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Abstract

An approach is presented to design refractory-metal (RM) incorporated Ga>Os-based
materials with controlled structural, mechanical, and optical properties. A model system based on
molybdenum (Mo) doped Ga>0s (GMO) has been considered to elucidate the combined effect of
RM-doping and processing parameters on the properties and oxygen sensor performance of GWO
nanomaterials. The molybdenum (Mo) content in Ga>O3 was varied from 0 to 11 at% in the sputter-
deposited Ga-Mo-O films. Molybdenum was found to significantly affect the structure and optical
properties. While low Mo content (<4 at%) results in the formation of single-phase (B-Ga>03),
higher Mo content results in amorphization. Chemically induced bandgap variability (Eg~1 eV)
coupled with structure modification indicates the electronic structure changes in Ga-Mo-O. The
linear relationship between chemical composition and optical properties suggests that tailoring the
optical quality and performance of Ga-Mo-O films is possible by tuning the Mo content.

The present approach of Mo-doping also allows designing Ga,Os-based nanomaterials with
tunable mechanical properties. In GMO, where Mo content (x) was varied up to ~11 at%, Mo-
incorporation induced effects were reflected in mechanical characterization, where the hardness of
the Ga-Mo-O nanocrystalline films increases for Mo <10 at%, at which point hardness decreases
due to Mo-induced structural transformation. However, the elastic modulus of G-Mo-O decreases
continuously with Mo incorporation. The Ga-Mo-O exhibits maximum H (~36 GPa) for 10 at%
Mo, where Mo incorporation induces enhancement in hardness as well as in the plasticity index
parameter. Based on the results, a structure-composition-mechanical property correlation in Ga-
Mo-O films is established. Finally, performance evaluation made using laboratory based
measurements indicate enhanced sensor performance of GMO. Incorporating Mo into Ga,0O3

reduces response time of the oxygen sensor by several orders of magnitude.
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Chapter 1: Motivation
Energy is one of the most important and basic requirements for comfortable living. Figure
1.1 represents the US carbon dioxide emissions, by sector, from 1950 to 2018. In the year 2018,
about 1.9 billion metric tons of CO> emissions were generated from energy consumption in the US
transportation sector. In the 20th century, there was a rapid growth in population and energy
utilization, which was the main source to generate this 1.9 billion metric tons!. This phenomenon
is continuing to now (21st century); as a result, industrial growth was increased to satisfy the needs,

especially in the electric power and transportation sectors.

=9 Residential sector == Commercial sector Industrial sector =@= Transportation sector

== Electric power sector

Figure 1.1: The US carbon dioxide emissions from energy consumption between 1950 and 2018,
by end-use sector (in million metric tons of carbon dioxide)

This energy demand is supplied primarily by thermal power plants, which produce about
85% of the energy in the US®. Figure 1.2 represents the electricity generation using various sources.
Thermal power plants use coal and other fossil fuels, including petroleum-based solid fuels, and

liquid fuels such as gasoline and natural gas. As a result, hazardous substances (arsenic, selenium,



mercury and lead), greenhouse gases (CO2 and CHa), and toxic gases (CO and NOx) are generated.
In other words, industrialization is the main reason for the increase in environmental pollution. In
most developed or developing countries, the pollution level exceeded due to the effect of
industrialization, and air and/or water pollution is taking a heavy toll on lives. Therefore, there is
a need for research in monitoring air pollution. Interest in monitoring the gases and determining
their composition has increased continuously in the last decade or so. In this context, monitoring
refers to the determination of the presence of gases in the air that may pollute the air. Among the
various monitoring techniques, gas detection sensors place a major role.

billion kilowatthours
4,500

4,000
3,500
3,000
2,500
2,000
1,500
1,000
500

0

1950 1960 1970 1980 1990 2000 2010

@ petroleum and other @ renewables @ nuclear @ naturalgas @ coal

Figure 1.2: US electricity generation by major energy source, 1950-2018

The system-based gas sensors play a vital role in energy efficiency and emission control in
industrial and combustion process. There is a continuous need for developing fast, reliable, and at
the same time low-cost sensors which can perform well even in the extreme and harsh
environments where high temperature and pressure act, such as automotive, aerospace, power

plants, etc. As per the study conducted by US DOE, sensors are predicted to save 0.25 quadrillion



BTU per year of energy across all the energy-consuming industries®. In the current world, most
engines will rely on a different type of sensors to regulate and perform monitoring purposes, such
as of emissions, engine performance, and other important functions.

Therefore, sensors must give accurate results to reduce the emissions and at the same time
to increase the performance; oxygen sensors are one of them. Despite large industries, measuring
the small gas concentrations became highly important, such as measuring unburnt and CO
emissions from the vehicle exhaust. To detect in such situations, metal oxide semiconductor gas
sensors are one of the most widely used sensors. Emissions-monitoring sensors for these
applications include oxygen (O2)* 7, nitrogen dioxide (NO2)°, nitrous oxide (NO)®, carbon
monoxide (CO)°, hydrocarbons (HCs)!°, carbon dioxide (CO2)!! and volatile organic compounds
(VOCs).

From the considerations mentioned above, there is enormous interest in research,
development and optimization of the combustion processes for energy harvesting. Also, it is clear
that, by improving the coal-based firing/combustion processes in the power plants, savings
expected are enormous. However, in order for this savings and efficiency improvements to happen,
sensors and controls capable of withstanding extreme environments such as high temperatures,
highly corrosive atmospheres, and high pressures needed. Controlled combustion can eliminate,
in addition to generating economic gains and prosperity, the pollutant emissions that are critically
affecting our environment, health and energy resources. 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 oxygen sensors for combustion monitoring and control in power generation systems and



automobiles, the existing technologies suffer from poor ‘response and recovery times’ and ‘long-
term stability.’

Inspired by aforementioned challenges, it is proposed to undertake a detailed study where
the central theme of the proposed research is to gain an insightful understanding of the structure-
property-processing relationship, which can help in understanding the role of refractory metal
dopants on micro- and nanostructure, which can help establish strategies to optimize the sensor
performance of Ga,Os. While the science, engineering and technological importance of Ga;Os-
based materials for sensors are discussed in the subsequent chapters, the specific objectives of the
research work are the following:

(1) Understand the effect of molybdenum incorporation coupled with advantages of
“nanoscale” to enhance surface area and reactivity, shorter diffusion paths, and rapid
grain boundary diffusion that are unique to the sensors, to enhance the sensitivity with
a much faster response time.

(2) Quantify the micro- or ultra-microstructure.

(3) Establish the structure-property relationship and conditions to enhance the sensor
performance.

(4) Establish strategies to enhance the oxygen sensor performance of Mo-doped Ga,O3
materials.

(5) Understand the role of dopants (such as Mo in this case) to enhance the rapid response

time while still elevating the extreme environment functionality of Ga,Os materials.



Chapter 2: Introduction

Metal oxide semiconductor gas sensors are becoming most promising and widely used in
today’s real-time applications® * 1?14, Thin-film based metal oxide sensors are playing a crucial
role in gas sensing applications because of their low power consumption, small dimensions, and
high efficiency'> °1°. These sensors provide high compatibility, on-line operation with ease of
integration into nanotechnology, microelectronic processing, and portable device technology.
Metal oxides such as ZrO,, SnO,, TiO2,'""!®* W03, M003,"?? Fe,03?!?? and many others have
been studied well for sensing, and due to their high mobility and transparency these are well suited
for photocatalyst and photovoltaic applications'>*?°_ In general, all these metal oxide gas sensors
will operate at high temperatures, which is more than 150 °C. At these temperatures, the materials’
characterizations will change, which results in changes to the electronic structure. As a result, their
electron mobility and resistivity properties will change. Therefore, the choice of material used for
sensing is very important, especially to detect oxygen. For example, at higher temperatures,
oxygen will induce different electrical responses, because gas sensors require highly stable
electrical properties.

The very first commercial lambda probes were based on a potentiometric cell of ZrOo,
which generates a voltage output to Oz partial pressure (exhaust gases and atmospheric gases). On
the other hand, the lack of oxygen sensitivity reaction is one of the major limitations of ZrO-
sensors. This is due to the ZrO; alloys preoccupy with O, and as a result deliver much lower
sensitivity than original output. To avoid this drawback, ZrO» sensors always have to be preheated
to 650 °C2°. In addition to this drawback for Oz, these ZrO: sensors are not well suitable to other

gases such as carbon monoxide, hydrogen, and other hydrocarbons. Furthermore, commonly used



sensors have disadvantages such as slow response time, morphological disorders, long-term
instability and poisoning by the chemical substances that need to be detected.

Gallium Oxide (Ga»03) is recognized as one of the predominant metal oxide for design and
development of gas sensors because of its exceptional thermal and chemical stability and also
because of its excellent electronic properties. In this dissertation, we report on the effect of
refractory metal, Molybdenum (Mo) incorporation on the structure, and optical and electrical
properties of Ga;Os, where the results demonstrate that the tailor-made materials with tunable
properties for high-temperature sensors and photo-catalytic applications are readily possible.

2.1 Significance of the Research and Objectives

Using advanced sensors can provide the energy and aerospace industries with increased
operational efficiency, reduced emissions, and lower operating costs. In addition, scientific and
research advancements in rapid, robust sensors and controls can accelerate the time to full-scale
commercialization and implementation of next-generation, zero-carbon power generation
technologies. In this context, currently, there is enormous recent interest in research, development
and optimization of the combustion processes for efficient energy harvesting and emission control.
Monitoring of oxygen content is the primary method of optimization of the combustion process,
which requires rapidly responding reliable sensors near the combustion zone. However, the
extreme harsh conditions, importantly high temperatures (600-1200 °C), elevated pressures (~500
psi), corrosive environments coupled with mechanical extremes, prevalent in the power generation
systems create barriers and challenges to design such oxygen sensors and combustion monitoring
and control.

Sensors based on metal oxide semiconductors (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 Figure 2.1. shows the schematic representation of

properties need to consider in designing the most effective sensor for extreme environment

conditions.
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Figure 2.1: Schematic representation of properties need to consider while designing the sensors

for extreme environment conditions.



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. The
most important reason for the technological barriers in designing such oxygen sensors for power
generation systems is the lack of control over structure of the sensor materials, particularly over
the random polycrystalline nature at the extreme environments. Furthermore, a method to select a
specific material to detect certain chemicals has not been identified yet; the selections are made on
the basis of experimental data without aid of a general model. In this context, we propose to
investigate the Mo-doped Ga>Os; nanomaterials to design oxygen sensors that combine a rapid
response, reliability, and robustness at extreme environments.

The following are specific research tasks and objectives.

2.1.1. Fabrication of GMO Thin Films for High-Temperature Oxygen Sensors.

The first objective is to fabricate high-quality GMO thin films by RF magnetron sputtering.
The goal is to improve the sensor response.

2.1.2. Optimizing the Deposition Conditions

Deposition conditions are tuned to achieve the best structural, morphological and electrical
conditions to improve sensor performance. The effect of processing conditions such as sputtering
pressure, surface temperature and partial pressure of reactive gases on the crystal structure, grain
size, bandgap, resistivity, and other related parameters will be studied in detail. The aim is to
optimize the conditions to fabricate thin films to achieve high structural quality.

2.1.3. Establishing a Structure-Property Correlation
In order to gain a deeper understanding of structure and property relationship for GMO

thin films for sensor applications, a structure-property correlation will be established. This will



have a focus on the response time, determined by the chemical reaction kinetics between the
material surface and the oxygen molecules and, consequently, by the diffusion process and surface
reactions. For that reason, an understanding of the deficient chemistry of doped Ga-oxide is
required.

2.1.4. Evaluate GMO Based Thin Films for Oxygen Sensing at High Temperatures

Evaluating the sensor performance is crucial for utilization in sensor technology. Intrinsic
Gax03 based films will be exposed to test gas(es) under a temperature of 500 °C for oxygen
detection. The samples will be introduced into a vacuum chamber and their variation in electrical
conductivity under the presence of oxygen will be calculated. Sensitivity, time response, and
selectivity will be determined. Furthermore, the GMO-based sensors’ detection range was
evaluated, by varying the partial pressure of oxygen introduced, in order to see the range of
detection at the already mentioned temperatures.

Summarizing the above-mentioned considerations, when the materials size reduced to
nanometer range, the material exhibits peculiar and interesting properties either physically and/or
chemically and/or electrically etc. Therefore, need to perform various characterization techniques
to better understand these properties. Hence, interconnecting each property along with gas sensing
properties. This comparison gives us to design a performance-based components for various
applications, such as can be design a component with mechanical reliability as well as for

electronic device performance.



Structural Analysis
X-Ray Diffraction (XRD)
Morphological Analysis
Scanning Electron Microscopy (SEM)
Chemical Analysis
X-ray Photoelectron Spectroscopy (XPS)
Rutherford Backscattering Spectroscopy (RBS)
Optical Analysis
UV-Vis Spectroscopy
Ellipsometry
Nano-Mechanical Analysis
Nano-Indentation
Nano-Scratch
Electrical Analysis

Hall Effect Measurement

—

>~ Gas Sensing

Figure 2.2: Schematic representation of performance evaluation of GMO thin films using various
characterization techniques to understand the different properties
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Chapter 3: Literature Review

There are some wide bandgap semiconductor materials and systems, including the high Al-
content AlGaN alloys, SiC, BN, ZnSe, diamond, and ZnMgO, which are potentially suitable for
electronic device applications. However, many of these materials come with certain limitations.
To indicate in brief, these limitations are the persistent photoconductivity in AIGaN, the indirect
gap of SiC, the environmental sensitivity and cost of ZnO, lack of high-quality films/substrates,
availability, and lack of controlled doping technology for some other materials?’. Therefore, due
to these constraints, the research and development activities were focused towards Ga,O3
expecting that it can overcome many of those limitations in device technology development.
3.1. Gallium Oxide

Gallium oxide (Ga203) has been receiving considerable attention from the scientific and
research community in recent years?®*°, Ga,O; find s a wide range of technological applications,
which include transparent electrode material in electronics and photonics*®?!, high-temperature

3435 and spintronics*®37. Excellent,

chemical sensing®3, deep ultraviolet (UV) photodetection
deep transparency in the UV region of the electromagnetic spectrum coupled with a wide bandgap
(~5 eV)**3? makes it a perfect candidate for a transparent electrode in UV-based photovoltaics*,

39-43

optoelectronics®**, and luminescence displays*’. Additionally, Ga,O3 materials are attractive for

the design and development of high-power Schottky diodes and high-voltage field-effect
transistors®% 44,

On the other hand, exploring the electrical characteristics and utilization of the wide
bandgap semiconductor properties of Ga,Os is still in early stages®’. In this regard, Yao et al.

reported that the formation of ohmic contacts to Ga;Os is not determined by any one dominant

factor, such as metal work function, and that limited interfacial reactions play an important role in
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both the morphology and electrical behavior®’. It has been argued that further work is needed to
utilize the electronic properties of Ga2Os in advanced device application*®. Also, while evolving
new functionalities and emerging applications involving Ga>O3 nanomaterials or hybrid structures
are promising, surface/interface chemistry and control over the phase and composition is the key
to tailoring the materials’ performance to meet the requirements of a given application or to search
for new technological applications. Especially for optoelectronics, sensors and photovoltaic
applications, understanding the interplay between nano/micro-structure, composition and
optical/electronic properties are quite important*®-+.
3.2. Polymorphism

Intrinsic Ga>O3; exhibits polymorphism; it can crystalize in five different crystal structures,
namely a, B, v, 8, and € phases®*>*. Pearton et al. reported different crystalline phases of Ga,0s
thin films fabricated on sapphire and Si (100) substrates in the presence of O, and HO%. The

stable polymorphism depends on the choice of the substrates and oxygen source gases, which

consists of different space groups with a different coordination number of Ga ions.
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Figure 3.1: (Top) Dependence of crystalline phases of Ga,Os; deposited on sapphire (0001),
sapphire (1120), or Si (100) substrates with O, (Ga03) or H,O gas. (Bottom)
Summary of the synthesis and interconversion of the polymorphs of GaxOs
(PPT=precipitate, DEA= diethanolamine and MEA= monoethanolamine) (Recreated

from>)

3.2.1. a-Ga203

a-GaxOs is the first polymorph and has a rhombohedral structure (analogous to corundum),
as shown in Figure 3.2. The space group is R3c, and it has the same crystal structure as Al,O3°.
The distance between Ga*>* ions is considerably shorter in the corundum structure in comparison
with monoclinic B-phase. The oxygen ions are hexagonal close-packed and gallium ions occupy
two-thirds of the octahedral sites. Marezio et al. experimentally calculated the lattice parameters

to be a=4.9825 A and c=13.433 A%. Yoshioka et al. reported the calculated lattice parameters are
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a=5.059 A and c=13.618 A3®. Stepanov et al. reported that 0-Ga,Os can be synthesized by heating
GaO(OH) in the air between 450 °C and 550 °C*¥. a-Ga>0; will be a metastable phase at ambient
conditions, with 110 meV binding energy and a direct bandgap of 5.61 to 6.44 eV, which is the
highest for that of all the polymorphs. Due to the large bandgap, the a-Ga,0s films are attractive
for photocatalytic applications®. On the other hand, these values were in good agreement with the
theory proposed by Becke. Stepanov et al. and He et al. reported a refractive index for a-Ga>O3 of

1.74 to 1.95 and that it has an optical dielectric constant of 3.03 to 3.80% ¢!,

«. Ga

Figure 3.2: Crystal structure of a-GaxO3
3.2.2. B-Ga20s

Among all the Ga>O3 polymorphs, B-Ga>0Os is a thermodynamically favorable and well-
studied polymorph. B-Ga,0O3 has a monoclinic structure (represented in Figure 3.3) and belongs to
the C2/m space group. B-Ga20s is the most stable with a melting point of ~1900 °C, bandgap of
~5 eV, and high breakdown field of 8 MV cm™! ©2. Kohn et al., He et al., and Ahman et al. reported
the lattice parameters of B-GaxOs are as follows: a=12.214 — 12.27 A, »=3.0371 — 3.04 A,
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c=5.7981 — 5.80 A, and B=103.7° "%, Yan-Mei et al. reported that the structural transition from
B-Ga203 to a-Ga,03 was found to be irreversible®®. B-Ga,Os is the only polymorph which is in a
stable form until it melts, whereas all the other polymorphs of Ga,0Os are metastable and by thermal
treatment (above 750 to 900 °C) can transform into -Ga>O3. On the other hand, B-Ga,Os exhibits
n-type conductivity, which is related to donor centers involving oxygen vacancies and/or
impurities®> %. Furthermore, the high-temperature stability coupled with deep-ultraviolet
transparency make Ga>Os-based materials potential candidates for chemical sensors in extreme

environments and transparent electrodes in UV optoelectronics, photonics, and thin-film

transistors>’.

Figure 3.3: Crystal structure of B-Ga>O3

3.2.3. y-Ga20s3
Published literature on y-Ga>O3 is almost nonexistent, and even less is known about vy-

GaxOs due to its poor crystalline nature. y-Ga20s has a defective spinel, cubic type structure, which
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is the same as MgA1L>O4 type or simply AB2O4 with Fd3m space group, as shown in Figure 3.4.
Zinkevich et al. and Arean et al. reported the experimental lattice parameter values of y-Ga,O3 as

a=8.238 to 8.30+0.005 A%6-67,

Figure 3.4: Crystal Structure of y- Ga,03 (Represented by MgAl>O4 structure)

3.2.4. 5-Ga20s3

0-Gay03 is the fourth polymorph (represented in Figure 3.5), first synthesized by Roy et al.
in 1952%. From basic studies, Roy et al. reported that §-Ga,O3 has C-type rare-earth structure
analogous to Mn;O3 and In>Os. In contrast, Playford et al. investigated and contradicted the
original assumption as 0-Ga»0s3 is merely a nanocrystalline form of €-Al,O3; and not a definite
polymorph®. Roy et al. reported the lattice parameter ‘a’ value as 10.00 A, whereas Yoshikoa et
al. calculated and reported a=9.401 A. The crystal structure is body-centered cubic and Ia3 space

group, shown in Figure 2.57°.

16



Figure 3.5: Crystal Structure of 5- Ga,0s (represented by In,Os structure)

3.2.5. &-Gaz03

The &-Ga,0Os crystal structure is the fifth polymorph of Ga>Os, which is the second most
stable form after e-Ga>Os3, represented in Figure 3.6. This phase is compatible with common
hexagonal wide bandgap semiconductors such as GaN and SiC. Yoshioka et al. and Kroll et al.
reported that e-Ga,03 had orthorhombic crystal structure with a space group of Pna2,, which was
simulated by density functional theory, the same as for e-Fe>O3 and k-Al>O3. The calculated lattice
parameters are a=5.120 A, b=8.792 A, and ¢=9.410 A. The refractive index is 1.6 with a bandgap
of ~4.9 eV*. £-Ga,0s has a large spontaneous polarization due to which it could produce high-
density 2D electron gases. These gases act as conducting channels in heterostructures field effect

transistors.
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Figure 3.6: Crystal Structure of £-Ga,Os (represented by AlFeO; structure ’!)

3.3. Metal Oxide (MO) Semiconductor Properties

In this section, we mainly focus on the fundamental properties of Ga,O3 and the effect of
dopants into Ga>Os3 thin films.

Over the past 30 years, a good deal of research effort has been directed towards the
development of oxide semiconductor devices for practical applications in several industries®®2°,
Generally, the promising advantages of wide-bandgap oxides have attracted the scientific and
engineering research community to utilize them in electronics, photonics, catalysis, electro-optics,
integrated sensors, magneto-electronics, photovoltaics, and other energy-related applications*’#®
7274 In order to further improve the performance of Ga,0Os, doping using either isovalent and/or
multivalent ions(s) has been considered in the literature. For instance, doping of B-Ga>O3; with
Sn”5, Cr*?, Ti’!, Zn’¢, or W* induces changes in the properties. Li et al. reported that Pr doping in
B-GayOs3 affected the morphological and optical properties, i.e., it will decrease the average grain
size from 26 to 19 nm and bandgap also decreased continuously from 4.97 to 4.8 eV with

increasing Pr mol% from 0 to 1.5%’’. On the other hand, Takakura et al. fabricated the Ga>03
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films at room temperature and performed annealing between 400 to 900 °C, which changes the
bandgap from 4.9 to 5.2 eV after adding Si or Ge impurities to the film’®. Kudou et al. reported,
Sn doping results in phase transformation from B to y and annealing at 900 °C improved the
crystallinity”®. Multiple chemical valence states of W in p-Ga>Oj thin film causes amorphization,
reported by Rubio et al**. Kumar et al. reported that Ga>Os films deposited at 25 °C exhibit excess
oxygen in comparison with stoichiometric films deposited over 300 °C, while the bandgap is
increased from 4.66 (25 °C) to 5.17 eV (800 °C)*°. Stepanov et al. reported that f-Ga,O3 can exhibit
up to three different emissions, namely UV (3.2 to 3.6 eV), blue (2.8 to 3.0 eV), and green (2.4
eV)?. Considering that the B-Ga,Os bandgap is ~5 eV, it seems highly unlikely that UV
luminescence derives from band-edge recombination. Instead, the UV band can be associated with
recombination of free electrons and self-trapped hole. In B-Ga,Os crystals, a correlation will be
observed between the blue band intensity and its resistivity. In other words, the oxygen vacancies
are responsible for the n-type conductivity in -Ga>0O3, which also play a major role in the blue
emission process®’. Harwig et al. described how blue emission derives from the recombination of
an electron on a donor (V, and Gai) and a hole on an acceptor (Vga and/or Vo-Via)*’. Lastly, green
emission was obtained only after doping with specific metal elements. Green emission was
obtained by doping Be, Ge, and Sn*°. Villora et al. suggested that Fe and Cu both acted as an
obstacle to blue emission®!. The green luminescence was proposed to be associated with self-
trapped or bound excitons. Sun et al. described how fabrication of Ga>O3 films at 500 °C under
Ar and N> environments alters the film surface and optical properties, i.e., crystallinity is increased
and at the same time the bandgap is decreased®?. Marie et al. reported that performing the annealing
at temperatures of 1000 °C in an N> atmosphere will affect the electrical properties of Ga>O3 thin
films, i.e., sheet resistance was decreased with increasing substrate temperatures®>. Marie et al.
also mentioned that the refractive index remained almost constant with increasing substrate
temperatures®®. Dong et al. described that annealing at 1000 °C in an N, environment will affect
the chemical, structural, and optical properties of Ga>Os thin films, i.e., films displayed lowest

oxygen vacancies, highest film crystallinity and highest bandgap of 4.87 eV, respectively®*.
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Ramana et al. reported the electrical properties of Ga;0s thin films, noting that as the electrical
resistivity is decreased and index of refraction is increased with increasing the substrate
temperature®. Fortunato et al. described that crystallinity, mobility, and concentration were
calculated and found the linear dependency between mobility and crystallite size for gallium doped
zinc oxide thin films®. Manandhar et al. suggested doping of Ti into p-Ga»Os to alter the structural
and optical properties. Ti content beyond 1.5 at% results in the composite phase of G203-TiO> and
as a result, reduction in bandgap from 5.40 to 4.47 eV3!. Sun et al. reported that varying film
thickness of Ga>Os3 films deposited at 500 °C under Ar and N> atmosphere can affect the structural
and optical properties, i.e., crystallinity increased and the transmittance was more than 80% in the
visible region®’. Battu et al. described Ti content beyond 2 at% to result in an improvement in
nanomechanical properties of f-Ga;Os3 films, i.e., hardness increased from 25 to 30 GPa and elastic
modulus reduced from 280 to 310 GPa®. Stepanov et al. reported that p-Ga,O3 is a poor thermal
conductor, smaller than that of GaN and half of the sapphire. The Ga>,O3 material had crystalline
anisotropy, which means different thermal conductivity in different crystal directions®. Stepanov
et al. and Guo et al. reported that the thermal conductivity is highest along [010] plane and lowest
along [100] plane directions, i.e., 27.0£2.0 W/mK and 10.9+1.0 W/mK, respectively®®. These

values were calculated at room temperature using the time domain thermoreflectance method.

3.4. Metal Oxide Gas Sensors Applications

Thin film gas sensors are becoming most promising and popular in today’s real-time
applications?®. In general, the basic properties of gas sensors must be the high sensitivity to the
gases, repeatability with high efficiency, and mainly low-cost fabrication consisting of simple
design®*?°. Though different techniques are available for gas sensing, metal oxide semiconductor
devices are the most promising and well established, offering a wide range of materials and
sensitivities for various gasses in various environments. Metal oxide semiconductor gas devices
have to be reliable and capable of inorganic and organic gas detection in indoor as well as outdoor

environments.
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In more recent years, the attention and development activities have been shifted towards
other promising materials such as gallium oxide®®. Ga,Os is the most promising metal oxide
semiconductor due to its high thermal stability, which means these materials can perform well in
harsh environmental conditions where high temperatures and pressures are common, and can
operate over a long period of time?®?°. Furthermore, Ga>O; is recognized as one of the widest
bandgap oxide materials, which shows tremendous potential properties, includes excellent
electrical properties, high mobility, chemical stability and high transparency®* % ?13, B-Ga,0;
acts as an n-type semiconductor device at higher temperatures, where semi conductivity is
inversely proportional to the partial pressure of oxygen’**°. In other words, the material’s semi
conductive nature alters based on oxygen deficiency. At elevated temperatures, -Ga>Os3 has a lack
of oxygen in the crystal lattice, which is in dynamic balance with the oxygen in the surrounding
ambient. lonized oxygen vacancies form donors and eventually affect the conductivity of the
oxygen sensor. Therefore, increase in the concentration of reducing gases and/or reduction in the
oxygen in the surrounding ambient in which a sensor is located leads to an increasing number of
conducting electrons and therefore an increase in conductivity”®. In addition, conductivity will
decrease drastically at lower partial pressures, as B-GaxOs; does not undergo any phase
transformation)*. Fleischer et al. reported that f-Ga»Oj; exhibits the same charge carrier mobility,
irrespective of either monocrystalline or polycrystalline state, where electron mobility is
independent on its grain boundaries®. The melting point is approximately 1800 °C, which makes
B-GaxOs sensors potential candidates to work beyond 1000 °C. Despite this, due to the low
electrical conductivity, the favored performing temperatures are below 500 °C. Eranna et al.
reported that B-Ga>O3 material can be used to detect oxygen, which is usually operated with the
bulk-volume-defect in equilibrium between 900 and 1000 °C. Eranna et al. also reported that at
lower temperatures the volume-defect equilibrium is not attainable and sensor response is mainly
affected by the surface®®. At operating temperatures between 500 and 900 °C, B-Ga>O3 can be used

to detect reducing gases such as CHa, propane, H>, and CO and chemical solvents.
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Intrinsic B-Ga20s3 is a wide bandgap insulating oxide, but it can be changed to an n-type
semiconductor by selective doping®!. While the mechanism of n-type conduction in B-Ga20;
appears to be mostly by electrons generated from oxygen vacancies ionization, the overall
electrical conductivity of the resulting materials upon doping is still under debate. Doping with
carefully chosen metallic ions can significantly alter the properties of B-Ga,03>!** 6, Innovative
approaches to tailor the functionality and/or promising future applications in emerging
technologies are the primary considerations currently driving the significant interest in GazO3
single-phase materials and Ga,O3-based multi-component architectures or hybrid materials with
nanostructured morphologies. For instance, excellent luminescence has been demonstrated in Sn-
or Cr-doped Ga>Os nanowires for application in display devices*’. Similarly, solution-processed
Ga0Os3 dielectrics are promising to contribute to the development of next-generation, large-area
green electronics. Enhanced photocatalytic activity for application in energy-harvesting devices
has been reported for metal-doped Ga>O3 or metal/Ga>O3 hybrid materials. Doping metal ions,
such as Ni’’, Zn*® and Pb’¢, into Ga,O; has been reported to enhance the photocatalytic activity of
Ga»0;. From an optical properties point of view, doping with Sn”, Cr*?, Cu*°, and W* metals into
B-Ga>0Os3 has been reported to induce changes in the optical absorption and bandgap.

Li et al. reported that Ga>Os sensors doped with Zn showed response times of 100 s at the
operating temperature of 450 °C, whereas Ce doping reduced the response time to40 s at the same
operating temperature. On the other hand, at the operating temperature of 520 °C, Sb- and W-
doped Ga>O3 sensor film had the same response time of 90 s. Y. Li et al. also reported that doping
the gallium oxide thin films with Zn, Ce and W reduced the operating temperatures, and concluded
that Ga;O; films doped with Zn, Ce, and W are promising candidates for oxygen sensing

applications”®.
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Table 3.1: Characteristics and performance metrics of gallium-based sensors and dopants.

Gallium Operating Range of | Sensing elements Sensor
Oxides Sensing Gas | Temperature | detection from physical
(dopants) (°C) limits properties
Sputtered thin EIectn_ca_I
film from conduct_lwty
B-Gax03 0 480 — 820 7x10° Pa . by using
alumina i -
substrate (2 um) interdigital
structure
Electrical
Gaz0s, conductivity
Room g
Sn0O2, ZnOy, General Temperature Thin films &
TiO2 P Chemisorption
studies
Metal Electrical
Oxides CHa, Co, 550 ppm .
K Sputtered/screen- | resistance by
(Gaz0s, Auto mobile (for CH4) : : :
500 — 1000 printed films (1 using
SnOy, exhaust 500 ppm : 2
: to 5 um) interdigital
SrBiOs3, gases (for CO) Structure
BaSn0s)
Ga:0s- NO 300 ppm Thin films on Element
Ta20s, BeO with .
; NH3 600 -1000 30 ppm . electrical
WOs, NiO, 0 10000 pom different top resistance
AIVO4 2 PP Surfaces
Thick film on
Gaz03 . Element
(with Rh, Ethanol 540 - 800 251050 alumina electrical
Propane ppm substrate .
Ru, Ir) conductivity
(~2 pm)
Paste screen- Electrical
GarO CH4 10000 ppm rinted onto conductivity
223 co 500-950 | 10000 ppm | Pred by using
(Sn0O2) - alumina >
iso-Butane 100 ppm Interdigital
Substrate
Structure
Layered Electrical
Ga:0s 0.002t00.2 |  sandwich conductivity
(ZrOo, 07 900 — 1200 ) by using
. bar structure with -
TiO2, MgO) D Interdigital
opant
Structure
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Summarizing the above-mentioned table, no one has studied the effect of Mo incorporation
into Ga,0s. The ionic radii for Mo®" and Ga®" are very close to each other, i.e., 0.56 and 0.62,
respectively. Furthermore, the crystal radii are also very close, at 0.73 and 0.76 for Mo and Ga
atoms. Therefore, Mo®" ions can go into the lattice as substitutional metal dopants and acts as

donors. Y. Li, et al. reported that using donor dopants may lower the sensor resistivity®®.
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Chapter 4: Materials and Experimental Methods
4.1. MATERIALS

Sputtering Targets: The sputtering target materials for RF deposition were obtained from

Plasmaterials and Kurt J. Lesker. The Ga>Os target of 2 in. diameter and 0.125-inch thick with
99.999% purity and Mo-target of 2 in. diameter and 0.125-inch thick with 99.95% purity were
employed to evaluate the modification caused to the structural, chemical, and sensor properties
with varying Mo concentration in Ga;O3 matrix. The targets were fabricated in such a way that
they will be fit exactly fit in the equipment and used for thin-film depositions. The corresponding

target images are represented in Figure 4.1. A thin Cu backing plate is used to protect the target.

Figure 4.1: Sputtering Targets
Substrates: Three different types of substrates were employed to deposit intrinsic Ga>O3 and with
co-sputtering of variable Mo concentration to evaluate the properties.
1. Silicon (S1 (100)), used to facilitate the characterization of films physical and chemical
properties.

2. Quartz glass, to evaluate the optical characteristics.
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3. AlLOs, with integrated Pt interdigital electrodes of 200 nm thick with a distance of 10 pm

4.2.

between electrodes, to evaluate the sensor properties.
SUBSTRATE CLEANING

The silicon and quartz samples were acquired from University Wafer Inc and Chemglass

Life Science, respectively. The silicon substrates of P-type were cleaned by a bath of 99.9%

ethanol for 15 minutes to remove organic residue and films from silicon wafers. The standard RCA

cleaning (referred to as standard clean-1 or SC-1) was developed by Wener Kern in 1965, at RCA

laboratories (Radio Corporation of America), to eliminate the organic contaminants, i.e., organic

clean along with particle clean, to abolish the thin oxide layer, and to eliminate the ionic

contamination. The following procedure was performed:

1.

SC-1, used to remove the insoluble organic contaminants at a mixture of 5 parts (H20), 1
part 30% (H20:) and 1 part 27% (NH4OH). This solution was processed by heating 50 ml
of deionized (DI) water to a temperature of 70 °C, for 10 minutes and then adding every 10
ml of NH4On and H>0O; to the DI water.

Immersion in 1:100 solution of HF: H>O, in order to remove native oxide.

SC-2, for the removal of heavy and ionic metal atomic-level components at a ratio of 6
parts (H20), 1 part 30% (H202) and 1 part (HCl). The preparation of SC-2 solution was
made by 10 ml each of H2O2 and HCI to 50 ml of water.

The silicon substrates were soaked for 10 minutes each solution and followed by 5 minutes

of DI water rinse after each soak.

4.3.

THIN FILMS SYNTHESIS - SPUTTERING DEPOSITION SYSTEM

The thin film synthesis was carried out by radio frequency (RF) magnetron sputtering.

Figure 4.2 refers to the simple schematic mechanism of the sputtering process. The sputtering
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deposition process involves the ionized atoms of inert gas, in our case Argon (Ar), by applying the
voltage. A voltage of 13.56 MHz was applied to the targets or cathode. As a result, the positively
charged gas ions (Ar") attract and bombard the negatively biased target surface, which causes the
targets material to sputter off in the form of fine vapor to cover the substrate. This vapor form
condenses and makes a thin layer which is called a thin film. On the other hand, secondary
electrons also form during the bombardment, but these electrons do not contribute significantly to
sustaining the ejected atoms onto the substrate surface, and are likely to cause unwanted heating.
The sputtering system was equipped with magnets which were placed on the backs of the targets;
due to these magnets, the secondary electrons remain closer to the target by creating the magnetic
field. This mechanism will help in ionization efficiency, or in other words, higher deposition

rates”’.
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Figure 4.2: Schematic Representatidn of Sputtering Process

An Excel Instruments sputter deposition system, Model DCSS-12, was used for thin film
depositions. In this research, two targets, namely Ga;0O3; and Mo, and a pair of electrodes were

placed on cathode and Si, with quartz and Al>O3 placed towards the anode. The samples were
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thoroughly cleaned by RCA technique before being introduced into the vacuum chamber. The
samples were placed on the substrate holder with clips and connected with a K-type thermocouple
located within the sample holder/heater. The target-to-substrate distance was maintained at 7 cm
for all the depositions. The deposition chamber was evacuated to a base pressure of ~107 Torr.
The sputtering guns were chilled by water using a Polyscience recirculation chiller. The deposition
was made by co-sputtering of Mo metal and Ga>O3 ceramic targets. A sputtering power of 20 W
was initially applied to each target while introducing high-purity argon (Ar) into the chamber to
ignite the plasma. Once the plasma was ignited, the power for each target was increased to their
respective sputtering power for reactive deposition. The flow of Ar and oxygen (O2) were
controlled using MKS mass flow meters. Before each deposition, the targets were pre-sputtered
for 20 min with a closed shutter above the gun. Deposition of Mo-doped Ga;0Os (referred as GMO
hereafter) samples was performed by keeping Ga>O3 sputtering power constant at 100 W and
varying the Mo power in the range of 0-100 W. The intended purpose of variable sputtering power
to the Mo target was to vary the amount of Mo content into Ga;0s films or to produce GMO
samples with variable Mo content. The substrate temperature (Ts) was fixed at 500 °C for all the
GMO films. The primary reason for this is the fact that a deposition temperature of 500 °C is
critical to promote the formation of nanocrystalline B-Ga,Os films, as reported previously
elsewhere. For comparison, intrinsic Ga;O3 films without any Mo dopant were also deposited
under the same temperature and sputtering power conditions. For clarity and understanding of the
results, the GMO sample identification numbers were generated using the sputtering power applied
to the Mo target. Different composition of samples was deposited using this technique by varying

target sputtering power in the Mo target, as presented in Table 4.1. The schematic layout of the
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sputtering system and their components employed for the fabrication of GMO films is presented

in Figure 4.3.
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Figure 4.3: The schematic layout of the sputtering system employed for the fabrication of thin
film depositions

Table 4.1: List of the samples and deposition conditions .

Target Sputtering Power (W) | Temperature | Ar:O; flow

Sample ID
GaxO3 Mo (°C) (sccm)
GMO-0 100 0 500 30:10
GMO-20 100 20 500 30:10
GMO-40 100 40 500 30:10
GMO-60 100 60 500 30:10
GMO-80 100 80 500 30:10
GMO-100 100 100 500 30:10
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4.4. ANALYTICAL METHODS
4.4.1. Grazing Incidence X-Ray Diffraction (GIXRD)

Grazing incidence X-ray diffraction (GIXRD) is an analytical technique for performing X-
ray diffraction on thin films. The basic principle involves directing monochromatic X-rays,
generated by a cathode ray tube, at various incident angles towards the substrate, and observing
how these X-rays diffract due to the atoms. These diffracted X-rays are collected by the detector
and allow us to collect various information such as the phase identification and crystal structures
of the substrate material. Figure 4.4. represents the schematic working mechanism of X-ray
diffraction (XRD). The interaction of the incident X-rays with the substrate material produces
constructive interference and a diffracted beam when conditions satisfy Bragg’s Law (Equation
1).

nd = 2dSin6 (1)

In Equation 1 above (Bragg’s Law), n is an integer referred as the order of reflection, A =

X-ray wavelength (1.54056 A for CuKa radiation), d = the interplanar spacing between the planes,

and 6 = the Bragg’s angle.
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Figure 4.4: Schematic representation of X-rays and Bragg’s Law
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The GIXRD characterizations for Ga;03; and GMO thin films were performed at room
temperature using a Bruker D8 advance X-ray diffractometer, shown in Figure 4.5. The
measurements were made for intrinsic Ga;0s and as a function of variable Mo content in the GMO
samples deposited on an Si wafer. The grazing incident angle was fixed to 1° for the incoming X-
ray beam, so that it was used to study only surfaces and layers for the thin films. The detector scan
mode was used, where the detector can move freely in the plane of incidence to receive the various
diffraction patterns. The detector varies between the angles of 10° to 67° at a scan rate of 0.5
sec/step. The collected diffracted data was analyzed using EVA software in order to correlate XRD
peaks to check the crystal structure and lattice parameters. The same experimental conditions were

maintained for all the set of films.

Figure 4.5: Bruker D8 Advance X-ray Diffractometer to characterize the Ga>O3 and GMO films
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4.4.2. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was used to corroborate the composition of the
films and to determine the chemical bonding of the ionic species in the film. XPS measurements
allowed probing the chemical characteristics of the surface. The XPS measurements were made
on the as-deposited GMO films and with variable Mo content. The samples were mounted on a Cu
stub with the help of double-sided Cu tape and analyzed using a calibrated Kratos Axis Ultra DLD
spectrometer (Kratos Analytical, Manchester UK) which has a high-performance Al K, (1486.7
eV) spherical mirror analyzer. A piece of Cu tape was attached on the sample surface up to the
stub surface in order to avoid charging issues (e.g., peak broadening, peak shifting, etc.). Despite
this, the charge neutralizer was used to compensate for the surface charging effects. Survey and
multiple high-resolution scans were collected at pass energy of 160 and 40 eV, respectively.
Survey spectra were obtained over the binding energy (BE) range of 1400-(-5) eV with a step size
of 0.5 eV, whereas high-resolution scans were obtained with an energy step of 0.1 eV. The analysis
area (700 x 300 um) is referred to the full width at half maximum (FWHM) of 0.70 eV for Ag
3d5/2 collected at 40 eV pass energy. High-resolution scans were obtained for Ga 2p, Ga 3d, Mo
3d, O 1s, and C 1s peaks. Each high-resolution scan was recorded for at least 8 sweeps in order to
get well-resolved spectra. Both survey and high-resolution scans were collected under ultra-high
vacuum (UHV- 2x10 torr) condition. C 1s binding energy at 284.8 eV was used for the charge
reference. Survey and high-resolution spectra were analyzed using CasaXPS V2.3.16 to obtain the
atomic composition and for more in-depth studies, respectively. Peak areas were calculated
employing both Gaussian/Lorentzian (GL(30)) line shape and line asymmetry and Shirley

background subtraction, whereas the compositional analysis was performed using the relative
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sensitivity factors for the instrument. For a concentration of various elements present, i.e., Ga, Mo,

and O, the error estimation was +0.01 at% for metals (Ga, Mo) and 0.1 at% for oxygen.

4.4.3. Rutherford Backscattering Spectroscopy (RBS)

Rutherford backscattering spectrometry (RBS) measurements were made using an NEC 3
MYV tandem accelerator (9SDH-2) to understand the chemical composition and elemental depth
distribution of the GMO—Si (100) samples. An incident ion beam of 1.5 MeV He+ at 0° angle of
incidence was used. The backscattered ions were detected using a silicon barrier detector at a
scattering angle of 160°. Composition and depth profiles were determined by simulating the
experimental backscattered spectra from ion beam analysis using SIMNRA software. The
simulated curves were calculated using SIMNRA code for the fixed set of experimental
parameters: (a) the incident He+ ion energy; (b) the integrated charge; (c) the energy resolution of
the detector; (d) the scattering geometry; (e) and pure Ga>Os3 stoichiometry. The error of estimation
is £0.02 at% + 1 nm for concentration and thickness/depth values, respectively. The schematic of

the setup is depicted in Figure 4.6.
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Figure 4.6: Schematic representation of RBS working principle
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4.4.4. Spectroscopic Ellipsometry

Spectroscopic ellipsometry was utilized to find the optical properties and surface/interface
characteristics of the GMO coatings. A and y were determined using a J.A. Woollam vertical
variable-angle spectroscopic ellipsometer in conjunction with a computer-controlled Berek wave
plate compensator (J.A. Woollam Co, Lincoln, NE). Measurements were done over a wavelength
range of 380-900 nm at 300 K in the air with 60°, 65°, and 70° acting as the angles of incidence
for the measurements. Post analysis of the ellipsometry data was performed using commercially

available WVASE32 software.

Optical properties and microstructure of the samples can be related to the measured angles
via:

p= i—p =tan tan ¥ exp exp (i4) (2)

S

where R, is the complex reflection coefficients of the light polarized parallel to the plane of
incidence. Additionally, Rs is the light perpendicular to the plane. In order to minimize the mean-

squared error (MSE), the Levenberg-Marquardt regression algorithm was used.

2 2
e [P o) 5

W, A
where Wexp, Weale, and Aexp, Acac is the measured (experimental) and calculated ellipsometry
functions, N is the number of measured ¥, A pairs, M is the number of fitted parameters in the
optical model, and ¢ are standard deviations of the experimental data points.

In order to factor in optical inhomogeneity, multiple measurements where performed, and

analyses were done to calculate the level of inhomogeneity in the films. Standard procedure was

used and determined that the variation in index of refraction was An=+0.01.
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4.4.5. UV-Vis Spectroscopy

The optical characteristics of GMO films were evaluated using spectrophotometry
measurements employing Cary 5000 UV-Vis-NIR double-beam spectrophotometer (shown in
Figure 4.7). GMO films were deposited on a quartz glass substrate to evaluate the optical properties
such as an absorption edge and transmittance, which allows us to calculate the bandgap/energy
gap of the films. The measurements were carried out in the wavelength range of 175 to 3300 nm

with the help of deuterium emitter for UV and halogen lamp for visible regions.

Figure 4.7: Cary 5000 UV-Vis-NIR double-beam spectrophotometer

The light beam is split into component wavelengths using a diffraction grating and a slit
helps to send a beam of monochromatic light into the next section which has a rotating disc. The
rotating disc consists of three different segments, namely a transparent section, opaque black
section, and a mirrored section. Some portion of the monochromatic light hits the transparent
section of the disc and passes to the sample, whereas the other portion of the light hits the mirror

and get reflected. This light beam passes through the reference cell and is collected by the detector.
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If the light hits the black opaque section, the light gets blocked. This enables the system to make

corrections for any current generated in the absence of light.
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Figure 4.8: Schematic representation of UV spectrophotometry working principle

The absorption coefficient (a), determined using the thickness (t) of the GMO films and

the transmittance spectra (T) using the relation
=inlnT

a= “4)

t

The photon energy (hv) will be calculated by considering the wavelength (1)

__ —IlninT

a="" )
The photon energy (hv) will be calculated by considering the wavelength (1)
hy === (6)

Then we calculate the bandgap using the following relation
(ahv) = B (hv-E)"? (7)
where hv is the energy of the incident photon, a the absorption coefficient, B the absorption edge

width parameter, and E, the bandgap.
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4.4.6. Scanning Electron Microscopy (SEM)

The Surface morphology of the Ga;O3 and GMO films deposited on Si were characterized
by the SEM technique. SEM is a technique that employs a focused beam of electrons to expose
the observed features presented on the sample surface. The high-energy electrons are emitted from
an electron gun, which is focused towards the specimen to scan the surface. The electron beam is
scanned in a raster scan pattern where the beam illuminates one point at a time and produces
images. The Ga;O3; and GMO samples were mounted on the l-inch-diameter stage using the
double-sided carbon tape to avoid charging issues and assist electron flow. The SEM technique
provides images with detailed morphological characteristics such as particles and grain sizes at
adjustable magnifications. The equipment used to perform the experiments is a Hitachi S-4800
electron microscope, represented in Figure 4.9.

The ImageJ software program was used for further analysis of the Ga;O3; and GMO thin

films to measure their grain size regions.

Figure 4.9: Hitachi S-4800 SEM
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4.4.7. Nano-Indentation Testing

The nano-mechanical analysis for the thin films was carried out by nano-indentation and
nano-scratch techniques. A Hysitron 750, represented in Figure 4.10, was equipped for both the
indentation and scratch analysis. The indentation technique offers detailed nanomechanical testing

and solutions for tailored mechanical characterizations at the nanoscale level.

o w

Figure 4.10: Hysitron 750 Nano-indentation System

The nano-indentation measurements were made employing a triangular pyramid Berkovich
diamond indenter with a normal angle of 65.3" between the tip axis; the faces of the triangular
pyramid and the effective size of the apex are about 100 nm. A commonly accepted rule suggests
that the substrate measurements can be obtained if the indentation depth is kept less than 10% of
the film thickness. At such small indentation loads, the produced indents on the thin films can be
microscopic to submicroscopic. Because of their small size, measuring these indents is thus very
difficult and not accurate. Therefore, the most common method so far has been to gauge the size

of the indentation from the loading and unloading curves generated during the test performance.
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The deformation during loading is assumed to be of elastic/plastic tendency, whereas during
unloading, it is assumed that only elastic displacements are recovered, and it is this predominantly
elastic nature of the unloading curve that facilitates analysis. Therefore, the standard procedure
was employed to derive the mechanical properties with the help of loading and unloading
curves'®1%' The method developed by Oliver and Pharr, represented in Figure 4.11, was
employed to calculate the mechanical characteristics of hardness and reduced elastic modulus (H
and E,, respectively),

a) P b)

max

after univading

‘ P
loading._ ‘ Surface profie ‘

Indenter
S
= unloading ! * \‘
:'; h -
Q S=dP/dh' ’
hm Surface profie
* he under load

Displacement (h)

Figure 4.11: a) Schematic illustration of indentation load-displacement data and b) Schematic
illustration of the unloading process showing parameters characterizing the contact
geometry

where P is the indentation load, hy, is the maximum displacement, hc is the contact depth, hs is the
elastic surface displacement at the perimeter of contact, and hr is the depth of residual impression
after unloading.

Using this approach, E: can be calculated by finding the stiffness (S) of the film from the
slope of the unloading curve. The relation between E: and S can be described using:
E =02 ®)

2 VA

where A is defined as the area of contact at peak load:
A=F(hc) €
To find the hardness value H, the same value for the area of contact is used along with the
maximum load (Pmax):

Pmax
H== (19)
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To minimize the substrate effect, the load-controlled indentation tests were performed
initially on each sample to determine the maximum depth that would not be more than 10% of the
total film thickness. Seventeen indents of selected 100 uN load were performed at 0.2 s™! strain

rate, and the average H and E; values were calculated on each sample.

4.4.8. Nano-Scratch Testing

For nanostructured samples, film or coating, the adhesion to the substrate is one of the
paramount characteristics related the coating quality and life endurance!%?-1%. Therefore, the GMO
film adhesion was analyzed by nano-scratch test (Hysitron T1750 Tribo nano-indenter). This test
was performed at room temperature under load increments from 0 to 8000 uN. The same standard
triangular pyramid Berkovich diamond indenter tip was used. The length of the scratch was 16 pm

and the scratch speed was 0.18 um/s.

4.4.9. Electrical Analysis

For electrical analysis, Ecopia HMS 3000 Hall measurement system was used to determine
the electrical properties such as resistivity, conductivity, and mobility. Four electrical contacts on
the sample were made using a two-part conducting epoxy and silver wires. In this method, voltage
and current were measured using eight different combinations of the four contact points on the
sample. Current was applied to the test sample using four small contacts and the corresponding
voltage was measured on a flat arbitrarily shaped sample of uniform thickness. The four-electrode
probes were placed at the periphery of the samples and on measurement, provided the average
resistivity of the sample. A current of 2mA was applied to the sample using a Keithley 220
programmable current source. A Keithley 196 sensitive digital voltmeter was used to read the

voltage, and a 196 DMM system was used to read the current between two contacts. A Keithley
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2001 switch was used to switch between contacts. The meters were connected to a computer and
LABVIEW data acquisition system via the IEEE-488 GPIB for automatic data recording. The final
properties were calculated using the van der Pauw principle taking into account the sample
thickness, the shape factor, and other limitations.

The average resistivity is given by

at
Pang = P (11)
V3 V3
where p, =

t vi-vz+vs-vs and = —— fpt vs-ve+v7-vs
fat vivasvs-va and p, = —— fpt vs-veivs-ve

Inln 2 2l 2l

Here, p, and ppare resistivity in Q-cm, ts — sample thickness in pm, V1 —V8 are voltages
measured, I is current applied to the sample in Amperes, and f, and f, are geometrical factors
based on sample symmetry.

Hall mobility is given by
108
w= AR 2 (12)

where AR is the induced change in resistance of the magnetic field B, and Ry is the sheet resistance
of the material.
Similarly, resistivity is inversely proportional to the free carrier concentration n and

mobility p, and is given by the relation

p=— (13)

enp

4.4.10. High-Temperature Oxygen Sensor Performance

Figure 4.12a represents the schematic representation of sensor setup equipment. The
oxygen sensing characteristics of the materials were evaluated using the Al2O3 substrate with
interdigital electrodes deposited on the surface and the films deposited on top of the electrodes
(shown in Figure 4.13a and b). Electrodes were then transferred to the controlled chamber and
afterwards placed on a substrate holder. The electrode was connected to two wires by high-
temperature silver paste (Ted Pella) and cured for one hour. The sensor performance was evaluated

at a temperature of 500 °C; the electrical measurements were recorded using Keithley 6514
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electrometer, and the input current (10 nA) was supplied via a Keithley 220 Programmable Current
Source. Since the principle behind the sensor is change in resistivity at different partial pressures,
Ohm’s Law was employed as follows:

V=IR (14)
where V refers to voltage, I refer to input current, and R refers to the resistance of the film. The
resistivity was calculated using
p=R7 (15)
where p is the resistivity, A is the cross-sectional area of electrodes, and 1 is the distance between
interdigital electrodes. The conductivity will be calculated using the equation:

o=1/p (16)
Two gas tanks were employed, namely Ar (baseline gas) and O; (analyte gas) of 99.99% purity,
to control different partial pressures (pOz). The gasses were controlled using an MKS mass flow
controller to get different partial pressures of oxygen. All the sensor performance responses were
recorded as a function of Mo concentration and features such sensitivity and time response are
measured. The tests were performed under different partial pressures of oxygen such as 8§, 12, 23,
31, and 40 Pa of pO: in cyclic periods where pure Ar flow for a constant time was followed by

Ar/O; flow for the same period.
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Chapter 5: Structural and Mechanical Properties of Intrinsic Gallium Oxide -

Nanocrystalline and Amorphous Gallium Oxide Thin Films

Recent developments in surface coating technology, particularly in the production of
nanostructured films, have revealed exciting possibilities to control hardness and elastic modulus
with some degree of independence, thereby producing wear-resistant surfaces with combinations
of properties which were previously unobtainable!®*. Current scientific thrust to produce the so-
called ‘nanocomposite’ coatings is directed primarily towards the design and development of
super-hard or ultra-hard wear-resistant materials'®1%7. The performance of these nanocrystalline
materials is closely connected to their microstructure and phase, and also depends on the
mechanical characteristics to improve the desired properties for a given technological
application'®1%_ In fact, the designing of materials must combine excellent properties, or
comparable to those of the currently used materials, with excellent hardness and elastic modulus,
good adhesion, toughness, durability on Si with low interface stresses, which are quite essential
for their utilization in extreme environment applications, especially in automotive and coal-based
power plant industries' !, Under such conditions, it becomes critical to understand how the
structural modifications (if any) affect the properties, most importantly the mechanical
characteristics which determine their survivability. Therefore, a fundamental understanding of the
mechanical characteristics of Ga2Os3 nanostructures is essential for utilizing them in energy related
applications, such as absorber layers in concentrated solar power plants and integrated sensors in
oxy-combustion as encountered in engine technologies and coal-based power plants. Under the
specific conditions, the materials’ ability and a survivability to sustain sudden impact loads or
temperature fluctuations is of major concern!'?. Thus, a fundamental knowledge and a deeper
understanding of the mechanical properties and how these characteristics depend on the
microstructure is quite important to effectively utilize Ga;O3; under the presence of extreme
environment and/or energy related applications. However, unfortunately, while Ga>Os has proven

to be a good candidate for such applications, especially those involving exhaust systems of engines
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and energy storage and conversion technologies, the efforts to understand the mechanical stability
of GaxO3-based nano-materials have been meager. On the other hand, in the context of evolving
new hybrid materials based on Ga>Oj3 for energy-related applications as well as new technological
applications of Ga>O3, a fundamental knowledge of mechanical properties of intrinsic Ga>O3 films
is quite important. Thus, the primary objective of this work is to fill this knowledge gap by
establishing a structure-mechanical property relationship in nanocrystalline and amorphous Ga;03
films. Thus, we have focused our efforts and employed a range of deposition conditions to produce
GaxO; films with variable microstructure. Recent studies suggest that the mechanical properties of
Gay03 in the perfect 2D form, obtained from liquid metals, can provide extraordinary opportunities

"3 Furthermore, much of the recent research on

for enhancing such characteristics®
nanocomposite super-hard coatings has been focused purely on hardness; however, lately it has
been realized that the toughness and plasticity index are important in many of the aforementioned
technological applications. Therefore, we performed a comprehensive study in order to understand

the interplay between the structure, mechanical properties, and performance of Ga>O3 films, which

will lead to obtaining strong Ga,Os3 sheets in the future.

5.1. CRYSTAL STRUCTURE

The GIXRD patterns of Ga,O3 films are shown in Figure 5.1 as a function of Ts. The very
first characteristic nature that can be noted is the clear variation in the diffraction patterns with
increasing Ts. The GaxOs3 films deposited at RT exhibit diffuse pattern, which did not show any
diffraction peaks, indicating the amorphous nature of the films. The trend continues with an
increase in Ts from RT to 500 °C, at which point the presence of diffraction peaks began to appear.
The peaks’ evolution in the XRD pattern at Ts=500 °C indicates the film crystallization at this
temperature. The XRD patterns of Ga,O; films deposited at Ts=500-700 °C correspond to
monoclinic B-phase (space group C2/m) with identified peaks (201), (400), (002), (111) and (204)
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at 20 values of 18.95, 30.05, 31.74, 38.36 and 64.17, respectively, according to JCPDS (00-043-
1012)°°. It can be noted that the (400) peak at 20=30.05° exhibits the dominance in intensity for
Gax0; films. The (400) peak evolution with increasing Ts is evident; the intensity of this peak
increases while the peak width is reduced. These observations clearly indicate that the T strongly
influences the growth behavior, and, hence, the structure of Ga;Oj3 films. The amorphous nature
of the set of Ga,0s films deposited at Ts<500 °C can be attributed to the lack of sufficient thermal
energy to promote structural order. If Ts is low such that the period of the atomic jump process of
adatoms on the substrate surface is very large, the condensed species may stay stuck to the regions
where they are landing, thus leading to an amorphous Ga,Os3 film. The adatom mobility on the
surface increases with increasing Ts. The onset of diffraction peaks in XRD indicates that 500 °C
is the critical temperature to promote the growth of nanocrystalline Ga>O3 films. For the given set
of experimental conditions, a temperature of 500 °C is, therefore, favorable to provide sufficient
energy for Ga>Os film crystallization. These results agree with our previous findings, although

film thickness is quite high in this work compared to previous studies®.
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Figure 5.1: X-ray diffraction patterns of Ga20O3 films
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5.2. SURFACE MORPHOLOGY

The scanning electron microscopy (SEM) images of Ga>Os3 films are shown in Figure 5.2.
The surface morphology is uniform and exhibits different grain structures when increasing the
deposition temperatures from RT to 700 °C. The thin films deposited from RT to 300 °C exhibit
the presence of particles, but not grown or evolved completely®® !'*. By comparing with the XRD
spectra, these films could be said to be amorphous. A fine microstructure and uniform distribution
of dense particles can be seen in Ga203 films grown at Ts=500 °C. The dense morphology seen at
500 °C is more or less similar until T reaches 700 °C, where the particle size increases further.
However, it is evident that Ga,Os films deposited at 700 °C exhibit some porous structure although
the average size generally increases with Ts. It should be noted that this trend is general for oxide
films and, earlier, the surface morphology variation and other properties improvement was
observed for different oxides!!>"!!®, The average grain size increases from 15 to 35 (+2) nm with

increasing Ts.
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5.3. MECHANICAL PROPERTIES

5.3.1. Indentation Load (L) — Penetration Depth (d) Characteristics

The data of peak indentation load (L) - indentation depth (d) of the Ga,0Os films are shown
in Figure 5.3. Unfortunately, for thin films, the underlying substrate properties strongly influence
the indentation response, and it is difficult to obtain the intrinsic properties of nanocrystalline
films'!% ', However, nano-indentation measurements are well known, reliable, and provide a
simple and quick method for obtaining information about the mechanical properties of thin
films'!. The reproducibility is good, but when the ratio of indentation depth to the film thickness
(d/t) exceeds a critical value, then the measured mechanical properties are going to be influenced
by the substrate material and it is no longer characteristics of the coating!®"> 1?°. Therefore, one
needs to identify the penetration depth by monitoring the phenomena concerning the indentation
load. The critical d/t ratio ~10% is preferred. The results (Figure 5.3) indicate that all the Ga,03
films exhibit the same type of response to indentation load, i.e., an increase in the indentation depth
concerning the increasing load. The load was varied from 100 uN to 2000 uN. At the initial load,
1.e., at 100 uN, the obtained depth was ~8 to 9 nm for all the Ga>Os films. At 350 uN load, all the
Gax0s3 films reach the depths ~19-21 nm which is 10% of the total thickness. Beyond this load
(10% of the total thickness), the variation in penetration depth can be noted. The penetration depth
increases with the increasing indentation load. The variation is ~36 nm for a variation in Ts from
RT to 700 °C while the load is constant at 2000 uN. The Ga,Os film deposited at RT had a higher
penetration depth, which is ~95+2 nm. The data obtained (Figure 5.3a) indicate that the
penetration depth decreases with increase in Ts. This is due to the fact that the measured indenter
penetration will be greater in the case of less dense-packed or loosely packed films!'?!"'?2, The
penetration depth for Ga>Os films deposited at 500-700 °C is almost the same with the negligible
difference of +2 nm. The penetration depth variation is directly related to the structural evolution
of GaxOs films as a function of Ts. As revealed by the XRD and SEM analyses, Ga,;O3 films

deposited at Ts=RT-400 °C are fully amorphous, while those deposited at Ts=500-700 °C are
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nanocrystalline. Therefore, for amorphous Ga>Os3 films, the surface is no longer stiffer to resist the
penetration of indentation, and, hence, the depth is greater. It should also be noted that the fully
crystalline films with an excellent packing of atoms are expected to be stiffer and stronger than the
films with the less dense packing of atoms. Therefore, the nanocrystalline Ga>O3 films deposited
at Ts=500-700 °C resist indentation, resulting in the decrease of penetration depth.

The loading and unloading curves are shown in Figure 5.3b, where typical load vs.
displacement curves are shown. The data shown are obtained at a constant load of 2000 uN. Three
important quantities can be measured from the load vs. displacement curves: the maximum load
(Pmax), maximum displacement (hmax) and elastic unloading stiffness (S), i.¢., the slope of the upper
portion of the unloading curve during the initial stage of unloading. The accuracy of the H and E:
values were dependent on how well these parameters can be measured experimentally. Another
important consideration was the final depth (hy), the indentation depth of penetration after the
indenter is fully unloaded'’!. The load vs displacement curves are different for Ga,Os films
deposited under variable Ts. Notably, the slope varies with Ts. Similar to indentation load versus
penetration depth characteristics, the slope variation can be attributed to the initial amorphous
nature and then to the amorphousness due to the crystalline transformation of the Ga>Os films with
increasing Ts. However, all the nanocrystalline Ga>Os films deposited in the range of 500-700 °C
exhibit the loading and unloading curves with negligible differences in the slope and penetration

depth.
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Figure 5.3: (a) Effect of indentation load on the Ga>Os3 films in terms of indentation depth (b)
Load-displacement curves of Ga;0s films obtained at 2000 uN indentation load.

5.3.2. Effect of indentation Load (L) on Hardness (H) and Reduced Elastic Modulus (Er)

The hardness variation of Ga,0Os films as a function of indentation peak load is presented
in Figure 5.4a. It can be noted that there is a remarkable difference in H values of Ga,03 films
deposited at various Ts. For thin films, the measured hardness varies continuously with the
indentation load, penetration depth, film thickness, and the substrate hardness. In the present work,
the film thickness and hardness of the substrate were kept constant. Therefore, the variables are
indentation load and penetration depth. Theoretically, H values depend on the L and d'%> 108 123-
124 n the present case, the data, as well as comparison, indicate that the phenomena are dependent
on the crystallinity of the Ga;Os films. It is evident that the H values increase with increasing Ts.
This is mainly due to the improved crystalline nature of Ga,0s films with T; increase, as evidenced
by XRD and SEM studies. Note that the hardness is related to the bonding between the atoms and
to the ability of the bonds to withstand deformation'?* 12°. The data follow a similar trend for Ga>03
films deposited at Ts=25-100 °C, and then H values increase slightly for Ga>Os3 films deposited at
Ts=200-400 °C. Therefore, these films have a similar trend and there was a noticeable difference.

Finally, for Ts=500-700 °C, the data show a similar trend with a negligible difference between the

values. This negligible difference is mainly due to the grain size refinement. For these films, the
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hardness increases until the critical load 350 uN, at which point hardness decreases slightly and
remains constant with minimum variations. This phenomenon is mainly due to substrate effects.
In practice, in indentation experiments, penetration depth has to be maximum of 10% of the total
film thickness to avoid the substrate effects. Thus, both the L-d and H-L relationships are in
corroboration with the observed differences in terms of structural changes of Ga>O3 films. The E:
variation with load in Ga;Os films is shown in Figure 5.4b, where similar behavior is also noted in
E: data. The E; values gradually decrease with increasing load. Also, E: value increases with
increasing Ts. Thus, the decreasing E: is due to structural transformation; E: values of an
amorphous material are usually lower than its crystalline counterpart because of less dense

packing'!?.
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Figure 5.4: (a) Effect of indentation load on H; (b) Effect of indentation load on E,.

To obtain reasonable and reliable H and E; values, the penetration depth where substrate-
induced effects can be safely neglected is important. The evaluation of loading and unloading
curves for the GaxO;s films at 350 pN, is shown in Figure 5.5. At 350 uN indentation load, there
was an optimum displacement between the loading and unloading curves. The obtained penetration
depth was ~20 nm, which is almost 10% of the total thickness. By considering the above reasons,

as well as those discussed in previous sections, we can conclude that the optimum load was 350



uN, where we can get the accurate H and E; results. The mechanical properties of the Ga>O3 films
deposited at 500 °C is investigated first to establish the baseline properties. This is also for the
other reason that, according to XRD and SEM analyzes, the realization of nanocrystalline f-Ga>0O3
films occurs at Ts=500 °C. The H and E; data of Ga>Os3 films are shown in Figure 5.5. It is evident
that the Ts and structural evolution significantly influence the mechanical characteristics of Ga;03
films. The influence of the grain size on mechanical properties (H and E;) is complex since the
grain boundaries may either act as obstacles to dislocation slip (strengthening effect) or provide a
positive contribution to the deformation of the material (softening effect)!?® 12°. As a result, the H
values gradually increased from 17 to 27 GPa for the Ga,Os films with increasing Ts from RT to
500 °C and then remained more or less constant with further increase in Ts to 700 °C. However,
the hardness of Ga>Os3 films deposited at 700 °C slightly decreased compared to that obtained for
the film deposited at 500 °C. Similarly, E, values also increase from ~210 to 290 GPa. The H and
E: characteristics follow almost a similar trend (Figure 5.5). The observed variation and differences
in the mechanical characteristics of Ga>O3 films can be explained as follows. Nanocrystalline
materials, due to their nano-sized grains and high density of interfaces, show high strength and
hardness, and also many other interesting properties'?!. Therefore, the higher values of H and E;
observed are, undoubtedly, due to the texturing and interface microstructure of the nanocrystalline,
granular Ga;0s films. These parameters (E: and H) are intrinsic mechanical properties of a material
dominated by the strength and chemical bonds between constituent atoms'?* 127128 Tt is well
known that the improvement in the strength of materials is due to its grain refinement. The role of
grain boundaries is enhanced significantly with the reduction in grain size'%® '27- 129, Thus, the E;
value of an amorphous material is usually lower than its crystalline counterpart because of less
dense packing. Therefore, we believe and conclude that the observed changes in mechanical

properties are mainly due to the microstructure changes in Ga>0Os films.
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Figure 5.5: Hardness and elastic modulus of Ga>O3 films.
5.3.4. Significance of H/E: and H3/E?

In recent years, just hardness is considered to be the primary requirement for wear
resistance. In addition to H, elasticity and toughness are also regarded as important factors'®.
Therefore, combined analysis and consideration of H/E; and H¥/E? along with H and E; has been
proposed as a realistic means to derive a better understanding of the mechanical behavior of
nanomaterials, especially nano-composite thin films and coatings'*°. From the measured values of
H and E,, H/E; and H¥/E? can be calculated. The H/E, and H3/E? data of Ga,Os films is presented
in Figure 5.6. The ratio between H and E; is referred to as the plasticity index (sometimes it is also
indicated as coating durability)'®*10% 119131 "and it is widely accepted as a valuable measurement
for determining the limit of elastic behavior of the thin films. This ratio is important to avoid wear.
The term H3/E? should be a reliable indicator of a coating's resistance to plastic deformation and
is referred to as toughness'?!. In this case, the two parameters’ (H/E; and H3/E?) values and their
trends will be helpful for the clear understanding of the intrinsic Ga2Os films’ mechanical behavior,

especially for their integration in high-temperature sensors to be operated under extreme
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environments'3?. The data obtained for Ga,Os films (Figure 5.6a) indicate that most of the films
exhibit H/E;<0.1. Note that the Ga;Os films deposited are ceramics; therefore, H/E; ratio is
expected to be less than 0.1'?°. The H/E; ratio for the nano-crystalline Ga;Os films is 0.085+0.05
and almost constant. The H*/E? data for Ga,Os films are presented in Figure 5.6b. The H3/E? data
exhibit a similar trend to that noted for H/E;. The values are in the range of ~0.1-0.3 GPa. The
H?/E? values gradually increased from 0.17 to 0.24=1 GPa for the crystalline Ga,Os films. This is
due to the variation in the grain size of these films, as explained in the previous section. Ga>03
films deposited at 500 °C exhibited the highest value of H¥/E?, which were ~0.23£0.01. The H3/E?
ratio is the indication of the coating’s resistance to plastic deformation. Therefore, the higher the
ratio, the higher the resistance to deformation'® "%, Therefore, the H/E; and H*/E? indicate that
Gax0s3 films deposited at 500 °C with a characteristic nano-crystalline and dense morphology
exhibit the highest deformation resistance or toughness.

We believe that the superior mechanical characteristics of nanocrystalline Ga>O; films are
derived from the interconnected network of densely packed, smaller crystallites. Thus, a simple
model can be formulated to explain the observed functional relationship between the mechanical
characteristics (H and E;) and structure in nanocrystalline Ga>Os films. Evident from the results,
the H, E,, H/E;, and H/E;*> depend on the structural quality and grain size. XRD and SEM results
evidenced that Ga>Os films deposited at RT are completely amorphous. In fact, all the films
deposited at Ts<500 °C are amorphous. It is, therefore, reasonable to attribute the observed low
mechanical quality or lower values of H, E;, H/E,, and H/E,? to a very low packing density in the
Gax0s3 films. These films, which are characterized by a structural disorder, may be causing a
decrease in mechanical characteristics. However, the initial improvement or increase in H, E,,
H/E;, and H*/E;? values when Ga»O; films were deposited within the range of 300-400 °C is due
to a slight improvement in the structure but still mostly the amorphous structure is dominating.
However, the structural transformation from amorphous-crystalline Ga>O3, as noted in XRD and
SEM measurements, enhances the mechanical characteristics. Therefore, we believe that improved

structural order results in the formation of a dense network of nanocrystals leading to an
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enhancement in the packing density. This characteristic change in structure results in the observed
enhancement in H, E., H/E:, and H/E%. Furthermore, in nanocrystalline Ga;O; films, the
nanostructure is characterized by dense, randomly oriented nanocrystals'*’. Musil et al. have
defined the parameter (H3/E?) as the resistance to plastic deformation and demonstrated a general,
linear relationship between H*/E? and H for many coatings for mechanical and tribological
applications'**134, Furthermore, using nano-indentation and nano-scratch testing, Beake et al.!%
have also demonstrated such a linear relationship in TiN/Si3N4 composites. Therefore, an attempt
has been made in this work to examine the H¥/E? verses H relationship. The variation of H3/E?2
with H for the Ga>Os films is shown in Figure 5.6c, where it can be seen that the data fit
approximately to a linear relationship. Perhaps the nanocrystalline Ga2O3 films may be equivalent

to a composite structure under nanocrystallites embedded in a slightly porous structure.
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Figure 5.6: The effect of Ts on: (a) H/E; and (b) H*/E? values. (c) Linear relationship between
H3/E? and H as noted in Ga,0Os films.

5.3.5. Strain-Rate Experiments at Specific Indentation Load

Further examination of the mechanical characteristics is evaluated by indentation strain
rate, also called an equivalent strain rate. Mayo and Nix!** developed a nano-indentation method
for the determination of strain rate sensitivity (SRS) on a submicron level by controlling the
loading rate> '3, The indentation strain rate was determined from the depth—time data for a given
range of indentation depth. According to Mayo and Nix, the indentation strain rate can be derived
from the concept of true strain. Approximating the specimen length by the indentation depth and

assuming the hardness to be independent of the indentation depth, this can be estimated as'3>133:

d(ininH)

Myano—indentation — 4 (Ininé) (17)
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where m is the SRS exponent, which describes the SRS behavior of the material assuming a

constant microstructure, and € is the quantity
1P
2p

& = (18)
where P is the loading rate and P is the applied maximum load; in other words, £ is the ratio of the
indenter displacement velocity to the plastic depth.

Loading rates and equivalent strain rates are directly proportional to each other, as can be
seen from the equation above. The hardness variation with equivalent strain rate for Ga;Os films
is shown in Figure 5.7. To evaluate the strain rate dependence of the hardness, seven different
indentation strain rates (0.05, 0.07, 0.10, 0.16, 0.25, 0.50, and 1.00 s™!) were applied during the
nanoindentation. The average H values measured at different strain rates were performed at
specific load conditions, i.e., 350 uN. The trend clearly shows a distinct and experimentally
detectable effect of indentation strain rates. For Ga>Os3 films deposited at RT, the H values
continuously decrease due to the amorphous nature. However, the nanocrystalline Ga,Os films
show negligible change. The strain rate sensitivity (m) is the resistance of the material to prevent
necking during the deformation of a material'**'*°, The measured m values were 0.017, 0.013,
0.011, 0.013 for RT, 100 °C, 300 °C, 500 °C, and 700 °C, respectively. It can be observed clearly
that the substrate temperature, and, hence, the microstructure, significantly influence the strain rate

sensitivity of the Ga;O3 films.
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Figure 5.7: Variation of hardness with equivalent strain rates at a constant load of 350 pN.
5.3.6. Adhesion and Interfacial Bonding — Scratch Testing

Scratch resistance is one of the most critical parameters required for thin film coatings,
such as automotive topcoats, floor coatings, and optical components'?* 141142 Because most of the
coatings encounter a wide range of mechanical stresses during their working lifetime, a scratch
test is one of the most prominent and widely accepted methods to evaluate the adhesion strength
between the thin, hard coatings and substrates'**"1**, The depth profiles and scratch test results of
GaxO:s films are presented in Figures 5.8 and 5.9, respectively. The data reveal that the Ga>O3 films
deposited at 500 °C exhibit the best interfacial bonding in terms of depth profile, i.e., 67 nm after
the performance of the scratch test (Figure 5.8). The scratch test was performed in such a way that,
when the cohesive failure occurs, the area around the scratch deforms while the rest of the film
remains undamaged'®> 1% It is important to recognize that the nanocrystalline Ga,Oj3 films do not
exhibit any delamination other than pile up deformation. The depth profiles (Figure 5.8) show the
cross-section of the films at the maximum applied force along the scratch. The negative scratch
depth means that the indenter is located above the initial sample surface, and positive depth

indicates the indenter is moved below the initial surface. The nano-scratch was performed in
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ramping mode, where the normal force is increasing along with the scratch X-direction. The lateral
force applied on the tip by deforming material could also be used to determine plastic properties
of the films. However, it was determined that a cross-section profile of the scratch when 8000 puN
force is applied better demonstrated the deformation mechanisms. Evidently, the depth profile
cross-sections obtained at the maximum 8000 uN force exhibits that the scratch depth was
continuously decreasing with increasing crystallinity. This behavior matches with the H behavior
shown in Figure 5.9. The depth profiles were almost constant for the films with minimal variation,
i.e., all the films lay between 67 and 74 nm, which follows the H/E? trend. As discussed, the
H3/E? ratio is proportional to the coating resistance to plastic deformation, which indicates that
the higher the ratio, the higher the deformation resistance. Also, it should be noted that nano-
scratch (Figure 5.9) tests showed material pile-up, but no evidence of channel cracking or

delamination of the films was observed.
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Figure 5.8: Scratch testing profiles of Ga>Os thin films. Depth profiles for Ga,Os thin films
deposited at various T are shown.
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Chapter 6: Molybdenum Incorporated Ga:03 Nanocrystalline Thin Films — Structure,
Morphology and Chemical Analysis
6.1.  Structural Analysis-Crystal Structure Properties (XRD)

The GIXRD patterns of Mo-incorporated Ga-oxide films are presented in Figure 6.1. For
comparison, the XRD curve of intrinsic Ga0Os3 films is also included. The appearance of the
diffraction peak intensity of GMO-0, i.e., without any Mo incorporation, in the XRD pattern
indicates the formation of nanocrystalline B-Ga>O3. The GIXRD patterns of Mo-doped Ga,03
films as a function of applied sputtering power to the Mo-target indicates the significant effect of
Mo on the crystal structure. The GIXRD pattern of intrinsic Ga;O3 corresponds to monoclinic -
phase (space group C2/m) with peaks (-201), (400), (002), and (-204) at corresponding 20 values
of 18.95, 30.05, 31.74, and 64.17, respectively'*®, according to JCPDS (00-043-1012). The
evolution of these peaks showed an interesting trend as a function of Mo-incorporation in the
Ga»0s3 nanocrystalline films. The very first characteristic feature that can be noted is the dominance
of the (400) peak at 26=30.05° for intrinsic Ga203 films. The intensity of this peak is seen to
diminish at the very first Mo-doping into Ga-oxide while still maintaining the overall structural
order in the films. Further increase in the sputtering power to the Mo target at >40 W, i.e., Mo
content higher than 4 at%, introduces structural changes in Ga>Os as is evident from GIXRD
patterns. Mo incorporation suppresses the peak intensity, which eventually disappears at >40 W,
i.e., Mo content higher than 4 at%. This observation indicates the Mo-induced amorphization of
the GMO films with increasing Mo content. Thus, the XRD results suggest that increasing Mo

content to ~4 at% and above induces complete amorphous characteristic nature in the GMO films.
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Figure 6.1: GIXRD patterns of GMO samples. The structural evolution as a function of Mo
content is evident.

6.2. Morphology Analysis - Scanning Electron Microscopy (SEM)

The SEM images indicating the characteristic surface morphology of the GMO films are
shown in Figure 6.2. It can be noted that the intrinsic Ga2Os3 films exhibit uniform grains. Dense
packing arrangement and well-resolved grain boundaries can also be seen in the pure Ga,;O3 films
as well as in films deposited with sputtering power applied to Mo target at <40 W. As revealed by
structural characterization, the nano-size grains are fully crystalline. Molybdenum incorporation
induces interesting morphology changes. For a small amount of Mo, the changes are negligible.

GMO films still exhibit the grain structure as well as the partial crystalline structure as is evident
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in XRD studies. However, with further increase in Mo, the grain morphology disappears
completely. These SEM observations thus corroborate the XRD data indicating the crystalline-to-

amorphous transformation of GMO film surfaces.

The observed growth behavior, crystal structure variation, and surface morphology
evolution in nanocrystalline GMO films can be explained based on the combined effect of
thermodynamic parameters and Mo-incorporation. In general, the growth of either single or
multicomponent oxide films with a single/complex phase resulting from physical vapor deposition
is influenced by the growth temperature, which is an important thermodynamic parameter!!> 147,
Thus, since other parameters are kept constant, deposition temperature and Mo content are the two
factors that play a key role in deciding the structural chemistry as well as properties of Ga-Mo-O
films resulting from vapor-transport deposition. As reported elsewhere and demonstrated in this
work, 500 °C is optimum to produce p-Ga,Os films*!. However, the Mo-incorporation induced
structural changes in the growth behavior of Ga-Mo-O films are reflected in XRD patterns of GMO
films (Figure 6.1). The small size grains in electron imaging analysis coupled with the presence of
well-resolved peaks in XRD indicate the structural order retained and formation of the
nanocrystalline f-Ga;0O3 phase in GMO films deposited with relatively low Mo content. However,
due to the absence of diffraction peaks in XRD patterns and surfaces becoming smooth with
disappearance of granular morphology in SEM, it can be concluded that the films are completely
amorphous for increasing Mo content to 4 at% and above. Such Mo-induced effects were also
noted in Mo incorporated WO3, where higher deposition temperatures were required to obtain
nanocrystalline samples of W-Mo-O compared to pure WOs films due to the effect of Mo
doping'#’. Furthermore, the disordering effect or amorphization due to metal-doping into WOs3,

where the dopant prevents the crystallization and leads to the amorphous nature, is also noted in
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the Ti-doped Ga;Os films?!. Thus, the amorphous nature of GMO films is primarily due to the
effect of Mo incorporation, which prevents the crystallization or induces changes in the energetics
so that the growth kinetics are dependent on the amount of Mo content in the formation of GMO

film matrix.

500nm

- "500nm

500 nm

Figure 6.2: SEM images of GMO films. The effect of Mo on the morphology evolution of GMO
films is evident.
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The cross-sectional microscopy images are represented in Figure 6.3, showing the
interfaces of GMO films deposited on Si by varying the Mo content at constant deposition time of
3 hrs. A clear trend could be noticed in increasing the thickness from GMO-0 to GMO-100, the
interfacial SiO: layer could be easily noticeable for GMO-0 and GMO-40 samples, whereas for
the films GMO-60 onwards there is no sign of a SiOz interface layer. The thickness was calculated
using the Imagel] software package for these cross-sectional images. The thicknesses were
approximately 180 nm, 240 nm, 325 nm, 366 nm, 380 nm for GMO-0, 40, 60, 80, and 100,
respectively. In this, the deposition time was kept constant; varying Mo target sputtering power is
the only variable, and with increasing power the Mo content increased, and, as a result, the

thickness increased.

Film

Si substrate 500 nm Si substrate
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Si substrate

Si substrate 400 nm

Si substrate 500 nm

Figure 6.3: SEM cross-section data of GMO films.
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6.3. Chemical Analysis - X-Ray Photoelectron Spectroscopy (XPS)

Surface chemical analyses using XPS provide us additional information on the surface and
interfacial chemical changes. We present the XPS survey spectra of GMO films in Figure 6.4. The
spectra show that Ga, Mo, and O are the main constituents of the deposited films. The presence of
C ls is clear in the survey spectra. The carbon peak in the XPS spectra is because of adventitious
carbon from exposure to air following fabrication and/or before being placed in the XPS system.
Therefore, the spectra were calibrated to C ls peak at a binding energy (BE) of 284.6 eV. The
absence of a Si substrate peak is because the deposited Ga-oxide films cover the Si surface and are
sufficiently thick to prevent detection of photoelectrons originating from the substrate. The XPS
measurements allow us to determine chemical valence states of the constituent ions present in the
GMO samples. To determine the chemical states of the metal ions presented in the films upon a
detailed analysis of the core level spectra of the main constituents was performed. High-resolution
scans were performed for Ga 3d, Mo 3d, and O ls and analyzed to get their chemical states and

the interaction between individual metal ions and oxygen.
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Figure 6.4: XPS survey scan for GMO films

The core-level XPS spectra of the Ga 3d region are shown in Figure 6.5a. The data shown
are for samples with a variable Mo content. It can be seen that the Ga 3d peak is located at a
binding energy (BE) of ~20.5 eV. The intrinsic Ga>O3 films (without Mo) show Ga 3d peak at
20.5 eV characterizing the Ga'® state of Ga ions. In bulk Ga,Os crystal, this Ga 3d peak appears at
20.6 eV. 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*®. Also, no significant effect is seen in G 3d
peak shape or BE position with variable Mo content. These observations indicate that irrespective
of the Mo content incorporated into Ga-oxide, the structural chemistry and chemical valence state
of Ga ions are highly stable.

The high-resolution XPS spectra of O 1s core level are displayed in Figure 6.5b. It can be
seen that the O 1s spectra exhibit rather broader nature with the presence of a wide shoulder on the

higher BE side. However, the O 1s core level of GMO-0 samples, i.e., intrinsic Ga-oxide films

70



without Mo, exhibit symmetrical nature and narrower compared to those samples with Mo
incorporated. As a result of the fitting, the dominant component, which is reasonable for oxide
crystals, is positioned at a BE of 530.63 eV for GMO-0 (without Mo). The shoulder is effectively
described by a minor intensity component at a BE of 532.15 eV, which corresponds to oxygen
bonded to carbon. This component usually presents on the oxide film surfaces due to carbon
chemisorbed from the atmosphere. The intensity of the minor component is very low in reference
to the total intensity of O ls peak. Therefore, the component at 530.63 eV is attributed to crystal
bulk oxygen for Ga;03, and the component at 532.15 eV is related to absorbed species. The other
component, i.e., de-convoluted peak, located at BE~531.5 eV, is attributed to Mo oxides. The
evolution of this component is interesting as can be seen in the spectra (Figure 6.5b) with
increasing Mo content.

The detailed XPS spectra of Mo 3d region of the GMO samples are shown in Figure 6.5c.
The intrinsic Ga-oxide samples didn’t show any Mo contribution. While the peak intensity is not
appreciable for samples with low Mo content (GMO-20 and GMO-40), the intensity of Mo 3d
peak increases with increasing sputtering power to the Mo-target, i.e., Mo content in the films. The
spectra can show the appreciable intensity for GMO films when Mo incorporated is >4 at%. The
intrinsic Ga-oxide samples without any Mo didn’t show any sign of Mo contribution in the XPS
(not shown). It is evident that the Mo 3d doublet (due to spin-orbit splitting; /=5/2 and j=3/2) are
resolved with a spin-orbit splitting energy separation, AE(Mo 3d), of 3.19 eV. Both the Mo 3ds,
and Mo 3ds2 peaks show a weak but pronounced shoulder contribution from the lower BE side.
Therefore, the component analysis was performed by considering the peak as a superposition of
two doublets shifted in energy but with the same intensity ratio of the components and spin-orbit
splitting. A most notable feature is the fact that the evolved Mo 3d scan is rather broad in nature,
indicating the presence of Mo ions existing in multiple valence states''> *%131 Note that the Mo
chemistry is complex due to its ability to take chemical valence states ranging from 2+ to 6+. The
peak-fitting procedure confirms that the Mo ions exist in Mo®", Mo>*, and Mo*" states in the GMO

films upon thermal annealing. However, as evident from spectra shown in Figure 6.5c, the specific
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valence state(s) is/are dependent on the amount of Mo incorporated in GMO films. The peak-
fitting procedure indicates that the Mo 3ds» component dominant in intensity is positioned at a BE
of 232.51 eV and minor intensity component is located at BE=231.17 eV. MoOs3 is an insulator,
and the severe charging effect is observed for this compound under X-ray illumination. The energy
shifts due to surface charging would be accounted in reference of C 1s core level of adventitious
hydrocarbons but the binding energy of this core level is different in different XPS spectrometers,
and the respectively systematic error appeared in element-binding energy determination. This error
source results in noticeable scatter of binding energy values of representative element core levels
reported in the literature for the same crystal. To avoid this effect, in our opinion the using of a
difference of element-binding energies is more reasonable for a compound characterization, and
higher robustness of this method has been recently demonstrated in several studies. Therefore, the
binding energy difference A = (O 1s — Mo 3ds)2) is a suitable parameter to evaluate the valence
state of Mo ions in the films studied. Such deeper analysis of Mo 3d spectral region and comparison
with literature in the present case of GMO films indicates that the possibilities in GMO films are
MoOs3, MoOy, and Mo4O11. Quite interestingly, upon thermal annealing or under as-deposited
conditions, GMO films with Mo content <4 at% (set of films up to GMO-40) exhibit a well-
resolved doublet, which can be assigned only to MoO3 without any ambiguity. Also, the formation
of MoO3 occurs and without any components related sub-oxides of Mo (MoOx). We believe that
the absence of Mo sub-oxides for Mo <4 at% under the set of a given thermodynamic conditions
employed is due to the ability of Mo to oxidize under the presence of thermal energy coupled with

oxygen present in the atmosphere.
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Figure 6.5: High-resolution XPS data of Ga, O, and Mo core level peaks in GMO films deposited
at variable Mo concentration. a) Ga 3d high-resolution XPS spectra. b) O 1s high-
resolution XPS spectra. ¢) Mo 3d core-level XPS spectra

However, X-ray photoelectron spectroscopy measurements also allow determining the

atomic percentage of Mo as shown in Figure 6.6. It is evident that the Mo content increases with
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increasing sputtering power. Increasing the sputtering power from 0 to 100 W increases the Mo
content from 0 to ~11.23 at%. As can be seen from Figure 1, the amount of Mo incorporated into
GMO was low for sputtering power of 60 W, at which point the amount of Mo increases
considerably. This can be understood from the fact that the sputtering yield from the Mo target can
be appreciable only when optimum cathode power is applied. It appears that 60 W is optimum to

incorporate a reasonably good amount of Mo leading to the formation of GMO films.
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Figure 6.6: concentration of Mo as a function of Mo target sputtering power
6.4. Chemical Analysis - Rutherford Backscattering Spectrometry (RBS)

The bulk of the film (along with the depth to the substrate) chemistry and interface
chemical stability were probed using Rutherford Backscattering Spectroscopy (RBS). The RBS
data of GMO samples are shown in Figure 6.7. The backscattered ions scattered from various

elements present in the sample areas are indicated at their respective energy position in Figure 6.7.
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Mo is the heaviest among all the elements present either in the film or the substrate. Therefore, the
ion scattering from Mo atoms occurs at higher energy (Figure 6.7). As indicated, the step edge and
peaks due to ion backscattering from Ga, Si (substrate), and O atoms (film) are observed at 625,
320, and 280 channel number, respectively. The simulation curve (circles) calculated for a film
agrees with the experimental curve for a sample composition of Mo doped Ga,Os; films. The
perfect fit of GMO-60 experimental data can only be achieved by adding hydrogen in the film

section which suggests the presence of porosity from RBS data.
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Figure 6.7: RBS data for GMO films, deposited under variable Mo concentration (experimental
curves (circles) and SIMRA simulated curves (lines)).
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Chapter 7: Molybdenum Incorporation Ga203 Nanocrystalline Thin Films — Mechanical
Properties

7.1 Nano-Mechanical Analysis - Nanoindentation
7.1.1. Indentation Load (L) - Penetration Depth (d) Characteristics

To determine the optimum and reliable H and E; values, optimizing the penetration depth
and indentation load is critical. The data of peak indentation load - indentation depth relationship
of the GMO films are shown in Figure 7.1. The results indicate that all the GMO films exhibit the
same type of response to indentation load, i.e., an increase in the indentation depth with respect to
the increasing load. The load was varied from 100 uN to 2000 uN. At the initial load i.e., at 100
uN, the obtained penetration depth was ~8 nm for GMO-0 films, whereas for Mo incorporation,
the penetration depth is seen to decrease slightly but continuously with increasing Mo content.
This trend is continued up to a load of 350 uN load, where the penetration depth is almost constant
(~20 nm) for all the films. After this critical load, the penetration depth is seen to increase rapidly
with further increase in the load from 350 uN to 2000 uN for those films with higher Mo content.
While the film surfaces are expected to be harder with Mo, the observed trend of penetration depth
increase with increasing Mo content can be attributed mainly to the Mo-induced surface structural
modification. Initial incorporation of Mo did not change the crystal structure of the GMO films as
seen in XRD studies; therefore, the net result is that there was an opposing force for indenter
penetration into the film. That could be the reason why the intrinsic Ga.Os3 films as well as GMO
films deposited with relatively low sputtering power to the Mo target exhibit the lower penetration
depth. However, increasing Mo content induces the crystalline-to-amorphous structural
modification as noted in XRD and SEM studies. As such, the GMO films’ surfaces are no longer

stiffer to offer resistance to the penetration and increases the penetration depth with increasing Mo

76



content. It should be noted that the nanocrystalline films or fully crystalline films are expected to
be stiffer and stronger than the amorphous films!0% 121, 130,152 Therefore, there was no opposing
reaction to indentation load and hence the penetration depth was more in amorphous materials than

those observed in crystalline materialst®® 121,132,153
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Figure 7.1: Effect of indentation load on the GMO films in terms of indentation depth.

7.1.2. Effect of Indentation Load (L)) on Hardness (H) and Reduced Elastic Modulus (Er)
The hardness variation of GMO films as a function of indentation peak load is presented
in Figure 7.2a. The data, as well as a comparison, indicates that the GMO-0 and GMO-20 films
present a similar behavior with different H values, although the H values of Mo incorporated
samples are higher. This is mainly due to the crystalline nature of these films as evidenced by XRD
studies. Note that the hardness is related to the bonding between the atoms and to the ability of the

bonds to withstand deformation®?® 154155 |n fact, the same behavior is also noted in the load vs.
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depth analysis (Figure 7.1). For GMO-0 and GMO-20 films, the hardness increases until the
critical load 350 uN, at which point it starts decreasing slightly and remaining constant with

147 In practice, in

minimum variations. This phenomenon is mainly due to substrate effects
indentation experiments, penetration depth has to be maximum 10% of the total film thickness to
avoid the substrate effects'®" 104, On the other hand, GMO samples with increasing Mo content
also present the same type of behavior, i.e., increasing H values with load and starts decreasing
continuously. Thus, both the L-d and H-L relationships are in corroboration with the observed
differences in terms of structural changes, which are mainly crystalline versus amorphous nature
of the films due to Mo incorporation. Hardness and crystallographic structure relationships are
well established for crystalline materials. However, it is not the case for amorphous materials>?
16 The E; variation with load in GMO films is shown in Figure 7.2b. GMO films exhibit similar
behavior. The E; values gradually decrease with increasing load. Also, increasing Mo content
decreases E; values. This is because the films become amorphous with Mo incorporation. Thus,

the decreasing E; is due to structural transformation; E, values of an amorphous material is usually

lower than its crystalline counterpart because of less dense packing?®: 121 156-158,
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7.1.3. H and E: at Critical Load

To obtain reasonable and reliable H and E; values, the penetration depth where substrate-
induced effects can be safely neglected is important. In general, 10% of the total thickness of the
sample surface is acceptable to avoid the substrate effects while calculating the reliable H and E;
values of the coatings. As explained in earlier sections (load vs. depth), the critical load 350 uN is
found to be optimum where the depth (~20 nm) is more or less equal to 10% of the total thickness.
Therefore, this load was considered determining reliable H and E; values. The evolution of H and
Er with the Mo content is shown in Figure 7.3. It is evident that the Mo incorporation into Ga-
oxide significantly affects the mechanical characteristics. The H value increases from ~27 to 36
GPa for Mo content increase from 2 to 10 at%. However, a further increase in Mo content
decreases the H value to ~30 GPa, whereas at the same time the E; value is seen to decrease from
295 to 210 GPa continuously. Note that the elastic modulus is an intrinsic property and
fundamentally related to atomic bonding#” 1°. The E; value of an amorphous material is usually
lower than the crystalline material. It is due to the arrangement of atoms and density. The
amorphous material had less dense packing of atoms® . Therefore, we believe and conclude
that the observed changes in mechanical properties are mainly due to Mo induced chemical and

structural changes in the GMO films.
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Figure 7.3: Hardness and reduced elastic modulus of GMO films

7.1.4. Significance of H/Er

The mechanical behavior of a film/coating is not only strongly dependent on the
combination of H and E; but also the ratio of H to E;, which is usually called the plasticity index.
The concept of plasticity index is widely used in determining the limit of elastic behavior for the
films®® 180 In this case, the index will be helpful to understand the wear resistance of these GMO
films, especially for their integration in high-temperature sensors to be operated under extreme
environments. The obtained H/E; ratio data and H3/E? values for GMO films are presented in
Figure 7.4. Careful observation of the data reveals that the trend is similar to that seen in H values
which indicate that H/E, and H3/EZ the ratio is dependent on the hardness of the sample. Usually,
a high value of H/E, (>0.1) exhibits high elastic recovery or high wear resistance!*’. However,
only Mo incorporated films exhibit H/E; ratio >0.1, while for intrinsic Ga-oxide H/E; is <0.1. These
values can be understood as follows. The gallium oxide film is a ceramic, which is brittle in nature.

Furthermore, Musil et al. have defined the parameter (H%EZ) as the resistance to plastic
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deformation and demonstrated a general, linear relationship between H3/EZ and H for many
coatings for mechanical and tribology applications**°. Incorporation of a refractory metal into the
ceramic matrix is generally expected to improve the index as seen in the case of GMO films.
Continuous increase in Mo induces the amorphous nature which accounts for the slight decrease
in index values for higher Mo. However, the relatively higher H/E; values upon Mo incorporation

can be treated as an indication of excellent wear resistance of the films.
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Figure 7.4: Effect of Mo-target sputtering power on H/E; and H¥/EZ values

7.2. Nano-Mechanical Analysis - Nanoscratch

Adhesion between the film/coating and the substrate is a critical parameter to estimate the
life and film quality®® 143-144. 161-163 " Seratch testing is one of the most prominent and widely
acceptable methods to evaluate the adhesion strength between film and substrate, durability, and

functionality of the film. The adhesion strength of the GMO films was calculated. Poor adhesion

81



leads to early delamination of the film. The scratch testing procedure and depth profiles on GMO
samples are shown in Figure 7.5 and 7.6. The data reveal that the GMO-0 films exhibit the
interfacial bonding in terms of depth profile, i.e., 67 nm after the performance of the scratch test
(Figure 7.6). The scratch test was performed in such a way that, when the cohesive failure occurs,
the area around the scratch deforms while the rest of the film remains undamaged. It is important
to recognize that the GMO films do not exhibit any delamination other than pile up deformation.
The depth (Figure 7.6) profiles show the cross-section of the films at the maximum applied force
along with the scratch. The negative scratch depth means that the indenter is located above the
initial sample surface, and positive depth indicates the indenter is moved below the initial surface.
The nano-scratch was performed in ramping mode, where the normal force is increasing along
with the scratch X-direction. The lateral force applied on the tip by deforming material could also
be used to determine the plastic properties of the films. However, it was determined that a cross-
section profile of the scratch when 8000 uN force is applied better demonstrated the deformation
mechanisms. Evidently, the depth profile cross-sections obtained at the maximum 8000 puN force
exhibits that the scratch depth was continuously decreasing with increasing crystallinity. This
behavior matches with the H behavior shown in Figure 6.10. Also, it should be noted that nano-
scratch (Figure 7.5) tests showed material pile-up, but no evidence of channel cracking or

delamination of the films was observed.
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Chapter 8: Molybdenum Incorporated Ga:03 Nanocrystalline Thin Films — Optical
Properties

8.1.  Optical Analysis-Ellipsometry

The refractive index (n) and extinction coefficient (k) of the thin films were fitted with a
Tauc-Lorentz dispersion model, which proved successful in determining the optical properties of
the GMO films. This model was chosen both for transparency in respective wavelength regions
for GMO films and for providing a successful fit with the data while serving to explain the films’
optical properties. To extract meaningful physical information from ellipsometry measures
requires an optical model of the sample that accounts for multiple distinct layers with different
optical dispersions. In particular, the layer interfaces act as optical boundaries where light can be

refracted/reflected as per the Fresnel relations!64-16,

Figure 8.1 displays the spectral dependencies of ¥ (azimuth) and A (phase change); these
ellipsometric parameters are fitted using the appropriate models to find film thickness as well as
the optical constants, namely refractive index (n) and extinction coefficient (k). These values are
derived from the best fit between experimental and modelled spectra. As indicated in the figure,
the curves obtained for the GMO films indicate high agreement between the experimental and

simulated data across the experimental temperature range.
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Figure 8.1: Spectral dependence of ¥ and A for GMO films. The experimental and modelling
curves are shown

Figure 8.2a shows the refractive index and extinction coefficient profiles for the GMO
films. There is a gradual decrease in the fundamental absorption of energy across the bandgap
correlating with longer wavelengths. However, while the films show a general trend of increasing
n values correlating with Mo content up to a Mo sputtering power of 80 W, the 100 W film shows
a significant decrease in values, indicating a transition to a more amorphous structure. Increasing
Mo content in the films shows a notable decrease in extinction coefficient values, though the
unusually sharp decrease for the sample sputtered at 20 W is likely an artifact caused by the

unexpectedly low thickness of a particular sample as shown in Figure 8.2b where thickness and
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roughness of the samples as a function of applied Mo sputtering power is shown. The general
lowering of the k values with increased Mo content indicates the doping procedure results in
steadily decreasing optical losses due to absorption, particularly at high wavelengths. This
behavior can act as a commentary on the optical quality of film growth and the effect of Mo
dopants on gallium oxide films as the strong absorption can be attributed to the high quality of the

grown layers and higher transparency with increasing Mo content.
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samples

The microstructure information such as film thickness and roughness were also obtained

from the spectroscopy analysis. The GMO films deposited for a time of 1 h and Mo sputtering

power was the only variable. As a result of that, the film thickness varied as a function of Mo

sputtering power and/or Mo concentration is represented in Figure 8.3. From the spectroscopy
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analysis, it is evident that the film thickness is steadily increased by increasing the Mo sputtering
power. The obtained film thickness was approximately 85 nm for GMO film and increased to 115
nm for GMO-100 film. On the other hand, there was no significant change in the roughness, which

ranged from between 0.1 to 0.8 nm.

120

110 -

[a—y

<

<
I

Thickness (nm)
E
o

=]

=]
|
o

70 | L | L | L | L | L |
0 20 40 60 80 100

Mo Sputtering Power (W)

Figure 8.3: Thickness of Mo doped Ga>Os thin films at a different sputtering power

When comparing the refractive index across all samples with regard to certain wavelengths,
they remain fairly constant up to Mo concentrations of 11 at% and show an equally constant
crystallinity and packing density. However, the sharp decrease in n values, as shown in Figure
8.4, further serves to support the idea of a transition to a decidedly more amorphous phase for the
material, indicating that there is a threshold for Mo dopants where material crystallinity will

become compromised.
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For thin film and nanoscale materials, optical constants are generally very sensitive to the
microstructure and chemistry and are heavily influenced by a variety of properties including crystal
quality, lattice parameter, defect structure, and packing density. As a result, the good optical
quality of intrinsic Ga;O3 films is the result of their nanocrystalline structure and stoichiometry,
and the noted changes in n and k values can be directly attributed to the introduction of Mo into
the structure. The relatively low values of the optical constants observed can thus be assumed to
be the result of low packing density and/or stoichiometric defects resulting from the inclusion of

the dopant at higher concentrations.
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Figure 8.4: Variation of ‘n’ values of GMO samples at different two wavelengths.

Additional evidence for an amorphous transition in the GMO films is demonstrated in

Figure 8.5, where the sharp decrease at 100 W of applied power for Mo for relative density stands
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in contrast to the relatively constant densities, and correspondingly high crystallinities, of the lower
sputter power samples. This also explains the trend shown with the refractive index with increasing
Mo content as the density of films and their corresponding refractive indexes are closely related.

To confirm this the relative density of the GMO films was calculated using the Lorentz-Lorentz

relationship:

_Pr_ (nF-1)(n+2)

_ 19
P =0, = mErnymi-n (19)

In which pr is the density of the thin film, py is the density of the bulk material, nr is mean
refractive index of the film, ny is the refractive index of the bulk material, and p represents the
packing density. The bulk refractive index was taken as 1.9201, the value for B-Ga>Os. The

refractive index was taken at two different wavelengths, 550nm, and 632 nm, to ensure consistency

across the spectrum when calculating relative density.
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8.2.  Optical Analysis-Spectrophotometry

The spectral transmission characteristics of GMO films are shown in Figure 8.6. It is
evident that the GMO films show high transparency in the entire spectral range; however, the sharp
decrease in the UV and/or near UV-region corresponds to the incident radiation being absorbed
across the bandgap (Eg). Further analysis of the spectra is performed in order to better understand
the effect of Mo-incorporation on the optical properties and to derive a quantitative structure-
chemical composition-optical property relationship in GMO. For B-Ga,Os with direct bandgap3*

166, the absorption follows a power law of the form:

(ohv) = B (hv-Eg)Y? (7)

Where hv is the energy of the incident photon, a- the absorption coefficient, B- the
absorption edge width parameter, Eq- the bandgap. The optical absorption coefficient, a, is
evaluated using the standard relation taking the GMO thickness into account. The absorption is
higher in GMO films compared to that of intrinsic Ga.Oz films. The absorption data and the plots
obtained for GMO films are shown in Figure 6.19. It is evident that (ahv)? vs. hv results in linear
plots in the high absorption region suggesting direct allowed transitions across Eg. The regression
analysis and extrapolating the linear region to hv=0 provide the Eq value (Figure 8.6). The Eg value
for intrinsic Ga203 (without Mo) is 5.21(+0.03) eV. The Eq values were found to decrease with
increasing Mo content in GMO films. The variation of Eg with applied sputtering power is shown
in Figure 6.19. For the highest sputter-power of 100 W applied to the Mo-target in this work, the
Egy decreases significantly down to 4.23(+0.02) eV. The Eg-shift, AE¢g=1 eV, is a substantial redshift

associated with Mo-incorporation in Ga;Os.
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Figure 8.6: Spectral transmission characteristics of GMO films. The Mo-induced shift is evident
from the inset, where the expanded region of the absorption region is shown

The effect of Mo-incorporation and the physics/chemistry of electronic structure changes
leading to a substantial redshift in Eg can be understood as follows. We first consider the
crystallographic data of Ga- and Mo- oxides separately and then consider the Mo-incorporation
induced changes in the crystal structure of Ga,Os. Most important to note is the fact that both
Ga203 and MoOs exhibit polymorphism. While MoOs oxide exhibits only the orthorhombic and
monoclinic phases routinely, the monoclinic phase is thermodynamically favourable for Ga,03**
50, 167-170 | the jonic sizes are comparable, a solid solution without any structure change can be
expected for Mo-incorporation into Ga>Oz lattice i.e., Mo can occupy the lattice positions of Ga

inside the B-phase structure of Ga>Os. This indeed is seen in XRD data (Figure 6.1), where no

evidence of secondary phase or no distortion of the peaks of the parent B-Ga.Osz for Mo
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concentration <4 at%. Thus, combined crystal structure and chemical composition analyses
indicate that GMO films accommodate Mo-atoms without any structural distortion up to 4 at%, at
which the onset of changes in texturing and/or secondary phase formation occurs, as revealed by
XRD studies. The reason for GMO single-phase system could be the comparable ionic radii of
Ga®* and Mo®" ions which are 0.062 nm and 0.059 nm, respectively!’"1"2, Note that the ionic radius
of Mo®" is, in fact, lower, compared to that of Ga®". However, Mo ions can be occupied by the
Gaz0s structure without any perturbation only up to a certain concentration limit. Exceeding such
limits might result in Mo occupying interstitial positions leading to changes in crystal structures

observed for GMO films with Mo>4 at%.
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Figure 8.7: (ahv)? vs. hv plots of GMO. The linear region is extrapolated to zero absorption to
obtain the Eg value. The absorption edge shift towards lower energy is evident.
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The effect of Mo incorporation into Ga>Os on the optical properties can then be understood
as follows. The E4 value measured for Ga»>0s films without any Mo-incorporation (5.2 eV) is in
reasonable agreement with that reported for B-Ga,03* >°. Mo-incorporation effectively reduces
Eg leading to a substantial red-shift of the cut edge (Figure 8.7). For the initial Mo-incorporation
in the GMO films at Mo content <4 at%, Mo ions may form donor levels within the bandgap of
Gaz0s. This is due to the substitutional nature of Mo in Ga2Oz as evidenced by crystal structure
studies. Increasing the sputtering power to Mo-metal target from 0 to 100 W increases the effective
Mo content incorporated into the Ga>Oz. In turn, this will increase the donor levels within the
bandgap which is responsible for the effective reduction of the bandgap. This accounts for the
observed red-shift in the bandgap of Ga>Oz. The substantial shift can be attributed to the Mo-ions
able to form a single-phase system. This evidence comes from the structural analysis of the films
where no perturbation to the parent crystal structure is seen, although the formation of the Ga>Os-
MoOs composite at higher Mo content cannot be ruled out. It should be noted that the Eq of M0O3
is ~3.2 eV’3, The measured Eq is not even close to this value which is an indication that the
composite film consists of Ga;O3 as the dominant phase while MoOs may be only a minor
component. We believe that there may be further options available to tune the structure and optical
properties of Mo-Ga>03 materials, which could be useful for improved TCO and photo-catalytic

applications.
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Chapter 9: Molybdenum Incorporated Ga203 Nanocrystalline Thin Films — Oxygen Sensor
Performance Evaluation

9.1. Electrical Analysis - Hall Effect Measurements

In addition to structural and morphological characteristics, the electrical characteristics of
Mo-doped Ga>Os3 are quite important for this material’s integration into sensor applications.
Therefore, the electrical characteristics of GMO films were evaluated thoroughly. Figure 9.1
represents the electrical characteristics of Mo-doped Ga;Os thin films with variable Mo sputtering
power. The electrical mobility, resistance, and conductivity are shown with variable Mo at%. The
Hall mobility was seen to gradually increase with increasing Mo at%. The mobility value was ~23
cm?/V-s for intrinsic Ga;0O3 film (GMO-0) and increased to ~90 cm?/V-s for GMO-100. This
phenomenon could be explained by the fact that, in general, for any uniformly doped
semiconductor structure the number of minority phases, especially binary minority phases, will
reduce when increasing the doping concentration, which ultimately leads to enhancement in the
mobility values!™ 7>,

The resistivity values were decreased continuously by incorporating the Mo concentration.
For GMO film, the resistivity was ~8.4E+4 Q-cm, while for GMO-100 film, the values decreased
continuously and reached ~3.3E+4 Q-cm. Serrao et al. reported that thickness and electrical
resistivity are inversely proportional to each other, i.e., by increasing the film thickness, resistivity
will decrease!’6!"8, In this study, except for the Mo sputtering power, every deposition condition
remained constant. By observing the ellipsometry results, the film thickness increased due to
increasing the sputtering power. On the other hand, conductivity is increased by incorporating Mo

into Gax0; films. Doping Mo in Ga2O3 increases the oxygen vacancies and hence tends to create
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an additional source of free electrons!”!%°. This phenomenon will lead to enhancements in the n-
type conductivity of the GMO films.

Finally, the effects of Mo content on the microstructure can be seen in the electrical
resistivity of the GMO films. Namely, the electrical resistivity tends to become higher with grain
size reduction due to increasing grain boundary volume and associated charge carrier flow
impedance. Additionally, lattice imperfections, including vacancies and dislocations, are often
present in nanocrystalline material and have a strong influence on electrical resistivity. An
amorphous structure, for the given material, would tend to lack these features leading to overall

decreased electrical resistivity and corroborating the trend indicated with the ellipsometry

measurements'8!.
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Figure 9.1: Electrical characteristics of GMO films at various Mo concentration.
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9.2.  Gas Sensing Analysis - High-Temperature Sensor Performance

The temperature-dependent electrical data of GMO samples are represented in Figure 9.2.
The mechanism between the grains acts as a vital role in sensor conductivity, which has a Schottky-
type nature. Therefore, finding out the activation energy plays an important role in determining
the sensor qualities. The activation energy (Ea), i.e., the minimum energy molecules must possess
to undergo a specified reaction, will be calculated from the slope of temperature-dependent

electrical data using the relation

Egq

R =R, eGr (20)

where R represents resistance, R« represents resistance at infinite temperature, Ea represents
activation energy, k represents the Boltzmann constant, and T represents an absolute temperature.
The temperature-dependent resistance values increased up to GMO-60 film (10 at%), but when
further increasing Mo at%, the resistance values decreased, as shown in Figure 9.2. The Ea will be
calculated based on the slope of temperature-dependent electrical data, represented in Figure 9.3.
The Ea values decreased continuously for GMO films. The Ea value for intrinsic Ga2O3 film
(GMO-0) is approximately 1 to 1.05 eV. By increasing the Mo content to 2 at%, the Ea value is
slightly higher and within the error range. Further increasing the Mo content, the Ea values were
decreasing continuously and for the atomic percentage of 11.23, the Ea value was around 0.30 eV.
This phenomenon shows that the required thermal energy is becoming lower by incorporating the

Mo content into Ga>O3 to detect the oxygen.
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Figure 9.3: Activation energy of GMO films. The continuous decrease in EA values with Mo
incorporation into Ga2O3 can be noted.

The oxygen sensor response in terms of resistance for GMO thin films is represented in
Figure 9.4. The experiments were performed at a constant temperature of 500 °C at different
oxygen partial pressures (pOz) between 8 to 40 Pa in a cyclic manner. Pure Ar gas at a constant
flow was introduced along with the pO> gas into a controlled environment. The schematic
representation of the oxygen sensing setup is represented in Figure 4.12. The experiments were
conducted >100 h to check stability and repeatability and maintained for 12 min of constant time
between successive cycles. The resistance value increased rapidly when O» gas introduced for
GMO-0. The intrinsic Ga>O3 (GMO-0) widely studied and suitable for oxygen sensing, reported
in the literature” 7> 3233182 GMO-20 film following the same trend concerning GMO-0 film. As
discussed in the XRD and XPS, GMO-20 film had an Mo content of 2.25 at%, which was very

low and did not have much effect in altering the intrinsic properties. On the other hand, for the
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films GMO-40, GMO-60, and GMO-80, the resistance was flipped, i.e., when O2 was introduced
into the chamber, the resistivity decreased and vice-versa. This might be due to an increase in the
Mo content of the films, which were 4.35 at% (GMO-40) and 11 at% (GMO-80). The same
phenomena were observed in titanium introduced into Ga203 thin films as reported by Manandhar
et al.'”. However, for GMO-100 film, the resistance again increased and followed the same

behavior as GMO-0. At the same time, there was a rapid response.
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Figure 9.4: Gas sensing performance test for GMO films

Moseley et. al. mentioned the relation between pO> and the conductivity of mixed valence

oxide sensor represented by!®3:

o = Axexp [~ 74/, lpO}™ 1)
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where Ea represents the activation energy of the sensing film, k represents the Boltzmann constant,
A represents a constant, T represents absolute temperature, pO represents oxygen partial pressure,
and m represents a parameter determined by the carriers (either n or p-type) and the defects in the
oxide. The |m| value gives the sensitivity of the sensor, i.e., the higher the value, the higher the
sensitivity. The corresponding m values of GMO films are represented in Figure 9.5a. GMO-0
film (intrinsic Ga>O3) has an m value of -5.5, which is in close agreement with the literature. Frank
et. al. and Ogita et. al. reported an m value of -4 for the bulk Ga>03°" . However, incorporating
Mo into GaxOs altered the oxygen sensitivity properties. The m value was increased from -5.5
(GMO-0) to -0.5 (GMO-40); from there the value is reduced gradually, and finally for GMO-100
(11.23 at% of Mo) it is approximately -6.5. As per the equation reported by Moseley et al., the
higher the value, the higher the sensitivity.

Figure 9.5b represents the response time in seconds for GMO thin films. Note that the
response time is calculated based on the standard procedure. The response time for the GMO-0
film (intrinsic Ga;03) is 2545 s, whereas incorporating Mo into Ga20O3 reduces the response time.
For the film GMO-20, the response time increased abruptly to 70+5; from there the response time
reduced gradually, and finally for GMO-100 it was ~4 s at 11.23 at% of Mo, which is evident from
the Figure 6.6. The response time can be influenced by the surface reaction rate and/or the diffusion
rate. When pO: is increased, the oxygen molecules adsorbed at the surface split and occupy the
vacancies near the surface. A diffusion process of oxygen inside the film, across the grain

boundaries, will reestablish equilibrium with the gas phase®> *°.
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Response time determined from functional electrical characteristics of GMO
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Chapter 10: Summary and Conclusions

The various studies were performed in this research to understand the overall phenomena
of refractory metal doping, in this context molybdenum into gallium oxide thin films. Summarizing
the results, GaxO3 and Mo-incorporated Ga,Os3 films were fabricated and their structural, chemical
and optical properties were investigated. The effect of Mo-incorporation is significant to the
structural and optical properties of Ga;03. Mo-induced linear variability in E; is demonstrated for
Ga0;. Based on the results, the Mo-incorporated Ga>xOs was found to be a chemically and
optically variable system, where materials with desired electronic properties can be obtained for
specific optoelectronics and photo-catalytic applications.

The GMO nanocomposite films with variable Mo contents (0-11.23 at%) were sputter-
deposited onto Si(100) by varying the sputtering power ranging from 0 W to 100 W. The effect of
Mo on the crystal structure and mechanical properties of GMO nanocomposite films was
significant. While Mo content < 4 at% retained the B-GaOs phase, higher Mo content induced
amorphization. Molybdenum incorporation into $-Ga,0Os3 reduced the grain size, leading to the
amorphous nature of the entire film as well as its surfaces. The nano-indentation studies indicated
the remarkable effect of structural evolution and Mo content on the mechanical properties of the
deposited GMO thin films. While Mo incorporation increased the hardness from 25 to 36 GPa,
elastic modulus decreased. Incorporation of Mo in the Ga-oxide phase with increased grain
boundaries to resist dislocation movements is understood to be the primary reason for elevated
mechanical characteristics. Molybdenum content of 4-5 at% was shown to be the optimum amount
to produce B-Ga>Os3 nanocrystalline films with structural quality and enhanced mechanical

characteristics for application in energy systems.
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Finally, based on the extensive characterization, results obtained and detailed analyses, we
believe that this thesis work presents an interesting scientific approach to design refractory-metal
incorporated Ga>Os-based materials with controlled structural, mechanical, and optical properties.
The the combined effect of Mo-doping and processing parameters on the properties and oxygen
sensor performance of GMO nanomaterials as presented and discussed may be applicable to a
large class of RM-doped Ga>O3 materials. Additionally, the present approach of Mo-doping being
successful to allow designing Ga;Os-based nanomaterials with tunable mechanical properties,
there may be further options available to produce unique materials for enhanced technological
performance. The oxygen sensor performance evaluation made using laboratory based
measurements indicate enhanced sensor performance of GMO for high temperature oxygen
sensing. Incorporating Mo into Ga;0Os reduces response time of the oxygen sensor by several
orders of magnitude. Thus, it may be further possible to tune the conditions or explore other

dopants to enhance the oxygen sensor performance under extreme environment conditions.
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Chapter 11: Future Work
The following work is recommended for the continuation of this research:
e Investigation of the thermal stability of the Mo doped Ga,O3 thin films at higher
temperatures.
e Fabrication of Ga-doped MoOs sensor for in-situ testing. This will reverse the
charge imbalance and will allow the study of Ga in MoOs structure.

e 3D printed thin films for sensor applications.
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