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1. INTRODUCTION

1.1. Motivation

Years of research and development have taken us to the point where an artificial
sensor is much better at making measurements than a human. Temperature,
wind velocity, acceleration, force etc. are just some of the many examples. The
advantages of sensors over humans are obvious. However, odour sensing is a
category where sensors still lag behind humans and particularly other mammals,
such as dogs, explaining the ongoing efforts in gas sensor development.

Inorganic metal oxide semiconductor materials, in spite of years of research,
remain in the focus of gas sensor development because of their very simple
construction, low cost and ability to survive in harsh environments. Although
they have difficulties in differentiating the vast number of organic molecules
associated with biological processes around us, they excel in detecting simple
yet common gases such as oxygen, hydrogen, carbon monoxide, water vapour,
nitrogen oxides, ozone etc. Many of these gases are important pollutants,
explosive or toxic.

While traditional sensor designs try to maximise individual sensor selectivity,
the so called electronic nose approach combines many different non-selective
sensors into an array of sensors and uses pattern analysis to discriminate bet-
ween multiple gases, creating a so called electronic nose. Combining a large
amount of sensors forces the reduction of individual sensor dimensions in the
array in order to limit the overall size of the electronic nose and its energy
consumption. This motivates the development of multiresponse sensor materials
where a single unit of sensing material outputs multiple response signals.

The vast majority of metal oxide gas sensors use electrical conductance (EC)
as the response signal of the sensor. A relatively little studied approach in the
field of metal oxide gas sensors is to use photoluminescence (PL) intensity or
decay rate as a response signal alternative to EC. It opens up opportunities such
as remote contactless sensing, new material morphologies and dual sensing
combining EC and PL.

1.2. Overview of the thesis

I focussed on the optical oxygen sensing using anatase phase TiO, nanopowder
material doped with a small amount of Sm®" ions (denoted as TiO,:Sm’"). The
optical response signal investigated was Sm’” impurity induced PL intensity and
PL decay rate. Oxygen is an excellent sample gas since it is inexpensive,
relatively safe and acts as a good sensitivity indicator — in case of metal oxide
gas sensors, sensitivity to oxygen often indicates sensitivity to other gases as
well. Since prior to this work very little was done in the field of lanthanide
doped metal oxide based PL gas sensing, the first part of this thesis concentrates



on general characterisation of the material and its oxygen sensing capabilities. It
continues with a more detailed analysis of the PL and its dependence on oxygen
gas by quantitatively analysing the decay profiles of PL. Finally, the results of
the quantitative analysis are used to point out potential causes of PL oxygen
dependence.

The second part of this thesis unifies the more traditional EC based sensing
with the PL based sensing creating a dual response sensor where a single unit of
sensing material outputs two sensor signals simultaneously. The dual response
sensor is subjected to a long experiment cycle where oxygen content is varied
pseudo-randomly, simulating a real life usage scenario. The recorded dual
signal of this cycle is then used to calibrate the sensor and I will show that using
the two signals simultaneously increases the precision of the sensor two times.

1.3. Aims of the thesis

The general goal of this thesis was to obtain a detailed understanding of the gas
sensing properties and capabilities of the TiO,:Sm’" material. The more detailed
objectives were:

e To characterise the structure, phase and morphology of the TiO:Sm’"
material; to characterise the optical properties of the material; to properly
characterise the material as an oxygen sensor.

e To create a qualitative and a quantitative model that describes the pro-
cesses related to Sm>” induced PL in the material and to use the model to
identify probable mechanisms through which ambient oxygen content
influences the intensity and decay rate of PL.

e To build a sensor where both PL intensity and EC of a single sensor
material element can be simultaneously monitored; to design an oxygen
cycle and a mathematical approach that can be used to assess the
performance of the two sensor signals both separately and combined.

In this thesis it will be shown that:

e The properties TiO,:Sm’" PL are dependent on the oxygen concentration
of its gas environment.

e Oxygen causes the increase of TiO,:Sm’" PL intensity.

e The change of PL intensity is caused mainly by a change of PL quen-
ching centre concentration.

e The material can operate in a dual sensing mode, where oxygen is
measured simultaneously by optical and electrical response signals.

e The dual sensing can be utilised to increase the precision the the sensor
material.



2. BACKGROUND

2.1. Quenching based optical oxygen probes

The present work deals with optical oxygen sensing using photoluminescent
inorganic semiconductor materials. However, the most common type of PL
based oxygen sensors is instead based on organic molecules. In these sensors
oxygen acts as a collisional PL quencher [1]. Collisional quenching takes place
when oxygen comes to a contact with an excited PL emitter and the excitation
energy is transmitted to the oxygen molecule via resonant energy transfer (RET)
[2]. Fig. 1 illustrates the involved processes.
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~— — _—
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photoluminescent sensor oxygen

material
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Fig. 1. The working mechanism of a PL quenching based oxygen sensor. There are
three competing processes that can take place after the sensor molecule has been
excited: a) photoluminescence, b) thermal relaxation and c) energy transfer to an oxygen
molecule (if one is present). The excited oxygen molecule can either 1) emit a PL photon
or 2) relax thermally.

The response of quenching sensors usually follows the Stern-Volmer law:
F
70: 1+ Kp[O,] (1)

where F; and F are the unquenched and quenched PL intensities and Kp, is the
Stern-Volmer constant. There are, of course, deviations from this very simple
formula, but as a first approximation the quenching sensors can be characterised
by a very limited set of parameters.

There is a rather wide array of various quenching sensor materials available.
Most of the materials can be divided into two classes: organic probes and metal-
ligand complexes [3]. The first organic probe material was discovered in 1939
[4], it is a polycyclic aromatic hydrocarbon (PAH). The PAH subclass contains
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various other organic probe materials as well with much improved parameters
compared to the original material [3]. Another subclass of the organic probe
materials is fullerenes. This subclass contains some of the most sensitive
oxygen sensors [5]. The second class of quenching sensors, the metal-ligand
complexes, is mostly made up of ruthenium, iridium, osmium and rhenium
complexes and large variety of (metallo)porphyrins [3].

It should be noted that the optical quenching based class of oxygen sensors is
rather well studied and as of 2015 there were several companies that
manufactured these sensors on a commercial scale [1].

2.2. Semiconductor metal oxide gas sensors

The previous section provided a very general background of PL based gas
sensing. Next I will introduce the class of sensors where TiO, actually belongs
to — the metal oxide based semiconductor gas sensors. It is probably the most
widely used and studied class of gas sensor materials. Their popularity is based
on their performance: they are sensitive, stable, can operate at high temperatures
and have short response times. At the same time they are easy and cheap to
manufacture and to maintain [6].

Gas sensing is based on the adsorption of gas molecules onto the surface of
the metal oxide material. The most typical surface adsorbate is oxygen, as in a
common application a sensor measures the concentration of some gas of interest
(a toxic or explosive gas, for example) in air and therefore oxygen is always
present. The exact form of surface oxygen species is dependent on temperature
[7]. Nevertheless, numerous studies have detected the presence of various
surface oxygen species such as O,, 05 and O~ using methods such as electron
spin resonance [8—10] and temperature programmed desorption [11, 12].

The surface oxygen species attract an electron causing the appearance of a
charge depletion zone under the surface of the material. As a result, the
electrical conductance of the material changes. Depending on the morphology
of the material this can be caused by two mechanisms. Firstly, if the material
consists of a thin film or small grains, then most of the material is within the
charge depletion zone and the conductance changes due to the depletion of free
charge carriers. Secondly, the depletion zone creates potential barriers between
the material grains that also affect the conductance. For this reason, either
nanopowders or thin films are used for sensing [7, 13].

Additionally, reducing gases may react with the surface oxygen adsorbates
thereby affecting the surface oxygen concentration. This mechanism allows the
semiconductor gas sensors to detect both oxidising and reducing gases [13].

The surface mechanisms described above apply when the operating
temperature of the sensor is relatively low — typically 200 °C — 500 °C [6]. At
higher temperatures (above approx. 500 °C) bulk processes start to play a
significant role in sensor response mechanics [6]. This is the basis of the solid
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electrolyte type gas sensors that are widely employed in the automotive industry
[14, 15].

Empirically, the response of semiconductor gas sensors typically follows a
power law:

S=A-C® )

where S is the response signal of the sensor (electrical conductance), C is the
concentration of the gas being measured and A and a are empirically determined
constants. A number of various response models have been observed [16] and a
quantitative theory also exists that justifies the power law behaviour [17].

A rather wide array of different metal oxide semiconductor materials exists
that have been used as gas sensor materials [6, 18, 19]. Probably the best known
and most studied [18] is SnO, [20, 21]. Other most common materials include
ZnO - studied in one of the first works regarding metal oxide gas sensors [22]
and numerous later ones [23-27], TiO, [28-30] and WO; [30-34]. Composite
oxides are also a possibility [30].

The number of gases detectable by the semiconductor metal oxide gas
sensors is also very large [6, 19]. As a consequence, the semiconductor gas
sensors are not very selective.

2.3. Multiresponse gas sensing

A traditional ideal gas sensor has a response to only one target gas and it does
not react to other gases in any other way. Real sensors are usually not ideal and
therefore have some kind of a response to various other gases as well. In a
world that is full of various gaseous chemical compounds either case is not very
practical — the perfect sensor can only sense a single gas and a universal gas
sensor would therefore require an array of sensors, one sensor for each gas of
interest. The number of “interesting” gases can be very large. The non-ideal gas
sensor has always some interferences present.

A solution to the aforementioned problems is the so-called electronic nose.
The original motivation behind the e-nose was to mimic the mammalian nose
[35]. The idea behind the e-nose is to combine multiple non-selective but different
sensors into a single device and use pattern analysis on the response signals to
discriminate different gases. In such a way the e-nose (and the mammalian
nose) can, with a relatively limited selection of sensors, detect a very large
amount of gases. As a bonus we do not have to worry about the low selectivity
of individual sensors.

The main applications [36] of electronic noses are food quality assessment
[37], environmental monitoring [38, 39] and health assessment [40—42].

Many modern electronic nose setups align the individual sensors into a
monolithic array as opposed to discrete, individual sensors [43, 44]. The number
of sensors in an e-nose setup can become very large [45]. This means that the
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sensor signal processing becomes a complex machine learning problem. It is
notable that an overview of e-nose signal processing methods [46] covers a large
portion of well-known machine learning techniques. The design of a proper e-
nose therefore requires a proper understanding of not only the physics and
material science of the physical sensors, but also the mathematical and statistical
aspects of signal processing. Poor understanding of the signal processing
techniques can lead to serious data misinterpretation [47].

The reason why I introduced the electronic nose is that later in this work I
will introduce results demonstrating how two different sensor response signals —
optical (PL intensity) and resistive — can be extracted from a single unit of gas
sensitive material and how the two signals can be utilised. It has been suggested
that such multivariate sensor materials are a next step in gas sensor and electronic
nose development [48]. Examples of such multivariate behaviour include, for
instance: capacitance and conductance of carbon nanowires [49], mass and
current of a graphene FET [50] and various electrical parameters of a Si nanowire
FET [51]. Optical signals, such as absorbance [52] and shift of reflectance [53]
can also be combined with electrical signals. PL has been integrated into a mass
sensor [54]. The combination that I used in the present work — PL and a
resistive signal — is relatively rare. Most examples are based on porous silicon
[55-57] and ZnO [24, 58, 59]. I would point out that, unlike the present work,
most of the works combining PL and resistive responses do not attempt to
extract any useful value out of the combination of the two signals.

2.4. Properties of TiO;

Since the present work is wholly based on TiO,, let’s take a brief look at its
properties and uses.

TiO, is a wide-bandgap semiconductor metal oxide material with 3 common
crystallographic phases: anatase, rutile and brookite, with anatase and rutile
being the most common phases. The bandgap of anatase is about 3.2 eV [60-62]
and rutile is 3.0 eV [63—65]. Both rutile and anatase are optically anisotropic,
with refactive index roughly between 2.5 and 2.9 [66]. Oxygen vacancies
commonly present in the material give TiO, n-type conductivity [66]. Notice that
the bandgap — corresponding to roughly 390 nm — lies just above the visible
spectrum of light, meaning that for the naked eye the TiO, is colourless. As-
prepared sol-gel TiO, is generally amorphous, mild heating causes the formation
of anatase crystallites. At temperatures above 500-800 °C the rutile phase
gradually appears [67-69]. Chemically TiO, is relatively inert [70]. Note that in
case of a gas sensor the aforementioned properties can give the material an
advantage as it can be integrated into processes involving a harsh chemical
environment and high temperatures. The quenching based organic materials
introduced in 0 are much more sensitive to temperature as the complex organic
molecules tend to degrade at higher temperatures.
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By volume, the largest application of TiO, is white pigment, mostly in paints,
plastics and paper [70]. Its relatively large bandgap ensues its white colour and
the high refractive index gives the pigment high opacity [66]. Another common
use of TiO, is in sunscreens — the 390 nm bandgap means that it is transparent
in the whole visible range but absorbs most of the UV [66]. TiO, is also
commercially used as the sensing body of gas sensor materials, as was discussed
above, and in photoassisted self-cleaning surfaces [71].

Proposed applications of TiO, are photocatalytic water purification and
photocatalytic water splitting for H, production [71]. Both of these have had
limited commercial success, despite extensive academic studies.

2.5. Photoluminescence of lanthanide ions in TiO-

TiO, as a semiconductor material is itself photoluminescent [60]. However, it is
possible to modify the PL spectrum and the underlying PL mechanism with the
addition of impurities.

In the context of the present work we are mostly interested in lanthanide ion
induced PL. A characteristic property of the lanthanide ions is that their 4f
electron orbitals are shielded by the filled 5s*5p° orbitals. It means that the
energy levels of the 4f orbitals and optical transitions between them are
relatively unaffected by the surroundings of the lanthanide ion, giving each
lanthanide ion a characteristic PL spectrum. The shielding also ensures that the
4f-4f transitions have a narrow spectral range, as the reorganisation of electrons
within the 4f orbitals have little effect on the binding pattern of the lanthanide
ion. Quantum mechanical theory states that the 4f-4f transitions are forbidden,
which in reality means that their probability of occurrence is low. Consequently,
direct excitation of lanthanide ions is difficult, but once excited the lanthanide
emission has a long lifetime, that allows lifetime measurements with relatively
slow and inexpensive detectors [72].

A way to overcome the problem of inefficient excitation is to incorporate the
lathanide ions into a host material that absorbs the excitation wavelengths
efficiently and then transfers the excitation non-radiatively to the lanthanide ion.
One of the original works utilising this idea used organic molecules as the host
material [73], however inorganic semiconductor materials, such as TiO, are
suitable as well [74—76]. A rather wide array of lanthanide ions have been
shown to be luminescent in a TiO, host: Nd, Yb, Er, Tm in IR, Eu, Sm in red
and Ho, Er in the green part of the spectrum [75, 76].

Fig. 2 summarises the PL related processes in a lanthanide doped semi-
conductor material. An exciting photon excites an electron from the valence
band into the conduction band. The excited electron then probably thermalises
to some kind of an intermediate state whose exact nature is difficult to
determine. Then, the electron can relax to ground state by emitting a PL photon
or it can non-radiatively transfer its energy to the lanthanide ion, causing a 4f
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electron to excite to a higher 4f level. Finally, the lanthanide ion emits a PL
photon. Thermal relaxations (not shown in Fig. 2) can take place as well [76, 77].
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Fig. 2. Energy diagram and processes leading to PL in a lanthanide doped semiconductor.

2.6. Photoluminescence based gas sensing
using metal oxides

At this point I am ready to combine all the topics introduced in this chapter and
introduce the TiO, based optical gas sensor material. While ordinary semi-
conductor gas sensors use EC as the response signal it turns out that EC can be
replaced by PL. Examples include all the common metal oxide sensor materials
such as SnO, [78-80], ZnO [24, 80-86], TiO, [80, 87, 88], WO; [80] and In,0O4
[89]. In all these cases intrinsic PL was used — it was emitted by the main sensor
material itself and not by a dopant element.

In the present work we used the PL strategy outlined in section 2.5, so that
PL was emitted by dopant lanthanide ions. This puts some limitations on the
material. The band gap cannot be neither too large (difficult to excite) nor too
narrow (the photoelectron cannot excite the dopant ion). Phase temperature
stability is also an issue as abrupt phase changes during heating can damage the
material so that the lanthanide dopant ions no longer emit PL. Heating to at least
500 °C is a necessary step of the sol-gel material preparation process.

Consequently, there are not too many previous works where dopant induced
PL is utilised as a sensor response signal. Earlier examples include a Eu,Os-
YALOj; [90], TiO,:Sm>* [91] (a spiritual predecessor of my work) and TiO,:Eu’*
[92]. Later examples published during my PhD studies include TiO:Eu’" [93],
Sr4A114025:Eu3+/Dy3+ [94], (KO,SNaO,5)NbO3:Pr3+ [95], TiOz:Sm3+/metal—0rganic
framework [96] and ZrO,:Eu’" Nb*" [97].
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3. EXPERIMENTAL

The gas response measurements formed a central part of this work. They were
performed using a custom made experiment setup. The principal elements of
this setup are depicted in Fig 3. The setup is built around a sample holder cell
(Linkam THMS350V) equipped with connections for gas flow through,
temperature control, a window for optical measurements and electrical con-
nections for conductivity measurements. The sample is illuminated by a pulsed
355 nm laser (Elforlight) or a continuous 365 nm UV diode (Thorlabs). The
laser was run at 5 kHz for PL intensity measurements but at 200 Hz for PL decay
measurements. PL spectra were registered with a CCD (Andor DU240-BU),
decays with a PMT (Hamamatsu R2949) coupled with a photon counting
multiscaler (Fast ComTec P7888). Electrical conductance was recorded with a
precision source measurement unit (Keithley K2400 or K2450) at constant 1 V
voltage. The gas composition of the interior of the sample cell was manipulated
by feeding a mixture of oxygen and nitrogen continuously through the sample
chamber at 200 ml/min. The source gases were oxygen, nitrogen and a mixture
of the two with 10% oxygen and 90% nitrogen; all gases were 99.999% pure.
Gas flow rate and composition were regulated by mass flow controllers (Brooks
SLA 5850 or Bronkhorst EL-FLOW).

MFC

Q meter

MFC

ele

Fig. 3. A diagram of the gas response experiment setup.
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4. SAMPLE PREPARATION AND CHARACTERISATION

4.1. Ti02:Sm>* material preparation

The very first step of the experiments was to prepare well defined samples that
can be studied in following gas sensing experiments. The material that we chose
to study was TiO, doped with Sm®" ions in a nanopowder form. We made the
samples in two steps. First, a TiO,:Sm’" nanopowder was prepared using the
sol-gel method. The nanopowder was annealed at 800 °C. As the result of the
first step we got a material that was in principle capable of gas sensing. In the
next step we deposited the material onto quartz substrates (~10 x 10 X 1 mm).
This was done by dispersing the powder obtained in the first step in distilled
water using an ultrasound probe. A drop of the resulting TiO, emulsion was
transferred onto the substrates. After the water had evaporated the TiO, formed
a solid white layer. In the end we obtained durable samples that could be
systematically tested in the gas sensing and other experiments. For purely
optical experiments the sample substrate was pure quartz, for experiments that
required measuring the electrical resistance of the sample material a special
glass substrate (IME 2050.5 M-Au-U, ABTECH Scientific Inc., ~ 10 x 5 x
1 mm) with gold interdigitated electrodes was used (Fig. 4).

Fig. 4. Left: an optical microscope image of the sample powder on gold interdigitated
electrodes. Right: a diagram of the sample substrate with gold electrodes. The red circle
marks the approximate location of the sample powder.
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4.2. Morphology

SEM micrographs (Fig. 5) taken of prepared samples give a visual overview of
the structure of the nanopowder. Based on a visual interpretation of the SEM
images the material consists of agglomerated nanocrystallites that form a porous
layer with a somewhat hierarchical structure. The agglomerated nanocrystallites
form structures with a diameter of several hundred nanometers. The crystallites
themselves have a diameter of roughly 40 nm, based on a set of random
measurements on the micrograph.

.,;@:3 g

Fig. 5. SEM image of the prepared TiQ, :Sm* sample.

A more quantitative way to describe the structure of the material is to measure
its differential pore volume distribution using the BET method. The distribution
(Fig. 6) indicates two maxima near 40 nm and 150 nm. This confirms the
description determined from the SEM image.

0.15

0.10F

0.05f

Differential pore volume (cm®/g)

0.00 . X .
0 50 100 150 200 250

Pore width (nm)

Fig. 6. The differential pore volume distribution of the TiO, material determined by the
BET analysis.
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An important aspect of a semiconductor material is its crystal phase. In case of
TiO,, the most common phases are rutile, anatase and brookite. One of the most
simple methods to determine the crystal phase of TiO, is to measure its Raman
spectrum. The Raman spectrum of the material (Fig. 7) reveals that the
crystalline phase of the material is anatase and no indications of rutile or
brookite. At grain sizes less than 20 nm the Raman peaks are known to broaden
and shift [98]. These changes were not observed, which indicates that the
crystallites are larger than 20 nm, in accordance with the estimations from the
SEM images.
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Fig. 7. The Raman spectrum of the prepared TiO,:Sm®" nanopowder. The spectrum is
typical of anatase.

4.3. Optical properties

Since the goal of this work is to characterise the optical gas sensing capabilities
of the TiO,:Sm’" material, lets first take a look at its optical properties. Namely
we are interested in the emission and excitation spectra. To measure an
emission spectrum, we need a light source. We used a 355 nm laser. This
wavelength corresponds to a photon energy of 3.49 eV. The band gap for TiO,
has been measured at 3.2 eV for anatase single crystals [60] and 3.2-3.3 eV for
nanomaterials [61, 62], so our 355 nm excitation is well above the band gap of
the material.

A typical emission spectrum of the TiO,:Sm’" nanopowder is presented in
Fig 8. The spectrum consists of a wide emission band centred near 525 nm and
four sharp bands near 583, 612, 662 and 725 nm. Such two component com-
position (eg. wide band + sharp peaks) is typical of the TiO,:Sm’" material and
spectra with a similar character have been seen over a wide array of experiments
with the material over the course of this work and also previously [99]. The wide
band emission is believed to be intrinsic to anatase, coming either from self
trapped excitons, bound excitons or defect sites [60, 99-102]. The sharp
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transitions are caused by the radiative transition between the Sm’" ion 4f shell
energy levels, from the “Gs), to °H; levels (labelled accordingly in (Fig. 8) [103].
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Fig 8. Typical emission spectra of the TiO,:Sm’" material excited with 355 nm. The
spectra are given at two different ambient gas compositions to demonstrate how the
relative proportions of the spectrum can vary.

The PL excitation spectrum shown in Fig. 9 was recorded at the most intense
Sm’" peak at 612 nm. It confirms that the 355 nm excitation is well in the region
where the PL excites efficiently. The excitation spectrum can be used to
estimate the band gap the material using the Tauc plot (Fig. 9 inset). The band
gap determined by this method is 3.27 eV, similar to the band gap values
(~3.2 eV) found in literature cited in section 2.4.
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Fig 9. PL excitation spectrum of the TiO,:Sm’" material recorded at 612 nm. The inset
shows the Tauc plot with the same data.
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The two spectra exhibited in Fig. 8 give a general understanding of how the
shape of the spectrum depends on ambient gas composition. Namely, the
intensity of the wide band emission at 525 nm remains mostly the same and the
intensity of the sharp Sm’" lines changes. So our interest is mostly directed
towards the intensity of the Sm®" emission, which in simple terms means the
area under the Sm’" lines with the part of the 525 nm wide emission band
subtracted to get rid of a near constant baseline. Our experiments have shown
that the relative intensity of the Sm’” lines do not change. Therefore, the
intensity of the whole Sm®" spectrum can be rather well estimated by only
integrating the area under one of the peaks. This is illustrated in Fig 10. The
yellow region in the figure depicts the area that is integrated to obtain a numeric
value for PL intensity.
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Fig. 10. The gray part under the TiO,:Sm’" emission spectrum represents the area that is
integrated to obtain the numeric value for what is referred to as “PL intensity” in this
work.

4.4. Electrical properties

Ti0, is a well known semiconductor gas sensor material. Usually the measured
response signal of the material is its electrical conductance (EC). Therefore, it is
a logical step to see how our synthesised material behaves as a traditional
electrical sensor. Considering that the goal of this work is to study the material
as an optical gas sensor it would be interesting to simultaneously observe the
behaviour of the PL intensity (PLI) (that I defined in the previous section) and
EC. The simultaneous PLI + EC based gas sensing experiments are introduced
in chapter 6. We must note however that when we measure both signals simul-
taneously, then the UV used to excite PL also has an effect on EC. Therefore, in
this section I will investigate how UV irradiation affects the properties of the
sensor material.
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Fig 11 illustrates how PLI and EC change when the UV irradiation source is
switched on and off. The presence of UV causes the EC to rise several orders of
magnitude. It is also notable that the change in conductance takes several tens
of seconds to stabilise. A traditional explanation of the photoconductivity is that
it is directly caused by the conduction electrons induced by the optical
excitation of valence electrons to the conduction band. However the situation is
probably different in case of metal oxides because the extent and temporal
dynamics of photoconductance depends on the surrounding gas atmosphere
[104-106]. In case of a WO; sample it has even been observed that the change
in photoconductance was permanent in vacuum but reversible in air [105]. It is
also known that optical stimulation causes the release of surface oxygen [107,
108]. Therefore it is likely that the photoconductance is caused by
photodesorption of surface oxygen species and the subsequent release of surface
trapped charge carriers, as proposed in [104].

Considering the photoresponse behaviour depicted in Fig 11 and the
argumentation above it becomes clear that as long as UV is applied the material
operates in a mode where the conductance and surface reactions are heavily
influenced by optical irradiation. This becomes particularly important later
when I introduce gas sensitivity experiments where PLI and EC are recorded
simultaneously. The situation is somewhat similar to several earlier works that
studied the gas sensing properties of metal oxides under UV. The idea behind
these works was to enhance sensitivity and reduce operating temperature in an
otherwise ordinary EC based metal oxide gas sensor [109—111]. In our work,
UV irradiation is a fundamental part of the sensor as it excites PL in our PL
based sensor material.
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Fig. 11. The effect of 355 nm laser irradiation on the PL intensity and conductance of
the material.
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5. PHOTOLUMINESCENCE BASED OXYGEN SENSING
(PUBLICATION I, 11, 111)

5.1. Photoluminescence dependence on oxygen content

In this chapter I will introduce the optical gas sensitivity experimental results
that form the core of this thesis. A relatively simple yet insightful way to obtain
an overview of the capabilities of a sensor is to monitor its response while
introducing a sequence of gas concentrations to the experiment chamber. Fig.
12 presents the temporal response curve acquired in such an experiment. The
TiO,:Sm>" sample was subjected to a series of 10 min oxygen cycles with
decreasing oxygen concentration. Between the oxygen cycles pure nitrogen was
fed to the test sample. We found that oxygen causes the PLI to increase while
nitrogen has the opposite effect. The experiment was conducted at 25 °C which
for a metal oxide gas sensor is a very low temperature. The temporal response
experiment also indicates that the material is capable of sensing oxygen in a
wide range of concentrations. It can detect oxygen starting from 100% down to
< 0.01% (roughly equivalent to 100 ppm).
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Fig. 12. The temporal PL signal response to a wide range of oxygen concentrations.

Typical recorded response times (the time it takes the signal to reach 90% of the
final value) were about 1 min and recovery times about 5 min. However, this
includes the response time of the measurement chamber (estimated about 20 s)
and therefore the true response time can be somewhat faster.

Fig. 13 depicts the stationary response profile of the sensor material. In this
plot the relative PL intensity values from Fig. 12 at the end of each oxygen
cycle are plotted against oxygen concentration. It is assumed that the oxygen
cycles are long enough for the PL intensity to reach a final value. The stationary
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response profile resembles a power law (Eq. 1), where S is the PLI response of
the sensor. The stationary response somewhat deviates from a pure power law,
however, the deviation is not so significant if the range of oxygen concentations
is decreased. A somewhat similar power law behaviour has been observed in
EC based semiconductor gas sensor materials [17].
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Fig. 13. The stationary response profile of the sensor material. In this plot the values of
relative PL intensity at the end of each oxygen cycle (Fig. 12) are plotted against
oxygen concentration, revealing a near power law response behaviour.

5.2. Proposed optical sensing mechanism

The EC based response mechanism has been widely studied and there is a
general agreement as to what could be the reasons that cause EC to be dependent
on ambient gas composition. On the other hand, little is known about the
mechanism of PL gas sensitivity. To obtain a better understanding of this mecha-
nism we recorded and analysed the PL decay curves, that provide much more
information about the PL related processes in the material than the integral PLI.
Another advantage of this method is that during the recording of the decays the
sensor material operates in conditions that are very similar to the conditions
during normal sensor operation.

The method I will introduce in this section can be summarised as follows: a
series of decay curves are recorded over a range of ambient oxygen concent-
rations. Then a mathematical model (function) is fitted onto the experiment data.
The mathematical models are based on physical processes that likely take place
in the material. The models are elaborated until the quality of the fit becomes
satisfactory. Finally, the parameters of the fitted models can be compared to
pinpoint physical processes responsible for the changes of PL intensity and
decay rate.
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I showed in the previous chapter that the PL intensity decreases with oxygen
content in the ambient gas. Therefore, it is natural to expect that the area under
the decay curves also decreases with oxygen content. Mathematically there are
generally two ways this could happen — either the initial value of the decay
decreases and the whole decay curve is scaled down or the decay becomes faster.

A most simple decay can be characterised using an exponential function.

t
I(t) = Iye o +y, (3)

Such decay would be observed, if the material contained a number of identical
independent PL emitting centres. Upon excitation, each of the centres will emit
a photon and return to the ground state within an average period of 7, or decay
rate k.

ko == )

Ideally y, = 0, but usually background radiation causes y, > 0. If the number
of PL emitters changes it is reflected by a change of I,. If the decay becomes
faster, then T decreases.

The measured decays (Fig. 14) have a strongly non-exponential behaviour.
This indicates that the decay process is more complicated than the simple model
described above.
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Fig. 14. The PL decay curves of the TiO,:Sm®" material registered at various oxygen
concentrations.
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A possible cause for a non-exponential decay is quenching. It means that some
of the excited PL centres transfer their excitation energy to a quenching centre,
which could be a lattice defect, impurity or even another PL centre. Quenching
makes a decay faster. It can also cause non-exponential decay, because the
quenching is not necessarily uniform for all PL emitting centres, leading to a
distribution of the effective T values of the PL centres. Another factor that can
influence decay is delayed excitation. The exponential decay model assumes
that at t = 0 all the centres are excited and afterwards only radiative relaxation
processes take place. However, it is possible that some shallow traps absorb
some of the excited electrons created in the semiconductor by the laser pulse.
Thermal disturbances can cause the release of the trapped electrons some time
after the start of the decay. These untrapped electrons can re-excite some of the
PL centres. This delays the decay profile, opposed to the quenching effect.
Either of the effects causes the decay profile to deviate from a pure exponential
form.

To understand whether the non-exponential behaviour is caused by
quenching, trap assisted delaying or both, it would be useful to know the natural
decay rate of the PL centre — the Sm’" ion — inside a TiO, host (denoted 7, in
the following discussion). Measuring the natural decay rate is somewhat
complicated as it requires the elimination of all sorts of influences that modify
the raw behaviour of the ions. Several works have tried to achieve this and have
obtained values 258-350 us [67, 112, 113], so it is reasonable to assume
To = 300 ps. A purely exponential decay of 300 ps is depicted by the dashed
line in Fig. 14. It appears that the initial part of the decays recorded in the
experiment are faster and the end parts slower than the natural decay. This
indicates that both quenching and delay is present in the material.

The argumentation so far outlines a qualitative explanation of the response
of the decay curves to oxygen gas. I will now introduce a quantitative approach
that helps us understand which effects have a role in the oxygen sensing
process. To do so, I will outline a mathematical model based on physical laws
that fits the registered decay curves. In this way it is possible to link the changes
in the decays to physical processes as the free parameters in this kind of a model
are no longer mere empirical constants but have a more real meaning.

Assuming we have an ensemble of identical PL centres surrounded by a
random distribution of quenching centres the observed PL decay would take the
form [114]:

1(t) = Lou(t) (5)
u(t) = exp (—kot - é (kot)ﬁ> (6)

kg is the natural decay rate of the PL centre. c/c, is a relative concentration of
acceptors. Its exact connection with physical quantities is rather complex and
contains further constants that have to be determined experimentally for a
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particular material. However, as it is proportional to the concentration of
quenching centres it will provide very useful information about the material.
The power constant is defined as

B = (7

D
n
where D is the Eucleidean dimensionality of the space and n depends on the
type of interaction between the PL centre and the quenching centre, it is 6 for
dipole-dipole and 8 for dipole-quadrupole interactions. In case of a uniform
infinite 3D space D = 3, but in reality the conditions might not be perfectly met
leading to a slightly lower D value.

Some number of PL centres that are excited at at some time point will decay
according to Eq. 2 with the t parameter measuring time from the start of decay
of these particular PL centres. However, since we have delayed excitation
present, different PL centres start their decays at different times. Assuming we
have a single type of traps present, the contribution from retrapping is negligible
and that each untrapped electron instantly finds a PL centre to excite then the
amount of trap assisted PL centre excitations follows

I exp(=kt) ®)

where k is the rate of electron untrapping. So the number of PL centres that are
excited via traps in the interval t ...t + dt is

r(t)dt = Lk exp(—kt) dt ©)

Since these PL centres will start to decay according to u(t) then the resulting
observed decay would be the convolution between the two processes:

t

Idelayed(t) =1 f r(t)u(t —tHdt =

0
t

I Of k exp(—kt') exp (—ko(t ) — é (ko (t — t’))ﬁ) (10)

Probably some of the PL centres are excited instantly, without the trapping and
untrapping processes. These centres decay according to u(t)
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Linstane = lou(t) (11)
The overall decay profile looks as follows:

t

1) = Linstane + lgelayea = Iou(t) + 14 f kexp(—kt)u(t—t)dt (12)
0

This function can be fitted onto the experimentally recorded decay profiles. The
results of the fitting are illustrated by Fig 15. It turns out that the model
described by Eq. 3 is not sophisticated enough to properly fit the experimental
data. While the initial part of the decay is fitted adequately, the tail part of the
model and experiment diverge significantly. This indicates that the trap electron
release rate k is not constant but follows a distribution. Therefore Eq. 3 is
further generalised:

1) = Lu(t) + I, f dkp(k) f k exp(—kt") u(t — t')dt (13)
0 0

where p(k) is the distribution of the distribution of the electron untrapping rate.
In order to fit the generalised model to the experiment data p(k) has to be given
a concrete form.

We assume that the trap depths have an exponential distribution [115]. The
trap depth is the energy needed to untrap the photoexcited charge carrier. The
exponential distribution of the depths is given by:

1 E
E)=— -— 14
pe(E) = = exp (- 1) (14)
where AE characterises the spread of the distribution. Assuming thermal release
of carriers from the traps the Arrhenius equation provides a basic relationship
between detrapping rate and trap depth:

E
k= kM exp (—kb—T) (15)

where T is temperature, k;, is the Boltzmann constant and k,, is an attempt-to-
escape frequency.

Our model requires the distribution function of the k parameter, so we need
to perform a change of variables. According to the rules of distribution function
variable change:
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d
pilk) = | - B0 pe(E 1) (16

where E (k) is the inverse of Eq. 5 with respect to E. This assumes that both E
and k are unbounded, but for simplicity’s sake we can make this assumption.
After necessary substitutions and simplifications:

R/ k\® kgT
pr(k) = E(E) R=-F (17)

This gives Eq. 4 a concrete form that can be fitted to the experiment data. The
model with the trap depth distribution fits the experiment data adequately, as
illustrated by Fig. 15. This is an indicator that the model adequately describes
the physical processes that occur in the material.
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Fig. 15. An experimental decay curve (black dots) and various fitted models illustrating
the need for a complex model with quenching and delayed excitation present.

Eq. 4 together with Eq. 6 forms a model that is defined by the following
parameters: 3, Tg, R, ky,, Iy, I; and ¢/cy. Out of these, 7, was fixed at 300 ps,
according to the discussion and citations provided above. If the Sm’*
concentration remained low enough then the parameter  could be fixed at 0.5,
which corresponds to an infinite 3D atomic lattice where the Sm®" ions do not
interact with each other. A more detailed discussion regarding the value of 5 is
available in publication III. The rest of the parameters were fitted to the
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experiment data. Table 1 lists the relative values of the fitted non-fixed
parameters of the model. The relative values V. are defined as

wle)
0
810 Vioow

where V is the true value of the parameter and Vg, is the value of the
parameter when oxygen concentration was 100 %. I omitted the true values V
from this work since they carry little useful information in this context.
However, we are very much interested which parameters change as a result of
oxygen concentration change and for that purpose the V. values are very useful.

V. =

(18)

Table 1. The relative values of parameters obtained by fitting the decay model to the
experiment data.

Sample 1
100% 10 % 1% 0.1% 001% 0%
Iy 0 0.00 0.02 0.05 0.06 0.08
L 0 0.06 0.11 0.14 0.17 0.21
R 0 0.09 0.19 0.28 0.35 0.43
Kk 0 0.04 0.09 0.16 0.24 0.33
c/co, O 0.28 0.51 0.70 0.86 0.98

Sample 1 several months later
100% 10 % 1% 0.1% 001% 0%
Iy 0 0.01 0.00 0.01 0.03 0.02

L 0 0.03 0.10 0.16 0.22 0.26
R 0 0.03 0.10 0.15 0.18 0.20
K 0 0.02 0.06 0.16 0.25 0.28
c/co, O 0.09 0.17 0.29 0.40 0.43
Sample 2

100% 10 % 1% 0.1% 001% 0%
Iy 0 0.00 0.01 0.02 0.03 0.04
L 0 0.01 0.06 0.13 0.17 0.18
R 0 0.02 0.07 0.14 0.17 0.18
Kk 0 0.02 0.06 0.11 0.18 0.24
c/co, O 0.08 0.17 0.28 0.37 0.43

It turns out that out of the non-fixed model parameters, c/c, changes the most.
It is further illustrated by Fig. 16. This parameter is proportional to the con-
centration of quenching centres inside the material. Therefore, we propose that
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the change of quenching centre concentration is the main factor that modulates
the decay rate and consequently the PL intensity.
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Fig. 16. The dependence of the model parameter c/c, on oxygen concentation. The
different lines represent various experiments done with the same material.

The question remains how ambient oxygen concentration influences the amount
of quenching centres. It is generally understood that at room temperature
oxygen forms O radicals on the surface of TiO, [10, 116, 117] and the
concentration of these surface radicals increases with increasing oxygen partial
pressure. Since the oxygen radicals capture an electron from the TiO, material
the radicals lead to a reduction of charge carrier concentration in the material,
particularly near the surface [17]. Based on this we conclude that this carrier
depletion causes the quenching centres to be effectively turned off. Being in an
off state means that the quenching centre is not capable of (non-radiatively)
receiving the excitation energy from the excited Sm®" ion. Assuming that the
quenching defect is a deep trap, then its deactivation can be achieved by
removal of electrons from the trap. In this way the trap becomes unable to
absorb energy. The deep trap can be an oxygen vacancy or a titanium interstitial
[118].

Fig 17 summarises the processes involved with Sm’" PL and its oxygen
sensitivity.
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Fig. 17. A diagram illustrating the processes inside the TiO, material that lead to PL and
its modulation by the ambient oxygen atmosphere. The material is excited by UV and
the excitation energy is transferred to the Sm’" ion either directly or in a delayed
manner. The Sm®" ion, once excited, can (a) emit a photon or (b) be quenched. The
quenching defect can be turned on and off via electron transfer from the defect to
surface oxygen radicals.

5.3. Oxygen sensitivity enhancement with Au/SiO;
nanoparticles

In this short section I will give an example of how it is possible to improve the
gas sensing capabilities of the TiO, nanopowder by incorporating it into a
nanocomposite material.

The nanocomposite that we tested was a mixture of gold nanospheres with
silica cores and sol-gel TiO,:Sm’". The silica cores were about 200 nm in
diameter, covered with much smaller gold nanoislands, leaving the silica core
partially exposed. The TiO,:Sm’" nanomaterial was prepared using the sol-gel
method, the gold nanospheres were introduced to the precursor solution of the
sol-gel process. For comparison, normal TiO,:Sm’" was also prepared with
exactly the same process, only without the gold nanospheres in the precursor.
The material was spin coated on glass substrates and annealed at 500 °C.

The response of composite and normal samples to oxygen was recorded
(Fig 18). We found that the sensitivity was over 4 times greater for the
composite material.
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Fig. 18. The effect of Au/SiO, on the temporal PL signal response to oxygen.

To further understand the mechanics behind the enhancement, we performed a
decay curve analysis for both the composite and normal samples. The decay
measurement experiment and analysis was identical to what was used in the
previous section, resulting once again in a table of model fitting parameters.
Comparison of the fitting parameters indicated, in agreement with the previous
results, that the c/cy parameter had the largest amplitude of change. However,
the difference as well as the value itself was larger for the composite sensor
material. We concluded that the introduction of the gold/silica spheres caused
the concentration of the surface oxygen switchable quenching centres to
increase, leading to improved gas sensitivity.

These results provide an example of how the basic material can be modified
in order to enhance its sensing capabilities and how the decay based analysis
can be applied to understand the mechanics of the enhancement. The fact that
the decay analysis gave consistent results with the previous experiments
somewhat validates the model introduced in the previous section. The options to
design a nanocomposite are essentially unlimited, but there are also numerous
other parameters that can be tuned when designing the optimal sensor material,
such as dopant concentration, annealing conditions, material thickness,
excitation wavelength, intensity etc.

5.4. Conclusions

The TiO,:Sm®" material has good PL based oxygen gas sensing capabilities.
Both PL intensity and PL decay rate depend on ambient oxygen content. The
material is capable of sensing oxygen in a wide concentration range starting at
<0.01 % up to 100 % at atmospheric pressure. Quantitative modelling of the
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decay profiles reveal that the material PL decay is a complex process influenced
by both excitation energy trapping and PL quenching. PL dependence on
oxygen concentration is caused by quenching centre concentration modulation
by oxygen. The oxygen sensitivity of the material can be enhanced by
increasing the quenching concentration by mixing the TiO, based sensor
material into a nanocomposite.
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6. DUAL RESPONSE GAS SENSING (PUBLICATION 1V)

6.1. Simultaneous resistive and PL-based sensing of oxygen

Much of this work concentrates on the optical gas sensing capabilities of TiO,.
On the other hand, as I explained in chapters 2.2. and 2.4, it is a well known
electrical sensor material, where the response signal is electrical conductance
(EC). Based on this knowledge I made experiments where the EC and PLI
signals were recorded simultaneously. It turns out that the material is well
capable of outputting the two response signals simultaneously, as illustrated in
Fig 18, giving the sensor so called dual response capabilities. EC has similar
oxygen dependence as PLI, except in reverse, EC decreases with increasing
oxygen content whereas PLI increases.
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Fig. 19. Temporal response of PL intensity and conductance signals to variations of
oxygen content in the surrounding atmosphere. The values are relative to the response
signal value at t = 0.

For each time point in Fig 19. we have two signal values that can both be
separately plotted against time but can also be plotted against each other, as
demonstrated in Fig 20. It turns out that there is a strong relationship between
PL intensity and EC. The relationship is somewhat similar to a power law:

y = ax? (19)

Such a law would yield a straight line in a log-log plot, as

log(y) = log(A) + b * log(x) (20)

35



is a linear function with respect to log(y) and log(x). Note that although
mathematically equations 1 and 8 are identical, their physical meaning is
different. Eq. 1 establishes a relationship between sensor signal and measurand
(gas concentration), but Eq. 8 is a relationship between two sensor signals.

Conductance (a.u.)

PL intensity (a.u.)

Fig. 20. The data points from Fig 19, with PL intensity and conductance plotted against
each other.

Fig 20 clearly reveals that the relationship is not perfect and the different
oxygen cycles each draw a separate near power law line on the plot that does
not exactly match the line drawn by the previous cycle. If the relationship
between PL intensity and EC would follow a fixed curve, then the two signals
would essentially carry the same information since one signal can be converted
to another via some kind of a function. However, in our case such function does
not exist, meaning that measuring both signals might introduce some new
information.

Therefore, the main goal of this chapter is to show that measuring PL
intensity and EC simultaneously and combining the two signals in a suitable
way for the estimation of oxygen concentration gives an advantage over the
traditional setup, where (oxygen) gas concentration is calculated from a single
signal only. The advantage in our case is that the sensor becomes more precise.
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6.2. The experiment with a pseudorandom gas sequence

To see how PL intensity, EC and both combined perform as sensor signals, |
could create a sensor calibration based on each and then estimate the precision
of each of the calibrations. Unfortunately the data presented in Fig 20 is not
well suited for such a task, as the oxygen concentration changes abruptly (Fig
19) and covers only some fixed values. Between the oxygen cycles, the material
was exposed to pure nitrogen, supposedly corresponding to precisely 0 %
oxygen, but this is somewhat vague as there is always some oxygen
contamination present. Moreover, the actual gas concentration close to material
surface after the gas change is not very well defined, as it takes some time to
replace the gas in the experiment chamber. Lastly, such abrupt concentration
changes rarely occur in a real life scenario.

Taking into account the previous argumentation, I devised a new oxygen test
cycle, where the oxygen concentration varied randomly and continuously
between 21 % and 0.21 % over the course of more than 50 hours (Fig 21).
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Fig. 21. The temporal profile of the random oxygen program.

This smooth test program is somewhat more similar to what the sensor might
experience in real life and it fully covers a range of oxygen concentrations,
being much better suitable for the calibration of the sensor and subsequent
precision estimation.

The temporal responses to this random test program are depicted in Fig 22a.
The dependence between PL intensity and EC follows a power law pattern
similar to Fig 20 and there is also a drift present, the points cover an area rather
than a line.
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Fig. 22. a) The temporal response of the material to the random test program (introduced
in Fig 21). b) The two response signals, PL intensity and EC, plotted against each other.
Colour encodes oxygen concentration at the particular point.

Now that we have a rather wide range of oxygen concentrations continuously
covered, it is possible to plot the response signals against oxygen concentration
(Fig. 23). In case of a perfect sensor, we would have a linear one-to-one
relationship between the response signal and the measurand. In our case, the
relationship is clearly not a one-to-one line, meaning that a single PL intensity
or EC value can correspond to a range of oxygen concentrations — limiting the
sensor precision. However, the relationship is somewhat linear in a log-log
space and based on that observation I performed the rest of the calibration and
analysis based on the logarithms of PL intensity, EC and oxygen concentration.
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At this point we are ready to create the actual sensor calibrations and see how
well they perform. A calibration is a mathematical model that converts the
output parameter of the sensor (logarithms of PL intensity and/or EC) to the
measurand (logarithm of oxygen concentration):

log(p[0;]) = f,(1og(SpL)) (1)
log(p[0;]) = f.(log (Sc)) (22)
log(p[0,]) = f,c((log (Sp),10g(Skc)) (23)

where p[0,] is the predicted oxygen concentration, Sp; is PL intensity signal
value, Sgc is the EC signal value and f,, f, and f, are the calibration models
for PL intensity, EC and both respectively. To show that using PL intensity and
EC simultaneously in a calibration model provides an advantage I have to show
that there is some form of f,. always outperforms f,, and f. regardless of the
choice of the latter two.

To see how well the three calibration models perform we have to give them
a concrete mathematical form. One of the most straightforward approaches for
this is a polynomial linear regression model where the parameters of the model
can be determined using the least squares method. The mathematical forms of
the models are as follows:

n
z= Z a;xt (24)
n k
z= Z a;jx'y) = Z Z p—ix'ykt (25)
n k=0 i=0

0<i+j<

for the one and two parameter models respectively, where z is the output of the
model (log(p[0,]) in the present case), x and y are the (logarithms of the) input
signals and n is the order of the polynomial. The larger the n parameter, the
more complex forms the model can take. Theoretically the polynomial model
can fit arbitrarily complex functions. This is an important property, because we
want to avoid a situation where a calibration model performs poorly not because
of physical limitations of the material but rather the nonflexibility of the
model’s chosen mathematical form. The a parameters in the model are
determined with the least squares method using experimental data. This process
is called training the model.

An inherent limitation of high order polynomials is that they tend to output
absurd values when their input parameters are not in the region that was covered
by the data that was used for training the polynomial model. In a real sensor
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application this might be the case because the sensor properties can drift during
the lifetime of the sensor. Altogether this means that if possible, lower order
polynomial models should be used.

It is also important to use different data sets for training the models and for
testing the model performance — precision in the present case. When using the
same data for training and testing there is the risk of fitting noise — by
increasing the complexity of the model its apparent precision increases, but the
increase comes from adjusting to fluctuations in the data that are characteristic
of the training set and not the measurement data and the physical processes
behind it in general. Therefore, I split the data in half, I used the first 60 % of
the points for training and the remaining 40 % for precision testing the model.
In the context of gas sensors it is actually rather natural because in real
applications the sensor is first calibrated and then put to work, recalibrating
after the sensor has been deployed is usually not possible.

Finally, I have to define a method for estimating the error of the model.
I chose the relative root mean square:

N (pI02]; — t[0,1;\
error = ;(15[0—2]1> (26)

where p[0,] is the oxygen concentration predicted by the model, t[0,] is the
true oxygen concentration and m is the number of data points in the test set.
Since the training of the model is done using logarithms then the relative root
mean square is minimised using the least squares method.

At this point we have clarified all the details needed to proceed with the
analysis. The procedure is as follows: first, I split the data into 60 % training
and 40% test sets. Then I train three different polynomial models that establish
a relationship between some of the sensor response signals and oxygen
concentration: two single parameter polynomial models for both PL intensity
and EC (according to Eq. 7) and one double parameter polynomial model that
uses both PL intensity and EC (according to Eq. 8). I use the models to predict
oxygen concentrations for all the data points in the test set and then calculate
the error of the model using the true oxygen concentration values and Eq. 9. 1
start with polynomial order n =1 and increase n until the error stops
decreasing.

Table 2 lists the results the described process. When the PL intensity or EC
signals where used separately, we obtained the best results with the first order
polynomial model. This indicates that the use of logarithms in the models is
justified as the relationship between the logarithms of PL intensity and EC vs
the logarithm of oxygen concentration is indeed near linear. When PL intensity
and EC were used simultaneously in a single model, then the second order
polynomial gave the best result. It is also notable that the best result of the
PL+EC model was more than twice as good as the best result of the PL or EC
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models. This gives a quantitative justification of using the two parameters at the
same time and proves the hypothesis proposed in the beginning of this chapter.

Table 2. The relative root mean square errors of different models with different
polynomial ranks.
PL EC PL+EC

0.694 0.893 0.356
0.710 0.908 0.292
0.721 0.920 0.413
0.721 0.925 0.356
0.721 0.925 0.501
0.721 0.925 0.501

[«) WV, TN ~NER US TR (S T

A further insight into the behaviour of the models is given by the temporal
profile of the relative errors (Fig. 24). In this plot the relative errors of the best
performing models are plotted against time. Models with different input
response signals are plotted separately. The whole data set is plotted including
both the training set and the test set, separated by the red line. The illustration
reveals a certain drift of the signals that is particularly noticeable in case of
models with a single input signal. A consequence of the drift is that the during
the test period the model slowly becomes inaccurate, meaning that the sensor
requires recalibration. The dual response model manages to counter the drift
much better, as the errors are roughly centred around zero not only in the
training set but also in the test set.
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Fig. 24. The temporal evolution of the relative errors of models using PL intensity, EC
and both as input signals. The best model (according to Table 2) is depicted for each
input signals. The red line separates the training and test sets.

41



Finally, the dual response calibration models can be visualised (Fig 25). In the
visualisation, the data points are from experimental data, the same as in Fig 22b.
The solid fill under the data points is the output of the polynomial model. The
first and second order models are visualised. In case of an ideal model, the
experiment points should be nearly invisible on the background. The
visualisation also demonstrates the stability of the first order model and the
flexibility of the second order model, which was the most precise.
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Fig. 25. The dual response models visualised together with experimental data points.
The data points are the same as in Fig. 22b and the solid fill is the response of the
model. First (a) and second (b) order polynomial models are displayed. The colour scale
is clipped at the extreme values of the experiment.

6.3. Conclusions

The TiO,:Sm>" sensor material exhibits a dual response behaviour which means
that PLI and EC that both act as sensor response signals can be recorded
simultaneously from a single body of the sensing material. Both signals can be
separately used to determine the ambient oxygen concentration, however
combining them both allows us to increase the precision of the oxygen con-
centration readout by more than two times.
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7. SUMMARY

The primary aim of this work was to obtain a thorough understanding of the

properties and capabilities of the TiO,:Sm®" material as the transducer of an

optical oxygen gas sensor. The main achievements regarding this aim are as
follows:

1. Sensing material: The morphology and phase of the of the TiO,:Sm’
powders were studied and documented revealing it to be in anatase phase
and consisting of agglomerated 40 nm crystallites. A method was devised to
assemble the powder into stable and durable samples suitable for both
optical and electrical measurements. The key aspects of electrical and optical
properties of the samples were characterised. The material had a PL
spectrum typical of Sm’" with characteristic peaks in the red-orange part of
the visible spectrum. The optical bandgap of the material was 3.27 eV.
Electrical measurements suggest that the surface chemistry of the material is
heavily influenced by UV illumination.

2. PL based gas sensing: The optical gas sensing capabilities of the material
were investigated using dedicated gas sensor test equipment. Namely, the
response of PL intensity to oxygen gas was studied and the response time
and stationary response curve was estimated. The material showed good
oxygen sensing capabilities starting from 100 % oxygen down to 0.01 % and
possibly below. In addition, the response of PL decays to oxygen gas was
investigated. The decays showed similar oxygen sensing capabilities.
Mathematical modelling was applied on the decays to determine the mecha-
nisms responsible for the PL oxygen dependence. It was found that changes in
ambient oxygen concentration lead to a change of PL quenching centre
concentration that in turn leads to a change of effective decay rate. The
sensitivity of the material can be enhanced by increasing the concentration of
the quenching centres.

3. Dual response: A method to record both PL intensity and EC of the material
simultaneously in a so called dual response mode was developed. To assess
the practical aspects of this dual mode sensing a test scenario somewhat
simulating real working conditions was developed. The dual sensor response
data of the test scenario was utilised to perform a mathematical analysis of
the performance of the output signals. The analysis revealed that it is
possible to combine the two output signals in such a way that the precision
of the sensor increases two times.
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SUMMARY IN ESTONIAN

Samaariumiga dopeeritud TiO, optilise ja
mitmekostelise hapnikutundlikkuse analuus

See t66 keskendub samaariumi ioonidega (Sm’") dopeeritud titaandioksiidi
(TiO,:Sm’") optiliste gaasisensoromaduste kaardistamisele. Metalloksiididel
pohinevad pooljuhtgaasisensorid — kuhu TiO, kuulub — on laialdaselt uuritud
sensormaterjalide klass. Need gaasisensorid on lihtsa ehitusega, odavad, hea
tundlikkuse ja stabiilsusega. Seetottu on todstusel ja teadusel jatkuv huvi selle
materjaliklassi vastu.

Klassikalised pooljuhtgaasisensorid pohinevad elektrilisel kostel, mis tdhen-
dab, et sensori véljundsignaaliks on tema elektriline takistus. Soltuvalt gaasi-
keskkonna koostisest takistus muutub ja seetdttu on takistust modtes voimalik
médrata moddetavate gaaside kontsentratsiooni sensorit limbritsevas gaasi-
keskkonnas. Siin uuritud materjal erineb klassikalistest pooljuhtgaasisensoritest
selle poolest, et kosteks on optiline signaal. Moddetavaks optiliseks suuruseks
on fotoluminestsentsi intensiivsus voi ka selle kustumise kiirus. Antud t66
tegeleb sensormaterjali hapnikutundlikkuse uurimisega. Hapnik on hea indi-
kaatorgaas, mida on iihest kiiljest lihtne ja odav eksperimentides kasutada, aga
teisest kiiljest kaasneb hapnikutundlikkusega iildjuhul ka tundlikkus teistele
olulistele gaasidele.

Uuritav TiO,:Sm>" materjal koosnes anataasi nanokristalliitidest, mille ldbi-
moot oli ligikaudu 40 nm. Kristalliidid olid tugevalt aglomereerunud ja moodus-
tasid valge nanopulbri. Ultraviolettkiirgusega kiiritamisel tekkis materjalis puna-
kas-oranz fotoluminestsents, mille kiirgusspekter koosnes samaariumile iseloo-
mulikest joontest. Materjali hinnanguline optiline keelutsooni laius oli 3.27 eV.

Materjali fotoluminestsentsi intensiivsus soltus tugevalt materjali imbritseva
gaasikeskkonna hapniku kontsentratsioonist. Fotoluminestsentsi intensiivsuse
abil oli hapniku kontsentratsiooni vdimalik hinnata vahemikus 0.01% kuni
100%, kusjuures alumist piiri on tdendoliselt voimalik veel vihendada. Ka foto-
luminestsentsi kustumiskineetika sdltus hapniku kontsentratsioonist. Kustumis-
kineetikate matemaatiline analiilis niitas, et fotoluminestsentsi hapnikutund-
likkuse pohjustab luminestsentsi kustutavate tsentrite kontsentratsiooni muutus
sensormaterjalis pinnale adsorbeerunud hapniku mojul.

TiO, on kasutuses elektrilistes gaasisensorites ja seetdttu uuriti selles t66s ka
TiO,:Sm®" toimimist no kahekostelises reziimis, kus paralleelselt registreeri-
takse nii optiline kui ka elektriline signaal. Elektriliseks signaaliks oli materjali
elektriline juhtivus. Selgus, et optilise ja elektrilise signaali vahel on tugev
korrelatsioon, kusjuures mdlemad signaalid on kdlbulikud keskkonna hapniku-
sisalduse hindamiseks. Seejarel vorreldi signaalide tapsust hapniku kontsentrat-
siooni hindamisel, mille tulemusel selgus, et nii optilise kui ka elektrilise sig-
naali tdpsus on sarnane. Teisalt selgus, et kahe signaali samaaegne arvesse
vOtmine vdimaldab hapniku sisaldust keskkonnas rohkem kui kaks korda
tdpsemalt hinnata. Tdpsuse hindamiseks kasutatud metoodikat saab rakendada
ka muude mitmekosteliste sensorite tdpsuse analiiiisiks.
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