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Abstract

Currently, there is enormous interest in research, development and optimization of the
combustion processes for energy harvesting. Recent statistical and economic analyses estimated
that by improving the coal-based firing/combustion processes in the power plants, savings up to
~$450-500 million yearly can be achieved. Advanced sensors and controls capable of withstanding
extreme environments such as high temperatures, highly corrosive atmospheres, and high
pressures are critical to such efficiency enhancement and cost savings. For instance, optimization
of the combustion processes in power generation systems can be achieved by sensing, monitoring
and control of oxygen, which is a measure of the completeness of the process and can lead to
enhanced efficiency and reduced greenhouse gas emissions. However, despite the fact that there
exists a very high demand for advanced sensors, the existing technologies suffer from poor
‘response and recovery times’ and ‘long-term stability.’

Motivated by the aforementioned technological challenges, the present work was focused
on high-temperature (=700 °C) oxygen sensors for application in power generation systems. The
objective of the present work is to investigate nanostructured gallium oxide (Ga203) based sensors
for oxygen sensing, where we propose to conduct in-depth exploration of the role of refractory
metal (tungsten, W, in this case) doping into Ga203 to enhance the sensitivity, selectivity, stability
(“3S” criteria) and reliability of such sensors while keeping cost economical. Tungsten (W) doped
gallium oxide (Ga203) thin films were deposited via rf-magnetron co-sputtering of W-metal and
Ga20s-ceramic targets. Films were produced by varying the sputtering power applied to the W-
target in order to achieve variable W content into Ga203 films while substrate temperature was
kept constant at 500 °C. Chemical composition, chemical valence states, microstructure and crystal
structure of as-grown and post-annealed W-doped Ga2Os films were evaluated as a function of W-
content. The structural analyses indicate the formation of monoclinic -phase Ga203 in as-grown
W-doped Ga20s films for all W-content. Thermally induced secondary phase (W-oxide) formation

was observed after the annealing process. Chemical analysis demonstrates the increasing W atomic

Vi



percentage in the films with increasing sputtering power, whereas the main metallic ionic species
for the films are W and Ga**. Evidence of W interdiffusion due to the annealing process is
presented, and the mechanism of diffusion is discussed. Surface morphology of the films is also
discussed, and the transition to mesoporous surface is observed after annealing. Finally, the oxygen
sensor performance evaluation demonstrated that the W-incorporated Ga20O3 exhibits improved

response time compared to intrinsic Ga203 based oxygen sensors.
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Chapter 1: Introduction

Today’s energy demand for industrial, commercial, transportation, and residential utilization
has increased significantly in recent years. In this context, it should be recognized that a major part
of the energy that the world consumes is derived from fossil fuels (see, Figure 1). However,
utilization of fossil fuels for power generation involves a series of complex processes and
phenomena. One of the most important things to mention relevant to the process of combustion, is
the fact that it leads to different issues in terms of various pollutant byproducts (Figure 1.1)
(International Energy Agency 2015). As illustrated in Figure 1, in the U.S. up to 2013, 82% of the
total energy production was obtained through fossil fuels, where 27% corresponds to natural gas
and 19% corresponds to the use of coal as the primary source. Using these fossil fuels for energy
production is, however, of primary concern in the context of environmental pollution and health
hazardous emissions. The combustion byproducts can be translated into harmful emissions to the
environment, especially emissions such NOx, CO, COgz, and SO2. These emissions can be
controlled and reduced through, as well as the increment on the efficiency of the energy systems,

the improvement of sensors and controls techniques in power plants (Spirig et al. 2007).

(a) BiDFUElS Total = 91.5 qllddrl“ll)ﬂ Blu Total = 9.3 quadiillion Btu (b)

Hvdro and woste s R i
z?gar.; 100%  Oter

Wind 17%
Muclear

Biomass waste 5%)|
Biofuels 22%

Omass

Wood 22%

Matural

23

Hydroelectric 28%

Figure 1.1: Energy production by source in 2013: (a) worldwide (International Energy Agency

2015); (b) US generation (Administration 2015).
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Optimization of the combustion processes can enhance the efficiency, and significantly
diminish the greenhouse gas emissions while reducing the ‘energy cost’ to the final user. For
instance, recent statistical and economic analyses estimated that by improving the coal-based
firing/combustion processes in the power plants, companies and manufacturers could achieve
savings up to $409 million yearly (Spirig et al. 2007), although the current estimates span the range
of $450-500 millons. However, in order to optimize the combustion process for energy harvesting,
precise estimation, detection and monitoring of the byproducts must be achieved. From all the
products emitted from a combustion process, the three main components that must be given a
serious consideration for detection and monitoring are the following:

e 02 & CO: The concentration of these gases provide a measure of the completeness
of the combustion process
e NOx: This gas concentration measures the main controllable pollutant from the

combustion process (Romanosky, Dunst, and Dutta 2008).

Due to the need to detect each one of these gases accurately, energy science and
engineering researchers have opted for using arrays of gas sensors to improve the performance of
the energy systems. In the particular case of natural gas combustion, the values of CO at ideal
combustion are reduced to tens of ppm, and detection of oxygen plays a very important role;
however, when the excess of natural gas is introduced, the amount of CO rises, and its detection
becomes important (Maximilian Fleischer 2008). Nevertheless, the detection of these gases for
combustion processes require systems capable of withstanding extreme environments. According
to the U.S. Department of energy, novel technologies based on coal-firing and combustion turbines
work on thermal loads in the range of 1000 °C to 1600 °C (Romanosky and Maley 2013). In a

similar fashion, the reduction of automotive emissions could be achieved by placing the



monitoring sensor closer to the exhaust manifold where temperatures are capable of reach 1000
°C (Candel and Docquier 2002).

Figure 1.2 shows a diagram where the different fuel to air ratio that can be presented in a
combustion process, where we can see that under the optimum conditions, we could minimize the
production of pollutants. When there is no sensor feedback is presented, we could be running our
process in either fuel or air rich range. Running under fuel rich condition could cause not only
environmental issues, but safety issues as well, due to the numerous amount of unburned fuel that
could reignite inside the exhaust system. On the other hand, running the combustion process on
the air rich range will generate higher amounts of NOx (NO, NO2) products that are the main

contributors of acidic rain (Yokogawa 2008).

FUEL RICH AIR RICH

20 NOT EFFICIENT
HIGH NOx EMISSIONS

CO&
Combustibles

...... l-..,_..EFHCIENCY
oooooooo ' '-...-.,.'.'
B
I
UNSAFE  IDEAL
NOT EFFICIENT M
HIGH EMISSIONS {
-20 -10 0 10 20
% EXCESS AIR

Figure 1.2: Air to fuel ratio diagram for combustion processes (Yokogawa 2008)
The ongoing research to improve the efficiency and to generate a more sustainable energy
portfolio including fossil fuels, has moved researchers to not only work in physical sensor, but also

on the placing of the sensing devices. Complex algorithms that allow a higher control of the



emissions presented in a combustion process, is one of the mechanisms that is under review (Han
et al. 2013). Nevertheless, the main focus of this project is related to the physical improvement of
the sensor; for that reason following sections are intended to provide some general background

information on the sensors and their operation.

1.1. SENSORS AND PRINCIPLES
The word “sensor” has its origins in the Latin word “Sentire” which means to perceive or

to be sensitive (Arregui 2009). A sensor is an electronic measurement device, which utilizes
chemical or biological reactions (depending upon whether it is a chemical or biological sensor) to
detect and quantify a specific analyte. The operational principle of a chemical/biological sensor is
illustrated in Figure 1.3. The chemical detection is based on the principle that the changes in the
atmosphere alter the material properties of sensor in a characteristic way. A sensor can be best

defined or characterized in terms of the following:

Biological Agent

g

Surface Reactions

Sensor

!

Information

Figure 1.3: Schematic diagram showing the principle of a sensor
¢ Mechanism: which is responsible for detection or sensing ability,
e Sensitivity: is a change of measured reading when the analyte is introduced (Umar

et al. 2010).



e Selectivity: refers to ability of a sensor to respond selectively to a group of analytes
or even only to a single analyte (Umar et al. 2010).

e Stability: is the capacity of a sensor to show reproducibility in the results for a
certain period of time (Umar et al. 2010).
Sensitivity, selectivity, stability of a sensor are usually called the “3S” criteria.

e Response Time: It is the transient response of the sensor when it experiences a

change in the property measured (Umar et al. 2010).

e Operating Temperature: the specific temperature or range of temperature that the

sensor can function effectively and safely.
e Life Time: is the period that a sensor can survive without failure or damage or

degradation in functionality.

There are many more requirements that a sensor needs to fulfill, such as size, power
consumption, and cost (Umar et al. 2010). Also, in the case of high temperature sensors, the
material is required to tolerate elevated temperatures (>700 °C), high pressure, and highly
corrosive environments (Y. X. Liu et al. 2014). Furthermore, in order to mitigate the requirements
of high temperature sensors, and more specific for power generation purposes, researchers have
been working on different technologies, and manipulation of materials properties for a better
understanding and control of the systems. Among new technologies: fiber optics, sensors arrays,
1D structures, and the integration of nanotechnology are under exploration (Romanosky and Maley
2013), especially for utilization in power generation systems.

The coupling of nano-scale science with existing sensorial techniques has open the doors
to new scales in accuracy and improvements. Among the advantages of the junction with

nanotechnology are the small device sizes, integration, miniaturization, low power consumption,



inexpensive, capability for high production volume at low cost; high efficiency, controlled
transduction mechanisms at the nanoscale tightening up homogeneity and uniformity; long-term
stability, material properties improved, improved sensor dynamic, and minimized time required
for sensor response (Arregui 2009). Furthermore, the capabilities of nano-scale materials to be
tuned by varying fabrication parameters and methodologies to achieve optimal functional
properties of the material is one of the more prominent advantages that the sensor industry is
exploiting to achieve higher efficiency on the sensed processes.

Our topic and particular work is towards designing and developing reliable nanostructured
oxygen sensors for utilization under extreme environments. A brief introduction on high-

temperature oxygen sensors is presented below.

1.1.1. High Temperature Oxygen Sensors
An oxygen sensor is an electronic device, which measures the oxygen concentration under

certain conditions depending the specific or targeted application. Oxygen sensors capable of
operating at harsh environments, which experience extreme conditions in terms of temperature,
pressure and corrosive atmosphere, are needed in many industrial applications. Industrial oxygen
sensors are used for combustion monitoring and control in a great variety of applications
comprising energy consuming industries, such as iron and steel, electric power, oil and
petrochemical, ceramics, pulp and paper, and textiles as well as various combustion requirements
like boilers or incinerators. Most importantly, the oxygen sensor is the key component in oxy-fuel
combustors and automobiles (Umar et al. 2010). The functionality and need for oxygen sensors
for extreme environment applications can be best understood by considering the case of

automobiles since various types of sensors initially developed for the combustion efficiency



control in the automotive industry have been adapted for industrial furnaces, boilers, gas turbines

and oxy-fuel combustion based power generation systems technology.

The first commercial oxygen sensor was introduced by Bosch in 1976 in order to control the
air to fuel ratio of the exhaust of a car engine. These sensors did not incorporate any internal heater,
and they depended on the temperature of the combustion products to reach operational conditions.
From that point researchers have worked to improve materials to optimize the combustion
processes and to have a better detection of the oxygen as encountered in many systems
(Ramamoorthy, Dutta, and Akbar 2003). There are three main types of high-temperature oxygen
sensors: (1) potentiometric, (2) limiting current amperometric, and (3) metal oxide based sensors.
The first two require the use of solid electrolytes, whereas metal oxide semiconductors depend on
the change in electrical properties of the active layer which can be a thin or thick film. The first
written evidence that a semiconductor was used as an oxygen sensors was published in 1956, in
the Diploma Thesis by Erlangen under the mentoring of Mollwo and Heiland, and the title of the
thesis was ‘‘Oxygen detection in gases changes in the conductivity of a semiconductor (ZnO)’
(Carpenter, Mathur, and Kolmakov 2003). The following subsections will explain the mechanism

of oxygen sensing as well as the common materials for each of the main types of oxygen sensors.

1.1.2 Potentiometric Oxygen Sensors
This type of sensor requires the use of oxygen ion conducting materials as solid electrolytes,

and the most common material employed is Yttria-Stabilized Zirconia (YSZ) due to its high ion
conductivity produced by the incorporation of yttrium into the zirconia lattice which causes oxygen
vacancies. When 6 to 12 mol% of yttria is incorporated, zirconia cubic phase is stabilized which
is the preferred phase for ionic conductivity at high temperatures (Ramamoorthy, Ramasamy, and

Sundararaman 1999). YSZ is also preferred as the high temperature oxygen sensor due to its other



properties such as crystal structure, oxygen stoichiometry, and mechanical properties which are
preserved up to 2500 °C (Ramamoorthy, Dutta, and Akbar 2003).

The sensing mechanism of potentiometric oxygen sensor depends on the chemical and
electrical potential which is schematically presented in Figure 1.4. When YSZ sensor is exposed
to the test gas, the oxygen molecules presented in the gas get adsorbed by the electrode, commonly
made out of porous platinum (Pt), and dissociated into atomic oxygen. Afterwards, the adsorbed
atoms diffuse into the boundary formed by the Pt electrode, the electrolyte (YSZ) and the gas
which is known as the Triple Phase Boundary (TPB). It is at the TPB where the electron transfer
takes place from the electrode to the adsorbed atomic oxygen forming O% ions. The process can

be explained as follows using Krdger-Vink notation (Ramamoorthy, Dutta, and Akbar 2003):

02 ,pt) = Oaaspr) F Oadspr) = OFpB = OFszceuveeeiiiiaiiiiiee e 1.1

The requirements in the designing of potentiometric sensors are the following: The electrode
material must be a good catalyst for oxygen reduction and oxidation, and at the same time it should
show high porosity to allow triple phase boundary. In the case of the electrolyte, it needs to show
high ionic conductivity at the desired operational temperature. When oxygen is present at the
electrode-electrolyte interface, it defines a value for the oxygen activity and the Fermi level (EF)
is controlled at the interface by the oxygen electron equilibrium as per the following equations

(Ramamoorthy, Dutta, and Akbar 2003):
O2(gas) + 4€(iectrode) @ 200aectrolyte) - «--nwrrmmeeeemmeeamee et 1.2
1
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where p is the chemical potential. In the particular case of YSZ electrolytes, which show high ion

conductivity and high oxygen vacancies, the chemical potential for the oxygen ions inside the



electrolyte in the same. When different partial pressure of oxygen are presented, the Fermi level

can be expressed as follows:

_ 1y m Y _ KT Pé
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where k is the Boltzmann constant, T is the absolute temperature, and e is the electron charge.
Furthermore, the electrical potential produce between the two electrodes is obtained by Nernst

equation of electrochemical cells, with the following equation:
_ BTy POz
emf = o ln(P(,),Z) ....................................................................................... 1.5

where F is the Faraday constant, and R is the universal gas constant. The sensitivity of the sensors
is given by the first part of the equation RT/4F, and depends only on the temperature

(Ramamoorthy, Dutta, and Akbar 2003).
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Figure 1.4: Schematic diagram of a potentiometric type oxygen sensor.
The main disadvantages of this type of sensors include a relatively weak dependence on partial
pressure, and the necessity for a high-temperature seal to isolate the unknown from the reference

gas (Kim, Rothschild, and Tuller 2013).



1.1.3 Limiting Current Amperometric Oxygen Sensors

For this type of sensor, oxygen is pumped from one side of the electrolyte to the other by
applying an external voltage to the system. The resulting ionic current flowing though the
electrolyte is proportional to the oxygen concentration. Due to the high magnitude of diffusion
coefficient for oxygen in the gas state the ionic current is increased trough the electrolyte with the
applied voltage until breakdown occurs. In order to avoid breakdown occurring, a diffusion barrier
is introduced to the head of the cathode, this diffusion barrier can be a small aperture or a porous

material, all of the features included in amperometric sensors are shown in Figure 1.5

(Ramamoorthy, Dutta, and Akbar 2003).
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Figure 1.5: Schematic diagram of a limiting current amperometric type oxygen sensor.

The sensing mechanism of this system depends on the diffusion of oxygen that can be either
bulk or Knudsen diffusion depending on the dimension of the aperture, but the 1-V characteristics

are different depending on the type of diffusion occurring, and hence the limiting current is a
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function of the geometry of the diffusion barrier (Ramamoorthy, Dutta, and Akbar 2003). Previous
studies have demonstrated that for bulk diffusion the limiting current depends on the oxygen
concentration by —In(1-Co2), and linearly in the case of Knudsen diffusion (Usui 1989; Usui et al.
1987). For the linear dependency, the diffusion current of molecular oxygen dNo2/dt depends on
the concentration gradient of oxygen dCo2/dx, the effective diffusion cross section Q, and the

diffusion coefficient for oxygen Doz.

dNO2

pra Dy, Q P PR PRPPR 1.6
And the pumping ionic current flowing through the electrolyte follows Faraday’s law:
by = 4F 002 1.7

dat

As the applied Vp is increased, the current also increases until the point where the oxygen
pressure close to the cathode-electrolyte interface reaches a near zero value. After that, the current
saturates depending on the molecular current of the oxygen flow along the diffusion barrier; once
this happens, ip is directly proportional to the oxygen concentration as a linear function
(Ramamoorthy, Dutta, and Akbar 2003).

Some of the disadvantages encountered in these sensors is the limiting capabilities of working
in environments where the air to fuel ratio () has a value equal or smaller than 1, when the levels
of fuel are higher than those for air in the called rich combustion (Ramamoorthy, Dutta, and Akbar
2003). Also, the limiting current depends on the morphology and catalytic activity of the

electrodes, which changes after a certain period of operation (Kim, Rothschild, and Tuller 2013).

1.1.4 Metal Oxide Semiconductor (MOS) Oxygen Sensors
This type of sensor uses the metal oxide semiconductor to vary their electrical properties in the

presence of a gas species in the atmosphere. MOS sensors can be miniaturized, and incorporated
into MEM technologies which provides an advantage (Ramamoorthy, Dutta, and Akbar 2003).
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The sensing mechanism of the MOS sensors relay on the non-stoichiometric nature of

semiconductor metal oxides, where oxygen vacancies, metal interstitial, and metal vacancies are

presented inside the material, producing oxygen defiance inside the lattice. When the materials are

exposed to high temperatures >700 °C, the already mentioned oxygen vacancies can suffer oxygen

diffusion from inside the lattice towards the surface, or from the surrounding environment into the

lattice, from here we can express basic equations between oxygen molecules at gas phase O29, and

the oxygen vacancies inside the material Vo (Kim, Rothschild, and Tuller 2013).

1.

2.

O2(gas) TV ads P O2(a05) .+« « v v v evreeeiiie ettt e ettt 1.8
O2(ads) F 8 P 0 2(a0)+ + v v e nvve ettt et et e e e e, 1.9
O 2(a08)FE D O22US) - e+ et 1.10
O22ads)HV (ads) > 207 (0S)- + e e et 1.11
20 (ads) + € O (ads) F O2(S) .+ v evneeneen e e e 1.12
O (ads) + O2(ads) F €7 €D 2072 (a8) -« -+ v e e 1.13
2072 (ads) + Voo™ 6 00 + O2(ads) F V(@S- e+ v vveeneeneie e 1.14
02 (ads) + Vo' 0o+ V(ads) [8]. .o vneveeeeeeee e 1.15

The 8 steps where 4 electrons are necessary to complete the process, can be summarized in the

following half reaction using Kréger-Vink notation:

203 4267 F V5 = Ogqseeovoeeeeeeseeeeeeie e 1.16

At the same time we need to consider that the behavior of the sensitivity for the shift in

conductivity for a MOS materials is proportional to the oxygen partial pressure, and it is governed

by the following equation:

0 = A x expl— AL IPE ™ 1.17
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where o is conductivity, Ea represents the activation energy of the material, Poz is the partial
pressure of oxygen, k is the Boltzmann coefficient, T is temperature, and 1/m represents the
sensitivity of the material, and its value depends on the dominating defects involved in the reaction,
and its sign depends on the type of semiconductor (n or p type) (Ramamoorthy, Dutta, and Akbar
2003). Figure 1.6 shows how a MOS sensor is composed, where the insulator substrate is used to
avoid any leak current, the employment of interdigital electros, and the active MOS layer on top
which enables the oxygen sensing properties that can be deposited as a thin or thick film. Most of
the MOS sensors possess an integrated back heater to maintain steady temperature throughout the
sensing process.

The list of materials investigated for oxygen sensing purposes is very lengthy; however,
TiO2 is the most studied semiconductor for oxygen sensing (Ramamoorthy, Dutta, and Akbar
2003; Xu, Zhou, and Sorensen 2000). Materials such ZnO, SnO2, WOs3 have being investigated,
but their operational temperature reduce the capabilities of these materials (Bene et al. 2001). There
are only a few simple binary metal oxides, Ga203, CeO2 and TiOz2 which are capable of maintaining
their micro-morphology and chemical structure at temperatures higher than 800 °C (Y. X. Liu et
al. 2014). Furthermore, more complex oxide such SrTiOs perovskite type and BaFe1-xTaxOs-s have
shown capabilities to detect oxygen at low or high temperatures due to its near ~0 eV activation
energy (Y. X. Liu et al. 2014). Nevertheless, different parameters should be considered before
choosing a Metal Oxide as sensing layer, among those properties the followings are important to
mention: band gap, oxygen diffusion coefficient, catalytic activity, conductivity, thermodynamic
stability, electronic structure, and chemical activity. In the case of high temperature metal oxide
sensors, some of these properties should be considered; for example, in the case of the band gap,

the temperature of operational should be proportional to band gap value (Korotcenkov 2007). In
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terms of electronic structure, metal oxide with d° or d'° orbitals are preferred, in the case of d"
orbitals, they are not well suited due to the lower energy required to change to d™** or d™* (Wang
et al. 2010). The thermal stability of the films is a very important aspect to consider, particularly
if the sensors are going to be tested at high temperatures. Materials with high enthalpy of
formation, and high melting point are characterized for their high thermal stability; however, the
thermal program reduction (TPR) temperature, which indicated at what temperature metal oxide
begin to reduce under a hydrogen rich environment, should be higher to avoid any interaction

while sensor is operational (Korotcenkov 2007)

Metal Oxide
' Semiconductor

Figure 1.6: Schematic design of a MOS oxide semiconductor.
The mechanism of gas detection is highly dependent on the operational temperature and Figure
1.7 shows the schematic diagram where the different temperature ranges are identified. At low
temperature (RT-200 °C), the dominant mechanism of gas detection is through surface reaction
(Physisorption) of the metal oxide where there is no charge exchange involved. At intermediate

temperature (300°C-500°C), chemisorption is the dominant phenomena where the incoming
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oxygen ions interact with the surface of the sensing layer causing a band bending, and generating
a depletion layer which in films with high surface to volume ratio causes an overall effect on the
bulk conductivity of the material. The final range is considered the high temperature range (> 700
°C) where the balance between environmental oxygen and the bulk composition oxygen is
achieved, in this case oxygen incorporation to the lattice is the main mechanism (Korotcenkov
2007; Kim, Rothschild, and Tuller 2013). At temperature > 700 °C the thermal energy is high
enough to overcome kinetic barriers for oxygen exchange, oxygen interacts with bulk defects
affecting the carrier concentration and changing the conductivity of the material (Kim, Rothschild,
and Tuller 2013). It is important to mention that regardless the temperature, the borders on where
each mechanism is controlling the process are not fixed, and they vary depending on the type of
metal oxide that is employed (Korotcenkov 2007). Nevertheless, the time response of the sensors
is dependent on two factors: surface reaction and diffusion (Gerblinger, Lampe, and Meixner
1995), but at elevated temperatures oxygen diffusion is the limiting step of the process

(Korotcenkov 2007).
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Figure 1.7: Temperature range for MOS sensor mechanism of gas detection.
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In this particular work, the use of MOS sensors will be discussed, more specifically the use of
Ga20s to use as an oxygen sensor working within the high temperature range. Nevertheless, it is
important to develop on the diffusion process which dominated the time response of sensors at
temperatures >700 °C. Once the surface reaction takes place, the adsorbed oxygen molecules will
dissociate into O ions, which is the dominant ion specie at >700 °C (Josepovits et al. 1998), and
will interact with bulk defects of the material until balanced is achieved. Depending on the surface
characteristics of the film the oxygen could diffuse via surface diffusion or Knudsen diffusion
depending on the pore size. According to the IUPAC pore size classification, if the pore size is >
2 nm the material is considered microporous and surface diffusion is the ruling mechanism, and
from 2 nm to 50 nm the material can be called mesoporous where Knudsen diffusion controls the

process (Karger, Ruthven, and Theodorou 2012; Roque-Malherbe 2007).

1.2 GALLIUM OXIDE
Gallium oxide (Ga20s3) is a wide band gap semiconductor. Ga20s is attractive for several

different applications such as photoresistors, photo-diodes, UV-transparent conductive oxides,
luminescent phosphors, electronic switches, and gas sensors (Onuma et al. 2013; X. Z. Liu et al.
2016; Petitmangin et al. 2013; Janowitz et al. 2011; Bene et al. 2001). Ga20s exhibits five
polymorphs (Roy, Hill, and Osborn 1952); a, B, v, 6, and €, where p shows a monoclinic structure
under normal conditions, o shows corundum structure, whereas d is a bixbyite structure. The y
polymorph is not deeply investigated, but is known that it shows spinel structure with Ga-deficient
defects; € appears when - Ga203 is heated to 500 °C, but the crystal structure was not determined
(Yoshioka et al. 2007). From the five polymorphs, B-phase exhibits the highest thermal al chemical
stability with crystal structure as presented in Figure 8. B-phase can be achieved by any of the

different phases by heating the material up to 870 °C (Maximilian Fleischer et al. 1997). Ga203
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band gap value has been found to be ~5eV (Fleischer and Meixner 1993; Hao and Cocivera 2002;
Schubert et al. 2015), previous studies demonstrated that at 800 °C Ga20s3 shows values of carrier

concentration “n”= 8 x10%%/cm?, and a mobility of u=5 cm?/Vs (M. Fleischer and Meixner 1993).

Figure 1.8: B-Ga203 monoclinic structure, constructed using CrystalMaker software

The B-Ga203 shows a base-centered monoclinic structure (space group Czm) with a melting
temperature of 1780 °C (Bartic, Baban, et al. 2007; Litimein et al. 2009; Kumar et al. 2013). The
B-phase shows a distorted cubic packing arrangement for its oxygen ions, and a distorted
octahedral and tetrahedral arrangement for the gallium ions. The lattice parameter for f-Ga2Oz are
the following: a=12.2140A, b=3.0371A, ¢=5.7981A, f=103.83° (Kumar et al. 2013). B-Gaz0sis a
n-type semiconductor, where conductivity is very sensitive to partial pressures of oxygen in its
surrounding atmosphere making it useful for oxygen sensor applications. This reduction in the
electric conductivity due to the presence of oxygen can be caused by oxygen deficiency or by
gallium excess. The mechanism of oxygen sensing is still under debate, where some authors state
that the principal mechanism of conductivity reduction is by the interaction with the oxygen

vacancies (Rubio and Ramana 2013a), others suggest that the principle defect type are Frenkel,
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with interstitial gallium species (Zinkevich and Aldinger 2001). Furthermore, other researchers
assure that the “n-type” conductivity of Ga20z arises from the Si and H impurities, and the oxygen
deficiency will only act as a shallow donor the material (Lovejoy, Chen, Zheng, et al. 2012). It is
important to mention that doping with appropriate metallic ions can provide shift in electronic
properties to improve different practical applications like gas sensing and transparent conducting
oxide (Dakhel 2013; Dakhel 2012).

Recently, p-Ga203 ceramics were deposited as thin films and nanostructures in order to
maximize the surface to volume ratio. However, unfortunately, the properties of the material
depend on the deposition method, as well as the processing condition for each deposition
(deposition pressure, substrate temperature, and reactive pressure). For this reason, a deeper
understanding of the deposition parameters’ influence on the structure and properties of the
resulting materials is very important (Kumar et al. 2013). Sputtering is one of the most common
deposition methods employed, due to its easy industrialization and repeatability of the process
(Wasa, Kitabatake, and Adachi 2004). Nevertheless, other physical and chemical deposition
methods were also employed to fabricate Ga20s thin films. Using Atomic Layer Deposition (ALD)
high quality nanocrystalline 3-Ga20s films were deposited achieving full crystallization at 700 C,
with (400) texturing (Shan et al. 2005). Sasaki et al. demonstrated the growth of single crystal p-
Ga20sthin films using Molecular Beam Epitaxy (MBE) (Sasaki et al. 2012). Metal Organic CVD
(MOCVD) is a chemical vapor deposition commonly used to deposit f-Ga203 to analyze optical a
structural quality of the films being deposited chemically (Mi et al. 2014; Mi et al. 2013). Among
the Physical VVapor Deposition (PVD) techniques Electron Beam has demonstrated the capability
of growing B-Ga203 with a morphological features of ~40 nm grain size (Cheng et al. 2013).

Furthermore, not only nanostructured films have been realized, but two-dimensional structures
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such nanowires based on -Ga203 have been explored for transparent conductive oxide and gas
sensors applications (Lépez et al. 2014; Z. Y. Zhang et al. 2006).

As mentioned earlier the intrinsic properties of f-Ga20s can be tuned using different dopants,
which can modify the electronic structure, optical properties or crystal structure of the material.
Silicon doping into Ga20s has demonstrated an increment in the conductivity values with
incremental concentration of silicon due to the increase in free carrier concentration (Encarnacion
G. Villora et al. 2008). Suzuki et al. studied the incorporation of Sn into Gallium Oxide for TCO
application, and their results demonstrated that the resistivity value of the films increases with Sn
presence due to the direct influence in the carrier mobility of the material (Suzuki et al. 2007).
Zhang et al. deposited Cu-doped Ga20s thin films via rf-sputtering deposition; they showed a
narrowing of the band gap of Ga20s thin films while keeping -Ga20s3 crystal structure (Yijun
Zhang et al. 2011a). Titanium doping has been also considered, where the results showed a
reduction in the band gap while the monoclinic B-phase was preserved (Dakhel 2013). Lovejoy et
al. investigated the effect of the magnetic and electrical properties of doping Ga203 with Mn and
Cr, where they proved that Mn reduces the capabilities of gallium oxide to crystalize, and that the
value of the resistivity increases when Mn is presented (Lovejoy, Chen, Yitamben, Shutthanadan,
Heald, Villora, Shimamura, Zheng, Dunham, and Ohuchi 2012). Tungsten doping into Ga203 was
studied by different groups achieving a narrowing on the band gap when W-was incorporated, also
their results demonstrated only the presence of B-phase crystal structure (Rubio and Ramana
2013a; Dakhel 2012). The correlation between doping of Ga20O3 and the actual final application of
the material is still uncertain, due to the lack of understanding of the electronic-structural-defect
relation for the specific ions used for doping. In this work, we focus our attention on intrinsic and

metal-doped Ga20s thin films. We proposed to evaluate the intrinsic and metal-doped Ga203
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nanostructured thin films for oxygen sensor applications. We will conduct in-depth exploration of

metal doping to improve the oxygen sensing properties of Gaz0s.
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Chapter 2: Motivation and Significance of the Proposed Project

Sensors based on MOS are most promising for power generation systems due to their small
dimensions, low cost, low power consumption, on-line operation, high compatibility with
microelectronic processing, and ease of integration into nanotechnology and portable device
technology. Therefore, in recent years, extensive studies have been directed towards the
fundamental understanding, research, and development of oxygen sensors based on metal oxides.
However, despite the fact that there exists a very high demand for advanced oxygen sensors for
combustion, the existing technologies suffer from poor response and recovery times and long-term
stability. The recent approaches to improve the response time, selectivity and prevent sulfur
poisioning have not met with the desired success. Further research and development is needed to
realize oxygen sensors that combine rapid response time, selectivity and long-term stability. This
is the impetus for the proposed project to investigate the intrinsic and metal-doped Ga20s to design
oxygen sensors that combine a rapid response, enhanced “3S” criteria, reliability, and robustness
at extreme environments for application in power generation systems. The reminder of this section
is devoted to highlight the importance of Ga20O3 and what is the intellectual and technical merit of

our proposed effort.

2.1 RESEARCH OBJECTIVES AND STATEMENT OF PROPOSED WORK
The hypothesis that constitutes the pillar behind this dissertation work is: “the refractory

metal doping into gallium oxide can improve the 3S criteria combined with rapid response
and robustness for utilization in oxygen sensing at extreme environments for power
generation systems.” The challenging goal of the proposed project is, therefore, to create a

fundamental understanding of the intrinsic and metal doped gallium oxide sensors for detecting
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oxygen in power generation systems. The following are the specific research tasks and objectives

of the proposed research project.

2.1.1 Fabrication of Ga;O3 Thin Films Based High Temperature Oxygen Sensors
The first objective of this work is to fabricate high quality Ga2Os based sensors by using RF

magnetron sputtering, as well as doping Ga20s thin films with metals to improve the sensor
response. The use of sputtering technique is justified by the repeatability of the process, the
easiness of the integration with mass production systems and the non-equilibrium state that allow
us to combine different materials without the necessity to follow Hume-Rothery rules for alloying
(Wasa, Kitabatake, and Adachi 2004). We proposed to undertake the sensors’ deposition onto
Pyrex glass substrate substrates with integrated Pt interdigital electrodes. At the same time, films
were also deposited on Si (100) and Sapphire to facilitate the characterization. The characterization
from various analyses was used as a feedback to obtain films with desired structure, morphology,

chemistry and dopant concentration.

2.1.2 Optimization of Deposition Conditions
Intrinsic and metal doped Ga20s films were deposited using RF magnetron sputtering, and the

deposition condition were tuned in order to achieve the best structural, electrical, electronic, and
morphological conditions to enhance sensor performance. Substrate temperature, sputtering
pressure, and partial pressure of reactive gases were varied to obtain intrinsic Ga203 films. The
effect of processing parameters on the crystal structure, grain size, band gap, resistivity, and other
related parameters was studied in detail. In the case of metal ions doping, the already mentioned
deposition parameter was varied for the film to achieve optimize properties for sensor application;
however, sputtering power for doped material was varied to change doping concentration,

maximum concentration will be determine by the maximum power allowed before secondary
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phase formation starts. For our purpose and benefit of particular research, B-Ga20s3 films is the
only desired phase. The first phase of the work will examine the metals: Tungsten (W) doping.
Determination of the optimum deposition conditions will be achieved via iterative

experimentation.

2.1.3 Develop a Structure-Electrical-Processing Conditions Relationship
After fabrication, the films were tested to characterize their properties. The goal was to derive

a structure-property relationship, which be helpful to provide a deeper understanding of the Gaz0s
films for sensor application. Attempt was made to evaluate the effect of deposition parameters on
the structural, optical, and electrical properties. Specific attention was directed towards metal
doping, due to the importance of improving sensor performance of the Ga20s films, with special
focus on time response. Time response is determined by the chemical reaction kinetics between
the material surface and the oxygen molecules, and by consequence, by the diffusion process and
surface reactions (Carpenter, Mathur, and Kolmakov 2003), for that reason the understanding of
the defect chemistry for each one of the doping ions is essential. As sputtering deposition is a non-

equilibrium technique, the oxidation state, and defect type was also determined experimentally.

2.1.4. Evaluate Ga;03; Based Thin Films for Oxygen Detection at High Temperatures
Ga20s3 based films were exposed to test gas(es) under a temperature of 700 °C or higher, and

evaluate their capabilities to detect oxygen under those conditions. In this case, samples produced
under optimum conditions were introduced into a vacuum chamber and test their variation in
electrical conductivity when oxygen is introduced. Sensitivity, time response, and selectivity were
the three main properties that were considered when evaluating the sensor performance, also the

comparison between pure Ga203 and metal-incorporated Ga20s3 films. Furthermore, the evaluation
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of Ga203 based sensors detection range was evaluated, varying the partial pressure of oxygen

introduced, in order to see the range of detection at the already mentioned temperatures.

2.1.5 Investigate the Thermal Stability of Ga>O; Based Thin Films
High temperature oxygen sensors need to tolerate a minimum of 17,000 h of operation

(Korotcenkov 2007), for that reason the exposure and analysis of the properties before, during and
after exposure is essential. Intrinsic and metal doped Ga20s films were introduced into a high
temperature furnace and exposed to temperature higher than 700 °C for several periods of time.
Then, their structural, electrical, and sensor performance were evaluated. Furthermore, surface

morphology was also be examined throughout the high temperature exposure.
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Chapter 3: Literature Review

3.1 HIGH TEMPERATURE YSZ BASED OXYGEN SENSORS
The first commercial oxygen sensor was introduced by Bosch in 1976(Ramamoorthy, Dultta,

and Akbar 2003). Since then researchers made significant efforts to improve the capabilities for
the oxygen sensors. In the case of potentiometric, a high number of articles dedicated towards the
reduction of the failure due to reference air leakage. Fouletier et al. showed that a metal/metal
oxide mixture encapsulated within a ceramic structure and located doing direct contact with a Pt
electrode is capable of generate stable oxygen pressure based on thermodynamic equilibrium at a
specific temperature (Fouletier, Vitter, and Kleitz 1975). Furthermore, Haaland suggested the
incorporation of a hot press gastight chamber fabricated with Pt/ZrO2> where Oz known
concentration could be pump (Haaland 1977). Maskell showed three main leak sources in
potentiometric oxygen sensors at high temperature, physical leak due to lack of hermaticity, leak
due to electronic conduction through the electrolyte, and leakage due to circulating currents in the
metal used for sealing (Maskell 2000). In more recent years, several authors have tried to fabricate
leak free potentiometric sensors, but they are not capable of avoid all three leak methods. For
example, Zhuikov hot-presses a zirconia single crystal into a ceramic tube and caps the apparatus
in stainless steel, the author do not indicate the method in which the stainless steel cap/sensor
housing bond prevents O2 leak, but the metal in the cap is in direct contact with the electrolyte
which causes leakage through the bonding agent (Zhuiykov 2006). The Kaneko et al. model
eliminates the leak due to bonding agent/electrolyte interactions by using a metal-free glass seal;
however, the sensor still subject suffer leak failure due to hermaticity cause by cracks along the
glass-joined circumference and electronic conduction (Kaneko et al. 2005). van Setten et al.
enclosed a metal/metal oxide mixture below a pulsed laser deposition (PLD)- deposited layers of
Ag, glass, and Au. The authors successfully isolated the metal/metal oxide, but the glass used
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between the Ag and Au softens at 447 °C, limiting maximum sensor temperature (Van Setten et
al. 2002). Spiring et al. fabricated a highly advanced potentiometric based sensor where they use
a metal/metal oxide seal; seals created by directly fusing zirconia package component. Leak caused
by thermal expansion mismatch when the sensor is exposed to temperature cycling and long
periods of time are eradicated. When the sensor is exposed to temperature of 600—700 °C, oxygen
leak through electronic conduction is the only detectable leak type encountered and can be
eliminated by performing an electrochemical treatment. Unfortunately, the sensor fails after 40h

of operation at 800 °C (Spirig et al. 2007).

3.2 HIGH TEMPERATURE METAL OXIDE BASED OXYGEN SENSORS
In the case of metal oxide semiconductors for high temperature oxygen sensors, the list of

materials capable of detecting oxygen is wide, where the first metal oxide examined was SnO2
(Jasinski, Suzuki, and Anderson 2003). Since then researches focused their attention into finding
materials that best fulfill the requirements for a high temperature oxygen sensor but also to ‘create
the proper model and the adequate mechanism of this type of sensor to work in a high oxidizing
environments’ (Wang et al. 2010). A number of research groups are trying to improve the
sensitivity of the sensors. For example, Chang, et al. demonstrated the effect of thickness in the
sensitivity of metal oxide gas sensors, when they exposed Al doped Zinc Oxide sputtering thin
films used to detect CO at various temperatures; the authors demonstrated that the reduction of the
thickness value will generate higher sensitivity in the films (Chang et al. 2002). In the case of the
controlling mechanism for oxygen sensing, authors have shown the effect of the grain size in the
band bending caused by the presence of oxygen. In the particular case of SnO2, researchers found
that for high temperature oxygen sensors (> 700 C), in order to avoid band bending at the grain

boundaries, the grains need to have a dimensions smaller than their Debye length, approximately
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11 nanometers (Barsan and Weimar 2001). The work reported by Sakai et. al. is consistent with
the understanding of thickness influence in the oxygen response of SnOz, and the effect that
porosity has in the type of diffusion controlling the sensing process. The authors build a
mathematical model for the sensitivity of the sensing layer as a function of the gas concentration
diffused inside the film. At the same time, the set of equation provided by the authors take into
consideration porosity level on the films, assuming diffusion takes place in the Knudsen region
(Mesoporous film) due to the pore dimension range at which the films is grown, and the effect of
temperature of operation (Sakai et al. 2001).

The improvement in the performance of MOS sensors by the modification of their structural
formation by the integration of pores has been also studied. Wagner et al. presented a survey of
the existing methods to manufacture mesoporous sensors, and the improvements that porosity can
achieve. The two main synthesis methods are: “soft-templating” and nanocasting; the first method
involves the use of templates or structure directors where the chemical synthesized material is
deposited. However, this technique lacks of structural quality, and generally amorphous metal
oxides are fabricated. Nanocasting, on the other hand, is capable of fabricating crystalline MOS
sensors with high thermal stability, and a predefined surface morphology. The steps of synthesis
by nanocasting are presented in figure 3.1; first we have a silica mesosporous based template, that
is filled with a carbon precursor (step a), then the silicon oxide is removed by means of wet etch
using HF (step b), followed by the deposition of the metal oxide film which forms around the
precursor carbon (step c), finally the carbon will be removed and the mesoporous metal oxide is

formed (step d) (Thorsten Wagner et al. 2013).
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Figure 3.1: Nanocasting synthesis steps for mesoporous metal oxides sensors (Thorsten Wagner
et al. 2013).

Numerous metal oxides had enhanced their sensing characteristics by the incorporation of
mesoporous formations, i.e. nanocasted In203 was able to reduce their temperature of operation,
and be sensitive to Os at room temperature when mesoporous formation was achieved (Th.
Wagner et al. 2011). SnO2 performance was improved by fabricating it via nanocasting, where the
sensitivity of Hz was increased and the CO sensitivity remain unchanged compared to the
conventional SnO2 sensors (Hyodo et al. 2002). Similarly, research performed on sol-gel deposited
SnO:2 films vs a high porous SnO2 demonstrated significant improvement in the response and
recovery time of the material when the films contained high levels of porosity (H. Li et al. 2012).
Materials such as WOs, ZnO, CeO2, and Co304, also demonstrated improvement in their sensing
responses when they were fabricated using mesoporous forming techniques (Thorsten Wagner et
al. 2013).

The work on metal oxides has shown promising results when the material is presented as a
quasi-one dimensional structure such nanowires, nanorods, nanotubes, nanobelts and so on, which
have shown excellent crystallinity and clear facet. Researches expect that quasi-1D nanostructure
will show less concentration of point defects as well as specific chemical adsorption and catalytic

activities. Furthermore, according to Korotcenkov, quasi-1D nanostructures should provide higher
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thermo-dynamical stability than nanograins, making them the preferred structures for high
temperature processes. Nevertheless, Korotcenkov explains that the ongoing research is related
towards the method of fabrication of these type of nanostructures, but not many investigations
were dedicated to the actual application (Korotcenkov 2007). For example, Kolmakov et al.
demonstrated the use of nanostructured SnO2 nanowires for oxygen and CO detection, and at the
same time achieving directional growth for all nanowires (Kolmakov et al. 2003). Li et al. showed
the use of ZnO nanowires for oxygen sensor applications, where they use a single nanowire stricter
as a transistor, and the change in the source drain current and in the threshold voltage was used as
the measurable properties (Q. H. Li et al. 2004). Similar work was performed by Fan et al. where
the use of ZnO nanowires in a MOSFET structure for oxygen detection was studied, but their
findings determined the effect that the nanowire diameter has in terms of the sensitivity of the
material (Fan et al. 2004). However, this type of technology is not ready for industrialization, and
many issues have been found as Choi and Jang presented, they defined certain limitation of quasi-
1D nanostructures, especially the fact that real devices is still in a preliminary stage. Furthermore,
the lack of integration with a low-cost and high-yield mass production system is the key challenge
for the future application (Choi and Jang 2010).

Not only quasi-one dimensional nanostructures have been the focus of recent research towards
a faster and more reliable high temperature oxygen sensors, several different structures and
materials were also explored. Perovskite structured materials are also under consideration, such as
the case of SrTiOs which shows both n and p type semiconducting behavior, and the incorporation
of dopants do not produce any phase transformation, but enhance their oxygen detection
capabilities (Ramamoorthy, Dutta, and Akbar 2003). Menesklou et al. evaluated the oxygen sensor

performance of Fe doped SrTiO3, which reduced the band gap of SrTiOs3 from 3.4 eV to 2.1 eV,
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their results showed fast time response (~10ms) at 900 °C. The authors also mentioned that with
the adequate iron percentage the band gap can decrease to a near zero value (Menesklou et al.
1999). Similar work, was performed by Rothschild where they showed the temperature
independency of Fe-doped SrTiO3 oxygen sensors, this phenomena was attributed to the intrinsic
electron-hole generation, which increases proportional to temperature increments, and the
reduction reaction which increases resistivity when the partial pressure of oxygen increases
(Rothschild et al. 2005). Nevertheless, SrTiO3 based oxygen sensors present several drawbacks;
Rettig and coworkers demonstrated the poisoning effect that SrTiOs sensors have in the presence
of SO2 which reduces the long term stability of the material (Rettig, Moos, and Plog 2004);
furthermore, Gerblinger et. al. demonstrated the cross-sensitivity effect that several gases such CO,
CHa4, Hz, CO2, and H20 have in SrTiOs based films, and the behavior at different temperatures for
each of these gases (Gerblinger et al. 1994).

In the case of simple binary oxides, CeO2 has proved to be one of the best candidates for high
temperature oxygen sensors; plenty of research has been performed into improving and explaining
the sensor performance of this material. CeO:z is capable of detecting partial pressure of oxygen at
temperatures >800 °C. lzu et al. demonstrated where they showed the fast time response of CeO2
sensor which falls in the millisecond range (N lzu et al. 2004). Jasinski, fabricated spin coating
thick films based on CeO2 material, but the time response in their work was in the increased into
the seconds range, explaining that the best range of functionality is at 700 °C and 750 °C, with a
>60s response time (Jasinski, Suzuki, and Anderson 2003). After optimizing deposition condition
for CeO:z thick films using screen printing Izu and coworkers demonstrated again the fast response
time of the sensor at elevated temperatures obtaining values in the range of 10 to 20 ms (Noriya

Izu et al. 2004). Response time is one of the best qualities of CeO2 based sensors, but the work of
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Varhegyi et al. demonstrated that at 800 °C, the presence of CO and H: can cause CeOz2 to change
their O:Ce ratio in the material chemical composition, which provides uncertainties to the oxygen
signal (Varhegyi et al. 1994).

Korotcenkov and Cho explained a series of conditions that are capable of producing instability
in the sensor response, similar they explain that MOS sensors are required to provide a stable signal
from 17,000 to 26,000 hours of operation. The authors mentioned that one of the main
disadvantages that MOS sensors have is the lack of information for long period of time analysis
because most researches involve only short periods of time and 26,000 hours of operation is
beyond the time scale for most of funded investigations; furthermore, the low selectivity is a
common disadvantage on most MOS sensors. The authors continued to explain many sources of
drift within the sensors response, and among them the following are consider as highly influencing:
poisoning, sintering, coking, attrition, volatilization, erosion, thermal shock, and phase
transformation. In the case of poisoning, especially in the case of sensor for combustion processes,
carbon poisoning is a high influence because it reduces the ability of chemisorption and surface
reaction of the sensing layer. No only phase transformation can cause drift in the signal, but
secondary phase formation needs to be consider as well because at high temperature lattice
diffusion could generate changes in the physical and chemical properties of the material.
Continuing with the possible instability agents, the authors mention aging as an important factor,
due to studies which demonstrated the change in gran size after several days of MOS sensor
operation. Relative humidity is a recurrent issue because it can vary from 10% to 100%, and vapor
acts as a donor for MOS sensor; similarly, formation of hydroxylation can cause performance
modifications. Thermal stability is affected by the morphology of the sensing layer, and it is highly

diminished in cases where grain size dimension is within 3-5 nm. Furthermore, not only intrinsic
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properties of the films can influence the instability of the response, but the poor casing of the
physical device can reduce the operational life of the sensor. The authors included a list of possible
actions that may enhance the stability of the MOS sensors, including increasing the pore size of
the films to minimize the humidity impact due to limitation on the vapor condensation inside the
pore; similar carbon poisoning is reduce by increasing pore size. Post-deposition annealing
reduced the possibility of physical-chemical changes occurring during initial operation, and
periodic heat treatment may help in the self-cleaning process of the sensors. The authors suggest
that appropriate doping may positively influenced the stability of the MOS sensors (Korotcenkov
and Cho 2011). In a similar fashion, Sharma et. al. demonstrated the drift effect caused by crack
formations on the sensing layer after several cycles of operation, these cracks changed the
mechanical and electrical properties of the SnO2 based film that they were examined. The crack
formation was caused by the thermal stresses that the films suffered after extensive testing (Sharma

et al. 2001)

3.3 GALLIUM OXIDE HIGH TEMPERATURE OXYGEN SENSOR PERFORMANCE
The original investigation of Ga20s as an high temperature oxygen sensor was performed in

1991 by Fleischer and Meixner, where they determine the gallium oxide films deposited using rf-
sputtering depends on the partial pressure of oxygen by the power law of m=1/4, and that the
response time as a function of temperature varied from ~12 to 3 s when the temperature was
increase from 900 °C to 1000 °C (M. Fleischer and Meixner 2000). From that point several authors
have tried to improve and optimize the sensor performance of Ga20s films by varying deposition
condition, deposition techniques, electrode contact, and so on. For example, Ogita et al. deposited
Ga20s thin films using rf-magnetron sputtering and investigated the time response and oxygen

sensor performance of the films when they were grown at different sputtering pressures, achieving
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a time response of 70 s for their best deposition conditions which was the film grew at 2Pa of
pressure (Ogita et al. 2001). Bartic et al. used chemical solution deposition to grow Ga203 thin
films, and to evaluate their high temperature oxygen sensor performance when the surface of the
films is modified by the process of annealing, they achieved their best time response when the
films were annealed for 14 hours at 1000 °C, obtaining 12 s to achieve the 90% of the conductance
change (Bartic, Ogita, et al. 2007). Baban et al. employed different electrodes configuration to
evaluate the response time of Ga20Os films deposited using rf-magnetron sputtering, the authors
used two types of electrodes setup interdigital and sandwich structure, obtaining best results when
interdigital configuration was employed (Baban, Toyoda, and Ogita 2005). Ju and Ju, tested the
used of surface etching on the Ga2Os sensing layer, they created a VV-groove pattern in the sensing
layer by using photolithography, and obtained a response time of 12.5 seconds. (Long-Tsong Ju
2011). No only modification of the sensing layer or the electrodes configuration has being tested,
also the type of measurement was analyzed in order to obtain more accurate readings. Fleischer et
al. evaluated the performance of Ga203 based oxygen sensor when AC signal is used to measure
the resistance shift in the presence of oxygen and compared to DC signal. It was evident that with
AC the recorded resistance change showed higher stability, this is due to the fact that when DC
reading are measured only electric conductivity is accounted, but when AC is employed the ionic
conductivity that Ga203 films presents is also recorded (M Fleischer et al. 1995).

On the other hand, the use of dopants and different materials as surface modification has been
studied in order to improve Gax0s sensor capabilities. SnO2 incorporation into Ga20s
semiconductor was considered by several authors. Frank et al. showed the effect of having a layer
of SnO2 deposited below the Ga20s3 films using screen printing to create both Ga203 and SnO2

layers. The oxygen sensor performance was not altered, but the conductivity of the films was
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improved (Frank, Fleischer, and Meixner 1998). Similar work was performed by Frank et al. by
incorporating multilayer of SnO2 into Ga20s films. They used sputter deposition to achieve the
sandwich structure showing similar results as in their previous work, in which the resistivity of the
films was reduced which allows the a reduction in the sensor size due to the possibility of the
reduction in size of the interdigital electrodes (Frank et al. 1998). In 1996 Frank et al. evaluated
the incorporation of different dopant layers into Ga20s films, in their work three different material
were incorporated and analyzed: ZrO2, TiO2, and MgO, forming sandwich structures similar to the
work with SnO2 previously mentioned. In their findings, no effect on the sensor capabilities of
Ga203 films to oxygen was obtained (Frank, Fleischer, and Meixner 1996). Li et al. also
investigated the effect of different doping agents into gallium oxide. The authors did not presented
any information about the defect equilibria, but it could be assumed that most of the defects are
acting as interstitial due to the deposition method. They deposited the films using sol-gel
technique, where they achieved different resistivity values for each film, successfully lowering the
time response value, the best results when Ce was doped, but the working temperature was <600
°C (Y. Li et al. 2003). It is important to mention that none of these Doped Gallium Oxide films
presented nanostructured surface crystallization, only involving ‘some features of the sensors’ in
order to reduce the response time. In the case of surface modification, catalytic active materials
which, in the case of reaction involving oxygen, can change both the surface potential and
concentration of point defects were also studied (Korotcenkov 2007), Schwebel et al. deposited
CeOz, La203, and Mn203 oxides on top of a sputter-deposited Ga20s3 film in order to reduce any
possible cross-sensitivity to reducing gases at 600 to 900 °C; nevertheless the deeper understanding
was towards La20s incorporation, which did not produced any effect on the sensitivity of the film.

Also, it was shown a decrease in the sensitivity of the film when methane was presented, and the
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modifying La20s3 layer was introduced (Schwebel, Fleischer, and Meixner 2000). Similar work
was presented by Fleischer et al. in 1996, where they produced a surface modifier layer of WOs3,
NiO, and AlIVO4 on top of Ga20s3 sputtered films. The oxygen response for the doped films was
not improved, and even reduced the oxygen sensing capabilities; however, Ga20s is not god for
detecting NOx or NHs, but when the layers are presented, Ga2Os based sensor is capable of
producing an electric resistance change in the presence of the mentioned gases. Nevertheless, an
important finding of this work was when the WOs3 layer was deposited on top of the film; after
exposing the material to temperatures higher than 800 °C the WO3 was lost, which could translate
into diffusion toward Ga20s films or /and to the evaporation of the film(M Fleischer et al. 1996).
Not only has the improvement of Ga2Os oxygen sensor capabilities been investigated, but also
the interaction of Oz and Ga20s at high temperatures, and the effect on the conduction mechanism
was considered in the past. Kiss et al. presented a work on the impedance analysis of Ga20s films
following the findings of Fleischer et al. where the resistance change was recorded using AC
source. Their finding showed the importance of the frequency selected to perform the sensors test,
saying that the sensitivity of Ga203 depends on the frequency applied, also they suggested that the
oxygen ion adsorption is through the grain boundaries (Kiss et al. 1999). Kiss et al. continued their
work performing impedance spectroscopy on Ga20s3 films in the range of 578 to 850 °C, where
they found the effect of the grain boundaries in the oxygen sensor performance, suggesting that
after 700 °C the Debye size of the grain reduces to less than 30 nm; however, the conduction
mechanism is the same for all the range which is through the grain mainly (Kiss et al. 2000). In
the work of VVarhegyi et al. the effect of corrosive gases in the surface of Gaz20s films; their finding
suggest that Ga203 shows no effect when exposed to SO: at high temperatures, but when he films

were expose to Clz, Ga20s films started to be removed from the substrate (\VVarhegyi et al. 1994).
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Finally, the work done in Ga203 for oxygen sensors application also includes researchers that
have employed quasi 1D technology to improve the sensor characteristics of Ga20s material. Feng
et al. reported the use of individual Ga20s nanowire to detect oxygen, the authors do no used
standard resistivity shift technique, but the use of the change in current in the presence of oxygen
when illumination is presented, this change is attributed to the presence of photo-generated
carriers. Their finding suggests fast change when partial pressure of oxygen is introduced, and
faster response than using conductometry evaluations (Feng et al. 2006). Liu et al. used multiple
nanowires and recorded the shift in electrical conductance in the presence of 1% of O2 at 300 °C,

but the time response and sensitivity of the films was no specified (Z. Liu et al. 2008).
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Chapter 4: Materials and Methods

4.1 MATERIALS
Targets: Materials for rf-sputter deposition were obtained from Plasmaterials and Kurt J.

Lesker. The targets (99.99%) that were procured for this project are: (1) Ga20s3 and (2) W,
nevertheless, a 99.95% W target was also employed to determine the modification caused to the
sensor under different levels of purity. These targets were primarily used to test the key idea of the
project. The dimensions of the target are 2 inch diameter and 0.125 inch thickness. The targets are
shown in in Figure 4.1. For the case of Ga20s3, a 0.125 inch thick Cu backing plate is required to

protect the target.

1/8 incl

Figure 4.1: The Gax0Os (left) and W (right) targets employed in this project work.
Substrates: Three different types of substrates were employed.
1. Sapphire (a-Al203 (0001)): to evaluate high temperature performance of the films, as well
as to evaluate the optical characteristics of Ga203 based films;
2. Silicon (Si (100)): to facilitate characterization of film’s chemistry; and
3. Pyrex Glass (Figure 4.2) with integrated with Pt interdigital electrodes (200 nm thick with

distance of 10um between electrodes): to evaluate sensor performance.
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Figure 4.2: Actual image of an employed pyrex glass substrate with integrated intergidital
electrodes

4.2 SUBSTRATES

Sapphire discs and silicon wafers were employed for depositing the Ga2Os based thin films.
The substrates were purchased from University Wafer Inc. The dimensions of the Sapphire
substrates were 0.044 cm thick and 5.8 cm in diameter. These wafers were then cut into pieces
using a glass cutter in order to obtain smaller size substrates with an average surface area of 1 cm?.
The small pieces cut from the wafer are used as the substrates on which the films will be deposited.
The sapphire samples were cleaned by a bath of 99.9% ethanol for 15 minutes, in order to remove
oxides and impurities on the surface of the substrate. P-type, Si (100) was employed; these wafers
were cleaned with standard RCA cleaning procedure to remove organic, inorganic and metal
particulate contaminants. The following steps were performed:
e SC1- Removal of insoluble organic contaminants using 5:1:1 HO/H.O./NH4OH mixture.
e SC2- Removal of ionic and heavy metal atomic components using a solution of 5:1:1
H>0/H,0./HCI solution
» Removal of native oxide by buffered oxide etches solution (HF/H20; 1:100).
The SC1 solution was prepared by heating 50 ml of Deionized water (DI) water to a
temperature of 100 °C and then adding each 10 ml of NH4OH and H20: to the DI water. SC2
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solution was prepared by 10ml each of H202 and HCI to 50ml of water. The silicon substrates were
soaked for 10 min in each solution and followed by 5 min of DI water rinse after each soak. Finally,

the silicon substrates were treated with BOE to remove any native oxide on it (Louisville, n.d.).

4.3 RF- SPUTTERING DEPOSITION SYSTEM

Sputtering deposition is a process for depositing thin films that implicates the
bombardment of a target with energetic particles (positive gas ions), which cause some surface
atoms to be ejected from the target material, in this case Ga2Os and W. These atoms are then
deposited on substrates. Due to the fact that sputtering uses low substrates temperature, it is an
ideal method to deposit contact metal for thin films. This technique is broadly used in
semiconductor industries for fabricating thin films in IC processing application (Wasa, Kitabatake,
and Adachi 2004).

Sputtering deposition system consists of a pair of electrodes, the cathode that is located at
the target side, and the anode where substrate is placed. A target is made up of the material that
will be used for thin film deposition onto substrates. The pair of electrode is located inside the low
pressure vacuum chamber; the design of the vacuum chamber can change depending on the needs.
This is a chamber filled with the sputtering gas, usually an inert gas such as Argon (Ar). Gas
plasma is struck using an RF power source, causing the gas to become ionized. The ions are
accelerated towards the surface of the target, causing atoms of the source material to break off

from the target in vapor form and condense on all surfaces including the substrate.

39



Figure 4.3: RF-sputtering deposition system and sample holder with integrated heater and
thermocouple

After the samples were cleaned, the next step was introducing them inside the vacuum
chamber of the sputtering machine. The sputtering machine used is the Excel instruments Model
DCSS- 12, and the entire set-up is as shown in Fig. 4.3. The samples were collocated in the sample
holder that is 8 cm away from the plasma gun. The chamber was initially evacuated to a base
pressure of ~0.21mPa; however, the sputtering pressure was at ~0.5 Pa. The W and Ga20s targets
was placed in a 8 cm sputtering gun, which was cooled down with water with the help of
Polyscience recirculation chiller. An initial sputtering power of 20 W was applied to the target via
the sputtering gun while introducing high purity argon (Ar) into the vacuum chamber causing
plasma ignition. Once ignited, the power was increased to 100 W at the Ga203 gun and to the
respective variable power for W gun to deposit the films. The flow of the Ar was controlled using
MKS mass flow meter with the values from 10-40 sccm (standard cubic centimeter per minute).
Before each deposition, the both targets were pre-sputtered for 20 minutes using argon keeping

the shutter above the gun closed to prevent cluster formation caused by the plasma ignition. The
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depositions were performed at variable temperatures, the substrates were heated using the sample

holder which contains an integrated hot plate, and the temperature was registered using a K-type

thermocouple located within the sample holder/heater. Different variety of samples were deposited

using this technique, the deposition parameters which were modified to optimize the material

features are the following: substrate temperature, oxygen partial pressure, time of deposition, and

W-sputtering Power (Pw). Figure 4.4 shows the actual co-sputtering taking place inside the system

described above, similarly table 1 presents the list of samples employed

Table 3.1: List of samples and conditions of deposition

Sample | W-Sputtering Temperature Ar:O2 Flows | Time Substrate

ID Power (Watts) (°C) (sccm) (minutes)

GAO01 0 500 40:0 30 Si, Al20s, Pyrex
GAO02 0 500 40:0 60 Si, Pyrex
WGAO1 | 50 500 35:5 30 Al20s3

WGAO02 | 50 500 30:10 60 Si, Al203, Pyrex
WGAO03 | 20 500 30:10 60 Si, Al203, Pyrex
WGAO04 | 40 500 30:10 60 Si, Al203, Pyrex
WGAO5 | 60 500 30:10 60 Si, Al203, Pyrex
WGAOQ6 | 75 500 30:10 30 Si, Al203, Pyrex
WGAO7 | 100 500 30:10 30 Si, Al203, Pyrex
WGAO08 | 100 500 30:10 60 Si, Pyrex
WGAOQ9 | 50 600 30:10 30 Si

WGA10 | 50 700 30:10 30 Si
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WGAL11 | 50 800 30:10 30 Si

Figure 4.4: Co-sputtering deposition of W and Ga203

4.4 ANALYTICAL TOOLS

The analytical tools employed to characterize the physical and chemical properties of the
films are the following. X-Ray diffraction (XRD), scanning electron microscope (SEM),
Spectrophotometry, X-ray Photoelectron Spectroscopy (XPS), Rutherford BackScattering (RBS),
Atomic Force Microscope (AFM), Nanoindentation, and Optical Ellipsometry. These techniques
that allowed us to create the behavioral map needed to achieve this research goals, and to provide
enough evidence of the effect of the variation of the deposition conditions on the intrinsic

properties of the Ga20s films.

4.4.1 Rutherford Backscattering Spectrometry (RBS)

lon beam analysis of the Ga2O3 based films was performed to understand elemental depth

distribution, and thickness variation. Rutherford backscattering spectrometry (RBS) experiments
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were carried out in the accelerator facility at the Environmental Molecular Sciences Laboratory
(EMSL) within the Pacific Northwest National Laboratory (PNNL). The RBS experiments were
performed at the National Electrostatic Corporation (NEC) RC43 end station. Rutherford
Backscattering was performed using a 3.0-MV tandem electrostatic accelerator that provides two
stages of acceleration (negative ion acceleration from the source end to the terminal in the middle
and positive ion acceleration from the middle to the high-energy end). The final energy depends
on the charge state of the ion. The accelerated ions are focused through the high-energy beam line
using a magnetic quadrupole and a y-axis electrostatic steerer. The helium ion source used for this
analysis was the radio frequency RF (Alphatross) plasma which accelerated helium ions to the
sample to be analyzed in the end station where lon-scattering measurements are performed in the
second level using a fixed-position detector at a scattering angle of 150° for RBS spectrometry.
The analysis was performed using a helium beam with an energy of 2000 KeV in an incident angle
a =7°, the exit angle f =15°, a scattering angle 6=150° and a detector resolution of 20 KeV. A

schematic of the setup is depicted in Figure 4.5.

Incident beam

Rotation angle

Goniomister Callimators

Figure 4.5: RBS schematic diagram.
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The composition and thickness of the films were determined by simulating the
experimental spectrum for the set of experimental conditions. The experimental curve along with
the simulation curve calculated using SIMNRA code (M. Mayer 1999; Matej Mayer and Mayer
1997). The simulated curve was calculated using SIMNRA code for the fixed set of experimental
parameters: (1) incident He+ ion energy, (2) integrated charge, (3) energy resolution of the
detector, and (4) scattering geometry. This characterization tool enables the user to find a very
accurate weight percent composition given in concentration or area density. The thickness of the

thin film was also calculated using this technique.

4.4.2 X-Ray Photo Electron Spectroscopy (XPS)

X-ray photoemission spectroscopy (XPS) is a technique that uses x-ray inelastic scattering
phenomena to quantify chemical data. For this experiment, the sample is bombarded with X-rays
(E <10 KeV) from a single source. The X-rays interact with the atoms on the surface of the
material, causing the electron emission, this phenomenon is called the photoelectric effect. The
emitted electrons will have the measured kinetic energies given by
KE = MY = BE — i 4.1
where h is Planck’s constant, KE is kinetic energy of the electrons, BE is binding energy
of the electrons, and ¢ is the spectrometer work function (Alford, Feldman, and Mayer 2007).
The equipment use for this experiment is the Kratos Axis Ultra X-ray Photoelectron
Spectroscopy (XPS) system located at the Materials Research Laboratory (MRL) at the University
of California Santa Barbara (UCSB). An ultrahigh vacuum environment of 10! Torr is required
for the machine to work. Core scans were performed on all samples from 20 eV to 600 eV of

binding energy, and high resolution scans were performed at different energy level to obtain a clear
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idea of the valance state of the chemical components. Figure 4.6 shows the equipment employed

for these tests.

Figure 4.6: Kratos Axis Ultra X-ray Photoelectron Spectroscopy (XPS) from UCSB

4.4.3 X-Ray Diffraction (XRD)

X-Ray Diffraction is an analytical technique where x-ray are emitted and directed towards
a material where atoms cause the x-ray to diffract. The diffracted X-rays allows us to collect
information of the crystallinity nature of the material due to the following mechanism (Australian
Microscopy and Microanalysis Research Facility 2014):

NA = 2ASINGO ... 4.2

Where n is an interger, A is the X-ray wavelength, d is refer to the interplanar distance, and
0 is the Bragg’s angle. Figure 4.7 shows the graphic representation of the X-ray-Material

interaction.
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Figure 4.7: Schematic diagram of X-ray-crystalline material interaction

To avoid interference by the substrate and obtain diffraction pattern of the films, we
performed grazing incidence X-ray diffraction (GIXRD) on the Ga20s3 thin films on Si substrates.
Bruker D8 Advance X-ray diffractometer (Figure 4.8) was the device employed to obtain the
GIXRD measurements and patterns. All the measurements were made ex-situ as a function of films
deposition parameters. GIXRD patterns were recorded using Cu Ka radiation (A = 1.54056 A) at
room temperature. A high voltage of 40 kV was used to generate the X-rays. The GIXRD patterns
were recorded employing the X-ray beam fixed at a grazing incidence of 1°. The scanning was
performed in a 20 range of 20—65° using the “detector scan” mode, where the detector was
independently moved in the plane of incidence to collect the diffraction pattern. The step size and
the scan speed were 0.01° (20) and 2°/min, respectively. For these set of conditions, the X-ray
beam passes sufficiently long distances through the coating to provide the observed diffraction
patterns. The data was acquired and analyzed using EVA software in order to compare the XRD
peaks, and check for the crystal structure and lattice parameters. The XRD measurements were
performed systematically after each and every step of the characterization procedure i.e.,

deposition, heat treatment, and long term stability test.
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Figure 4.8: Full view of the XRD system

4.4.4 Scanning Electron Microscopy

Scanning electron microscope is a technique that employs a focused beam of electron to
reveal the superficial features of the analyzed samples. The high energy electron are emitted from
an electron gun, then the electron are focused towards the specimen and systematically scan the
surface. The image is created by a rastering process where the beam illuminate one point at the
time (Australian Microscopy and Microanalysis Research Facility 2013). The samples were
mounted on top of a small circular stage of 1 inch diameter and carbon tape was used to avoid any
kind of electrical disturbance from the circular metallic stage; however, a piece of copper tape was
added to each sample in order to make electron flow easier. The SEM provided images from
different magnifications of the samples, with the intention of providing a better image of the grain

size, as well as the morphology of the thin films. Similarly any pore formation or crystallization
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was recorded as a function of sputtering power or the dependent deposition variable analyzed. The
electron incident current and voltage was varied depending in the quality of the samples to obtain
the best resolution image. The machine allows you to take several pictures of the image that the
user is observing at different magnifications. After the picture is saved, it is open in the software
Quartz PCI, which allows you to measure the grain size of the films. The machine used for this

experiment is the Hitachi S-4800 electron microscope (Figure 4.9).

Figure 4.9: Hitachi S-4800 SEM

4.4.5. Nanoindentation
The nano-mechanical properties of the films were evaluated using nano-indentation technique.

Indentation requires some parameters to allow the estimations correctly, among them: Young’s
modulus, Poisson’s effect, yield strength, strain-hardening exponent, hardness, fracture toughness,
and areas. The areas are calculated at different stages of the process, during loading, holding and

unloading. Figure 4.10 shows a representative curve for the loading and unloading sections which
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are highly affected by a combination of elastic, plastic and fracture response, whereas the hold

portion is more influenced by viscoelastic (Oliver and Pharr 1992).
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Figure 4.10: Load vs Displacement curve representarive for nanoindentation experiments (Tiwari
2012)

The mechanical properties of the indented sample can be obtained by the initial unloading

response using the following equation:

dp 2
E = \/—E,/ACET ............................................................................................... 4.3

where P is contact force, h indentation depth, Er is the reduce modulus and Ac is the contact area;

the latter two are calculated with equation 4.3:

A(h) = Coh2 + Crhe + Coh? 4 Coh 4. 4 Cah 8 ] 4.4
_p2 _

U 45

Ey E; E

In equation 4.5 the subscript i corresponds to the indentor, v is the Poisson’s ratio, and E

corresponds to the Young Modulus. In the case of equation 7, hc is contact indentation depth, and
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Co-Cs are constants calculated through calibration of a indenter contact area that can be obtained
by a manipulation of Sneddon analysis for the indentation of an elastic half space by a flat,
cylindrical punch, using the basic assumption that during the initial withdrawal of the indenter, the
contact area between the indenter and the specimen remains constant (Pharr, Oliver, and Brotzen

1992). Nevertheless, the value for hc need to be carefully calculated using the following formula:

Re = Ramax = E 785 o 4.6

Where Pmax and hmax are first point during unloading, and S is contact stiffness dP/dh. All the
tests were performed using a Hysitron T1 750 Tribolndenter where indentation was used to derive
a relation between the tungsten quantities and the mechanical properties of the films. Load-
controlled indentation tests were performed on each sample to determine the maximum load that
could be applied in the film without penetrating more than 10% of the total film thickness.
Indentations were done using a diamond Berkovich tip with a radius of curvature 396 nm to obtain
values for hardness and reduced modulus of each sample. Ten indents were performed for each

film evaluated

4.4.6. Spectrophotometer
Transmittance and reflectivity of the films were recorded using spectrophotometer, in

particular the model Cary 5000 UV-Vis—NIR double-beam spectrophotometer. The films
deposited on sapphire were used for measurements in a wavelength range of 190 nm to 2000 nm;
transmittance and reflectance values will help us to calculate the band gap value of the films, and
determine the effect of metal ions in the electronic structure of Ga20s films. Furthermore, the
evaluation of the optical properties will provide valuable information for future research dedicate

to Ga20s for transparent conductive oxide applications. Spectrophotometry possess a light source
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which has to cover the entire measured range, so it uses a combination of deuterium emitter for

the UV region, and tungsten or halogen lamp for the visible region.

Figure 4.11: Cary 5000 UV—Vis—NIR double-beam spectrophotometer

The transmittance obtained from the samples is used to calculate the band gap of the films.
The absorption coefficient (a) is determined using the thickness (t) of the film and value of the

transmittance spectra (T) using the following formula

The band gap value is calculating by using the following equation:

1/2

ahv = B(RU = Eg) ' oo 4.9
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where B is a proportionality constant and Eg is the band energy, the band gap of the films are
calculated by plotting a graph between (ahv)? and hv(Sinha, Adhikary, and Chaudhuri 2005;

Gullapalli, Vemuri, and Ramana 2010; Kumar et al. 2013).

4.4.7. Spectroscopy Ellipsometry
Spectroscopic ellipsometry (SE) is a technique that measures the relative changes in the amplitude

and phase of the linearly polarized monochromatic incident light upon oblique reflection from the
surface of the evaluated films. The experimental parameters obtained by ellipsometry are the
angles ¥ (azimuth) and A (phase change), which relate to microstructural-optical properties,

defined by:

p= i—z = AN W XD (1) ettt ettt 4.10

In this case, Rp and Rs are the complex reflection coefficients of the light polarized parallel and
perpendicular to the plane of incidence, respectively(Fujiwara 2007; Vargas et al. 2014; Guide to
Using WVASE32 Spectroscopic Ellipsometry Data Acquisition and Analysis Software 2008;
Auciello and Krauss, n.d.). The mechanism which ellipsometry uses to relate the measurable with
the accessible optical parameters is the following equation:

p =tanWexp(iA) = p(Ng, N1, Noy L1, @oy A) e 4.11
where tan y exp (iA) terms are the parameter that are measurable, and the terms on the right hand
side are the parameters that can be calculated from the measurements such: film thicknesses,
optical properties, the wavelength of light, and the angle of incidence(Khoshman, Khan, and
Kordesch 2008). The dependence of the parameters W (azimuth) and A (phase change) of the light
spectra can be fitted to obtain film thickness and the optical constants, based on the best fit between

experimental and simulated spectra using the correct fitting model (Fujiwara 2007; Vargas et al.
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2014; Auciello and Krauss, n.d.). In the present case, the Levenberg-Marquardt regression
algorithm was used for minimizing the mean-squared error

(MSE):

2 2
MSE = 37, [{(%"Ze‘x“;m“)} + {(Ae’ﬁ;ﬁfalc)} ] ............................................... 4.12
w. A

4

where Wexp, Wcalc and Aexp, Acalc are the measured experimentally and calculated functions of
from the spectroscopy, N is the number of measured ¥ and A pairs; M is the number of fitted
variables in the model and o is standard deviations for ¥ and A (Fujiwara 2007).

The construction of a multilayer optical model is essential to successfully simulation of the
experimental data to extract the desired parameters. The model representation is showed in Figure
4.12 which accounts a set of different layers such roughness, substrate, thin film and SiO:
formation. Each one of these layer have a distinct optical dispersions and the interfaces between
them act as optical boundaries where light is refracted and reflected, according to the Fresnel

relations. The experimental data is fitted using the appropriate dispersion model.

Surface Roughness

Ga,0,
Sio,

Si substrate

Figure 4.12: The stack model of the Ga203 based samples constructed for ellipsometry data
analysis
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In the case of Gax0s3 based films the data was fitted with the conventional Cauchy dispersion
model which is the ideal model for transparent materials (Guide to Using WVASE32 Spectroscopic
Ellipsometry Data Acquisition and Analysis Software 2008). The Cauchy equation can be

expressed approximately as a refractive index n as a function of wavelength A:
n(/l)=a+/%+/1—c4 ......................................................................................... 4.13

where a, b, and c are the Cauchy coefficients and particular to the material. a, b and ¢ control n(A)
at different ranges of the light spectra, A is the long wavelength, B controls the curvature in the
middle of the visible-spectrum, and C in shorter wavelengths (Vargas et al. 2014; Fujiwara 2007;
Auciello and Krauss, n.d.). It is important to consider that the principle behind Cauchy’s

polynomial is also used for in the dispersion function k(A):

k(/1)=d+%+/1i4 ........................................................................................ 4.14

where d, e, and f are parameters specific to the material (Fujiwara 2007; Guide to Using WVASE32
Spectroscopic Ellipsometry Data Acquisition and Analysis Software 2008; Auciello and Krauss,
n.d.).

SE measurements were performed ex-situ from the deposition chamber on the films deposited on
the Si substrates by using a J. A. Woollam V-VASE instrument (Fig. 3.10). Measurements were
done in the range of 300 to 1350 nm with a step size of 2 nm and at angles of incidence of 65°,
70°, and 75°, near the Brewster’s angle of silicon. The experimental data was simulated and the

parameter were obtain by utilizing WVASE32 software.

4.5 THERMAL STABILITY.

The evaluation of the long term stability of the sensors when they are exposed to high

temperature (>700 °C) cycles of operation, the sensors deposited on sapphire (after optical
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evaluation) were subjected to several time lapses of exposure, starting by 1 hours and finishing
after 15 hours, with different exposure times. The films were introduced to CM Rapid Temp
Furnace, and examined after each cycle and the temperature ramping rate was kept constant to 10
°C/minute. The structural stability and morphology was evaluated using the previous mentioned
analytical tools. Furthermore, the evaluation of the thermal shock resistance of the films is
examined using this instrument, when the samples are exposed to the already mentioned
temperature, and expose them to a rapid temperature gradient by exposing them to room

temperature.

Figure 4.13: Thermal-Cycling Furnace

4.6 HIGH TEMPERATURE OXYGEN SENSOR PERFORMANCE
The oxygen sensing characteristics of the materials were evaluated using the Pyrex glass

substrate with interdigital electrodes deposited on the surface, and the films deposited on alumina

substrate by attaching two electrodes at the surface of the films (line set-up). Both set-ups were
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annealed to 700 °C for 1 hours before performing the sensor testing. Figure 4.14 shows a schematic
diagram of the sensing process of the films. In both cases, two wires are attached to each electrode
by using a high temperature silver paste (Ted Pella), and curing it at 93 °C for two hours to achieve
minimum resistivity and maximum mechanical properties. As mention before, the MOS sensors
works by changing the conductivity values when different partial pressures of oxygen are
introduced, and in our case we measure the conductivity values by means of Ohm’s Law, which
express as follows:
2 1 N 4.15
Where V is Voltage, | is the inputted current, and R is the resistance value of the film. The
resistivity was later calculated using the following equation:

p=R?

.................................................................................................... 4.16
Where p is the resistivity, A is the cross-sectional area of the electrodes, and | is the distance
between the interdigital electrodes, and finally conductivity is obtained by obtaining the reciprocal

of the resistivity:

0 = L) e 4.17
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Figure 4.14: Schematic diagram of functional MOS sensor and the oxygen interaction
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Figure 4.15 shows the schematic diagram of the experimental set up used for the sensor
testing. In our setting, we used a stainless steel chamber with a sample holder with an integrated
heater and thermocouple to maintain steady state temperature during the experiments. The
chamber has access for 4 electrical terminals, two for the current input and two for the voltage
measurements. The current source employed is a Keithley 220 Programmable current source,
and the voltage was measure with a Keithley 6514 system electrometer with GPIB connection to
computer interface and data acquisition. LabView software was used to create a data acquisition
program that recorded the voltage values from the electrometer.

The chamber contained a gas outlet and a gas inlet, and the pressure was obtained by
varying the partial pressures of the inputting gases. The gas flow was controlled by MKS mass
controllers, where the partial pressure of oxygen was varied to determine the different sensing
characteristics of the films. Argon was used as a baseline for oxygen-free environment and a
mixture of Ar/O2 was employed for all test. The sensor testing was performed at a temperature of

800 °C, and a maximum volume flow rate of Ar was 200 sccms.

Heater
+
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o Test /
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Figure 4.15: Schematic diagram for the high temperature oxygen evaluation
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Chapter 5: Results

5.1 INTRINSIC GA203; THIN FILMS
The primary goal of the work focused on the intrinsic Ga203 films was to study the surface

chemical composition and valence state, crystal structure, morphology, grain size and electronic
properties as a function of deposition temperature. The chemical valence state and surface
chemistry of the Ga20s films deposited under variable substrate temperature were analyzed by
XPS. Samples were evaluated as-deposit and after performing Ne™ sputtering for 5 minutes to
eliminate surface contamination. The XPS survey spectra recorded for as-grown and Ne* sputtered
Ga-oxide films are shown in Fig. 5. 1. The data are shown in the binding energy (BE) range of 0-
1200 eV for two representative samples grown at RT and 500 °C presented in the upper and lower
panels, respectively (Fig. 5.1). For the as-grown Ga-oxide films, all the spectral features, except
the C 1s level, are attributed to the constituent element core levels or Auger lines. The C 1s signal
is due to hydrocarbons adsorbed on the film surface during air exposure during transfer from the
growth chamber to the XPS instrument. It should be noted that the C 1s signal is completely absent
in the XPS spectra of Ne” bombarded films for both the samples shown. This observation confirms
the removal of hydrocarbon contamination from the surface. It is clear from the XPS data that the
spectral components related to constituent elements become more intense as a result of ion-
bombardment of the film surfaces. The absence of a Si substrate peak is due to the fact that the
deposited Ga-oxide films cover the Si surface and are sufficiently thick to prevent detection of

photoelectrons from the substrate.
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Figure 5.1: XPS survey scans of representative Ga203 films grown at different substrate

temperatures. The survey scans obtained for films grown at RT (upper panel) and
500 C (lower panel) are shown (Ramana et al. 2014a).

The core level photoelectron spectra of the Ga 2p doublet are shown in Fig. 5. 2. The high
resolution XPS spectra are shown for as-grown (left panel) and Ne® sputtered (right panel)
samples. The binding energy (BE) values of these Ga 2p3» and Ga 2p12 peaks are 1118.0 and
1145.0 eV, respectively; they are almost constant and do not exhibit any change or shift as a

function of substrate temperature during growth. Furthermore, no appreciable change is noted in
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the BE values of these peaks in as-grown and Ne" sputtered samples. However, a very small
variation in full-width at half-maximum is noted for these peaks in Ne® sputtered samples
compared to as-grown samples. The BE values of Ga 2p levels for metallic Ga are: 1117.0 and
1144.0 eV for Ga 2p32 and Ga 2p1.2, respectively, and are indicated by the dashed lines in Fig. 5.2.
Compared to metallic gallium, the grown Ga-oxide films show a positive shift in the BE (1.0 eV).
It should be noted that the BE shift occurs due to the redistribution of electronic charge around the
constituent atoms. Therefore the differences in Ga chemical bonding cause a BE shift that can be
used to extract information about the oxidation state of Ga in the grown films. Based on these
considerations, it can be concluded that the chemical state of Ga in the films is in the highest
valence state (Ga®") without any of the reported intermediate valence states.

(Ramana et al. 2014a).
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Figure 5.2: XPS spectra of Ga 2p peaks, a) left image shows as-grown spectra, b) right figure
shows the spectra after Ne sputtering was performed (Ramana et al. 2014a)

The core level photoelectron spectra of O 1s also revealed interesting features about the
surface chemistry of the grown Ga-oxide films. The high resolution XPS spectra of O 1s core
levels are shown for as-grown (left panel) and Ne" sputtered (right panel) samples in Fig. 5.3. The
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O 1s peak is asymmetric in as-grown samples. While the main peak is centered at a BE ~531 eV,
there is a small shoulder at a BE ~532 eV. As shown in Fig. 5. 4 for a representative samples grown
at RT, the O 1s peak for as-grown Ga-oxide films can be resolved into two components. The most
intense peak is located at 531.0 eV and the less intense peak is at 532.3 eV, representing the
different chemistries of oxygen. The less intense contribution at a BE of 532.3 eV disappears in
all the samples upon Ne* sputtering of the surface. With Ne* sputtering of the surface, the O Is
peak changes into a single, sharp peak centered at a BE of 531.0 eV. These features can be
understood as follows. It has been reported that the O 1s peak in Ga-oxide occurs at a BE ~531
eV, which characterizes Ga-O bonding with the highest oxidation state of Ga (Ga*"). The less
intense contribution at a BE ~532.3 eV can be attributed to either carbonyl (oxygen bonded to
carbon) or hydroxyl (oxygen bonded to hydrogen) groups, which are adsorbed onto the surface.>**
However, it was noted in the survey XPS spectra (not shown) that the C 1s signal was present on
all of the as-grown Ga-oxide samples. The presence of C 1s disappeared upon Ne™ sputtering of
the surface. Based on these observations, it is clear that the minor contribution that appears in O

Is spectra is due to the surface C-O or hydroxide bonds, which disappeared on sputtering away

the few top-most surface layers.
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Figure 5.3: XPS spectra of O Is peak, left image shows as-grown spectra, right figure shows the
spectra after Ne sputtering was performed (Ramana et al. 2014a)
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Figure 5.4: Peak fitting analysis of the O 1s core-level peak in as-grown Ga-oxide films
fabricated at RT (Ramana et al. 2014a).

The AFM results for the Ga,0O3 samples deposited at temperatures > 500 °C are shown in
Fig. 5.5. The topographic images are shown along with the corresponding 3D surface images. It is
remarkable to note the evident nano-particulate morphology the film surfaces, where the conically
shaped grains are distributed uniformly all over the film surface. Samples deposited at
temperatures <500 °C (not shown) are mostly amorphous in nature and no crystalline grains are
presented on the film surfaces. This observation is in agreement with the XRD data, which indicate
that Ga20s3 films deposited at temperatures <500 °C were amorphous in nature while those at >

500 °C are nano-crystalline. It is evident from Fig. 5.5 that the grain-size increases with increasing
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growth temperature. The size increases from ~20 nm to ~32 nm with increasing growth
temperature from 500 °C to 600 °C. The effect of growth temperature is also reflected in the case
of root-mean-square surface roughness values, which increased from 1 nm to ~3 nm with
increasing temperature from 500 to 600 °C. The surface roughness values of the amorphous films
were not significant. For instance, the set of films deposited at <500 °C exhibit a surface roughness

of <1 nm.
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Figure 5.5: AFM images of sputter deposited Ga203 films; (a) sample grown at 500 C, (b)
sample grown at 600 C (Ramana et al. 2014a).

Figure 5.6 shows the room temperature electrical resistivity of the Ga2Os films fabricated
at various deposition temperatures. Films grown at lower temperatures are seen to exhibit higher

resistivity, the values being approximately 200-210 Q-cm for films grown up to 300 °C. A sharp
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decrease in resistivity is observed for samples prepared at 400 °C. As the growth temperature
increases, the resistivity is seen to decrease further. The sample deposited at 600 “C exhibits the

lowest resistivity of 1 Q-cm.
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Figure 5.6: Electrical resistivity variation of Ga203 films with Ts (Ramana et al. 2014a).

Finally, while a detailed account of observed results and underlying mechanism are
discussed in the next chapter, it will be helpful to summarize the data so that it will be beneficial
to understand what the conditions employed to fabricate samples with W-incorporation into Ga2Os.
Thus, the effect of deposition or growth temperature on the crystal structure, phase, grain size, and
band gap of Ga20Os films is summarized in Table 5.1. To describe briefly, Ga20Os films deposited
at RT-400 °C were amorphous (a-Ga203). A substrate temperature of 500 °C is critical to the onset
of film crystallization with the B-Ga203 phase formation. Therefore, films deposited at >500 °C
crystallize in the B-Gax03 phase. The grain size determined varied from 15 to 35 nm with

increasing substrate temperature.
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Table 5.1: Summary of the effect of growth temperature on the crystal structure, phase, grain
size, and band gap of Ga20s3 films.

Substrate Crystal Structure Ga/O Band Gran
Temp. (°C) and Phase Ratio Gap Size
(eV) (nm)
25 Amorphous 1.6 5.17 -
200 Amorphous 1.6 5.02 -
300 Amorphous 1.5 5.01 14
400 Amorphous 1.5 4.98 16
500 Monoclinic (B-Phase) 1.5 4.99 20
600 Monoclinic (B-Phase) 1.5 4.96 35

5.2 OPTICAL PROPERTIES W-DOPED GA2Q03 FILMS
For the case of W-incorporated Ga203 films, the results obtained on the electronic

properties, more specifically the optical characteristics, will be presented as there is a strong
evidence for the significant changes due to W-incorporation. The structural and chemical
analysis will be presented in subsequent sections. The optical transmittance spectra for the W-
doped is presented in Figure 5.7 obtained by using UV-Vis-NIR spectrophotometry. Pure Ga203
and W-doped films deposited with 10 sccm of oxygen content showed to be highly transparent
(~80%) for the evaluated light wavelength spectra, whereas the W-doped film deposited with 4
sccm of oxygen stills shows metallic behavior due to the lack of transmittance. When we
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compare the transmittance spectra of Pure Ga20s vs W-doped films we can see that the
absorbance edge moves towards the largest wavelengths, and that the overall transparency of the
films is reduced, being the film deposited with the highest tungsten power (Pw=100 W) the least

transparent film after 500 nm wavelength; nevertheless, still showing transmittance values higher

than 80%.
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Figure 5.7: Transmittance spectra for Ga2O3 based thin films

The band gap of the films was calculated by using equations 4.7, 4.8, and 4.9. The (ahv)?
vs hv curves are showed as an insert in figure 5.5, a regression analysis and extrapolation of the
high adsorption region, where the spectra behaves linearly, allowed us to determine the band gap
at the point where hv=0. In this case Ga20O3 based films band gap can be calculated using direct
band gap equations, and the Eg value for Pure Gaz0s is 5.00 (+0.03) eV. The Eq values were
found decrease with increasing sputtering power to W target, and from chemical composition
analysis (presented in the next section) the higher sputtering power corresponds to higher

tungsten concentration of ~13%. The change in band gap values with increasing W-sputtering
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power is shown in Fig. 5.8, which can be used to explain the effect of W-incorporation on the
band gap. It can be noted that the Eg value decreases continuously with increasing doping of W-
ions into the Ga203 based films. For the highest sputter-power used for this deposition
(Pw=100W) to the W-metal target, the Eg value reduced significantly to 4.30 (£0.05) eV. The

shift in the bandgap of ~0.7 eV represents a substantial decrement in the band energy values of

Ga203 when W is introduced.
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Figure 5.8: Band gap values of Ga203 based thin films as a function of Pw ; insert figures shows
(ahv)? vs hv plots with integrated linear regression for band gap calculations

The refractive index values were evaluated using SE technique. The spectral dependencies of the
experimental parameters obtained from SE measurements, ¥ and A, are plotted in Figure 5.9 for

the Power dependent W-doped Ga20s films deposited on Si(100) substrates. The curves obtained
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for Ga203 based films indicate good agreement between experimental and simulated data; the
MSE values are presented in Table 5.2. The behavior of the curves is highly influenced by the

variable W-sputtering power.

Table 5.2: MSE values for Ellipsometry Spectroscopy simulated curves

W-Power
0 50 75 100
(Watts)
MSE 2.924 | 2.924 | 2.924 | 2.924
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Figure 5.9: The spectral dependence of ¥ and A for Ga203 films grown at various temperatures.
The experimental data obtained and modeling curves are shown
The dispersion profiles of n(A) determined from SE data for the Ga203 based films are shown in

Figure 5.10. At short wavelengths (>500 nm) the dispersion curve shows a sharp decrement
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corresponding to fundamental absorption of energy across the band gap. However, the effect of
tungsten incorporation is clear in the dispersion curves, where there is an increment in overall
“n” values with increasing W-sputtering power. In order to further study the effect of W-
incorporation on the optical constants of the Ga2Os films, the values of the refractive index at A =
550 are discussed, and the variation on the “n” values at this regain is clearer. Ata A=550 nm,
the ‘n” values increase from 1.9 to 2.0 with increasing W-sputtering power, being 1.9 the value
for Pure Ga20s films and matching the values presented in the literature (Rebien et al. 2002).

1.93, 1.97, and 2.00 are the values of 50W, 75W and 100W of W doping, respectively.
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Figure 5.10: Refractive index curves extracted from ellipsometry simulations

5.3 CHEMICAL ANALYSIS W-DOPED GAO3 FILMS
Chemical composition analysis of the GWO co-sputtered samples made using Rutherford

backscattering (RBS) confirmed the presence of W in all the samples. The RBS spectra of GWO
films are shown in Figure 5.11. The data showed is for GWO films grown under variable W-
sputtering power. The experimental and simulation data are shown. The backscattered ions

observed were due to various elements in the films (Ga, W, O, Si) and their respective energy
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positions are as indicated by arrows for the experimental spectrum. The scattering from W, the
heaviest among the elements present in either the film or substrate, occurs at higher
backscattered energy (1780 keV). Similarly, for Ga, the peak is located at the backscatter energy
of 1580 keV as shown in the RBS spectra of GWO films (Figure 5.11). The measured height and
width of the respective peaks are related to the concentration and thickness distribution of Ga
and W ions in the oxide film and serves as a calibration check for composition and thickness
since known Rutherford scattering cross section and experimental parameters can be used to
calculate this height and width (Mudavakkat et al. 2012). As indicated in Fig. 1, the step edge
and peaks due to ion backscattering from Si (substrate) and O atoms (film) are observed at 1100

and 660 keV, respectively.
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Figure 5.11: RBS spectra for as-grown Pure and W-doped Ga20s films deposited via rf-

Channel

sputtering, including SIMRA simulations curves

The results obtained from the simulation of the RBS data indicate the increasing percentage
of W in the films with increasing sputtering power, and are presented in Table 5.3. Variation of
W-content in the films is shown in Figure 5.12, where film thickness variation with sputtering
power is also presented. Since the time of deposition is constant, film thickness increases with

increasing W-content. It is reasonable to expect such film thickness due to co-sputtering process

under a set of fixed deposition conditions.
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Table 5.3: Atomic content of W-doped Ga20s3 films obtained via RBS

Tungsten Sputtering Ga-Atomic W-Atomic O-Atomic
Power (Watts) Percentage (%) | Percentage (%) | Percentage (%)
50 26 8.4 66.6
75 24.1 9.5 66.4
100 17.1 125 70.5
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Figure 5.12: Thickness and W-concentration data as a function Pw use for rf-sputter

X-ray photoelectron spectroscopy (XPS) measurements also allowed us to quantify the
chemical composition of tungsten, gallium, and oxygen present in the films, as well as the
chemical valence states of the constituent ions present in the GWO samples. The XPS survey
spectra of representative GWO films are presented in Figure 5.13. The XPS spectra indicate that
Ga, W, and O are the main constituents of the deposited films. The presence of Cls is evident in

the survey spectra; the carbon peak in the XPS spectra is due to adventitious carbon from

W-Sputtering Power (Watts)

deposition
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exposure to air following fabrication, before being placed in the XPS system. Therefore, the
spectra are calibrated to the C 1s peak at a binding energy (BE) of 284.6 eV. However, sputtering
with Ar" ions fully eliminated the C 1s peak in the survey scans (not shown) which is a clear
indication that the carbon is a result of adsorbed species on the film surface due to air exposure.
The absence of a Si substrate peak is due to the fact that the deposited Ga-oxide films cover the

Si surface and are sufficiently thick to prevent detection of photoelectrons from the substrate.
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O1s
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Figure 5.13: XPS spectra for W-doped Ga203 film deposited with Pw=50W at 500°C, as
deposited.

In order to determine the chemical states of the metal ions (W and Ga) present in the films,
detailed analysis of the core level spectra of the main constituents was performed. Specifically, the
high resolution scans of Ga 3d, W 4f'and O Is were recorded and analyzed to obtain their chemical
states and the interaction between respective metal ions and oxygen. The core-level XPS spectra
of Ga 3d region are shown in Figure 5.14a. The data shown are for samples with variable W-

content. It can be seen that the Ga 3d peak is located at a binding energy (B.E.) of ~20.5 eV. In
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addition, Ga 3d XPS curve can only be fitted with a single and symmetric peak. Thus, the BE
location of Ga 3d peak at ~20.5 eV accounts for the Ga-O bonds, where Ga ions exist in their
highest oxidation state i.e., Ga*". It is also interesting to note that the Gd 3d peak is constant without
any appreciable change in either peak shape or BE position, regardless the percentage of W-
incorporation. This is an indication that the W-ions incorporated into gallium oxide matrix do not
induce any appreciable changes in the chemical state if gallium ions, which exists in their highest
oxidation state (Ga>"). Compared to metallic gallium, the grown Ga-oxide films show a positive
shift in the BE (1.0 eV). It should be noted that the BE shift occurs due to the redistribution of
electronic charge around the constituent atoms(Ramana et al. 2014a).

The detailed core-level spectra of W 4f for GWO films are shown in Figure 5.14b. For
GWO films without any incorporation of W-content i.e., intrinsic Ga-oxide films, no W 4f levels
were seen (not shown). The XPS W 4f core-level peak exhibits a well-resolved doublet
corresponding to W 4f52 and W 4f7,2 at the BE values of 37.8 eV and 35.7 eV, respectively. The
W 4172 peak at 35.7 eV in this work is in perfect agreement with the literature value of 35.7 eV
characterizing the W®" state in WO3(Yuzhi Zhang et al. 2009; Bertus et al. 2013). The BE
location of W 4f along with W 4d indicates the W-O interaction in the matrix with W®" chemical
state as the dominant species for tungsten ions. However, the peak intensity of W 4f core-level is
low for GWO films deposited with tungsten sputtering power of 50 W due to the fact that the
concentration of W is low. It is noted that the peak intensity increases with increasing sputtering
power to the W-target and, thus, increasing W-content in the GWO films. Similar to Ga 3d peak,
no shift in the BE of W 4fpeaks is noted with increasing atomic percentage of W incorporated in
Ga203 matrix. However, it is noted that W 4f doublet exhibits broadening, which is an indicative

of the fact that some of the W ions are not completely oxidized but exists in their lower valence
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states such W*" (Khyzhun 2000). The height of W 54 and W 4f peaks increase with incremental
sputtering power for the W-target indication and increment on the atomic percentage of tungsten

inside the films as showed in the RBS section.
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Figure 5.14: a) (Top) Ga3d high resolution spectra; b) (bottom) W4f peaks from high resolution
XPS spectra for W-doped Ga20s3 films

The high resolution core-level XPS spectra of O /s are presented in Figure 5.15. The data
shown are as a function of variable W-sputtering power. The peak position for low concentration
of Wis located at BE~530.8 eV, which corresponds to the position of O /s for Ga2O3 when gallium
is present in its highest chemical valence state (Ga*™*)(Ramana et al. 2005; Mudavakkat et al. 2012;
Trinchi et al. 2004) .The O Is is observed to shift peak towards slightly lower BE side with
increasing W-atomic concentration in the Ga2O3 matrix. Higher content of W shifts the peak to

BE~530.6 eV, which is reported to be the characteristic of tungsten bonded with oxygen(BATHE
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and PATIL 2008; Vemuri, Engelhard, and Ramana 2012). The core level photoelectron spectra of
O Is also reveals interesting features about the surface chemistry of the grown GWO films. Note
that the O /s peak is broader in the as-grown samples. In addition to the main contributions that
can be attributed oxygen bonded to Ga and W, there is a small shoulder at higher BE side; the less
intense peak located at 532.3 eV could be a representation of the different chemistry of oxygen.
The less intense contribution at a BE ~532.3 eV can be attributed to either carbonyl (oxygen
bonded to carbon) or hydroxyl (oxygen bonded to hydrogen) groups, which are adsorbed onto the
surface(Riech et al. 2010; Shim et al. 2009). However, it was noted in the survey XPS spectra (Fig.
13) that the C 1s signal was present on all of the as-grown Ga-oxide samples. The presence of C
1s disappeared upon Ar" sputtering of the surface. Based on these observations, it is clear that the
minor contribution that appears in O /s spectra is due to the surface C-O or hydroxide bonds,
which disappear on sputtering away the few top-most surface layers. Thus, XPS analysis also
allowed us to determine and corroborate the quantified tungsten content presented in the GWO
films, as well as the chemical valence states of the constituents ions deposited. The overall
concentration determined using RBS is in good agreement with the concentration of tungsten at
the surface of the films probed using XPS. The overall concentration determined using RBS is in

good agreement with the concentration of tungsten at the surface of the films probed using XPS.
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Figure 5.15: O1s high resolution XPS spectra for W-doped Ga20s films

5.4 STRUCTURAL ANALYSIS W-DOPED GA;O3 FILMS
The GIXRD patterns of the GWO films are presented in Figure 5.16. The data are shown as a

function of W-content in the films. It is evident that, with increasing W-content, the GWO films
become amorphous. Intrinsic Ga203 films are nanocrystalline as seen in the XRD patterns. Also,
our from regular XRD scans (not shown) results demonstrated the formation of crystalline GWO
films under the variable W-content incorporation into Ga203 matrix; such films were all crystallize
in the corresponding B-Ga203 phase. Furthermore, the GWO films exhibit the preferred (120)
texutring(Rubio and Ramana 2013a). However, in this case of GWO films, the surface structure
was probed using GIXRD measurements. For intrinsic Ga20O3 films, peaks appeared in the GIXRD
pattern indicating the crystalline nature of the GWO surface layers and the peaks identified still
corresponds to monoclinic B-phase. However, no (120) preferred orientation is noted; however,

the (512) peak located at ~64.5° was found to be the most intense peak. The other peaks noted are
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(40-1) and (111) at ~40° and ~36.5°, respectively (Goyal et al. 2014). This observation suggests
that structure of the surface layers exhibit a different texturing compared to the overall structure
of the bulk of the films (as previously reported(Vemuri, Engelhard, and Ramana 2012)) deposited
on Si substrates. While W-incorporation maintains the overall crystalline nature of the bulk of the
samples, the surface layers become amorphous as is evident in GIXRD patterns, where the patterns
become diffuse with increasing W-content. We propose the following hypothesis to explain the
behavior: the orientation preference in the bulk portion of the films is influenced by the interaction
with the Si substrate and the surface free energy of it, which after certain thickness is eliminated,
allowing crystal orientation to shifts as the films thickness is increased. In the case of W-doped
the difference in surface free energies of WO3 and Ga203 which inhibits their respective molecules

to interconnect to each other, causing surface to show amorphous nature
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Figure 5.16: GIXRD spectra for W-doped Ga203 as-grown films
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The SEM images indicating the surface morphology of intrinsic and W-doped Ga2Os are
presented in Figure 5.17. SEM images demonstrate the characteristic feature of granular
morphology for intrinsic Ga20s3 films with an average grain size of ~25 nm. This observation is
in good agreement with previous studies, where crystallization of Ga203 films is noted at a
deposition temperature of 500 °C (Kumar et al. 2013). The change in the surface morphology of
the GWO films as a result of tungsten incorporation is evident in Figure 17. The film surfaces
does not present agglomeration of grains and grain boundaries with increasing W-content. The
surface of the W-doped films become smooth without any presence of granular morphology that
is seen for intrinsic Ga20Os3 films, with segregated or occasional grains on the surface suggesting
lack of thermal energy to achieve full crystallization. This observation corroborates with the
GIXRD results, where W-doped films showed the formation of amorphous surface layers.

Pure Ga;0;

Pw=100W

Figure 5.17: SEM micrographs for Pure and W-doped Ga203 films as a function of Pw

In the case of pure gallium oxide films the nanostructures were achieve at temperature of

500 °C; however, this temperature was not enough to achieve complete crystallization in the case
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of W-doped films. Scanning electron microscope (SEM) revealed a small presence of localized
grains at 500 °C without any order or patron to follow. Nevertheless when the temperature is
increase the surface started transitioning towards fully granular. Figure 5.18 shows the SEM
images for the samples grown with different substrate temperature and constant W-sputtering
Power (Pw=50W). It was already mention the effect of tungsten into the surface morphology,
retarding the crystallite growing, and allowing only localized grains. At the temperature of 600
°C the number of grains is increased, and evidence for the start of the grain agglomeration;
however, isolated grains behavior is predominating. At 700 °C the grain size is increased, and
the behavior starts to move towards formation of side-to-side grains, with less number of isolated
nanocrytallites, and higher number of grains per surface area. 800 °C represents the final
triggering temperature to achieve complete surface crystallization of the W-doped Ga-oxide
films, at this point the entire surface is fully granular with an average dimension of ~30-40 nm,
and shape resembling Ga20s3 grains, but the range of the grains dimensions varied from 10 nm to

80 nm.

300 nm

Figure 5.18: SEM micrographs for Pure and W-doped Ga203 films as a function of substrate
temperature

5.5 THERMAL STABILITY W-DOPED GA2Oj3 FILMS
Thermal stability of the GWO films was probed by a combined analytical and physical

measurements of the samples subjected to thermal annealing. The RBS data of annealed GWO
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films are shown in Figure 5.19. The data shown are for a variable W-content. It can be seen in the
RBS spectra that the samples with higher W-content experience some changes in the peak shape
and height of Ga and W. However, the there are no changes observed for intrinsic Ga-oxide and
GWO samples deposited with a W-sputtering power of 50-75 W. The most significant changes are
noted for the samples deposited with 100 W sputtering power to the W-target i.e., the highest
content of W in the Ga-oxide matrix. It can be seen in the RBS spectra of GWO samples that there
is some degree tailing or shouldering effect at the left of the peaks Ga and W peaks; W-peak
changes are most dominant. Such tailing or shouldering of the peak towards higher energy
indicates the diffusion occurring at the interfacial region of the GWO film and Si substrate. As
seen in Figure 19, this effect is much clear and dominant in W peak of GWO-100 samples. The
interdiffusion of W is evident by tailing of the W peak at the interface coupled with some degree
of Ga diffusion. In order to account for the observed changes and simulate the chemical structure
changes, the RBS spectra were then fitted using SIMNRA by creating multiple layers with
different composition of W, Ga, Si and O until the experimental data and SIMNRA calculated data
match with each other inters of the tailing at the interface. In other words, the depth profile fitting
has been adopted to verify the chemical composition changes across the interface by fitting the
data. Clearly, intrinsic Ga203 and GWO-50 samples had sharp interface between film and the
substrate with no varied concentration of W at varying depth of the film. The GWO-75 film shows
very small or almost negligible intermixing layer as shown by the depth profile compared to GWO-
100 film, which exhibits significant intermixing layer. The depth of W diffusion depends upon the
concentration of total W-content in the GWO film. For instance, for GWO-75, the depth profile
indicates that the W atoms diffused <1% in the Si substrate. But for GWO-100 sample, gradient

of W in the intermixing layer is seen as it diffuses deeper in the Si substrate. Based on the
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reasonable fit between experimental and calculated curves, the intermixing layer exhibits a W-

gradient of 8.3% in the near interface, then 11.5% in between, slowly reaches 6%, and finally 2-

3% before the Si substrate starts showing up without any indication of W.
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Figure 5.19: RBS spectra and simulated curve for GWO films after annealing

1000

The surface chemistry analysis using XPS studies coupled with RBS provided additional

information on the surface and interfacial chemical changes upon thermal annealing. The XPS

analysis of the GWO samples was performed after annealing. The data are presented in Table 5.4.

As seen from the XPS data in Table 5.4, the atomic percentage of W in all of the GWO films did

not exceed 2%, the highest being in the films deposited with the highest Pw, irrespective of the

overall content of W in the GWO films. The tungsten content in the films determined using XPS
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are: 1 %, 1.7%, and 2% for GWO-50, GWO-75 and GWO-100 samples, respectively. However,
as indicated by the RBS data and analysis, the corresponding W at% of the GWO-50, GWO-75
and GWO-100 films are 4.3%, 6.4% and 11.9%, respectively. Comparison of these results indicate
that the W atoms in the surface layers of GWO films diffuse into Ga2O3 matrix; the interdiffusion
seems proceeding from the surface towards the bulk portion of the films allowing the chemistry of
the surface to diminish compared to the overall composition of the films, the mechanism of

diffusion will be explained at the discussion section.

Table 5.4: Comparison of atomic percentage of RBS and XPS results

Tungsten Ga-RBS W-RBS O-RBS Ga-XPS | W-XPS O-XPS
Sputtering (%) (%) (%) (%) (%) (%)
Power (Watts)

50 28.6 4.3 67.1 36 1 63

75 24.6 6.4 69 35 1.7 63.3
100 15 11.9 73.1 37 2 61

High resolution Core-level XPS data analysis has been performed on the annealed samples
to determine the chemical state of Ga and W ions present in the GWO films. The data obtained for
annealed GWO samples is presented in Figure 5.20 where the data are presented for GWO films
with variable W-content. Similar to as-deposited samples, the XPS data indicates that the Ga, W,
and O as the main constituents of the films. The core-level XPS spectra of Ga 3d peak is located
at BE~20.5 eV, which is same as the intrinsic Ga-oxide and as-deposited GWO films. No peak
shift and other changes are noted for any of the films. Thus, the Ga 3d results confirm that the

gallium is present in its highest oxidation state i.e., Ga™, which is stable before and after annealing.
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Figure 5.20: Core XPS spectra from 600-5 eV for W-doped Ga:03 films as a function of Pw
after annealing

The core-level XPS data of W 4f region for annealed GWO films are shown in Figure
5.21b. The spectra indicate the presence of W 4f72 and W 4f5,2, which are located at 35.8 and 37.9
eV, respectively. The location of the peaks matches those seen in as-deposited films with no
significant shift in the peaks due to the annealing process, nor the content of tungsten doped into
Ga203. Peak positions matches with the reported values for WO3, and showing W as the
dominant specie for W inside the films. XPS results for the samples as-deposited show the presence
of peak broadening, which corresponds to presence of secondary chemical valance state for non-
stoichiometric WOs, after the annealing of the samples the secondary oxidation state contributions

on the XPS spectra were not observed
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Figure 5.21: a) High resolution Ga3d XPS peak after annealing; b) High resolution W4f XPS
spectra after films annealing

Similar to the results for as-deposited testing for the high resolution spectra for O Is
showed peak shifting with increasing W atomic percentage as shown in Figure 5.22, where all Ols
spectra are presented as a function of variable W-content. The position for the films with the lowest
W-content is at BE~531 eV, which corresponds to the peak position for O /s when stoichiometric
Gax0s is presented, and matches the position of GWO-50 as-deposited film(Ramana et al. 2014b;
Geller 1960; Yamaga et al. 2003; Varley et al. 2010; Zinkevich and Aldinger 2004; Lovejoy, Chen,
Yitamben, Shutthanadan, Heald, Villora, Shimamura, Zheng, Dunham, Ohuchi, et al. 2012;
Encarnacion G. Villora et al. 2008; Yijun Zhang et al. 2011b; Rubio and Ramana 2013b; Dakhel
2011; M. Mayer 1999; Ramana et al. 2005; Mudavakkat et al. 2012; Goyal et al. 2014; Trinchi et
al. 2004). With increasing W-content the peak shifts towards a lower B.E. position, comparable
with the occurred with as-deposit samples, this is due the influence of WOs3 interaction, for which

the prefer O /s position is >530.6 eV(BATHE and PATIL 2008; Vemuri, Engelhard, and Ramana
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2012; Riech et al. 2010; Shim et al. 2009). Nevertheless, it is important to mention that O /s peak
remained at the same position for GWO-75 and GWO-100 due to the similar surface W-atomic
percentage in both samples. The presence of a peak broadening for O /s in the B.E. levels indicates
interactions with of the metal hydroxyl type, which is understood due to the exposure of the films
to environmental air, and the annealing process perform in air(Azimirad et al. 2007; Naseri et al.

2007; Srinivasan and Miyauchi 2012).
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Figure 5.22: High resolutions XPS scans for Ols peak for W-doped Ga20O3 films as a function
of Pw after the annealing process

The GIXRD spectra obtained for the GWO samples are shown in Figure 5.23. It is evident
that all the patterns exhibit peaks indicating the crystalline nature of the samples. In the case of
annealed intrinsic Ga203, the data show a similar crystal structure as the as-deposited samples,
with peaks corresponding to - Ga:03. However, for W incorporated films, the patterns indicate
crystal formation on the surface with contributions from both monoclinic Ga20O3 and monoclinic

WO:s. The B-Ga203 phase was corroborated using JCPDS No. 00-041-1103 and monoclinic WO3
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corresponded to JCPDS No. 00-043-1035. Similar to what we are seen in as-deposited films, -
Gax03 shows preferred orientation on (40-1) and (512) planes at 26~30.8° and 65.4°, respectively;
the presence of these peaks is also observed on W-doped Ga20s films with no appreciable peak
shift for variable W-content. Orientations (202), (111), and (-113) were also detected for f-Ga203
at 26~32.2°,36.6°, and 55.8°, respectively, but no presence of (-113) appeared on W-doped films.
All W-doped films showed presence of secondary phase formation of monoclinic WO3, with
preferred orientations at (121) and (122) located at 26~29.5°, and 36.1°, respectively. Furthermore,

presence of (220), (312), and (040) were also recorded for monoclinic WOs.
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Figure 5.23: GIXRD plot for after annealing Pure and W-incorporated Ga203 films deposited
via co-rf-sputtering

Surface morphology and topography data obtained from SEM and AFM are presented in
Figures 5.24a and Figure 5.24 b, respectively. In complete agreement with the GIXRD results, the

imaging analysis using SEM and AFM data, film surfaces demonstrated the granular morphology.
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The topographic images the GWO surfaces show crystallites formation all over the film surfaces.
It is also observed the formation of pores in the surface of the films. SEM and AFM data agree
with each other in term of grain size and pore formation. The average grain size of the films
changes with W-content. Grain size of 38 nm is noted for intrinsic Ga-oxide films while increasing
W-content first decreases the grain size and then increases rapidly at higher W-content. The grain
size decreased to 32 nm and then rapidly increases to 46 nm for the GWO-100 films, which contain
the highest W-content. The change in surface morphology was better appreciated in W-doped
films, where the change from amorphous to granular surface was observed; nevertheless, the

formation of pore was also presented with the annealing process.

Figures 5.24: a) SEM micrographs for Pure and W-doped GaxOs films as a function of Pw
after annealing, b) AFM topography images for Pure and W-doped Ga20s3 films
after annealing

The W-doped Ga20s films analyzed after exposure to a post-deposition annealing for 1
hour at 900 °C where a change in the crystal structure and morphology was observed. Nevertheless,
the intended application for this films requires the stability to temperature higher than 900 °C for
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several hours of operation. In this case the Pure and W-doped Ga20s films were exposed to several
cycles at 900 °C with increment on the time period. The films were evaluated via Scanning
Electron Microscopy (SEM) in order to determine the surface quality of the film and that the grain
structure are presented after all the heat exposure periods. For this experiments three samples were
chosen to identify any possible failure due to heat exposure or any morphological modification
that could provide false response on the films. Pure Gallium Oxide film (Fig 5.25a) demonstrated
to be heavily stable at higher temperatures without any change on the morphology of the surface
of the film even after 15 hours of continuing heat exposure. In the case of W-doped films the
already reported change in surface morphology in presented in the films from as-deposited
condition after 1 hour of annealing at 900 °C, where nano-grains are encountered in the surface
along with vast number of porous. The crystallization if attributed to the high thermal energy
introduced to the films allowing self-diffusion of the ions inside the film, and the appearance of
porous on the surface is a result in the change on the internal chemistry of the material.
Nevertheless, it is important to mention that the original change is preserved, and that the films
does not produces any further change with the cyclic process of heat treatments. No change is
visible in the grain size of the pores dimensions. Figure 5.25 represents the SEM images for the
surface morphology of the different samples tested, where the thermal stability of the samples is
observed throughout all the hours of heat exposure. The heat treatment was carried at 900 °C for
several hour of exposure, starting at 1 hour and increasing the treatment by 1 hour intervals for the
first 5 hours, after that, increments of 5 hours were carried until the goal of 15 hours was reached.
The three samples were chosen for the following reasons: Pure Ga203 films as the standard
material and in order to compare the stability of the pure films versus the films containing tungsten.

50W of tungsten sputtering power at 800 °C as the substrate temperature in order to compare fully

90



crystalline Ga20s films versus a fully crystalline W-doped film, and a 50W of tungsten sputtering
power at 500 °C as the substrate temperature to include a sample that was not crystalline as-deposit,

but contained tungsten into the lattice of Ga20s.
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b
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Figure 5.25: SEM micrographs of long period exposure to 900 °C for a) (top) Pure Ga203; b)
(middle) W-doped Ga203 films deposited with Pw=50W at 500 °C; c) (bottom) W-
doped Ga203 films deposited with Pw=50W at 800 °C

5.6 MECHANICAL PROPERTIES
Mechanical characterization of metal oxide based nanostructured sensors in has not been

properly understood in the literature, the evaluation of the young modulus and hardness values of
the system will help us to maximize lifespan of the system whenever mechanical load and thermal
stresses are applied, especially under the reported drift due to the presence of cracking. Figure 5.26
shows an example of the load-displacement curve obtained from evaluating the mechanical
properties of Ga203 based films. The films tested were deposited on top of a silicon substrate and

annealed at 900 °C for 1 hour to maximize crystallinity.
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Figure 5.26: Load and unload curve for Pure Ga203 thin films versus indentation depth.
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The values for hardness and elastic modulus for pure Ga203 are 3.01 GPa, and 78 GPa
respectively; with initial incorporation of W (Pw=50W), the values of the mechanical properties
decrease, similar the occurred to several other parameters such thickness, or in the case of
resistance (not shown). The values of the hardness and elastic modulus for the sample deposited
with Pw=50W are the followings: H= 2.95GPa, E= 70GPa. When the films are exposed to higher
levels of W-doping, the mechanical properties start to increase as we can see in Figure 5.27 where
the Hardness and Young’s Modulus values for W-doped films are presented. After the initial
decrement with Pw=50W, the films showed to be strengthened by the addition of tungsten. The
maximum hardness values and elastic modulus achieve in this investigation was achieved when
the films were deposited using Pw=100W, where the values obtained are H=3.25GPa, and
E=132GPa. It is important to mention that the evaluation of the mechanical properties was
performed on the films after exposing them to the high temperature heat treatment of 900 °C for 1

hour.
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Figure 5.27: Hardness (left) and Elastic Modulus (right) values of Ga203 based thin films as a
function of tungsten sputtering power
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5.7 OXYGEN SENSOR CHARACTERISTIC
The initial oxygen sensor was performed using the line set-up method where two electrodes

were attached to the surface of the films. The electrodes were adhered ~5mm apart from each
other. The initial test was performed with the intention of determine the effect of tungsten doping
in the time response of the films, which the improvement of this feature is one of the premises of
this work. Figure 5.28 shows the initial testing for gas sensors where 4 graphs are presented, and
the time response that each one showed is included. The time response was calculated by
accounting the time that takes to complete 90% of the overall change in resistance. The time
response for pure gallium oxide and for the film deposited with the highest content of W showed
similar values of 36 seconds. Nevertheless, when the films are deposited with Pw=50 and 75 Watts,
the time response significantly improves, to 15 s and 20 s, respectively. It is also important to
mention that Pure Ga20s films showed n-type semiconductivity by increasing the resistance value
whenever the oxygen partial pressure was increased, whereas the W-doped films showed p-type

semiconductivity when oxygen interacted with the films by reducing their resistance values.
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Figure 5.28: Oxygen sensor response of in-line setup for Ga2O3 based films deposited on Al2O3

After the initial time response testing, the focus towards improving the oxygen sensor
characteristics of Ga203 films was directed towards the lower doping region by depositing the films
with low Pw. The films evaluated were deposited onto Pyrex glass substrate with integrated
interdigital electrodes. The initial testing was performed to determine the activation energy of the
films with respect to oxygen, and calculated by using the slopes of the Arrhenius plot as shown in
Figure 5.29 which follow a linear behavior and by implementing the following equation, the value

could be obtained:



Where Roo is the resistance at infinity temperature, Ea is the activation energy, k is the
Boltzmann constant, T is the absolute temperature, R is the resistance (Bartic, Ogita, et al. 2007).
The value of the activation energy reduces as a function of W-incorporation, which was expected
due to the reduction of the band gap values originally studied at the optical properties section. The
intrinsic value for Ga20sfilms was 1.8 eV which correspond to the values obtained in the literature
(Bartic, Ogita, et al. 2007), and reduced to a final value of 1.4 eV when the highest concentration
was utilized at Pw=100W. This indicated that the energy required for oxygen detection is reduced
by the incorporation of W-ions, which can be explain from the sensitivity point of view. Sensitivity
react as a bell-shape curve, finding its maximum value at a specific temperature and reducing if
the temperature increases or decreases; when W is incorporated to the films, the temperature for

the maximum sensitivity is reduced due to the reduction of the activation energy values

(Korotcenkov 2007).
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Figure 5.29: Arrhenius plot for Ga20O3 based thin films as a function of W-sputtering power
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The sensitivity and time response of the Ga20s based oxygen sensors using Pyrex glass
with interdigital electrodes. Figure 5.30 shows the comparison between pure and W-doped Ga203
films in terms of initial time response and sensitivity to 25 Pa of Oz at 800 °C. The sensitivity was
calculated by:

S = R/ Ryt 5.2

Where S is the sensitivity, Ra is the resistance when the films is exposed to Ar, and Rgq is
the resistance when Oxygen is introduced. Similar to the results presented with the line set-up
sensors, Pure Ga20s and the films deposited using 100W of W-sputtering power presented similar
behavior and response time. The response time for Pure Ga2O3 was 67 seconds and a sensitivity
value of 1.2, whereas for the films deposited with the maximum level of w-doping showed a time
response of 71 seconds and sensitivity value of 1.2. Nevertheless, it is important to mention that
similar to the results encountered when using line set up sensors, the best sensor performance was
achieved when the films were deposited with a sputtering power in the range of 40W-60W, were
the time response reduced to 43 s and 46 s, respectively, and the sensitivity of the films reduce to
a 1.1 value. Furthermore, the highest sensitivity value was achieved when the film was deposited
using Pw=20W, which increased from 1.2 with un-doped Gaz0Os3 to 1.5. Nevertheless, the time

response increased from 67s with un-doped Gaz0s to 73 s when the Pw=20W was used.
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Figure 5.30: Sensitivity and time response comparison of Ga203 based sensors evaluated at 800
°C.

24 hours after the films were evaluated in terms of initial sensitivity and time response,
they were tested under different partial pressure of oxygen in cyclic periods of pure Ar flow and
Ar/O: flow to determine the repeatability and stability of the films at 800 °C. The films that
demonstrated the highest stability is the un-doped Ga20s film as presented in figure 5.31 where
the comparison of the oxygen sensor response for Ga20z3 bases films is presented. Similarly to the
results previously presented, the W-doped films with higher repeatability are the ones deposited
within the range of 40W to 60W of tungsten sputtering power, due to the stability of the resistance
values when the films are under oxygen exposure. However, the stability is affected by the
presence of W, as is evident from the increase of noise p on the Pw=40W responses, the sharp
curves presented on Pw=20W and 100W, and the sudden change in resistance during Ar exposure.
Un-doped Ga203 also presented change in the resistance value under Ar exposure, corresponding
the polarization effects caused by the ionic conductivity of the films (M Fleischer et al. 1995), and
the constant increment on the base resistance is attributed to the grain boundary capacitance of the

films (Reti 2001). The response for all the evaluated films corresponds to the p-type conductivity
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where the resistance of the films decrease with the presence of oxygen, this behavior is attributed
to the diffusion of Be-ions from the Pyrex glass substrates. This behavior was previously described

by Kiss et al (Kiss et al. 1999).
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The oxygen partial pressure employed for this tests varied from 15, 20, 22, and 25 Pa, and

their resistances values were employed to calculate the m-values corresponding to Eq 1.17 which

represents the sensing mechanism of MOS sensors. However, the m-values for the films deposited

with 20W and 100W of W-sputtering power did not showed sufficient stability and repeatability

for the calculation; whereas for un-doped Ga203 films the m-value calculate was 0.26 which is

close to the -1/4 which correspond to the theoretical value presented in the literature (Xu, Zhou,

and Sorensen 2000). The values for 40W and 60 W reduced to 0.19 and 0.22, respectively. Figure

5.32 shows the plots for the Log 6 vs Log Poz and the m values are obtained by the linear regression

analysis of the data obtained, all the data points were recorded when the films were deposited on

the pyrex glass substrates and evaluated at 800 °C.
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Chapter 6: Discussion

The discussion of the observed results and mechanism of the Ga-oxide based materials and
their sensing behavior is presented in this chapter. The logistic discussion is presented in four
sequential parts: (1) intrinsic Ga20s, (2) effect of W-incorporation into Ga20s, (3) thermal stability
and (4) sensor performance and, finally, comparison of intrinsic versus W-incorporated Ga-oxide
materials.

The observed growth behavior, crystal structure, grain-size variation, and surface
morphology evolution in nanocrystalline Ga203 as a function of processing conditions can be
explained as follows. The growth temperature, which is an important thermodynamic parameter,
plays an important role, besides the reactive oxygen partial pressure, in deciding the microstructure
as well as properties of materials resulting from vapor-transport deposition. The observed results
for intrinsic Ga20s can be thus accounted for the effect of deposition temperature since the other
conditions are kept constant. We first establish the optimum temperature required to obtain
nanocrystalline, intrinsic Ga20s3 films based on the experimental results. If the deposition
temperature is low so that the period of the atomic jump process of ad-atoms on the substrate
surface is very large, then the condensed species may stay stuck to the regions where they are
landing thus leading to an amorphous or amorphous medium. However, sometimes such
amorphous matrix may contain embedded small but ordered nano-particles. In the present work,
based on the experimental results, it is very clear that for Ga:0Os films deposited at room
temperature, the impinging flux may be just sticking to the substrate surface at its place of hitting
with almost no surface diffusion since no well-defined long-range order or oriented growth is
observed (XRD or SEM data). However, with increase in deposition temperature, the ad-atom

mobility on the surface increases. The small size grains, spherical in shape, observed in SEM
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images coupled with XRD data for films grown at 500 °C indicate the situation is entirely different
compared to films deposited in the temperature range of 25-500 °C. The presence of well-resolved
peaks indicates the improved structural order resulting in the formation of nanocrystalline Ga203
films. This is due to increased diffusion of ad-atoms leading to a larger rate of atoms joining
together and, hence, formation of nanocrystalline films as a result of an increase in deposition
temperature. The observed higher temperature to deposit nanocrystalline Ga20s films by the
sputter deposition for the set of conditions employed in this work can be attributed to the difference
in material’s physical and electronic characteristics when compared to other oxides. The
morphological changes, increase in grain-size as well as their distribution characteristics, as a
result of further increase in deposition temperature can be attributed to the enhanced mobility of
sputtered-species impinging on the Si(100) surface. Similar to diffusion coefficient, the grain-size
(L) is typically observed to depend on temperature as:

L = Lo@XP (FAETKBT ). et e 6.1
where AE is the activation energy, ks is the Boltzmann constant, T is the absolute temperature
(T=Ts+273 K), and Lo is a pre-exponential factor that depends on the physical properties of the
substrate-deposit. At lower temperatures, the impinging species may not have sufficient energy for
atomic jump process or to overcome the potential energy of the nucleation sites of the substrate.
At higher temperature, the mobility of ad-atoms on the substrate surface is generally higher. As a
result, the diffusion distance of the ad-atom on the surface increases and the collision process
initiates the nucleation for more ad-atoms joined together resulting in increased L values. If we
assume that the grain-size is directly related to the surface diffusion of sputter-deposited species
on the substrate surface, one would expect to see the increase in L with temperature in accordance

with the above relation. Therefore, the grain size values determined from XRD and SEM
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measurements were analyzed, where a very good agreement between the measured L values from
XRD and SEM data and data fitting to an exponential function were noted. These features indicate
the thermally activated process of surface diffusion of the impinging flux which account for the
evolution of crystallization, surface morphology and grain-size as a function of deposition
temperature as seen in XRD, SEM and AFM data.

Our attention now is towards the specific phase of nanocrystalline Ga2Os films. Note that
Ga203 can exhibit polymorphism and can adopt different crystal structures. However, the goal of
this project is to obtain f-Ga203. XRD data indeed indicate that the Ga20s films films crystallize
in Ga203 monoclinic structure, which is expected based on the phase-stability considerations.
Stabilization of any of the phases is not observed in nanocrystalline Ga203 films. Thus, the
outcome of the initial processing efforts of intrinsic Ga20s films and associated characterization is
the microstructure phase diagram, which is summarized in Fig. 6.1. This phase diagram explains
the effect of substrate temperature on the crystal structure, chemical composition, surface
morphology and structural transformations noted along with specific grain size of Ga20s films.
This schematic representation of the summary of the data will be quite useful for other researchers
in the field when sputter-deposition is considered to fabricate Ga20s films for a set of given
technological applications. For our purpose of W-incorporation and oxygen sensor, the most
important features that was considered further is the fact that a deposition temperature of 500 °C

is critical to promote or resulting in the formation of nanocrystalline Ga20s films.
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Figure 6.1: Behavioral diagram of intrinsic Ga203 deposited as a function of substrate
temperature (Kumar et al. 2013)

Now, we focus our attention on the XPS results to establish the surface chemistry of the
Gaz0s films deposited at variable substrate temperature. XPS analyses indicate that the films are
nearly stoichiometric and Ga exists in its highest chemical valence state. The BE values of Ga 2ps/2
and Ga 2pi2 peaks (1118.0 and 1145.0 eV, respectively) and the BE shift from Ga° (1 eV)
characterizes the Ga in its highest chemical valence state (Ga®*) in all the films, almost without
any appreciable change, as a function of deposition temperature. This is important from the view
point of electronic structure since reduced chemical valence states of Ga can create defects, which

in turn alter the optical and electrical properties. Furthermore, the chemical stoichiometry analyses
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made by XPS and RBS are in good agreement with each other. Also, these chemical studies rule
out the possible compositional defects or reduced Ga states and their influence on the optical and
electrical properties of Ga203 films.

After having discussed about the effect of deposition temperature on the growth, crystal
structure, surface chemistry, and phase formation of intrinsic Ga-oxide films, attention now is
towards is to establish the direct relationship between the structural and electronic properties. Such
structure-property relationships are quite useful and provide a roadmap to optimize the conditions
to obtain Ga-oxide films with desired properties, which can be suitable to meet the set criteria of
a given application.

We considered the index of refraction (‘n’) and structural quality of sputter-deposited
Ga20s films grown under variable growth temperature (Ts). It must be emphasized that the optical
properties are sensitive to the film microstructure. Various factors such as surface/interface
structure, grain size, crystal quality, lattice parameters, defect structure, and chemical composition
influence the optical properties of oxide films. The growth temperature, which is an important
thermodynamic parameter, plays an important role, besides the reactive oxygen pressure, in
deciding the microstructure as well as properties of materials resulting from sputter-deposition.
Therefore, the XPS, AFM, and SE results along with electrical resistivity variation are considered
in order to derive the functional relationship between the surface physics, morphology, and optical
properties of Ga203 films.

Finally, the observed variation in the index of refraction and electrical resistivity of Ga-
oxide films can be explained based on the microstructure variation of Ga203 films with substrate
temperature. A simple model can be formulated to explain the observed functional relationship

between the optical constants and substrate temperature in Gaz0s films. Evident from the SE
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results, the dispersion of optical constants depend on the growth temperature. XRD measurements
demonstrated that the Ga203 films are completely amorphous when deposited at 25-500 °C, at
which point amorphous to nano-crystalline structural transformation occurs. The observed
increase in ‘n’ values when Ga20s films are grown at higher temperatures can, therefore, be
attributed to the improved structural order and packing density of the films. Furthermore, while
surface roughening can induce scattering losses, AFM data evidenced the rms roughness of the
films is not significant in Ga20s films as a function of substrate temperature. Usually, rough film
surfaces result in increased light-scattering losses at the interface. Therefore, the critical
temperature (500 °C) noted in the XRD measurements seems to promote the structural order and
increases the mobility of ad-atoms to join together to increase the packing density of the material
in the films leading to observed increase in ‘n’ values. Such behavior was also noted in sputter-
deposited Y203 films. The effect of microstructure was also reflected in the electrical resistivity
analysis of the Gaz0s films. The electrical resistivity usually becomes higher with grain size
reduction due to the increasing grain boundary volume and associated impedance to the flow of
charge carriers. If the crystallite size is smaller than the electron mean free path, grain boundary
scattering dominates and hence the higher electrical resistivity. Furthermore, the electrical
resistivity is also very sensitive to lattice imperfections in solids, such as vacancies and dislocations
which are often present in nanocrystalline materials. In addition to that, lattice strain and their
distortions can affect the charge mobility causing a decrease in conductivity. The room-
temperature electrical resistivity variation with substrate temperature observed for Ga20z3 films can
be explained by taking these factors into consideration. Ga20s3 films deposited at a temperature of
room temperature-300 °C are completely amorphous as evidenced in the XRD studies. The

randomness or disordered structure of the films, therefore, accounts for the observed high electrical
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resistivity of amorphous Ga20s films. The resistivity decrease with increasing substrate
temperature can be attributed to the increasing crystalline nature of Ga203 films. The observed
sharp decrease in the electrical resistivity for Ga20s films grown at higher temperatures seems to
be a result of the combined effects of the grain-size increase and the phase transformation from
amorphous-Gaz0s to B-Gaz20s films. Thus, this trend in resistivity is expected and can be attributed
to better crystallinity, the presence of larger grains and fewer grain boundaries in the samples
prepared at higher temperatures. Furthermore, the electrical results are in agreement with the
results obtained from AFM and XRD studies.

The most important characteristic feature that was observed in this study is the reduction
in the bandgap of Ga203 due to W-incorporation. As noted in optical absorption measurements
and analyses, W-induced effect is predominant on the electronic parameters, such as band gap and
index of refraction. The W-incorporation induced changes not only provide a clue about the
material modifications but also accounts for the observed improvement in sensor response time.
Therefore, an attempt is made to understand the W-incorporation induced changes. The effect of
W-incorporation and the mechanism of electronic structure changes leading to a substantial red
shift in the bandgap can be understood as follows. To shed light on the crystal structure of W-
incorporated Gaz0s films, the available crystallographic data can be considered. The very first is
the structural similarity. While both Ga- and W-oxides exhibit polymorphism, monoclinic
structure is thermodynamically stable phase for both W-oxide and Ga-oxide. WGO films
crystallize in monoclinic structure as evident in XRD patterns of both Ga20O3 and W-incorporated
Ga20:s films. No significant changes were noted due to W-incorporation. If the ionic size and other
structural parameters are compatible or comparable, a solid solution without any structure change

can be expected for W-incorporation into Ga20s lattice, i.e., W atoms can occupy the lattice
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positions of Ga inside the B-Ga20s. This indeed is clearly seen in XRD patterns, where there is no
evidence of secondary phase or no distortion of the peaks of parent $-Ga20s. Therefore, XRD
observations indicate that W-incorporated B-Ga20s films accommodate W-atoms without any
structural distortion even for the highest concentration of W-atoms at a sputtering power of 100
W. The reason for W-Ga20s single phase system could be the comparable ionic radii of Ga** and
W5* ions which are 0.062 nm and 0.060 nm, respectively. Therefore, W ions can occupy the Ga-
lattice positions and can act as substitutional metal dopants. The effect of W-incorporation into f3-
Ga20s3 on the optical properties can then be understood as follows. The bandgap value measured
for in this work for Ga20s films without any W-incorporation (5.0 eV) is in agreement with that
reported B-Ga20s3 in the literature (Miller et al. 2014; Ramana et al. 2014a). W-incorporation
effectively induces the reduction in the bandgap as seen in previous Chapter, where the results are
presented. Due to substitutional nature, W ions incorporated will form donor levels within the
bandgap of B-Ga20s. The increasing sputtering power to W-metal target from 50 to 100 W
increases the effective concentration of W content incorporated into the $-Ga20s3 structure. This
will in turn increase the donor levels within the bandgap which is responsible for the effective
reduction in the bandgap. This accounts for the observed red-shift in the bandgap of -Ga20s. The
substantial shift can be attributed to the large amount of W-ions able to form single phase system.
The evidence for this comes from chemical analyses of the films where it was found that the W
concentration increases from 5 at. % to 11 at. % with increasing sputtering power to the W-metal
target from 50 to 100 W. Note that the bandgap of W-oxide is 3 eV. The measured Eg for WGO
films is not even close to this value which is another, indirect evidence for the absence of secondary
W-oxide phases as noted in various other measurements. While the attempt made in this study is

to understand the effect of W-incorporation on the electronic structure of Ga20s, we believe that

109



there may be further options available to further tune the structure and optical properties of W-
Ga203 materials, which could be useful for improved electronic and optical device applications.
We now focus our attention to evaluating the structural and morphological behavior of
intrinsic versus W-doped Ga20s films. It should be noted that the XRD peaks were not intense for
W-incorporated Ga203 compared to that of Ga20s films. We can consider the early models of thin
film growth and microstructure to explain the differences although such models were mostly based
on observations noted for metal and alloy thin films. Thornton developed a model, which is a
schematic representation, to explain the growth behavior of sputter-deposited films when is
deposited under different argon sputtering pressures and substrate temperatures. The model is is
presented in Figure 6.2 (Thornton 1974). The diagram shows the importance of the thermal energy
to achieve recrystallization of the film once deposited onto the substrate by increasing the ratio of
the substrate temperature over the melting temperature of the sputtering material (T/Twm). High
T/Twm ratio provides sufficient energy to the arriving adatoms to increase their mobility and form
granular structures. This is evident in the case of temperature dependent deposition of Ga203 based
films that initiate full crystallization at 500 °C in the case of intrinsic films, and 800 °C when W
is incorporated. It is important to mention that parameters such mean free path of ejected atoms,
reactive gases such Oz and Nz, and voltage bias during deposition also influence the structure,
morphology and topography of the films, which may be the reason for the observed change in
crystallization temperature when W is doped in Ga20s. Nevertheless, it is important to mention
that sputtering is a non-equilibrium process, which has the capacity to fabricate exotic materials
due to quenching process that occurs at the surface of the film. Compared to thermal evaporation
and chemical vapor deposition, which are processes that form films under thermodynamic

equilibrium, sputtering is a high energetic process that does not require external thermal energy
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for the quenching of the films. This condition is better exemplified by the deposition of diamond
at room temperature (Wasa, Kitabatake, and Adachi 2004).

It is also important to mention the non-stoichiometric growth of intrinsic Ga203 films at
variable substrate temperature. Our finding demonstrated that by depositing the films at
temperature higher than 200 °C the Ga to O was maintain at 1.5, but if temperatures lower than
200 °C is utilized the films presented a metal deficiency in their chemical composition. This
phenomena was previously observed in Y-based sesquioxide (Y203) (Muduvakkat et al, 2012).
Their results showed that, again, if the films was deposited in the temperature range from room
temperature to 200 °C the films will show an excess of oxygen in the chemical composition of the
films. This oxygen excess was attributed to the lack of thermal energy to fully oxidize Y metallic
formation in the film, even when the argon to oxygen reactive gas ration was kept constant

(Mudavakkat et al. 2012)
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Figure 6.2: Sputtering growth diagram presented by Thornton (Alfonso, Olaya, and Cubillos
2012)
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After having understood the structure and morphology evolution in intrinsic and W-
incorporated Ga20s3 films, the attention now is towards thermal stability. Based on the
results, we propose a three stage, independent processes, which account for the thermal
stability and annealing induced changes in the Ga-W-O nanocrystalline films. These are:
(a) pore formation leading to porosity in the Ga-W-O films, (b) W-diffusion across the
interface and (c) the reduction of W atomic content. These phenomenon can be explained
as follows. The W-diffusion occurs as per the defect equilibria in the system under the
effect of W-incorporation. As gathered from XPS results, W™ and Ga™ were the dominant
ionic states of W and Ga, respectively, in these Ga-W-O films. Note that the ionic size of
W' and Ga* are 0.060 nm and 0.062 nm, respectively. Additionally, while Ga203 and
WOs3 both exhibit polymorphism, monoclinic phase is thermodynamically preferred phase
for both the oxides. This allows, under W-doping up to certain concentration, W ions to act
as substitutional defects in the host matrix of Ga203. The defect chemistry of the films can

be presented in the following equation using Krdger-Vink notation (Kroger, 1973):

W05 o Wt 4805 4 Voo 6.1
The equation shows that the charge equilibria for W-doped films, where W is assumed to
be acting as a substitutional defect, is achieved by introducing Ga®* vacancies on the Ga203
matrix. This process open pathways for W ions to flow from the surface towards the bulk
portion of the films, as evident from the results of XPS and RBS measurements.

It is also important to consider the difference of electronegativity values of Ga and W
because due to this difference the formation of secondary phases of WOs3 in the film is enabled.
Similarly, the formation of WOs3 as the dominant oxide formation for W, was expected due to the

partial pressure of oxygen employed during deposition (~1E-6 atm) as well as the substrate
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temperature of 500 °C according to the W-O phases diagram presented in figure 6.3. Previous
work performed in reactive rf-sputtered WOs films demonstrated the dependency of oxidation state
of tungsten and stoichiometry of the film in the ratio of the partial pressures of oxygen and argon.
Their results suggested that to form WOs films the ration of Po2/Par has to be 0.25 or higher (Lemire
et al. 2002). In this particular work, the ratio employed for deposition was 0.33 and the W®* was
the dominant oxidation state for tungsten.

From XPS surface analysis the shouldering of the WA4f peaks was encountered, this
behavior is representative of the presence of different oxidation states. Khyzhun et al. have
reported a study of different oxidation states of W, where the results demonstrated the shift of the
W 4f peak to the right when the oxidation state changes from W** to W®* similar to the results that
were recorded in this research. After the disintegration of the W4f XPS peak using CASA software
and the study of the FWHM of the peak causing the shouldering effect, the position of the peak
producing this effect is at 39.2 eV, which from historically available data corresponds to the
formation of WOx when x=2.77 (Khyzhun 2000). After exposing the film to the post-deposition
heat treatment, the partial pressure of oxygen was relative to the oxygen in the environment which

also allow the film to form secondary WOs phases.
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Figure 6.3W-0O phase diagram proposed by Schwenke (Schwenke 2001)

The mechanism for porosity formation and the reduction of W-atomic percentage inside
the film is explained through the formation of metal-hydroxyl formations at the surface of the film
as previously reported. Tungsten oxides become highly volatile under the presence of water vapor;
the evaporation of W-O-H molecules decreases the overall W-content on the films, while inducing
pore formations. GIXRD results demonstrated presence of WO3 formation on the surface after the
films are exposed to high temperature annealing, whereas XPS results demonstrated broadening
of O1s peaks corresponding to the presence of hydroxyl formations at the surface.

The W-O-H formations corresponds to tunsgtic acid which from previous studies, can be
generated when WO3 interacts with partial pressure of vapor at elevated temperatures (>800 °C),
and the chemical reaction is expressed as follows (Lassner and Schubert 1999):

WO5(s) + Hy0(g) & WO,(0OH)5(g) eeneninieaee e, 6.2
Sublimation of WOs in the presence of water vapor was studied by Millner at temperatures
of 1000 °C, and 1 atm of pressure (Millner and Neugebauer 1949). In this particular work, the

presence of water vapor is provided by the relative humidity in the atmosphere.
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The possibility of the evaporation of Gallium sub-oxide during operation at temperatures
above 400 °C may exist in the case of high amount of gallium vapor pressure as the following
chemical reaction expresses (Tsai et al. 2010):

Ga,03(S) +4Ga(g) = 3GA0(G) - e ueeneiii i 6.3

Nevertheless, studies on the presence of volatile metals on the flue gases from coal
combustion do not reveal presence of gallium as a byproduct (Pavageau et al. 2002). At the same
time, the Ga-hydroxyl formations such Ga(OH)s and GaOOH are oxidized at temperature >700
°C, and transformed into - Ga20s (Sato and Nakamura 1982).

To corroborate the presence of the two mechanisms discussed in this work (W-diffusion and
W-content loss), a representative sample was evaluated using XPS depth profile before and after
the exposure to a high temperature treatment, and the results are plotted in Figure 6.4. It is evident
that change in the overall atomic concentration of W decreased after the annealing process was
performed, which can be explained by the volatilization of W-hydroxyl phases. Furthermore, it
can be noticed that the oxygen content in the film decreases as well, and the increment in thickness
of the Si-W-Ga-O interface after the high temperature exposure. The change of oxygen content is
related to the W-content loss, which can be explained through the change of the oxygen to metal
ratio decreasing from 3 for WOgz to 1.5 for Ga20s which is the predominant oxide after the films
are annealed. In the case of the interface broadening, it is attributed to the diffusion of Si from the

substrate towards the interfacial region of the film.
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Figure 6.4: XPS depth-profile of as-grown film vs annealed W-doped Ga203 representative film.

Among these three phenomenon, porosity formation is the mechanism which aids the oxygen
sensor performance of the films. The pore formation follows the dimension corresponding to
mesoporous materials (2 nm -100 nm pore size) which are ruled by Knudsen diffusion.
Mesoporous films gas diffusion is directly related to the dimensionality of their pores because this
magnitude is roughly comparable to the molecules mean free path (Thorsten Wagner et al. 2013).
These pores, as previously explained, are formed due to the evaporation of W-O-H molecules. As
the porosity dimension increases the diffusion coefficient increases as well, as the following

equation shows:

4r |2RT
Dk:z'—

Where Dk is the Knudsen diffusion coefficient, r is the pore radius, T is temperature, R is the
gas constant and M is the molecular weight of the diffusing gas (Sakai et al. 2001). The increment
of the diffusion coefficient has a direct impact on the rate at which oxygen and bulk defects of the

material interact and, as explained before, at temperatures > 700 °C bulk defect equilibria is the
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major contributor to the conductivity variation in the presence of oxygen. Furthermore, the time
response of Ga20s films significantly improves by the formation of the mentioned pores as the

following differential equation expresses:

2o o D T8 Ky 6.5

Where Cais the concentration of Oxygen, tis time, k is the rate constant, and x is the distance
that the oxygen molecules diffuse towards the bulk of the film (Sakai et al. 2001; Yamazoe 2005).
The instability of the sensor response for the films when the atomic percentage surpassed 5% is
due to the high quantified presence of WO3 secondary phase formation which electrical response
under high temperature oxygen sensing condition is presented. The oxygen activation energy of
WOs reported in the literature is .79 eV (Aguir, Lemire, and Lollman 2002), and 1.8 eV for Ga203
(Bartic, Ogita, et al. 2007), as mention before the sensitivity to oxygen for MOS sensors works as
a bell curve finding their maximum value at certain temperature that is directly relate to activation
energy of the material. The differences in the responses to oxygen at elevated temperature is one
of the key reasons for the instability of the electrical properties during oxygen sensor evaluation.
Similarly, the parameter “m” representative to the defect equilibria and sensitivity in equation 1.17
varies from WOs to Ga203, which is also an influencing factor for the lack of reliability in the

responses of the sensors. WOs presents a “m” value of 1/6 (Gillet et al. 2003), whereas for Ga203

1/4 is the representative “m”value (Xu, Zhou, and Sorensen 2000).
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Chapter 7: Conclusions

The different studies performed in this research allowed us to understand the overall behavior
of W-doping into Ga203 sputter deposited films. The evaluation of the optical-structural-chemical
properties of the films revealed that the W-content and chemistry will have profound influence on
the electronic behavior and sensor response of the W-doped Ga20s3 films. Increasing sputtering
power to the W target increases W-doping content in the films; therefore, tailoring the composition
is possible by the careful choice of processing conditions. In terms of the optical properties of the
films, the transmittance spectra showed that the W-incorporation reduces transparency of the films,
and at the same time the band gap values of the films decreases with increasing W-content. On the
other hand, the index of refraction of the films increased with increasing W-atomic content. The
surface morphology and the crystal structure of the films changes from monoclinic to amorphous
whenever W is doped into the film. The chemical state analysis of the films suggested the only
Ga®* was present in the films, whereas for W-doped samples, W®* was the dominant oxidation
state, but presence of sub-6+ oxide was encountered

The thermal stability of the Ga-W-O films indicated the three main phenomenon occurred
during annealing at 900 °C.\ These are porosity formation, W-diffusion and W-atomic percentage
decrement. The surface morphology of the films, evaluated using SEM, indicate a transition
towards mesoporous films. The valance states of the films, analyzed using XPS, showed that no
presence of sub-6+ oxidation state for W ions, and only chemical states present were Ga®" and
W5*, Similarly, the thermal stability of the films studied by analyzing the surface morphology and
chemistry of three films after exposing them to 15 hours at 900 °C indicate no significant changes.
The evaluation of the oxygen sensor capabilities demonstrated that the time response of the films

in sensor can be improved by tuning the W-content in the films. In fact, annealing the films to 1

118



hour at 900 °C can induce pore formation, which results in enhanced oxygen sensor performance
with improved response time. However, the sensitivity of the films is affected by the presence of
W ions. The ideal W-sputtering power for enhancing the time response while sustaining stability
is within the range of 40W-60W. For the cases where W-doping occurred outside that range the
stability of the films diminishes, and repeatability is compromised. The already mentioned
improvement in the time response of the Ga2Os based sensors is attributed to the increasing
Knudsen diffusion coefficient; for this particular set of samples, the diffusion mechanism is
dominated by Knudsen diffusions due to the dimension of the pores. The sensors were evaluated
using two types of set-ups, in-line and integrated interdigital electrodes, in the in-line setting two
probes are attached at the surface of the films and the change in resistance is measured by means
of ohms law, and in the case of integrated interdigital electrodes, a predefined distance of 100
micrometers is used as separation between electrodes and the films is deposited on top of these
electrodes. Both settings showed similar results, suggesting that the optimum range of W-doping
is when the films are deposited between 40W and 60W of sputtering power under the deposition
conditions that this work followed. The activation energy of the films was also studied and the
behavioral trend acted similar as the band gap values of the films, where the energy reduced with
increasing W-incorporation.

Finally, the mechanical properties of the films were evaluated as a function of W-content
and the results demonstrated an overall increment on the hardness values and Y oung modulus with
increasing W-content. Nevertheless, when the films are deposited using Pw=50W the mechanical
properties of the films decrease compared to the value on un-doped Ga20s. This group initiated

the investigation of the mechanical properties of the MOS sensors, which up to now was not
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extensively discussed in the literature and is one of the key points to maintain systematic stability
of the oxygen sensors.

This research fulfilled the goals that were set at the beginning of the investigation, especially
in the case of the improvement of the response time required for the Ga203 based sensors to
overcome the change in conductivity in the presence of high temperature oxygen, in particular at
temperatures required to work on combustion processes (>700 °C). Furthermore, not only the
improvement of the response time was achieved, but also the understanding of the mechanism that

enhances the oxygen sensors characteristics of the studied materials.
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Chapter 8: Future Work and OQutcomes

The following work is recommended for continuation of this research:

Investigation of the electrical properties via Hall Effect method to determine the change in
carrier mobility, carrier concentration, and the type of conductivity that W-doped films.
This experiment will not only benefit the on-going investigation of high temperature
oxygen sensors, but also will provide information relatively important for application such
as transparent conductive oxides, and high power electronics.

Manufacturing W-doped Ga203 sensor for in-situ testing. The manufacture process will
include the deposition of an integrated heater in the back of the substrate to be able of
sustain steady temperature during operation. The inclusion of a protecting casing must be
consider to protect the films from incoming ashes and solid byproducts of the combustion.
The connections between the interdigital electrodes and the wires carrying the incoming
current should be connected with platinum weld to minimize resistance.

Continuation of different refractive metal doping. This work investigate the effect of W-
doping in the oxygen sensor characteristics of Ga20s. Nevertheless, the doping of material
with different oxidation state may help improving the sensing process of the film, while
keeping the stability that Ga2O3 offers. Refractive metals such Hf, Ti and Mo are among
the metallic ions that may be considered for improvement of the oxygen sensors

performance.
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