CENTRO DE INVESTIGACION Y DE ESTUDIOS
AVANZADOS DEL INSTITUTO POLITECNICO
NACIONAL

UNIDAD ZACATENCO
DEPARTAMENTO DE INGENIERIA ELECTRICA
SECCION ELECTRONICA DEL ESTADO SOLIDO

“Synthesis and characterization of chemical sensors based
on ceramic pellets tin oxide nanoparticles activated by Cu,
Pd and Pt”

Tesis que presenta:
VENKATA KRISHNA KARTHIK TANGIRALA

Para obtener el grado de:
Doctorado en Ciencias

En la especialidad de
Ingenieria Eléctrica

Directores de la Tesis
Dra. Maria de la Luz Olvera Amador
Dr. Arturo Maldonado Alvarez

México, Distrito Federal. Octubre, 2015



ACKNOWLEDGEMENTS

Firstly, | would like to thank sincerely, Consgjo Nacional de Ciencia y Tecnologia
(CONACYT), for giving me scholarship for my entire PhD time.

I would like to express my special appreciation and thanks to my advisor Professor Dr.
Maria de la Luz Olvera Amador, you have been a tremendous mentor for me. | would like to
thank you for encouraging my research and for allowing meto grow as aresearch scientist. Y our
advice on both research aswell ason my career have been invaluable. Also | would like to thank
Dr. Arturo Maldonado Alvarez for his precious suggestions and motivating me to complete my
PhD work successfully.

| would also like to thank my committee members, Dr. Mauricio Ortega Lépez, Dr.
Velumani Subramanian, Dr. Dwight Roberto Acosta Nagjarro and Dr. Ramon Pefia Sierra for
serving as my committee members even at hardship. | also want to thank you for letting my
defense be an enjoyable moment, and for your brilliant comments and suggestions, thanks to
you.

| would especidly like to thank Miguel Angel Luna Arias for his help in getting
familiarity with all the major equipment’s | used in my PhD work. Also | would like to thank
all other technicians and co-workers of my department for being patient with me in
characterization of my samples.

A special thanks to my parents for their unconditional love. | would also like to thank to
my beloved wifefor her love, care, continual source of support and encouragement all the time.

T.V.K.KARTHIK



AS
Sensor

g0 Nano

World

ocets
Smarter

ol off _®
9, RAL _ i 4?‘:“-' _ i

4 3
1L ), S ¢
O e M )I/ } P -
W KN [y
)/ 1
A8, % f)\

i
W




ABSTRACT

In our work, we have utilized a novel method by combining chemical and physical
synthesis methods for obtaining tin oxide (SnO.) nanoparticles. In this method, primarily we
used chemical homogeneous precipitation to obtain SnO- particles with uniform particles size
and then secondly we ball milled the powders to decrease the size of the particles and also the
agglomeration. Compared to other methods, our synthesis route offers SnO:> particles with very
less agglomeration, and the particles size was around 20 -30nm range, with homogeneous size
distribution of the particles. We have utilized urea (R1) and ammonia (R2) as two precipitation
agents to synthesize the SnO- powders. The resultant SnO. powders were doped with transition
metal, Cu, and noble metals like Pt and Pd via two doping methods D1 and D2. In D1, the
powders were bulk doped and then ball milled, whereas in D2, the powders were ball milled
and then surface doped.

All the undoped and doped powders obtained were later pressed using manual pressing
machine to manufacture the SnO pellets. Pellets with a thickness of 0.5 mm and diameter of
9mm were prepared; they were mechanically pressed for a time period of 90 min and with a
pressure of 16 tons. The effect of synthesis routes, doping methods and dopants, on the
structural, morphological and also on CO sensing were studied by different characterization
techniques and analyzed with their detailed explanations.

Interestingly, the Cu-SnO. pellets manufactured from the powders obtained by method
D1R1, showed highest sensitivity around 1782, when measured at 300 °C, compared to Pt and
Pd doped pellets, which is very high compared to the literature, to the best of our knowledge.
This high sensitivity is due to various reasons like uniform and small particle size, necks
formation, inter-particle conductance and high oxygen adsorption due to stacking faults. All the
reasons mentioned above were demonstrated by comparing the established sensor theory with
our different experimental results.

Additionaly, the ball milled powders were mixed with Al.Oz powders (particle size
1um) to save the SnO, powders and also to increase the porosity of the pellet. Sensitivity didn’t
increase compared to previous (pellets after ball milled). Maximum sensitivity value obtained
was around 48 and the tendency of increasing the sensitivity with respect to temperature and the
gas concentration was achieved successfully.

Also, aviscous paste was made out of the SnO powders and thick films were deposited
by using Doctor - Blade technique. SnO: thick films prepared were tested with both silver and
gold contacts in order to compare with the pellets. The maximum sensitivity achieved for the
thick filmswith silver and gold contacts were around 30 and 100, respectively, when measured
at 300 °C. Thick films with gold contacts presented sensitives at low measuring temperature
around 100 °C.



RESUMEN

En nuestro trabajo hemos utilizado un nuevo método que utiliza la combinacion de
métodos de sintesis quimicos y fisicos para la obtencién de nano-particulas de SnO.. En este
método, se utiliz6 principamente precipitacién homogénea quimica para obtener como primer
paso, SnO, con tamafio de particula uniforme y en segundo lugar, los polvos obtenidos fueron
tratados mediante latécnicade "ball milling" para disminuir la aglomeracion de las particulas y
su tamafio. En comparaci 0n con otros méetodos nuestraruta de sintesis ofrece particul as de SnO2
con mucha menor aglomeracion. El tamafio de particulas obtenido fue de alrededor de 20-30
nm, con distribucion de tamafio homogénea de | as particulas. Se empled urea (R1) y amoniaco
(R2) como dos agentes de precipitacion para sintetizar los polvos de SnO». Los polvos
resultantes de SnO» fueron dopados utilizando metal es de transicion: Cu y metales nobles como
Pt y Pd através de dos métodos de dopaje D1 y D2. En D1, los polvos fueron dopados en €l
volumen y posteriormente molidos, mientras que en D2 fueron molidos y después dopados en
la superficie.

Todos |os polvos obtenidos, dopados 'y sin dopar fueron utilizados parafabricar pastillas
de SnO; utilizando una méaguina de prensado manual. Se prepararon pastillas con un espesor de
0.5 mmy 9 mm de diametro; las cual es fueron presionadas mecani camente durante un periodo
de tiempo de 90 min utilizando una presion de 16 toneladas. Los efectos de las rutas de sintesis,
meétodos de dopaj e y dopantes utilizados, asi como |as caracteristicas estructurales, morfol 6gicas
y la sensibilidad a CO, fueron estudiados mediante diferentes técnicas de caracterizacion y
analizados con sus explicaciones detalladas.

Curiosamente, |as pastillas de Cu-SnO; fabricadas a partir de los polvos obtenidos por
el método D1R1, mostraron mayor sensibilidad alrededor de 1782, cuando se mide a 300°C, en
comparacion con las pastillas dopadas con Pt y Pd. Después de una busqueda minuciosa en la
literatura especializada, se encontro reportes de valores muy altos de sensibilidad para estos dos
metales. Esta alta sensibilidad para las pastillas dopadas con Cu se debe a varias razones tales
como a un uniforme y peguefio tamafio de particula, la formacion de cuellos, la conductancia
entre particulas y alta absorcién de oxigeno debido a fallas de apilamiento. Todas las razones
mencionadas anteriormente fueron demostradas al comparar |a teoria de sensores establecida
con nuestros diversos resultados experimental es.

Adicionamente, los polvos molidos mediante "ball milling" fueron mezclados con
polvos de Al.O3 (tamafio de particula 1um) para ahorrar los polvos de SnO; y también para
aumentar la porosidad de la pastilla. La sensibilidad no aumenté en comparacién con los
resultados anteriores (pastillas después del molido). El valor de sensibilidad maximo obtenido
fue de arededor de 48 y latendenciaa aumento de lasensibilidad con respecto alatemperatura
y alaconcentracion del gas se logro satisfactoriamente.



También se fabrico una pasta viscosa a partir de los polvos de SnO- para el depdsito de
peliculas gruesas utilizando la técnica “Doctor — Blade”. Las peliculas gruesas de SnO:
preparadas fueron probadas utilizando contactos de oro y plata con €l fin de comparar sus
propiedades con las de las padtillas. La sensibilidad méxima alcanzada para peliculas gruesas
con contactos de plata y oro fue alrededor de 30 y 100, respectivamente, cuando se mide a
300 °C. Las peliculas gruesas de SnO, con contactos de oro presentan sensibilidad para una
temperatura de medicion baja, de alrededor de 100 °C.



PREFACE

The first decade of the 21 century has been labeled by some as the “Sensor Decade.”
With a dramatic increase in sensor R&D and applications over the past 15 years, sensors are
certainly poised on the brink of a revolution. Just in automobiles alone, sensing needs are
growing by leaps and bounds, and the sensing technologies used are as varied as the
applications. Understanding sensor design and operation typically requires a cross-disciplinary
background, asit drawsfrom electrical engineering, physics, chemistry, and sometimes biology,
etc. This reference pulls together the most crucial information needed by those who design
sensor systems and work with sensors of all types, written by experts from industry and
academia. Tin oxide (SnO2) material as a solid state gas sensor material has been studied from
many years. From the past many years, many synthesis methods were employed to synthesize
SnO. nanoparticles and we are still far away from the wish to obtain particles with no
agglomeration and with similar particle size distribution all over the surface. In this present
work, we have studied in detail sensing properties of tin oxide powders, pellets, and thick films.
All the possible factors that affect the sensitivity were discussed with our hypothesis and also
with the established sensor theory. In this thesis, we attempted to balance breadth and depth in
asingle, practical and up-to-date resource.

The developed work regarding the tin oxide pellets and thick filmsis explained in five
chapters. Chapter 1 givesintroduction to all the theoretical aspects about the sensors and sensing
mechanism. While it would be impossible to cover each and every sensor in use today, we
attempted to provide as broad a range of sensor types and their applications as possible. In
addition, the differences between thin/ thick films and pellet sensors are also presented.

Chapter 2 resumes the different types of materials used in our work and their criteriato
choose with corresponding properties. Also in this chapter, we have gave information about the
methods employed for manufacturing the pellets and their advantages were explained. A brief
literature review about the tin oxide sensors is presented in this chapter. Chapter 3 presents all
the experimental procedures and their corresponding equipment details are given.

Chapter 4, the essence of this thesis, presents the detailed analysis of the structural,
morphological, optical and sensing properties of the undoped and doped tin oxide pellets, as
well as pure tin oxide thick films too. All the results and their analysis are well organized and
optimized. A comparison of al the sensitivities with corresponding probable reasons to obtain
higher or lower sensitivitiesin each case are tabul ated.

Finally, the conclusions and future work were also remarked. The additional information
about some calculations and technical data are provided in Appendixes A, B and C. The other
contributors and | have attempted to provide a useful thesis with technical explanations that are
clear, smple and thorough. We attempted to keep it modernize with the present technology.



OBJECTIVES

To synthesize the pure and Cu, Pt and Pd SnO. nanoparticles for manufacturing SnO»
pellets and study their gas sensing properties in a controlled carbon monoxide (CO) and
propane (C3Hs) atmospheres.

To verify the sensitivity of aluminamixed SnO- pellets.

To obtain the SnO; thick films with silver and gold contacts and subsequently study their
CO sensing properties.

Particular objectives

Structural and morphological properties of the synthesized SnO, nanoparticles were
studied with respect to the effect of

0 Precursor Solvents

0 Precipitant agent type (urea, U, or ammonia, A),

0 Solution molarity,

0 Solution temperature and calcination temperature, Tc
To optimize the ball milling conditionsin order to have a size distribution of nanoparticles
narrow.
To study the effect of doping method, dopant type and synthesis routes on the structural,
morphological, optical and gas sensing properties of the SnO> pellets.
To study the effect of alumina mixing ratio on the CO gas sensitivity.
Effect of annealing temperature on the structural, morphol ogical and gas sensing properties
of thick filmswith silver contacts.
To study the effect of fabricated transducer with gold contacts on the thick films gas sensor
response.

Novelty

The novelty in our work isthe mixture of physical and chemical methods to synthesize the
doped and undoped tin oxide nano particles. Also we obtained narrow particle size
distribution of the prepared tin oxide nano particles. Additionally we also obtained Cu
doped SnO:- pellets showed higher sensitivity than Pt and Pd doped pellets.

Vi
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In this chapter, we present a conceptua resume of different types of sensors and sensing
mechanisms, which includes, the importance of Metal Oxide Semiconductor (MOS) gas
sensors, gas leakages, factors affecting the gas sensing. Differences between thin films and
pellet sensors are also presented.

1.1. Origination of sensor

Fundamentally, the word "Sensor" was originated in 12" century from old French word
"sens"' which means "one of thefive senses’ and also directly from aLatin words"sensus' which
means perception and feeling [1]. The primary point that separates a living being from a
nonliving being is sensing, which means, only living beings can respond to their surroundings.
Built-in sensors within the living beings cause to receive and respond to the environmental
changes.

The intention of manufaturing sensorsis for improving the daily life and make it easier
by inventing new skill full devices which will decrease the human effort to perform the same
tasks quickly. In wholly, it became more important to understand about our body functionality
and the environmental natureto live longer life and happier than our ancestors which has |eaded
to the discovery of the five human sense organs: sight, smell, taste, touch, and hearing by
Aristotle (384 BC - 322 BC). Beyond these five senses, humans also have awareness of balance
(equilibrioception), pressure, temperature (thermoception), pain (nociception), and motion all
of which may involve the coordinated use of multiple sensory organs [2].

With the improvement in the technology and electronics, with the base of human sense
organs a distinguishable branch of science and technology was originated, namely, the field of
sensors and actuators. This branch is interdisciplinary in nature involving physics, chemistry,
mathematics, electronics and also sometimes biology.

1.2. Definition of sensor

In general, a sensor is a device that converts a physical phenomenon into an electrical
signa. Intrinsically, sensors are the interface between the physical world and the world of
electrical devices. The other part of this interface is represented by actuators, which convert
electrical signals into physical phenomena. Sensors and actuators act as extensions of human
senses and are quite indispensable in day-to-day life. Sensors act as primary unitsin information
perception. According to the International Electro-technical Committee (IEC), "The sensor is
the primary part of a measuring chain which converts the input variable" [3].

The words 'sensor' and ‘transducer’ are both widely used in the description of
measurement systems. As the word 'sensor’ is derived from entire meaning 'to perceive’ and
‘transducer’ is from transducer meaning 'to leads cross. A dictionary definition ‘transducer' is 'a
device that transfers power from one system to another in the same or in the different form'.



A sensible distinction isto use 'sensor’ for the sensing element itself, and 'transducer’ for
the sensing element plus any associated circuitry. All transducers would thus contain a sensor
and most (though not all) sensors would also be transducers as shown in Fig.1.1.

Input Output
E:g‘gy TRANSDUCER Energy

Fig. 1.1. The sensing process.

1.3. Importance of Gas leakages

Gas leak detection is a way of nondestructive testing of dangerous combustible gases
from sealed components or systems. Leaks can easily result from poor seals and connections, as
well as from inadequate welds. Slow gas leaks from small defects or vibrations can be
dangerous, expensive, frustrating, time consuming, and a potential for sickness, death or
explosions. For years, contractors and other persons used the old soap and water method which
has been proved to be ineffectivein detecting the precise location of particularly small gasleaks
and is unsafe in laboratory purposes. Recently, gas leak detectors and gas sniffers have become
more popular and useful.

Gases are the key measuring elements in many industrial or domestic activities. From
past 20 years, the specific demand for gas detection and monitoring has emerged particularly as
the awareness of the need to protect the environment. Gas sensorsfind applicationsin numerous
fields [4, 5]. Individual gases and odor discrimination are the two important groups of
applications. Fire detectors, leakage detectors, controllers of ventilation in cars and planes, and
alarm devices are individua gas devices. The detection of volatile organic compounds (VOCs),
or smells, generated from food or household products has also become increasingly important
in food industry and in indoor air quality, and multi-sensor systems (often referred to as
electronic noses) are the modern gas sensing devices designed to analyze such complex
environmental mixtures [6, 7]. Different types of toxic gases and their corresponding problems
were discussed in detail in chapter 2.

The Most Common Reasons for Gas Leak Detection are

1. Protect personnel and property: Gas leaks can potentially create serious personnel hazards as
well as destroy material and property.

2. Contamination and safety: With stricter OSHA and environmental regulations, the reasons
for gasleak detectors are growing.

3. Reliahility: Equipment reliability has always been a major reason for gas leak detectors and
gas sniffers.



4. Energy loss: With the high cost of energy, losses are increasingly important. By gas leak
detection, energy can be saved by conserving the amount of fuel used in asystem such as natural
gas or propane from leaking out.

Considering it is now 2015, commercial and industrial companies are under more rules
and regulations than ever before. When it comes to safety in the workplace, there are numerous
governing bodies regulating the way jobs are performed, ensuring that best practices are
enforced, and promoting the completion of jobs and tasks in the safest possible way. Gas sensors
arerequired by industry best practices and regulations and are the only way that workplaces can
identify gas leaks and potential threats within the workplace. They are extremely important and
areacritical piece of safety equipment that can be used to detect explosive atmospheres, oxygen
deficiency, and toxic gases that may have leaked into the air. Without gas detectors being used
to detect threats, workers are exposed to potentially damaging gases that can cause harm to their
minds and bodies, or even result in death.

Gas detectors are great for detecting gases that would not otherwise be smelled by
humans in the workplace. However, due to the harsh and rigorous conditions of some job sites
and workplaces, gas detectors can be affected and could suffer damages too. Damage to the
sensors can be caused by poisons in the air or concentrations of poisons that exceed the gas
detector’s detectable limit. Dirt and debris can also obstruct the sensor ports of gas detectors,
which would prevent the movement of gas into the detector [8].

1.4. Classification of sensors

Main objective for classifying sensorsis for bringing an agreement regarding standards
for the principles of description and also to systemize the sensor systems. In generd, there are
a broad range of classification of sensors based on stimulus, application, conversion
phenomenon, sensor material, and detection means used in sensor [9]. Someother classifications
articulates that the sensor types are, contact and non-contact, active and passive, absolute and
relative [10].

In addition to the above sensor classifications, in 1969, Lion innovated a classification
of principles based on the "form of energy"” in which sensor signalswere received and generated,
which yielded a matrix of effects. Table. 1.1 shows the six energy forms or signal domains
generally encountered with examples of typical properties that are measured using those energy
forms. By enjoining Fig. 1.1 which shows the sensing process in terms of energy conversion by
a transducer and Table. 1.1, which explains the sensor energy forms, sensors can aso be
classified based on the input and output energies of atransducer. Table. 1.2 (Gopel et al., 1989
[11]), shows the classification of the sensors based on input energy as a primary signal and the
output energy as an output signal. This classification is also one method of visualizing the



transduction principles involved in sensing. A rigorous attempt at classifying sensors was
undertaken by Middlehoek and Noorlag (1982), in which they represented the input and output
energy. From the Table. 1.2, we can articul ate that the chemical gas sensors are the sensors with
input energy as chemical form and the output energy as electrical form.

Energy
Forms

M echanical

Thermal
Electrical

M agnetic
Radiant

Chemical

Example measuring parameters

Length, area, volume, al time derivatives such as linear/angular velocity,

linear/angular acceleration, mass flow, force, torque, pressure, acoustic
wavelength and acoustic intensity
Temperature, specific heat, entropy, heat flow, state of matter
Voltage, current, charge, resistance, inductance, capacitance, dielectric
constant, polarization, electric field, frequency, dipole moment
Field intensity, flux density, magnetic moment, permeability

Intensity, phase, wavelength, polarization, reflectance, transmittance,
refractive index
Composition, concentration, reaction rate, pH, oxidation/reduction

potential

Table. 1.1. Sensor Energy Forms

I nput
M echani
cal

Thermal

Output Energy

M echanical
Mechanical
and Acoustic
effects, eg.,
gravity
balance, echo
sounder

Thermal
expansion
and Resonant
frequency.
Radiometer
effect; eg.,
bimetallic
strip,  light
mill.

Friction and
cooling
effects;

eg.,
friction
calorimeter,
thermal
flow meter

Piezo-
eectricity.
Piezo-
resistivity.
Resistive.
Capacitive.
Induced
effect.
Seebeck
effect and
Pyroel ectri
city.
Thermo-
resistance.
Thermal
(Johnson)
noise.

Magnetic
Magneto-
mechanical
effects;

eg., piezo-
magnetic
effect

Radiant
Photo-elastic
systems; e.g.,
Interferomete
r.

Sagnac and
Doppler
effect.

Thermo-
optical
effects; e.qg.,
liquid
crystals.
Radiant
emission

Reaction
activation;
eg.,
thermal
dissociation



Electrical

M agnetic

Radiant

Chemical

Electro-
Kinetic
electro-
mechanical
effects; eg.,
piezoelectrici
ty and
Ampere's
Law.
Magneto-
mechani cal
effects; eg.,
magnetostrict
ion, and
magnetomete
r.

and

Radiation
pressure.

Hygrometer.
Electro-
deposition
cell. Photo-
acoustic
effect.

Joule
(resistive)
heating.
Peltier
effect.

Thermo-
magnetic
effects;

e.g., Righi-
Leduc
effect.

Bolometer.
Thermopile

Calorimeter

Thermal
conductivit
y cell.

Charge
collectors.
Langmuir
probe.

Ettingshaus
en-Nernst
effect.
Galvano-
magnetic
effects;
eg.,
effect.

Hall

Photo-
electric
effects;

eg.,
photovoltai
c effect
photo-
conductive
effect.
Potentiome
try
Conductom
etry and
Amperomet
ry.Flame
ionization.
Volta
effect. Gas
sensitive
field effect.

Biot-
Savart's

Magneto-
optical
effects;
eg.,
Faraday
effect,
Cotton-
Mouton
effect.
Photo-
refractive
effects.

Optical  bi

stability.

Nuclear
magnetic
resonance

Table. 1.2. Physical and chemical transduction principles.

and

Electro-
optical, Kerr
and Pockels
effects; eqg.,
Electro-
uminescence

Emission and
absorption
Spectroscopy
Chemi-
luminescence
Photo-
chemical
effects.

Electrolysis
eg.,
Electro-
migration.

Photo-
synthesis;

eg.,
dissociation



1.5. Chemical Sensors

A chemical sensor is a self-contained probe that providesin real time information about
the chemical composition of its surroundings. The ideal chemical sensor is an inexpensive,
portable, fool proof device that responds with perfect and instantaneous sel ectivity to a particular
target chemical substance (analyte) present in any desired medium in order to produce a
measurable signal output at any required analyte concentration. Such ideal chemical sensors,
however, are far from reality in spite of enormous advances over the past decades. Chemical
sensors in actuality are complex devices, generally optimized for a particular application.

Main advantages of chemical sensors are asfollows [12]:

Substitution of standard analytical procedures by fast detection and analysis using
dedicated sensors.

Automation of the analysis and monitoring of chemical quantities.

Field analysis by means of portable instruments.

Chemical sensors can also be defined as devices or instruments that determine the detectable
presence, concentration, or quantity of a given analyte. Chemical sensing is recognition of
molecular structure or associated reactivity among a huge number (>10°) of known molecular
substances; this recognition aspect is called selectivity.

Amperometric

Electro chemical Conductometric

Event change in Potentiometric
the measurable
parameter

Sensor/ sample surface

Electro magnetic

Fig. 1.2. Chemical sensors direct-reading.



Sensitivity and limit of detection relate to the quantity or concentration of the element or
molecule to be analyzed (the anayte). The chalenge of attaining the needed sensitivity in
chemical sensing is comparable to that of achieving the needed selectivity. The sensitivity and
selectivity aspects of chemica sensing are affected by the structure type, dimensional, and
temporal aspects of the desired determination. The analyte can be present in a gas, liquid, or
solid phase on various dimensional scales ranging from bulk volumes of liters to pico-liters, or
surface layers from nano scale to mono molecular scale[13]. Chemical sensor directly readsthe
existence of a selective recognition event that results in a change in a measurable parameter.
Sel ected transduction parameters and generic device types are summarized schematically in Fig.
1.2.

1.6. Importance of Metal Oxide Semiconductor (MOS) Gas sensors

For portable field instrument development there are three major classes of chemical
sensor technologies. These sensors, by no means, represent all available sensor technologies;
rather, they serve as promising, representative technologies for miniaturization into portable
instruments. Primarily, the chemiresistors, are the ssmplest of the chemical sensor technologies
available for miniaturization into field instruments. Chemiresistors possess advantages of
compact size, simple fabrication, low cost, and simple measurement electronics but are
hampered by limitations in signal-to-noise ratio [ 14].

Secondarily, the potentiometric CHEmical Field-Effect Transistor (CHEMFETS), are
more complex solid-state sensors. The CHEMFETS, in general, are capable of higher signal-to-
noise ratios than the chemiresistors but are inherently more complex to fabricate and require
more extensive control and measurement electronics. These characteristics increase their cost
and limit the number of CHEMFETs that can be placed inside asingle device [ 15, 16].

Finally severa other major classes of solid-state chemical sensor technologies are
practical for field portable instruments, such as the mass sensors (surface acoustic wave, bulk
acoustic wave, etc.). All three classes of sensors have in common successful products on the
macro scale, which make them likely candidates for successful miniaturization in commercial
products. Each method has its particular disadvantages and advantages and these are tabul ated
inTable. 1.3 [17].

First semiconductor oxide gas sensor was proposed in 1962 [18] and have been subjected to
extensive research and development and have now grown to be important devices for detecting
the leakage of several inflammable gases like town gas and some toxic gases like CO [19-22].
In recent years, much research effort has been directed to the detection of low concentrations of
gases such as odorous components [ 23, 24|, Oz [25], and NO [26]. To meet such low-level gases,
the sensors should be highly upgraded in sensitivity, selectivity and stability.



Chemiresistor:  Moderate Moderate Moderate High Small Low
MOS
Chemiresistor: Moderate Poor Moderate Low Small Low
conducting
polymer
CHEMFET: High Moderate High Moderate Medium = Moderate
Basic
CHEMFET: High Moderate Moderate Moderate Large Moderate
ISFET
Optical: High High Moderate Moderate Moderate High
Surface-
plasmonic
resonance
(SPR)

Table. 1.3. Comparison of three types of chemical sensor technologies[17].

Although semiconductor gas sensors have so far been developed mostly by empirical
research, further development and innovation seem to be impossible without a fundamental
understanding of the gas-sensing mechanisms and sensor design principles involved, which
have largely been ignored.

Genera requirements put forward to all types of operational elements of MOS sensors
are the following: semiconductors should have substantial chemical durability, they should not
form stable chemical compounds with the particles absorbed (Adsorption mechanism is
discussed in detail in section 1.7). Moreover, they should possess sufficient therma and
mechanical strength. Metal-oxide semiconductors, such as ZnO, SnOz, TiOz, and others suit
above requirements the best. Apart from that such broad band gap semiconductors, they exhibit
ahigh surface oxygen adsorption (if contrasted to elementary ones), which is explained by small
free charge carriers concentration. Therefore exceptionally high sensitivity because of their
numerous electro-physical properties for any dopant used.

1.7. Gas Sensing M echanism

An oxide semiconductor gas sensor detects an inflammable gas from achangein el ectric
resistance of a polycrystaline element. As Wagner and Hauffe [27] discovered in 1938,
adsorbed atoms and molecules on the surface of a semiconductor influence its properties, such
as conductivity and surface potential. Later, many researchers [28-30] studied these effects on
semiconductor electric conductance. The first applications of these discoveries arrived soon
after the production of thefirst chemo-resistive-semiconductor-gas sensors. Since that moment,



technology development and the problem of toxic and pollutant gas monitoring encouraged
improvements in the production and in the performances of different kind of gas sensors. A
large part of commercial gas sensors [31] are built with SnO>, while TiO2 and ZrO; are often
employed for devices aimed towards combustion monitoring. It is unanimously agreed that the
resistance change on exposure to the gas arises through a surface phenomenon of the oxide
semiconductor used [32-34], but thisis only a part of the whole gas-sensing processes taking
place in the sensor element.

1.7.1. Adsor ption-desorption mechanism

Adoption of energy valuesis possible by the electrons which stay inside certain ranges
or more specifically bands of energy in acrystal. Energy bands where no electronic states exist,
called band gap (Eg). In asemiconductor the highest energy band occupied by fundamental state
electronsis called valence band, whereas the upper band, in which electrons can be promoted,
is called conduction band. Conduction band would be completely empty in a perfect crystal at
0 K. However, we remark that solids have an imperfect structure, as a consequence electrons
are present in the conduction band or missinthevalenceband. Therefore, semiconductors
applied on gas sensing are based on the fact that the surface electrons could be transferred or
removed from the conduction band, in order to induce consistent variations in the conductivity
of the material. Semiconductor band model is shown in Fig. 1.3(a), where electron energy ison
the x-axis, while the distance inside the crystal is on the y-axis. The energy gap Eq represents
the demanded energy for valence electron excitation (promotion to conduction band).

For example in case of SnO», whose Ey is around 3.6eV, the n-type conductivity is due
to the oxygen vacancies derived from the typical stoichiometric defects of the material. These
vacancies can be singly or doubly ionized and they act as donor states with energy levels
positioned at 0.03 and 0.015eV under the bottom of the conduction band [34]. Therefore, in an
n-type semiconductor as shown in Fig. 1.3(b), donor states give el ectrons to the conduction band
and enhance the conductance of the material. As a consequence of this overpopulation of
electrons in the conduction band, the Fermi level is raised. Once an external oxidizing gas
molecule adsorbs on the surface of the crystal then, on the surface of the crystal, an abrupt
perturbation in the periodicity of the crystal |attice takes place. Thus, surface atoms or ions have
an incomplete coordination number (number of first neighbors), which causes a rearrangement
and a greater reactivity in comparison to that of bulk atoms or ions. The interruption of lattice
periodicity is enough to create intrinsic localized electronic states at surface level [35]. These
intrinsic localized electronic states present on the surface of the crystal acts as acceptor and
donor energy levels. As one can observe, al surface states are not at the same energy level. Fig.
1.3(c) below shows the band model with the crystals surface and the presence of surface states
[36].
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The case when there is no net charge is used for smplicity. This is the so-called flat-
band case. But the flat-band case is an unstable situation. The electrons in the conduction band
are at amuch higher energy level than the energy level of the acceptor surface states. Thus, they
will move from the conduction band to those lower-energy states, forced by this new
energetically more favorable configuration. When such transitions occur, a charge builds up at
the surface and a countercharge in the bulk (the countercharge being that of the donor ions).
This charge and counter charges creates and electric field and further a depletion region is
formed on at the surface. Fig. 1.3(d) shows an n-type semiconductor after the charge has moved
from the donor ions to the surface states and depletion region.

A scheme of two grains of metal-oxide powder is depicted in Fig. 1.3(e), where the
space-charge region around the surface and at the contact point is shown. The oxygen species
adsorbed will create the surface-charge layer, which acts as an inter-granular potential barrier,
and is called as Schottky barrier. The conduction electrons have to overcome this Schottky
barrier, in order to go from agrain to another.

SnO: particle surface SnO: particle surface
upon exposure (0 upon exposure to
gas (02) reducing gas (R)
0 R R
9 O Q
_____ I —
Electron
transfer
Change in
charge
depletion

layer
Electron [l SnO> [ Charge depletion layer — Adsorption site

Fig. 1.4. Schematics indicating the sensing mechanism on the SnO, surface. Left column
indicates reaction with oxygen, whereas right column shows the interaction with reducing gas
like CO.

12



To summarize the general stepsinvolved in sensor response upon exposure to air and to
areducing gas, R, areshowninFig. 1.4. In our case, wheretin oxide (SnO-) isthe semiconductor
material used, as shown in the left column of Fig. 1.4. Oxygen from the air is adsorbed onto the
surface of the SnO,. Electrons from the surface region of the SnO; are transferred to the
adsorbed oxygen, leading to the formation of an electron-depleted region near the surface of the
SnO; particle. The electron depleted region, also called the space-charge layer, isan areaof high
resistance and the core region of the particle, where electron densities are high, is an area of
relatively low resistance [37]. The form of the adsorbed oxygen (either molecular or atomic)
depends on the temperature of the sensor (refer section 1.8 Temperature effect on sensing). As
shown in theright column of Fig. 1.4, when exposed to areducing gaslike CO, surface reactions
shown in equations 1.1 and 1.2, which release electrons back to the SnO. and lead to a decrease
in the resistance of the space charge layer.

CO + O ats— COz + € (1.1)
2CO + O3, ats— 2CO2 + € (1.2)

1.7.2. Physisorption and Chemisorption mechanism

When a gas or vapor comes in contact with a clean solid surface, some of it will adhere
to the surfacein theform of an adsorbed layer. The solid isgenerally referred to as the adsor bent
and the adsorbed gas or vapor as the adsorbate. Reason for adsorption is for reducing the
imbalance of attractive forces which exists at a surface, and, hence, the surface free energy of a
heterogeneous system. Adsorption occurs when an attractive interaction between a gaseous
particle and a solid surface is strong enough to overcome the disordering effect of thermal
motion.

Physical adsorption or physisorption takes place, if weak Van der Waals forces are
involved in the interaction. Indeed, physisorptive bonds are characterized by dissociation
energies below approximately 50 kJ/mol. Strong forces are responsible for chemisorption and
cause the formation of short chemical bonds with dissociation energies typically exceeding 50
kJ'mol. Since an activation barrier needs often to be overcome, chemisorption is considered an
activated process [ 38, 39].

Theequilibrium condition in physisorption isattained rapidly, sincethereisno activation
energy involved and the process is readily reversible. On the other hand, chemisorption may
require an activation energy, as already written, and may, therefore, be relatively slow and not
readily reversible. Fig. 1.5 illustrates a schematic potential diagram for the adsorption of a
diatomic molecule of gas, X2, on asurface, M.
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M+2X A

Chemisorption
\E

Al

|<— -»@

Py s o Physisorption
AHads

Y
v 2X Chemisorbed

Fig. 1.5. Potential energy curves for physisorption and chemisorption of a molecule X» that
approaches a surface along the trgectory z.

The physical interaction energy includes a short-range negative (attractive) contribution
arising from London-Van der Waals dispersion forces [39] and an even shorter-range positive
contribution (Born repulsion) due to an overlapping of electron clouds. In chemisorption, the
adsorbate, X2, dissociates to 2X. The dissociation energy of X2 (AEdiss) is represented at large
distances. Both potential curves are characterized by the presence of a minimum, which
corresponds to the heat of the process (AHads). The heat of chemisorption isat a shorter distance
from the solid surface than the heat of physi sorption. Chemisorption causes band bending, which
changes the surface resistance of the material. In Chemisorption, the adsorption of an electron
acceptor on the surface creates acceptor surface level (Ess), where the electrons of the
conduction band are trapped creating a depletion region. The accumulation of the negative
charge at the surface makes further transfer more difficult as shownin Fig. 1.3.

1.7.3. Gas sensing mechanism for doped sensors

Decreasing the semiconductor materia crystalite size can dramatically improve sensor
sensitivity; however, the small dimensions required are difficult to achievein apractical sensor.
For example, sensors composed of nanosized SnO- crystallites with particle size < 10 nm can
have poor mechanica strength [40], and heat treatment processes tend to increase the
characteristic SnO; crystallite size (which is discussed further in Chapter 4).

14



In many gas sensors, the conductivity response is determined by the efficiency of
catalytic reactions with detected gas participation taking place at the surface of gas-sensing
material. Therefore, control of catalytic activity of gas sensor materia is one of the most
commonly used means to enhance the performance of a gas sensor. However, in practice, the
widely used gas sensing metal oxide materials such as TiO2, ZnO, SnO», Cu20, GapO3, Fex0s,
among others, are the least active from the catalytic point of view [41]. The pure SnO2 without
any catalyst exhibits avery poor sensitivity (~3), confirming this statement [42, 43].

In order to modify or control the surface properties, introduction of noble metal additives
isusually performed. The most important effects of noble metal addition are the increase of the
maximum sensitivity and the rate of response, as well as the lowering of the temperature of
maximum sensitivity and selectivity to certain gases. All these effects arise as a consequence of
the promoting catal ytic activity when loading with noble metals like Pt and Pd.

Noble metals are high-effective oxidation catalysts, and this ability can be used to
enhance the reactions on sensor surfaces. A wide diversity of methods, including impregnation,
sol-gel, sputtering and thermal evaporation, has been used for introducing noble metal additives
into semiconductor oxides. Different doping states can be obtained by different methods. Two
different mechanisms have become widely accepted for describing the chemical and physical
processes with additives: the el ectronic and the catal ytic mechanisms. Fig. 1.6 showsthe generd
steps involved with the two mechanisms.

1.7.3.1. Chemical sensitization: In this, the action of the additive is in general two-fold [44]:
a) the metallic cluster presents a higher sticking coefficient to gases than the semiconductor, and
b) on the cluster, nearly all the gas molecules are dissociated, being the dissociation products,
they spilt over the semiconductor support. Thus, it generally consists in the adsorption on the
catalyst followed by diffusion from the catalyst to the support. Because the activation energy
for desorbing is much higher than for diffusing, the support can act as source of reactant supply,
although the opposite case or both can also occur. Moreover, normally the support is assumed
to be catalytically inactive, but not always it istrue.

1.7.3.2. Electronic sensitization: In this, there is an electronic interaction between the catalysts
and the semiconductor through the space charge created in the semiconductor by the presence
of the surface clusters. Additives at the surface of the semiconductor act as receptors while the
semiconductor acts as a transducer of the changes taking place at the surface under gas
adsorption. The oxidation state of the particles changes in contact with a gas, inducing the
corresponding change in the electronic state of the semiconductor.
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Electronic mechanism Catalytic mechanism

R R

Adsorption

Reaction

Electron transfer
and change in
charge depletion layer

Electron [l SnO: Charge depletion layer — Adsorption site

B Metal
Fig. 1.6. Schematic indicating the genera steps involved in the eectronic (left column) and
catalytic (right column) mechanisms active in SnO. sensors with metal additives. R represents
areducing gas.

1.8. Sensor parameters and factor sinfluencing Gas Sensing

In order to characterize sensor performance a set of parameters are used [45]. The most
important parameters and their definitions are listed below.

Sensitivity: It is a change of measured signal per analyte concentration unit, i.e., the slope
of acalibration graph. This parameter is sometimes confused with the detection limit.
Selectivity: It refers to characteristics that determine whether a sensor can respond
selectively to agroup of analytes or even specificaly to asingle analyte.

Stability: It is the ability of a sensor to provide reproducible results for a certain period of
time. Thisincludes retaining the sensitivity, selectivity, response, and recovery time.
Detection limit: It is the lowest concentration of the analyte that can be detected by the
sensor under given conditions, particularly at a given temperature.

Dynamic range: It is the analyte concentration range between the detection limit and the
highest limiting concentration.

Linearity: It is the relative deviation of an experimentally determined calibration graph
from an ideal straight line.
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Resolution: It isthe lowest concentration difference that can be distinguished by sensor.
Responsetime: It isthe time required for sensor to respond to a step concentration change
from zero to a certain concentration value.

Recovery time: It isthe time it takes for the sensor signal to return to itsinitial value after
a step concentration change from a certain value to zero.

Working temperature: It is usualy the temperature that corresponds to maximum
sensitivity.

Hysteresis: It is the maximum difference in output when the value is approached with an
increasing and a decreasing anal yte concentration range.

Lifecycle: It isthe period of time over which the sensor will continuously operate.

All of these parameters are used to characterize the properties of a particular material or
device. Anidea chemical sensor would possess high sensitivity, dynamic range, selectivity and
stability, low detection limit, good linearity, small hysteresis and response time, and long life
cycle. Investigators usually make efforts to approach only some of these ideal characteristics,
disregarding the others. On one hand, this is because the task of creating an ideal sensor for
some gases is extremely difficult, if at all possible. On the other hand, real applications usually
do not require sensors with all perfect characteristics at once.

There are several parameters that have to be considered affecting the sensitivity, starting
from operation temperature, humidity, thickness of samples, microstructure, catalysts, gas
concentrations, chemical composition, etc.... According to our experience in this work, we can
assume that, the two major factors are microstructure and temperature, which are discussed in
the following sections.

1.8.1. Microstructure

The operating characteristics of solid state gas sensors are determined by both receptor
and transducer functions. The last function is very important, because it determines the
efficiency of chemical interactions conversion into electrical signal. Therefore, it is very
important to synthesize metal oxides with optimal morphological and structural properties.

Important factors in the transduction process include the microstructure of the sensing
surface, the chemical interactions occurring on the surface and the operating temperature. The
microstructure of a sensor material isimportant for two reasons [45]:

Microstructure affects the distribution of adsorption sites.
Microstructure will affect electrical transport properties.
If it is possible to decrease the crystallite size of SnO- particlesto a sufficiently small value,
the gas sensitivity would be increased, as it was observed that the gas sensitivity of tin oxide-
based elements wasinversely proportional to the crystallite size. This behavior can be extended
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to other materials as well. Moreover, since SnO» sensors are usually operated at temperatures
above 200°C in the presence of oxygen, their long term stability requires thermodynamically or
kinetically stabilized interface structures.

Chemical reactions occurring on the surface are transduced to electric signals by means of the
electrodes in contact with the sensitive material. Reactions may occur at different points of the
sensors, depending on its morphology. Two cases may be distinguished:

Compact and structurally homogeneous sensitive layer, in which the electron flow is
paralel to the solid-gas interface, or even to the space charge layer; thus, the interaction
with the gases occurs just on the top of the surface (see Fig. 1.7, such layer is obtained by
most of the techniques used for thin film deposition);

Porous and not thin sensitive layer, made of partialy sintered grains, where electrons are
forced to overcome the inter-granular barrier; therefore, in this case, a certain thickness of
material is available for reactions, because of the porosity, and the active surface is higher
in comparison with thefirst case (see Fig. 1.8, such layer istypically athick film or apellet).

Ec

Ec = Conduction band :

e I

Eb= Minimum of conduction band

t
Er= Fermi level High resistance due 1o '
depletion of surface

Metal Meial etal

Low resistance due to
lack of surface influence |

Y | SR VR VRS R NS | e F
(a) Before adsorption of Oz (b) After adsorption of Oz

Fig. 1.7. Gas detection in adensely packed thin film. Energy band diagram, both in the absence
of gases (left); and in an oxygen rich atmosphere (right) [46].

In adensealy packed thin film (Fig. 1.7), under gas adsorption a depletion region near the
surface appears. In this case, the behavior of the conductance is that of a bulk trap limited
conductance in alayer of variable width (film thickness-width of the surface charge region), in
which the activation energy for conductance would be the donor energy [47]. Depending on the
coverage by chemisorbed species and film thickness, the whole film can be depleted of
electrons. In this case, conductance is surface trap limited, i.e., the conductance is determined
by the equilibrium between conduction band states and surface states. The activation energy for
the conductance would be the surface state energy [47]. In this case, conductance is directly
affected by surface reactions.
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Ec = Conduction band, Es= Minimum of conduction band, Ef= Fermi level

Metal

(a) Before adsorption of Oz (b) After adsorption of Oz

Fig. 1.8. General scheme of a porous sensor containing both grain boundaries and necks in the
absence of gases (left); and in the presence of oxygen (right) [46].

The case of a porous body (thick film) is qualitatively different (Fig. 1.8). The porous
body is formed by low-resistance paths through the bulk of the crystallites, alternating with
higher resistance constrictions at the points of contact. Severa cases may be considered,
depending on the microstructure of thefilm or pellet [47], being formed by grainsinterconnected
by grain boundaries, the typical situation described in thick films or pellets.

In this situation, the bulk of each grain can be considered neutra such that, an ohmic
behavior is expected. At grain boundaries charge is trapped from the ambient and depletion
regions devel op. The conductivity would belimited by charge transport across Schottky barriers
by thermionic emission, or usually, by tunneling less. The activation energy for conductance
would be the barrier height and would be directly affected by the charge and fractional coverage
of the surface species. A schematic representation of the pellet and thin films situations is
depictedin Fig. 1.9 [49].

Gas Product Bas Product G Gas Product o

. ; dalla )T |y ar
hin film (Compact laver) Pellet (Porous layer)

Fig. 1.9. Schematic layout of atypical resistive gas sensor.
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The other situation in thick films, less common, is when the film is formed by grains
interconnected by necks; in this case, surface states corresponding to the gas species adsorbed
cause a depletion zone extending to a certain depth. Fig. 1.10, shows the various regimes that
are of interest in sensors based on the relative values of the neck width and the Debye length.
Park and Akbar [49] proposed that, the inter-granular contacts between particles can be
classified into three categories: open neck, closed neck and Schottky contact-type connections.
Specific conductance model s are associated with each category of inter particle connection. Fig.
1.10 includes the inter particle models of Park and Akbar, as well as the regimes based on
characteristic grain and particle sizes proposed by Shimizu [50].

The dramatic dependence of sensor sensitivity on particle size can be understood by
considering the sizeregimesoutlinedin Fig. 1.10. Asthe crystallite dimension decreasesrelative
to the Debye length of the electronsin the material, the sensor conductance becomes dominated
by the high resistance of the inter particle necks. Under these conditions, the sensor sensitivity
isavery strong function of the necks size between particles.

not sintered ) * Barrier type resistance between particles
no necks, adiaccut par‘ticics ' / * Sensor conductance is in the grain boundary
regime

. . * High resistance in open neck
. ( * Interparticle conductance is in the surface
— Lo>> —} |
Lo neck width / trap limited regime
" * Sensor conductance is in the grain control
]'L‘_I;."'IFI'IL'

- . * High resistance in open neck
- ) Lo~ neck width —) | * Interparticle conductance is in the surface
necks between pE\I‘IIChSS \ J/ trap limited regime
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Fig. 1.10. Schematic indicating the conductance mechanisms important in the various SnO>
crystallite size regimes, relative to the SnO: electron Debye length, LD
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Additionally, high surface to volume ratio is also crucial parameter. However, high
surface to volume ratio can be obtained not only by reducing grain size, but aso by highly-
ordered pore structure such as mesoporous structure or nano tube arrays. The very high surface/
volume ratio of mesoporous materials has attracted much attention in the application of gas
sensors [51, 52]. However, the most of such mesoporous structured metal oxides are not stable
after the removal of surfactant and pore structure would collapse at high temperature [52]. High
surface areas make them excellent supporting materials, which can obtain well-dispersed gas
sensor materials or catalysts.

Some genera aspects were assigned for the functioning and employing of these materias in
their different shapes, being single crystals, homogeneous thin films, porous thick films or
partially synthesized grain layers [53]:

The presence of oxygen is even necessary, in order to detect burner gases,

As the temperature becomes higher, the sensitivity to a particular gas increases until it
reaches a maximum vaue, afterward it decreases, approaching to zero for higher
temperatures,

The response in function of temperature is a logarithmic curve in a wide range of
concentration, therefore low gas concentrations give an high differentiation, while this does
not occur with greater concentrations;

The response time to a rapid variation of concentration depends on both the nature of the
gas and the working temperature; a quick starting response is often followed by a slower
approach to the equilibrium (several hours in some cases);

The response to burner gases is generally non selective;

The presence of water vapor ponderously affects the response.

1.8.2. Temperature

Temperature has pronounced effects on the sensitivity of SnO, gas sensors, as it
influences the physical properties of semiconductors (change of the free carrier concentration,
Debye length,...), but also because every reaction taking place at the surface, as well as the most
probabl e species adsorbed and, hence, the reaction sites, are temperature dependent. In the case
of gas sensing application, we are concerned about the temperature effect on the properties
related to the processes occurring at the surface of the sensor. For example, Adsorption and
desorption processes are temperature activated processes, as well as surface coverage by
molecular and ionic species, chemical decomposition, reactive sites.

In this way, dynamic properties of the sensors such as response and recovery time and
the static characteristics of the sensor depend on the operation temperature. Every sensor
presents an optimum operation temperature because, the electrical conductivity of metal oxides
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is dependent on gas adsorption which changes with change in the temperature. However, the
interpretation of adsorption mechanism depending on the temperatureis still controversial [54].
Two models have been proposed until now: thefirst oneis based on oxygen ionosorption, while
the second one on oxygen vacancies. Gas sensor response can be interpreted by both these
mechanisms, which can be applicable at the same time [55].

At temperatures within 100 °C and 500 °C, the interaction between the surface of an n-
type semiconductor, e.g. SnO., and atmospheric oxygen leads to its adsorption in the form of
molecular (O™2) and atomic (O~ and O%") ions. lonosorption does not envisage chemical bond:
the adsorbate is electro statically stabilized in the vicinity of the surface and acts as surface state,
trapping electrons from the conduction band [56-59]. Oxygen adsorption can be described in
the equations 1.3 and 1.4.

Oz (gas) + € ==> O, (ads) (1.3)
Oz (ads) + & ==> 0%, (ads) ==> 20" (ads) (1.4)

The molecular form is supposed to be dominant below 150 °C, while above this
temperature the atomic forms dominate [ 38]. However, we usually do not consider O?", because
such a high charge on theion can give instability, and O™ is reckoned to be as the most reactive
species in presence of reducing gases [37].

The presence of adsorbed oxygen ions leads to the formation of a depletion layer at the
surface of tin oxide and to a high resistance. When reducing gases, such as CO, approach the
surface of the sensor, they react with the oxygen ions and rel ease el ectrons, which return to the
conduction band. The final effect will be a decrease of resistance and thus increase of sensor
conductivity. Temperature effect on the sensitivity of the doped semiconductors with their
corresponding possible explanations were tabulated in Table. 1.4.

Thus, in general, for a given additive, its distribution through the support and loading
will have important effects on the device response in addition to that arising from the nature of
the catalytic materia itself. Indeed, it has been observed that the maximum gas sensitivity
depends, for a given metal additive, even on the loading method (fixation, impregnation, metal
evaporation...) [60] and the genera response isinfluenced not only by the chemical state of the
catalyst but also by its crystalline structure [61, 62].

On the other hand, the operation temperature of the sensor can also determine the real
function of the additive as, for example, spill- over can only occur at certain temperatures, which
may depend on the gas.
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<100

Temperature(°C) | Possible explanations with doping for sensing \

The rate of CO and oxygen adsorption is high

The magnitude and growth rate of the conductivity under CO are
maximum.

The response time is minimum.

100-300

Desorption rate increases, and the superficial migration of the
oxygen and the reactants at the tin oxide surface becomes possible,
corresponding to a chemical sensitization by spillover effect.

The response time grows and the conductivity curve does not reach
the saturation

>300

The oxidation of CO becomes possible on al the surface of tin
oxide.

The area of the working surface increases and the saturation value
Is quickly reached.

Quantity of adsorbed CO in this temperature range is smaller,
leading to a diminution of the conductance

Table. 1.4. Effect of temperature on the sensitivity of the doped semiconductor

Finaly, the fundamental principles underlying how the additives lead to the
enhancements of sensor performance are still not well understood. Advances are aso
complicated by the fact that the additives probably play multiple roles in augmenting the sensor
performance. Consequently, the methods for how to select an additive and design the combined
sensor/additive morphology remain achallenge.

1.9. Differences between thin films and pellets

In this section will tabulate the differences between the films and pellets which resumes
out the advantages and disadvantages of both films and pellets. Table. 1.5 below shows the
differences between the films and pellets.

Eme T Rdles ]
Formed by finely dispersed particles of very small size Composed of poorly bounded grains of variable sizes
very densely packed, forming a quasi-continuouslayer (see Fig 1.8)

(seeFig 1.7)

Presents a lesser effective surface area for gas Presents a higher effective surface area for gas
adsorption compared to pellets adsorption

Will have a higher speed of response Will have lower speed of response due to the gas

diffusion into the bulk
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The steady state positions achieved faster which
avoids theimpartation of the absorbed molecules from
the surface.

Low power consumption

Substantially contaminated

Less sensitive

Robust

Less productivity due to the cost

Prepared by sputtering or electron beam evaporation to
deposit a thin film onto an electrically and thermally
insulating substrate

Different densification of the film can be obtained by
using different deposition techniques

Substrate effects are possible after 450°C

Highly expensive

The adsorbed molecules can leave back in the gas
phase if overcome some potential barrier determined
usually asthe heat of adsorption (temperature effect)
higher power consumption

L ess susceptible to contamination

More sensitive

Fragile

High productivity and automation

Prepared by pressing and sintering pellets

These are always porous bodies or layers

No substrate effects
Less expensive

Table. 1.5. Differences between films and pellets.
1.10. Reasonsfor sensing carbon monoxide (CO) and propane (CsHs)

Tin dioxide (SnOy) isthe commonly used gas sensing material. It is an n-type granular
material whose electrical conductivity is dependent on the density of pre-adsorbed oxygen ions
on its surface. The resistance of tin dioxide changes according to the variation of gas
concentration (e.g., liquefied petroleum gas (LPG), methane (CHa), carbon monoxide (CO) and
other reducing gases [63, 64], while the relationship between resistance and target gas
concentration is nonlinear [65]) Other Metal Oxide Semiconductors (MOS) (e.g., tungsten
trioxide (WQOs)) are also widely used for gas sensing. Anodic tungsten oxide applying
electrochemical etching of tungsten shows excellent responses towards hydrogen (H2) and
nitrogen oxide (NO) [66] [121]. However, the response of pure WOs to NH3 is rather poor, and
because of the interference from NOy, the selectivity of WOs sensors for NHz is low. In order
to implement WOz in gas sensing, WOs should be decorated with copper and vanadium as
catalytic additives to improve the response, and the abnormal behavior of sensors should be
eliminated [67] [122]. Others like titanium dioxide (TiO>) are also used as sensitive layers for
their sensitivity in terms of dielectric permittivity to gas adsorption [68] [123].

1.10.1CO

COisapoisonous, colorless, odorless, and tasteless gas. It isacommon industrial hazard
gas produced from the incomplete burning of gasoline, wood, coal, propane, natural gas or any
other system that are powered by carbon-based fuels. Gas leak detection is a manner of
constructive testing of dangerous combustible gases. L eaks can easily result from poor seals and
connections, as well as from inadequate welds. The Immediate Danger to Life and Health
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Concentration (IDLHC) concentration for CO, 1200 ppm, is much higher than for most other
toxic gases, making it relatively safe to handle [69].

COisaso one of the main gases of interest in the field of gas sensor applications. Itisa
target gasin case of fire detection, incomplete burning, etc aswell as an interfering gas because
of its high reactivity with semiconductor gas sensors. Because of this, it ismostly chosen besides
H> to characterize sensor performance. In addition, the physical and chemical properties of CO
facilitate investigations monitoring CO and its typical reaction product CO». A person suffering
from carbon monoxide (CO) intoxication may first experience euphoria (similar to the effect of
amartini or two), then headache, followed by nausea and possibly vomiting as the concentration
of carboxy hemoglobin in the blood increases.

1.10.2 C3Hs

Propaneisanaturally occurring gas composed of three carbon atoms and eight hydrogen
atoms. It is created along with a variety of other hydrocarbons (such as crude oil, butane, and
gasoline) by the decomposition and reaction of organic matter over long periods of time. After
it isreleased from oil fields deep within Earth, propane is separated from other petrochemicals
and refined for commercia use. Propane belongs to a class of materials known as liquefied
petroleum gases (LPGs), which are known for their ability to be converted to liquid under
relatively low pressures. As a liquid, propane is 270 times more compact than it is as a gas,
which alowsit to be easily transported and stored as aliquid until ready for use.

At air concentrations below 1000 ppm propaneis virtually non-toxic. Brief exposuresto
10,000 ppm cause ho symptoms; 100,000 ppm can produce slight dizziness after afew minutes
of exposure, but is not noticeably irritating to the nose and throat. Close range contact with
liquefied propane gas may cause injury characteristic of a thermal burn with swelling, fluid
accumulation and extreme redness. Tissue death and gangrene may also develop.

There are no work reported, to the best of our knowledge that deals with the sensing
mechanism of C3Hgon semiconductor surfaces. Sensor measurements performed with CzHg and
other hydrocarbons showed the same dependencies on humidity as Methane (CH4) [70].
Generally, the rate-limiting step in hydrocarbon sensing is the separation of a hydrogen atom
and the subsequent adsorption of the respective alkyl rest. As the C—H binding energy of
methane is the biggest among the class of hydrocarbons (443 kJ/mol compared to 413 kJ/mol
for primary CH bonds of higher alkanes [71]) the reactivity of higher respectively branched
hydrocarbonsis higher [72].
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In this chapter, we present a resume of physical properties of SnO. and the different
dopants used in our work and the criteriafor choosing these dopants. Also we will discuss about
the sensing reactions of the carbon monoxide and propane with the SnO> surface. The
advantages of the synthesis techniques and the doping methods utilized are also presented.
Finally, a survey about the SnO, material in gas sensing applications is demonstrated.

2.1. Material properties of SnO2

Tin oxide (SnO») is a multifaceted materia having diverse uses in optoelectronic
technology [ 1], consequently leading to almost inexhaustibl e literature [ 2]. SnO> have also been
proposed as an alternative anode material with high energy densities and stable capacity relation
in lithium-ion batteries [3-6]. Tin oxide is a native n- type wide band gap semiconductor (Eg =
3.6 eV) and its electrical properties strongly depend on its stoichiometry (Sn: O), on the nature
and amount of impurities or dopants present, and on its size as well as shape of nanostructures
[7-9]. SnOz isinvariably anion (oxygen) deficient; and oxygen vacancies are mainly responsible
for making available free electrons for the conduction process [ 10], which makes SnO; adequate
for gas sensing applications.

Tin oxide has also been one of the first considered and still has shown very high
sengitivities towards many different reducing gases, such as Hp, CO, CsHs, H2S, other
hydrocarbons, and alcohols [11, 12]. As we mentioned in section 1.9, thin or thick film gas
sensors produce compact structures, which can limit the sensor sensitivity [13, 14]. Its
sensitivity can be further improved by increasing the surface area. Therefore, we have utilized
SnO; pelletsin our work, which are comprised of porous nano structured SnO> powders with a
high surface/volumeratio, and asmall crystallite size. Pellets with these characteristicswill lead
to easy gas transport and interesting electrical properties [15-21].

2.1.1. Crystalline structure of SnO>

The structure of tin oxide is shown in Fig. 2.1. Tin oxide is formed in the structure of
rutile, the spatial group being P4/mnm. The unit cell istetragonal, it consists of six atoms — two
tin and four oxygen atoms. The lattice parameters a, ¢ and intrinsic parameter u. The atoms of
Sn are located in the bee-positions (0, 0, 0) and (1/2, 1/2, 1/2) and are surrounded by oxygen
atoms being in the positions + (u, u, 0) and £ (1/2+u, 1/2-u, 1/2) to form adistorted tetrahedron.
The optimized cell parametersreported are asfollows; a=b=4.738A, c= 3.188A and u=0.30756
[22-24]. Inthe bulk all Sn atoms are six fold coordinated to threefold coordinate oxygen atoms.
SnO- is an anisotropic polar crystal, [25, 26] whose unit cell contain 6 atoms, 2 tins and 4
oxygen. Each tin atom is at the center of six oxygen atoms placed approximately at the corners
of aregular slightly deformed octahedron, and three tin atoms approximately at the corners of
an equilateral triangle surround every oxygen atom [27, 28]. If tin oxide was completely
stoichiometric, it would be an insulator. However, in practice, prepared tin oxide powders
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contain a significant number of oxygen vacancies, making electrons available for conduction
[29]. The mobility of the conduction electrons reported for pure SnO; is around 160 cm?/V's
[30].

Tinoxidesinglecrystalsexpose mainly { 110} and { 101} faces[31]. The(110) and (101)
SnO- planes are the most favorable planes for gas sensing applications, because of the presence
of dangling bonds at the surfaces. Consequently, these two faces are the most studied single
crystal surfaces and we address their propertiesin the following.
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Fig. 2.1. Unit cell of SnO,, green atoms corresponds to Sn atoms and the white atoms
corresponds to oxygen.

2.1.2. The (110) surface

This ideal surface is nonpolar and exposes five-coordinate Sn** cations in the second
atomic layer (one coordination vacancy) [32]. Heating the stoichiometric SnO. surface in
vacuum to temperatures up to 450 °C removes only the top-layer, bridging oxygen anions. The
coordination of the newly exposed tin cations associated with the "bridging oxygen vacancies®
drops from six to four, with an apparent change in oxidation state from Sn** to Sn?* [33-35].
Further heating to temperatures above 450 °C removes some lattice or in-plane oxygen anions
from what wasinitially the second atomic layer. Oxidation process prior to the high-temperature
(e.g., 676 °C) annealing produces a less-defective surface with an estimated 20% in-plane
oxygen vacancies [ 36, 37].

Fig. 2.2 shows a ball-and-stick model of the SnO, crystal structure in (110) plane.
Complex surface reconstructions are being observed on this surface. The (110) surfaceislikely
to behave in a similar fashion and easily loose surface oxygen, however, the different atomic
coordination of the (101) surface allows for an adaptation of a reduced surface composition
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without restructuring of the surface atoms. The easy loss of surface oxygen can be understood
by the dual valency of Sn that allows the transformation of surface tin from Sn* to a Sn?*
valence state if oxygen is removed. As long no reliable structura model exists any further
surface science studies on this structure seem futile.

Fig. 2.2. Ball-and-stick model of a cross-sectional view through a SnO> crystal with a (101)
orientation. The (110) surfaceis at the top. Green atoms corresponds to Sn atoms and the white
atoms corresponds to oxygen.

2.1.3. The (101) surface

Apart from single crystal termination in an equilibrium crystal shape, it is also the
dominant termination for SnO2 nano-belts [38], and is the face that grows epitaxially on r-cut
alumina substrates [ 39, 40]. In many applications such as |ow-emissive coatings and solar cells,
the tin oxide layers are chemically doped, for example, by fluorine or antimony, to further
enhance the conductivity [41]. The dual valence of tin allows the formation of surfaces with a
Sn?* or a Sn™ termination. The conversion from one Sn-charge state to the other is particularly
easily accomplished on the (101) surface because of the atomic stacking in this crystallographic
direction.

Fig. 2.3 shows a ball-and stick model of the SnO- crystal structure in (101) orientation.
It can be seen that the atomic stacking along the (101) direction can be described as O-Sn-O tri-
layer. A stoichiometric sample will terminate in an oxygen layer and thus the surface Sn will
retain its Sn™ bulk valency. However, it can be seen from Fig. 2.3 (b) that removal of the surface
oxygen layer resultsin a Sn-O surface, where the surface Sn needs to adopt a Sn?* charge state.
Thus by simple addition or removal of the surface oxygen layer the surface Sn can convert from
Sn** to Sn?* and vice versa. For the (110) surface the sample cannot easily convert from one Sn
valency to another and this may be one reason for the complex surface reconstructions observed
[42]. On the (101) surface no reconstructions are necessary to go from a Sn* to a Sn?* surface.
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Fig. 2.3. Ball-and-stick model of a cross-sectional view through a SnO> crystal with a (101)
orientation. Green atoms corresponds to Sn atoms and the white atoms corresponds to oxygen.

2.1.4. Advantages of tin oxide as gas sensor

One of the main advantage of tin oxide is the ease with which stoichiometry can be
created in the material. A fine control over the defects gives rise to the desired chemical and
physical properties, which can be used for gas sensing purposes. Moreover, sensitivity and cross
selectivity profiles can also be tailored to the desired need of application using innovative
techniques. In addition, sensor arrays of tin oxide can aso be patterned; similarly, the flexibility
of synthesizing tin oxide through various precursors can also be used for making automated
sensor arrays by combinatorial method [43].

Apart from this, it is easy to synthesize tin oxide powders with ultra-fine grain size. As
the sensor performance depends upon the micro-structure of sensing material and by con-
sequence of the technology used to produce the material, the performance can be improved
dramatically [44]. Tin oxide sensors are known to be highly sensitive to several reducing gases
intheir trace levels as compared to the other semiconductor materials, further, these sensors can
be easily miniaturized with good mechanical strength [45]. In addition, due to SnO> presents a
direct band gap, transitions are faster, which couple with the high mobility of electrons, resulting
in fast response to small concentrations of gas.

2.2. Interaction of gaseswith SnO:2 pellet surface

This section explains the interaction of pellet with CO and CsHsg gases in detail. The
importance and the reasons for the genera gas leaks and utilization of CO and C3Hs were
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discussed previoudly in section 1.3. The production and risk factors were also mentioned
previoudly in section 1.10.

2.2.1. Carbon monoxide (CO)

Carbon monoxideis considered to react with pre-adsorbed or surface | attice oxygen [47].
IR studies identified that CO-related species i.e. unidentate and bidentate carbonate are
produced between 150 °C and 400 °C and carboxylate between 250 °C and 400 °C [48]. Also
the formation of CO- as areaction product between 200 °C and 400 °C was identified by FTIR
[49]. When CO reacts with the pre-adsorbed oxygen, it releases electrons into the conduction
band (Fig. 2.4 @ as shown in equation 2.1. CO can adsorb on the tin oxide surface (without
consumption and reaction to CO) and cause an electrical effect. The adsorption of CO on the
lattice oxygen is shown in Fig. 2.4b.

CO+0O ==>CO,+¢€ (2.1)

Fig. 2.4. CO interaction (@) with pre-adsorbed oxygen and (b) with surface lattice oxygen.

Thereaction of the CO with the tin oxide surface for different casesisshowninFig. 2.5.
In the absence of oxygen and water (and also in the presence of very small amounts thereof),
CO can adsorb at the surface of the sensitive layer and act as an electron donor (Fig. 2.5). The
release of an electron does not result in alocalized charge, but the electron is rather inserted into
the conduction band of the material, thus increasing the conductivity of the material [50]. The
molecular configuration of the adsorption, i.e. bonding of the carbon or the oxygen atom to a
tin or oxygen of the surface could not be clarified up to now, but is subject to investigation.

When small amounts of oxygen are added (Fig. 2.5), the CO can either be directly
chemisorbed or it can react with ionosorbed oxygen, also resulting in an electrical effect (i.e.
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sensor signal) through the insertion of electrons (originating from the ionosorbed oxygen) into
the conduction band. With larger amounts of oxygen available, this direct chemisorption seems
to be hindered. Thus, at ambient oxygen concentration, the reaction with ionosorbed oxygen is
the only possible reaction.
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Fig. 2.5. Mechanism for the interaction of CO with SnO layer.

2.2.2. Propane (CsHsg)

For propane also the gas sensing explanation is similar as in the case of CO. In the
absence of oxygen and water (or presence of very small amounts), propane can adsorb on the
tin oxide surface (without consumption and reaction to CO») and cause an electrical effect [51].
As SnO; is known to be aweak basic oxide [52] it is assumed that CsHg dissociates to a propyl
group and a hydrogen atom on the SnO- surface as shown in equation 2.2.

CsHs, gas ==> C3H7, ads + H ads (2.2

H ads acts as adonor, in combination with lattice oxygen or it is possible that aremoval of lattice
oxygen takes place at higher temperatures leaving behind an oxygen vacancy [53]. The
adsorption of Propane on the lattice oxygen is shown in Fig. 2.6. Fig. 2.7 shows a proposed
mechanism for the detection of propane. Without oxygen, propane is only dissociatively
adsorbed on the surface. When small amounts of oxygen are added, propane can aternatively
be adsorbed or can be oxidized by adsorbed oxygen ions, thus resulting in a higher electrical
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effect. When large amounts of oxygen are added, propane can only react with adsorbed oxygen,
the adsorption is hindered, possibly through blocking of adsorption sites. This results in an
electrical effect, which is smaller than for small amounts of oxygen.
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H—C—H
| CHs
H |
H—C—H
Sn Sn Sn e Sn Sn sn H
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Fig. 2.6. Proposed adsorption reaction in the absence of pre-adsorbed oxygen.
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Fig. 2.7. Mechanism for the interaction of CsHg with SnO: layer.
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2.3. Homogeneous pr ecipitation

Commercially available SnO. gas sensors mainly are in the form of thick films, thin
films, or pellets. Apart from problems like power consumption, response time and fragility,
pellets are more viable for gas sensors than films. High sensitivity, porosity, surface area, less
contamination and no substrate effects are some of the major advantages of the pellets over
films. The advantages of pellets over thin films and the Metal oxide chemical sensors were
discussed in chapter 1. Also the advantages of choosing SnO- as gas sensor were explained in
section 2.1.4.

Different synthesis methods are reported for the preparation of SnO. powders, for
example, flame spray [54], sol-gel [55], micro wave radiation [56], and conventional
homogenous precipitation [57], among others. Homogenous precipitation employing urea as
precipitant agent and conventional precipitation using ammonia as a precipitation agent have
gained more importance in synthesizing novel phases and fine particulate materials.

Precipitation, formation of a separable solid substance from asolution, either by
converting the substance into an insoluble form or by changing the composition of the solvent
to diminish the solubility of the substance in it. The distinction between precipitation and
crystallization lies largely in whether emphasisis placed on the process by which the solubility
is reduced or on that by which the structure of the solid substance becomes organized. All
precipitation analysis share two important attributes. First, the precipitate must be of low
solubility, of high purity, and of known composition if its mass is to accurately reflect the
analyte’s mass. Second, the precipitate must be easy to separate from the reaction mixture.

Size matters when it comes to forming a precipitate. Larger particles are easier to filter,
and, asnoted earlier, asmaller surface areameansthereisless opportunity for surface adsorbates
(After precipitation is complete the surface continues to attract ions from solution, these are
called as surface adsorbates) to form. By carefully controlling the reaction conditions we can
significantly increase a precipitate’s average particle size. Precipitation consists of two distinct
events. nucleation, the initial formation of smaller stable particles of precipitate, and particle
growth. Larger particles form when the rate of particle growth exceeds the rate of nucleation.
Understanding the conditions favoring particle growth is important when designing a
precipitation method of analysis [58].

Supersaturation is a state of a solution that contains more of the dissolved materia than
could be dissolved by the solvent under normal circumstances. We define a solute’s relative
supersaturation, RSS, RSS= (Q-S)/S, whereas Q is the solute’s actual concentration and Sisthe
solute’s concentration at equilibrium [59]. A solution with a large RSS, has a high rate of
nucleation, producing a precipitate with many small particles. When the RSS is small,
precipitation is more likely to occur by particle growth than by nucleation.
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For gas sensing applications, it is favorable to obtain small particle size. But to form
small particles, the solution RSS will increase, which in turn consumes lot of time. Also as the
precipitate forms the solution RSS becomes less which increases the particle size in general or
conventional precipitation. One solution above problem is to generate the precipitant in situ as
the product of aslow chemical reaction. This maintains the RSSat an effectively constant level.
Because the precipitate forms under conditions of low RSS initial nucleation produces a small
number of particles. As additional precipitant forms, particle growth supersedes nucleation,
resulting in precipitate particles. This process is called homogeneous precipitation [60].The
particle size obtained in this process is lower compared to the particle size formed in
conventional precipitation.

In homogeneous precipitation, we mix the analyte and the precipitant under conditions
where precipitation does not occur, and then increase or decrease the pH by chemically
generating OH~ or H3O". For example, the hydrolysis of ureais a source of OH".

Hydrolysis of urea is temperature dependent (Urea decomposes around 80-90°C). We
can use temperature to control the rate of hydrolysis and the rate of precipitate formation.
Precipitates of SnO,, for example, have been produced by this method. After dissolving the
sample containing Sn*?, is added with solution containing urea. Because the solution is acidic,
a precipitate does not form. The solution is heated to approximately 80-90°C and urea starts
decomposing. After several minutes, a precipitate of SnO> begins to form. The time taken for
precipitation with respect to different molarities was all mentioned in experimental section
(chapter 3).

In case of conventional precipitation, the precipitant is generated by achemical reaction.
For example, the same Sn?" is preci pitated conventionally as SnO, by using Ammonia, NHs, by
forming ammonium, NH4" and CI~. The direct addition of Ammonialeads to rapid precipitation
and the formation of larger particles, the precipitate remains less settled than the precipitate
prepared homogeneously.

A homogeneous precipitation produces smaller particles of precipitate that arerelatively
free from impurities. These advantages, however, are offset by requiring more time to produce
the precipitate and a tendency for the precipitate to deposit as a thin film on the container’s
walls. The latter problem is particularly severe for hydroxide precipitates generated using urea.
As reported by Xu eta. , [61], the average particle size obtained by a conventional
homogeneous precipitation are around 150 and 100 nm respectively. For gas sensing
applications it is essential to reduce the particle size at least to around 20-30 nm. Therefore in
our work we have utilized physical technique, ball milling, to reduce the particle size.
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2.4. Ball milling

Ball milling is a commonly used method of producing fine powder in many industries.
The tumbling mill with centrifugal and planetary action has recently been used to prepare fine
powder from a variety of materias such as minerals, ores, aloys, chemicals, glass, ceramics,
and plant materials. More noticeably, the planetary ball milling can reduce particles to fine
powders based on a mechanical energy transfer, or impact and friction forces through high
hardness ball media [62, 63]. However, its energy efficiency islow, and the power cost is high.
Advantages and disadvantages of ball milling are as follows:

2.4.1. Advantages

Powerful and quick grinding down to nano range
Reproducible results due to energy and speed control
Suitable for long-term trials
High production capacity and crushing ratio
Uniform particle size
Simple structure and easy to operate

2.4.2. Disadvantages

Main advantage of ball milling in synthesis of nano powders is agglomeration of the

particles due to the heat produced in thejar.

Bulky size, running a strong vibration and noise and there must be a solid foundation

Low efficiency and energy consumption isrelatively large

In this research, the improvement of gas sensing properties of SnOx, due to ball milling
of the precipitated powders is investigated. The main reasons for using ball milling are, easy to
reduce the particle size and a so to obtain narrow and homogeneous distribution of particle size.
Experimental conditions and the mechanics of ball milling equipment used are mentioned in
chapter 3. Also, the effect of ball milling parameters on the particle size and aso on the gas
sensing applications are discussed in chapter 4.

2.5. Doping methods

Catalysts/ additives provide another promising direction in the development of gas
sensors due to the possibility of processing materials with unique physical—chemical properties
[64, 65]. The doping of semiconductor by various additives is one of the main methods for
improving gas sensitivity and selectivity, reducing the operating temperature, enhancing the
response rate, etc. Surface-related factors, such as optical, electronic, catalytic, mechanical, and
chemical properties, are the most important and easily influenced by doping in gas sensor
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applications. Doping can be made by using different impurities such as metals, nonmetals and
metalloids. Consequences of semiconductor doping for their parameters are shown in Fig. 2.8.

Methods of catalyst preparation are very diverse and each catalyst may be produced via
different routes. Preparation usually involves severa successive steps. Many supported metal
and oxide catalysts (surface doping) are prepared by the succession of impregnation, drying,
cacination and activation; other catalysts (bulk doping) are prepared by precipitation,
crystallization, washing, ion exchange, and drying.

Surface
architecture

Concentration
of free charge
carriers

Kind of grain
network

Doping

Elemental during Porosity

composition Metal oxide
Preperation

Phase
composition

Fig. 2.8. Parameters subject to modification as aresult of semiconductor doping.
Three fundamental stages of catalyst preparation may be distinguished:
1. Preparation of the primary solid (or first precursory solid) associating all the useful

components (e.g., impregnation or precipitation and crystallization).
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2. Processing of that primary solid to obtain the catalyst precursor, for example by heat
treatment.
3. Activation of the precursor to give the active catal yst: reduction to metal. Activation may
take place spontaneously at the beginning of the catalytic reaction too.
One method which causes bulk doping (Db) is precipitation method. In section 2.3, the
conventional and homogeneous preci pitation process were explained. In all precipitations with
catalysts, it is essential to carefully control al the details of the process including:

1. Theorder and rate of addition of catalyst into the solution.
2. Themixing procedure
3. ThepH variation due to the catal ysts addition.

Active catalytic forms can be obtained conventionally by cation-exchange. Care should
be taken to avoid chemical modifications induced by atoo low or too high pH of the exchange
solution, which can lead to the formation of lattice defects. Protonic sites are generated by
ammonium-exchange (preferably at buffered and slightly basic pH, 7-9) followed by calcination
at 300 — 500 °C. Metals can be introduced via ion-exchange and subsequent reduction or via
adsorption of neutral soluble or volatile species (for example carbonyls).

When a semiconductor is doped either with noble metals or with transition metals,
depending on the method of doping, the metals will be located either in the bulk or surface. In
case of bulk doping (Dy), irrespective of transition or noble metals, the dopants are added during
the synthesis of the MOS, in which, the dopants are considered to be located in the substitutional
or interstitial positions of the semiconductor. The stress and strain produced due to the structural
changes will increase the oxygen adsorption, which in turn increases the gas sensitivity [64].

A method which causes surface doping (Ds) is impregnation method. Impregnation
consists in contacting a solid with a liquid containing the components to be deposited on the
surface. During impregnation many different processes take place with different rates. The type
of product obtained depends on (i) the nature of both reactants (the liquid and the solid surface),
and (ii) the reaction conditions. In impregnation process the following important facts should
be noted:

1. Selective adsorption of species (charged or not) by Coulomb force, van der Waals forces or
H-bonds.

lon exchange between the charged surface and the electrolyte

Polymerization / de-polymerization of the species (molecules, ions) attached to the surface
Partial dissolution of the surface of the solid.

The properties of the liquid in the pores are different from those measured in the bulk
Equilibrium between liquid and solid is slow to establish and even distribution of attached
species inside the poresis not easy to attain

o 0kA~wWDN
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In case of surface doping (Ds), (i) for noble metals, the metal oxide acts as a gas sensing
matrix and the noble metals acts as a catalyst by residing on the surface of the metal oxide, in
the form of dispersed clusters, and (ii) for transition metals, metal oxide acts as a gas sensing
matrix and the transition metal may reside in the form of cluster or act as structure modifier. In
both the cases, an increase of the surface reactivity is possible [65].

In a precipitation process, surface adsorption of excess lattice ions takes place. This
adsorption makes the precipitate’s particles with a net positive or a net negative surface charge.
Electrostatic repulsion between the particles prevents them from coagulating into larger
particles. We can induce coagulation in three ways. by decreasing the number of chemically
adsorbed ions, by increasing the concentration of inert ions, or by heating the solution.

In case of conventional precipitation, if the amount ammonia added is increased then
there is a possibility of increase in the adsorbed ions on the surface which makes the particles
to coagulate. In case of homogeneous precipitation, a temperature around 80 °C is used to
decompose urea, which may also coagulate the particles. Also mixing of dopant solution during
the precipitation (in case of bulk doping), the increase the concentration of the inert ions, which
also makes the particles obtained to coagulate. The methods of coagulation of SnO- particlesis
shown in Fig. 2.9. This formation of necks is because, the temperature, the catalyst, or the
ammonia makes the particles electrically neutral which makes particles to coagulate during
precipitation.
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Fig. 2.9. Parameters subject to modification as aresult of semiconductor doping.
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In our work we have utilized chemica doping by mixing dopants during precipitation
and also impregnation by wetting the powders, to observe the effect of dopants on the gas
sensing properties. The detailed doping procedure with the al conditions are mentioned in
chapter 3 and the corresponding structural, morphological and sensing characteristics were
discussed in detail in chapter 4.

2.5.1. Criteria for choosing dopants Cu, Pt and Pd

The major cataytically active doping additives are noble metals (Pd, Pt, Au, Ag, Rh,
etc.), and transition metals (Fe, Co, Cu, etc.). In general noble metals serve as “catalysts” while
transition metals serve as “accelerators” of various processes [66-68]. Among al the noble
metal s additives, Pt and Pd are the most used dueto their work function values (~5.8 and ~5.4eV,
respectively), and chemical inertness [69-72].

The most important effects of the noble metal addition are the increase of the maximum
sensitivity and lowering the temperature of maximum sensitivity. In thisrespect, Cu isthe most
used transition metal for doping due to two main reasons, primarily, in case of bulk doping,
copper has the comparable radius as tin, radii of Sn** and Cu?* are around 0.71 and 0.72 A",
respectively [73], then, it is easier to replace the tin with copper and secondarily, in case of
surface doping, during the gas sensing process, Cu changes its phase to Cu20O, this phase
transformation or two phase system increases the gas response [ 74]. It should be noted that the
effect of each doping material is complex and is not well studied. A surface catalyst may
increase the concentration of reactants at the semiconductor surface or lower the activation
energy for the reaction, or it may affect both parameters.

2.6. State of art of SnO2 sensors

So far there are many different methods employed by various authors to synthesis SnO2
powders for gas sensing applications [3, 4, 7, 14, and 20]. Also many reviews have been
published about tin oxide sensors, for example, T.A. Miller [75] has resumed in his review
numerous methods used to prepare pure and doped SnO. powders, with their corresponding
particles sizes and sensitivities obtained. The important characteristics of SnO. powders
synthesized by different authors most recently, including the reactant precursor materials used,
the average SnO- crystallite size, and their corresponding sensitivities are provided in Table.
2.1. All the parameters mentioned in the Table. 2.1, were published very recently in 2014-15.

Aswe have explained so far in various sections in chapters 1 and 2 regarding sensitivity
and their influencing parameters, it is important to obtain higher sensitivities while controlling
other parameters like cost of the equipment and sensor operation temperature, which should be
low. Also the having smaller crystallite size is necessary in order increase the surface to volume
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ratio, which subsequently increases the sensitivity. From the Table 2.1 we can observe that, the
minimum crystallite size obtained was around 3.5nm by utilizing chemical synthesis methods.
Also the maximum sensitivity obtained for CO was around 100 and H>S was around 357. The
minimum operation temperature obtained was around 100°C.

Sengitivity (Resistance

SnO:2 synthesis SnO2 Crystallite ration Ra/ Rg at specified
. : Reference
method precursor = size(nm) operating temperature and
mole fraction of target gas)
_ 0
Vapor-liquid-solid  SnPowder ~ ~75-00 o0& 30001?(?8‘1 a10ppm | (e
- 0
Hydrothermal SNCl-2H,0 10 78 at 220 °C and at 100 [77]
process ppm of acetone
Hydrolysis and _ ~80 at 350 °C and at 600
Precipitation  "Ci+-5H20 = opm of CO [78]
H _ 0
Chemical spray SNCl4.5H,0 10 132 at 225 °C and at 400 [79]
pyrolysis ppm of NO»
o ~100 at 350 °C and at 600
Precipitation SnCl4.5H20 14 ppm of CO [80]
One-step _ ~22.69 at 260 °C and at 50
Solvothermal route Sk H ppm of ethanol gas [81]
= 0
Sol-Gel SIClsHO  ~g20 A0 gg”d a5ppm | o
—~ ~ 0
Hydrother_mal SNCla.5H,0 34+0.8 ~357at100°Candat5ppm 83]
synthesis nm of H2S

Table. 2.1. Representative synthesis methods, material characteristics, and corresponding sensor
sengitivity for SnO» systems.

In our work, we have utilized pellets and thick films manufactured with SnO> nano
particles as gas sensors. Therefore we have traced our work by linking and relating our
objectives with the state-of-art. We have employed chemical precipitation method and
subsequent ball milling method for preparing anno particles in order to reduce the cost of the
preparation process and also for obtaining smaller particle size. Also the precursor utilized istin
chloride pentahydrate (SnCl4.5H20), which is also frequently used Sn source. We have
introduced different dopants by using different methods for reducing the sensors operation
temperature. The range of temperatures reported for gas sensors were around 100-350°C,
therefore we have aso tested our sensors in the same temperature range. Another important
factor we observe from literature is selectivity of the sensor, different operation temperatures
results high sensitivities to different gases. Therefore we also employed CO and CzHsg in order
to observe the selectivity. Finally, we aimed to obtain minimum particle size by utilizing
chemical synthesis routes and obtain higher sensitivities as well as selectivity for CO and CsHs,
The detailed experimental procedure and conditions were reported in the upcoming Chapter 3.
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CHAPTER -3
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M ethodol ogies and conditions employed
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Asit has been discussed in the chapters 1 and 2 of this thesis, the study of SnO- as gas
sensing material is motivated because of itsintrinsic properties but also dueto itslow-cost when
compared with actual materials. One of the most important factors affecting the sensing
properties is the presence of metals at low concentrations on SnO». Thus, different metals
promote better responses to different gases and the chemical state of the metals, together with
their dispersion on the SnO: surface are very important for gas-sensing properties.

This chapter deals with the description of the different experimental procedures used to
prepare the tin oxide powders including the metal addition methods that has been devel oped.
Thus, at the first part of this chapter, we explain the synthesis methods of the pure/undoped
SnO. powders. Later in the second part, we explain the different methods used for meta
addition/doping methods utilized. In the third part, the preparation of SnO- thick films is
explained. Finaly in the fourth section, different characterizations techniques used to study the
powders obtained including the home made sensing system are explained in detail.

3.1. Preparation of undoped SnO: pellets

3.1.1. Homogeneous precipitation of tin oxide powders by route R1
Firstly, aqueous solutions of tin chloride pentahydrate, SnCl4e5H20 (J.T.BAKER), and urea,
CH4N20, (Sigma Aldrich) with different molar concentrations (0.05, 0.1, 0.2, 0.3, 0.4, 0.5,
0.6, 0.8, and 1.2 M) were prepared. The molarity calculation is given in appendix C.1.
Then, 1:2 mixtures from solutions with equal molar concentrations (volume proportion:
30ml of tin chloride solution and 60 ml of urea solution) were prepared.
The different mixes were stirred and heated until a temperature of 93 + 5°C was reached;
although the precipitation starts from 80°C.
The resultant precipitates were filtered by using centrifuge 30mins at 4500rpm and remove
the supernatant and add the water and repeat the process for further 4 times.
Dry the washed precipitates in an oven for 24hours at 100°C in order to eliminate the
remaining solvents.
All the powders that are precipitated by route R1 were calcined at three different
temperatures 600°, 800° and 1000°C for 2h in anormal atmosphere.

The list of synthesis conditions (with and without the aluminum foil) and the respective
production yields are listed in Table. 3.1.

It isimportant to draw that, as the solution temperature increases the precipitation rateis
increased as well; however the solution volume is decreased due to the evaporation effect. In
this respect, in order to avoid the loss of solvent, the solution containers were covered with
aluminum foil. Repeatability of our results was tested for 0.4 M (sample with molarity 0.4R in
Table. 3.1).

48



Without

alumina Foil

With

alumina Foil

Molarity before

mixing (M)
SnCly Urea
0.05 0.05
0.6 0.6
0.8 0.8
12 1.2
0.05 0.05
0.1 0.1
0.2 0.2
0.3 0.3
0.4 0.4
0.4R 0.4R
0.5 0.5
0.6 0.6
0.8 0.8

Precipitation

time (min)

90
90
90
90

For mation of

Yield before

precipitate calcination (gr)
No
No
No
No -
Yes 0.20
Yes 0.40
Yes 1.00
Yes 1.75
Yes 22
Yes 21
Yes 2.8
No
No

Table. 3.1. List of synthesis conditions of SnO, powders synthesized by route R1.

3.1.2. Homogeneous precipitation of tin oxide powders by route R2
SnCl4¢5H20 and ammonia (NH4OH) (J.T.BAKER, 28.0-30.0%) were used as precursors.
Feedstock solution was prepared by mixing 0.4M SnCl45H20 with deionized water. The
molarity calculation is given in appendix C.1.
The precipitation was activated by dripping of ammonia into the feedstock solution, until
the pH of the solution reached a value between 11 and 12.
The precipitates were filtered, and then treated in the same way that route R1.
List of synthesis conditions and the corresponding production yields arelisted in Table. 3.2.
In this route the repeatability was checked for 0.7M (Sample 0.7R in Table. 3.2).

SnO, concentration

0.05
0.2
04
0.5
0.7
0.7R
1.0
13

(M)

Volume of Solvent

30
30
30
30
30
30
30
30

(ml)

Volume of Ammonia

4
8

12
17
22
17
25
27

(ml)

Yield before calcination
(an)

0.5

15

25

3.0

5.53

5.55

7.9

13.6

Table. 3.2. List of synthesis conditions of SnOz tin oxide powders synthesized by route R2.
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Fig. 3.1, shows the resume of both routes R1 and R2 synthesis procedure with the
experimental conditions used. It is observed form the figure that the filtering, drying and the
calcination process are similar in both the routes.

|

i |
| | _Midng of SnO; and Urea
P8 Tin 1.2 ratio =

Ulrea (aqg) ﬁ
4

=4

SnCl,.5H,0 (aq)

o(/(;i@
< '!" drop by drop addition 7

E

- of ammonia
Ammonium &‘"

Hydroxide

g Filter and dry After 2 Hrs
— R e _
for 24Hrs at 100°C Calcination "ﬂ!‘

Fig. 3.1. The preparation of tin oxide powders by route R1 and R2.
3.1.3. Ball milling of SnO. powders

The next step consists in ball milling these powders manufactures the pellets used for
gas sensing. In order to optimize ball mill and pressing conditions, approximately 100 g of
SnO- powder were synthesized by both routes R1 and R2 each, to manufacture the pellets. The
initial molar concentration and calcination temperature are optimized to 0.4 M and 800 °C in
both routes R1 and R2 based on the magnitudes obtained by structural and morphological
characterization of the synthesized powders. These optimized conditions are used to prepare the
tin oxide powders in large scale quantities. Detailed explanation of the optimization of the
synthesis parameters are given in chapter 4.

By using SEM characterization of al powders, the SnO, agglomerates size obtained
were around 20-200nm and 15-150nm by routes R1 and R2 respectively after calcination.
Therefore, to reduce the agglomerates size, ball milling was employed. The list of ball milling
conditions with corresponding milling parameters were listed in Table. 3.3. The planetary ball
milling PM 400 by RETSCH (Fig. 3.2) was used in our work.
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Powders Ball/powder Millingtime  Milling speed

preparation route ratio (h) (rpm)
R1 5/1 4,6 and 8 300

5/1 4,6 and 8 400

R2 5/1 4,6 and 8 300

5/1 4,6 and 8 400

Table. 3.3. List of ball milling conditions of al synthesized SnO> powders.

Fig. 3.2. PM 400 Planetary Ball Milling.

3.1.3.1. Mechanics of PM 400

The grinding jars for the planetary ball mill are arranged in such away that each moves
around its own axis and, in the opposite direction, around the common axis of the sun wheel -
all this at uniform speed and uniform rotation ratios. The result is that the superimposition of
the centrifugal forces changes constantly (Coriolis motion). The grinding balls describe a
semicircular movement, separate from the inside wall and collide with the opposite surface at
high impact energy. The impact and friction forces are the reasons for the impressive size
reduction [1]. There are several important variables which complicate analysis of the ball
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milling process in both mills. The amount of deformation achieved for any one ball impact
depends strongly on how much powder is trapped between the balls, whether the impact is
between the ball and the wall of the vial or between two balls, and whether the collision is direct
or glancing. In addition, collisions can cause large local heating, so the process cannot be
regarded as isothermal.

There are many processing variables which can be controlled in a ball milling
experiment: the material used for thevial and the balls, the size and number of balls, the amount
of powder used, the ball to powder weight ratio, the volume filling fraction of the vial,
processing time, average temperature, and for the planetary mills the rotation speeds of the disc
and vials. Each of these variables affects the process, but only some of them affect the relevant
processing intensity. The volume filling fraction, which controls the balls mean free path and
the dominant deformation mechanism. For small filling fractions, the dominant deformation
mechanisms are collisions between the balls and the walls of the vials which cause fast severe
plastic deformation in the processed specimens. When the filling fraction becomes large the
balls are not free to move far enough to collide with each other, and the dominate deformation
mechanism becomes shear deformations from balls sliding over one another. The sliding mode
is less intense than the collision mode.

3.1.4. Alumina incorporation and pellet preparation

After theball milling of the SnO. powders, milling time and speed were optimized (refer
chapter 4) to 6h and 400rpm, respectively, from the magnitudes of particle size estimated
through morphological characterization.

Later, the powders ball milled for 6 h at 400 rpm in both routes (R1 and R2) were mixed
with Alumina, Al2O3, (Sigma Aldrich) manualy in a mortar with SnO2: Al2>Os ratios such as
1.0, 1:1, 2:1, and 4:1. Theideafor mixing the Aluminais both to save the SnO. powders and for
increasing the oxygen trapping. Optimization of the alumina mixing ratio was explained in
chapter 4.

Subsequently, the milled powders prepared by R1 and R2, and Alumina mixed SnO2
powders were pressed by using a manual pressing machine shown in Fig. 3.3. The optimal
pressing conditions, after several trials, were 16 tons during 90 min. The schematic of the dieis
given in appendix C.3. The pressing machine consists of a base, adie of 12 mm diameter with
two die pellets and a piston. Primarily a die pellet is placed in the die followed by the SnO>
powder and then the other die pellet was placed which is closed by the base. Then by placing
the piston on thetop of the die, the required pressureis applied. The pressure should beincreased
inatimely manner, initially 2 tonsis applied and for every increase of next 2 tons, 10 minstime
gap should be maintained. Once the required pressure is reached then leave the die at that
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pressure for required pressing time and the same procedure is followed while releasing the
pressure too.

Fig. 3.3. Manua pressing
machine for manufacturing the
pellets.

.Die

.Piston

.Die pellers

.Base

.Pressure notifier

ok e =

34

3.2. Preparation of Cu, Pt, and Pd doped SnO: pellets

Doped SnO> powders were prepared by using two methods, one is by chemical doping
(D1) and another by using impregnation method (D2). In both the routes, three different dopants
were used namely, Cu, Pt and Pd. Each dopant was tested for 1 and 3 wt% in both doping routes.

3.2.1. Chemical doping (D1)

Firstly, aqueous solution of tin chloride pentahydrate, SnCl45H20 (J.T.BAKER), with 0.4
molar concentration was prepared.

Then, agueous solutions of dopant chlorides, CuCl», PtCl» and PdCl> (Sigma Aldrich), with
1 wt% separately, were prepared. The doping solution calculation is given in appendix C.2.
Feedstock solution was prepared by mixing the agueous tin chloride pentahydrate with its
corresponding agueous dopant solution.

Later, the feed stock solution was treated as the same way that by routes R1 and R2 to obtain
the Cu, Pt and Pd doped SnO2 powders by routes R1 and R2.

All the doped powders obtained were also ball milled for 6 h at 400 rpm.
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3.2.2. Powder impregnation (D2)

Firstly, aqueous solutions of dopant chlorides, CuCl», PtCl, and PdCl, (SigmaAldrich), with
1wt% separately, were prepared. The doping solution calculation is given in appendix C.2.
Then, 1gr of ball milled SnO. powders prepared by route R1 and R2, were wetted with the
corresponding dopant solutions prepared separately.

All the impregnated powders were annealed at 350 °C for 2 h in air to remove the residual

Species.

All the doped SnO, powders were al so pressed, similar to the undoped powders, by using a
manual pressing machine (Fig. 3.3). Also silver contacts were deposited by using thermal
evaporation. All the conditions of the doped tin oxide powders were tabulated below in Table.
3.4.

RouteR 1 Route R2
D1 Cu, Pt, Pd Cu, Pt, Pd
D2 Cu, Pt, Pd Cu, Pt, Pd Table. 3.4. Doping conditions.

D1R1- powders synthesized by R1 and doped by D1
D1R2- powders synthesized by R2 and doped by D1
D2R1- powders synthesized by R1 and doped by D2
D2R2- powders synthesized by R2 and doped by D2

3.3. PREPARATION OF PURE AND Cu, Pt, and Pd DOPED SnO2 THICK FILMS

Firstly, solution A is prepared by mixing 0.5 g of synthesized SnO powder with 7 ml of
ethanol and stirred for 1 h. In parallel to this, solution B is prepared by mixing 0.25 g of
ethyl cellulose, 5 ml of terpineol and 7 ml of ethanol were mixed and stirred too for 1 h.
Feedstock solution was prepared by mixing the solutions A and B and stirred for 45 mins
while heating until the solution reach for 150 °C.

L ater, the obtained SnO; paste was deposited at 80 °C by using doctor blade technique (refer
following section 3.3.1) on a cleaned glass substrate.

All the films deposited were annealed at 250, 350 and 450 °C, to remove the residues of
carbon in the films.

3.3.1. Doctor blade technique
This technique is a chemical wetting processes in which material is applied in liquid
form and then becomes solid by solvent evaporation or coating. Generic term for any sted,

rubber, plastic, or other type of blade used to apply or remove a liquid substance from another
surface, such as those blades used in coating paper. The term "doctor blade” is believed to be
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derived from the name of a blade used in conjunction with doctor rolls on letterpress presses.
The term "doctor blade" eventually mutated into the term “doctor blade” [2]. Doctor blade can
be aplain rod with agap or notch of known clearance. It is placed on the remote end of the panel
to be coated and a suitable amount of paste is placed in front of it. Blade is pulled to the near
end of the panel, leaving a uniform coating. The coating processis shown in Fig. 3.4 below.

Colloidal solution

‘ of NCs Glass substrate Blade

<

Solution J Solution J Film drying
deposition spreading

Fig. 3.4. Doctor blade coating process steps.

Some of the main parameters that can affect the deposition of the film are binder and dispersing
agent, concentration of the paste, viscosity of the paste, type substrate used for deposition, the
coating speed, and the angle of doctor blade. The main advantages of doctor blade technique are
asfollows|[3]:

Ability to deposit predetermined structures by varying experimental conditions
Homogeneity

Low temperature preparation

Low production cost

Large area production

No material wastage compared to spin coating

3.4CHARACTERIZATION
3.4.1 Structural characterization

X-Ray diffraction analysis using a PANalytical diffractometer with CuKa at 20 mA and
40 KV was carried out to identify the phase compound and the crystalline structure. Effect of
calcination temperature was aso observed by using XRD analysis. X-rays have a wavelength
of the same order as the inter-atomic spacing in most crystalline substances. X-ray diffraction
is thus an ideal way of probing the cell structure of a crystalline substance. About 95% of all
solid materials can be described as crystalline. When x-rays interact with a crystalline substance
(Phase), one gets a diffraction pattern.
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In 1919 A. W. Hull gave a paper titled, “A New Method of Chemical Analysis.” Here
he pointed out that “Every crystalline substance gives a pattern; the same substance always gives
the same pattern; and in a mixture of substances each produces its pattern independently of the
others.” The x-ray diffraction pattern of a pure substance is, therefore, like a fingerprint of the
substance. The powder diffraction method is thus ideally suited for characterization and
identification of polycrystalline phases [4]. Modern computer- controlled diffractometer
systems use automatic routines to measure, record and interpret unique diffractograms produced
by individual constituentsin highly complex mixtures.

These patterns were employed to analyze the orientation as well as crystallite size of the
SnO, samples, based on Scherer formula[5], as shown in equation 3.1.

Crystallite Size (D) = 0.89* Wavelength / (FWHM *cos (e)) (3.1

Whereas, 1.54056A is the wavelength, e is the peak position and FWHM (in radians) is the full
width at half maximum (FWHM) intensity of the diffraction peaks.

3.4.2. Morphological characterization
3.4.2.1. Scanning Electron Microscopy (SEM)

SEM, by using an AURIGA equipment, was employed to examine the morphol ogical
characteristics and the particle size of the calcined particles. Also SEM was employed to analyze
the surface morphological characteristics of the Undoped and Doped SnO- powders, and EDAX
analysis was used to confirm the composition of the dopants.

The scanning electron microscope (SEM) uses a focused beam of high-energy electrons
to generate a variety of signals at the surface of solid specimens. The signals that derive from
electron-sample interactions reveal information about the sample including externa
morphology (texture), chemica composition, and crystalline structure and orientation of
materials making up the sample. The SEM is aso capable of performing analyses of selected
point locations on the sample; this approach is especialy useful in qualitatively or semi
guantitatively determining chemical compositions (using EDS). SEM analysisis considered to
be "non-destructive’; that is, X-rays generated by electron interactions do not lead to volume
loss of the sample, so it is possible to anayze the same materials repeatedly [6].

3.4.2.2. High Resolution Transmission Electron Microscope (HRTEM)

All ball milled undoped and doped SnO> powders were analyzed withaHRTEM (JEM-
ARF 200 F) to estimate the shape and particle size, conformation of crystal planes, and the
lattice spacing.
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The basic principle of HRTEM iseasy to grasp [ 7]:

Consider avery thin dlice of crystal that has been tilted so that alow-index direction is
exactly perpendicular to the electron beam. All lattice planes about paralel to the
electron beam will be close enough to the Bragg position and will diffract the primary
beam.

The diffraction pattern is the Fourier transform of the periodic potential for the electrons
in two dimensions. In the objective lens al diffracted beams and the primary beam are
brought together again; their interference provides a back-transformation and leadsto an
enlarged picture of the periodic potential.

This picture is magnified by the following electro-optical system and finally seen on the
screen at magnifications of typically 10°. Thisis how HRTEM is able to provide both
image and diffraction information from a single sample.

The scattering processes experienced by electrons during their passage through the
specimen determine the kind of information obtained. Elastic scattering involves no energy |oss
and gives rise to diffraction patterns. Inelastic interactions between primary electrons and
sample electrons at heterogeneities such as grain boundaries, dislocations, second phase
particles, defects, density variations, etc., cause complex absorption and scattering effects,
leading to aspatial variation in the intensity of the transmitted electrons.

In HRTEM one can switch between imaging the sample and viewing its diffraction
pattern by changing the strength of the intermediate lens. One short coming of HRTEM is its
limited depth resolution. Electron scattering information in a TEM image originates from a
three-dimensional sample, but is projected onto atwo dimensional detector. Therefore, structure
information along the electron beam direction is superimposed at the image plane. Also, the
most difficult aspect of the HRTEM technique is the preparation of samples.

3.4.3. Thickness characterization

The thickness of the prepared thick films are measured using the KLA Tencor P15
profilometer instrument, which is shown in Fig. 3.6. In order to measure the thickness, it is
necessary to create a step in the film. The procedure for creating step in the film is as follows:

Mix Hydrochloric acid and water in 1:1 ratio in a beaker.
Dip the thick film in the above mixture around 30 sin order to etch the film leaving a step
on the glass substrate.

Finally, dry the film using nitrogen to remove the residual solvent from the surface.

3.4.3.1. Working Principle A diamond stylus which moves vertically in contact with a sample
and then moved laterally across the sample for a specified distance and specified contact force.
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A profilometer can measure small surface variations in vertical stylus displacement as a
function of position. A typical profilometer can measure small vertical featuresranging in height
from 10 nanometers to 1 millimeter. The height position of the diamond stylus generates an
analog signal which is converted into a digital signa stored, analyzed and displayed in the
system [8].

Fig. 3.8. P15 profilometer

3.4.4. Electrical characterization

For measuring the electrical response in CO and CzHs, pure silver ohmic contacts, by
using a steel mask, were deposited on all the pure, doped and alumina mixed pellets (pellet
holder was used), and aso for thick films surface by utilizing thermal evaporation technique.

The measurements were made at three different operating temperatures, namely, 100,
200, and 300 °C. Lower operation temperatures do not lead to conductance changes. The
conductance changes were registered by using a Keithley 2001 multi-meter. For controlling the
partial pressure in the chamber a TM 20 Leybold gauge detector was used. The experimental set
up used for measuring resistance of the Pellets and thick films is shown in Fig. 3.5. The
sensitivity of the pellets, S, was obtained by calculating the electrical conductance ratio from
the measured resistance in vacuum (0.23 torr), Gvas, and in the presence of different
concentrations of CO and CzHs, 1, 5, 50, 100, 200, 300, and 500 ppm, Ggas, as shown in equation
3.2

S= Ggas/ Gvac (32)
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Fig. 3.5. Experimental setup for measuring the sensing response.

After receiving signals from a sensor characterization system, these signals need to be
processed. The acceptable and accurate process of these signals requires: (a) full knowledge
regarding the operation of the sensors and nature of signals, (b) posterior knowledge regarding
the recelved signals, and (c) information about the dynamic and static characteristics of the
sensing systems. The characteristics of a sensor can be classified into two: static and dynamic
groups [8].

A significant difference between the static (the sensor temperature should be held
constant with a D.C. heater) and dynamic (the sensor temperature modulated through
oscillation of healer voltage) measurements [10]. In general, the information obtained from
static measurements by chemical sensors is one-dimensional. For example, the change in the
resistance of a semiconductor gas sensor or response and recovery time. The reaction at low
temperaturesis mainly surface reactions, while bulk reactions between point defectsin the SnO>
| attice and gaseous oxygen molecules become important at high temperatures. In both cases, the
first step is the adsorption at active sites (intrinsic point defects like oxygen vacancies, and/or
extrinsic point defects like segregated metal atoms), followed by some surface catalytic
reactions. Similar reactions also occur at grain boundaries or at three-phase boundaries (e.g., a
metallic contacts on surface metallic clusters). All of these reactions involve negatively charged
oxygen adsorbates, either molecular (O2) or atomic (O°), as well as hydroxyl groups (OH) at
different surface sites. But, it is known that static measurements are not selective to detect a
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single chemical speciesin agaseous mixture. Moreover, the response of the sensor in most cases
isinfluenced by the variations of ambient humidity and temperature [ 10].

Other way to improve the selectivity is based on the collection and processing of signals
from arrays of partially selective sensors [11, 12]. The selectivity and sensitivity of a sensor
array can be greatly enhanced by developing various pattern recognition methods [13-15].

In a dynamic system, we determine how to obtain much more information from
molecular recognition by a single sensor which contains abundant information. The key point
in this system is the use of nonlinear dynamics in the chemical sensor, which depends on the
wave shape of the frequency, the duty ratio and the applied voltage [ 16-20]. We can obtain many
useful items of information about the sensing reaction included amplitude and frequency; it is
beneficial to analyze the sensing mechanism for the gases to be tested and to enhance the
selectivity. This can lead both to concentration determination and to compound discrimination
[21-23].

The gas measurement system utilized in thiswork gives only the static characteristics of
the measured samples. In our system since the temperature is controlled by a D.C. heater, and
also it is not possible to obtain a multidimensional information as we explained above, we
categorize our system as a static sensor and all the characteristics were obtained by considering
only the superficial reactions of the semiconductor surface with the gas, irrespective of the
pellets and films thickness.

3.4.4.1. Sepsto follow for sensing the CsHg and CO gases

Switch on the multi-meter, vacuum pump and then the temperature controller.

Place the sample having contacts with Ag in contact with the probes inside the chamber.
Switch/Connect the source to the power supply.

Close the chamber and start the Vacuum bye opening the Vacuum Valve, Let the Vacuum
reach the value less than 5.0 10"t Mbar in case of Propane sensing and 7*107in Carbon
M onoxide sensing then close the Vacuum Valve.

Meanwhile set the temperature to room temperature and once the temperature is decreased
and also if the Vacuum is created in the chamber close the Vacuum Valve.

Now open the gas valve to release the gas (either propane or Carbon Monoxide) into the
chamber that has to be sensed.

Vary the gas pressure from 1 ppm to 500 ppm and the corresponding resistance in the multi-
meter is noted.

Theresistance is noted for each and every gas concentration separately when the changein
resistance (AR) saturates. AR depends on the type of measuring sample.

In case of thin/ thick films, AR saturates after in a time interval of 15 - 45s, whereas, for
pellets, the AR saturates around 30s to 1min.

60



Therefore depending on the sample utilizing, the resistance need to be noted for each
concentration, after the corresponding time intervals.

Now close the gas valve and open the vacuum value and increase the temperature to 100
OC by using temperature controller.

After reaching temperature and desired vacuum repeat the step 6 and step7. Similarly note
the values of resistance at 200 °C and 300 °C.

After noting al the values open the vacuum and the value of vacuum should be less than
4,010 Mbar.

Reduce the Temperature slowly from 300 °C to 0 °C. After decreasing the temperature and
vacuum remove the source plug and clean the chamber with inert gas No.

List of values for CsHg and CO pressures in mbar are tabulated in Table. 3.5.

Pressure (ppm) Propane pressure Carbon monoxide pressure
i (mbar) i)

0 5.3*10-! 7.0%10-1

1 2.7* 100 8.6* 100

S0 2.7%10* 43410
100 5.5¢10" 8.6* 10"
200 1.1* 102 1.7*% 102
300 1.6* 102 2.6* 102
400 2.2¥107 35102
500 2.7710° 4.3%102

Table. 3.5. Pressure conversion table from ppm to millibar for CO and Propane.

3.4.4.2. Incommodes confronted during gas sensing measurements

During the electrica characterization, some difficulties has been faced with the
characterization system, which we are projecting to resolve in future with some minor changes
in the sensing system set up.

The primary difficulty confronted was regarding the response and recovery times of the
sensor. One disadvantage of pellets is the quantity of the material used is more compared to
thick or thin films. Therefore the time consumed fore responding also increases compared to
thick or thin films. Additionally, pellet surfaces are more porous compared to thick and thin
films. Therefore as the detecting gas goes into the pores existing on the surface during the
sensing measurements. Since this is an electron exchange process, the recovery time taken for
the gas entered into the pores will be more compared that of the gas reacted on the surface.
Therefore, theoretically, the recovery time of pellets is more compared to thin or thick films.
The pellets response and recovery times can be decreased by using cylindrical tube type sensors.
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In this work we have not reported response and recovery times. In future by interfacing the
multimeter with a coded program in the computer could resolve this.

The second trouble is regarding the precision of the gas concentration. The volume of

the chamber utilized is around 10L. Therefore, the amount of gas entered into the chamber is
not same as the amount of gas reacted with the samples surface. This can be resolved by
primarily reducing the chamber size and secondarily, employing a horizontal chamber where
the gas flow is parallel to the sample surface. All the characterizations results and their
corresponding mechanisms with discussions were described in upcoming Chapter 4.
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This chapter presents the results and discussion of the devel oped work. The first section
of this chapter explains about the results and their corresponding analysis of undoped SnO>
powders and pellets. The second section presents the results and detailed analysis of the Cu, Pt
and Pd doped SnOo. In the third section, the additional works such as, mixing of alumina with
SnO:. powders and preparation of thick films. Also their sensitivities of alumina mixed Pellets
and thick films were reported. Finally, a comparison of al the sensitivities of pure, doped,
alumina mixed and thick films are compared with their corresponding reasons.

4.1. Undoped SnO2 powders by using R1 and R2 routes

In this section, the structural and morphological properties of the undoped SnO, powders
synthesized by routes R1 (urea as precipitation agent) and R2 (ammonia as precipitation agent)
are reported. Also the gas sensing in carbon monoxide, CO, and propane, CsHs, atmospheres
were reported and analyzed for all the undoped SnO; pellets.

4.1.1. XRD analysis

Figs. 4.1 and 4.2 show the XRD patterns of al as-synthesized and calcined SnO-
powders. Figs. 4.1a and 4.2a correspond to the as-synthesized SnO. samples prepared by R1
and R2, respectively. All the peaks showed in the XRD patterns of Figs. 4.1 and 4.2 are indexed
to the tetragonal rutile structure of SnO- according to the reported datain the JCPDS card (77-
0450), except for un-calcined samples. All spectra show a highly intense peak at 28 = 25.6° that
comes from the tape used as sample holder, and it is the reason for the double peak appearance
in XRD patterns of calcined samples. The different variables used affect the synthesis of tin
oxide powders synthesized by homogenous precipitation. Some of those parameters are
discussed in the following section by examining the XRD and SEM characterization results.

4.1.1.1. Effect of solution temperature on the synthesis of ShO, powders

In R1, solution precipitation stars at atemperature around 80 °C; it is supposed that urea
reacts with water, and it suffers a decomposition reaction into ammonia and carbon dioxide as
shown in equation 4.1 [1].

(NH2)2CO+3H20 > COx+2NH4"+20H" (4.1)

The preparation temperature of the solution was controlled around 93 + 5 °C. Willard
H.H. et a [2] reported that pH increases with increase in temperature, which in turn results in
nucleation and growth of uniform Nano-sized particles. Then, taking into account this assertion,
we consider that temperature controls the precipitation and hydrolysis rate. In R2 the
precipitation it was possible at room temperature, irrespective of molar concentration of the
solutions. In this case the precipitate is formed when a direct drop by drop addition of ammonia
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into the tin chloride agueous solution is carried out. Unlike in R1, the precipitation in R2 is an
acid base chemical reaction, which are shown in equations 4.2 and 4.3 [ 3].

SnCla+ 4NH4OH > Sn (OH) 41 + 4NH4" + 4CI (4.2)
Sn (OH) 4> SnOz+ 2H,0 (4.3)
Here the precipitate remains | ess stable than the precipitate formed by R1.
4.1.1.2. Effect of molar concentration

Thedifferent initial molar concentrations used in both routes are given in Tables 3.1 and
3.2 in chapter 3. Some facts were observed from R1, firstly, the time required for precipitation
increases with the increment in the molar concentration, and the precipitation is inhibited at
concentrations higher than 0.5 M. In respect of molar concentration effect, Ozge Acarbas et a.
[4] reported a TGA anaysis of SnO. powders where states that, as the initial solution
concentration increases, total weight loss decreases as well. That is, in solutions more
concentrated, a higher particle number isformed, and a higher production yield is obtained.

On the other hand, in our case in both routes as the initial molar concentration increased
the production yield of powders before calcination was increased as well (see Tables. 3.1 and
3.2). Additionaly, in both routes there was a tendency to deposit a SnO> thin film on the
container walls, and it is more severe R1. According to X-ray results as-synthesized powders
obtained from solutions with different molarities do not show significant changes (Figs. 4.1a
and 4.2a), since only the (101) appears with aweak intensity. In the case of calcined powders at
molar concentrations higher than 0.2M, the structural results were similar, considering that after
certain molarity, depending on the precipitation agent, the formation of the powdersisinhibited.

4.1.1.3. Effect of calcination temperature

All calcined powders synthesized from both routes showed awell-defined crystallinity,
and no other peaks like Sn, SnO, SnOx, Sn203, SNz04 can be identified; therefore mono-phase,
pure SnO. powders can be synthesized. All spectra of calcined samples suggest a good
crystallinity of the powders. The results show that the calcination is a compulsory process to
obtain the SnO, phase in both routes. As was stated in the Experimental section, powders
synthesized from both routes were calcined at three different calcination temperatures, namely,
600, 800, and 1000 °C. SnO, powders calcined at 600 °C showed good crystallinity, irrespective
of synthesis route (see Figs. 4.1b and 4.2b). According to XRD spectra an increase in the
calcination temperature leads to significant changes in the intensity and sharpness of the peaks
and one extra peak appears aswell, (111). From Figs. 4.1d and 4.2d, corresponding to powders
calcined at 1000 °C, we can observe a higher intensity in the peaks compared with powders
calcined at 600 °C and 800 °C from similar routes; this result can be mainly due to two facts;
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firstly, an better crystalinity in the agglomerated particles at high calcination temperatures, as
can be evidenced from SEM images (Figs. 4.3 and 4.4); and secondly, due to the quantity of
powder on the sample holder during the X-ray analysis.
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Fig. 4.1 XRD analysis of SnO. powders synthesized by route R1; (a) as-synthesized, and
calcined at (b) 600 °C, (c) 800 °C, and (d) 1000 °C
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Fig. 4.2 XRD anaysis of SnO. powders synthesized by route R2; (a) as-synthesized, and
calcined at (b) 600 °C, (c) 800 °C, and (d) 1000 °C.

Many authors observed that a subsequent calcination up to 1000 °C of SnO2 powders
causes a phase transformation from orthorhombic to tetragonal phase [5, 6], which is exactly
proved by us from the X-ray results (see Fig. 4.1 and Fig. 4.2). The XRD peaks in spectra of
powders synthesized by both routes at 800 °C (Figs. 4.1c and 4.2¢), and 1000 °C (Fig. 4.1d and
Fig. 4.2d) are very similar compared to the peaks presented in samples calcined at 800 °C (Fig.
4.1 b and Fig. 4.2b) because of a phase transformation of tin oxide starts at 300 °C and is
completed at 700°C [6]. Thus, al XRD’s of SnO2 powders calcined above 700 °C show similar
results. The above mentioned agglomeration of particles presented at high calcination
temperatures was evidenced in the respective SEM images. From Figs. 4.3d and 4.4d,
corresponding to powders calcined at 1000 °C by routes R1 and R2 with different agglomerate
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sizes around 20-100 nm and 45 — 200 nm, respectively. Further optimization of the calcination
temperature and time may increase the surface area of the particles or else a ball milling of the
calcined powders could also lead to a decrease of the particle size, and consequently to induce
an increasein the surface area [ 7].

4.1.2. SEM analysis

Figs. 4.3 and 4.4 show the SEM images of calcined SnO> powders prepared by R1 and
R2, respectively.

Fig. 43 SEM images at
different magnifications of
SnO; powders synthesized by
route 1(urea) of molarity
0.4M. (a), (b) calcined at 800
9C; and (c), (d) calcined at
1000 °C.

Fig. 44 SEM images at
different magnifications of
SnO. powders synthesized
by route 2 (ammonia) of
molarity 0.4M. (a), (b)
calcined at 800 °C; and (c),
(d) calcined at 1000 °C.
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4.1.2.1. Effect of precipitation agent

As it has been stated, Urea and Ammonia were the two precipitation agents used for
synthesizing the SnO, powdersin R1 and R2, respectively. XRD patterns (Figs.4.1 and 4.2) do
not show noticeable changesin the X -ray spectra. Therefore, the precipitant agents not influence
the structural properties at this stage, even if it could affect the performance of the powdersin
gas sensing applications [ 1].

From SEM results (Figs. 4.3 and 4.4) we can observe that large quantities of relatively
uniform particles are formed. Powders synthesized by R1 present a formation of randomly
arranged crystals at high calcination temperature (see Figs. 4.3c and 4.3d), and irregular sized
sponge like structures at low temperature (see Figs. 4.3a and 4.3b), similar to results obtained
from powders prepared by R2 (see Fig. 4.4). In both routes, at higher calcination temperatures
the sponge like structures are observed and some deep pits are aso observed. Detailed
morphology was not possible due to low magnification of SEM. Powders synthesized by R1 or
R2 and calcined at 800 °C are more porous and uniform as compared with powders calcined at
1000 °C. Many authors reported that, the increase in calcination temperature results not only
increase in particle size but also the agglomeration of the precipitated powders [4, 8].u

At first glance, SEM show a formation of crystals for the powders synthesized by R1
and R2 at higher temperatures (1000 °C). Therefore, we can consider that, for gas sensing
applications, SnO> powders synthesized by R1 and R2, and calcined at low temperatures are
more adequate. Agglomerate size can be decreased by optimizing cal cination temperature or by
using ball milling. Further optimization of the calcination temperature is not possible because
the minimum temperature required to obtain SnO- phase is700 °C, which can be observed form
the XRD analysis.

4.1.2.1 Effect of ball milling on the powders morphology

Aswe mentioned in chapter 2, the main aim for employing ball milling is for reducing
the particle size and also to obtain a narrow particle size distribution. Figs 4.5a and 4.5b
corresponds to the SEM images of the ball milled powders synthesized by R1 and R2
respectively. Both the powders were ball milled for 6 h at 400 rpm.

By comparing the Figs. 4.3 and 4.4 with Fig. 4.5, the average particle size has been reduced
and also the particle size distribution is very narrow. The particle sizes obtained are around 20
and 25 nm for R1 and R2 cases, respectively. It can aso be observed from Fig 4.5 that the
particles formed are more agglomerated. This agglomeration would have occurred due to the
heat produced in the jar during the milling process. By combining XRD and SEM analysis, we
can conclude that,
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Calcination is a compulsory process in order to obtain SnO phase for all the powders
synthesized by routes R1 and R2.

Optimized calcination temperature is 800 °C, because, at 600 °C &l the SnO, phases are not
obtained. Whereas at 1000 °C, the particles size obtained are very high.

Optimal initial molar concentration in both the routesis 0.4M. In case of R1, after 0.4M, no
precipitate is formed. In case of R2, no structural changes were obtained with respect with
the changein initial molar concentration.

Narrow particle size distribution is achieved by employing ball milling technique. The
particle size reduced from 150 to 20 nm approximately for the powders synthesized in both
routes.

= 100 nm

Fig. 4.5 SEM images of ball milled SnO. powders synthesized by (a) R1 and (b) R2 with initial
molar concentration of 0.4M, calcined at 800°C.

In order to have more detailed analysis of the particles synthesized and also to optimize
the ball milling parameters like milling time and milling speed, HRTEM analysis of the milled
powders are carried out.

4.1.3. HRTEM analysis

In order to obtain the more detailed structural and morphological information of SnO>
crystals, HRTEM analysis was performed. Fig. 4.6a shows a HRTEM image of the ball milled,
R1 prepared SnO> powders for 6 h at 400 rpm. In this figure we observe the fringes, which
correspond to the crystal planes of the SnO». By using the Digital Micrograph 3.7.0 software,
designed by Gatan Team we have estimated a lattice spacing of d = 3.35 A, corresponding to
the (110) main plane of SnO». This can also be estimated from the XRD spectrum and the
Bragg'slaw, and it isalso reported in the datasheet of SnO. in JCPDS card (77-0450). Fig. 4.6b
shows the reconstructed IFFT image of the Fig. 4.6a. In this image we can clearly observe the
lattice fringes and the edge or boundary region between the two crystals, which is marked in
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blue line. The discrepancies in the fringes were observed where the two crystals contact. The
two main planes of SnO» are (110) and (101). The dual valence of tin allows the formation of
surfaces with a Sn?* or a Sn** termination. The conversion from one Sn charge state to the other
is particularly easily accomplished on the (101) surface because of the atomic stacking in this
crystallographic direction [9]. For the (110) surface the sample cannot easily convert from one
Sn valency to another and this is one reason for the complex surface reconstructions observed
and also (110) is the most stable plane compared to (101) because it has the lowest density of
dangling bonds [10], therefore the complex surface reconstructions are easily possible. In our
case we measure the surface resistivity change with respect to gas concentration. Therefore
(110) plane is the preferentia orientation for gas sensing applications. The SnO, (110), (101)
surfaces are mentioned in chapter 2, Figs 2.2 and 2.3.
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Fig. 4.6. (@) HRTEM image indicating the lattice spacing and the corresponding orientation

plane. (b) Reconstructed IFFT image of (a).

4.1.3.1. Optimization of ball milling parameters

Figs. 4.7a-c show the TEM images of R1 prepared SnO. powders, milled at 300 rpm for
4, 6 and 8 h, respectively. All powders milled at 300 rpm show a similar particle size, around
50-70 nm, irrespective of the milling time, but powders milled for 6 h are less agglomerated.
From Figs. 4.7a and 4.7c some clusters formed by agglomeration of tetragonal shaped SnO»
particles can be observed and a so the particles are not uniformly distributed; which might lead
to asmooth surface and consequently to less sensitive pellets. In case of ball milled powdersfor
6 h at 300 rpm (Fig. 4.7b) the agglomeration of the particlesisless and a uniform distribution
of particle size is observed as compared with the ball milled powders for 4 and 8 h. A similar
behavior is observed in R2 prepared SnO2 powders, milled at 300 rpm with different milling
times.
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Sinceal SnO; powderswere calcined at 800 °C, it can believed that, the high calcination
temperature caused the agglomeration of the particles. Therefore milling time for 4 h is not
enough to separate or distribute the particles. The agglomeration at milling time 8 h could be
due to the heat produced in the ball milling jar. Therefore, the optimum milling time is chosen
as 6 h and varied the milling speed. Agglomeration of the particles at amilling time of 6 h can
be reduced by increasing the ultra-sonication time while preparing the samples for the HRTEM
anaysis.

Fig. 4.7 TEM images of the powders ball milled at 300 rpm for (a) 4, (b) 6, and (c) 8 h.

Both Figs. 4.8aand 4.8b show the TEM images of the R1 prepared SnO. powders milled
at 400 rpm for 6 h with identical magnification. The average particle size obtained for these
powdersisaround 30-40 nm (Fig. 4.8b), whichislittleless particle size compared with powders
milled at 300 rpm. From the Fig. 4.8a it can also be observed that the particles are clearly
tetragonal. Additionally, the agglomeration is much less compared to the powders ball milled at
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300 rpm. A smaller amount of agglomerates were observed as aresult of having ahigher milling
Speed.

Fig. 4.8. TEM images of the ball milled powders at 400 rpm for 6 h. (a) shape confirmation, and
(b) distribution of particles.

Therefore until now, from the structural and morphological analysis, we can conclude
that, powders synthesized by routes R1 and R2 with 0.4 M of initial concentration, calcined at
800 °C and ball milled at 400 rpm for 6 h are better for gas sensing applications than those
synthesized at different conditions. Samples obtained with above optimized conditions were
considered for sensitivity measurements in both CO, and CsHg atmospheres.

4.1.4. Sensitivity measurements

The sensitivity of the pure SnO. pellets prepared by R1 and R2 is measured in
carbon monoxide (CO) atmosphere, and the corresponding sensitivities are shown in Figs. 4.9a
and 4.9b respectively. From these plots, it can be observed that, sensitivity increases with the
increase in the gas concentration. Since as the gas concentration increases, the number of atoms
or molecules that are adsorbed on the surface increases as well, therefore both electrical
conductance and the sensitivity magnitudes increase.

Sensitivity also increases with the operation temperature. In general at low temperatures
(<100 °C), reaction kinetics between surface adsorbed oxygen species and the test gasistoo low
to show a conductance change; and at high temperatures (>400 °C), two effects are considered,
firstly almost al oxygen species adsorbed have been desorbed, and secondly, the surface is
covered by residual compounds coming from the combustion of the testing gas, resulting a
saturation or decreasing of the sensitivity. In our case, since we measured only up to 300 °C;
these phenomena cannot be observed [11]. The maximum sensitivities achieved, when pellets
were measured at 300 °C and 300 ppm of R1 and R2, were 548 and 262, respectively.
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Fig. 4.9. Sengitivity of SnO- pellets for different CO concentrations prepared by routes, (a) R1,
and (b) R2, and for different C3Hg concentrations prepared by routes, (¢) R1, and (d) R2.

The sensitivity of the pure SnO> pellets prepared by R1 and R2 is measured in propane
(CsHs) atmosphere, and the corresponding sensitivities are shown in Figs. 4.9c and 4.9d
respectively. From Fig. 4.9, it can be observed that, the sensitivity shows similar behavior asin
case of CO measurements. Sensitivity increases with respect to gas concentration and
temperature. The maximum sensitivities achieved, when pellets were measured at 300 °C and
300 ppm of R1 and R2, were 10 and 12, respectively. In section 2.2, we have explained in detail,
the gas sensing mechanism of the CO and CsHg gases, in the absence and presence of O2. From
that discussion, it is evident that the CO reaction with the surface needs only adsorbed oxygen
to result in conductivity. Whereas in case of propane, in order to increase conductivity the C-H
bond separation should happened which need around 443 kJ/mol energy. Thereforeit is apparent
that the possibility of CO sensitivity is much higher compared to Propane. We believe that
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increase in the operation temperature or gas concentration may result higher sensitivitiesin the
case of propane detection.

Also from Figs. 4.9 a-d, it is important to note that, irrespective of gas, SnO- pellets
prepared by R1 were more sensitive than R2 at 300 °C, but | ess sensitive when they are measured
at 100 °C. Temperatures should be selected carefully depending on the testing gas, because the
gas sensors vary their response depending on the testing gas and operation temperature due to
the adsorption-desorption kinetics. On the other hand, the sensitivity of a SnO, pellet sensor
depends on the stoichiometry, carrier concentration, mobility and oxygen partial pressure at a
particular measuring temperature [12].

In order to further increase the sensitivity of the SnO> pellets, doping has been performed
by using different methods. The reasons for doping and the corresponding criteria’s were
explained in chapters 1 and 2. The doping methods and their experimental conditionswerelisted
in chapter 3. The following sections gives the detailed properties and corresponding sensing
analysis of the doped SnO. powders. Since the CsHg sensitivity of the undoped pelletswere very
less, we have continued all the remaining doped pellets sensing measurements in CO
atmosphere.

4.2. Cu, Pt and Pd-SnO2 Powders by using D1 and D2

In this section, the structural, optical and morphological properties of the Cu, Pt and Pd-
SnO. powders synthesized by routes R1 (urea as precipitation agent) and R2 (ammonia as
precipitation agent), doped by D1 (bulk doping) and D2 (surface doping). Also the gas sensing
in CO atmosphere were reported and analysed by comparing with the base theory for al the
doped SnO: pellets.

4.2.1. X-ray diffraction analysis

SnO:2 nano crystals were synthesized under different synthesis and doping conditions.
Fig. 4.10 depicts the XRD patterns obtained for the Cu doped SnO2 powders. The precipitation
agent, dopants and the doping method played an important role in growth of SnO> crystal. In
order to observe all the above parameters, all the XRD and Raman analysis graphs were plotted
in 3-dimensional view. Irrespective of the synthesis route and doping method, it is evident that
undoped and doped-SnO, powders exhibit the pure tetragonal rutile phase of SnO,, according
to the JCPDS Card 77-0450 card [13].

Due to the low amount of metallic ions doping, no other metal oxide diffraction peaks
were observed in the patterns. Neither synthesis routes nor the doping methods affected the
SnO:; patterns. Besides the SnO» phases, the remaining peaksin the patterns came from the tape
used as sample holder (the XRD pattern of glass substrate with tape, sample base, is represented
inFig. 4.11). Additionally, it isimportant to note that, the XRD peaksintensity isinfluenced by
the quantity of powder utilized during the analysis.
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Fig. 4.10. XRD patterns of Cu doped SnO. powders with different synthesis and doping
methods.

From Fig. 4.10, it can aso be observed that, the doped powders show an upper shift in
the peak positions compared to those undoped, irrespective of the doping method. Similar
behavior was observed for Pt and Pd doped SnO powders too. The XRD patterns obtained for
Pt and Pd doped samples were shown in Fig. 4.12 and Fig. 4.13 respectively. This upper shift
indicates a compressive strain in the lattice due to the ball milling process [ 14]. Also the upper
shift observed is greater in the powders doped by method D1 than in D2, because, in case of D1,
powders were ball milled in the final stage, but in D2 the additional heat treatment after the ball
milling would have made the crystal to relax its strain, which in turn reduces the upper shift.
There was no effect of synthesis route (R1 or R2) observed in the structural characteristics of
the doped powders.

A :

Fig. 4.11. XRD pattern of glass substrate with
tape.
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Fig. 4.12. XRD patterns of Pt doped SnO. powderswith different synthesis and doping methods.
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Fig. 4.13. XRD patterns of Pd doped SnO. powders with different synthesis and doping
methods.
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In order to ascertain the effect of dopants (Cu, Pt and Pd) on the structural characteristics,
crystalite size (D) [15], crystal volume (V) [16] and porosity (P) [17] were calculated by using
equations (4.4-4.8) and reported in Table. 4.1.

0.89)
- BCosO (44)

V =a?c (4.5)
p=0-2%%100% (4.6)

* m
Pa = M 4.7)
n
=N 4.8)

Where A is the wavelength of incident X-ray (A = 0.15418 nm), (3 is full width at half maximum
(FWHM) intensity, 8 is the Bragg’s diffraction angle in radians, a and c are lattice parameters,
m and v are mass and volume of the samples, n is number of molecules per unit cell, M is
molecular weight and Na is Avogadro’s number.

Sample ID D (nm) V (102 cmd) P (%)
R1 26.2751 71.4083 32.30277
R2 30.028 71.643 32.42236

D1R1Cu 26.2758 71.6685 58.35864
D1R2Cu 30.0292 71.7153 58.46007
D2R1Cu 30.0357 71.724 58.46007
D2R2Cu 35.0255 71.7536 58.68875
D1R1Pt 35.0255 71.7671 64.62565
D1R2Pt 35.0267 71.7869 64.72664
D2R1Pt 35.0283 71.8223 64.75372
D2R2Pt 35.0284 71.8509 64.80217
D1R1Pd 40.0286 72.0279 73.01781
D1R2Pd 40.0291 72.0396 73.03034
D2R1Pd 42.0347 72.0396 73.04474
D2R2Pd 42.0377 72.2155 73.16012

77



Table. 4.1. Crystallite size (D), Volume of the crystal (V) and Porosity (P) of the Cu, Pt and Pd-
SnO- nanocrystals.

From Figs. 4.10-4.13 and Table. 4.1, the following details can be observed:
Cu, Pt and Pd doped SnO> powders crystallite size and porosity was increased respectively
compared to the undoped powders. This increase is due to the increase in the ionic radii of
the dopants. The ionic radii of the Sn*2, Cu*?, Pt*2 and Pd*? are 0.69, 0.73, 0.80 and 0.86 A
respectively [18]. In case of Pd, as it replaces a Sn atom, due to its higher ionic radius, the
crystal distance increases which in turn increases the crystalite size and porosity.
Pd: SnO- pellets have higher porosity compared to Cu and Pt doped powders. Increase in
the porosity increases the sensitivity. Besides porosity, sensitivity also depends on other
factors like crystalite size, surface morphology and measuring temperature too. Effect of
dopant on the gas sensitivity is discussed in detail later in gas sensing mechanism section.
A linear relation is noticed between the crystallite size and volume of unit cell and is
apparent because doping with an atom with higher ionic radius increases the lattice
parameters of the unit cell.
The crystallite size of the powders doped by method D1 were lesser than D2, which implies
that the strain produced due to doping is lesser in case of D1. In case of D1, the later ball
milling caused powders allows them to relax their stress and decreases the crystal size.
Crystallite size of Cu: SnO. was lesser than the Pt and Pd: SnO;, therefore the surface to
volume ratio will be higher in the Cu: SnO. powders which enhances the sensitivity of the
Cu: SnO; powders compared to the rest. Effect of synthesis route and doping method on
sensitivity is discussed in detail later in gas sensing mechanism section.

4.2.2. Raman analysis

In order to confirm the effect of doping method and to understand the effect of
nanoparticles on their vibrational properties, Raman spectroscopy measurements were carried
out. It iswell known that SnO- has atetragonal structure having 6 atoms (2 Sn and 4 O) per unit
cell [19]. The 6 unit cell atoms give atota of 18 branches for the vibrational modes in the first
Brillouin zone. The mechanical representation of the normal vibration modes, all the vibrational
modes of SnO with corresponding Raman shift peaks were aso widely known and reported by
various authors [20-22]. Table. 4.2 resumes different frequencies of the optical modes of SnO»,
with corresponding vibrational directions.
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A1g Perpendicular 638

Bag Perpendicular 100
Ba2g Perpendicular 782
Eg Parallel 476
Az Parallel 705
Eu Perpendicular 244
Azg Perpendicular 398
Bau Parallel 140

Table. 4.2. Raman, IR and other vibrational modes of SnO».

The Raman spectra of Cu: SnO- with different synthesis routes and doping methods are
shown in Fig. 4.14. One IR active and three raman active modes were observed at 255.2, 482.8,
637.6 and 779.2 cm™, corresponding to the Ey, Eg, A1g, and By vibration modes of SnO,
respectively. All the modes observed corresponds to the rutile bulk SnO2 [23]. It isinteresting
to note that Cu doping decreases the intensities of Raman peaks. The intensity of the Raman
peaks denotes the amount of extraction and compression of Sn-O bonds inside the lattice [44].
Cu doping could be the reason to create local disorder of the bonds inside the lattice which in
turn decreases the intensity of the Raman peaks.

Therate of intensity decrease is more significant in powders doped by method D1 (bulk
doping) than D2 (surface doping) and is apparent because bulk doping causes more lattice
disorders than the surface doping. There were no peak shifts observed from the Raman spectra
because, peak shifts depends on the change in the crystallite size, and 1 wt% of doping didn't
induce any significant changes in the crystallite size. It was reported by several authors [21-23]
that, the minimum amount of doping percentage required to observe a peak shift in Raman
spectra was around 3 wt%. From Fig. 4.14, it can aso be observed that, for al pure and doped
powders, the intensities of Aig raman peak were less for powders synthesized by method R2
(ammonia) compared to R1 (urea). Powders synthesized by route R1 utilizes a temperature
around 80°C, for the decomposition of the urea, which causes precipitation more homogenous
than R2 [25]. This homogeneity makes the powders prepared by R1 comprise of less lattice
disorders than R2 which in turn decreases the intensity of the powders prepared by R2 than R1.
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Fig. 4.14. Raman spectra of the Cu-SnO» with different methods D1R1, D1R2, D2R1 and D2R2.
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Fig. 4.15. Raman spectra of the Cu, Pt and Pd doped SnO- with synthesis route R1 and doping
method D1.

Fig. 4.15 shows a comparison of the Raman spectra of Cu, Pt and Pd: SnO- synthesized
by R1 and doped by using method D1. Apart from the bulk SnO- vibrational modes no extra
modes of Cu, Pt and Pd were observed. Cu doped powders present higher intensities and Pd
doped powders present the lowest intensities. This can be correlated with the ionic radii of the
dopant ions. Sincethe Pd has higher ionic radius compared to Pt and Cu, it causes more disorders
inside the lattice which makes the intensities of Pd: SnO> powders to diminish.
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4.2.3 SEM analysis

SEM was employed to further examine and interpret the morphol ogies and structures of
the powders with respect to the synthesized routes (R1 and R2) and doped methods (D1 and
D2). The morphology of the doped powders is found to be slightly different depending on the
synthesis routes and doping methods employed. Fig. 4.16a-d shows the representative SEM
images of Cu: SnO; powders obtained by D1-R1, D1-R2, D2-R1 and D2-R2 respectively. The
average diameters of Cu: SnO2 nano particles observed are in the range 25-35 nm, which is
consistent with XRD results.
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Fig. 4.16. SEM images of Cu: SnO2 powders obtained by (a) D1-R1, (b) D1-R2, (c) D2-R1 and
(d) D2-R2 respectively.

As can be seen from Fig. 4.16, powders doped by method D1 (Figures 4.16a and 4.16b)
shows a contact area between particles, which is, the necks between grains. On the other hand,
powders doped by method D2 (Figures 4.16¢ and 4.16d) shows only an agglomeration between
the particles. In case of D1 (which employs bulk doping), the additives which are added during
the synthesis process are incorporated in the lattice of metal oxide, which further inhibits the
grain size[26] and promotes coal escence during the heat treatment. Thislater coalescence leads
to the formation of necks between the grains [27], which in turn influence the bulk conductivity
and the thickness of the space charge region. But in case of D2 (employs surface doping), the
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additives which are impregnated on the thermally treated SnO> powders which doesn't promote
the coal escence.

From Figures 4.16b and 4.16d, it isa so evident that, apart from the SnO> nano particles,
additional larger crystals around 200-600nm were observed for the powders synthesized by
route R2 (Ammonia as precipitation agent) for the powders doped by both methods. The
formation of larger crystals is due to the rapid precipitation at room temperature unlike in
synthesis route R1. In case of powders precipitated by route R1 (Figures 4.16a and 4.16c), the
elevated temperature around 90 °C utilized, had not only decomposed the urea but also assisted
the precipitation to occur homogeneously [28]. This resulted in a uniform particle size and
similar behavior was noticed for the Pt and Pd doped SnO: powders (Fig. 4.17).
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Fig. 4.17. SEM images of Pt: SnO. powders obtained by (a) D1-R1, (b) D2-R1 and Pd: SnO2
powders obtained by (c) D1-R1, (d) D2-R1.

Fig. 4.17a-d shows the representative SEM images of Pt: SnO. powders obtained by D1-
R1, D2-R1 and Pd: SnO. powders obtained by D1-R1, D2-R1 respectively. As similar to Cu:
SnO:; powders, Pt and Pd: SnO. powders also shows necks between the grains, only for the
powders doped by method D1 (Figures 4.17a and 4.17¢). The average diameters of Pt and Pd:
SnO2 nano particles observed are around 35 and 45 nm respectively, which is aso consistent
with the XRD results. The particles size increased very slightly around 10 nm for Pt and Pd
compared to Cu doped powders.
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From Figs. 4.16 and 4.17, we can conclude that the powders doped by method D1 are
favorable to promote gas sensing because the conductivity increases due to the formation of
necks between the grains [29]. Also, irrespective of the dopants used, particles with uniform
size were obtained for the powders synthesized by R1. Therefore, the precipitation by using urea
is more homogeneous than the ammonia. It is a fact that the homogenous structures are more
favorable to gas sensing and is evident that the Cu: SnO> powders obtained by D1-R1 improve
the sensitivity than the other methods. No noticeabl e effect of ball milling was observed in both
the doping methods.

Porosity is another important factor that affect the sensitivity [30]. It has already been
reported [31, 32] that, the SnO, sensitivity increases with respect to the porosity with different
additives. Anincrement in the surface porosity will increase the active surface areawhich allows
the sensing gas to diffuse into the bulk [33]. In order to observe the porosity of the powders
obtained by D1R1, SEM images at lower magnification were acquired and reported in Fig. 4.18.
We observed that the surface is porous and appears similar to a mesh, which is a consequence
of having both less particle size and formation of necks between the particles.

' : 1 10pm °

Fig. 4.18. SEM images of Cu: SnO- prepared by method D1R1 at magnification of (a) 1um and
(b) 10um.

4.2.4. HRTEM analysis

It was evident from the SEM analysisthat the powders synthesized by route R1 are more
uniform than R2. Therefore, to obtain more-detailed information about the crystal structure of
Cu, Pt and Pd doped SnO- particles synthesized by R1 were analyzed by HRTEM. Figs. 4.19a
and 4.19b shows the TEM images of Cu: SnO. particles doped by method D1 and D2
respectively. All powders are composed of agglomerated nanometric crystals around 25-30 nm,
which isin good agreement with the XRD and SEM results.

HRTEM images of Cu: SnO- particles doped by method D1 and D2 are shown in Figs.
4.19c and 4.19d respectively. Theinsetsin Figs. 4.19e and 4.19f are the corresponding sel ected-
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areaelectron diffraction (SAED) patterns. Figs. 4.19c and 4.19d HRTEM micrographs validates
the difference in the doping method. Fig. 4.19¢c shows that, all the atomic planes were well
defined and corresponds to SnO» crystal and its surface doesn't contain any dopants unlike in
Fig. 4.19d. The d-spacing's measured from SAED arein good agreement with those of the (110)
plane of cassiterite SnO, (JCPDS Card 77-0450 card) [13], corresponding to the tetragonal
crystal structure (space group =P42/mnm).

Cu doping localized on the surface of the SnO. particle due to the impregnation is
observed from Fig. 4.19d. Theinter-plane distance measured for the copper particle corresponds
(111) plane of cubic Cu (JCPDS Card 00-004-0836) [ 34], which confirms the cluster formation
of dopants are on the surface of the SnO>, when doped by method D2. Contrarily for the powders
doped by method D1, no clusters were observed on the surface but defects produced due to the
doping were observed and were marked in Fig. 4.19c.

Moreover, the (110) inter-plane distance estimated to be 3.37 and 3.35 A for the powders
doped by method D1 and D2, respectively. This increase in the lattice parameter suggests an
increase of the unit cell volume for the doped powder, which can be considered as a proof of Cu
insertion in the host (SnO2) matrix. The precise position of Cu presence is SAED patterns of
powders doped by method D1 and D2 wereindicated in the Fig. 4.19e and 4.19f insets of SAED
patterns. The estimated lattice spacing values from the HRTEM were consistent with the
calculated XRD data.

A comparison of calculated d-spacing values for all the dopants and doping methods are
tabulated in Table. 4.3. It is evident that no changes in the d-spacing were observed for the
powders doped by method D2. Therefore, it can be stated from the HRTEM and XRD analysis
that, dopants doesn't induced into the SnO> matrix in case of D2 and in case of D1 the dopants
have created defects like stacking faults in the SnO> lattice. Figs. 4.19e and 4.19f, are the
reconstructed images after filtering FFT pattern of their insets respectively. From Fig. 4.19¢, we
can observe the Cu undulations on the SnO> crystal, which are highlights in blue regions. Thus
it can be concluded that, by using the bulk method the dopants are incorporated into the SnO>
lattice.

From Fig. 4.19f, we can observe the copper particle on the SnO. surface which are
highlighted with blue regions. Also no defects were noticed in the SnO> crystal. Thereforeit can
be concluded that, by using the impregnation method the dopants aren’t incorporated into the
SnO: lattice, instead they are located on the surface in the form of clusters, which assures the
possibility of spillover mechanism of gas sensing. Fig. 4.20 shows various stacking faults
observed on the surface of the Cu: SnO> crystal with their corresponding reconstructed patterns.
From Figs. 4.20d and 4.20c, the stacking faults in the lattice fringes are clearly evident. These
stacking faults are attributed to the doping. These undulations were consistently observed on all
surfaces of SnO> doped with Cu, Pt and Pd by method D1. The number of defects produced
were more in case of Pt and Pd than in Cu, which is due to the higher ionic radii for Pt and Pd.
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Fig. 4.19. TEM images of Cu: SnO. prepared by method (a) D1R1, (b) D2R1. HRTEM images
of Cu: SnO; crystal surface prepared by method (c) D1R1, (d) D2R1, (€) reconstructed HRTEM
after masking of (c); inset: the corresponding SAED pattern, and (f) reconstructed HRTEM
Image after masking of (d); inset: the corresponding SAED pattern.
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Dopant SnO2-d (110)in A
Undoped Doping method D1 Doping method D2
R1 (Urea) R2(Ammonia) R1(Urea) R2(Ammonia)

R1 335853 - -- -- --
R2 335492  -- - -- --
Cu = 3.3732 3.36927 3.35382 3.35927
Pt - 339422  3.38839 3.3501 3.35427
Pd = 341855  3.40501 3.35697 3.35706

Table. 4.3. A Comparison of estimated d-spacing valuesfor all the dopants and doping methods.

Figs. 4.21aand 4.21c shows the defects produced for the SnO- pellets doped with Pt and
Pd by D1 respectively. The corresponding insets shows their FFT patterns. An overlap of
different diffraction spots were observed in the FFT pattern insets which is due to the stacking
faults. Reconstructed images of the Figs. 4.21aand 4.21c are shown inthe Figs. 4.21b and 4.21d
respectively. For Pt doped SnO. powders the stacking faults obtained are in the (110) plane
surface, which are marked with red arrows in Fig. 4.21b. But in case of Pd doped crystals, as
shown in the Fig.4.21d, the stacking faults or defects obtained on the {221} facets of SnO>
projected from (110) plane. The {221} is one of the general facets formed for SnO> and can be
described as combination of (001) and (110) steps [35].

According to the authors Xiguang Han, et.el [35], {221} facetsare also favorable for gas
sensing properties. Further detailed analysis regarding the growth mechanism of doped SnO-
crystals is required to explain the reasons for the formation of (221) facets for the Pd doped
SnO; crystals. The (110) inter-plane distance estimated to be 3.39 and 3.41 A for the powders
doped by method Pt and Pd, respectively.

Comparing the results of Raman and HRTEM analysis, the Raman bands of the Pt and
Pd doped SnO> powders show an asymmetric broadening than the Cu doped SnO> powders
(Refer Fig. 4.15). This can be attributed to the presence of dislocations and stacking faults with
internal strain in the bulk of the SnO- crystal [36], which leads to a downshift and broadening
of the A1g Raman peak.

Additionally, due to the stacking faults, the crystals obtained will be with Sn enriched
stoichiometry in addition to Sn-interstitials and oxygen vacancies [37]. Therefore, due to an
increased [Sn]/ [O] ratio at the stacking fault will cause electronic effects. These electronic
effects and oxygen vacancies may enhance the bulk conductivity, adsorption of oxygen and the
test gas (CO) reaction with the pellet, which further increases the gas sensitivity.

86



Fig. 4.20. HRTEM images of Cu: SnO2 prepared by method D1R1 (&) surface of the SnO>
crystal with stacking faults, (b) FFT pattern that is outlined by a blue rectangle region ain (a),
(c) FFT pattern that is outlined by a green rectangle region b in (@), (d) reconstructed HRTEM
after filtering the FFT spot patterns of (b), and (e) reconstructed HRTEM image after filtering
the FFT spot patterns of (c).

4.2.4.1. Cu, Pt and Pd behavior on ShO»

In order to explicate the possibilities of residing metallic copper on SnO> semiconductor
oxide as shown in Fig. 4.19d, we have utilized the thermodynamic properties of the substances.
Enthalpy, H is the thermodynamic function that accounts for heat flow in processes occurring
at constant pressure when no forms of work are performed other than P-V work. At constant
pressure, a change in enthalpy equals the change in internal energy plus the product of the
constant pressure times the change in volume. When AH is positive, the system has gained heat
from the surroundings — endothermic, whereas, when AH is negative, the system has lost heat
to the surroundings - exothermic. Enthalpy changes associated with the formation of a
compound from its constituent elements is known as enthalpy of formation, (or heat of
formation), AHs. To compare enthalpies of different reactions, a set of conditions must be
defined at which the enthal pies will be tabulated. These conditions are called the standard state:
apure substance at 1 atmosphere of pressure (1 atm) and at 298 K (25 °C). When the temperature
increases, the amount of molecular interactions a so increases. When the number of interactions
increase, then the internal energy of the system rises. Therefore, AH increases as temperature
rises and vice versa[38].
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Fig. 4.21. HRTEM images of D1R1 prepared SnO. doped by (a) Pt; inset: the corresponding
SAED pattern, (b) reconstructed HRTEM after masking of (a), (c) Pd; inset: the corresponding
SAED pattern, and (d) reconstructed HRTEM after masking of (c).

When Cu reacts with SnO., the possible compounds formed in crystal phase are CuO,
Cu20, SnO, and CuzSn [39]. Similarly, for Pt and Pd when reacted with SnO-, the possible
compounds formed in crystal phase are PtO. [40], PtzO4 and PdO respectively [39]. All the
compounds with their corresponding standard enthal py of formation are tabulated in Table. 4.4
[39].

Fromthe Table. 4.4, itisevident that the highest enthal py was observed for the formation
of SnO, which means that the formation of SnO> loses more heat than the remaining
compounds. Also, another important information observed is that, the enthalpy of formation of
oxides of PtO, and PdO were in the order of around 80 kJ/mol, whereas in case of oxides of Cu
are around 155-170 kJ/mol. Therefore for a given temperature the heat produced for formation
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of oxides of Cuis more compared to that of the Pt and Pd. It has been reported by Thorbjorn M.
Pedersen [41] that, PtO, phase was observed after 352°C. Also it has been reported recently by
Yongfu zhu [42], that the CuO phase starts after 400°C and the Cu.O phase was observed after
600°C in the Arrhenius plots reported [42].

Therefore by comparing the enthalpies tabulated in Table 4.4 with the above reported
results, there is a possibility of existence of metallic Cu on the surface of the SnO; (refer Fig.
4.19d), since we have operated the sensor at 300°C. But the interface between the Cu and SnO-
can also result in formation of CusSn because, the enthalpy of the formation of the CusSnisas
low as 32kJ/mol. Therefore, we believe that the dark black region in Fig. 4.19d highlighted at
the surface of the SnO> is CusSn compound. Further more detailed analysis and
characterizations are necessary to confirm the effect of metals on the metal oxide surfaces.

Substance Standard Enthalpy of formation AH+ (kJ/mol)

SnO; -580.7

SnO -285.8

CuO -157.3

Cu0 -168.6
CuzSn -31.8

PtO2 -80

Pt3O4 -163

PdO -85.4

Table 4.4. Various compounds of Sn, Cu, Pt and Pd with their corresponding Standard enthal py
of formation.

A distinction between additivesthat are present at the surface of SnOz in form of clusters
or ad-layers and additives that are atomically dispersed within a SnO> host matrix can be made.
Unfortunately, in many cases the distinction between bulk and surface dopantsis not that clear
cut. Cu growth on SnO> and TiO2 have been reported previously [43-44], which demonstrates a
three-dimensional crystalline growth of Cu islands (Volmer-Weber growth mode). The island
growth mode is common for metals growing on oxide surfaces [45] dueto their surface energies
with respect to metal surfaces[46]. The Cu atomsform clusters on the SnO> (110) surface. From
another previous study we know the size of the Cu clustersto be in the range of 1.5-10nm [46].
These Cu idlands are quite active and play key rolesin catalysis on metal -oxide surfaces.

With the increase of copper thickness on the SnO» surface, the substrate 1x1 LEED
pattern is gradually attenuated and the characteristic Cu (111) over layer LEED pattern [45]
appears. We also obtained similar kind of SAED pattern in our work (Refer Figs. 4.19e and f).
From the surface-energy knowledge we know that the surface free energy of most metal oxides
are very low as compared to the transition metal deposits under consideration (such as Cu, Fe
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and Cr ) [47]. In our case, we predict that the cluster observed of a metallic Cu due to the
coincidence of the behavior of Cu on the SnO- surface.

Various studies of noble metal additives like Pt and Pd behavior on SnO> (110) surface
[48] reveals that, low coverage (0.1-0.7 wt %) of additive leads to the formation of additive
oxides due to the reaction of additives with the chemisorbed oxygen. Whereas, high coverage
(1-5 wt %) of additives leads to the formation of metal clusters on the SnO, surfaces. High
resolution TEM studies on the epitaxy of Pd clusters on the {110} facets of SnO2 nano sticks
arereported [47]. Semispherical Pd clusterswere observed and an epitaxial relationship of [110]
(111) Py || [001] (110) sno. Was established.

The surface adsorption energies of Pd atoms on different (defect) sites on the SnO> (110)
surface was calculated by density functional theory [48]. In these calculations it was found that
Pd clusters on stoichiometric surfaces. On reduced surfaces Pd may substitute the surface Sn
atoms. Pd adsorption was found to be strongest at in-plane oxygen vacancy sites. It was also
found that the Pd on SnO» (110) surfaces increase the gas sensitivity towards hydrogen in an
order of 16 [49]. This increase was attributed to spillover of atomic hydrogen from the Pd
clusters onto SnOo. Pd cluster formation was observed for SnO> nano sticks impregnated with
Pd upon reduction by heating in an Ar atmosphere with 5% H» [49]. Before reduction the Pd
was either within the bulk or ultra-dispersed on the surface.

The quantity of dopant used is more compared to the literature. Therefore, we attribute that the
noble metal additives like Pt and Pd in our present work have promoted gas sensing for the
powders doped by method D1 and D2 by entering into host matrix and forming cluster
respectively.

4.2.5. CO sensing properties

Owing to the unique dopi ng methods and porous surfaces, CO gas sensing measurements
were performed for the manufactured Cu, Pt and Pd doped SnO; pellets to demonstrate the
potential applications in chemical sensors. The top and cross sectional view of the gas sensor
employed are shown in Fig. 4.22a and 4.22b respectively. To verify the crucia role of dopants
and doping methods played in the improved gas-sensing performances, pellet based sensors on
SnO» nanostructures are employed.
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Fig.4.22. (a) Top view and (b) cross sectional view of SnO> sensor.

In order to analyze the effect of synthesis route and doping method on the measuring
temperature and CO gas concentration of our SnO> samples, the sensors response have been
tested as a function of CO gas in the range of 1-300 ppm at 100, 200 and 300 °C temperatures.
Figs. 4.23a-d corresponds to the CO sensing properties of Cu-SnO. prepared by methods D1R1,
D1R2, D2R1 and D2R2 respectively. Table. 4.5 resumes the sensitivities obtained at 300 °C for
300ppm of CO gas concentration, for different dopants used, synthesis routes and doping
methods. The undoped sensitivities are reported in our previous work [51].

From Figs. 4.23a-d and Table. 4.5, it can be observed that, irrespective of synthesisroute
and doping method employed, all the pellets sensitivity increases with an increment in the gas
concentration and measuring temperature. Also pellets prepared by D1R1, D1R2, D2R1 and
D2R2 exhibits arapid increase of response to reach the maximum value of 1782, 1625, 975 and
1666 respectively at the measuring temperature of 300 °C.

Pellets doped by method D1 shows very less increase in sensing response when
measured at 100 and 200 °C (refer insets of Figs. 4.23a and 4.23b), whereas the pellets doped
by method D2 shows an effective sensing response at the measuring temperature of 200 °C too
(refer Figs. 4.23c and 4.23d). Finally, irrespective of doping method, pellets manufactured from
the powders synthesized by R1 show high sensitivity than R2 (refer Table. 4.5).

With the objective of identifying the effect of dopant on the CO sensitivities, the sensor
response of the Pt and Pd doped SnO: pellets were tested for different doping methods and
reported in Fig. 4.24. We can observe that, Pt and Pd doped pellets also show similar results as
of the Cu doped pellets.
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Fig. 4.23. Sensitivity of Cu: SnO> pellets prepared by (a) D1R1, (b) D1R2, (c) D2R1, and (d)
D2R2.

I L R
L

R1 548
R2 262

D1R1 1782.609 1200 502.5

1625 721519 287.6405
1666.667 428.7234 2454546
975.7412 387.3333 224.1485

Table. 4.5. Sensitivities at 300 °C for 300 ppm of CO of the Cu, Pt and Pd doped SnO: pellets
prepared by different methods.
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Fig. 4.24. Sensitivity of Pt: SnO> pellets doped by method (a) D1, (b) D2 and Pd- SnO; pellets
doped by method (c) D1, (d) D2.

Primarily, sensitivities increases with respect to temperature and gas concentration for
both Pt and Pd doped samples. Secondarily, the pellet doped by method D2 showed sensitivities
at lower temperatures around 200 °C unlikefor D1. Finally, the sensitivities of Pt doped samples
is higher than Pd doped but is less compared to Cu doped samples. Also the sensitivities of Cu,
Pt and Pd -SnO. samples doped by method D1 is higher than D2 (refer Table. 4.5).

Fig. 4.25 resumes out the sensitivities of the Cu, Pt and Pd: SnO; pellets prepared by
different doping methods (D1 and D2) and synthesis routes (R1 and R2). All the sensitivities
plotted in Fig. 4.25 are measured at 300°C for 300ppm of CO gas concentration. Irrespective of
dopants used, doping methods and synthesis routes employed, the sensitivities of doped SnO>
pellets are higher than undoped SnO: (refer Table 4.5). From Fig. 4.25 we can observe that the
Cu (green bar) shows higher senditivities that Pt (blue bar) and Pd (red bar) in al cases.
Sengitivities of the pellets doped by method D1 is higher than D2. Also the sensitivities of the
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pellets synthesized by route R1 is higher than R2. Even under low concentrations (1-50 ppm)
and high concentrations (100-300 ppm), the response increases linearly with the CO
concentration for all the measuring temperatures. Sensitivity increases with respect to the
measuring temperature and gas concentration. The detailed explanation of the above obtained
results and their corresponding reasons were explained in the upcoming section, Gas sensing
mechanism.

CO Sensitivity

ol
o
)

10’

D1R1 D1R2 D2R1 D2R2

Fig. 4.25. Synthesis routes (R1 and R2) and doping methods (D1 and D2) comparison of Cu, Pt
and Pd: SnO; CO gas sensitivities.

4.2.5.1 Gas sensing mechanism discussion

Generally, the n-type conductivity in SnO2 is due to the oxygen vacancies derived from
thetypical stoichiometric defectsof the material [52]. With increasein temperature, atmospheric
oxygen leads to its adsorption by accepting electrons from the surface of SnO,. Oxygen will
adsorb in the form of molecular (O™2) below 150 °C and atomic (O~ and O?") ions more than
150 °C which are more reactive than the molecular species. This adsorption leads to the
formation of an electron depleted region near the surface of the SnO- particle. The electron
depleted region which is an area of less conductance, aso called the space-charge layer [52],
when exposed to a reducing gas like CO, surface reactions like equations (4.9) and (4.10),
release el ectrons back to the SnO; and |lead to an increase in the conductance of the space charge

layer.
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CO+ O_ads—> COZ +e (49)
2CO0+ 0O 2 ads— 2CO2+ € (4.10)

As the CO gas concentration increases, the number of reactions with the pellet surface
will also increase, which in turn increases the magnitudes of conductance and sensitivity. Also,
the oxygen species adsorbed at higher temperatures 300 °C, are atomic and more reactive, the
sensitivity will be higher at 300 °C than 100 and 200 °C temperatures. Therefore, sensitivity
increases with increase in the gas concentration and temperature which isin consistent with our
resultsreported in Figs. 4.23 and 4.24. From the SEM and HRTEM results obtained, it is evident
that the structure obtained are non-spherical and porous, which provides an additional active
sites to adsorb more oxygen species for the sensitive reaction [54]. Fig. 4.26 below shows the
difference between the contact areafor spherical and the non-spherical contacts. For illustration
purpose, considering the non-spherical structures formed are tetragonal, results in a different
contacting form with different contact area.
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Fig.4.26. lllustration of the contact areafor (a) spherical grains and (b) tetragonal grains.

As shown in Fig. 4.26a, for spherical structures with point-to-point contacting, the
contact area is less compared to the tetragonal structures with the face-to-face contacting as
shown in Fig. 4.26b. Contact area is one of the key parameter to determine the gas-sensing
performances. When different tetragona particles are exposed to air, oxygen adsorption
between the face-to-face contacts is difficult compared to the point-to-point contact, resulting
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in alessresistive depletion region between the adjacent particles obtained from the face-to- face
contacting form. The face-to-face contacting form of tetragonal particles enhances the surface-
depletion control rather than grain boundary barrier control, which resultsin a high sensitivity.
Compared state of art of the SnO- based sensors [30, 37, 54, 55, 56, 57, 58], the CO sensitivity
obtained in thiswork are improved.

The doping method D1 comprise of primary bulk doping and later ball milling of the
bulk doped powders. It was established that introduction of special doping micro-additives of
various impurities into metal oxides during their synthesis could sufficiently decrease the
particle size and improve both sensor response and thermal stability of the grain size [59, 60].

In case of bulk doping, due to incorporation of additivesin the lattice of metal oxide can
change the charge carries concentration with corresponding influence on the bulk conductivity
and the thickness of the space charge region. This effect is clearly observed from our SEM
results. From Figs. 4.16a, 4.16b, 4.17a and 4.17c, we observe the grains formed are connected
with their necks which increases the conductivity of the pellets doped by method D1 than D2.
Also in case of method D1, the post-annealing of powders and heat produce during the ball
milling would have resulted in the grain growth. This grain growth gives rise to two important
factors, oneis coalescence and the other is the modification of crystal structure [60, 29].

Due to coalescence, we can observe the increase of the contact area between crystallites
and the forming of necks between grains. Thiswill lead to formation of a sensor matrix network
[61, 62] which was obtained in our results too when the powders were doped by D1 (refer Fig.
4.163).

Modification of crystallographic structure of material, leadsto increasein concentration
of crystal defectsand also the crystallographic faceting can be changed. From the reported works
[63, 64], it was proposed that, these changes would enhance the conductivity of SnO, matrix. It
is evident from the HRTEM results Figs. 4.19-4.21, that the stacking faults and {221} facets
were observed in Cu, Pt and Pd doped SnO: crystals. The SnO: -based gas sensors are really
very sensitive to crystal morphology and depend on the grain faceting the sensitivity varies. It
has recently shown by Han et.el [35], that {221} facets show higher sensitivities compared to
others.

The necks formation and the structural modifications produced due to bulk doping have
enhanced the sensitivity of the SnO. pellets doped by method D1. Also the sensitivity of the
pellets doped by R1 is higher than R2 because the temperature required to decompose the urea
made the resulted particles more uniform than the powders formed by synthesis route R2 [65].
In R2 the precipitation is performed at room temperature which resulted in much larger grains
around 500nm (refer Figs. 4.16b and 4.16d), the increase in the grain sizes will decreases the
surface to volume ratio and further the sensitivity. Therefore the powders synthesized by route
R1 showed higher sensitivities than R2, irrespective of doping method and dopants.
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In case of pellets doped by method D2, the powders were pre-annea ed and impregnated
by dopants and post annealed too, later ball milled the surface doped powders. The pre annealing
treatment did not allow the dopants to diffuse into the crystal lattice because, the SnO2 powders
were stabilized during the pre-annealing treatment. Thisis proved from the SEM and HRTEM
results because no necks between the grains (refer Fig. 4.16¢) and neither defects in the crystal
were observed. The sensitivity in the pellets doped by method D2 isdue the formation of clusters
on the surface of the SnO. crystals (refer Figs. 4.19d and 4.19f). Until now, two types of
sensitization mechanisms, chemical and electronic, are considered for assuring the effect of
clusterson the sensitivity. The detail ed explanation of the both mechanisms have been discussed
by many authors in detailed previously [66-68].

In the electronic mechanism, there is only electronic interaction between the
semiconductor and cluster and these interactions change depending on the form of cluster. It has
been evidenced that the meta clusters like Cu, Pt and Pd in oxide from can only interact
electronically with the SnO. and these interactions vanishes if the clusters are metallic [68].
Since no oxides were observed from our HRTEM results, electronic mechanism can be ruled
out. To the best of our knowledge, until now the previous reports [67,68] suggests that the
spillover effect (chemical mechanism) lowers the measuring temperature, which could be the
possible reason for the increased sensitivity in method D2 at 200 °C also (refer Fig. 4.23 and
4.24). Therefore it can be concluded that the sensitivity for the pellets doped by method D2 is
due to the spillover effect.

From Fig. 4.25 and Table. 4.5, it is clearly evident that that irrespective of the doping
methods and synthesis routes, dopant, Cu showed higher sensitivities than Pt and Pd. This a
very interesting and anovel result. One of the most important factor that influence the sensitivity
is concentration of the additives. In this work we have utilized 1wt% of concentration in all the
cases and for all the dopants. In case of bulk doped pellets, the defects produced in the crystal
lattice of SnO- by noble metals like Pt and Pd were more compared to Cu. These increase in
defect have changed the structure of the crystals and the facets. Due to many changes occurred
in the structure of gas sensor matrix, the sensitivity would have decreased compared to Cu doped
pellets. In case of impregnated pellets, the 1wt% of Pt and Pd isusually high because it has been
established that the response of SnO- -based sensors lies in the range of 0.1-0.6% for the noble
metals and for the transition metalsit isin the range of 1-4% [69-72].

However, as we observed form al the results obtained in this work, we can conclude
that the sensitivity depends on many factors like measuring temperature, microstructure,
crystallite size, shape, dopants and on the interaction between the sensing matrix and gas
molecules. Further work is necessary to find the exact role of transition and noble metal dopants
on the CO sensitivity. A comparison of doping methods and synthesis routes used with their
corresponding advantages and sensitivities for the Cu-SnO: pellets were represented graphically
inFig. 4.27.
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Fig. 4.27. Graphical comparison of doing methods and synthesis routs of Cu-SnO- pellets with
corresponding intellects for achieving the high sensitivities.

Therefore, Cu, being atransition metal, its doping have produced better magnitudes of
sensitivitiesin thiswork than noble metal dopantslike Pt and Pd, which were the most effective
dopants until now. From this result, it can be concluded that, cost effective SnO2 sensor design
is possible with the usage of Cu as adopant than the Pt and Pd, while having a higher magnitude
of CO sengitivity.

4.3. Complementary works

In this section we are going to explain some additional works performed. The main
reason for doing these additional works is to improve the sensors sensitivity. First sections
explains about the mixing of alumina with tin oxide powders and their sensing properties. The
second and third section focuses on the thick films utilizing thermally evaporated silver contacts
and fabricated transducer with gold contacts, respectively.

4.3.1. Al2Oz mixed SnO- pellets

The preparation of Al203 mixed SnO» pellets was explained in section 3.1.4. The main
idea for implementing the mixing of alumina s, for creating the porosity in the pellet while
saving the main sensor material. Since alumina is a ceramic material, it will not participate
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directly in sensing mechanism. The effect of change in aluminaratio on the CO gas sensitivities
were plotted in the Fig. 4.28.

For alumina mixed SnO- pellets, doesn’t show significant changes in the sensitivities
when measured at 100 and 200 °C. Aswe explained beforein section 4.1, at lower temperatures
since the adsorbed oxygen species were less reactive, the sensitivity is very low. In Fig. 4.28,
the sensitivities plotted were obtained at temperature 300 °C and for 300 ppm of CO
concentration. From this figure, we can observe that, the sensitivities decrease after mixing
alumina compared to pure SnO- pellets. The maximum sensitivities achieved were around 48
and 34 for pellets prepared by R1 and R2, respectively, and when mixed with ratio 2:1.
Sengitivity depends not only on porosity but also on the amount of sensing material.

Measuring temperature = 300'C

CO concentration = 300ppm
1000 - T . T . T . : - 1000

—e—R1 (Urea) i
—8—R2 (Ammonia) I B

-100  Fig. 4.28. Comparison  of

100

? sengitivities of SnOz: Al203
% faetlilis for different mixing
70y 10
14 - 1
TR w @
Sn03: AL O3
1.0 100 32.30277
11 33.33 54.35864
2:1 66.66 74.62565
4:1 83.33 60.01781

Table. 4.6. Porosity and quantity of sensing material in all alumina mixing ratios for powders
prepared by R1.
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By considering both porosity and quantity of sensing material, we explain the sensitivity
changes after mixing with alumina. Calculated %SnO. (sensing material) and porosity (for
porosity calculation refer section 4.2.1) theoretically in each alumina mixing case and reported
in Table. 4.6. Similar results were obtained for powders prepared by R2. Thus form the above
observations, theoretical calculations and the sensitivity graphs, a hypothesis arrangement
model of SnO. and Al>O3 atoms on the surface is depicted and shown in Fig. 4.29.

Therefore from Figs. 4.28 and 4.29 and Table. 4.6, the following details can be observed:

In case of 1:1, sensing material is very less and porosity is less compared to case of 2:1
which may reduce the sensitivity.

In case of 4:1, porosity is less compared to case of 2:1, thus the oxygen trapping is lesser
in 4:1 than 2:1, which would decrease the sensitivity.

2:1 is the best case compared to 1:1 and 4:1, where the sensitivity is very high because,
availability of enough sensing material and also high porosity compared to al remaining
all case, including pure. Oxygen trapping increases due to high porosity.

&
Al203 SnO2 Al03* SnO2

200000000000000000 10

1zl

= 2 =
oooo.oooo‘oou 4:1

Fig. 4.29. A hypothesis model for an arrangement of SnO, and Al>Os particles on the pellets
surface for different mixing ratios.
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In order to cross check our hypothesis model, we have performed the SEM analysis of
the 2:1 mixed pellets surface. Fig.4.30 shows the surface of the alumina mixed tin oxide pellets
surface prepared by R1 at different magnifications. From Fig. 4.30a, it can be observed that the
SnO» particles with particles size around 20nm were homogeneously distributed all over the
surface. In Fig. 4.30b, it is observed both the aluminaand tin oxide grains, in which, thealumina
particles were surrounded by the SnO» particles. The size of alumina particles is around 5um,
which ismuch larger than a SnO» particle. From Figs. 4.30c and 4.30d, it is clearly evident that
the aluminaand tin oxide particles were agglomerated separately. They are not mixed according
to our hypothesis. We assume that, this would have resulted due to the pressure applied to
manufacture the pellets made all the bigger grains to come closer and together.

I-'flﬂfl pm

Fig. 4.30. SEM images of SnO2 and Al.O3 mixed pellets surface at magnification of (a) 200nm,
(b) 1um, (c) 10 um, and (d) 200um.

Alumina, as a ceramic material, doesn’t participate in sensing mechanism, the amount
of sensing material in all the alumina mixed tin oxide pellets were decreased, which in turn
reduces the sensitivity of the alumina mixed tin oxide pellets sensitivity compared to the pure
tin oxide pellets. Hence the adverse effect of the Al2O3 mixed SnO; pellet sensitivities was a
consequence of pellet manufacturing method. Further optimization of manufacturing pressure
and pressing time, is necessary to improve the performance of the alumina on the sensor
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response. Moreover, the composition of alumina and tin oxide inside the pellets should be
analyzed and studied.

4.3.2. SnO, thick films utilizing thermally evaporated silver contacts

In this section only apart of the results are discussed. Some more future study and future
work is needed to conclude all the results regarding the sensitivity of thick films. In chapter 3,
we have explained the method for preparing thethick films. By considering our previousresults,
the powders prepared by route R1 (urea) showed better sensing results. Therefore, we have
considered the powders prepared by R1 to prepare thick films. All the films were deposited on
glass substrate and annealed at 250, 350, and 450 °C to remove the residual components,
especially carbon which arises due to the usage if terpineol and ethyl cellulose. In order to find
the effect of annealing temperature on the residual components thickness measurements, XRD
and SEM analysis were performed.

4.3.2.1. Thickness measurements

The film thicknesses were measured for al the films deposited, by using a P15 KLA
TENCOR Profilometer. The equipment details were given in chapter 3. Fig. 4.31 shows the
thickness variation of the SnO- thick films as a function of the annealing temperature. The film
thickness decreased with increase in the annealing temperature, which is due to the removal of
residual componentsin the annealing process. The thicknesses of the 250, 350, 450 °C annealed
samples were around 1319, 824.6, and 538.5 nm, respectively.
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4.3.2.2. XRD analysis

Fig. 4.32 showsthe XRD patterns of SnO> thick filmsannealed at different temperatures.
All the peaks showed in the XRD patterns are indexed to the tetragonal rutile structure of SnO>
according to the reported data in the JCPDS card (77-0450). Apart from tin oxide, no other

additional peaks are available.
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Fig. 4.32. XRD analysis of SnO-thick filmsfor differ

ent annealing temperatures.

In order to obtain structural information in detail, the patterns are plotted in amplified
mode and shown in Fig. 4.33. From Fig. 4.33, it can be observed that intensity of the peaks

decreases with increase in the annealing temperature.

The XRD peak intensity depends on the

quantity of material. As the annealing temperature increases, the amount of residual solvents
used will evaporate, which decreases the quantity of material and also decreases the peak
intensity. From thisit can be reasoned out that, the solvents used to prepare the SnO- thick films

did not affect any structural properties of the films.

Since the thick films will be used for CO gas sensing, it is important to observe the

surface morphology of the films. SEM and EDAX
surface morphology and composition of the films.

analysis were performed to observe the
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Fig. 4.33. XRD analysisof SnOzthick filmsfor different annealing temperatures plotted in zoom
mode.

4.3.2.3. SEM and EDAX analysis

Fig. 4.34 shows the SEM images and the corresponding composition analysis of
annealed SnO; thick films. From Figs. 4.34a, cand €, it isevident that the film porosity increases
with increase in the annealing temperature due to the evaporation of carbon content. The
evaporation of carbon content is confirmed by the composition analysis as shown in Figs. 4.34b,
d, and f. We can observe distinctly both the carbon peak decrement and tin peak increment with
increase in the annealing temperature.

Also it can be observed from the SEM images that the morphology has many significant
changes. Agglomeration and some pin holes have been observed on the surface with increased
in the annealing temperature.
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Fig. 4.34. SEM and corresponding EDAX images of SnO; films annealed at (a) and (b) 250 °C,
(@) and (b) 350 °C, and (a) and (b) 450 °C.

By comparing, thickness measurements, XRD, SEM and compositional analysis, it’s
apparent that the films deposited at 450 °C are more suitable for gas sensing because they are
more porous, less carbon content and thinner compared to other films. Therefore the sensitivity
measurements were performed for the films annealed at 450 °C.

4.3.2.4. Sensing measurements

Fig. 4.35 shows the sensitivity with respect to the CO gas concentration of the SnO»
thick films prepared by R1 and annealed at 450 °C. Similar to the previous results, the sensitivity
increases with increase in both gas concentration and the measuring temperature. As the gas
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concentration increases the number molecules available for reaction increases which in turn
increases sensitivity [73]. As the temperature increases the form oxygen adsorbed are more
reactive [73], which results in high sensitivities at higher temperatures. The maximum
sensitivity obtained is around 30, when measured at 300 °C and at 300 ppm. The sensitivity of
thefilmsisvery less compared to the pellets, which may be due to less sensing material and less
porosity compared to the pellets. Further optimization of annealing temperature, annealing time,
and utilization of improved deposition techniques, is necessary to improve the performance of
the thick films on the sensor response. Further work includes, obtaining additional results
regarding the different annealing times (higher and lower than 1 h), doping the films (Cu, Pt and
Pd) and their CO gas sensing performance.
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Fig. 4.35. Sensitivity of SnO- thick films prepared by R1, and annealed at 450 °C.

4.3.3. SnO, thick films utilizing fabricated transducer with gold contacts

All the undoped, doped, alumina mixed SnO: pellets, and SnO: thick films prepared in
this work until now contains silver contacts deposited by thermal evaporation technique. In
order to test the sensing efficiency of our material with globally available transducers, we have
utilized a transducer with gold (Au) contacts fabricated at School of Electrical and Computer
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Engineering, RMIT University, Australia| 74]. The transducer schematic model isshownin Fig.
4.36.

SnO- thick film has been deposited on the gold el ectrodes by using Doctor-Blade method
and annealed at 450 °C to remove the residual components. The thickness of the film measured
by using profilometer was around 450nm. Figs. 4.37 and 4.38 shows the SEM and

corresponding EDAX analysis respectively of the SnO. thick film deposited on the gold
electrodes.

6 mm

wi ¢
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B mm
Please cut the shor
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deposition with sharp
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Fig. 4.36. Schematic model of the transducer with the gold contacts.
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Fig. 4.37 shows the surface of the thick films deposited on gold contacts at different
magnifications. From Fig. 4.373, it is evident, the particle size distribution was around 25-62
nm. The particle size distribution is homogeneous all around the sample which is confirmed by
Figs. 4.37b ad 4.37c. Also from these figures we can say that the films surface is porous, which
is favorable for gas sensing. Fig. 4.37d, shows the SnO- film and the gold contacts too. From
Fig. 4.37d, we observe the agglomeration of the particles and forms bigger clusters. The
compositional analysis of the film surface is shown in Fig. 4.38a-d.

00t st G 200 nm

Fig. 4.37. SEM images of SnO> thick film on the gold contacts at magnification of (a) 100 nm,
(b) 200 nm, (c) 1 um, and (b) 20 pum.

It is evident the presence of Au, Sn, O from Fig. 4.38. The silicon and carbon peaks in
Fig. 4.38d, arises from the glass substrate. From Fig. 4.38b, it can be observed that, the Sn and
O were homogenously distributed al over the film. From SEM and EDAX analysis, we can
conclude that, homogeneous films with nano particles were successfully deposited by cost
effective technique. Nano metric particle size and slight porosity exhibited by the films are very
favorable conditions for gas sensing. The sensitivity of the films deposited on Au contacts in
CO atmosphere is shown in Fig. 4.39. From the Fig. 4.39, it is observed that the sensitivity
increases with respect to CO gas concentration and measuring temperature, which coincides
with the general sensor theory [75]. The reasons were aready explained in section 4.1.4.
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Fig. 4.38. EDAX analysis of (a) SnO> films surface with clusters deposited on gold contacts (b)
Sn, Auand O, (c) Au and Si compositions, and (d) composition plot.
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The maximum sensitivity obtained was around 100 when measured at 300 °C and at
300ppm. Interesting result about thisfilm is, thereis asensitivity at lower temperatures, 100 °C,
too. The sensitivities when measured at 300 ppm at 100 and 200 °C were around 4.7 and 52.
When compared to thick films deposited with silver contacts there was notable sensitivities at
lower temperatures. There reduction of sensors operation temperature was achieved for thefilms
with gold contacts. On the other hand the maximum sensitivity obtained is less compared to
pellets, which may be due to availability of less sensing material in films.

In future, the reason for the reduction of sensor operation temperature in this case should
be studied more by depositing films with different conditions like deposition temperature and
time, and also with doped SnO. materias. Until now, from the results obtained in our work, the
highest sensitivities were achieved for pellets are at higher temperatures but the thick films show
sensor response at lower operating temperatures too. The next section resumes out all the
sensitivities values in each case.

4.4. A comparison of all SnO2 sensors prepared in thiswork

Table. 4.7 below shows a comparison of CO sensitivitieswith corresponding reasons for
sensitivity for undoped, Cu, Pt and Pd doped, Alumina mixed SnO, pellets, and the thick films
with silver and gold contacts. The reasons explained in the below table are determined by the
results obtained in this work. From this table we observe that, pellets show higher sensitivities
than films due to the presence of high quantity of sensing material. Cu doped SnO; pellets show
highest sensitivities than remaining all, due to its comparabl e ionic radius with tin and the wt%
used for doping employed. This makes the sensors manufacturing cost effective. Films
deposited on gold contacts show high sensitivities than other films. Also decrease in the sensors
optimum measuring temperature was obtained for these films.

SnO2 type 6{0) Reasons
sensitivity
Undoped -R1 548 Homogeneous and small particle size
Undoped -R2 262 Non homogenous and large particle size
Cu: SnO2 1782 o Comparable ionic ¢ Necksformation.
radiusto Sn * Inter-particle
w4 Pt: SnO2 1200 * Higher ionic conductance.
% e radius than Sn * High O adsorption due
a O Pd: SnO, 502+ Very high ionic tostacking faults.
radius comparable ¢ Uniform and  small
to Sn, Cu and Pt particle size.
] Cu: SnO2 1625 e Comparable ionic ¢ Necksformation.
o radiusto Sn
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Pt: SnO»

Pd: SnO;

Cu: SnO2

Pt: SnO»

D2R1

Pd: SnO>

Cu: SnO2

Pt: SnO»

D2R2

Pd: SnO;

SnOs: AlOs3 -R1

SnOy: AlOs3 -R2

silver contacts
Deposited on
fabricated gold
contacts

Thick films

Thermally evaporated

721

287

1666

428

245

975

387

224

48

34

30

100

Higher ionic
radius than Sn
Very high ionic
radius comparable
to Sn, Cu and Pt

Comparable ionic
radiusto Sn
Higher ionic
radius than Sn
Very high ionic
radius comparable
to Sn, Cu and Pt

Comparable ionic
radiusto Sn
Higher ionic
radius than Sn
Very high ionic
radius comparable
to Sn, Cu and Pt

Uniform particle size

Inter-particle
conductance.

High O- adsorption due
to stacking faults.
Non-uniform and large

particle size.

No necks, adjacent
particles.

Barrier type
conductance.

Cluster formation, spill
over mechanism.
Uniform and small

particle size.

No necks, adjacent
particles.

Barrier type
conductance.

Cluster formation, spill
over mechanism.
Non-uniform and large
particle size.

Agglomeration alumina and SnO>
Non uniform particle size
Agglomeration alumina and SnO>

L ess sensing material

Thermally evaporated silver contacts

L ess sensing material

Clean room fabricated Gold contacts

R1 and R2 - Urea and ammonia as precipitation agents
D1 and D2 - Bulk and surface doping methods

Table. 4.7. A comparison of CO sensitivities for al the pellets and thick films with their
corresponding reasons for sensitivity.
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General conclusions

In this work, pure SnO,, Cu, Pt and Pd doped SnO> nanoparticles were successfully
synthesized and subsequent pellets were successfully manufactured with all the synthesized
powders.

Aluminamixed SnO; pellets, thick filmswith silver and gold contacts were also prepared in
a productive manner.

The gas sensing properties of al the pellets and thick filmsin a controlled carbon monoxide
(CO) and propane (CzHs) atmospheres were successfully obtained.

5.1. Particular conclusions

The structural, morphological, optical and sensing properties of SnO- pellets, aswell asthick
films, were studied in detail, giving particular attention to the interaction mechanisms
between the material and gases.

Powders prepared using the precipitation agent, urea, were more homogeneous and uniform
because it employs temperature controlled synthesis.

Ball milling is an effective process to reduce the particle size and a so promotes coal escence
between the particles, which are used as conductive necks between the particles.

Bulk doping is more effective method for gas sensing applications because the dopants either
can enter into the crystal lattice, which promotes the sensing due to defects produced, or also
sit on the surface to promote spill over gas sensing mechanism.

Doping percentage plays an important rol e according to the dopant metal type. For transition
metals like Cu, 1wt% shows high sensitivities, whereas, for noble metas like pt and Pd,
1Iwt% will worsen the sengitivities.

Sensors with silver contacts shows higher sensitivities compared to gold contacted sensors,
which is due to the higher conductivity of silver at higher temperatures. But is preferable to
use gold contacts because of higher corrosive resistance of gold makes the sensor to use for
long time.

Thick films sensitivities are low compared to pellets due to the decrement in the porosity,
but low sensor operation temperatures can be achieved by using thick films sensors.

We expect our assertion in this work can demonstrate a viable way for understanding
the effect of synthesis routes, doping methods, dopants and other parameters on the SnO>
SEeNsors.

Generally sensitivity depends on many factors, most of them have been considered in
thiswork during the analysis. But some other factors, which we did not consider are:

116



1. Change in the amount of oxygen vacancies with respect to temperature,

2. Response and recover times of the sensor,

3. Effect of change in band gap due to different doping elements on the sensitivity,
4. Different surface species formed during and after the sensing processes.

Though this is not an exhaustive list, the study has been systematic in approaching the
gas sensor behavior of pure and doped SnO. by considering maximum of the materia
parameters that would actually have an impact on its gas detection abilities. In thisway, the best
material from this material system, in this study is 1wt% Cu: SnO,, bulk doped with urea as
precipitation agent, was identified to be the best sample for the application chosen in this work.
The broader impact of this research is that these principles can viably be applied to other MOS
systems too, in order to engineer the nanomaterial s to gas sensing applications.

Themainideaof thiswork isto design apellet based sensor, where having more material
in nonmetric form cold deliver higher range of sensitivitiesin shorter time. However, like many
sensing technologies, we aso still have a big challenge for the design of the signal acquisition
and conditioning circuits (read-out electronics, op amps, data converters, etc.). Therefore, the
program’s analog and mixed signal design experts work closely with the sensor developers, as
well as with DSP and power experts from other programs. The goa is to combine sensor,
actuators, and electronics onto a single chip by developing and integrating advanced processes.

We believe by achieving this challenge, it will bridge the worlds of academia and
industry together. It features people with a wide range of expertise, from nanoscience, material
science, quantum physics and chemistry to IC design and manufacturing processes.
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APPENDIX A: FUTURE WORK

Some parts of the sensing mechanism could not be fully cleared up in this entire work.
Therefore, still it is necessary for some further research to improve the knowledge about the
metal oxide gas sensors and their basic working principles. Further experiments include the
following:

Primarily the response and recovery time measurements which are also the important
parameters after sensitivity.

Varying (higher and lower than 1wt %) the doping weight percentage for the doped
pellets and observe the sensitivity.

Also XPS analysis of the doped pellets, in order to confirm the form of dopant present
in the SnO2 matrix. This can revea the difference between bulk and surface doping
methods in more clear way.

Preparing the pure and doped thick films by other deposition methods and verify their
sensitivities.

Designing of a pellet based SnO- sensor with the electrical interface in order to compare
with the commercialy available sensors.
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APPENDIX B: PUBLICATIONS

PAPERS PUBLISHED

Published a paper on “Sensing properties of undoped and Pt-doped SnO2 Thin Films
Deposited by Chemical Spray” in Material science and semiconductor processing, Sl:
Functional semiconductors, May 2014.

Published a paper on “Sensors Based on Tin Oxide Pellets” in Sensor Letters, Volume
12, Number 10, October 2014, pp. 1513-1518(6).

Published a paper on “Low-Temperature Synthesis and Gas Sensitivity of Perovskite-
Type LaCoO3 Nanoparticles” Journal of Nanomaterials Volume 2014 (2014), Article ID
164380, 8 pages.

CONFERENCE PUBLICATIONS

Published a paper on “Surface modified tin oxide pellets for CO Gas sensing” in IEEE
proceedings conducted on September 2014.

Published a paper on “Manufacturing of Tin Oxide Pelletsand their application for CO
and CsHs Gas Sensors” in IEEE proceedings conducted on September 2013.

Published a paper on “Synthesis and characterization of Tin oxide Powders by
homogeneous precipitation” in IEEE proceedings conducted on September 2012.

PAPERS UNDER COMMUNICATION
A paper on “Cu, Pt and Pd doped Tin Oxide as CO sensors” communicated to journal
“Sensorsand Actuators B chemical”.
A paper on “Pureand Cu doped SnO2 Thick film gassensors” communicated to “Sensor s
and Actuators B chemical”.
A paper on “Sputtered transparent ZnO thin films as Propane gas sensors’
communicated to journal “Sensorsand Actuators B chemical”.
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APPENDIX C: CALCULATION PROCEDURE DETAILS
C.1. Undoped feed stock solution calculation

Formula
Molarity (M) = no. of moles/VVolume (L)
No. of moles = Mass in grams/ Molecular Weight.

Mass of the Solute in grams = Molarity (M) * Volume of Solvent (L) * Molecular weight of the
Solute.

Calculation

Solute: SnCl4.5H20

Solvent: Ethanol

Concentration: 0.2M

Volume: 500ml (Assume)

Molecular Weight of Soluteis:

Sn—> 118.71

Cl - 35.453

H> 1

O-> 16

SnCl4.5H20~> 118.71 + 4(35.453) + 5((2* 1) + 16) > 350.522
Mass (g) = 0.2 * 500m * 350.522 = 35.0522.

Therefore 35.0522 grams of Solute (SnCl4.5H20) is mixed with 500ml of Solvent (Ethanol) to
prepare the feed stock solution for precipitating tin oxide powders.

C.2. Doped feed stock solution calculation
Formula

If solution A with element X is mixed with solution B with element Y, then thewt% of X inY
is calculated as follows

W1t% of X/Y = (% of X insolution A) / [(%of X in solution A) + (%of Y in solution B)] * 100
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Calculation

Pt doped

Solution A: SnCl4.5H20

Solution B: PtCl>

Molecular weight of Solution A is:

Sn—> 118.71, Cl > 35453, H> 1, 0> 16

SnCl4.5H20~> 118.71 + 4(35.453) + 5((2* 1) + 16) > 350.522
% of Snin SnCl4.5H>0 - (118.71/350.522)* 100> 33.86
Molecular weight of Solution B is:

Pt-> 195.01, Cl > 35.453

PtCl>—> 195.01+ 2(35.453) - 265.916

% of Pt in PtCl>~> (195.01/265.916)* 100> 73.33

W1% of Pt/Sn=> (73.33/ (73.33+33.86))* 100> 68.41

Therefore 68.41%0f Pt is present compared to Sn. This calculation is for the mixed
solution with avolume of 1L with amolarity 1M. In our work we have utilized 0.4M for 100ml
of solution and for 1wt% of Pt. Therefore the quantity of PtCl.in gramsis given as

PCI, (g) = (1*0.4* 100* 10 265.916)/68.41 = 0.1554g

Therefore 0.1554g of PtCl; is added to the 0.4M SnCl4.5H20 solution to get 1wt% of
doping. Similar procedureis followed for Cu and Pd calculations too.

C.3. Schematic diagram of the Die utilized to manufacturethe pellets

In this work all the pellets manufactured by utilizing a die. The die model has been
designed by our group. It isdesigned in away that it can sustain a pressure around 35tons. The
material used for preparing the dieisahard steel D2. By using the D2 rods, the shape of the die
has been cut and annealed at higher temperaturesin order to avoid the expansion of the materia
during the pellet manufacturing. During the annealing process, the hard ness of the die can be
set too. The die’s top and base hardness were set to 54-56 kgf (Kilogram-force), piston hardness
was set to 56-57 kgf. Finaly the small pieces which goes inside the die and hold the material
were also annealed and their hardness were set to 57-58 kgf.

The schematic diagram of the die with all its componentsis shown in Fig.C.1.
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Fig. C.1. Schematic diagram of the die with al its components, utilized in our
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