below (Vellekoop, 1998).

Inter-digital Transducer

Semi-conductor Metal
Oxide thinfilm

Substrate

Figure 2.1: Acoustic gas sensor schematic

The acoustic sensor is made by two interlinking metallic electrodes similar to comb-like arrays
forming what is called an interdigitated transducer. This device is then used to convert the applied
electrical signal into an acoustic wave using the inverse piezoelectric effect which propagates
along the surface from one to the other and then converts the acoustic signal back to an
electrical signal by use of the output inter-digitalised transducer (Cheeke and Wang, 2009;
Jakubik, 2011). The propagating acoustic wave signature is very sensitive to slight variations
of the surface conditions on its direction of propagation; therefore any change in its signature
is used to sense hydrogen gas by depositing a sensing layer made of a thin film of
semiconducting oxide on top of the surface of the piezoelectric thin film layer which is between
the inter-digitised layers. The presence of hydrogen gas can be detected by the frequency
change on the output port of the surface acoustic wave device (Vellekoop, 1998; Cheeke and
Wang, 2009; Jakubik, 2011).

IV.  Work function-based gas sensors
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These are the gas sensors that operate based on the variation of the work function brought about
by the presence of hydrogen gas. They are usually composed of 3- layers that are;
metal/oxide/semiconductor layers. Three types of sensors result out of the multilayer
configuration of these layers (Zimmer et al., 2001; Pohle et al., 2011; Davydovskaya et al.,
2013).

V.  Schottky diode sensors

The semiconductor/metal configuration type of gas sensors are called Schottky diode sensor.
The sensor consists of three layers with the bottom and top electrodes acting as contacts and
the active layer being made of a semiconductor material. The top electrode and the
semiconductor layer which form the Schottky diode are made of materials which able to sense
the gas. The front contact coated to the substrate is a metal ohmic contact electrode layer that
forms a back-to-back Schottky junction structure with the semiconductor thin film or
sometimes it is a gas-sensitive metal thin film layer as in figure 2.2 below (Luther et al., 1999;
Liu et al., 2014).

Top electrode

Substrate

Figure 2.2: Schematic diagram of a Schottky diode sensor

Usually, hydrogen gas molecules will permeate and get adsorbed in the matrix of the material
structure, then dissociates into hydrogen atoms in the gas-sensitive metal layer. Typically,
palladium, platinum, gold, silver, copper etc. are used for the Schottky metal layer. The
hydrogen atoms diffuse to form dipole layers at the interface between metal and a
semiconductor, which leads to a change in the work function of the metal. The change in work
function gives rise to the dissimilarity of the valence band of the semiconductor material and
the work function of the metal thin film at the interface and consequently, the measured current
— voltage characteristics curve will be shifted proportionally to the adsorbed hydrogen atoms,
this difference is used to calculate the level of concentrations (Luther et al., 1999; Liu et al.,
2014).
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VI.  MOS capacitor sensors

Substrate

Figure 2.3: A schematic of MOS capacitor sensor

The Metal-Oxide-Semiconductor (MOS) type of gas sensors are mainly composed of a thick
film of insulating layer coated between the metal thin film layer which acts as a gas sensitive
catalyst, and the semiconductor thin film layer with duo purpose to prevent the current
conduction as well as encourage built up a charge accumulation layer on both sides (figure
2.3). In an ambient atmosphere containing the dissociated hydrogen atoms when it comes into
contact with the catalytic sensitive metal layer of the gas sensor, the gas diffuses into the
metal/insulator interface, when capacitance-voltage (C- V) and conductance-voltage (G-V) are
plotted, the results are consistent to the hydrogen concentration in the surrounding and hence
acting as a sensor (Zhang et al., 2014; Bagolini et al., 2019).
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VII. MOSFET sensors

Substrate

Figure 2.4: schematic of a MOSFET sensor

The Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET) type of gas sensors are
designed with the gate (catalytic gas-sensitive metal), the drain, the source, and an insulator
underlayer as shown in figure 2.4 above. If the sensor gets exposed to a hydrogen gas
containing environment, the hydrogen atoms permeate to the interface between the metal and
the insulator and forms a dipole layer that varies the gate voltage. When the source is grounded,
the conduction between the source and the drain can be adjusted by the changes in the gate
voltage. The variations on the gate voltage can be because of the change in concentration of
the hydrogen gas atmosphere, which thereby will correspond to the measured voltage signal
(Haugen et al., 2000; Gu et al., 2012).

VIIl.  Resistance based semiconductor (SMO) gas sensors

In the last decade, a variety of solid-state gas sensors were designed and commercialised
targeting various sectors of the market mainly for safety, automotive, process control or
household applications (Noboru, 2005; Kumar et al., 2015; Li et al., 2018). Metal oxide
semiconductors are known to be sensitive to the existence of impurities in their bulk or on their
surface. This sensitivity is affected significantly by the electrical resistance of the
semiconductors, as was demonstrated by Brattain and Bardeen, (1953) for Germanium. The

variation of electrical properties of ZnO, when exposed to reducing gases, was first reported in
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the early 1950s (Wagner, 1950). It is extensively reported that this detection mechanism by a
change in electrical resistance in the case of n-type semiconducting oxides, which is linked to
the existence of surface oxygen adsorbents which build up space- charge layer at the metal
oxide surface (Bie et al., 2007; Stamataki et al., 2008; Lee et al., 2010; Majumdar et al., 2014).
When a reaction takes in a reducing gas, the adsorbents trigger an increase in oxide conductance
(Enrico et al., 2001). The working principle of the resistance-based gas sensor is that when
gases get adsorbed on the surface of the thin film, this leads to change in electrical sheet
resistance of the material. The change in electrical sheet resistance is because when some gas
species are adsorbed, this leads to the formation of a charge depletion layer affecting the
movement of charge carriers from one location to another. The adsorption of oxidising gases
such as nitric oxide and ozone have a tendency of increasing thin film electrical sheet resistance
of the sensor. Nevertheless, reducing gases such as hydrogen or methyl alcohol cause a
reduction in the adsorbed oxygen leading to a change in the electrical sheet resistance of the
sensor material (Bie et al., 2007; Stamataki et al., 2008; Lee et al., 2010; Naji Al Dahoudi,
2011).

Most researches studying the effect of adsorption and desorption properties on the surface of
metal oxide semiconductors, observed a remarkable change in electrical resistance similarly as
was observed by the studies on ZnO: thin films at a temperature of 300°C, (Selyama et al.,
1962; Lee et al., 2010). A similar procedure researched on other metal oxide thin films showed
an improvement in most of them being applied as gas sensors (Bie et al., 2007; Stamataki et
al., 2008; Lee et al., 2010; Naji Al Dahoudi, 2011).

A series of research works about the sensing behaviour of these SMEs to reducing gases such
as hydrogen gas have been reported, including SnO2 (Wang et al., 2008), ZnO (Zhu et al.,
2017), TiOz (Li et al.,2018) Nb2Os (Rani et al. 2013), FeO (Song et al., 2004), Fe.O3 (Bandgar
et al., 2014) NiO (Hotovy et al., 2002), Ga.O3 (Ogita et al., 1999) Sh.Os (Han, 2010) MoO3
(Han 2010), V205 (Han 2010), and WOs3 (Han 2010) which exhibit substantial dissimilarities
in resistance after coming into contact with the gas. Another oxide that has shown the same

properties is In2O3 (Huang et al., 2009).

The hydrogen gas sensor has gained a lot of interest ever since the material emerged as a vital
alternative source of energy. Most materials used in hydrogen gas sensor fabrication are
derived from metal oxides which most of them a cheaper when it comes to production. (Wen

et al., 2010). When Oxygen from the atmosphere is adsorbed on the surface of the metal oxide
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thin film, MOX, in the form of various species (05, 0%~ and 0~) depending on the operational
temperature (Azhar et al. 2012).

0.,@)+2e <20 (@ds)..cccvimiiiiiiiieiiieieimeeeimenn

If the gas sensor is fabricated using an n-type semiconductor, the adsorbed oxygen gas is
reduced therefore decreasing the electrical sheet resistance which is caused by electrons which
get trapped from the surface resulting into formation of a depletion layer on the surface. The
adsorbed oxygen can be desorbed (des) by introducing a reducing gas, such as hydrogen, the

process is as described by equation 2 below:
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The process described by equation 2 above, shows that a cyclic process where the trapped
electrons are replenished back to the conduction band therefore partially or fully restoring the
conductivity of the thin film. The changes in electrical sheet resistance of the thin film is in this

sense used to determine the concentration of reducing and oxidizing gases.

2.3 The properties of TiO2 semiconductor
The intrinsic properties of Titanium dioxide (TiO2) have been widely studied because of its

usefulness in a wide variety of applications that include: ant reflectance, dielectrics films,
photocatalysis, gas sensing, protective coatings, and optical coatings (Bedikyan et al., 2013).
The TiO2material has also attracted much attention for application in the electronics sector, and
efforts at using it as a high K- dielectric material (Kingon et al., 2000) as well as in resistive
random-access memory (RRAM) devices have been made as an alternative to silicon oxide
(Fujimoto et al.,2006).

The other properties of titanium dioxide semiconductor material are photoelectric and
photochemical properties. In the literature work reported by Fujishima and Honda (1972) on
the photolysis of water on TiO- electrodes without an external bias, and the possibility that
surface defect states may be the cause in the decomposition of water into Hz and O, gave rise

to much of the early work on TiOa.

Furthermore, the photo-assisted degradation of the organic molecule has been one of the most
enthusiastically applied in researches. The TiO> being a semiconductor, when it gets irradiated

with sunlight, the electron-hole pair is created leading to dissociation, the charge carriers
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created can drift to the surface. At this point, the adsorbed organic molecule reacts with the
electron-hole pair leading to complete decomposition into CO; and H>O (Bedikyan et al.,
2013). The application for this mechanism ranges from wastewater purifiers, disinfection of
bacterial based on properties of TiO2 and use of a self-cleaning coating on car windscreens to

protective coatings of marble.

The intrinsic property of the titanium oxide wide bandgap which is 3.0 eV for rutile and 3.2 eV
for anatase, enables it to exhibit photocatalytic properties only under ultraviolet light
irradiation, this characteristics of its bandgap has seen it acts as a good window layer material
in photovoltaic applications. In fact, TiO: is widely used in the application of a dye-sensitised
solar cell. As a result, TiO2 forms an excellent substitute in developing equipment that can
convert energy efficiently from light to electricity using dye-sensitised solar cells with the
knowledge of nanoparticles since the frequently used silicon technology is demanding in
machinery and in unprocessed materials, (Dakka et al., 1999).

The properties of TiOzpossessing a high refractive index are exploited as an antireflection
coating and in beam splitters because of its high dielectric constant and refractive index
(Mangrolaetal., 2010). Titanium dioxide is also extensively used in paints, due to its refractive
ability and as a constituent of paints used to coat cars, boats, and aeroplanes. In addition, TiO2
is found in several construction and building materials. The plastic industries also make use of
it as a coating to absorb ultraviolet light and for enhancement of durability. TiO2 has been
found to possess compatibility properties with the human body; hence it is used as a

biomaterial, that is as a bone substituent and reinforcing mechanical support (Cai et al., 2003).

Due to its nontoxic nature, TiO> finds a safe application for domestic use and can be dispersed
easily. The white colour of certain foods such as dairy products and candy, is due to the usage
of TiO2 as a pigment, furthermore, it is used in lending brilliance to toothpaste, in medications,
as food additive and flavour enhancer in a variety of non-white foods, as well as beer and wine.
TiO2 is often included in many cosmetic preparations to act as an antiglare for skin products.
It is also a significant component of sunscreen to attenuate the absorption of ultraviolet rays

from the sun, the concentration of which determines the product is the sun protection factor.

The most important characteristic of TiOz in this research is that being a semiconducting oxide,
it has the capability to change its conductivity upon gas adsorption and this change in electrical
signal has enabled it to be utilised as an oxygen gas sensor for example to control air /fuel

mixture in car engines (Xu et al., 1993). TiO2 exhibit distinct characteristics at two different
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temperatures. At high temperature, TiO> can be used as a thermodynamically controlled bulk
defects sensor to determine oxygen over a large range of partial pressures. At low temperature,
the addition of dopants like Nb and Pt. leads to high oxygen sensitivity and then tested widely
for the sensitivity of a variety of other gases (Valencie et al., 2012).

2.4 Phases of titanium dioxide
It is well identified that Titania can occur in three different crystalline phases apart from the

amorphous phase and orthorhombic one, it exists in brookite and two tetragonal phases, that is
the anatase and rutile (Dakka et al., 1999). Nevertheless, only rutile and anatase phases are
exploited in the applications of TiO, and are of great research interest. For coarse-grained
Titania, rutile is the only stable phase whereas anatase and brookite are metastable at all
temperatures and change to rutile when annealed. However, for the case of titanium
nanoparticles, the anatase and rutile stabilities are reversed due to the competition among the
surface energy and transformation energy. Because of this, at small particle sizes, the anatase
is more stable than the rutile structures (Mwangrola et al., 2012). Anatase structure, therefore,
is highly preferred over the rutile structure because of its higher electron mobility, lower
dielectric constants, lower density, and lower deposition temperature, and it finds application
for gas sensor applications and solar energy applications. Moreover, anatase TiO2 has an

indirect bandgap and possesses a bandgap value of 3.2eV-3.35eV when in a thin film state.

2.5 Effects of doping of titanium dioxide
Research on metal oxide semiconductor gas sensors is aimed at coming up with devices that

will exhibit enhanced sensitivity, precise selectivity, and improved long-term stability and
furthermore to be inexpensive and convenient to use. Therefore, the design for more efficient
gas sensors devices has become a particularly active research field in the world as a
contribution to pollution regulation for industry processes, which is a global problem, and
laboratory working area as a safety measure (Moos et al., 2009; Zhu et al., 2017, Li et al.,
2018).

Gas sensing fabrication will involve developing a thin film with desirable characteristics such
as high porosity for faster response, small grain size, and either low conductivity (for reducing
gases) and high conductivity (for oxidising gas) in order to optimise for higher sensitivity
(Raluca et al., 2009). To improve or accomplish these gas sensing characteristics, the use of

dopants, preparation and deposition technology for the thin film, crystal structure variation,
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operation temperatures and pressure remain the key factors under study year in year out, which
is a global problem, (Bochenkov and Serger, 2005; Zhu et al., 2017, Li et al., 2018).

Most gas sensors are mainly solid-state thin films, which can be deposited using a variety of
techniques in the laboratory, such as sputtering, evaporation, electrodeposition, spray
pyrolysis, anodization, sol-gel etc. A number of research have been performed to analyse the
effect of dopants on the sensitivity, selectivity, and working temperature of theTiO> thin film-
based gas sensors. Some of the elements such as Pb, Pt., Nb, Cu, W, Cr and Sn, used in doping
TiO, Nb and Pt-doped TiO2 have exhibited promising gas sensitivity performance (Zhu et al.,
2017, Lietal., 2018).

Sol-gel technique has been used in the deposition of pure TiO2 and Nb-doped TiO2 porous thin
films where doping revealed an increase in conductivity as a result of the introduction of
electrons into the titanium film, i.e. lattice reaction (Violeta et al., 2011; Zhu et al., 2017, L. et
al., 2018). The same research reports of a fine microstructure, (smaller grain size), which are
more porous due to inhibited grain growth for the doped films. The small grain structure
because of doping increased the gas sensing properties as more gas is adsorbed. Similarly
described by other researchers (Anukunprasert et al., 2005; Zhu et al., 2017, Li et al., 2018),
Nb-doped TiO: at 3-5 mole % evidently hampers the anatase- to- rutile phase transition and
impedes grain growth in contrast with pure TiO2. The doping improves the conductivity of
TiO2, primarily in the high-temperature range where the material is most sensitive to gaseous
species (Vardan et al., 2013). Consequently, given the high resistivity of pure TiOg,
conductivity improvement is essential for low cost gas sensing. Furthermore, the introduction

of dopants greatly enhances the gas sensing performance of TiO2 nanostructures.

In the work done by Sukon et al., (2011), it was reported that sensitivity of Nb doped TiO>
improved and the best results were observed for 4% Nb/TiO2 doping and that Nb stabilised the
anatase phase and retarded grain growth up to 600° C. Transition to the rutile phase in the thin
film causes conductivity to decrease significantly, likely due to disruption of percolative
pathways through the anatase phase. Correspondingly reported is the sensing performance of
pure TiO2 and doped TiO2(with noble metals) where it was observed a better response to CO
gas, for doped TiO:> gas sensors (Adawiya et al., 2011; Zhu et al., 2017, Li et al., 2018).

An assortment of gas sensors founded on diverse principles have been proposed for in-situ
monitoring of hydrogen gas leak (Aroutiounian, 2005; Zhu et al., 2017, Li et al., 2018). Owing

to their simple operation, low cost of production, and excellent performances, metal oxide
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semiconductor (MOS) devices have been explored primarily as hydrogen gas sensors. In
particular, MOS gas sensors founded on TiOzsemiconductor received special consideration due
to their exceptional performance. The addition of modifiers (e.g. noble metals) or UV
irradiation exposure to enhance the performance has been largely pursued (Epifani et al., 2008).

Gas sensors operate on the principle which is anchored to any of the following three
classifications, that is, spectroscopic, optical, and solid-state gas sensing methods. In
spectroscopic techniques, the gas sensor is based on basic gas properties such as molecular
mass or vibrational spectrum, while for optical gas sensors; measurements of the absorption
spectra through light simulations are involved. Lastly, solid-state gas sensors apply the fact that
there is a change in the electrical properties of a sensing material whenever there is exposure
to a gas (Chengxiang et al., 2010; Zhu et al., 2017, Li et al., 2018).

In this study, solid-state gas sensors are considered. There is a large variety of materials used
in fabricating solid-state gas sensors; so far, the most dominant materials are those derived
from metal oxides and are simply known as semiconductor gas sensors. Among the metal
oxides that are studied most as gas sensor materials include SnO; (Oyabo, 1982), ZnO
(Boccuzzi et al., 1992), WOz (Lin et al., 1994), SrTiOz, V20s (Schillini et al., 1994), Fe20z and
TiO2. For these semiconductor gas sensors, the detection indicator is founded on the alteration
of material resistivity after gas contact. The sensitivities of the sensor devices are usually high
at temperatures ranging from 200 °C to 800 °C as this range relates to the optimum conductivity
of the semiconductors (Chengxiang et al., 2010; Zhu et al., 2017, Li et al., 2018).

Furthermore, it is a recognised fact that the characteristic peak sensitivity usually depends on
the gas to be tested, the intrinsic properties of the sensor material, or its doping. Current
research on semiconductor gas sensor materials is concentrated not only on coming up with a
new type of materials but also on the improvement of the characteristics of existing sensors
(Comini et al., 2000). Ideal case type of gas sensors are envisaged to possess high sensitivity
towards chemical compounds (Ferroni et al., 2001), high selectivity (low cross-sensitivity) for
a particular type of gas or chemical compound (Sheilesh et al., 2011), high permanence and
flexibility (short reaction and recovery time), low sensitivity to humidity and temperature, high
reproducibility and consistency, toughness and be able to withstand extreme conditions,
possess straightforward graduation procedure and small extents(Wei-Cheng et al., 2013). Most

of these properties are dependent not only on the material to be used in fabrication, fabrication
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procedure and the doping additives present in the oxide semiconductor material but also on the

method used for their incorporation.

In this work, a doped TiO solid-state gas sensor was used. TiO has been chosen, due to its
excellent chemical, electrical and optical properties, nontoxicity, good mechanical toughness,
and high transparency in the visible region (Karunagaran et al., 2005). Furthermore, it exhibits
excellent photocatalytic and super-hydrophilic properties (Yu et al., 2000) and is a promising
material for humidity, chemical, and gas sensors, especially for organic compounds. Also, the
choice has been based on its high photo corrosive resistance, efficient photocatalyst for
extensive environmental applications for its strong oxidising power and high photochemical

corrosiveness resistance (Weast and Selby, 1967).

In this study, TiO,was pre-doped with niobium to modify its microstructure by controlling
grain growth and hence modifying its conductivity (Sukon et al., 2011). The anatase to rutile
phase change induced grain size growth which is expected to affect the gas response even at a
lower temperature (Enrico et al., 2001). The presence of small amounts of Nb in Titania leads
to the change in electrical conductivity and therefore improves the gas selectivity of the sensor
(Violeta et al., 2012). Another critical parameter is the method of film deposition. The
sputtering technique, among many other methods, was proposed, for a more stable film
material and ease in controlling film thickness to optimum levels by changing sputtering time
(Prabir et al., 2005). Also, it’s expected that deposition of the films at various partial pressures
and temperatures will give a variety of gas responses.

2.6 Thin films
A thin film is a layer of material ranging from a fraction of a nanometre to several micrometres

in thickness (Kaiser, 2002). They are usually low dimensional materials created by condensing
one by one atomic, molecular, or ionic species of matter. They differ from thick films which
results from three-dimensional building up of material leading to large grains, aggregates,
clusters of atoms, molecular species and ionic species (Kasier, 2002; Chengxiang et al., 2010;
Zhu et al., 2017, Li et al., 2018).

The knowledge on thin films is applied dependably in wide fields of science and technology in
the application of coatings. These thin-film coatings are used to alter and improve the
functioning ability of a bulk surface or substrate. In most cases, the thin film coatings do not

modify the properties of the bulk material but they totally change the optical, electrical
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transport and thermal properties of a surface or substrate due to the resulting surface and
interface effects which considerably dominates the overall behaviour of thin films (Kaiser,
2002; Olayinka et al., 2019).

The increased functionality has resulted in wide applications of thin films in electronic
semiconductor device development. The semiconductor materials in thin-film form have been
applied in transparent electrodes, photovoltaic devices, solar front panel displays, surface
acoustic wave devices, low emissivity coatings for architectural glass, heat reflectors for

advanced gazing in solar cells and finally but not least development of various gas sensors.

2.7 Thin film deposition techniques
The functionality of a thin film material not only depends on texture, aesthetics, and colour

which are physical appearances (Kaiser, 2002) but also will mainly depend on bulk and the
surface characteristics composition, especially on the area of application where surface contact
behaviour is very important. The existing external conditions also will influence the expected
performance. Therefore, the functional component must satisfactorily perform the desired
purposes efficiently and successfully under varied environments such as hospitals and industry
without deteriorating or yielding to disastrous calamities. The properties and performance of
thin films can be obtained by careful selection of proper thin-film technique. Many thin-film
deposition techniques are available for use and have been categorised into two, namely,

chemical and physical methods (Dleradil, 2019)

(a) The chemical deposition method
Generally, in chemical methods, fluid precursors are used which react chemically with a
substrate to form a thin film. Some of the methods under this category are as follows.

(b) Chemical vapour deposition (CVD)
Chemical vapour deposition (CVD) is a chemical process in which the gaseous precursor is
used. The precursor gases and the substrate are moved into a chamber. Then a chemical reaction
will take place between the substrate and precursor at a high temperature until the desired

thickness of a thin film is obtained on the substrate (Kempster, 1992).

(c) Plasma enhanced chemical vapour deposition (PEVCD)
In this technique, a plasma is formed in a reaction chamber. The plasma will transform the
precursors into reactive ions, radicals, neutral atoms, and molecules. These atomic and

molecular fragments, when they come into contact with the substrate chemical reaction ensues
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that develops a solid layer on the surface of the substrate (Farid et al.,2018). This will require

lower temperatures for the reaction to occur when compared to the CVD.

(d) The atomic layer deposition (ALD) method
In this method, two or more gaseous precursors are used and are permitted to react with the
substrate one at a time (sequentially). This technique is a slow procedure since it is stepwise
that has the advantage of working in lower temperatures and it results in conformal thin films
(Titta et al.,2003).

(e) The sol-gel method
This is a technique that is between the chemical and physical processes of thin film
development. A sol is a dispersion of the solid particles in a liquid where only the Brownian
motions suspend the particles. A gel is a state where liquid and solid are dispersed in each
other, which presents a solid network containing liquid components. Deposition techniques in
sol-gel deposition include spraying method, spin coating, and dip coating (Hench and West,
1990).

(f) Physical vapour deposition
Physical vapour deposition involves physical techniques, mechanical and electrochemical
methods are used to develop thin films. The materials to be deposited on a substrate depend on
factors such as pressure, temperature and other physical conditions that are predominant. The
thin films that result from these procedures are directional in nature since the particles will
follow a linear path from the target to the substrate. The methods that fall under this category

will include the following techniques.

(9) Molecular beam epitaxy (MBE)
In this process, the target materials are heated directly until they convert from solid to gaseous.
Thereafter, the gaseous element will be permitted to react chemically with the substrate to grow
a thin film on it (Panish., 1980). The molecular beam epitaxy combines a physical and chemical

process. The purity of the resulting thin films is very high.

(h) Pulsed laser deposition ( PLD)
The pulsed laser deposition utilises a high power of pulses of laser light which are focused on
the surface of the target material in a vacuum chamber. The process results in knocking off of
atoms from the target material. The atoms obtained from the target material get deposited on
the substrate to form a thin film (Hiroaki et al., 2016).
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(i) Thermal evaporation method
The thermal evaporation method involves the process of resistive evaporation of the material
to be deposited, the material is placed in a substrate holder which may be in the form of a boat,
basket or colil, then the current at high voltage is passed to melt and evaporate the material in a
vacuum chamber. The vacuum then allows the vapour particles to travel directly to the substrate

where they condense back to a solid state to form a thin film (Ravish et al., 2019).

(j) Sputtering method

This is a method in which the atoms from a target material are knocked off by the ionised
sputter gas and come to rest on a substrate. Temperatures of target materials are kept low. The
plasma of inert gas such as argon is used since they do not allow undesired chemical reactions
to take place in the chamber. A voltage is applied between anode and cathode electrodes, it is
a fast and effective method of film deposition in which a desired thin film with good adherence
to the substrate is achieved. Furthermore, it permits better control of the film thickness (Teveres
et al., 2007)

In the process of sputtering, surface atoms from the target material are ejected from an electrode
surface by momentum transfer from bombarding ions to the surface. The sputtering technique
can be of numerous methods that include glow discharge sputtering, diode sputtering, reactive

sputtering, bias direct current (DC) sputtering, and radio frequency (RF) sputtering.

In RF sputtering is primarily used for insulator thin films and at lower pressures. An RF
potential is applied at the metal electrode placed behind the dielectric plate target (Sirgil et al.,
2002)
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CHAPTER THREE: THEORY

3.0 Theory for thin-film characterization and analysis
Characterisation is an important step in the development of better-quality materials. Some of

the various analysis techniques used for thin films are discussed. This is important to evaluate
the material quality of the semiconductor thin film and comprehend how diverse parameters
are calculated as well as how the parameter values are interpreted in order to understand the

results. The techniques used in this work are discussed in detail under this section.

3.10ptical properties
3.1.1 Optical reflectance

Reflectance is the percentage measure of the ratio of the intensity of incident light to that of
the reflected light. While using a spectrophotometer for its measurement, incident light of
known wavelength is directed on the surface of a thin film and the intensity of the reflected
light measured. The two intensities, that is, the incident light intensity, and reflected light
intensity are compared in a reference called the reflectance, (R), as given by the equation

below;

R=IIR L0107 S 4
0

Where, loand Ir are intensities of the incident and reflected beams, respectively.
3.1.2 Optical transmittance

The light photons from a lamp are passed through a grating or a monochromator which splits
the light into selected wavelengths of beam intensity, lo (photons/cm?), are directed at a thin
film of thickness, d, constructive and destructive interference occurs and relative transmission
is observed. For exact measurement of the material bandgap, Eg, photons with energies less
than the bandgap do not excite electrons in the valence band to the higher states, hence are
transmitted while those photons with energies greater than the bandgap, they excite the
electrons in the valence band to higher energy states and therefore are absorbed. Hence
transmittance is the ratio of the incident photons to the transmitted photons as given by the

equation below.
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Where It is the intensity of the transmitted photons and lo is the intensity of the incident photons.
3.1.3 Tauc Optical band gap

An optical band gap of material is defined as the energy difference between the top of the
valence band and the bottom of the conduction band. The fundamental absorption that is
proportional to the electron excitation from the valence band to conduction band can be used
to estimate the value of optical band gap. The relationship between the absorption coefficient,

a, and the incident photon energy, hv, can be written as (Li et. al., 2010).

ohv :A(hv—Eg)n ........................................................ 6

where A is a constant, Eq is the optical bandgap of the material, hv is the photon energy, o is
the absorption coefficient, the index, n, defines the nature of transitions where n=1/2, 2, 3/2 or

3 for allowed direct, indirect, forbidden direct and forbidden indirect transitions, respectively.

1
A graph plotted with (ahv)? versus hv or(ahv)z versus kv for direct or indirect bandgap
respectively, will result in curves whose tangential intercept of the line to the hv axis gives

estimated Tauc bandgap.

3.1.4 Extinction coefficient, refractive index and absorption coefficient.
The values for extinction coefficient, the refractive index and the absorption coefficient can be

calculated from the transmittance equation;

T=-R) eXp(—a)....cervrrerrrerirrrererirercinnns 7

Where R is the reflectance of the thin film, a is the absorption coefficient, and d is the thin film
thickness.

The reflectance is associated to the refractive index n and extinction coefficient k by [Heavens,
2003];

R:(n—1)2+|<2
(N+1)+k?
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The value of k is normally obtained using the formula [Banerjee et al., 2005];

B 20 9
741_[ ..........................................................
And
hc
Ao e 10
E

Where h is Planck’s constant (6.623x%103 Js) and c is the speed of light in a vacuum (2.998x108
m/s). The value of hc is a constant equal to 1240 eV. The extinction coefficient, refractive index
and absorption coefficient were determined using these equations.

3.2 Electrical properties
3.2.2 The hot -probe technique

The semiconductor conductivity can be determined using a hot probe method. In this method
also known as the thermoelectric probe type, the conductivity is determined by the sign of the
thermal emf or See beck voltage generated by a temperature gradient.

Two probes contact the sample surface; one is hot while the other is cold. Electrons will diffuse
from the hot to the cold region setting up an electric field that opposes the diffusion. The electric
field produces a potential detected by a voltmeter with the hot probe positive with respect to

the cold probe.
3.2.3 The Hall Effect measurement

The Hall Effect measurement technique has a wide application in the characterisation of
semiconductor materials. The measurement gives resistivity, the charge carrier density carrier

mobility.
3.2.4 The 4- point probe technique

The 4 —point probe set up has four equally placed metal tips as in the figure below.
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Figure 3.1: Schematic of 4- point probe configuration

A high impedance current source supplies current through the outer two probes and the
voltage across the inner probes is measured for determination of sample resistivity.

For a thin layer sample/waver (thickness, t << probe sample spacing, s), current rings instead

of spheres are obtained [Brown, 1996]. Therefore, the current area is given by the equation;

A=2TTXE e 11
While the sheet resistance Rs is given by the equation below
X dx
R = TR 12

Wherep is resistivity.

From equation 12 we obtain;

pdx
" 2] Ixt x

2Ht(|n x)(f:L(m 7 13

Given that,

R = % then the sheet resistivity of the square geometric thin film is given by;

[TtV
o, ZET ..................................................................................................... 14
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This equation 14 is independent of probe distance s. In general, this equation can be expressed

as,

p.=F

Where [ is a geometric factor and in the case of a semi-infinite thin sheet, f = 4.53 which is

just%from derivation. Equation 15 was then used to determine the sheet resistance of the thin

films.

28



CHAPTER FOUR: METHODOLOGY

4.1. Sample preparation
4.1.1. Substrate preparation

The samples were deposited on 3.5 cm x 2.5 cm fluorine-doped tin oxide (FTO) conducting
glass substrate with an average sheet resistance of 9 Q/o from Sigma Adrich™ Company.

The following procedure was followed in cleaning the substrate before coating; first, the
samples were soaked in a soapy solution for 10 minutes while being agitated in an ultrasonic
bath, after that they were rinsed using distilled water. After this process, the substrates were
immersed in a beaker containing acetone and put under sonication process for another 10
minutes, followed by ethanol under the same conditions. The clean substrates were rinsed in
distilled water and placed in a rack in a dustless chamber to dry. After drying, they were stored

in desiccators ready for use.

4.1.2. Varied Parameters
The table below indicates the parameters that were varied and those that were kept constant.
The constant parameters were obtained after optimisation of the sputtering system. The optimal

deposition parameter gave the best optical properties.

Table 4.1: Sputter deposition parameters

Variables Value used

Pressure 3.0 x 1073,6.0 X 1073,9.0 x 10~3(mbars)
Power 250W, 190W, 130W

Time of deposition 52 minutes

Substrate to target distance 65 mm

Gas flow rate 100 sccm

4.2. Thin film deposition
The plasma was excited by RF power supply working at a frequency of 13.6 MHz in a Dressler

Caesar 136 sputtering system with RF matching network. The deposition was done using the
Edwards Auto 306 sputtering coating unit. The Auto 306 was equipped with a turbo molecular
pump which could achieve a pump down pressure of approximately 3.2 x 10~>mbars within
60 — 90 minutes. The pressure inside the chamber was monitored using a Pirani gauge capable

of monitoring atmospheric to a sub-atmospheric pressure. During the deposition, the thickness
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of the sample was monitored by maintaining uniform sputtering time using a stop watch and

the FTMG6 thickness monitor on the coating unit.

Three different TiO> ceramic targets (High Purity Chemical Lab. Corp., Grade 99.99%) were
used namely the pure Titanium dioxide, Titanium dioxide doped with niobium at 2% wt and
Titanium dioxide doped with niobium at 4% wt. All three targets were of standard measurement
of 100 mm in diameter and a thickness of 5 mm. Before sputtering could commence, the
sputtering chamber was pumped down and evacuated to a base pressure of 4.0 X
10~>mbars.Argon 99.995% was used as the sputter gas, was introduced at a constant flow rate
of 100 cm/minute (standard cubic centimetre per minute). The sputter gas was being introduced
into the chamber via the Alicat Scientific gas flow meter controller capable of varying the flow

rate.

The working power and working pressure were modified during the deposition process. The
gas flow rate and the substrate to target distance were kept constant. The deposition temperature
was not altered by any external heating, but the high temperature in the chamber due to the
plasma bombardment was between 120 °C and 140 °C.

A pre-deposition of 10 minutes was performed when starting to deposit using the new target
and 5 minutes for subsequent samples as a method of cleaning exercise of the target and remove
any impurities. After deposition, the unloading of the sample was only done after 10 minutes.
This allowed cooling down of the chamber before venting to avoid any reactions of the film
with air at those elevated temperatures.

4.3 Properties of the thin films
Three properties of the deposited films were investigated, that is the optical, electrical and gas

sensing properties.
4.3.1 Optical measurements of the thin film

The optical spectral measurement was done in the UV-VIS-NIR region using the double beam
solid spec Shimadzu™ model DUV 3700 Spectrophotometer. The spectral transmittance T (A)
and reflectance R (A) for as-deposited and annealed samples were measured within the
wavelength range of 300-2500 nm. The data for optical transmittance and reflectance at near
incidence was collected and analysed to obtain bandgap energy using a well-known set of
equations as discussed in section3.2 (d).

4.3.1 Electrical properties measurements of the thin film
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The electrical measurements of the thin films were done using the Jandel RM3-AR four-point
probe as shown and discussed in figure 3.3 c. the measurement was done by measuring the
sheet resistance of the thin films, the values obtained were recorded directly without any further
analysis. Measurement was done at different points to ensure anisotropy.

4.4 Gas sensing properties measurement
The gas sensing properties were measured in a dome-shaped gas sensing unit set up as in the

figure shown below.

thermoc
ouple

Gas out _ = ;i

Sample heater

Cables to the
source meter

Heater Power cables

Thin film gas sensor

Figure 4.1: The lab assembled gas sensing unit

The Keithley 2400 source meter was used for resistance measurement of the samples. A heating
resistor used in heating samples and the thermocouple were used to control the desired sample
temperature. The temperatures of the samples were varied between 50°C and 300°C and
resistance measurements in the air (Ra), were taken at 25°C intervals.

A volume of gas (2000 ppm) as compared to the chamber volume (2.4 L) is to diffuse in the

chamber for about 10 min at room temperature.
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The sample temperature then was raised at a rate of 5°C/min and resistance measurements in a
hydrogen environment (Rq) for samples, were taken at 25°C intervals when there was hydrogen
gas flow.

The electrical resistance when gas is flowing (Rg), of the samples for each temperature
intervals, was measured. The sample sensitivity (S) for the gas of thin film was determined
using the following equation;

R.
R,

Where Rgis the sample resistance in test gas presence and Ra is the sample resistance in air.

S = 16
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CHAPTER FIVE: RESULTS AND DISCUSSIONS

5.1 Introduction

Results based on optical and electrical properties for as-deposited and annealed samples for the
undoped TiO2 and Nb doped TiO> thin films were analysed and discussed in this chapter. To
understand the effect of doping on the optical and electrical properties of TiO2 thin films, results
based on these properties for as-deposited and annealed samples are presented and compared
under the various deposition conditions in this chapter. The gas sensing properties results for
the pure and doped thin films are also discussed.

5.2 Optical properties of Nb doped TiO:2 thin films
5.2.1 Influence of variations in deposition pressure on transmittance

The results presented below were collected using the UV probe software via a computer
interfaced to a UV-VIS-NIR Spectrophotometer for experimental data for pristine TiO», and
niobium doped at 2 % wt TiO2 and 4% wt TiO, respectively. The data collected was uploaded
to Microsoft Excel since it is versatile with built-in functions and the ability to make custom
made functions using Excel VBA, with the data loaded, various calculations were now
possible, thereafter the graphs shown in figure 5.1 a, b and ¢ were plotted using Origin™

software which was preferred because of its fine rendering of graphs.
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Figure 5.1: Variations in the transmittance spectra for the TiOz2 thin films at different
deposition pressure.

From figure 5.1 it is noted the highest transmittance was observed in the visible region for all

the different material samples. However, it is also noted for the figure 4.1 that an increase in
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the pressure led to a shift towards the visible range in the transmission edge which was a
uniform finding for all the three materials. In figure 4.1 (a) is noted that for the pure TiO>
samples there is just a slight decrease in transmittance when the deposition pressure is increased
from 3 x 1073 mbars, to 6 x 10™3 mbars and then to 9 x 10~3mbars, in figure 5.1, the
changes observed may be attributed to deficiency in oxygen due to the introduction of the
sputter gas at different volume thereby changing the partial pressure (b) for the 2% Nb doped
TiO: there is still a slight decrease in the transmittance when the deposition pressure is
increased from of 3 x 1073 mbars to 6 x 10~3 mbars and when the deposition pressure is
further increased to 9 x 103 mbars there is a significant drop in the transmittance and for the
4% Nb-dopedTiO> there was a large significant drop in the transmittance as the deposition

temperature is increased.

The above results imply that changes in the deposition pressure seem not to have any influence
on the transmittance for the pure TiOz thin films whereas in the 2% doped TiO> thin film
changes in pressures lower than 6 x 1073 mbars have no significant change in transmittance
and pressures higher than the above pressure seem to have a strong influence on the
transmittance obtained. In the 4 % Nb doped TiO>, any change in the deposition pressure is
bound to have a significant influence on the transmittance, the change observed is attributed to
oxygen competition between Niobium and TiOa.

5.2.2. Influence of variations in deposition power in transmittance

To determine the effect of deposition power on the thin films prepared the deposition was
varied as follows 130 W, 190 W and 250W.
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Figure 5.2: The transmittance spectra for the thin films deposited at various RF power.

From figure 5.2(a), its seen that for the pure TiO2 samples when the power is decreased from
250W to 190W and then to 130W there is just a slight change in transmittance this change is
not significant enough to have any impact on the transmittance, in the 2% Nb doped TiO>
samples, figure 5.2(b), it’s noted that the same trend as in the pure TiO2 samples is seen though
now it is noted that lower deposition power gives us the highest transmittance and finally in
the 4% Nb doped TiO2 samples, figure 5.2(c) it is noted that increasing the deposition power
leads to a tremendous drop in the transmittance. This implies that increasing the deposition
power has no significant effect on transmittance for the pure TiO2 thin films whereas in the 2%
Nb doped TiO2 samples there is a slight drop in the transmittance as the deposition power is
increased though its seen that at powers higher than 190W there is no significant change in the
transmittance, and in the 4% Nb doped TiO2films an increase in the deposition power results
into a decrease in the transmittance. The deposition power influences the growth of the thin
film, high transmittance implies that a thinner film was formed while with the increase in power
a thicker film was formed, therefore the transmittance is in agreement with Lambert-Beers law

of transmittance.
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5.2.3. Influence of niobium doping on transmittance
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Figure 5.3: The transmittance spectra for pure and Nb-doped TiOz2 thin films deposited.

Figure 5.3 above is the measured transmission spectra obtained when the pure and the Nb-
doped TiO2 are deposited in same RF power of 250W and same sputtering pressure of 6X10°
3mbars. It is seen that doping of the TiO2 causes a reduction in the transmittance in visible and
up to the near infra-red. 4% Nb-doped TiO: gives the lowest transmittance for this sputtering
condition and therefore a reduction in transmittance was depended on the amount dopant in the
material. This reduction can be attributed to the increase in free electrons and change of band
gap of the composite material, this observation is in good agreement with Drude’s theory as
corroborated by the work done by Sato et al., (2010).

5.2.4. Influence of annealing on optical transmittance

The figure 5.4 below shows the transmittance spectra for the as-deposited and as post annealed
at 250°C and 450 °C. The samples were deposited on the same deposition conditions, that is,
130W RF power and 6.0 x 103 mbars, where figure 5.4 (a, b and c) are the transmittances for

pure, 2% Nb-doped and 4% Nb-doped samples. From the graphs, it can be shown that for these
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annealing temperatures, there was only a slight decrease in transmittance for all the samples of
the undoped and Nb doped TiO2 samples. This slight decrease in transmittance can be attributed

to increased light scattering effect due to increased surface roughness (Hasan et al., (2008).
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Figure 5.4: The transmittance spectra for the thin films as-deposited and annealed
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5.3. Optical band gap of the thin films

The band gaps (Eg) were obtained from the extrapolation’s method for the deposited samples,
based on the assumption of directly allowed transitions to an empty conduction band for the
suspected dominant anatase TiO».

5.3.1 Optical band gap for as-deposited thin films
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Figure 5.5: The Band gap curves for as-deposited thin films as deposited

From figure 5.5 above it was established that the band gap reduced with an increase in the level
of doping. As indicated by the tangents of the linear parts of the curves, the band gaps obtained
reduced from 3.53eV to 3.50eV and then to 3.37eV for pure, 2% and 4% Nb-doped TiO> thin

films, respectively. This implies that increase in Nb doping content leads to a decrease in band
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gap which can be attributed to the shift in the absorption edge band gap towards the visible

range of the films as seen in the transmittance plot in section 5.2.3(Uyanga et al., (2014).

5.3.2. Optical band gaps for the post annealed (450°c) for the thin films
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Figure 5.6: Band gap curves for the post annealed films

The band gaps obtained after annealing (figure 5.6) indicates a drop in band gap for the pure

and the doped samples. The results can be summarized as in table 5.1 below.

Table 5.1: Comparison of band gaps as annealed and as-deposited

Sample Band gap as-deposited Post annealed band gap
Pure TiO2 3.53 3.49
2% Nb- doped TiO> 3.50 3.42
4% Nb- doped TiOz 3.37 331
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The observed drop in the band gap of the materials before and after annealing may be attributed
to change of structure from amorphous to crystalline structure. The variations in band gap
observed are indications of structural modifications. The structural modification is caused by
some of the prevailing deposition conditions and post-deposition conditions as annealing (Kil
D., 2005). This shift in the optical band gap to lower values after annealing may be related to
a change in film density and an increase in grain size as also reported by other researchers
(Van-son et al., 2014).

5.4. Electrical properties of pure and doped TiO2 thin films
The measured sheet resistance used to determine electrical resistivity and conductance for the

as-deposited and annealed thin films. Similarly, results for the bulk resistivity are presented.

The sheet and bulk resistivity were done using the Jandel RM3-AR four-point probe. The

electrical conductivity p was determined using the formula (Ayodele et al., 2014).

The measured sheet resistance and the calculated electrical resistivity and conductivity (inverse
of resistivity) were tabulated in table5.2 below. From the table, it can be realized that the doping
of TiO2 thin films increases its conductivity. The increased conductivity can be attributed to

the increased number of carrier concentration.
5.4.1. Electrical properties of the thin films as-deposited

Table 5.2: Summary of the electrical properties as- deposited

Parameters PureTiO2 2% NDb:TiO2 | 4%NDb:TiO2

Sheet Resistance, Rs (©2/Sq.) 4393.03 617.2494 0.59374
Electrical resistivity, p (Q.cm) 2.2844X10% | 3.2097X10° | 3.0874X10°
Electrical conductivity,s (€1cm™?) 4.3776X101 | 3.1156X10? 3.2389x10°

Table 5.2 showed that the resistivity decreased as the level of doping increased. The reduction
in resistivity can be attributed to an increase in carrier density when doping is increased. The
resulting rise in carrier density is because of the increasing amount of electrically activated
charge carriers. The same trend is observed when the samples were post annealed at a

temperature of 450 °C as shown in table 5.4 below.
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5.4.2. Electrical properties of pure and TiOz thin films as annealed

Table 5.4: Summary of electrical properties for samples annealed at 450 °C

Parameters Pure TiO2 2%Nb:TiO2 49%Nb:TiO2
Sheet resistanceR; (£2/sq) 4111.940 0.122375 0.04759
Electrical resistivity (¢2.cm) 2.1383X1072 6.3635X107 | 2.4747x10°%

Electrical conductivity (Q1.cm™) 4.6768X 10"

1.5715X10° 4.0409X10*2

5.4.3. Comparison of electrical resistivity of the films as deposited and as annealed

Table 5.5: The summary of the sheet resistance for the as-deposited and as annealed

Sample Sheet resistance as-deposited | Sheet resistivity annealed(450 °C)
Q/Sq. Q/Sq.
PureTiO2 4393.03 4111.94
2% Nb:TiO2 617.2494 0.122375
4% Nb:TiO2 0.59374 0.04759

Table 5.5 shows that annealing led to a decrease in the sheet resistance for the pure TiO2, 2%

Nb doped TiO2 and 4% Nb doped TiO2 samples. This implies that annealing improved the

electrical conductivity of thin films.
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5.5 Gas sensing properties
5.5.1 Influence of deposition pressure on the gas sensing properties
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Figure 5.6 Influence of deposition pressure on the gas sensing properties (a) undoped
TiO2, (b) 2% Nb doped TiO2 and (c) 4% Nb doped TiO2

In figure 5.6 a,b,c its noted that as deposition pressure was increased there was a decrease in
the gas sensing properties of the thin films for three types of materials, it is also observed that
the thin films showed different gas sensitivity at different temperatures with the pure TiO> thin
films showing a gas sensitivity temperature between 200 and 250°C, the 2 % Nb doped TiO;
thin films in the 100- 150 °C temperature range and the 4% Nb doped TiOz thin films in the
temperature range between 200-300°C. The 4% Nb doped TiO; thin film samples exhibited the
highest gas sensitivity values which were between 0.5 and 3 (figure 5.6(c). The 2% Nb doped
TiO2 and Undoped TiO> thin films had gas sensitivity values between 0.1 and 1 (figure 5.6 (a
and b).
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5.5.2 Influence of Deposition power on the gas sensing properties
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Figure 5.7 Influence of deposition power on the gas sensing properties, (a) undoped TiOz,
(b) 2%Nb doped TiO2 and (c) 4% Nb doped TiO2
From figure 5.7 when the deposition power was increased there was a decrease in the gas

sensing properties of the thin films for three types of materials. It may be noted that the thin
films showed different gas sensitivity temperatures with the pure TiO; thin films showing a gas
sensitivity temperature between 200 and 250°C, the 2 % Nb doped TiO> thin films in the 100-
150°C temperature range and the 4% Nb doped TiO; thin films in the temperature range
between 200-300°C which correspond to those noted by during in the section 5, 5.1 above. The
4% Nb doped TiO> thin film samples exhibited the highest gas sensitivity values which were
between 0.5 and 5.5 (figure 5.7(c). The 2% Nb doped TiO2 had gas sensitivity values between
0.2 and 1.1 (figure 5.7(b) and the Undoped TiO: thin films had gas sensitivity values between
0.1 and 1.5 (figure 5.7(a). this implies that the 4% Nb TiO> thin films showed a better gas

sensitivity compared to the rest of the materials.
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5.5.3 Influence of Niobium doping on the gas sensing properties of TiO thin films
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Figure 5.8: Influence of Nb doping of TiOz on the gas sensing properties

Figure 5.8 shows gas sensitivity versus temperature from the figure it is noted that 4% doped
TiO2 had the best gas sensing properties since the gas sensitivity ratio of this sample had
increasing sensitivity with an increase in temperature. The pure TiO films showed the worst
gas sensitivity ratio in the temperature range 50°C to 200°C after this point the pure film showed
better than the 2% Nb doped TiO> gas sensitivity until 250°C. The gas sensitivity temperatures
for the three material were between 200-250°C, 100-175°C and 200- 300°C for the undoped
TiO2, 2% Nb doped TiO2 and 4% Nb doped TiO: thin films, respectively.

49



5.5.4 Influence of annealing temperatures on the gas sensing properties
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(c) 4% Nb:TiO2
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Figure 5.9: Influence of annealing temperatures on the gas sensing properties,

When the thin films were annealed it was noted that the samples annealed at 450°C produced
the best gas sensing values in all the three materials this can be attributed to the increased
crystalline phase the TiO2 since at 450°C which is the rutile phase of the TiO,. In figure
5.9(a,b,c) its noted that there is a rise in the gas sensitivity of samples annealed at 450°C for
the three materials while for the as-deposited and sample annealed at 250°C there is just a slight

increase in the gas sensitivity values with the as-deposited sample having lower values.
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CHAPTER 6: CONCLUSION AND RECOMMENDATIONS

6.1 Conclusion
Nb doped TiO. and undoped TiO> films have been deposited by RF magnetron sputtering. The

deposition of the films was done using the Edwards AUTO 306 vacuum system. The substrate
used was Fluorine doped SnO (FTO) glass and before deposition, the FTO glass was cleaned
ultrasonically using the Power-Sonic 405. The sputter targets used, were 3 with the composition
ratios of Nb: TiO2 being 2:98 wt% and 4:96 wt% with a purity of 99.99% and a 100% wt TiO>
with 99.99% purity.

The thin films prepared were then analysed for their optical, electrical and gas sensing
properties using the Shimadzu DUV 3700 series double beam spectrophotometer, Jandel RM3-

AR four-point probe and gas sensing apparatus, respectively.

The optical results revealed that an increase in the sputtering pressure had no significant impact
on the transmittance of the pure TiOz films. Whereas with the 2% Nb doped TiOfilms there
was no significant change in transmittance when the sputtering pressure was increased from
3X10° mbar to 6X103mbars, however, when the sputtering pressure was increased further to
9X10® mbar it was noted that there was a significant drop in the transmittance this is because
sputter pressure influences the uniformity of the resultant film with low pressures producing a
uniform and single-crystal structure thin films. For the 4% Nb doped TiO films it was noted

that any increase in the sputtering pressure had a significant drop in transmittance.

The results further showed that a decrease in the sputter power had no significant drop in the
transmittance for the pure TiO2 and 2% Nb doped TiO2films. When it came to the 4% doped
TiO2 films it was noted that a decrease in the sputter power had a significant decrease in the
transmittance. The average transmittance was 60%, 45% and 40% for sputter powers of 130W,
190W and 250W, respectively. This is because higher sputtering power gives off more material
from the target.

Doping was found to cause a shift towards the visible wavelength range of the transmittance
spectra as the doping was increased. This showed a shift in the absorption edge band that further
showed a decrease in the bandgap when Nb doping is done on the pure TiO2 films. Annealing
of the films also caused a decrease in the bandgap this is because of the morphological
dependency of the band gap on the annealing. This is because annealing changes the crystal
structure of the TiO».
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The electrical results revealed that Nb doping of TiO> caused a decrease in the sheet resistance
of the resultant films this implied there was improved electrical conductivity with an increase
in the Nb doping content in TiO2. This was the same in the annealed samples, although the
annealing caused a decrease in the sheet resistance of the same material films.

Gas sensing on the selected films revealed that the 4% Nb doped TiO> had the best hydrogen
sensing profile with increasing sensitivity as the temperature was increased. The Pure TiO2 and
2% Nb doped TiO: films tested for gas sensing showed that there was low sensitivity for the

film to hydrogen gas supplied at 2000 ppm.

6.2 Recommendations
There is a need to study the gas sensing properties of the Nb: TiO. at very low temperatures

(less than room temperature) so as to determine if the material can sense gas leaks even at low

temperatures since hydrogen fuel cells are being used as energy sources for cold storage rooms.

There is a need to look at the structural properties of Nb: TiO2 to optimise structural orientation
and phase transition of TiO- gives the optimal gas sensing properties which have not been
covered in this study.

There is a need to build a complete prototype for the gas sensing device with all its circuit

complete and thus advance field tests of the device in normal environmental conditions.
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