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Abstract

Tungsten oxide (WOs) is important and well-studied in materials science, particularly for sensor
applications. In this research work, we consider the innovation of adding Ti to thin films of this
material. Since the characteristics of any such material are strongly dependent on the conditions and
methods used in its deposition, the main objective of this project is to provide a detailed spectroscopic
characterization by Raman scattering, infrared absorption, and X-ray photoelectron spectroscopy (XPS)
of WO3 and of Wy 9sTig0sO3. This characterization will be based on comparison of the morphology and
composition of WOs-based thin films, grown by radio frequency magnetron reactive sputtering at
substrate temperatures varied from room temperature (RT) to 500 °C. In the W 95T 0503 thin films, our
Raman data reveal a phase transformation from a monoclinic WOs; structure to an orthorhombic or
tetragonal configuration, based on peak shifts of WO3; W-O-W stretching modes from 806 and 711 cm™,
to 793 and 690 cm™', respectively. In addition, Ti-doped WO; films require higher growth temperatures
to attain crystalline microstructure than do pure WO; films. XPS data indicate a reduced WO;
stoichiometry at the surface of the doped material, with W’ and W>* tungsten oxidation states present.
This observation could easily be related to the existence of a different structural phase of this material,

corroborating the Raman measurements.
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Chapter 1: Introduction

1.1 INTRODUCTORY REMARKS

The purpose of this work is to comparatively investigate by using spectroscopic methods such as
Raman, infrared absorption, and X-ray photoelectron spectroscopy (XPS) the characteristics of tungsten
oxide (WO;) and Ti-doped WOs. Since this research was supported by a grant from the Department of
Energy, the work presented here is also linked to the demand for improved quality materials that provide
future candidates for use in sensors for detection of poisoning gases in the coal-gasification process.
The intended purpose of Ti doping was to solve the long-standing problems of achieving resistance to
chemical poisoning, corrosion and photo-corrosion, and of widening the operating temperature range of
the semiconductor oxide material. Furthermore, the new material should be robust under the conditions
of high temperature and pressure, which are typical of the industrial-scale coal-gasification environment.

The task of sensor packaging is beyond the scope of this work. The research presented here
targets the effect of processing conditions on the growth and microstructural evolution of WO;-based
thin-films and their properties at the nano-scale for developing stable and reliable materials.

There are various types of gas sensors, among which semiconductor based chemiresistor sensors
have been most studied and widely used for detection of combustible and toxic gases, mainly because of
their low cost and relative simplicity. While, the basic principle underneath the functionality of the
chemiresistive gas sensors is the change in electrical resistance of the sensor material as a result of its
interaction with gas, we are not going to present such results here.

Gopel and Schierbaum [1] defined a chemical sensor as a device which converts a chemical state
into an electrical signal, where the concept of chemical state is considered to take the form of different

concentrations or partial pressures of molecules or ions in a gas, liquid or solid phase. In this context,



chemical sensors are interfaces between chemistry and electronics that contain, mainly, two domains:
the chemical interface layer and the physical transducer.[1-5] Since the interface layer is the platform
where the chemical/physical changes are produced due to interactions between the measured substance
and the surface layer, it should have the following characteristics [1-5]:
1. To be in chemical contact with the substance to be measured.
2. To operate in real time, necessitating being chemically very sensitive (react fast) to the exposed
substance.
3. To be physically small and less expensive than other systems that could provide the same results.
4. To be able to detect more than a single or simple physical or chemical property.
5. To have a long operating life, which requires good structure and mechanical strength
The physical transducer records the changes mentioned and generates a related electrical signal.
In view of the fact that oxide materials have the characteristics stated above, some of them that
have been considered for this type of application are:

Semiconducting oxides: WO3,Ti0,, SnO,, ZnO, In,O5

Catalytic Oxides: VO, MoOs, CuO, NiO

Mixed Oxides: LaFeOs, ZnFe,04, BaTi03, CdySbyOg g

In fact, gas sensing is based on three different processes: the receptor, transducer and operating
modes.[6] The receptor is the surface of the metal oxide layer where chemical reactions such as gas
adsorption or desorption take place. The adsorption reactions between the gas and the solid are classified
either as physisorption or chemisorption. Usually, a gas molecule is considered to be chemisorbed if an
electron transfer between the gas and the solid takes place, as opposed to the physisorption process,
where no transfer occurs. Ideally, the gas- solid interactions should result in changes in the depletion
layers of the metal oxide grains, or more specifically, in changes in the oxygen stoichiometry of the

surface. [7,8]



For n-type semiconductor metal oxides such as the WOs3 in the current study, any stoichiometric
excess of the metal is due to oxygen vacancies. It is also known that the conductivity of the bulk
material is less than the conductivity of its surface. This can be explained by the formation of surface
oxygen ions, which are electron traps, and, consequently, form a surface depletion layer (development of

Schottky barriers at interparticle contacts). It has also been demonstrated that, generally, the principal

ion at the surface varies as follows: for temperatures less than 200 °C O, is dominant, for temperatures
between 200 °C and 500 °C O~ is expected, and for temperatures above 500 °C an equilibration of

lattice oxygen with the surrounding atmosphere occurs.[9-11]

For n-type WOs3, because the electrons originate from ionized donors via the conduction band,
the charge carrier density at the interface would be reduced and a potential barrier to charge transport
could appear, inhibiting the adsorption of further oxygen. Near the grain surface, then, the depletion
layer with its potential barrier can become a high resistance region, but one which will be sensitive to
the coverage of adsorbed oxygen ions on the surface. A schematic diagram of this phenomenon is

presented in Figure 1.1.
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Figure 1.1: Schematic diagram of band representation of an n-type crystalline semiconductor
with grains of width W. Oxygen vacancies are responsible for the negative charges

in the conduction band and the positive charges in the energy gap. [Adapted after 7]



In the presence of a reactive gas, this surface coverage of oxygen ions would be modified, and
the resistance would change (it usually drops). Thus, a typical way of measuring the sensitivity, to a
toxic gas, of a sensor which contains a metal oxide layer as a receptor is by measuring the change in its
resistance, which, correspondingly, will be an indication of its reactivity in the presence of the gas.

Sensors using the DC resistance of heated metal oxide semiconductors are members of the
electrochemical class of chemical sensors, and of the subclass of impedance sensors. Gas sensors based
on different metal oxides such as WO3, SnO,, Ti0O,, and In,O; are generally be identified as belonging to
a specific type within the class of electrochemical-impedance sensors and are often called metal oxide
sensors (MOX). In their simplest configuration, MOX sensors consist of a substrate with a heater,

electrodes, and a sensitive layer in contact with the electrodes.

1.2  BACKGROUND AND RESEARCH MOTIVATION FOR USING METAL OXIDES

Among other metal oxide materials, tungsten oxide (WOs) has been investigated
comprehensively for distinctive and varied industrial applications because of its outstanding
electrochromic, photochromic, and gaschromic properties. Based on electrochemical processes on WOs,
in which reversible coloration and bleaching can be achieved, the following technological devices have
been manufactured: electrochromic camera displays, anti-dazzling rear view mirrors for automobiles,
smart windows and glass facades that can regulate visible light and solar energy to improve indoor
comfort.[12-14] For example, Huang et al. [14] explored the potential of WO; nanowires as sensing
elements for UV light photodetection and their application in high-sensitivity nanoscale UV detectors
and optoelectronic switching devices. In their study, the nanowires were synthesized by a simple
hydrothermal method using Na,SOj as a structuring agent. Their high-resolution transmission electron

microscopy (HRTEM) measurements indicated a hexagonal structure for the WO; nanowires, which



were oriented along the [001] direction, in contrast to the more frequently encountered monoclinic
nanostructure of tungsten oxides synthesized by sol-gel, CVD, and thermal treatment processes.[14]

It has also been established that during exposure of thin amorphous WOs films to UV light,
besides color variation, both optical absorptivity and electrical conductivity increase, an effect similar to
that of photoinduced doping of thin amorphous WO; films. [15] It has been demonstrated that the
increase in coloration of WOs, which can be achieved by electrochemical treatment or by UV light
exposure of the material, relates to an increase in its electrical conductivity. This process is also named
electrochromic or photochromic coloration and has important applications in flat panels and active
optical filters.

WO3, a semiconductor with a relatively large indirect band gap of 2.8 eV, has been used not only
in detecting UV radiation, but also in the previously mentioned non-emissive displays and optical
recording devices (electrochromic applications), and also in catalytic/photocatalytic processing, solid-
state gas sensors, humidity and temperature sensors, biosensors, and photonic crystals.[16-19]

Lately, a new research trend in technological applications of this material, namely, its use in gas
sensors, which is the central topic of the current research, has seen increasing interest in the scientific
community. Focusing on gas sensors, most of the work has been devoted to conductometric chemical
devices, due to their small size, low cost production, low power consumption, and high compatibility
with electronic signal processing.[20-28] In this context, WO; proved to be a good candidate for
detection of different gases such as H,S, NH3, NOyx, O3 and H,.[20-28] It has also been demonstrated to
be less sensitive to carbon monoxide and hydrocarbons than for detecting the previously mention gases
and volatile organic compounds (VOC) that can cause serious health problems.[20]

Many researchers have demonstrated the suitability of thin or thick WO; films as sensing layers
for gas monitoring applications and of fabricated monolithic thin or thick films of metal-oxide gas

sensor arrays for detecting the presence of VOC(s).[20-28] MEMS technology, which was introduced



about ten years ago, together with micromachining techniques, has been extensively used for fabrication
and miniaturization of all manner of devices, including gas sensors.

For example, Yamazoe ef al. studied the detection of ammonia using pure WO; and Au-catalized
WO3 as sensitive materials.[23] They also analyzed the influence of the thickness of the film layer on
the effect of sensitivity and demonstrated that Au-loaded WOs3 exhibits excellent sensing properties for
NHj in air at 450 °C, it being able to detect 5 ppb of ammonia.

Gas sensors for detection of O3 have been successfully developed by printing WOj3 porous layers
directly onto impermeable substrates or by using RF reactive magnetron sputter deposited sensors to
monitor NH3 [20] Also, a WOs thick film sensor was almost unimpaired by co-existing water vapor. It
was evident that the use of microelectrodes, as well as of the disk shaped WO; grains, were responsible
for the sensitivity.

Chemochromic materials such as WOs3 can reversibly react with hydrogen in air, exhibiting
significant changes in their optical properties.[20] Using this characteristic of WOs, thin films of this
material were applied to a sensor at the end of an optical fiber to detect low concentrations of hydrogen
from gas leaks in air and, consequently, to fabricate hydrogen leak detectors. It has also been used in
transducers to signal the activation of safety devices such as shut-off, ventilating fans, and alarms that
should be in place wherever a leak could pose a safety hazard.[20]

Furthermore, solution-based synthesis using peroxytungstate to fabricate efficient WO3 sensing
electrodes for high temperature potentiometric NOx sensors has been investigated. Aqueous electrode
nanostructures, as well as certain species at electrode-electrode interfaces, have substantial influence on
the sensitivity, response and recovery times of electrochemical sensors. The WOj3 electrode of one study
was found to exhibit different surface nanostructures, better mechanical stability, fast recovery and

better sensitivity than devices made from conventional ceramic powders.[20]



Hydrogen sulfide, a poisonous gas which occurs naturally in crude petroleum, volcanic
environments, or as a result of bacterial and organic matter decomposition, or due to industrial activities,
was the subject of intensive research for the purpose of its accurate detection. To this end, Biaggio et al.
showed that WOs-based sensors were capable of detecting sulfur compounds in the presence of
hydrocarbons, their being sensitive to very low concentrations of H,S (100 ppb). [24] In these authors’
research, pure and doped WOj3 thin films grown by reactive RF magnetron sputtering were examined by
TEM for thickness and distribution. An annealing process was applied and the morphology examined by
SEM. The WOs crystalline phase was also confirmed by XRD.

Stankova et al. also studied WOs-based materials for future applications in sensors that can
detect traces of pollutants in carbon dioxide streams, as well as in sensors that are capable of detecting
sulphur compounds in hydrocarbons.[25]

Profs. Vetelino’s and Lad’s groups from the laboratory for Surface Science and Technology of
the University of Maine investigated pure and doped WO; for H,S detection. They analyzed not only
the response of this material to H,S but also its characteristics such as mobility [26], film microstructure
[27] and stoichiometry [28]. Their films demonstrated sensitivity to 1 ppb of H,S at 200 °C. They also
stated that post-deposition annealing of the films to a temperature of 400 °C will improve the sensitivity
and the response of WOs films since this process will induce film crystallization that will increase
surface roughness and decrease film conductivity.

Although various types of sensors have been intensively studied and practically used, there is
still room for improvement regarding their sensitivity and selectivity since some of them can detect a
variety of gases but with low sensitivity; thus, many sensor devices may have to be used, or spatial
scanning of a single device is required, which can lead to high cost and systems that are complicated to

operate. Another challenge is to further enhance their sensitivity at high operating temperatures.



Since the metal oxides’ sensing properties as well as their other characteristics depend highly on
crystallinity and stoichimetry, characterization of the samples at the molecular level using spectroscopic
methods could bring additional valuable insights. However, knowing the spectroscopic properties of
pure WOs is essential before advancing to analysis of other types of engineered tungsten oxide materials
(e.g. morphological modification induced by doping). Thus, below, we present these properties for pure

WO:;.

1.3 STRUCTURAL AND SPECTROSCOPIC PROPERTIES OF WO3

Tungsten oxide is a widely studied material for the development of solid-state devices based on
thin and thick films.[16-19] As previously mentioned, because of its optical and electrical properties,
WOs; is a promising material for gas sensors and various selective catalysis applications (e.g. efficient
photolysis and electrochromic devices).

In the context of gas sensor applications, the gas sensitivity of WOs3 heavily depends upon film
parameters, such as composition, morphology (e.g. grain size), nanostructure and microstructure (e.g.
porosity, surface-to-volume ratio) [26-29]. Film parameters are related to the deposition techniques
used, deposition conditions and the subsequent annealing process [26-29]. There are three main types of
depositions, namely chemical vapor deposition (CVD), physical vapor deposition (PVD), and
powder/slurry deposition, with different subcategories as presented in Table 1.1.

Also, annealing, as mentioned above, is an essential process for obtaining stable films with well
defined microstructure, since stoichiometry and microstructural changes that could have strong
influences on the sensing characteristics of the film are expected.[26-29] Usually, the main difference
between the CVD and PVD growth techniques versus the powder/slurry growth method is regarding the
resulting thickness of the film; the latter leading to thicknesses of the order of microns (thick films). The

film thicknesses of the former are in the range of a few tenths to hundreds of nanometers (thin films).



Table 1.1: Typical deposition techniques used for the preparation of gas-sensitive sensors based on

WO:s.

Chemical Vapor Physical Vapor Deposition (PVD) Powder/Slurry

Deposition (CVD)

Sputtering Evaporation

Thermal CVD Reactive Molecular Beam Sol-Gel
Sputtering Epitaxy

Plasma CVD Cathode Thermal Evaporation Precipitation
Sputtering

Laser Induced CVD Reactive Evaporation Screen-Printing

Electroless Plating Ion Plating Dip Coating
Reactive Ion Plating Drop Coating

Arc Evaporation Pulverization Coating
Laser Evaporation Spin Coating

In addition, another basic difference is in the microstructure, e.g. the porosity, of these thin or
thick films. Thin films are usually compact/non-porous, so the interaction with the gas to be detected
takes place mainly at the external surface of the sensitive layer, as opposed to the case of thick films,
which are porous; gas can penetrate through most of these films and, consequently, interaction can take
place throughout the whole layer. Since the change in conductivity in the latter scenario will not be
limited to the outermost zone of the sensitive layer but occurs throughout the layer, there is still a debate

in the literature about the relative sensitivity and performance of these two types of films.[6] Finally,



most of the articles with reference to WO;3; growth and properties are based on thin films grown on
silicon or alumina-based substrates. Thus, keeping in mind that nowadays there are other techniques for
obtaining thick porous films on micromachined sensors and that could be annealed to high-temperature
for structure stabilization, “thin film versus thick film” is a valid debate regarding performance.

Also, Qkazaki [30] in his study demonstrated that the oxygen applied at various pressures during
WOs; thin film growth gives rise to different stoichiometries, which is something to be considered in
addition to the expected change in morphology of the films due to the applied heat treatment at 450 °C.
It has been demonstrated that WO; thin films submerged in oxygen as the sputter gas exhibit better
electrochromic properties with improved color efficiency and optical modulation and faster switching.

The preferred growth tecqniques employed in fabrication of thin films are mostly RF sputtering,
sol-gel, and electron-beam evaporation because of their ease of use and ability to form high-quality
multilayer thin film structures.

Depending on deposition techniques and conditions such as tungsten and oxygen pressure ratio
and substrate growth temperature, it is possible to obtain different polymorphs of WOj; such as
monoclinic (> 17 °C - 330 °C), orthorhombic (330 °C - 740 °C), and tetragonal (> 740 °C).[8-28]. Ttis
also known that tungsten oxide belongs to a cubic perovskite-like structure based on corner sharing in a
WOg regular octahedral lattice, with O atoms at the corners and W atoms at the center of each
octahedron.[8-28] The WOs; structure is similar to that of the rhenium oxide structure ReOs; but its
symmetry is lowered by two distortions: the tilting of WOg octahedra and the displacement of W from
the center of its octahedron.

Raman vibrational modes for different structural phases of WOs; such as monoclinic, and
orthorhombic have been also been reported in the literature, theoretically as well as experimentally. [31-

33] These findings are summarized in Table 1.2.
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Table 1.2: Raman vibrational frequencies associated with monoclinic and orthorhombic structures of

WOs5 in units of cm™. [31-33]

Monoclinic WO; Orthorhombic WO3
33
44 45
60 61
71
83 77
94 91
143 143
182 179
203
242
253
273 271
303
326
374
638 636
716 713
806 807

As observed from this table, the vibrations associated with different phases of WOs3, for example

those of monoclinic and orthorhombic morphologies are very close to each other (within 4 cm™). Thus,
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it is difficult from a Raman experimental perspective to identify the material structure, since these very
small shifts are comparable with the resolution typically used in spectroscopic measurements.
Therefore, in specifying the morphology of the material, careful analysis should be done by considering
frequencies that do not have spectral positions closer together than the resolution of the system. Similar
concepts are applicable for X-Ray analysis, too, especially considering that the diffraction lines broaden
with lattice confinement.

Another point worth mentioning is that WOj3 is likely to exhibit several kinds of defects, such as
those associated with lattice oxygen vacancies (the scenario when the oxygen atom is absent from a
normal lattice site) or sheer phases due to removal of oxygen and formation of a family of WOs
compounds. Thus, WOs can also form other oxides such as WO,, W,03; and W,403, though in gas
sensing the stable WO; form is used. Sometimes cracks, predominantly along the (100) crystallographic
plane, can be encountered in this material; in one study, defects produced a change in the energetic state
of W from W® to W”* and were observed at the surface of tungsten oxide by STM measurements.[34]
The authors proposed as an explanation the shortening of the terminal W®" - O” bond by 1.6 A, a value
that brings this bond to the dimensions of W =0 bonds in tungsten hydride complexes. Another
scenario is that, by changing its valence state from 6+ to 5+, tungsten will be reduced to a W>'0, form.
In both situations, in reaction with the atmosphere, the W* will form W*®' - OH bonds.

To conclude, we can again state that fabrication techniques are very important for the realization
of solid-state materials that are robust, inexpensive, reliable and durable. With the intent of improving

these characteristics, in the present work we studied doping of WO3 by Ti.

1.4 PROPERTIES OF DOPED METAL OXIDES

An improvement in the detection sensitivity and in increasing the temperature range of operation

of sensors based on WOs3 has been achieved by doping the material with appropriate additives and the
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use of supported metal/metal oxides in catalysis. Usually there are two different sensitization
mechanisms, namely, chemical sensitization and electronic sensitization.[35] The chemical sensitization
process is based on the ability of noble metals such as Pt, Au, Pd to activate inflammable gases so that
they react with oxygen faster. Also, the supply of oxygen can be enhanced by the presence of these
metals, since at the their surfaces the oxygen molecules from the gas phase can dissociate and the
resulting oxygen atoms can migrate to the surface of the metal oxide. This process is also called remote
control of the catalytic and sensing properties of metal oxides.

The electronic sensitization process is based on the addition of fine particles (oxidized metal
additives) that will result in an increase of the base resistance of the n-type metal oxide in air. The
underlying reasons why this process occurs are as follows: due to the activation effect of electron
transfer from the metal oxide to the added metal on its surface, an increase in the space-charge depth
will result, which will induce a decrease in the electron concentration in the surface layer.

At elevated temperature, if the metal surface is covered with oxygen adsorbates (oxidation of the
metal), the oxygen adsorbates will extract electrons from the metal, which in turn will extract electrons
from the metal oxide, a process that will further increase the space-charge depth. Thus, the
enhancement in the sensitivity of the material will be promoted by the change in the oxidation state of
the loaded material, since in reaction, the oxygen adsorbates on the metal (in addition to those of the
metal oxide surface) will be consumed to change the conductivity.

Another factor to be considered is that under humid conditions or in a high water vapor
environment, detection capability goes down drastically. In this context, no comprehensive
understanding of how the doping process would benefit the sensitivity and selectivity is yet available
and the subject is in need of further studies.

Wang ef al. have extensively investigated the detection of various chemical pollutants (NO,, NO,

NH;) by using WO; doped with various metals as the sensitizing materials.[23] At 350 °C, films of
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WOs3 loaded with 1 wt.% Mg, Zn, Mo and Re showed good responses both to NH; and NO, and were
thus found to be good candidates for NH3; and NO gas sensors. These studies also provide guidelines for
discerning which dopants result in films that do not respond to NO and NOs. Particularly for NO
measurement, WO; was applied to a sapphire substrate and the thin films were annealed at different
temperatures ranging from room temperature (RT) to 600 °C and the surface roughness was recorded, as
well as the sensitivity at RT, 400°C, 500°C, and 600°C. Increasing the annealing temperature showed
positive effects on the surface roughness and crystal size; the highest sensitivity was found at 500 °C.
The abrupt topography change at 600 °C didn’t accommodate the increment in sensitivity. RF reactive
magnetron sputtering was used to deposit sensors, intrerrupting the process various numbers of times for
various durations. It was concluded that for higher interruption numbers and times, smaller grain sizes
are typical in the thin films. The higher values of these parameters also have positive impacts on
sensitivity; the optimal interruption time exceeds 90 s.

Other research groups, that besides analyzing WO; showed that the amount of the dopant
incorporated in this material influences its sensitivity and optimum operating temperature, are Profs.
Vetelino’s and Lad’s, as mentioned above.[26-28] They used gold, platinum, or palladium as dopants.
They found that the spillover effect of Pt is larger than that of Au. More specifically, at under 1 ppm
H,S and at an operating temperature of 220°C, the individual sensitivities of the Pt and the Au-Pt doped
WO3; gas sensors are 5.5 and 23 ppm, respectively. The results show that the Pt doped WO; gas sensor
exhibits acceptable response and recovery times, as well as a high sensitivity toward H,S.[26-28]

Vuong et al. investigated the response to gas testing of crystalline SnO, with various crystallite
grain sizes ranging between 6 and 16 nm, which were prepared by subjecting stannic acid gel to
hydrothermal treatments under various conditions.[36] Thin film sensor devices with different film
thicknesses between 200 and 900 nm were fabricated to investigate H,S gas sensing properties. It was

found that sensor response to H,S was significantly enhanced with decreasing film thickness and with
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increasing grain size up to 16 nm. The response was surprisingly large, exceeding 104 ppm at 150°C, for
the device deposited with a 200 nm thickness.

Also, Gong et al. found that an Ag doped nanocrystalline SnO, gas sensing material presents
better sensitivity compared to pure SnO,, due to the distribution of Ag,0O particles in grain boundaries of
nanocrystalline SnO, and the formation of p—n heterojunctions.[37] The H,S measurement results
indicate that the developed H,S sensor's working temperature is about 70°C, which is much less than
commercially available sensors and recently developed SMO sensors. Moreover, Cu-SnO, composites
show strong sensitivity toward H,S detection, which reaches <10 ppm of H,S at a temperature of 100°C.
Other sensors containing copper, iron, cadmium, and indium oxides were also found to be selective
toward H,S.

Many studies have been done to fabricate metal oxide semiconductor materials and to maximize
their detection capability and optimum working conditions. Also, whereas WO; and Ti materials in pure
forms have been investigated intensively, not many studies have been done for Ti doped WO;. By
combining these two materials, as described above, electronic sensitization is expected to result. Also,
with increments in temperature, oxygen absorbates or metal oxidizers should extract electrons from the
metal and the metal oxide, which will, in turn, increase the space charge depth. As a result, sensitivity
enhancement is expected with increased oxygen absorbates on the surface. Due to the additional
element that was added to WOs3, the morphology and stoichiometry demand further investigation; the
determination of various other characteristics can be anticipated along the way.

Also, it is interesting to note that the specific heat of tungsten (0.133 J/g mol @ 20°C) is much
lower than that of titanium (0.523 J/g mol @ 20°C), which means that when the same amount of heat
energy is applied to both materials together, an unbalanced temperature distribution can occur to affect
the annealing process. Furthermore, according to Pecquenard at al, the lifetime of WOs3-Ti thin films

can be five times longer than that of pure WO;.[31]
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Chapter 2: Methodology

2.1 INTRODUCTORY REMARKS

Optical spectrometers are frequently employed to probe and to provide unique characterization
data for material specimens. While no single optical technique, and sometimes not even a suite of
several different techniques, can adequately answer all of the characterization questions, two of the most
important such tools used in materials science analysis are Raman spectroscopy and Fourier transform
infrared (FTIR) absorption spectroscopy, which often supply complimentary vibrational information for
completing an investigation. They are used to gain information on specimens’ chemical composition,
bonding states (and properties such as bond surface reactivity, bond lengths, angles, and strengths), and,
indirectly, morphology.[38-46]

Often used together as, or as part of, a suite of analytical methods, Raman and FTIR operate on
the principle that one can obtain information from the interaction of electromagnetic radiation (which in
this case is light) with the quantum mechanical vibrational energy levels of the atoms and/or ions within
a given material. Any material, whether ceramic, semiconductor, metal, composite or polymer, and
whether a homogenous pure or mixed compound, or heterogeneous, has distinct vibrational modes that
can usually be distinguished from those of other materials.[38,39,41,43] An important and frequently
exploited application of this principle is the identification of various well-known chemical functional
groups.[40-43,47] A chemical functional group in a molecule often consists of a relatively small number
of atoms compared with the total number of atoms in the molecule as a whole. There are, for some
molecular vibrational modes, large displacements of the atoms in a functional group at particular
characteristic frequencies that remain largely independent of the motions of the rest of the atoms. These
types of vibrational frequencies are readily apparent in Raman and FTIR, and thus produce the spectral

“fingerprints” by which functional groups can be detected and identified. [38-47]
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The complimentary nature of FTIR spectroscopy and Raman spectroscopy are due to the effects
that symmetries at the molecular level have on vibrational modes. Since, as discussed in more detail
below, FTIR absorption spectroscopy measures the direct absorption of infrared light as it passes
through a sample, and asymmetric molecules, functional groups, and crystal structures that undergo
large changes in electric dipole moment (because of their asymmetry) tend to have high cross sections
for such absorption, this FTIR technique is generally more sensitive for detecting and identifying such
asymmetric structures. Raman spectroscopy, on the other hand, effects its measurements through the
loss or gain of energy respectively to or from the molecular level vibrations by higher energy photons as
they scatter, thus inelastically, from the material. In this case, it is the way in which the vibrational
modes modulate changes in electric polarizability that tends to be the dominant factor in determining the
cross section of the interaction, and this process favors the symmetric structures to which Raman
spectroscopy is generally more sensitive. [38-47]

In addition to optical spectroscopy, it is generally helpful, if not necessary, to employ other
techniques that determine characteristics such as the sample’s morphology and structure, the oxidation
states of the elemental constituents of interest, and material electrical conductivities. Since an important
issue in sensor sensitivity is based on the effective area and ultimately the number of surface active sites
for absorption, an analysis at the surface molecular level by X-ray photoelectron spectroscopy (XPS)
could bring additional valuable insights. Although this proposal focuses on Raman, FTIR, and XPS
spectroscopic techniques, additional information was obtained, as appropriate, by also applying methods
of analysis such as X-ray diffraction (XRD), Atomic Force Microscopy (AFM), Scanning Electron
Microscopy (SEM), and electrical conductivity. In planning several characterization techniques in
sequence on a single sample, it is, of course, necessary to consider whether one or more of the
techniques are destructive, and whether any necessary sample preparation processes might be

destructive, and, if so, whether this destructive nature can be controlled in such a way that it can
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possibly be applied to just a small portion of a sample at one time, leaving the rest of the specimen for

further analysis in its original state. [41-43]

2.2 RAMAN SPECTROSCOPY

Raman spectroscopy is named after Professor Sir C. V. Raman, and, as discussed in Section 2.1
above, is a materials science characterization technique that provides information that is often
complimentary to that of FTIR. [38,42,48,49]

Raman measurements in this work were recorded with an alpha 300 WiTec confocal Raman
system using the 532 nm excitation of a Nd:YAG laser. The system is available in the Optical

Spectroscopy and Microscopy Laboratory and is shown in Figure 2.1.

Figure 2.1: alpha 300 WiTec confocal Raman system.

When such radiation strikes a sample to be analyzed, nearly all of the photons from the beam

simply scatter elastically, that is, they reflect without losing or gaining energy. This phenomenon is
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known as Rayleigh scattering. [43-46,48] However, it is the very small fraction of photons that scatter
inelastically that has become very useful for materials analysis. [43,44,46,50] This latter scattering, the
Raman effect, is a fundamentally quantum electrodynamical phenomenon in which higher energy
photons (say, in the visible range) exchange energy with the vibrational states of molecules, functional
groups, and crystal structures. In Raman scattering, the scattered photons can leave the sample with
either less or more energy than that of the original beam photons or the Rayleigh scattered photons, as

schematically presented below in Figure 2.2 and described in what follows.[51]
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Figure 2.2: Two types of Raman scattering — Stokes and anti-Stokes.[51]

For the case in which they leave with less, a typical scenario is that an incoming beam photon is
absorbed by a molecular or crystalline structure, causing the structure to momentarily transition to a
virtual quantum state, the decay of which leaves the structure in a higher energy vibrational state,
creating an outgoing photon that is typically from a few hundred to a few thousand cm™ less energetic
than the original beam photon. The spectral lines resulting from the detection of such photons are called

Stokes lines. [44, 46,48]
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It is also possible for an incoming photon to effect a transition to a virtual state in a molecular or
crystalline structure that is already in an excited vibrational state, that is, one that is of higher energy
than the vibrational ground state. In this case, the decay of the virtual state results in the creation of an
outgoing photon with a higher energy than that of the original incoming photon, and the transition of the
structure to an energy state of lower vibrational energy than it had before. The outgoing photons in this
case are said to produce anti-Stokes spectral lines. [43,44,52] When the sample is at room temperature,
the anti-Stokes lines are typically weaker than the Stokes lines of the same sample, simply because the
thermal distribution of vibrational states favors the lower energy states in that situation. In either case, it
is evident that what the Raman spectral lines reveal are the energies of molecular or crystal vibrational
states in a sample, thus providing “fingerprints” for materials analysis, as discussed in Section 2.1.

All Raman analyses in this work using the alpha 300 WiTec system were performed in reflection
mode. Any sample that can lie flat on the sample stage of the microscope module can be quickly and
easily mounted. The microscope uses its internal optical components and a selectable objective lens to
focus the Nd:YAG laser beam (which is fed in from the laser head through an optical fiber) to a sub-
micron spot size on the sample. Most of the reflected beam is collected by the eyepiece, and focused
back up through the microscope via internal optics onto an optical fiber that sends the light to a grating
and charge-coupled device (CCD) based spectrometer for creation of the Raman spectrum. The intense
Rayleigh scattering is filtered out before it gets to the optical fiber by a high optical density high pass
filter. Either single-point Raman spectra can be acquired, or Raman mapping with sub-micron spatial
resolution can be achieved by rastering the laser beam over a selected surface area. All of these data
acquisition processes are computer controlled. A schematic representation of the optical path of the

system used in this work is shown below in Figure 2.3.
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Figure 2.3: Design of alpha 300 WIlec confocal Raman system (courtesy of WIlTec Inc.)

23 FOURIER TRANSFORM INFRARED ABSORPTION SPECTROSCOPY (FTIR)

The FTIR equipment used in this analysis is a Bruker IFS 66v, a FTIR Michelson type two beam
interferometer system which includes basic components such as a fixed mirror, movable mirror and
collimating optics with subcomponents that up-grade readily. [38,53-57] It is designed to perform
Fourier transform infrared absorption spectroscopy, a technique used in materials characterization which

uses a mathematical algorithm to effect the Fourier transformation of time-domain or space-domain
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spectral measurements collected from the optical system.[38] This system and its schematic optical path

are presented in Figures 2.4 and 2.5, respectively.

Figure 2.4: Bruker IFS 66v Fourier transform interferometer (FT-IR).
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Figure 2.5: Schematic view of Bruker IFS 66v optical path (courtesy of Bruker Inc.)
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The basic ideas of FTIR using the Bruker IFS 66v can be described as follows. As this
instrument exploits the technical advantages of collecting raw data in the space domain and then
computes and plots power spectra as functions of the inverse wavelength of the radiation in units of cm’
! a review of the concepts involved in time-domain versus space-domain data acquisition should first be
considered. [38,56] If an infrared (IR) detecting device were to record the intensity of radiation as a
function of time, t, beginning at some time, say, t=-T and ending at some later time, T, and if the
measurements were made frequently enough during this time interval, the results could be plotted to
approximate a continuous function, f(t) that can be nonzero on the interval [-T, T] and is zero at all other
times. The data that have been obtained and used to construct this function are called time-domain data.
The function f(t) can, of course, be written as a Fourier integral with the variable of integration being the
angular frequency, ® =2nv, of the radiation, where v is the frequency of the radiation (in Hz, for
example). The Fourier transform, F(®), of f(t) then gives the power spectrum of the data in the angular
frequency domain; that is, it gives the intensity of the detected radiation per unit angular frequency
interval as a function of ®. It is this power spectrum that answers the question of what intensity of each
frequency of radiation was present in all of the radiation that was detected. Since the photon energy, E,
of a given frequency, v, of the radiation is equal to hv, where h is Planck’s constant, the question of how
many photons of each energy hv were detected has also been answered.

There is, of course, an intrinsic limit to the resolution with which these photon energies can be
calculated by this method. Since the time interval [-T, T] is necessarily finite for actual measurements,
the calculation of F(w) is actually restricted to using data taken within this interval. This means that
since all of the experimental information about the radiation is about its behavior from —T to T, there is
no more information present than there would be for the periodic function with period 2T that is equal to
f(t) in [-T, T]. This situation imposes boundary conditions on the analysis that reduce the calculation of

F(w ) to a calculation of discrete Fourier series coefficients, F(oy), for m=1, 2, 3, ..., for which the
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lowest frequency (other than ® = 0, which can be easily identified and subtracted out), ®,/(27), is equal
to 1/(2T), and all other frequencies in the series are integer multiples of 1/(2T). Thus, 1/(2T) is the
smallest frequency difference that can be resolved in this case, and h/(2T) is the smallest quantum of
energy that can be determined by measurement. It is clear, then, that, considering the above principles
in themselves, for a fixed data acquisition rate, the more time 2T that is spent taking data, the finer the
frequency resolution will be.

The real data points taken from —T to T do not, of course, form a continuum, but instead form a
discrete set of detector measurements that is as large as is practical, say, N measurements in one sweep
over the time interval [-T, T]. The fast Fourier transform (FFT) is the computer algorithm used to
numerically compute a set of, say, M & N, discreet F(w,,) values for a frequency range (for example, the
mid-IR) that is determined by the limitations of the particular optical components and detector in use.
Again, at a fixed data acquisition rate, a greater value of T gives a greater value of N, allowing a greater
value of M within the same frequency range, which means higher frequency resolution in the computed
results.

A major disadvantage in using a Michelson interferometer (see below) to obtain time-domain
data would be the extremely tight mechanical tolerances required in keeping the speed of the moving
mirror constant to within acceptable error. Instead of introducing such fragility and complexity into the
instrument, the Bruker IFS 66v used in this work utilizes the much more practical means of data
acquisition in the space-domain. Instead of using time as the independent variable for acquiring data,
the system takes a data point each time the movable mirror stops briefly at a stationary position that is
measured very precisely by automated monitoring of the interference pattern of a helium-neon laser
beam. Instead of a Fourier integral function f(t) representing the measured IR intensity as a function of
time, the intensity in this case is represented by, say, g(x), where x is the position of the moveable

mirror. The analogous Fourier transform is then G(k), where k = 2n/A is the wavenumber (‘“angular
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spatial frequency”) of the radiation, A its wavelength, and 1/A its spatial frequency. The radiation
intensity is recorded for, say, N different stationary positions of the moveable mirror as it shifts from
x =-L to L. The FFT can then calculate and plot a discrete power spectrum of M & N intensities G(k,)
(m=1, 2,3, ... M), the abscissa of the plot being traditionally expressed in terms of spatial frequency in
units of cm™. If the resolution is now considered in terms of spatial frequency, for a given fixed
increment in X between moveable mirror measurement positions, as L increases, N increases, so that M
can increase within a given fixed range of 1/A (say, the mid-IR), improving the resolution analogously to
the time-domain case. Thus, considering such principles in themselves, the greater the range of motion
is (from —L to L) for one data sweep of the fixed mirror, the better the resolution is.

So far, the acquisition of the space-domain FTIR data in the Bruker IFS 66v has been simply
described as the measurement of radiation intensity as a function of the position of a moveable mirror to
obtain a plot, or inferferogram, of this g(x) to which the FFT algorithm can be applied. This moveable
mirror is, as mentioned, part of the Michelson interferometer of the system, and this module consists
basically of an IR source, collimating optics, a centrally placed, fixed beamsplitter, a permanently fixed

mirror, and, of course, the moveable mirror, as illustrated in Figure 2.6. [38,54-57]

= Mirror (movable)
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Mirror (fixed) Sample Detector
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Figure 2.6: Schematic diagram of Michelson interferometer system.
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In determining the spectrum of radiation that will go through a sample, if present, and have its
total intensity measured to take a single data point g(xm), the moveable mirror is stopped and held at
position x,,. The collimated IR beam from the source (a resistive Globar Lamp with emission that
closely approximates a blackbody spectrum [56]) is, ideally, half reflected to the fixed mirror and half
transmitted to the moveable mirror, after which each of these two resulting beams reflects from its
respective mirror and returns to the beamsplitter, through which part of the recombined beam passes in
the direction of the sample (if any) and ultimately to the detector, where its remaining total intensity is
measured. One complete scan of data is thus obtained by shifting the moveable mirror incrementally to
successive positions X, within the maximum range of —L to L, as mentioned above, and recording the
total intensity reaching the detector each time. When the value of x,, is such that the beams recombine
with all Fourier components precisely in phase and therefore undergoing constructive interference, X,
(and its corresponding point in the spectral plot) is the point of zero path difference, or ZPD. [38,57]
The total intensity of radiation reaching the sample (or the detector if the sample has not yet been
mounted, see below) is at a maximum in this state of affairs. For values of x,, on either side of the ZPD,
different Fourier components of the beam will undergo different degrees of destructive interference,
depending upon how the difference in optical path length (or retardation of one of the recombining
beams with respect to the other) of the beams compares with A for each Fourier component. The
resulting total beam intensity will thus vary as x;, varies and the various Fourier components vary in
amplitude.

Since the IR source is a broadband source that does not contain equal amplitudes of all of the IR
wavelengths of interest, and the detector response is not precisely the same for all wavelengths, it is first
necessary to make a data run with no sample in place, so that subsequent comparison with the power
spectrum obtained with the sample in place will ultimately yield the desired information, which is how

much IR of each spatial frequency is absorbed upon passing through the sample. Such a comparison is

26



easily performed and displayed quantitatively in the form of an IR absorption spectrum by the software
of the Bruker IFS 66v system.

To increase the signal to noise ratio of an absorption spectrum, the system can be programmed to
make multiple repeated scans, summing the measured intensity of all the scans for each moveable mirror
position xy,. For each sample analyzed by FTIR in this work, 256 scans were used.

Usually, the sample preparation for the system entailed grinding small amounts of the substance
to be analyzed along with an IR-transparent salt such as KBr with a mortar and pestle, then pressing the
mixture into a pellet of just the right thickness and area for mounting on a sample holder. If a pellet is
too thick, too little radiation will get through to the detector to give a good signal, whereas if a pellet is
too thin or contains an insufficient percentage of sample material, the resulting FTIR absorption lines
will be too weak for a good analysis. Since the samples for the present study were grown on solid Si or

sapphire substrates, the pellet sample preparation procedure was not necessary.

24 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)

X- Ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy for Chemical
Analysis (ESCA) is a surface analysis technique which was invented by Nobel Prize winner Swedish
physicist K. Siegbahn and his research group. In 1954, they recorded the first high energy resolution
XPS spectrum of cleaved sodium chloride (NaCl) demonstrating the potential of XPS. However the
basic principles of the photoelectric effect were developed in 1905 by Albert Einstien, for which, later,
in 1921, he was awarded the Nobel Prize.[58]

X- Ray photoelectron spectroscopy, a quantitative spectroscopic technique, is used for the
measurement of samples’ elemental composition, empirical formulas, and chemical and electronic states
of the elements which are present on a material’s surface. XPS spectra are attained through irradiation of

a material by a beam of X-rays, typically from aluminum or magnesium anodes, while simultaneously
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measuring the kinetic energy (K.E.) and number of electrons that escape from the top few nanometers of
the material being analyzed. For XPS, though, other x-ray lines such as Titanium K-alpha (2040 eV)
can be used; Aluminum K-alpha (1486.6 eV) or Magnesium K-alpha (2040 eV) are generally preferred
for the photon energies.

XPS is used for the analysis of the surface chemistry of a material, either in its “as received”
state, or after certain treatments such as fracturing, cutting, or scraping, or after exposure to heat to study
the changes due to heating, exposure to reactive gases, and so on.

With the help of XPS, it is possible to detect all elements with an atomic number (Z) of 3 and
above. However, the technique can not detect elements with atomic number Z=1 (hydrogen) and Z=2
(helium). For a majority of the elements, XPS has a detection limit in the parts per thousand range.
However, it is possible to achieve a detection limit of parts per million (ppm), but this requires
conditions such as a high X-ray flux at the sample surface or a very long collection time, i.e. overnight.
Generally, XPS finds applications for the analysis of samples including, but not limited to, inorganic
compounds, polymers, elements, metal alloys, semiconductors, ceramics, paints, papers, inks, woody
plant parts, catalysts, glasses, make-up items, teeth, bones, viscous oils, glues, ion modified materials,
and so on.

Besides finding the elemental composition of the material surface, other types of information that
XPS analysis can provide are: empirical formulas of pure materials, elements that contaminate a surface,
the chemical or electronic state of each element in the surface, and the uniformity of elemental
composition as a function of ion beam etching [58]. Not all these XPS capabilities were investigated
here.

Photoelectron spectroscopy is based upon a single photon in and electron out process. Thus, from
many perspectives, this fundamental process is much simpler than the Auger spectroscopy

phenomenon.[59]
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Monochromatic sources of radiation (i.e. photons of fixed energy) are used in photoelectron
spectroscopy. The energy of a photon is given by the Einstein relation,

E, =hv 2.1)

Photon
where; 4 is Planck’s constant and v is the frequency of the radiation in Hz.

In XPS, as an atom in a molecule or solid absorbs a photon, the atom is ionized by the emission
of an electron from its inner shell as schematically presented in Figure 2.7. The kinetic energy
distribution of such emitted photoelectrons can be measured using any appropriate electron analyzer and

thus, a photoelectron spectrum can be recorded [59].
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Figure 2.7: Schematic diagram of the XPS principle based on

the photoelectric effect.[60]

The process of photo-ionization can be considered as follows;
A+E,, . =A4 +e (2.2)

Now, according to the law of conservation of energy;
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E(A)+E, =FEA)+E() (2.3)

Photon
Since the electron’s energy is present entirely as kinetic energy, this can be rearranged in terms
of the kinetic energy of the photoelectron;

E€) =E yyone= Eppyoy ~[EAD)—ED] (2.4

Kinetic:
The term in brackets is nothing but the difference in energy between the ionized and neutral
atoms; it is generally called the binding energy of the electron, which leads to the following expression,

E (2.5)

Kinetic = E photon — EBinding

The binding energy is now re-defined to be a direct measure of the energy required to just
remove the electron from its initial level to the Fermi level of the solid sample and the kinetic energy of
the photoelectron is again expressed as,

E =FE -E

Kinetic Photon Binding ~ ® (26)
where @ is called the work function of the sample and is the energy needed to raise the electron from the

Fermi level to the vacuum level. A characteristic XPS spectrum, as shown in Figure 2.8, is a plot of the

number of electrons detected versus their binding energies.

Counts
Peak ID Atomic % BE (eV)
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Figure 2.8: Characteristic XPS spectrum.
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Since each element creates a typical set of XPS peaks at characteristic binding energy values, a
direct identification of each element present in or on the surface of the material being analyzed can be
achieved. These characteristic peaks correspond to the arrangement of the electrons within the atom
shells such as 1s, 2s, 2p, 3s and so on. The number of detected electrons in each of the characteristic
peaks is directly related to the amount of the corresponding element within the volume irradiated. In
order to produce atomic percent values, each raw XPS signal needs to be corrected, which can be
achieved by dividing its signal intensity by a “relative sensitivity factor” (RSF) and normalizing over all
of the elements detected.

An ultra-high vacuum condition is required for XPS measurements since the electron counting
detectors in XPS characterizations are mounted usually about one meter away from the material
irradiated by X-rays. Thus, it is quite essential to perform the measurements under these conditions in
order to be able to count the number of electrons at each kinetic energy value.

It is also worth noting that XPS detects only those electrons that have actually escaped into the
vacuum of the instrument, which are mostly electrons originating from very shallow depths of about 10
nm of the material. All of the deeper photo-emitted electrons, which were generated by the X-rays which
might penetrate 1-5 micrometers of the material, are either recaptured or trapped in various excited
states within the material. Thus, none of the deeper photo-emitted electros are detected. For the
majority of applications, this technique, indeed, is a nondestructive technique that probes the surface
chemistry of any material.

As shown schematically in Figure 2.9, an XPS system includes a source of X-rays, an ultra-high
vacuum (UHV) stainless steel chamber with UHV pumps, an electron collection lens, an electron energy
analyzer, an electron detector system, a sample introduction chamber, sample mounts, a sample stage

and a set of stage manipulators.
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Figure 2.9: Schematic representation of XPS instrumentation.

The binding energies of the atomic constituents and their chemical oxidation states in the current
experiments were evaluated using Mg K, X-rays in a Perkin-Elmer Phi 560 ESCA/SAM system, which

is shown below in Figure 2.10.

X-Ray Source

Ion Source

SIMS Analyzer

Sample introduction
Chamber

Figure 2.10: Perkin-Elmer Phi 560 ESCA/SAM system.
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2.5 SAMPLE PREPARATION

The samples in the current studies were synthesized in Dr. Ramana’s laboratory at UTEP. WOs3
and Wy.05Ti9,0s03 thin films were deposited by radio-frequency (RF) (13.56 MHz) magnetron sputtering
onto Si, sapphire, and quartz substrates in a reactive O,-Ar atmosphere. For the growth of the WO; set
of samples a W metal target (Plasmaterials, Inc.) of 99.95% purity and 3” diameter was employed. The
Wo0sTip0sO3 thin films were obtained by using a 2” diameter custom made W-Ti alloy-target
(Plasmaterials Inc.) with a 95-5 (at % weight). The substrates were thoroughly cleaned with isopropyl
alcohol and dried with nitrogen before introducing them into the vacuum chamber, which was initially
evacuated to a base pressure of ~10 Torr.

In both scenarios the targets were placed at a distance of 8 cm from the substrate. A sputtering
power of 40 W was initially applied to the targets while introducing high purity argon (Ar) into the
chamber to ignite the plasma. Once the plasma was ignited the power was increased to 100 W and
oxygen (O;) was released into the chamber for reactive deposition. The sputtering atmosphere consisted
of Ar-O, mixed gases and their flow rates were controlled with MKS mass flow meters to provide an
optimum Ar:O, flow ratio of 1:6 for the deposition of WO3 samples and a flow ratio of 1:9 for the
deposition of W 95T 0503 samples.

Also, before each deposition, targets were pre-sputtered for 10 minutes using Ar alone with the
shutter above the gun closed. In order to understand the effect of temperature on the microstructure, the
substrate growth temperature was varied from room temperature (RT) to 500 °C, in increments of
100°C. Deposition temperatures at the substrates were set by heating the substrates with halogen lamps
and controlled with an Athena X25 temperature controller. Their fabrication is also described

elsewhere.[61.62]
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Chapter 3: Results and Discussion

3.1 INTRODUCTORY REMARKS

The objective of this research is linked to the acute demand for advancements in sensor material
that would be resistant at high temperatures such as those encountered in the coal-gasification process.
To satisfy this demand, we consider doping of WO3 with small amounts of Ti (e.g. 5%), which will help
widen the operating temperature range of the material and potentially solve the long-standing chemical
poisoning problem. Ti is known to be resistant to corrosion and photo-corrosion.

Also, from detailed optical and surface spectroscopic measurements that were performed on the
samples and described below, contributions to confirming the morphological WO;3 changes with Ti
doping will enable us to optimize the growth conditions for better structural quality of this material.
Although indirectly, Raman and infrared absorption measurements could provide information about the
crystallinity and morphology of the material, information inferred from on the strength and position of
the observed vibrational features. Direct evidence of material structural morphology is, usually,
provided by X-ray measurements. They were reported elsewhere.[63] Since some properties of
materials are controlled by surface characteristics rather than by their bulk properties, we performed
XPS analysis on the undoped and doped WO; samples.

Previous results obtained from confocal Raman, infrared absorption, and X-ray photoelectron
spectroscopy (XPS) indicate structural changes of WO; films from an amorphous phase to a monoclinic
structure.[61,64] At higher temperatures, a mixture of monoclinic and strained WO; phases was
revealed by confocal Raman mapping. The XPS results demonstrate that WO; has a stoichiometric

form.
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3.2 COMPARATIVE SPECTROSCOPIC RAMAN RESULTS FOR WO; AND

Ti(5%) DOPED WO3; THIN FILMS

To confirm the morphological changes arising from doping WO3 with Ti, optical spectroscopic
measurements by Raman scattering were performed on the samples grown at different Si substrate

temperatures, ranging from room temperature (RT) to 500 °C. The results are presented in Figure 3.1.
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Figure 3.1: Raman spectra of Ti-doped WO; samples grown at Si substrate

temperatures ranging between RT and 500 °C.[63]
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The Raman spectrum of the pure Silicon substrate is also shown in Figure 3.1, for easier comparison and
for assignment of the features at 303, 435, 622, and 675 cm’ to the presence of Si-O bonds. The
spectrum of the RT WO; sample is very similar to the Si spectrum, showing only a slight increase in the
intensities of the two broad bands around 675 and 790 cm™, therefore revealing an amorphous nature for
this sample. The sharpening and increasing of intensities of these peaks, which become more evident at
higher temperatures, demonstrate a trend towards ordering, i.e. towards the presence of crystalline

domains of increasing size.
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Figure 3.2: Comparison of Raman spectra of pure and Ti-doped WO; samples
grown at Si substrate temperatures ranging between RT and 500 °C.
The red line spectra correspond to undoped WO; samples and

black line spectra to Ti-doped WO; samples.
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Besides the intensity increase, the slight shift to 678 cm™ of the peak at 675 cm™, indicates, for
high temperatures, association of this Raman frequency with Ti-doped material.

Comparison between pure and Ti-doped WO; samples grown at different Si substrate
temperatures, which is shown in Figure 3.2 (with red line spectra corresponding to pure WO3 samples
and black line spectra to Ti-doped WO; samples), demonstrates, for identical temperatures, quicker
crystallinity attainment for pure WO; samples than for Ti-doped WO; material. This observation is
based on faster increase and sharpening of the peak intensities in the spectra of WO; thin films. More
importantly, the shift toward lower frequency by approximately 20 cm™ of the most intense WO5 peak at
810 cm™ is a direct confirmation of morphological changes of these films due to Ti doping.

To eliminate the strong Si substrate influence in our Raman spectra presented in Figures 3.1 and
3.2, we analyzed the samples grown on a quartz substrate for identical temperature variation. These
results are presented in Figures 3.3 and 3.4 and corroborate with our previous observation of a
continuing crystallization with increasing temperature. This affirmation is again based on the increasing
intensities of the observed peaks. These Raman spectra also show the presence of vibrations at 267,
690, and 793 cm’ which are associated with the bending and stretching vibrations of WO
octahedra.[25,31] The vibration at 987 cm™ is due to W=0 terminal bonds.[25,31]

Similarly, comparison of the pure and Ti-doped WO; samples, which is presented in Figure 3.4,
shows that the doping contributes to a slower crystallization process in the thin films. The Raman
spectra of the Ti-doped WO3; samples reveal a broad band profile, which is an indicator of induced
disorder in the structure of these samples. Also, the shifting to lower frequencies of the Raman peaks
characteristic of WO; at 806 and 711 cm'l, to 793 and 694 cm'l, respectively, is observed.[62] A
potential explanation of the changes seen is based on the fact that, with doping, oxygen becomes
deficient, as Ti, which has a lower oxidation state, substitutes for W; Ti cations also contribute to the

disorder.
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Figure 3.3: Raman spectra of Ti-doped WO3 samples grown at quartz substrate

temperatures ranging between RT and 500 °C.[62]

This observation corroborates with literature data on Ti doped WO; samples that were
synthesized by different methods.[65-67] As suggested by Harb ef al.[68] and Depero et al.[69] the
distorted phase will contain randomly oriented edged-sharing octahedra as opposed to the characteristic
network of corner-sharing octahedra of the WOs structure. Furthermore, since substitutional Ti atoms
replace W atoms in the WOs; structure instead of occupying interstitial sites, as is typically encountered

for doping elements [70], no ordered phase of W-Ti-O mixed oxide had yet been reported.
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Figure 3.4: Comparison of Raman spectra of undoped and Ti-doped WO3 samples

grown at substrate temperatures ranging between RT and 400 °C.[62]

It has also been suggested that, during thermal treatment, Ti plays a relevant role in stabilizing
the orthorhombic WOs3 phase.[31] While Sangaletti et al.[67] attributed vibrational lines at 640 and 690
cm’” to the orthorhombic WOj; phase, features near the same frequency region as those observed in our
Raman spectra (e.g. 690 and 793 cm™) have been considered by Boulova el al.[32] to belong to a
tetragonal WO; structure. Figure 3.5 shows the Raman data obtained by Boulova el al.[32]. The red

arrow marks the region were the current measurements fit in these spectra.
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Figure 3.5: Raman data after Boulova el al.[32]

Thus, while the 690 cm’' Raman vibration could be associated with either the orthorhombic or
the tetragonal structure, the 640 cm™ feature could correspond to the orthorhombic morphology or to the
existence of TiO; in our samples, as mentioned above. Therefore, from the Raman perspective, an exact
assignment for the new structural configuration of the Ti-doped thin films is controversial: it may be
associated with a phase transition from monoclinic WOs3 to orthorhombic W ¢sTi0 0503, or with the
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existence of tetragonal structure in the Wy 95Ti0sO3 films, or with both.[62] The possibility of a phase
transition to an orthorhombic morphology is in good agreement with previously reported literature
results, which affirm that for bulk WOs a complete transformation is expected for temperatures ranging

between 330 and 740 °C, and which are also presented in Table 3.1.

Table 3.1: Literature reported WOs structural phase sequence as a function of temperature.[71]

Temperature WO; structure
-25 t0 20-30 °C triclinic
20-30 to 330 °C monoclinic

330 to 740 °C orthorhombic
740 to 1473 °C tetragonal

On the other hand, it has also been demonstrated in the literature that, with doping, lower
temperatures are encountered for phase transitions.[31,63,66,67,] This behavior is associated with the
decrease in particle size for doped materials, as confirmed by our previous high-resolution scanning
electron microscopy and atomic force microscopy images.[62,63,72]

Thus, as mentioned above, no definite association with a structural phase can be made based on

the Raman results.

3.3 INFRARED ABSORPTION SPECTROSCOPIC RESULTS FOR WO3; AND Ti(5%)

DOPED WO; THIN FILMS

Further analysis of these samples by infrared absorption spectroscopy are presented in Figures
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Figure 3.6: Infrared absorption spectra of WO3 samples grown at Si

substrate temperatures ranging between RT and 500 °C

3.6 and 3.7. Whereas the IR absorption measurements of the WOs thin films grown at Si substrate
temperatures between RT (top spectrum) and 500 °C (bottom spectrum) shown in Figure 3.6
demonstrate an evident increase in the intensities of the absorption features at 268 and 317 cm™, which
correspond to monoclinic WO3, these vibrational features are much broader and weaker in Figure 3.7,
where the spectra of the doped samples are presented. Again, this is correlated with less material
crystallization with doping for an identical growth temperature, as previously observed in the Raman

measurements.
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Figure 3.7: Infrared absorption spectra of Ti(5%) samples grown at Si substrate

temperatures ranging between RT and 500 °C.

3.4 COMPARATIVE XPS SPECTROSCOPIC RESULTS FOR WO3 AND

T1(5%) DOPED WO3 THIN FILMS

Since some properties of WOj; are controlled by surface defects rather than by the intrinsic nature
of the material, future work should be directed towards performing XPS analysis on the samples. These
measurements could bring more insights into the observed structural changes, allowing us to gather
important information that will create a basis for further synthesis of Ti-doped WO; with different Ti

doping.
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The XPS survey scans for the WysTig0sO3 samples grown at 300 0C, 400 OC, and 500 °C
substrate temperatures, which are presented in Figure 3.8, show that the main constituent elements of the
Ti-doped films were tungsten, oxygen, and titanium atoms, except for an additional C peak at 284.6 eV,
which was used for calibration purposes and originates from surface adsorbed carbon moieties. There

were no discernable impurities except for carbon and a fraction of the detected oxygen.
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Figure 3.8: XPS survey scans of Wy 95T 503 thin film samples.

Narrow-scan XPS measurements were performed for the W 4f, W 4d, Ti 2p, and O 1s regions to

identify the elements’ chemical states. These results are presented in Figures 3.9, 3.10, 3.11 and 3.12,
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respectively. It is known from the literature that a large energy shift, of about 3 eV, occurs for the

binding energy of W 4f;,, as W" is reduced to W** and only a 0.2 eV shift is expected for O 1s.
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Figure 3.9: XPS spectra of W 4f peaks for Wy 95T10,0s03 samples deposited
on Si substrates at different temperatures, as indicated. The

spectra are vertically translated for clarity.

The XPS measurements of the W 4f level, which are presented in Figure 3.9, reveal only a very
broad peak in the spectra of Wy 95Ti9.0503 samples.
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Figure 3.10: XPS spectra of W 4d peaks for Wy ¢5Ti0 0503 samples deposited
on Si substrates at different temperatures, as indicated.

The spectra are vertically translated for clarity.

There is no difference between the positions of the observed W4d doublet peaks presented in
Figure 3.10, which show binding energies at 247.2 and 259.8 eV, and the W 4d values reported in the
literature for WOs.[73] Also, the results of the Ti2p XPS spectra, which, as seen in Figure 3.11, display
the Ti 2ps;, and Ti 2py, lines at 458.2 eV and 464.1 eV, respectively, are similar to the values expected

for stoichiometric anatase TiO,.[74]
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Figure 3.11: XPS spectra of Ti 2p peaks for Wy 95Ti9 0503 samples deposited
on Si substrates at different temperatures, as indicated.

The spectra are vertically translated for clarity.

The spectra of undoped thin films that were previously reported showed well-resolved doublet
peaks corresponding to W4fs, and W4f;,, with binding energies at 37.47 and 35.34 eV,
respectively.[61,62,64] As observed in Figure 3.13, the appropriate deconvolution of the peak for
Wo.05Ti.0s03 (Figure 3.9) demonstrates that besides the W contribution, there is a second doublet
formed with binding energies at 39.48 and 36.85 eV, which is assigned to W>*.  Thus, while WO;

samples exhibit the expected stoichiometry, a reduced WOs. stoichiometry at the surface is observed
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with doping. This observation could also be related to the existence of a different structural phase of the

latter material.
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Figure 3.12: XPS spectra of O 1s peaks for Wy 9sTig0sO3 samples deposited
on Si substrates at different temperatures, as indicated.

The spectra are vertically translated for clarity.

Comparison of XPS data for Ols for the doped and undoped samples is presented in Figure 3.14.
These results reveal, for the WO; samples, main Ols peaks at 529.6 eV for the sample grown at a

substrate temperature of 300 °C, and at 529.3 eV for the sample grown at a substrate temperature of
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500 °C, plus a weak feature for each case at 532.4 eV, which is attributed to surface oxygen

contamination.
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Figure 3.13: (a) XPS spectra of W 4f peaks for WOz and W 95Tio0s03 samples
deposited at 300 °C and 500 °C substrate temperatures, as indicated
(the spectra are vertically translated for clarity) and

(b) deconvolution of XPS spectrum of W ¢sTi9 0503 sample grown

at 500 °C into contributions from W™ and W*.[62]
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Figure 3.14: XPS spectra of O 1s peaks for WOz and W 95Ti00s03 samples
deposited on Si substrates at different temperatures, as indicated.

The spectra are vertically translated for clarity.[62]

With the temperature varying between RT and 500 °C, there is also a slight shift of about 0.5 eV
towards lower binding energies in the position of the Ols feature for WO; samples.

On the other hand, the spectra of the W 95Ti9 0503 samples show a very broad peak with a
FWHM of 3.4 eV centered at 530.1 eV. While this binding energy falls between those of the main Ols
peaks of the WO3 samples and that observed in the literature for TiO,, it is worth pointing out that its
position is closer to the one observed for TiO,.[74] However, the broadness of this feature suggests the
contribution of different oxidation states corresponding to multiple W and Ti environments such as W¢",

W and Ti*".
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Chapter 4: Conclusion and future work

41  CONCLUSION

Metal oxides are known as being good materials for different technological applications such as
electrochromic, catalytic/photocatalytic, bio-sensing, and gas-sensing devices.[12-28] However, it has
been established that their properties strongly depend on the conditions employed in their
fabrications[12-28], which has also been revealed in this spectroscopic study of WO; and Ti-doped
WO;. Thus, detailed characterizations of materials are necessary and fundamental before any potential
industrial use. The main focus of the current work was to provide a comparative spectroscopic analysis
by Raman scattering, infrared absorption, and X-ray photoelectron spectroscopy (XPS) of pure and
Ti(5%)-doped WO;.

The reason for doping WOs3; was to expand the operating range of this material to higher
temperatures and to improve its resistance to corrosion and humidity, which are conditions usually
encountered in harsh industrial environment. For example, it has been reported in the literature that the
maximum gas sensitivity of WOj is attainable only for about 200 °C.[26-28]

While WOs; and TiO, are materials that have been investigated intensively in the literature, not
many studies have been done on their properties after mixing and subsequent annealing. There is even
less literature on thin films of Ti doped WO;.

Thus, it is important to consider the degree to which degree the properties of the resultant
material change and is affected by doping. As part of the big picture the outcomes of these
spectroscopic comparative studies, which are summarized in what follows, will bring valuable insights

into the potential applicability of this new material.
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This research is a logical continuation of our previous analysis of WO; by confocal Raman,
infrared absorption, and XPS, which revealed structural changes of WO; films from an amorphous phase
to a monoclinic structure.[61,64] At higher temperatures, a mixture of monoclinic and strained WO3
phases was detected by confocal Raman mapping. The XPS results demonstrate that WO; has a
stoichiometric form.

In the current work, Raman data comparison between pure and Ti-doped WO;3 samples grown at
different Si substrate temperatures, demonstrates, for identical temperatures, quicker crystallinity
attainment for pure WO3 samples than for Ti-doped WO; material. This observation is based on the
faster increase and sharpening of the peak intensities in the spectra of the WOs thin films. Also, this
observation is supported by the current infrared absorption results. More importantly, the shift observed
in the Raman spectra toward lower frequency by approximately 20 cm™ of the most intense WO5 peak at
810 cm™ is a direct confirmation of morphological changes in these films due to Ti doping. However,
from the Raman results presented here, an exact assignment for the new structural configuration of the
Ti-doped thin films is controversial: it may be associated with a phase transition from monoclinic WO3
to orthorhombic W 95Ti00503, or with the existence of tetragonal structure in the W 95T 0503 films, or
with both.[62]

The XPS measurements of the W 4f level for doped material show a reduced WOs
stoichiometry at the surface, with the presence of W™ and W™ tungsten oxidation states. These results
are in agreement with the XPS data for Ols, which show a very broad peak with a FWHM of 3.4 eV and
centered at 530.1 eV thus containing the contribution of different oxygen states for the multiple W and
Ti environments present. The Ti2p XPS spectra resemble those of stoichiometric anatase with
characteristic lines at 458.2 eV (Ti 2ps2) and 464.1 eV (Ti 2p;»). No other impurities were detected in

the XPS survey scans, demonstrating the quality of the RF sputtered samples.

52



42 FUTURE WORK

Since engineering the properties of metal oxides, particularly those of WOs3, is important for
technological application, as mentioned above, we suggest for future study an extensive computational
analysis, where validation of stability and determination of potential structures can be achieved for
different amounts of Ti incorporation. Also, the use of a theoretical approach could confirm or
contradict the substitutional location of the dopant. Furthermore, analysis of the samples after their

exposure to annealing processes should be performed.
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