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Abstract

Ever since the industrial revolution, mankind has been producing enormous amounts of
gases that would otherwise not be present in the ambient environment in such quantities
or at all. These gases are either products from or reactants to a chemical reaction and exist
in both industrial and urban areas. A key component to the reasoning behind the monitoring
of such gases is that, even though some of them can occur organically in nature, the sheer
amount generated from mankind is more than enough to cause irreversible problems to both
humans (health issues) and nature (damage to flora and fauna, climate change etc.). To
tackle the effects of these compounds, they first need to be detected either macroscopically
(concentration and total mass of a gas in a macroscopic environment such as a metropolitan
area, a country, or the whole planet) or mesoscopically (concentration and total mass of a
gas in a mesoscopic environment such as a room, a house, or a working facility). For this
task, a wide range of gas sensors/detectors has been invented. Gas sensors are devices
that can detect a gas through a change that occurs in the medium which they use and can
translate that change into some kind of signal that provides valuable information about the
targeted compound. One of the most wide spread techniques for gas detection is the use of
Semiconductor Metal Oxides (S.M.O.), as they offer a great amount of advantages, one of
which is the numerous different compounds that can be produced, being that they are easily
modified. The main mechanism that governs these kinds of sensors is the alteration of the
current flowing through them whilst being and not being in contact with the target gas. In
this thesis Aluminum doped Nickel oxide thin films have been employed for the detection of
ozone using amperometric measurements and have been characterised with three different
techniques (XRD, FESEM, UV-Vis). The reason behind ozone being selected as the target
gas, is that it constitutes a hazard and has been increasing in concentration in the tropo-
sphere, making it a dangerous compound that could harm both humans and animals alike.
Something worth mentioning is that there has not been any projects regarding the detection

of ozone using Aluminum doped Nickel oxide (Al:NiO).
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MepiAnyn

ATTé TNV atTapxn TNS BIOUNXAVIKAG ETTAVACTACNG, N avBpwTTOTNTA TTAPAYEI TEPAOTIEG TTOCOTN-
TEG AgPiwV, Ta oTToia eV Ba pTTOopoUCaAv va BPeBoUVE OTNV YUON O€ TETEOIEG TTEPIEKTIKOTNTEG
N kal kaBdAou. Ta agpia auTd gival TTPOIGVTA A avTIOPWVTA O€ KATTOIO XNMIKN avTidpaon Kal
uTTdpxouVv o€ BlounxXavikéG, aAAd Kal aoTIKES TTEPIOXES. 'Evag Baoikdg Adyog TTiow atro tnv
avaykn yia mmTHENON TETOIWV AgPiwV, TTAPOAO TTOU AUTA UTTOPOUV Va TTapaxBouv opyavika
oTnV QUOn, €ival TTWG TO TTOCO TTOU TTPOKUTITEI ATTO AVOPWTTIVN OpaaTnEIOTNTA Eival IKAVO va
TIPOKAAETEI YN avaoTpEWIPa TTPoRARuaTa 0Toug avBpwTToug (TTpoBAuaTa uyEiag) aAAG Kai
oTnVv uon(kataoTpo®r XAwpidag Kal TTavidag KATT.). MNa va avTIJETWTTIOTOUV o1 £TTIOPATEIS
TWV OUCIWV QUTWYV, TTPETTEI TTPWTA VA QVIXVEUTOUV EIiTE HAKPOOKOTTIKA (CUYKEVTPWON KOl
OAIKR} Hala agpiou o€ HAKPOOKOTTIKO TTEPIBAAAOV OTTWG PIa UNTPOTTONITIKA TTEPIOXH, MIO XWPA
) OAOKANPOG O TTAQVNTNG) EITE HECOOKOTTIKA (CUYKEVTPWON KA OAIKI) HALA OEPIOU O€ HECOOKOTTIKO
TEPIBAANOV OTTWG Eva dWHATIO, éva OTTITI 1} £vag Xwpog epyaciag). MNa Tov okotrd auTto, pia
MEYAAN YKAUa a1oBnNTAPpWY aepiwv £xel avatrTuxBei. O1aiodnTnAPES auToi Eival CUCKEUEG TTOU
MTTOPOUV va aviXveUuoouv Wia aépla ouoia dlauEcoU HIoG METABOAAG 0TO PNECO avixveuong
TTOU PETAQPAZETAI O KATTOIOU €i00UG OAMA, TO OTTOIO TTAPEXEI ONUAVTIKEG TTANPOYOPIES YIa
Tov aéplo o1éxo. Mia atmd TIG IO JIAdEdWUEVES TEXVIKEG VIO TNV AVIXVEUON QEPIWV gival
N XPAon NUIaYwyIdwv ogediwv JETAAwY (S.M.0.), Adyw TwV TTOANATTAWYV TTAEOVEKTNUATWY
TOUG, £va €K TWV OTTOIWV €ival N TTANBWPA CUVOUACHWY TTOU UTTOPOUUE Va TTAPAEOUE, OVTOG
EUKOAWG TpoTtToTToINoIua UAIKG. O KUPIOG pnxaviopdg tmou SIETTEl auTtoU Tou €idoUg Toug
a100NTAPES €ival N evaAAayr] TNG €vTaong Tou PEUPATOG TTOU pEEl ECA TOUG OTaV BpiokovTal
N Oev BpioKovTal o€ ETTAPN PE TO QEPIO. 2TNV TITUXIOKK £pyacia auTh yivetal Xprion AETTTwv
upeviwy o&e1diou Tou NikeAiou pe "vTotrdpioua” AAoupiviou, yia avixveuon 6{ovTog, JE QUTTEPO-
METPIKEG UETPAOEIG, TO OTTOIO £XOV TTPWTIOTWGS XAPAKTNPIOTE PE TPEIG DIAPOPETIKES TEXVIKES (
XRD, FESEM, UV-Vis). To 6{ov £MAEXONKE WG 0 A€PIOG OTOXOG TNG EPYATiag KABWGS ATTOTEAEI
KivOUVO Kal N CUYKEVTPWON TOU OTNV TPOTTOCPAIPA QUEAVETAI CUVEXWG, KABIOTWVTAG TO ATTEIAA
yla TNV avBpwTTivn uyEia, OTTwg Kal yia TNV uyEia Tnv ouvoAIKig travidag Tou TTAavnTn. Agio
ava@opdg cival To yeyovog mwg otnv BiAloypagia dev uTTdpXel KATTOIO TTPOTEKT TTOU VA

a@opd TNV avixveuon 6JovTog pe xprion Tou o&gidiou Tou NikeAiou pe "vTottdpiopa” AAoupiviou.
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1 Metal oxide Gas Sensors

1.1 Semiconductors

Semiconductors are any of a class of crystalline solids intermediate in electrical conductivity
between conductors (generally metals) and insulators (e.g. most ceramics). Semiconduc-
tors can be pure elements, such as Silicon (Si) or Germanium (Ge), or compounds such as

Gallium Arsenide (GaAs) or Cadmium Selenide (CdSe). [6]

resistivity o {0-cm)

1018 1016 1014 1012 1010 108 10% 10% 102 1 102 10~% 108 10-8
I | I I I I I I I I I I
ol s germanium (Ge;  Silver
nickel oxide (pure) silicon (5i) COpper
L ] -
diamand (pure] gallium arsenide (GaAs) ﬂlur’ryﬂum
SUiiug galliurn phosphide (GaP)  platinum
cadmium sulfide (CdS) bismuth
o fused gquartz ™
I I I I I I I I I I I I

10-1819-1510-14 10-1210-1010-8 10-% 10-% 102 4 102 104 10% 108
conductivity o (S/cm)

— ihsulator SEMicOnNdUCLON  —— CORAUCT O —

2004 Encyclopaedia Britannica, Inc.
Figure 1.1: Typical range of conductivity values for insulators, semiconductors, and conductors.

Conductivity values of semiconductors are between the extremes such as fused quartz and
aluminum, and are generally sensitive to temperature, illumination, magnetic fields, and
minute amounts of impurity atoms. Conductivity is determined by the energy gap between
the so called “Valence band” (V-band) and “Conduction band” (C-band). When an electron
is excited from the V-band to the C-band, an electron-hole pair is created, both of which can
become carriers of electrical current. In metals the two bands overlap, so electrons are free

to move in the material without having to be excited in any way. Insulators, on the other
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hand, have a huge band gap, therefore being virtually unable to conduct electricity.

overlap

o

conduction
band

Fermi energy band gap

valence
band

increasing energy

metal semiconductor insulator

Figure 1.2: Representation of the band model.

Semiconductors are employed in the manufacture of various kinds of electronic devices,
including diodes, transistors, and integrated circuits [16]. Such devices have found wide ap-
plication because of their compactness, reliability, power efficiency, and low cost. As discrete
components, they have found use in power devices [8], gas sensors [15,40] , and light emit-
ters [33], including solid-state lasers [19]. They have a wide range of current- and voltage-
handling capabilities and, more important, lend themselves to integration into complex but
readily manufacturable microelectronic circuits. They are, and will be in the foreseeable fu-
ture, the key elements for the maijority of electronic systems, serving communications, signal
processing, computing, and control applications in both the consumer and industrial markets.
Before arriving at the modern use of semiconductors though, their study began at the early
19th century. After over a century of studies, scientists have divided semiconductors into
three main “families” according to their compounds:

1. Elemental semiconductors that, as aforementioned, are composed of single elements
from column 1V, although other elemental semiconductors such as Selenium (Se) from col-

umn VI are also used but in a lesser degree.

Study on the Ozone gas sensing properties of Al-doped NiO thin films. 9



2. Binary and ternary compounds that are formed using elements from the third and fifth
(I11-V) columns of the periodic table.

3. Binary and ternary compounds that are formed using elements from the second and sixth
(I1-VI) columns of the periodic table.

Ternary compounds can also be formed by elements from three different columns—for in-
stance, Mercury Indium Telluride (HgIn2Te4), a lI-IlI-VI compound. They also can be formed
by elements from two columns, as stated before, but with a significant difference in the com-
position, such as Aluminum Gallium Arsenide (AlxGa1 — xAs), which is a ternary IlI-V com-
pound, where both Al and Ga are from column Il and the subscript x is related to the com-
position of the two elements from 100 percent Al (x = 1) to 100 percent Ga (x = 0). This,
although, is not to be confused with doping. [44]

Doping means the introduction of impurities into a semiconductor crystal for the purpose of
modulating its electrical, optical and structural properties. The dopant is integrated into the
lattice structure of the semiconductor crystal and the number of outer electrons define the

type of doping.

L TN e Acceptor
. [ impurity
Donor impurity ; creates a

. Si ¢ contributes o Si ‘ hole

' free electrons .
~l1. ll-.lII ! T L] '..lln

Si + ¢ Sii:B 8 ¢
* - l e - .
e S| o
- gy |

Figure 1.3: Representation of donor/acceptor impurity

According to the above, semiconductors are divided into two groups depending on the dom-
inant carrier of the electrical current. If the carrier is the electron then the semiconductor is

called n-type. Otherwise, if the carrier is a hole (missing electron-positive charge), the semi-

10 Study on the Ozone gas sensing properties of Al-doped NiO thin films.



conductor is called p-type.

The addition of donor impurities contributes electron energy levels high in the semiconduc-
tor’s band gap so that electrons can be easily excited into the conduction band. In the case of
acceptor impurities, they contribute hole energy levels low in the band gap, so that electrons

can be easily excited there, leaving positively charged holes in the valence band.

Conduction Band Conduction Band

Extra
hole

Farmi = Energy
level levels.
Extra L0000 000 . Fermi
electron level
anargy

levels

N-Type P-Type

Figure 1.4: Depiction of the extra energy levels contributed by the impurities
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1.2 Metal Oxides

A distinct category of semiconductors, are metal oxides. Oxides of all metallic elements have
been studied showing a great variety of properties in terms of structures, acidity, basicity and
conductivity. Namely, an oxide can exhibit molecular, 1-dimensional chain, 2-dimensional
layer, or 3-dimensional structures. There are basic, amphoteric, and acidic metal oxides
depending on the identity of the metallic element. Furthermore, the range of electrical con-
ductivity displayed is also broad, ranging from insulators and semiconductors to conduc-
tors and superconductors. Their composition could also diverse from stoichiometric to non-
stoichiometric [44] .

Due to the aforementioned variety, it would be wise to classify metal oxides according to
their properties, so since structure gives us more information for the oxide’s physical and
chemical properties, typical oxides are firstly categorized according to the dimensionality of

their structures.

I 2 12 13 14 15 16 17 18

2 Li120 BeO B.O; CO N-O

CO; NO
NO,

3 Na:ﬂ MED ﬁl:D_:_. "'-h['}; Fqnﬁ 50] Clgﬂ
Na:ﬂ; ["_10][:. 50: ClD:

NBD:

4 K]D CaO n0 Gﬁ:ﬂj{. GED: AS.{D[‘, EEUE
KJDJ AS;D][:. EED:

KO-

5 Rh:ﬂ Sr0) CdO lI'IJD_‘; SI‘IO: Sh4ﬂﬁ TEDJ I:D:ﬁ. }(EO_:,
Rh;ﬂ; Shqn][:. TED_‘; }(EO.;
RbyO-

6 Cs;0 BaO HgO TLO PbO  Bi,0Os
CS||D_‘:_. TIJD_:, FhO:

Figure 1.5: Typical metal oxides of main group elements
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Figure 1.6: Typical metal oxides of transition metals

Molecular metal oxides

Molecular metal oxides such as Ruthenium tetroxide or RuO,4 (mp 25°C and bp 40°C) and
Osmium tetroxide or OsO4 (mp 40°C and bp 130°C) have low melting and boiling points
and are generally prepared by heating the metal powder in an oxygen atmosphere at 800°C.
Their structure is tetrahedral and are soluble in organic solvents and also slightly soluble in
water. Since these oxides are very volatile and poisonous, they are to be dealt with extremely

carefully.

Figure 1.7: Structure of OsQO4
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One dimensional chain-like metal oxides

This category does not have any distinct characteristics other than their chain-like structures.
Oxides that fall under this category are Mercury oxide or HgO, a red crystalline compound,
with an infinite zigzag structure, Chromium trioxide or CrOg3, also a red crystalline compound,
with a low melting point (197°C) and a structure of tetrahedrally coordinated chromium atoms

that share vertices.

Figure 1.8: Structure of CrO3

Two dimensional stratified oxides

These are layer compounds with a tetragonal pyramid structure where the metal atom is
located at the peak of the pyramid and oxygen atoms at the four vertices. These metal
atoms are located alternatively above and below the layer of oxygen, parallel to it. SnO and
PbO are prime examples of this structure. Nevertheless, there is a slightly altered structure
represented by MoOj3;, which is composed of layers of distorted MoOg octahedra in an or-
thorhombic crystal. The octahedra share edges and form chains which are cross-linked by

oxygen atoms to form layers.
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Figure 1.9: Structure of PbO

Three dimensional oxides

Alkali metal oxide, M,O (where M is Li, Na, K, and Rb) have the antifluorite structure, and
Cs,0 has the anti-CdCl, lamellar structure. They are mostly obtained by peroxide M,0,

when an alkali metal burns in the air if the amount of oxygen is less than stoichiometric.

Study on the Ozone gas sensing properties of Al-doped NiO thin films. 15



» Oxygen

Figure 1.10: Structure of Li,O

MO type metal oxides

Finally arriving at the metal oxides’ type that we are mostly concerned in this project. The
basic structure of transition metals (Ti, Zr, V, Mn, Fe, Co, Ni, Eu, Th, U) and Group 2 metals
(Mg, Ca, Sr, Ba, Ra), except for BeO (Wurtz type) is the rock-salt structure, with the only
difference being that transition metals have defective structures and the ratios between metal
and oxygen are non-stoichiometric. For example, FeO has the composition Fe,O (x=0.89-
0.96) at 1000°C. This charge imbalance is compensated by the partial oxidation of Fe?* to

Fed*

In recent years, SMO materials have attracted much attention in gas sensors [40]. How-
ever, the current semiconductor materials are mostly wide bandgap semiconductors, requir-
ing energetic operating conditions. Most of them require high temperature or ultraviolet light
to excite their valence band electrons, which make them difficult to be applied in practical
applications. Scientists have been trying to enhance the gas-sensitive properties of SMO
materials in room temperature.

However, there is a wide range of gas sensors with different abilities and capabilities, upon

which we are going to expand in the following section. [44]
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1.3 Gas Sensors

The first thing we need to take into account when talking about gas sensors, are the so called
"3S”. Sensitivity, Selectivity and Stability are the three main attributes of a sensor and the

telltale sign of its quality [15].

Sensitivity

As a physical quantity, sensitivity describes the magnitude of change in the electrical signal
passing through the sensor when it comes into contact with the target gas as opposed to
a stable state with no contact with the target gas. There are many ways in which we can
amplify this quantity through optimization of our sensor. One of these ways is tampering
with the grain size. For a significantly large grain, with grain size of D » 2L (thickness of the
electron depletion layer) [a] the conductance is limited by a Schottky barrier at the boundaries
between grains, known as grain boundary control. If D = 2L [b], conductance is limited by
necks between grains (known as neck control) and if D < 2L [c], conductance is influenced

by every grain (known as grain control) [15].
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Figure 1.12: Representation of grain sizes in a specimen

Thus, the smaller the grain size the better the sensitivity of gas sensors, but excessive de-
crease in grain size decreases structural stability. A finely dispersed small crystallite has a
detrimental effect on the temporal stability of the sensor.

Another solution has been stated to be the change of the specimens’ microstructure and

porosity, as SMOs with higher surface area exhibit increased gas sensitivity [5].
Selectivity

The selectivity of a gas sensor refers to the ability of the material to discern the target gas
from a plethora of others, as it would be required in a domestic or industrial use. Most
scientists follow two main approaches to solving this predicament. The first one is to create
a material that is solely selective to one compound and have close to zero cross-sensitivity
for other compounds which may be present to a working environment. The second approach
is to discriminate between several analytes in the mixture. This is usually achieved by either
modulation of temperature or by using sensor arrays [34], but unfortunately it does not help

at all in projects dealing with a one-material sensor.
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Stability

Rounding out the three most important aspects of a gas sensor, stability speaks for itself
as it is a quantity that describes the ability of a gas sensor to produce a stable as well as
reproducible signal when in contact with a specific target gas. In the real market, valuable
and cost-worth sensors have a life expectancy of 2-3 years which correspond to 17 thou-
sand to 26 thousand hours of operation [31]. Scientists have categorized stability into two
different kinds. One is related to the reproducibility of the sensor’s characteristics during a
certain period of time at working conditions including high temperature and presence of a
known analyte. Such stability is referred to as active stability [15]. The other stability is con-
nected with retaining the sensitivity and selectivity during a period of time at normal storage
conditions like room temperature and ambient humidity and has no distinctive name. An
accurate one could be dormant stability, but it has not been adopted in any project. Accord-
ing to one study the factors that might be responsible for sensor instability are: structural
transformation, phase transformation, poisoning, degradation of contacts and heaters, bulk
diffusion, error in design, change in humidity, fluctuations of temperature in the surrounding
atmosphere, interference effect. Increasing stability of SMO sensors has no universal and
uniform approach. To some degree, it could be increased by calcination and annealing of the
specimen and by reducing the working temperature as to ease the load of the mechanical

parts. Moreover, doping or synthesis of mixed metal oxides could also work.

In general, gas sensors are the intermediate device for detecting the toxic gases. Its two
main parts are the transducer and the receptor. Receptor is called the material, which is in-
teracting with the gas molecules. The interacting gas molecules can change some respective
parameters of the gas sensing material such as resistance, refractive index, mass, biolog-
ical properties, heat, light etc. The other part, called the transducer, detects the changing

parameters and converts it into the electrical signal.
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Figure 1.13: Schematic representation of the two main parts of a gas sensor, the transducer and the
resceptor.

A given sensor can be described from the target measurement point of view e.g., tempera-
ture sensors, or from the platform point of view, e.g., electronic sensors [26]. The following
figure shows a possible breakdown of sensor classes based on the transducer’s changing

parameter in the sensor.

The type of gas sensor used in this thesis which used metal oxides is also referred to as
chemiresistive or electrochemical, because of the chemical reactions taking place at the
surface of the specimen leading to a change in electrical resistivity [27]. More on this spe-
cific family is coming up in Chapter 2, where the sensing mechanisms will be thoroughly
explained. In the following lines some other major families of gas sensors will be partially

explained.

20 Study on the Ozone gas sensing properties of Al-doped NiO thin films.



—lons

] ) o — Amperometry
— Optical: Absorption, Emission - Potsntiometry pH

) . ]
— Fiber Ol?tlc Electrochemical —Impedance
— Plasmonic and Electronic — Conductimetry
— Resonant * Voltages

Radiant *Currents
 Intensity * Impedance

* Frequency,

— Paramagnetism
— Hall effect

Magnetic
* Field Strength

* Field Directio

— Catalytic
= Pyroelectric
— Calorimetric

* Heat flow
* Heat

Electrical

Signal
Output

Figure 1.14: Schematic representation of the classes of chemical sensors by transducer platform,
with examples of the different sensor types.

Catalytic combustion

Like chemiresistive sensors, catalytic combustion sensor fall under the general category of
solid state sensors. This is a simple and very popular method of detecting combustible gases
in air. The energy released from the oxidation of a combustible gas on the surface of a
catalyst is converted to a change in the resistance of a temperature sensitive element. A
thin platinum wire coil is embedded in a porous refractory bead, usually alumina, of about
1mm in diameter. A reference and an active element are arranged in a wheatstone bridge.
The active element is doped with a catalyst chosen to suit the gas to be detected. Platinum,
palladium and thoria are some of the catalysts used. [41] The reference element, on the other
hand, has no catalyst. The beads are brought up to their normal operating temperature
through an applied voltage. The bridge is balanced initially in the presence of air free of
combustibles. A known concentration of the combustible gas of interest is then admitted
with air into the detector. The combustible gas and the oxygen react on the surface of the

catalyst and the resultant energy raises the temperature of the bead, and hence that of the
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platinum coil, leading to a change of resistance in one arm of the bridge. The output of the
bridge is nearly linear, with gas concentration enabling simple gas detection systems to be
designed. The technique, however, is basically non-selective; certain gases and compounds
inhibit (sulphur) or poison (silicones) the catalyst, and the presence of oxygen is necessary
to complete the combustion process. A form of this sensor known as the Pellistor has been

popular since the 1950s. [41]

Refractory bead _ _
Platinum wire

Catalyst

Figure 1.15: Basic construction of a Pellistor.

Thermal conductivity

This is perhaps one of the simplest and oldest of gas sensors. It relies on the difference
between the thermal conductivity of different gases and the main parts of a sensor are shown
in Figure 1.16. It is basically a heated filament which is exposed to the sample gas and an
identical filament exposed to a reference gas. The filament is made of temperature sensitive
materials such as platinum, nickel or tungsten. It is often sealed with glass to stop any
catalytic combustion on its surface, if there are any combustible gases in the gas mixture.
The two elements are normally used in a wheatstone bridge arrangement which is in balance
when the zero gas is passed through the sample side. When a gas of different thermal

conductivity and known concentration is passed through the chamber, the rate of loss of
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heat alters, hence the filament temperature will change and the bridge will be unbalanced.
The bridge imbalance can be calibrated in terms of the concentration of the gas of interest.
In conclusion, this type of sensor is ideal for binary mixtures and is used extensively in gas
chromatography. However, if more than one gas is present, great care has to be taken in

predicting and compensating for the other gases. [23,41,57]

Platinum wires
sheathed with glass

N [

g_.. —
E— pr—
Reference gas Sample gas
chamber chamber

Figure 1.16: Schematic representation of a thermal conductivity gas sensor.

Photo-Acoustic Spectroscopy (P.A.S.)

P.A.S. falls under the general category of optical gas sensing, meaning that it utilises the
interaction of electromagnetic waves with a target gas in order to produce some kind of sig-
nal, triggering a detector to the presence of the aforementioned target gas. Photoacoustic
spectroscopy (PAS) has one crucial characteristic different over the other absorption spec-
troscopy methods and that is the reason that this is the method chosen to represent the
general category. The other methods (NDIR, TDLAS, CEAS) have the disadvantage that

their detection limit scales linearly with the laser-gas interaction length, so it is difficult for the
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equipment to guarantee both sensitivity and small size. Itis also hard for them to benefit from
high-power lasers because of the max peak power of the photodetector. In contrast, due to
the basic principle behind it, in P.A.S. the detection limit is approximately independent of the

laser-gas interaction length, which enables both sensitivity and small size in its equipment.

PAS is an indirect absorption spectroscopy technique. As an effective supplement to direct
absorption spectroscopy, it detects non-radiative relaxation channels of excited molecules.
The ground state molecule is excited to a higher energy state after absorbing light energy and
returns to the ground state by non-radiative transition and releases the energy. Some part of
the released energy will increase the kinetic energy of the molecules, which macroscopically
shows an increase in temperature, and eventually changes the gas pressure. If the excitation
light is modulated, this change in gas pressure will also follow the modulation of the light
to generate gas pressure waves (sound waves), which will eventually be detected by an

acoustic sensor (such as a capacitive microphone).

o Modulated Light 0 %

1 Light Source
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Figure 1.17: Principle of the PAS effect.

The advantages of this method are clear:
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a) PAS does not require an optical detector. Therefore, it has no selectivity for detection
wavelengths so that it can be applied to all wavelengths from ultraviolet to infrared and tera-
hertz.

b) PA signal is directly proportional to the power of the excitation light, and the detection
sensitivity can benefit from the constant development of highpower lasers.

c) The zero-background property allows the detector and pre-amplifier to work in an extended

dynamic range based on the zero signal. [55]
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2 O3 gas sensing

2.1 Target gases

Ever since the industrial revolution, gas production has become a dominant feature both in
the industry and in domestic life. These gases can be the products of a chemical reaction or
reactants to one. Most of the times these gases ( NO,, NH3, CO, CO,, ethanol, methanol, O3,
H, etc.) are hazardous either to humans, the end product or the environment [10, 56]. This
created a demand for detecting and monitoring the aforementioned gases for energy sav-
ing, environmental and health protection reasons. As far as energy production and saving is
concerned, in recent years, hydrogen emerges as the pioneer candidate for the renewable
energy sources due to its ultrahigh energy density (120 kJ/g) [43]. However, H; is highly
flammable. Moving to more dangerous gases, certain air pollutant toxic gases such as NO,
NO, CO,, ethanol, and methanol are the most commonly released into the environment from
vehicles, energy sources, and power plants that use fossil fuels [45]. NO, is produced dur-
ing the burning of fossil fuels, and when it reacts with moisture, it forms acid rain that is very
harmful to ecosystems. Humans are also vulnerable to some of those pollutants, such as
methanol vapor (CH3;OH) that affects the human central nervous system (CNS) and circu-
latory system, which could cause headaches, vertigo, nausea, vomiting, loss of vision, and
even possibility of death depending upon the level of exposure. In addition, acid acetic as
an organic acid and colorless is a hazardous material that can damage internal organs [35].
Two great families that play a great role in this project are Nitrogen oxides (NOx) and Volatile

Organic Compounds (VOCs).
Nitrogen Oxides (NOx)

In atmospheric chemistry, NOx is a generic term for the nitrogen oxides that are most rele-
vant for air pollution, namely nitric oxide (NO) and nitrogen dioxide (NO;). Nitrogen oxides
(NOx) are considered as the primary air pollutants, and as aforementioned, could be majorly

attributed to the combustion exhaust of fossil fuels from both stationary factory chimneys
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and mobile vehicles. They can contribute to a series of severe environmental issues such
as acid rain, photochemical smog, the ozone hole, and even exert detrimental effects on
human health. The majority of environmental problems and health hazards is a result of
various processes occurring in the atmosphere. The array of potential NOx reactions with
different compounds present in the atmosphere (O3, VOC, etc.) is quite complex [25, 45].
Furthermore, in the presence of sunlight various photochemical reactions are possible. Some

reactions which NOx can undergo in the atmosphere are presented here briefly.

+hv

emission—— NO N5Og
Fhy,
‘?Oﬁ’) HN03(|)
dry
deposition

Figure 2.1: Schematics of atmospheric NOx reactions.

Due to an increasing social sensitivity in matters of environmental well-being, in the last few
decades extensive efforts have been devoted to control the NOx emission, leading to the
funding of projects dedicated to create appropriate materials for sensing and disintegrating
these kinds of gases. Some characteristics of Nitrogen dioxide (NO,) are that it is reddish-
brown gas above 21.2°C (294.3 K) with a pungent, acrid odor, becomes a yellowish-brown
liquid below 21.2°C (294.3 K), and converts to the colorless dinitrogen tetroxide (N.O,4) below
-11.2 °C (261.9 K). Nitric oxide (NO), on the other hand, is a colourless gas that has a boiling
point of -152°C and when exposed to oxygen becomes NO, : 2NO+0, — 2NO; . A plethora
of detection methods of these gases have been reported over the years, that may include
monitoring the air with a VIS-NIR field spectrometer and then using statistical models to

predict the concentration levels of the target gas [37], or using amperometric measurements
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[2,29]. MoS; films have also been reported to be adequate H, sensors, a testament to the
abundance of target gases that can be detected using a single material with slight changes,

and the difficult task of being able to discern them [2].

Nitrogen (N}

1.15 A

-~
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Nitrogen (N) Oxygen (O)

Oxygen (O) Oxygen (Q)

Figure 2.2: Schematic representation of NO and NO, molecules.

Volatile Organic Compounds (VOCs)

Volatile organic compounds (VOCs) are organic chemicals that have a high vapour pressure
at ordinary room temperature. Their high vapor pressure results from a low boiling point,
which causes large numbers of molecules to evaporate or sublimate from the liquid or solid
form of the compound and enter the surrounding air, a trait known as volatility. For example,
formaldehyde (CH,O), which evaporates from paint and releases from materials like resin,
has a boiling point of only —19°C. They are an enormous family of gases that include both
man-made (CgHg, CH,O, C3HgO) and biologically generated (CsHg, C4oH16, CH3OH) ones.
Actually most scents or odours are VOCs that our body detects and they are the main means
of communication between plants, or sometimes between plants and animals. They are also
used in medicine, agriculture, industry and many more aspects of human life. Hence, not
all of them are harmful either to humans or the environment as a whole, though most man-
made VOCs tend to be hazardous [18,35]. Coming full circle to the topic of this thesis, VOCs
have been detected through the use of SMO using materials such as SnO,, In,03, ZnO, NiO

providing valuable information to the scientific community [20—-22, 36].
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Closing off this section, VOCs and NOx gases play such an important role because when
they interact, they produce O3;. Although the chemical cycles that lead to the production
of ozone are too many to count, the main chemical reactions the reader should be at least

familiar with are :

CO +OH — CO, + HO, (2.1)
HO» + NO — OH + NO, (2.2)
NOy + hv — NO + Os (2.3)

In a nutshell, VOCs react with the ambient air and produce CO into the environment which
then produces hydroperoxyl. This compound (HO,) is used to produce NO, which then

produces ozone, and OH, which reacts once more with CO [58].

In order to get a good grasp of the way we detect these target gases, we will dive into the
gas sensing mechanisms that govern the reactions between them and our materials. Though

depending on the sensor type, there are different mechanisms, we will mainly focus on the
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electrochemical sensors that apply to the specimen we are using in this thesis.

2.2 Sensing mechanisms

As far as gas sensing abilities are concerned SMOs are preferred because they exhibit supe-
rior performance over other sensors due to their excellent physical and chemical properties
and unique structure. The properties of SMOs are often greatly affected by the material size.
In particular, at the nanoscale, a material will show unique properties due to the nano-effect.
For example, the electrical properties undergo very significant changes, creating a good gas
sensing material [47].

In general, common SMO-based gas sensors detect a gas through the change of the electri-
cal signal caused by the gas. Gas sensing mechanisms explain the means through which a
gas can cause changes in the electrical properties of a material and thus change the electrical
signal that we detect. Scientists have divided the most commonly used gas sensing mecha-
nisms into two categories. One category explains the aforementioned changes in electrical
properties in the microscopic level and includes mechanisms such as Fermi level control
theory, grain boundary barrier control theory, and EDL/HAL (Electron Depletion Layer/Hole
Accumulation Layer) theory. Explanatory as they might be, these concepts are more theoret-
ical. In application, changes in electrical properties are always accompanied by changes in
physical properties such as energy bands. The other category is relatively macroscopic, and
it focuses mainly on the relationship between materials and gases. The adsorption/desorp-
tion model, the bulk resistance control mechanism and the gas diffusion control mechanism
belong to this kind of theory. In this project we will be focusing on the adsorption/desorption

model, as it is the main mechanism through which the gas sensing process takes place [27].
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Figure 2.4: Gas sensing mechanisms of metal oxide semiconductors: classification and summary.

Adsorption/desorption model

This model is the basis of most of the current mainstream gas sensing mechanisms. It mainly
focuses on the change of concentration of charge carriers resulting in resistance change,
that occurs when a gas come into contact with the surface of our material. Researchers
have correlated the change in conductance and work function of SMOs with the presence of
gases such as O, and CO, as early as the 1930s.

The most mainstream of these mechanisms is called “Oxygen adsorption mechanism” which
is suitable for almost all SMO gas sensing materials and has as extensions of it the EDL/HAL
theory. Its simplistic description is that when an SMO is exposed to air, oxygen molecules
are adsorbed on the surface of the material. This adsorbed oxygen takes electrons from
the material conduction band to form negative oxygen species. Since the electrons in the
conduction band are consumed, an electron depletion layer is formed. Furthermore, oxygen
adsorption causes the Fermi level to move down and the conduction band to bend upwards.

In an n-type SMO this lowers the current passing through our material. In a p-type SMO this
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reaction amplifies the current due to the creation of holes. When the target gas enters and
undergoes a redox reaction with the negative oxygen species, the electrons are re-released
back into the conduction band, the electron depletion layer shrinks, the oxygen vacancies re-
form, the Fermi level and the conduction band return to normal, and eventually the resistivity
is restored.

In another study that concerns mesoporous SnO, [54], the creation of the depletion layer is
generalized in a grain boundary potential barrier control model, which is also based on an
oxygen adsorption model. Due to the porous structure of the material, the oxygen molecules
that had been adsorbed on the grain surface gradually diffuse and eventually cover all the
grains. The loss of electrons naturally causes the generation of an electron depletion layer
and the formation of a potential barrier between adjacent grains, which in turn leads to an
increase in the resistance towards electrons flowing at grain boundaries. Thus, when a target
gas that acts as an electron donor, in this case H,S, enters the frame, this depletion layer
shrinks once more, the barrier between adjacent crystal grains is lowered, the electron flow
becomes smooth again, and the electric resistance is also decreased. Unlike the formation

of an electron depletion layer by n-type SMO materials, p-type SMOs, such as Mn3;0, [32],

form a hole accumulation layer, accompanied by a decrease in electrical resistance.
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Figure 2.5: Schematic diagram of EDL theory for n-type MOS gas sensing materials.
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Figure 2.6: Schematic diagram of HAL theory for p-type MOS gas sensing materials.

If we want to be precise, the “oxygen adsorption model” falls under the category of the “Chem-
ical adsorption/desorption model”, but is described independently due to the massive amount

of research regarding it, that has described it adequately.

According to the “Chemical adsorption/desorption model” the gas comes into direct contact
with the material and undergoes a chemical reaction, resulting in a change of the electrical
signal. A great example of this model is the aforementioned SnO,, when detecting H,S [54].
After an X-ray photoelectron spectroscopy (XPS) analysis, the researchers inferred that dur-
ing the sensing measurement process, in addition to reacting with the adsorbed oxygen
anions, H,S directly chemically adsorbs onto SnO, to produce SnS,. 2H,S + SnO, — SnS,
+ 2H,0 This results in higher sensitivity as SnS, has a narrower band gap than SnO,, thus
effectively reducing the bulk resistance of the crystal grains. Nevertheless, this comes bar-
ing a toll regarding recovery properties, as it takes a certain non-negligible amount of time to

convert SnS, back to SnO,.
Bulk resistance control mechanism

The main function of this mechanism is the phase transformation that occurs in the gas sens-
ing material, that leads to a change in the resistance. However, the mechanism is relatively

narrow in scope, and it is only applicable for the analysis of the gas sensing process of
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materials such as y-Fe, O3 and ABO; SMO composites [50].
Gas diffusion control mechanism

In the process of gas sensing there are two main components, the sensing material and
the target gas. The first two mechanisms discussed focus on the physical and chemical
properties of the material. This mechanism is more focused on the gas diffusion process,
and the most important factor affecting this process is the morphology of the material. This
mechanism is something that has been discussed and proposed by the early 1990s. In fact,
this theory can be used as a supplement to the first two mechanisms to more fully explain

the changes in physical parameters during the gas sensing process. [42, 53]

2.3 Characteristics and detection of O3

Ozone is a pale blue gas with a distinctively pungent smell, which, in the stratosphere (10-20
to 50 kilometers above the earth surface), serves as a protective shield against the sun’s
harmful ultraviolet radiation. Nevertheless, in the troposphere (0 to 10-20 kilometers above
the earth surface) it acts as a harmful pollutant with a multitude of potential associated ad-
verse health effects. Ozone is a powerful oxidant (far more so than dioxygen) and has many

industrial and consumer applications related to oxidation [52].

This same high oxidizing potential, however, causes ozone to damage mucous and respira-
tory tissues in animals, and also tissues in plants, above concentrations of about 0.1 ppm.

Exposure to ozone is associated with various respiratory symptoms including dyspnea, upper
airway irritation, coughing, and chest tightness [25]. Tropospheric, or ground level ozone,
is not emitted directly into the air, but is created by chemical reactions between oxides of
nitrogen (NOx) and volatile organic compounds (VOC) as previously stated. This happens
when pollutants emitted by cars, power plants, industrial boilers, refineries, chemical plants,
and other sources chemically react in the presence of sunlight. Ozone is most likely to reach
unhealthy levels on hot sunny days in urban environments, but can still reach high levels
during colder months, meaning that we need a year-round monitoring system. Ozone can
also be transported long distances by wind, so even rural areas can experience high ozone

levels [58].
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Figure 2.8: Schematic representation of O3 molecule

As aforementioned there are a hand-full of ways to detect hazardous gases [14]. Neverthe-
less, ozone, when compared to other gases, has not been so vigorously studied, but does
have a range of sensors able to detect it as shown in Figure 2.6. Before analyzing the main
subject of this thesis, which is amperometric gas sensing using a metal oxide semiconductor,
we firstly need to take a peak into another notable way the scientific community is able to

detect O3, as to present at least one more alternative.
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Spectroscopic detection

In other chapters and sections of this thesis we have talked about or will be talking about
spectroscopy both as a tool for analyzing a specimen and as a way to detect gases. Sev-
eral gas molecules of environmental and domestic significance exhibit a strong absorption in
some part of the electromagnetic spectre. Therefore, a sensitive and a selective gas detector
based on this unique molecular property (i.e., absorption at a specific wavelength) can be
developed using absorption spectrophotometry. This method has an inherent advantage to
measure ozone absolutely without the requirement for consumables to operate or calibrate.
Ozone absorbs light in the Hartley band (200-310 nm), the Huggins band (310-375 nm),
the Chappius band (375-603 nm), and the Wulf band (beyond 700 nm). It has peak ab-
sorption at 253.65nm and 603nm. A typical absorption spectroscopic experimental setup is
made up of the following components: Source of light radiation (light sources can either be
broadband or chromatic,light emanating from a broadband light source must be propagated
through a collimating lens to eliminate scattering effects), a monochromator (except when
light source is a laser), a light coupler, waveguide (fibre, fibre bundle, planar wave guide),
variable attenuator, lenses (optical), cuvette (absorption cell or gas cell), light detection unit
(spectrometer, photo detector), amplifier, secondary filter, transducer, data acquisition unit,
data processing unit, and display unit. Figure 2.8 is a typical extrinsic experimental setup for

ozone measurements using optical absorption spectroscopy [14].
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Figure 2.9: Basic layout for O3 sensing with optical spectroscopy
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Having said all of that, one of the main weapon in a scientist’s arsenal for the detection of O3

among other hazardous gases is the SMO gas sensor.
Amperometric/Conductometric sensors using metal oxides

A project of great importance to the present thesis is the work of Katerinopoulou D. et al.
In her project ZnO thin films were deposited by the DC Sputtering technique on commercial
transducers and glass substrates. The sensing properties for the detection of O3 of these
thin films, of various thicknesses, were investigated by both the conductometric (constant
UV irradiation) and S.A.W. techniques. What is worth mentioning is that in both cases the

results were more than promising. This goes to show how versatile SMOs are. [30]
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Figure 2.10: Photoreduction-oxidation cycles of ZnO film 230 nm.
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Figure 2.11: 930 MHz SAW filter response towards different O3 concentrations at RT for ZnO film of
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One project that would be ill-advised not to present is from Luis F., et. al. [13] as they tackle
O3 sensing using a pair of the most used materials in similar projects, Zinc oxide (ZnO) and
Tin oxide (SnO,) in a heterojunction as they were spin-coated onto an Al,O3; substrate con-
taining 100 nm thick Pt electrodes separated by a distance of 50mm. These compounds
have drawn the interest of many researchers due to their wide range of applications, mainly
as devices for gas detection or chemiresistors. Itis to be noted that ZnO and SnO, have gen-
erally been used at temperatures above 150°C, as far as sensing is concerned, which could
be dangerous when dealing with explosive gases, though scientists published that UV-light
irradiation is showing to be an efficient and inexpensive way for room temperature stimulation
and improvement of the chemiresistors sensing activity. Gas sensing measurements were
performed at room temperature (26°C) under a UV-light irradiation of A=325nm. The mecha-
nism behind the results is reported to be the oxygen depletion layer that has been previously
discussed in this thesis. They managed to produce adequate results while simultaneously
showing that UV iriddation benefits the heterojunction. As can be seen, this sample presents
a good sensing response even for the lowest O3 level tested here (20 ppb), total reversibility,

and a good repeatability.
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Figure 2.12: Room-temperature gas sensing response of SnO, nanoparticles exposed to 60 ppb of
O3 with and without (dark mode) continuous UV illumination. [13]

38 Study on the Ozone gas sensing properties of Al-doped NiO thin films.



40 — 1

T T T T T T T T
—=—50Zn50Sn

O\fm % continuous UV illumination
5 %07 T, 26°C

o

)

(2]

S 204

[oR

[72]

[]

[v4

2 10

c

Q

)
. 300 - + t t t t
g 4 4
3~ 200-_ 1
S o+ -t
(o) 0 30 60 90 120 150 180 210 240 270 300 330

Time (minutes)

Figure 2.13: Room-temperature gas sensing response of 50Zn50Sn sample as a function of ozone
gas concentration. [13]

Ending this chapter, we need to mention that numerous projects have been published re-
garding SMO gas sensing for O3 [1,4,7, 11-13] and some of them will be mentioned in the
experimental and result sections of this thesis. In order to reach them, though, the specimen

used in this project needs to be analyzed and explained as thoroughly as possible.
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3 Aluminum doped Nickel oxide(Al:NiO)

3.1 Physical/Chemical characteristics of NiO

As mentioned in Chapter 2, Nickel oxide (NiO) is a compound that falls under the general
category of metal oxides [44], whilst Nickel is a silvery-white lustrous metal with a slight
golden tinge and belongs in the transition metals [51]. It manifests in the cubic rock salt
structure with octahedral Ni?* and O?" sites, a density value of about 6.67 gr/cm? and a band
gap of 3.6-4 eV [50]. Due to its abundant resource availability, low production cost, non-
toxicity, low growth temperatures and high adaptability to various substrates, NiO films can be
employed in various fields, such as hole transport layers (HTLs) in perovskite photovoltaics,
electrodes, electrochromic films, catalysts, dye-sensitized solar cells and chemical sensors
[9]. Another noteworthy characteristic of NiO is its intrinsic p-type conductivity. Nandy et al.
reported that the p-type conductivity of NiO may derive from the conversion of Ni?* to Ni%*

under oxygen-rich conditions [38].
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Figure 3.1: Schematic diagram showing cation vacancies trapping positive holes (p) in non-
stoichiometric NiO.

Numerous synthetic methods for production of NiO thin films have been reported thus far in-
cluding the sol-gel method [59], Pulsed Laser Deposition (PLD) [3], Molecular Beam Epitaxy
(MBE) [39], magnetron sputtering [46], chemical bath deposition [50] and evaportaion [28].
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Most would argue that the favoured synthetic method is the magnetron sputtering due to
its high deposition rate, good controllability in the chemical composition, reproducibility and
excellent uniformity over a large area of deposition. In a great work by S.-C. Chen, et al. [9]
NiO thin films were deposited by direct current magnetron sputtering (DCMS) and high power
impulse magnetron sputtering (HiPIMS) at various oxygen flow ratios. The results show that
the high ionization rate of HiPIMS facilitates the formation of Ni** in the films. This can in
turn produce high concentrations of nickel vacancies and holes, which is advantageous for
improving the p-type conductivity of the NiO films. This is because Ni?* vacancies as well as
interstitial oxygen can be easily introduced under oxygen-rich conditions. These defects are

beneficial to raise the film’s carrier concentration, but are impedimental to the film’s carrier

mobility.
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Figure 3.2: The carrier concentration (a) and the carrier mobility (b) of NiO films deposited by DCMS
and HiPIMS at various oxygen flow ratios.

Meanwhile, the film’s transmittance, whose role will be explained in the following chapters,

in the visible region degrades due to the scattering of the incident light by the defects.
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Figure 3.3: The transmittance of NiO films deposited by DCMS (a) and HiPIMS (b) at various oxygen
flow ratios.

3.2 Sensing characteristics of NiO

As mentioned in the previous section, there is a wide range of applications in which NiO is
being used. Nevertheless, in this thesis we will be focusing on the projects regarding gas
sensing. NiO is used either by itself, in most cases, as a thin film or with other composites in
order to detect a target gas. In the following line we will be presenting both of these cases
using some interesting projects.

A noteworthy project of NiO thin films being used for gas sensing, and specifically ammonia
gas sensing, has been published by K. Kanga Reddy and M.V. Ramana Reddy [22]. Nickel
oxide thin films have been prepared using cost-effective sol-gel spin deposition technique,
where a solution containing the appropriate reactants was deposited upon glass substrates
which in term were annealed at 250°C. The thin film gas sensor was fabricated by pasting
a pair of two silver electrodes 4mm apart, on the top of the prepared NiO film and heated
with the help of a hot plate at 100°C for 1 hr. The array used was similar to what will be ade-
quately explained in future chapters of this thesis. The reason this project was selected to be
presented was the encouraging results being derived even though the deposition technique
was simple and inexpensive. It is, also, possible to prepare the samples in a larger area and
control the growth of thin films with ease. Due to ammonia being a reducing gas and NiO
being a p-type semiconductor, the current flowing through the specimen is reduced when the

sensors comes into contact with the gas.
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Figure 3.4: (a) Selectivity of nickel oxide thin film gas sensor towards various test gases with concen-
tration 500 ppm and (b) Response of sensor towards different concentrations of ammonia.

The other gases shown in Figure 3.4 were used as they are reducing gases, similar to ammo-
nia and clear selectivity amongst them is being showcased. Another key feature being shown

is the characteristic plateau that can be distinguished in the amperometric measurements.
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Figure 3.5: Response and recovery transients of nickel oxide thin film gas sensor towards ammonia
with concentration 300 ppm.

Nevertheless, encouraging results have also been reported by P. Hao, et al. [24], in a paper
where the construction of porous LaFeO3; microspheres decorated with NiO nanosheets for
high response ethanol gas sensors, was reported showcasing that NiO could also work in
unison with other compounds. The reason behind this architecture was stated to be that
this kind of morphology effectively improves the contact area between metal oxides and the

target gases. Figure 3.6 presents SEM and EDS images of the final product.
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Figure 3.6: SEM images of (a-b) porous LaFeO3 microspheres, and (c-d) NiO@LaFeO3 nanocom-
posites. (e) EDS elemental mapping images of NiO@LaFeO3 nanocomposites (La, Fe, O and Ni).

As with most projects regarding gas sensing, the measurements consisted of figuring out
the optimal working temperature, comparing the effectiveness of the new compound with the
previously used specimen (namely NiO@LaFeO3; and LaFeO; respectively), measure the
sensitivity of the new material at different concentrations in comparison to the old one and

lastly addressing the selectivity of the new sensor.
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Figure 3.7: . (a) Response of pure LaFeO3, NiO@LaFeO3; nanocomposites at various operating
temperatures to 10 ppm ethanol. (b) Response and recovery curves and the stability of the sensors
based on pure LaFeO3;, NiO@LaFeO3; nanocomposites against 10 ppm of ethanol. (c¢) Dynamic re-
sponse curves of pure LaFeO3, NiO@LaFeO3 nanocomposites in ethanol of different concentrations
(10-50 ppm) at 240 °C. Inset: Response of pure LaFeO3, NiO@LaFeO3; nanocomposites in ethanol
of different concentrations (1-3 ppm) at 240 °C. (d) Sensor response of pure LaFeO33, NiO@LaFeO3
nanocomposites toward 10 ppm ethanol, acetone, formaldehyde, trimethylamine and ammonia at 240
°C.

All the aforementioned experiments that were carried out by P. Hao, et al. are shown in Figure
3.7. The results of this project clearly lead the reader to the conclusion that not only does
NiO functions adequately as a gas sensor on its own, but it also has the ability to enhance
other compounds, effectively making it one of the most useful and versatile compounds the
scientific community has to offer. Even more impressive is the fact that P. Hao, et al. argue

that NiO is working as a catalyst in this collaboration of the two compounds.
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3.3 Physical/Chemical characteristics of aluminum doped NiO

As stated in previous chapters, the doping of semiconductors is a widely used technique that
results in the diminution of the energy needed to create carriers of electricity, be it electrons
or holes. A widely used dopant of NiO is Aluminum (Al) and it is the one that is used in this
thesis.

When dealing with doping one must always expect some changes in the morphology of the
original specimen post doping. For example, C. Feng et al. [20] noted that, in the process of
creating nanofibers of Al doped NiO to be used as gas sensors, the XRD peak intensity of
the doped sample is lower than that of pure NiO, which indicates that doping Al can reduce
the crystallinity. In the same work it is also reffered that when adding Al atoms into NiO,
the morphologies of the samples changed significantly with nanoparticles decorated on the
nanofibers. In addition, it is very interesting that Al doping effectively makes the specimen
transparent, even though this depends on many factors such as thickness as well as other
deposition parameters. E. Gagaoudakis et al. [21] showcase this in their project regarding

Al-doped NiO prepared by radio frequency (rf) sputtering.
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Figure 3.8: (a) Transmittance in the visible region of NiO:Al films (10 at.% Al) deposited on glass at

different % oxygen in plasma. (b) Transmittance of NiO:Al films with different at.% of Al at 2.8% and
80% oxygen in plasma
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3.4 Sensing characteristics of aluminum doped NiO

Aluminum doped NiO has not been used heavily in past years. Nevertheless there are some
cases where researchers have used it to detect gases like Hydrogen, VOCs like methanol or
methane and NOx like NO, [20,21,29,49]. In the following Figure, a table will be presented

listing some of the work that has been highlighted regarding Al:NiO as far as gas sensing is

concerned.
Target Optimal Deposition Morphology | Optimal Ref.
gas operating method percentage
temperature of Al
doping
Methanol 325°C Electrospinning  Nanofibers 3% C.Feng et al.
Ethanol 200°C Sol gel Nanorod- 2.15% C. Wang et al.
immersion flowers
NO2 200°C RF sputtering Thin films 5% V. Kampitakis et al.
H: RT under UV RF sputtering Thin films 10% E. Gagaoudakis et al.
uradiation
Methane RT under UV RF sputtering Thin films 10% E. Gagaoudakis et al.
uradiation

Figure 3.9: Reporting table of previous works regarding Aluminum doped NiO for gas sensing use.

As we can see most researchers use high operating temperatures that correlate with scientific
literature for metal oxide gas sensors, nonetheless, there have been instances of adequate
sensing capabilities in room temperature. This thesis attempted to test such specimens for

O3 gas sensing as it has not yet been reported or meticulously examined as a target gas.
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4 Experimental section

Before diving any deeper into the experimental section, the overview must be presented in
order to clear things out for the reader. Using RF sputtering, 9 different specimens were
grown, with the key differences being the content of oxygen in the induced Ar—O, plasma
gas mixture and the thickness of each specimen being unique. This O, content varied and

its values were 4% (S1743-44-45), 2.8% (S1746-47-48) and 2% (S1749-50-51).

Percentage of O2in Specimen code Thickness (nm)
plasma
S-1743 167.5+£2.5
497, S5-1744 95.5x1.5
S-1745 520+ 12.
S5-1746 168.7£7.2
2 89, S5-1747 108.0=11.0
S-1748 61505
5-1749 160.3+43
204 S-1750 90.0=163
S-1751 69.5 =47

Figure 4.1: Percentage of O, present in the plasma during deposition and thickness(nm) of each
specimen.

Out of these 9 specimens we selected to use, in the gas sensing measurements, the three
thicker ones, namely S1743-S1746-S1749. The specimens were examined by XRD, FESEM
and the optical properties were studied by a spectrophotometer, all of whom will be thoroughly

explained later on.

4.1 X-Ray Diffraction

One of the most widely spread techniques for studying and analyzing a specific material is
the X-Ray Diffraction (XRD) technique. It is based on the ability of crystals to diffract X-rays
in a characteristic, to a specific state, manner allowing us to precisely study the crystalline

phases. A common plot you would get from an X-ray diffraction technique, is a line with peaks
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of different widths and heights with some background noise. Studying the characteristics of
a peak, such as position or intensity, we can derive a myriad of helpful information about our

material.

Generation of X-rays

The generation of these X-rays is generally achieved through sealed tubes, rotating anodes
or synchrotron radiation sources. In laboratory equipment sealed tubes and rotating anodes
are mostly used and they both produce X-rays by the same principle. Firstly, we produce
an electron ray by accelerating electrons through a high potential field, directed to a target
that when hit produces the X-rays. These electrons are generated by heating a tungsten fil-
ament in a vacuum. Then, the incident electrons induce the following effects that lead to the
generation of X-rays. The first is the production of photons by decelerating electrons, thus
generating a continuous distribution of wavelength, known as Bremsstrahlung. The second
is the ionization of the impinged atoms by ejecting electrons from the inner shells. In order
to get a more stable state, electrons from outer shells “jump” into these gaps. The difference
between the electron energies of the inner shell and of the incoming electron is emitted in the
form of photons, with a characteristic energy depending on the initial and final shell position
of the electrons and on the material. The radiation coming out of a sealed tube or a rotating
anode is therefore a super-imposition of a continuous spectrum and of characteristic radia-
tions, though XRD methods only use the characteristic radiation with the highest intensity,
the K, radiation, and remove most of the remaining radiation by using appropriate filters or
monochromators. According to the filter material, the absorption edge is situated at a differ-
ent wavelength allowing a strong absorption of the continuous spectrum as well as of the Kg
radiation while letting most of the K intensity passing through. There are appropriate filter

materials for all targets.
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Diffraction of X-rays by crystalline materials

Although they will not be talked about in the project, it's crucial to point out that when X-
rays reach matter, several kinds of interactions can take place leading to different absorption
and scattering effects. Between the electrons surrounding the atomic nuclei and the incident
photons, the famous Rayleigh scattering occurs. Rayleigh scattering is the predominantly
elastic scattering of light or other electromagnetic radiation by particles much smaller than
the wavelength of the radiation. In this case, the incident wave has the same energy and
phase as the scattered one. As a consequence, the X-ray photons impinging on all atoms
of an irradiated volume are scattered in all directions, but due to the periodic nature of the
crystalline structure of the material being studied, constructive or destructive interference will
occur, resulting in a characteristic diffraction phenomena which can be studied to investigate

the crystal structure of materials.

Figure 4.4: Geometrical condition for diffraction from lattice planes.

The principle of the methods is based on the diffraction of X-rays by periodic atomic planes
and the angle or energy-resolved detection of the diffracted signal. The geometrical interpre-
tation of the XRD phenomenon (constructive interference) has been given by W.L. Bragg.
Figure 4.4 gives the details about the geometrical condition for diffraction and the determi-

nation of Bragg'’s law which is described in the following equation.
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In the equation n is the order of diffraction, A is the wavelength of the incident beam in
nanometers, dyy is the lattice spacing in nanometers and 6 is the angle of the diffracted
beam in degrees.

The total diffracted intensity for a lattice plan family (In«)) depends on several factors. These
terms are combined to obtain an expression describing the total intensity at any 26 position.

—Bsinz(ﬁ)

](hkl) = leF(hk|)|2fo€ A2 XAXL(Q)XP(Q)X?TL (42)

The diffracted intensities |« are directly proportional to the square of the crystallographic

structure factor F ), which is a complex quantity with an equation of

N
j=1

with f; being the atomic scattering factor of atom j, hk/ being the Miller indices of diffract-
ing planes and xyz the relative atomic position in the unit cell. The summation of j runs
through all the atoms in a unit cell. According to the crystal symmetry, different extinctions
of interferences will occur, leading to different diffraction patterns. For example, in the case
of body-centered lattices, diffraction occurs if the condition h+k+/=2n is satisfied, while in
face-centered lattices, the condition h+k,h+l,k+/=2n has to be satisfied. Circling back to the
intensity |, K is a constant independent of 26, fqe ﬁxigzw) is the factor describing the
average displacement of atoms from their mean position due to temperature, A the absorp-

tion factor, L(6) the Lorentz factor which is equal to m , P(6) the polarization factor which

14+cos(20)
2

can diffract at a given Bragg angle.

is equal to and m the multiplicity describing the number of equivalent planes that

After all is said and done, diffraction data is represented in a plot of intensity as a function
of the 20 angle. The information content that can be extracted is represented in the coming

figure.
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Figure 4.5: Diffraction peak and information content that can be extracted.

As mentioned above, different lattice planes have different diffraction conditions, and varying
intensities of the diffracted signal occur according to the crystal structure and space group
of the present phases. As a consequence, each phase produces a characteristic diffrac-
tion pattern that allows its identification. Moreover, when several phases are present in a
system, the characteristic patterns of all phases are superimposed and the intensity of the
diffraction peaks of the phases are respectively proportional to their amounts. Therefore, the
XRD method is widely used for the identification of present phases (qualitative analysis) and
for the determination of their respective amounts (quantitative analysis).

Last but not least, we will be talking about Scherrer’s equations, which is a mathematical for-
mula that is used repeatedly in the scientific community. The reason being that it determines

the mean size of nano crystallites in nano crystalline bulk materials. Crystallite size:

KX
TXRO = p%cos(6)

(4.4)
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where K is the Scherrer constant related to crystallite shape, normally taken as 0.9, A is the

X-ray wavelength, g is the FWHM (full-width at half-maximum), and 6 is the Bragg angle. [17]
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Figure 4.6: Typical XRD pattern of NiO nanoparticles.

In this thesis the different specimens were investigated using a PANalyticalEmpyrean diffrac-
tionometer equipped with Cu-LFF (A=1.5406 A) X-rays source, scanning in the range of 20°-
90°.
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Figure 4.7: XRD pattern of specimens S1743-44-45(4% O, in plasma)(167.5 nm, 95.5 nm, 52.0 nm)
showing the three main lattice plains (111, 200, 220) presented as a typically retrieved XRD spectra.
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4.2 Scanning Electron Microscopy

S.E.M. or scanning electron microscopy is one of if not the most versatile method in a sci-
entist’s arsenal for the characterization of the chemical composition or the examination and
analysis of the microstructure morphology of a material. In order to get a firm grip on its
basic principles of operation and the principles of electron microscopy in general, one has to
familiarize one’s self with the basics of light optics.

To begin with, the unaided eye can discriminate objects subtending about 1/60° visual angle,
corresponding to a resolution of 0.1 mm (at the optimum viewing distance of 25 cm). Taking
a step further, optical microscopy has a resolution of up to 2,000 A by enlarging the visual
angle through optical lens. Electron microscopy uses high energy electron beams instead of
a simple light source. Resolution as a physical quantity is defined as the minimum distance
by which two structures could be separated and still be distinguishable from each other. The
limit of resolution is dependent on the wavelength of the illumination source as proven by
Ernst Abbe. At a certain wavelength, when the resolution exceeds its limit the image be-
comes blurred.

Due to phenomena such as diffraction and interference, a light beam cannot be focused as a
perfect dot. What we see is a disc with a larger diameter than the source that has concentric
rings surrounding it with diminishing intensities. This in known as an Airy disc. The primary
wave front contains approximately 84% of the light energy, and the intensity of secondary
and tertiary wave fronts decay rapidly at higher orders. The radius of an Airy disc is defined
as the distance between the first-order peak and trough. Two objects can be distinguished
from each other when their respective first order peaks have a distance equal to or greater

than the radius of the Airy disc.
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Figure 4.8: lllustration of resolution in (a) Airy disk and (b) wave front.

Abbe’s equation can describe mathematically the resolution in a perfect optical system:

g 0.612\ (4.5)

nsin (o)

where d=resolution, A=wavelength of imaging radiation, n=index of refraction of medium be-
tween point source and lens, relative to free space, a=half the angle of the cone of light from
specimen plane accepted by the objective (half aperture angle in radians). In optics n*sin(a)
is often referred to as Numerical Aperture (NA). NA of an optical system is a dimensionless
number that characterizes the range of angles over which the system can accept or emit light.
By incorporating index of refraction in its definition, NA has the property that it is constant for
a beam as it goes from one material to another, provided there is no refractive power at the
interface.

If we substitute the illumination source and the condenser lens in light microscopes with an
electron beam and electromagnetic coils, respectively, we can construct the first Transmis-
sion Electron Microscope (TEM), that was built in the 1930s’, that focused the electron beam
onto the specimen plane using electromagnetic condenser lenses.

On the other hand, the general principle of a SEM is that it utilizes a focused electron beam to
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scan across the surface of the specimen systematically, producing large numbers of signals,
which will be discussed later. These electron signals are eventually converted to a visual
signal displayed on a cathode ray tube (CRT). As mentioned above, image formation in the
SEM is dependent on the acquisition of various signals produced from interactions between
the specimen and the incident electron beam. These interactions can be divided into two
major categories: elastic interactions and inelastic interactions.

Elastic scattering results from the deflection of the incident electrons by the specimen’s
atomic nucleus or by outer shell electrons of similar energy. Its characteristic is the neg-
ligible energy loss during the collision and a wide-angled directional change of the scattered
electrons. Inelastic scattering occurs through a variety of interactions between the incident
electrons and the electrons and atoms of the sample, that result in the primary beam electron
transferring substantial energy to that atom. The amount of energy loss depends on whether
the specimen electrons are excited singly or collectively and on the binding energy of the
electron to the atom.

Regarding the aforementioned wide-angled directional change, incident electrons that are
elastically scattered through an angle of more than 90° are called backscattered electrons
(BSE), and yield a useful signal for imaging the sample. Taking energy loss into account,
the excitation of the specimen electrons during the ionization of specimen atoms leads to
the generation of secondary electrons (SE), which are conventionally defined as possessing
energies of less than 50 eV and can be used to image or analyze the sample.

In addition to those signals that are utilized to form an image, a number of other signals are
produced when an electron beam strikes a sample, including the emission of characteristic
x-rays, Auger electrons, and cathodoluminescence, that will be discussed briefly later on.
Not all signals are detected from the same region. In most cases when incident an electron
strikes the specimens’ surface, instead of being bounced off immediately, they penetrate
into the sample for some distance before they collide with a specimen atom. In doing so, the
primary electron beam produces what is known as a region of primary excitation, from which

the variety of signals are produced as shown in Figure 4.9 .
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Figure 4.9: lllustration of several signals generated by the electron beam—-specimen interaction in the
scanning electron microscope and the regions from which the signals can be detected.

The size and shape of this region is mostly dependent on the energy of the electron beam and
the atomic number, hence the density, of the specimen. At a certain accelerating voltage,
the shape of the interaction volume is a “tear drop” for specimens of low atomic number and
a hemisphere for specimens of high atomic number. The volume and depth of penetration
expand with an increase of the beam energy and shrink as the atomic number decreases,
because specimens with higher atomic number have more particles to stop electron pene-
tration. One effect of the interaction volume on signal acquisition is that the use of a high
accelerating voltage will result in a deep penetration length and a large primary excitation

region, and ultimately cause the loss of detailed surface information of the sample.
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Figure 4.10: Influence of accelerating voltage and specimen atomic number on the primary excitation
volume: (a) low atomic number and (b) high atomic number.

Secondary electrons

The most widely used signal produced by the interaction of the primary electron beam with
the specimen is the secondary electron emission signal. When the primary beam strikes
the sample surface causing the ionization of specimen atoms, loosely bound electrons may
be emitted and these are referred to as secondary electrons. As they have low energy,
typically an average of around 3-5 eV, they can only escape from a region within a few
nanometers of the material surface. So secondary electrons accurately mark the position of
the beam and give topographic information with good resolution. The topographical image is
dependent on how many of the secondary electrons actually reach the detector that carries
some applied bias. The standard collector for secondary electrons in most SEMs is called
Everhart— Thornley (ET) detector and applies both a bias (+10 kV) to the scintillator and a
lower bias (+300 V) to the Faraday cage, which screens the detector. Then, the scintillator
converts the electron energy to photons (visible light). The photons produced travel down
a Plexiglas or polished quartz light pipe and move out through the specimen chamber wall,
into a photomultiplier tube (PMT) which converts the quantum energy of the photons back
into electrons. The output voltage from the PMT is further amplified before being output as
brightness modulation on the display screen of the SEM. A secondary electron signal can
resolve surface structures down to the order of 10 nm or better. Secondary electrons that

are prevented from reaching the detector will generate shadows or be darker in contrast than
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those regions that have an unobstructed electron path to the detector.
Backscattered electrons

The detection of backscattered electrons is another valuable method of producing an image
in SEM, which provide both compositional and topographical information. Roughly 10-50
percent of the beam electrons are backscattered toward their source, and on an average
these electrons retain 60—80 percent of their initial energy. In specimens with high atomic
number a greater number of BSEs is produced because of the extra positive charges in
the nucleus, thus resulting in a more intense signal. Thus, SEM images provide atomic
number contrast. The region of the specimen from which BSEs are produced is considerably
larger than it is for secondary electrons, due to the fact that BSEs have greater energy,
which prevents them from being absorbed by the sample. And so, the lateral resolution of
a BSE image is considerably worse (1.0 um) than it is for a secondary electron image (10
nm). But with a fairly large width of escape depth, BSEs carry information about features
that are deep beneath the surface. In examining relatively flat samples, BSEs can be used
to produce a topographical image that differs from one produced by secondary electrons,
because some BSEs are blocked by regions of the specimen that secondary electrons might
be drawn around. In BSEs detectors there usually is a negatively biased Faraday cage to
repel secondary electrons, resulting in an image produced by electrons travelling in a straight

path from the specimen to the detector.
Characteristic X-rays

Yet another signal produced by the interaction of the specimen with the primary electron beam
is characteristic x-rays. When an inner shell electron is displaced by collision with an electron
from the primary beam, an outer shell electron may fall into the inner shell to reestablish the
proper charge balance in its orbitals following an ionization event. Thus, the ionized atom
returns to ground state, by emitting an x-ray photon. In addition to the characteristic x-ray
peaks, the continuous background talked about in the XRD section is also being generated
through the aforementioned process of decelerating high-energy electrons (Bremsstrahlung
x-ray signal). This constitutes a background noise, and is usually stripped from the spectrum

before analysis although it contains information that is essential to the proper understanding
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and quantification of the emitted spectrum.
Auger electrons

As we saw in the generation of characteristic x-rays, when the incident primary electron
beam displaces an inner shell electron from an atom, an outer shell electron takes its place.
In the Auger effect, instead of emitting x-ray photons, the excess of energy is transferred
to another electron, which is ejected from the atom; this second ejected electron is called
an “Auger electron”. This electron has a characteristic energy and can therefore be used to
provide chemical information. Because of their low energies, Auger electrons are emitted
only from near the surface, due to having escape depths of only a few nanometers. They

are principally used in surface analysis.

Cathodoluminescence

Following the interaction between the specimen and the primary electron beam, cathodolu-
minescence acts as a stabilizing mechanism that takes place when electrons recombine to
fill holes made by the collision between electrons and atoms. In general, certain materials will
release excess energy in the form of photons with infrared, visible, or ultraviolet wavelengths,
similar to the emission of characteristic x-rays. These photons can be detected and counted
by using a light pipe and photomultiplier similar to the ones utilized by the secondary electron
detector. The best possible image resolution using this approach is estimated at about 50

nm. [60]
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Figure 4.11: Schematic diagram of a scanning electron microscope (JSM—5410, courtesy of JEOL,
USA).

The surface morphology of the specimens was examined by Field Emission Scanning Elec-
tron Microscopy (FESEM, Hitachi S570), equipped with an Energy Dispersive X-ray (EDX)

spectrometry system.

4.3 Optical characterisation

Light spectroscopy

First things first, spectroscopy deals with the production, measurement, and interpretation of
spectra arising from the interaction of electromagnetic radiation with matter. There is a wide
variety of spectroscopic methods available for solving a broad range of analytical problems.
The methods differ with respect to the species to be analyzed (such as molecular or atomic
spectroscopy), the type of radiation-matter interaction to be monitored (such as absorption,
emission, or diffraction), and the region of the electromagnetic spectrum used in the analysis.
A very frequently used technique for characterizing thin films is Ultraviolet/Visible/Near In-

frared (UV/Vis/NIR) absorption spectroscopy.
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Its operational principle is quite simple. Light of a wavelength corresponding to the energy
levels we want to achieve (in this project 250-2500 nm) is targeted towards a thin film speci-
men. The intensity of the beam is, then, measured in order to calculate the transmittance, or
to put it blunter, the percentage of light that has been absorbed( 7" = Ii ). As a consequence
of absorption and scattering effects, the incident beams are weakened along their path in the

material. The intensity loss is exponential and follows the general law of Beer-Lambert:

I 1 1
w—ad—lnl—owa——c—ih’][— (46)

o

1
I,

Having measured the initial beam intensity ( /,), the transmitted intensity (/) and the thickness
of the absorbing layer (d), we can calculate the mass absorption coefficient (a). Using the
following equation we use the Tauc plot [(avh)"-hv] in order to extract the Energy gap of the

semiconductor thin film.

(ahv)" = A(hv — E,) (4.7)

Whereas a=absorption coefficient, h=Planck’s constant, v=the incident photon’s frequency,
E, is the band gap and A is a proportionality constant. The value of the exponent denotes
the nature of the electronic transition, whether allowed or forbidden and whether direct or
indirect:

For direct allowed transitions n=1/2

For direct forbidden transitions n=3/2

For indirect allowed transitions n=2

For indirect forbidden transitions n=3

Typically the allowed transitions dominate the basic absorption processes, giving either n=1/2
or n=2, for direct and indirect transitions, respectively. Thus, the basic procedure for a Tauc
analysis is to acquire optical absorbance data for the sample in question that spans a range
of energies from below the band gap transition to above it. Plotting the (ahv)"" versus (hv)

in most cases is a matter of testing n=1/2 or n=2 to compare which provides the better fit
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and thus identifies the correct transition type. [48] The point where the linear fit intercepts the

X-axis is the estimated Energy gap of our specimen ( at Figure about 3.7 eV).
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Figure 4.12: Example Tauc Plot from UV-Vis analysis of a Al:NiO thin film that illustrates the method
of fitting the linear region to evaluate the band-gap at the X-axis intercept, here about 3.7 eV.
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Figure 4.13: Transmittance spectra of specimen S1751 (2% O in plasma, 69.5 nm)

The kind of spectra that is depicted in Figure 4.13 leads us to the Tauc plot, which is used to

evaluate the band gap of the specimen.

Optical properties of the films were studied by a PerkinEImer Lambda 950 UV/Vis/NIR spec-
trophotometer, in the wavelength range of 250-2500 nm. The thickness of the films was

measured by using a stylus profilometer (Veeco Dektat 150).
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4.4 Gas sensing array

The gas sensing array for projects similar to this thesis is the different machines, devices
and gas tanks that constitute one architectural structure, able to present to us the end result
of our measurements. In this thesis, as depicted in Figure 4.15, the array is made up of:

1. The gas sensing device (in this case the IDE).

2. The gas chamber that fills with gases and inside which, the sensor is placed.

3. A tank of gas (or more tanks depending on the projects) that is filled with a specific gas
which is used in the experiment (in this case, dry synthetic air) and is connected trough tubes
to the gas chamber.

4. A pump that creates the vacuum needed to complete the experiment and suck the gases
from inside the chamber to create flow.

5. An ozonator that is connected to the tank in order to take synthetic air and produce O;
and the gas chamber so that it can be filled with said Os.

6. Mass Flow Controllers that regulate the gas flow for both the O3 and the synthetic air,
as they are inserted into the gas chamber. Both MFCs are set up to 500 standard cubic
centimeters per minute (sccm).

7. A temperature controller that is connected to the sensor and allows us to adjust the tem-
perature of the specimen.

8. A Keithley 6517A electrometer that is connected to the sensor and the computer and
plays the role of a mediator. This device depicts the value of the electric current, but also
transports said value to the computer.

9. A computer which is connected to the Keithley device so that it can produce, via a specific

programm, a plot of electric current vs time passed.
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Figure 4.14: Gas sensing setup.

4.5 Inter-Digitated Electrodes or I.D.E.s

Inter-Digitated Electrodes or I.D.E.s are the base upon which most projects dealing with gas
sensing using metal oxides are built. As depicted in Figure 4.14, IDEs are small devices that
the sensing material is deposited on top of, in order to connect the electrodes, so that the
electrical signal can reach our detector. Substrates of the IDE may vary in the material from
which they are made but most use common glass for high temperature tolerance or some
kind of organic compound (plastic) for elasticity. The vast majority of the electrodes are
constructed from Platinum (Pt) or Gold (Au) due to their extremely low electrical resistance
and the distance between each individual electrode varies from 5um to 15um depending
on the need of the project. Due to them being inexpensive and easy to fabricate, IDEs have
taken the scientific community by storm and they now stand as the predominant transducer in
gas sensing projects. Through wires that connect the IDE (electrodes) and an electrometer,

electrical signal is detected and depicted on a PC screen in relation to time passing.
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4.6 Measurements

The experimental measurements carried out in this thesis were conducted for the first time,
since there are no previous records of Aluminum doped Nickel oxide being used for the de-
tection of O3. Three different specimens of similar thickness (167.5, 168.7, 160.3 nm) were
used, with the distinguishing feature being that they had different percentages of oxygen (4,
2.8, 2 %) inside the chamber during the deposition. Through the use of the gas sensing array
seen in Figure 4.14, a controlled environment inside the chamber with a pressure of approxi-
mately 700 mbar was created, where synthetic air and ozone in different concentrations were

alternated, in order to create gas cycles.
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Figure 4.16: Schematic representation of a typical cyclical measurement and explanatory information

about the upcoming calculations.

Due to ozone being a highly oxidizing gas and our semiconductor being p-type, during the
time that ozone was present, the current flowing through the specimen got stronger creating
peaks, but when synthetic air was present, valleys were created. Figure 4.16 is a schematic

representation of one typical cyclical measurement and contains explanatory information

about the upcoming results.
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5 Results

5.1 Material Characterisation

As mentioned in the previous chapter AL:NiO films were analysed by three different tech-
niques to study their structural, morphological and optical properties. Using an appropriate
software the structure and lattice parameters of the films were determined by the XRD spec-
tra shown in Figures (5.1, 5.2, 5.3). The patterns reveal that three lattice planes are present
divulging the cubic structure of the material at hand. What is also evident is that whilst the

thickness of the specimens gets smaller, the intensity of the main peak (200) also decline.
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Figure 5.1: XRD pattern of specimens S1743-44-45 (167.5 nm, 95.5 nm, 52.0 nm) (4% O, in plasma)
showing the three main lattice plains(111, 200, 220).
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Figure 5.2: XRD pattern of specimens S1746-47-48 (168.7 nm, 108.0 nm, 61.5 nm) (2.8% O, in
plasma) showing the three main lattice plains(111, 200, 220).
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Figure 5.3: XRD pattern of specimens S1749-50-51 (160.3 nm, 90.0 nm, 69.5 nm) (2% O, in plasma)
showing the three main lattice plains(111, 200, 220).
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Knowing the angles of the peaks corresponding to the main lattice plains and their Full Width

at Half Maximum, the crystallite size was calculated using Scherrer’s equation (Eq. 4.4)

shown in Chapter 4.
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Figure 5.4: Calculated crystallite sizes of all specimens versus their thickness.
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Due to the films being too thin for a regular SEMicroscope, a FE-SEM was used and in the

following images the results are being presented.
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Figure 5.5: FE-SEM images of the surfaces of all specimens of Al:NiO.

It can be seen that all the specimens have a homogeneous structure with similarly spherical
grains. As the films get thinner the grains, whilst retaining their spherical structure, diminish

in size substantially.
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Last but not least, the transmittance of all specimens was measured in order to determine

the energy gap of the semiconductor.
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Figure 5.6: Transmittance spectra of specimens S1743-44-45 (167.5 nm, 95.5 nm,52.0 nm) (4% O,
in plasma)
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Figure 5.7: Transmittance spectra of specimens S1746-47-48 (168.7 nm, 108.0 nm, 61.5 nm) (2.8%
O, in plasma)
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Figure 5.8: Transmittance spectra of specimens S1749-50-51 (160.3 nm, 90.0 nm, 69.5 nm) (2% O,

in plasma)

From the transmittance diagrams it is concluded that the permeability at the optical spectrum

(400-700 nm) ranges from 70% to 90%. What is worth mentioning is that specimens with

greater thickness appear to be slightly more transparent than the thinner ones. This can be

attributed to the increased number of impurities in the specimen that absorb photons in the

specific range. In order to depict the Tauc plot, the absorption coefficient was calculated.
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Figure 5.9: Tauc plot of specimen S1751 (2% O, in plasma, 69.5 nm) for the calculation of the Energy
gap.
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Using the same procedure, the Eg of all specimens was calculated and is hereby presented.
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Figure 5.10: Calculated energy gaps of all specimens depending on their thickness.

5.2 Gas Sensing Results and Discussions

In the following graphs of Figures 5.11-5.13 the electrical current variations of each sam-
ple against different O3 concentrations at different temperatures are presented. Initially, the
specimen was exposed to dry synthetic air for approximately 45 minutes in order to reach
a saturated level of current value. Subsequently, the sample was exposed for 5 (4% O in
plasma) or 10 (2.8% & 2% O, in plasma) minutes to O3 of specific concentration and later
exposed to 10 (4% O, in plasma) or 15 (2.8% & 2% O in plasma) minutes of synthetic air

for the recovery.
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Figure 5.11: Electrical current variations under exposure to O3 of different concentrations, of a 167.5
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Figure 5.12: Electrical current variations under exposure to O3 of different concentrations, of a 168.7
nm AL:NiO film grown with 2.8% O, in plasma by the RF sputtering technique.
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Figure 5.13: Electrical current variations under exposure to O3 of different concentrations, of a 160.3
nm Al:NiO film grown with 2% O, in plasma by the RF sputtering technique.
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In order to evaluate the gas sensing performance of Al:NiO films, sensitivity as well as re-

sponse and recovery time were calculated by the fluctuations in the electrical current shown

in Figures 5.11, 5.12, 5.13. The quantities that have been calculated are meant to provide

an accurate depiction of the sensitivity of our specimens and their overall performance as

gas sensors. Figure 4.13 explains the calculations that lead to the following figures.
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Figure 5.14: Sensitivity of each specimen in varying concentrations of O3 and temperatures.

It is perfectly clear that the sensitivity of these specimens is more than adequate to qualify

as a suitable gas sensor, compared to other O3 gas sensors [1,4,7,11-13]. From the lot,

the performance of specimen S-1749 (2% O,, 160.3 nm) stands out at an optimal operating
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temperature of 150°C. An argument, though, could be made about specimen S-1743 (4%
0O,, 167.5 nm) as it is the front runner at 80°C, as far as sensitivity is concerned, due to the
sheer decrease of optimal temperature by about 70°C, but also because the sensitivity does
not drop by a vast amount. What is evident, though, from the aforementioned figures is that

at room temperature there is not adequate recovery to the sensor.

Sensing Ozone | Operating | Sensitivity | Response | Recovery Ref.
material level | temp. (°C) (8) time time
(pph) (sec.) (sec.)
W03 54 200 3.0 ~15 ~200 K. Aguir et al.
Cu0 300 250 14 ~150 ~820 A. Bejaoui et al.
Zn0 80 250 8 ~30 ~15 A C. Catto et al.
o-AgrWOu 80 300 0.6 ~7 ~13 L. F. da Silva et al.
SrTiogs5Fen.1503 100 260 15 ~26 ~72 L.F_da Silva et al.
50% ZnO- 26 under
50%8n02 60 uwv 12 ~13 ~90 L.F. da Silva et al.
irradiation
Al NiO 200 150 1.4 ~470 ~730 Present work

Figure 5.15: Sensitivity, optimal temperatures, response and recovery times of different O3 gas sens-
ing materials.

Figure 5.15 takes into account the best performance of each material at the concentration of
O3 closer in value to the ones detrimental to human health. Moreover, the time it takes for
each specimen to respond after coming in contact with the target gas of different concentra-
tions along with the time to recover from said contact were calculated and presented in Fig.

5.16-5.18 for each operating temperature, namely RT, 80°C, 110°C and 150°C.

It can be seen that at lower concentrations a lot of fluctuations arise, at a, somewhat, steady
gas sensor. These fluctuations could be attributed to the gas sensing setup in addition to
the temperature controller that produces background noise that is comparable to the actual
measurements.

Due to the fact that S-1743 (4% O,, 167.5 nm) had smaller cyclical measurements in terms
of time (15 min. total time for S-1743, compared to 25 min. total time for the other two
specimens), the numbers may be misleading when trying to determine the optimum AI:NiO
film for an O3 gas sensor. Thus, the percentage of time spent on response and recovery has
been calculated in regards to the total amount of time of each cycle and is hereby shown in

Fig. 5.20-5.23.
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Figure 5.16: Response and recovery time of Al:NiO films against O3 at room temperature.
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Figure 5.17: Response and recovery time of Al:NiO films against O3 at 80°C.
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Figure 5.18: Response and recovery time of Al:NiO films against O3 at 110°C.
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Figure 5.19: Response and recovery time of Al:NiO films against O3 at 150°C.
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Figure 5.20: Bar chart representing the percentage of time spent on response and recovery in regards
to the total amount of time in each cycle at RT for each specimen.
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Figure 5.21: Bar chart representing the percentage of time spent on response and recovery in regards
to the total amount of time in each cycle at 80°C for each specimen.
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Figure 5.22: Bar chart representing the percentage of time spent on response and recovery in regards
to the total amount of time in each cycle at 110°C for each specimen.
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Figure 5.23: Bar chart representing the percentage of time spent on response and recovery in regards
to the total amount of time in each cycle at 150°C for each specimen.
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Finally, figures 5.20-5.23 make abundantly clear that as we move towards lower concentra-
tions our gas sensors do not react adequately or at all in some cases. Nevertheless, we
can see that all samples appeared to have similar gas sensing performances, proving that
absolute time is actually misleading.

Circling back to the results regarding response and recovery time, these gas sensors do not
match up well with O3 gas sensors of other works as seen in Fig. 5.15. However, most
projects do not present data for the response and recovery time of the sensors and mainly
focus on the sensitivity of the compound. This proves detrimental to the scientific community
as a whole, as these parameters are a key factor to the transition of the sensor from the lab
to the real world. Moreover, due to the different gas cycles that each project submits their
sensor to, as with this thesis, absolute time is misleading when trying to determine the best

performing compound.

5.3 Conclusions

Nine Aluminum doped NiO films of varying thickness were created and deposited onto IDEs,
via the RF sputtering technique, with the key difference being the percentage of O, present
in the plasma during the deposition. The films were, then, characterised by three different
techniques (XRD, FE-SEM, UV-Vis). This thesis focused, mainly, on studying the ozone gas
sensing abilities of the the three thicker films(167.5 nm - 4% O,, 168.7 nm - 2.8% O,, 160.3
nm - 2% O,). The variables that were altered during the measurements are the concentration
of O3 present in the chamber as well as the temperature of the specimens. What is evident
from this study is that these kind of films are adequately sensitive to O3 at medium temper-
atures (80-150°C) but could not recover from the exposure at room temperature. Moreover,
the three thicker films that were studied showcase high response and recovery times, which
indicates that some further optimisation is required. Regardless, the subject itself necessi-
tates additional measurements in order to determine the lowest concentration of O3 that the
specimens can detect, provided a more stable heating stage. This could also lead to less
background noise in the measurements themselves. A following work could also include

carrier excitation with UV light that may result in a lower optimal temperature.
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