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Abstract

The present work was performed on the Ti-doping effects in a small and controlled amount into WO3 to
produce W0.80Ti0.20O3. The aim of study is to explore the effect of Titanium (Ti) coupled with growth
temperature on the growth of behavior, microstructure and optical properties. W0.80Ti0.20O3 coatings
were fabricated using RF magnetron sputter-deposition onto Silicon (Si-100) wafers and optical quality
Quartz substrates. The depositions were made in a wide temperature ranging from room temperature (25
˚C) to 500 ˚C. X-ray diffraction (XRD), high-resolution scanning electron microscopy (SEM), Optical
spectrophotometery and Spectroscopic Ellipsometry (SE) were performed to study the effect of
temperature on the growth behavior, crystal structure, texturing, surface morphology, and optical
properties of W0.80Ti0.20O3 films. The results show that the effect of temperature is significant on the
growth and microstructure of W0.80Ti0.20O3 coatings. XRD results indicate that the W0.80Ti0.20O3 coatings
grown in the entire range of temperatures are amorphous. SEM imaging analysis indicates that there is
no distinct change in surface morphology. Optical band gap (Eg) is found to 3.1 eV. From SE analysis,
thickness of the coatings was ~ 90-100 nm. The microstructure and optical constants of the grown films
were evaluated using spectroscopic ellipsometry. The results indicate that the Ti-doped WO3 films are
highly transparent and exhibit low optical losses in the visible and near infrared regions. The index of
refraction increases from 2.17 to 2.31 with increasing growth temperature from 25 to 500 ºC. The
increased packing density in the films with increasing temperature is attributed to the linear trend
observed in index of refraction. The results suggest that tuning transparency and optical band gap can be
achieved by controlling the Ti amount and growth temperature.
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Chapter 1: Introduction
Semiconductor-based photocatalytic materials have been the focus of intense research in recent
years. Utilization of such materials in photoelectrochemical conversion of solar energy, environmental
remediation and clean fuel production drives the thrust in designing and developing efficient
photocatalysts. The present work is focused towards the synthesis, structure and optical properties of
Ti-doped WO3 coatings (W-Ti-O coatings), which are expected to be key materials for integration into
some or all of these energy related technologies. A brief introduction to the materials involved,
especially importance of W-oxide followed by reasons for Ti-incorporation, is presented below.

1.1

Tungsten oxide (WO3)
WO3 is one of the most studied electrochomic material. The structural and electrical

characteristic of WO3 films make them suitable for application in electronics, optics, environmental
engineering and smart windows. Deposition parameters and techniques play a vital role in deciding
behavior of the film structurally, optically and electrically. WO3 exhibits many structural phases with the
variation of temperature. The amorphous α-WO3 has a distinct ionic and electronic conduction. An
amorphous α-WO3 has large voids or pores constituted by clusters [1]. The cluster is formed by linked
edges of 3-8 WO6- octahedral in the complete structure of the film connected with one another by W-OW bonds. W-O-W bond is also called as Water Bridge because voids or pores in films are generally due
to random packing of cluster and open structure is filled with water molecules taken from air. Water
molecules in the open pores help to stabilize the microcrystalline structure of the α-WO3 film. This
water bridge ensures in photon transport in ionic conduction in pores but the electronic conduction is
done by the clusters linked together by W-O-W bonds. Monoclinic m-WO3 phase is the most stable
phase at room temperature but the m-WO3 transforms its phase with respect to higher temperature from
orthorhombic to tetragonal [1]. The various phases of WO3 are indicated in Table 1.1.
1

Table 1.1 WO3 phases with respect to temperature.

1.2

Phase

Symmetry

Temperature range (ºK)

ε – WO3

Monoclinic

0 - 230

δ – WO3

Triclinic

230 – 290

γ – WO3

Monoclinic

290 – 600

β – WO3

Orthorhombic

600 - 1170

α – WO3

Tetragonal

1010 – 1170

W-Ti-O coatings
Titanium dioxide (TiO2) has been the choice of practical photocatalyst for a wide variety of

chemical reactions [2-4]. Among the coupled semiconductor or hetero-structured oxides, WO3-TiO2
system has been widely studied to improve the photocatalytic performances of TiO 2. WO3 exhibits
photo-, electro- and gaso- chromic effects and is intensely studied for various applications. Recently,
WO3 based materials are considered and demonstrated to be attractive for application in
photoelectrochemical cells (PECs) for hydrogen production by water-splitting [2-4]. In addition, Zheng
et. al. have proposed and demonstrated the new applications of WO3 in emerging dye-sensitized solar
cells (DSSC) technology [5].While the efficiency is not comparable to those employing the most studied
TiO2-based DSSCs, options to tailor the microstructure and chemistry in order to improve the efficiency
exists [5-6]. Therefore, efforts by various research groups were directed towards synthesis and
photocatalytic properties of WO3-TiO2 composites and Ti-doped WO3 or W-doped TiO2 materials.
However, much of the attention has been paid towards materials prepared by physical mixing, multi-step
grafting of ammonium tungsten, improved sol–gel method and co-precipitation method, and WO3 or
2

WOx only wrapped on the surface of TiO2 with low amount in the most situations. The presented work
is focused on Ti-doped WO3 coatings grown by sputter-deposition.
The optical, photochemical and electrical properties of metal oxide thin films grown from either
chemical or physical vapor deposition methods are sensitive to the physical and chemical characteristics,
which in turn depend on the processing conditions and precursor materials [11-30]. For instance, the
density of TiO2, SiO2, HfO2 and ZrO2 thin films was shown to be sensitive to the processing conditions
and influence the index of refraction of resulting films greatly [24-30]. From this point of view, a
detailed understanding and control over the physical parameters and optical properties of pure or doped
W-oxide based thin films is required in order to optimize performance for a given application. In this
article, we investigate and report on the observed amorphization and optical constants of titanium (Ti)
doped WO3 films grown by reactive sputter-deposition under varying growth temperature. The
relevance and current interest in Ti-doped oxide materials is derived from the following considerations.
Recently, it has been demonstrated in several cases that either Ti metal doping or capping will alter the
electronic structure of the oxide in order to benefit the properties and device performance [31-34]. The
benefits expected and/or reported in the literature under controlled Ti incorporation or TiO2-coupling
with other oxides are enhancement in the electrical conductivity, luminescence, sensing ability,
photocatalytic performance and so on [27-36]. It has been reported that the near band edge luminescence
enhances 5 times when in Ti/ZnO nanorod heterostructures, where Ti is sputtered onto ZnO at 400 ºC
[32]. Surface diffusion of Ti with an effective reduction in surface defects is accounted for the enhanced
luminescence of Ti/ZnO nanorod heterostructures [32]. For the specific case of W-Ti-O materials, while
TiO2 is a well-studied photocatalyst, coupling TiO2 with WO3 can extend the optical absorption to the
visible region to enhance the photo-catalytic efficiency [28-32]. Recently, studies focussed on TiO2WO3 system proved the enhanced photocatalytic performance of such materials [28-34]. It has been
pointed out that the key will be the specific composition and associated effect on the electronic structure
3

and band gap [28-34]. It has been demonstrated that W-Ti mixed oxides exhibit enhanced selectivity and
sensitivity to certain chemicals for their utilization in integrated sensors [33-40]. Most recently, we have
demonstrated that the electrical conductivity of at 5% Ti-doped WO3 can be enhanced compared to that
of pure WO3 films [41-42]. Furthermore, W-Ti alloy films have already been proven to exhibit low
electrical resistance, thermal stability, oxidation resistance, inertness, good adhesion towards metal
contact and the substrate, and high refractive index [37- 40]. Therefore, investigating the fundamental
aspects of microstructure evolution and structure property relationships in W-Ti-O films may provide
opportunities to tailor the microstructure and optical properties of the materials for the desired
application. This is the motivation to the present work on the structure and optical properties of W-Ti-O
coatings grown using W (80%)-Ti (20%) target as presented and discussed in this thesis.
It becomes necessary to understand some basics and fundamental principles of thin films and
coatings of materials to understand the results and analysis of W-Ti-O coatings. An overview of thin
films, coatings and surfaces/interfaces is presented below.

1.3

Thin films and coatings
Thin films and coatings of material are thin layers ranging from fraction of nanometer to several

micrometer in thickness compared to the bulk of the material. Thin film and coatings technology is
widely use in microelectronics, antireflective, optical application and chemical sensors. They have been
in use in aerospace and military, high temperature and semiconductor industry for several decades. In
addition, thin films and coatings of ferromagnetic and ferroelectric materials are used in computer
memory. These are some of the application that demonstrates the potential and value in research into
films in today’s world. There are various methods used to deposit the thin films and coatings. Those that
can be obtained by physical vapor deposition (PVD) methods are of interest in the context of this thesis
work. The models of structure evolution in PVD coatings are presented below.
4

Various deposition techniques are used to fabricate polycrystalline and amorphous thin films at a
large scale of parameter exhibits a large variety of the structural features, especially size, morphology
and orientation relationship of crystal as well as the microchemistry of the film. Due the non-equilibrium
character of PVD methods, the preparation methods highly affect the microstructure and properties of
the film. This imbalance vapor deposition method leads to the development of the structure zone model
(SZM). According to this model, the microstructure of a thin film is dependent on the ratio of substrate
temperature to the melting temperature (Ts/Tm) [43]. This model helps to understand the microstructure.
The various structure zones can be characterized by following characteristics:
Zone I: Mostly porous columnar structure where grain is separated by pores and void. At this zone the
atomic mobility is low and crystal contain probably high density of the defects. This structure belongs to
the temperature interval from 0< Ts/Tm <0.2.
Zone T, at this zone the inhomogeneous structure is fine crystalline at the substrates. This structural zone
belongs from temperature interval 0.2< Ts/Tm<0.4 where it composed of V-shaped grains and can be
columnar in the upper part of the film. In this zone the grain boundary is limited [41].
Zone II: Structure is homogeneous along the thickness of the film. The growth is columnar from bottom
to top of the film and grain boundary is nearly perpendicular to film plane. This belong to temperature
interval from Ts/Tm>0.40.
Zone III: At this zone recrystallization and grain growth emerges and the coating has equiaxed threedimensional grains. This kind of structure is generally endorsed to high substrate temperature range [42].

5

Figure 1.1 Structural zone models [40]
1.4

Objectives
The objective of the study is to investigate the effect of 20% Ti doping on the structure and

composition of WO3. It is anticipated such W-Ti-O coatings will have a wide range of technological
applications. The following are the specific objective of the study:
i.

To deposit high quality W0.80Ti0.20O3 thin films using RF magnetron sputtering as function of
temperature from Ts = RT - 500 ºС.

ii.

The W0.80Ti0.20O3 films are characterized structurally, morphologically and, optically to study the
effect of 20% Ti on WO3 with increasing substrate temperature.

iii.

Optimizing the conditions to grow high quality W-Ti-O thin films.

6

Chapter 2: Literature Review
2.1

Tungsten oxide (WO3)

Tungsten oxide (WO3) is an intensively studied representative of a group of “chromogenic”
materials because of the coloration effects associated with various processes [1-6]. There has been a
great deal of recent interest in low-dimensional structures of WO3 for a wide variety of applications in
optoelectronics, microelectronics, selective catalysis, and environmental engineering [11-30]. WO3 has
been in use for the development of smart windows for energy-efficient architecture of buildings and
automobiles, flat-panel displays, optical memory and writing−reading−erasing devices, and electronic
information displays [34-38]. It has been demonstrated that WO3 films exhibit chemical sensing
properties, which will have numerous applications in environmental and industrial pollution monitoring
[34-40]. WO3 films exhibit excellent functional activity to various gases, such as H2S, NOx,
trimethylamine, and other organics, and are suitable for integrated sensors [38]. Most recently, WO3
based materials are considered and demonstrated to be attractive for application in photoelectrochemical
cells (PECs) for hydrogen production by water-splitting [2-4]. In addition, Zheng et. al. have proposed
and demonstrated the new applications of WO3 in emerging dye-sensitized solar cells (DSSC)
technology [6]. While the efficiency is not comparable to those employing the most studied TiO 2-based
DSSCs, options to tailor the microstructure and chemistry in order to improve the efficiency exists [5].
Our research team (Ramana’s research group) carried out many research works on the WO3 thin film
and deeply studied about crystal structure, phase transformations, surface and interface morphology,
principles involved in the growth processes and mechanisms, electrical properties and optical properties.
One of those studies focus on the effect of growth temperature on the crystal structure and phase
formation of sputter-deposited WO3 films. Using X-ray diffraction studies, the authors have shown that
the WO3 films grown at room temperature were amorphous (a-WO3). But there is phase change appear
7

with increase in temperature, its monoclinic WO3 (m-WO3) at Ts = 100 °C -200 °C and shows
tetragonal phase WO3 (t-WO3) at Ts ≥ 400 °C. With increase in Ts from 100°C to 500 °C the average
size increase from 9 nm to 50 nm. The band gap of the WO3 thin films decrease from 3.23 eV to 2.92 eV
with increasing grain size [35-39]. In other study WO3 exhibits increase in the conductivity with
increase in substrate temperature because of the increasing the crystalline nature of the film [35-36].
Other research is conducted by varying the ratio of argon to oxygen in wide range at 400°C constant
substrate temperature. The effect of varying the ratio oxygen was significant on the optical properties of
WO3 thin films. The XPS data shows the formation of stoichiometric WO3 with tungsten existing in
fully oxidized valence state (W6+). Whereas WO3 films grown at highly oxygen concentration (>60%)
the WO3 were over stoichiometric with excess oxygen. The optical transmission spectra of the films
increased with increase in the oxygen content. The band gap of WO3 thin films increase from 2.78 to
3.25 eV with increase in oxygen. The density of film displays the similar variation with the function of
oxygen showing the direct relationship between oxygen concentration, density and band gap [35-40].

2.2

Titanium doping effects in WO3
Recently, it has been demonstrated in several cases that either Ti metal doping or capping will

alter the electronic structure of the oxide in order to benefit the properties and device performance [4143]. The benefits expected and/or reported in the literature under controlled Ti incorporation or TiO2coupling with other oxides are enhancement in the electrical conductivity, luminescence, sensing ability,
photocatalytic performance and so on [27-38]. Other group studied the effect of the Ti doping effect into
WO3 produce the W0.95Ti0.05O3. The concentration of study was to investigate growth behavior,
microstructure and electronic properties of pure WO3 thin film with respect to the doping effect of Ti
with raising temperature. The W0.95Ti0.05O3 was fabricated by RF magnetron sputtering at various
temperatures ranging from RT to 500 °C. With increase in the substrate temperature the film are seen to
8

transform the phase from amorphous to tetragonal structure as shown by XRD data. In XRD curves at
Ts=RT-200°C did not show any peaks indicating that film is amorphous up to 200 °C. XRD peak begin
to appear at Ts ≥300 °C showing that the film crystalize at this temperature. The crystalline temperature
for W0.95Ti0.05O3 is noted higher than the pure WO3. Study shows that the effect of Ti plays a significant
role in preventing crystallization of pure WO3 and raises its crystallization temperature. Moreover the
room temperature electrical conductivity of W0.95Ti0.05O3 thin film increased with increased in
temperature up to 400 °C. But at 500 °C decrease in the electrical conductivity is observed this due to
the disorder induced by Ti segregation in the film [41-42].
Depero and Groppelli performed research on W-Ti-O thin film specially concentrating on 90%
W and 10% Ti [46, 47]. In their research, W0.90Ti0.10O3 is deposited at 573 K (300 °C). The XRD
patterns show that the film is amorphous at deposited temperature [46,47]. To investigate the thermal
stability of the film two samples were annealed at 773 K (500 °C) and 1073 K (800 °C) for 18 hours in
air. After annealing the XRD data for 773 K exhibits a cubic pattern mainly the monoclinic phase of
WO3. At 1073 K the XRD peaks obtained is remarkably larger and structured as compare to peaks at
773 K. The study exhibits that the annealing transforms the amorphous phase of the film into crystalline
phase of WO3 depending on the annealing temperature of the samples. However the thermal treatment
induced the relaxation in the films reduced the defects caused by the Ti ions on the WO3 lattice [46-48].
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Chapter 3: Experimental methods

3.1 Substrate cleaning:
In all experiments Silicon (100) and Quartz substrates were used to deposit the W-Ti-O coatings.
Substrates are cleaned before deposition to avoid the contamination and better performance of device.
Radio Corporation of America (RCA) cleaning method is used to clean the silicon wafers. RCA
Cleaning procedure consists of two standard cleaning steps called as SC1 and SC2.
SC 1:- Removal of organic contaminants
SC2:- Removal of ionic contamination
In SC1 the silicon wafer is soaked in solution of Water (H2O) + Hydrogen Peroxide (H2O2) +
Ammonium hydroxide (NH4OH) with a ratio of 5:1:1, temperature of the solution is maintained between
75 ˚C to 85 ˚C for 10 minutes. Then the wafer is cleaned by Nitrogen. This process results in formation
of silicon oxide (SiO2) on the silicon surface along with some metal contamination. To remove the SiO2
layer in this process the silicon wafer is immersed in HF+H2O solution ratio of 1:50 for 10 minutes.
[Handbook of semiconductor cleaning]
Step two is performed to remove the ionic contamination from the silicon wafer. Silicon wafer is
deep in solution of HCl + H2O + H2O2 with ratio of 1:6:1. After that silicon wafer is cleaned by
Nitrogen.
Quartz substrates are cleaned by Ultrasonic bath where the quartz is deep in solution of DI water
+ methanol + acetone for 10 min then cleaned with nitrogen. The substrates are then ready to use for
deposition.

10

3.2. Physical vapor deposition

The objective of physical deposition processes is to controllably transfer atoms from source to
substrates where coatings formation and growth proceed atomistically. RF magnetron sputtering is one
of the common PVD methods employed in this work to grow W-Ti-O coatings. Sputtering is a physical
vapor deposition process for depositing thin films, sputtering implicates the bombardment of a target
with energetic particles (positive gas ions) which cause some surface atoms to be ejected from the target.
These ejected species deposit on substrates which is placed close to target. Sputtering technique is used
to fabricate thin films sensors and photovoltaic thin films. Because of the low substrates temperature
used, sputtering is an ideal method to deposit contact metal films. This technique broadly used in
semiconductor industries for fabricating thin films in IC processing application.
The sputtering technique consists of a pair of electrodes, the cathode (target) and the anode
where substrate is placed. A target is made up of the material that will be used for thin film deposition
onto substrates. Commonly used substrates are silicon, glass and quartz. The pair of electrode is located
inside the low pressure vacuum chamber. The low pressure chamber has turbo pump attached to it helps
to attain the desirable high vacuum. This is a chamber filled with the sputtering gas, usually an inert gas
such as Argon (Ar). Gas plasma is struck using an RF power source, causing the gas to become ionized.
The ions are accelerated towards the surface of the target, causing atoms of the source material to break
off from the target in vapor form and condense on all surfaces including the substrate.

11

Figure 3.1.Working principle of RF magnetron Sputtering process

3.2.1 Deposition parameters
W0.80Ti0.20O3 coatings were deposited onto Si (100) and Quartz. The substrates are cut in small
pieces of few centimeters and attached to the substrates holder in sputtering machine. The mechanical
pump is used to make the rough pressure of ~

mbar. Base pressure of

mbar is achieved

inside the vacuum chamber prior to film fabrication. W0.80Ti0.20 (80% W + 20% Ti) alloy target of
99.95% purity and diameter of 2” was employed on 2” rf sputtering gun. The distance between target
and substrate was ~ 8 cm. The W0.80Ti0.20 target was pre-sputtered for 10 min using pure Ar with shutter
closed above the gun. A power of 40 W was applied to sputtering gun in presence of pure Argon (Ar)
inside the vacuum chamber causing to ignite the plasma. Once the plasma was ignited the power was
increased to 100 W using r.f power controllers and the oxygen is introduced inside the chamber for
deposition. The flow and ratio of Argon and Oxygen was controlled by the MKS mass flow meters [3512

39]. The deposition was carried out for 1 hr at a constant ratio of Ar and O2 at 9:1. The deposition was
carried out at various temperatures varying from Room Temperature (RT) to 500

. The heating of

substrates is done using halogen lamps and temperature controlled by Athena X25 controllers. The
deposition conditions are listed in Table 3.1.
Table 3.1 Deposition condition
Sr.no

Sample I.D

Ar/O2
Ratio

1.

W-Ti-O 1

9:1

Base
Pressure
(mbar)
1.9*10E-5

Power
(Watt)

2.

W-Ti-O 2

9:1

1.9*10E-5

100 W

100

60

3.

W-Ti-O 3

9:1

1.9*10E-5

100 W

200

60

4.

W-Ti-O 4

9:1

1.9*10E-5

100 W

300

60

5.

W-Ti-O 5

9:1

1.9*10E-5

100 W

400

60

6.

W-Ti-O 6

9:1

1.9*10E-5

100 W

500

60

100 W

Substrates
Deposition
Temperature Time (min)
(ºC)
25
60

3.3 Characterization
To understand the surface morphology, surface/interface structure, crystal structure and
texturing, electrical and optical properties, characterization of the grown W-Ti-O coatings is performed
using a wide variety of analytical methods. The most important methods employed in this work and their
working principles are briefly outlined below.

3.3.1 Scanning electron microscopy (SEM)
Principle of operation
When electron beam falls on the sample the weakly bond electron from sample surface get
ejected and produce the secondary electrons. Secondary electrons are of low energy it can be easily
detected by the detector to produce the SEM image of the sample surface. Low energy of secondary
13

electron it get influenced by the electromagnetic field. To avoid the charge built on sample surface is
proper conducted using Copper tapes. The Hitachi 4800 SEM employed in this work in shown in Fig.
3.2.

Figure 3.2 Hitachi S-4800 Scanning Electron Microscope

Operation/Working
In SEM electron thermionically emitted from tungsten cathode filament are drawn to an anode
[38]. Electron beam energy ranging from 0.5 KeV to 40 KeV canbe employed. Two condenser lenses in
vacuum chamber are used to focus in very small surface area of 1 nm to 5 nm in diameter. High energy
14

electron beam hits the sample; the high energy electron beam loses it energy by random scattering and
absorption. The low energy electron is called as secondary electrons. Due to their low energy, these
electrons originate within a few nanometers from the sample surface. The secondary electron is detected
by the detector to shows the SEM image.

Figure 3.3 Working principle of SEM

3.3.2 Crystal structure
A Bruker D8 Advance X-Ray diffractometer (XRD) has been used for the structural
characterization. The crystal structure preferred crystallographic information (if any), crystallite size,
and the phases were determined from XRD patterns. In XRD technique the film is irradiated by the

15

parallel beam of X-ray, which gets diffracted from the atomic lattice structure of the film which act as a
three dimensional lattice causing the x-ray to diffracted at specific angle as shown in Figure 3.4.

Figure 3.4 Bruker D8 Advance X-ray diffractometer

The diffracted x-rays beam provides several information about the film crystallography and
inter-planar atomic distance ‘d’ between the two planes of the film. Angle θ are used to calculate the
inter-planar atomic distance of the film using Bragg’s law shown in eqn (1).
nλ = 2d sin θ………………………………………………………. (1)
where λ = wave length of X-ray, d = inter planar distance and θ = Bragg’s angle.
All the measurement was made ex-situ as a function of growth temperature. XRD pattern were recorded
using CuKα radiation (λ=1.54056Å) at room temperature.
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3.3.3 Optical characterization
Cary 5000 UV-VIS-NIR optical spectrometer (Fig. 3.5) is used for optical absorption
spectroscopy in the wavelength range of 200-2000 nm. The optical characterization is usually performed
on highly transparent and semi-transparent thin films deposited on transparent substrates such as quartz.

Figure 3.5 Cary 5000 UV-VIS-NIR optical spectrometer

3.4 Spectroscopic ellipsometry (SE)
Spectroscopic Ellipsometry (SE) is a nondestructive optical technique, which was used extensively
for thin film characterization of multiple W80Ti20O3 coating-substrate systems. SE can be performed
during the deposition of the coatings (in situ environment) - which can be used to characterize how the
optical constants vary with growth – or in an ex-situ environment where the coating has already been
processed. The multiple sample ellipsometric analysis was performed with the latter (ex-situ SE). The
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main purpose of utilizing this method is threefold: (i) to obtain the coupled optical constant (refractive
index and extinction coefficient) variation for each sample and the thickness for each sample, (ii) to
observe the behavior in the optical properties of the coatings as the a function of increasing temperature
within a range of 25 to 500 °C, and (iii) obtain the optical constant variation for a specific sample set
exposed to an annealing process. In order to obtain the optical dispersion of the optical constants (n =
refractive index and k = extinction coefficient) either as a function of wavelength or photon energy, SE
records two experimental values (ψ, Δ) at each wavelength and at each incidence angle - which are both
preset by the user. Since ellipsometry measures the changes in polarization from a preset polarization
(usually a linear polarization) upon reflectance of a sample. The experimental quantities are angles and
are the amplitude ratio and phase difference with respect to the parallel (p) and perpendicular (s)
polarized electromagnetic waves. These two quantities are related to the ratio of the Reflectance (R) of
the said polarized p and s polarized light waves by the given equation presented as:
…………………………………………………………(2)

Unfortunately, the experimental quantities or data acquisition phase of the work does not give the
information of interest directly, it still requires one to construct an optical model (which implies that
some inherent information of the sample must be known such as the initial values of thickness, substrate
thickness, etc.). There exists several models, however the base model consists typically of the substrate
(Si), a SiO2 layer, and the general oscillator layer at the top. However, at times in order to fit the data
much closer to the experimental data one at times would have to include several optional layers such as
an intermix layer, effective medium approximations (EMAs), graded-index layer, and or surface
roughness which all contribute to the overall thickness of the thin film itself. Once the initial values of
the parameters chosen have been selected and the model set, the next step would be to estimate the
type(s) of oscillator(s) that would seem to fit the experimental data. The user will have to use various
18

types of oscillators (Lorentz, Drude, Cauchy, Tauc-Lorentz, etc.) to construct an overall composite
oscillator. Then process the model-generated iterative data, manually change fitted parameters
accordingly if called for, and or normally fit that could possibly be close to the experimental data
acquired via V-VASE scan. Once a user-set quantity of iterations has been processed then verify the fit
utilizing a Levenberg-Marquardt regression method of analysis, which is based on the minimization of
the Mean Square Error (MSE) within the VASE32 software. The modeling work is the most
complicated component of SE, due to the fact that it is completely an iterative process that may or may
not yield a close fit (according to a fit validity indicator - MSE) or any fit at all. This indicates that at
times numerous feedback loops are necessary and exist most of the time that require changes to the
model, the fitted parameters, and the assumed initial iteration values especially the thickness values. The
duration of the fitting process itself can be within minutes to numerous days, depending on the acquired
data from the specific sample itself.

3.4.1

Experimental procedure of spectroscopic ellipsometry
An oxide of Tungsten doped with 20 % titanium (W0.80Ti0.20O3) thin film coatings grown via RF

magnetron sputtering on silicon and quartz substrates were studied for spectroscopic ellipsometry (SE)
insights via a V-VASE (Variable Angle Spectroscopic Ellipsometer) inclusive of a rotating analyzer and
auto retarder for superior measurement accuracy – manufactured by JA Woolam Inc. In this case the
focus was to examine two sets of W0.80Ti0.20O3 coating-substrate samples, as mentioned previously. SE
data is a method of obtaining the composition and thickness via an inverse modeling approach of the
experimental quantities and their resultant optical constants (i.e., refractive index and extinction
coefficient).
SE experimental data acquisition was obtained following a consistent procedure which included
the following but not limited to: (i) optical fiber selection and input depending on the analysis of
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interest, (ii) initial sample alignment, (iii) hardware calibration, (iv) mounting of sample onto stage, (v)
final sample alignment, and (vi) SE scan parameters input and scan itself.
The optical dispersion (spectral) measurements were taken for a specific wavelength interval of
250 < λ < 1350 nm at a step size of 2 nm. Similarly, simultaneous measurements at each wavelength
were carried out for specific incidence angles within an interval of 65° < θ < 75° at a step size of 5°.
Furthermore, to maximize the data accuracy (minimization of the signal to noise ratio of the
experimental data) was noted and confirmed by setting the rotating analyzer at 20 revolutions per
measure (rev/mea).
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Chapter 4: Results and Discussion
The aim of the present work is to explore the 20%-Ti doped WO3 sputter-deposited coatings in
terms of understanding their growth behavior, microstructure and optical properties. Specifically, the
impetus is to see what kind of changes in the structure and electronic properties can be induced with Tidoping coupled with growth temperature.
4.1 Crystal structure
The XRD patterns of the W0.80Ti0.20O3 films as a function of temperature are shown in Fig. 4.1.
The XRD curves of W0.80Ti0.20O3 films grown at Ts = RT- 500 °C did not show any peaks indicating that
the films are amorphous in nature. It has been reported previously that pure WO3 films crystallize in
monoclinic structure at Ts=100-200 °C and tetragonal structure above Ts =300 °C [35]. This indicates
that the doping of Ti on WO3 prevents the crystallization and thus induces the amorphous nature.

500 oC

Intensity (a.u)

400 oC

300 o C

100 oC
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Figure 4.1 . XRD patterns of W0.80Ti0.20O3 films grown on Si (100) substrates. Show
film is amorphous from RT to 500 °C.
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4.2 Surface morphology
The scanning electron microscopy (SEM) images of W0.80Ti0.20O3 films grown at various Ts are
shown in Fig.4.2. The SEM images did not reveal the presence of any crystalline particles. There is no

Figure 4.2 The SEM images of W-Ti-O films grown at various temperatures. The images confirm the
absence of any particles or crystallites indicating the amorphous nature of the films.

evidence of nano-particles in the high-resolution SEM images in Fig. 4.2, it can concluded that the films
are completely amorphous from Ts =RT to 500ºС. However SEM image at 500 ºC indicate cluster shape
formation with huge empty space or voids between each other, which indicate that the grain boundary is
form at 500 ºC but it’s not enough to form a crystal structure and film is still in amorphous nature
validating from XRD data that there is no evidence of 2θ peaks at 500 ºC. Hence the films are
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amorphous in nature from Ts= RT-500 ºC. The effect may be due to higher concentration (20%) of Ti
doping on WO3.
4.3 Interface analysis
The sross-sectional SEM data of W0.80Ti0.20O3–Si interfaces for W0.80Ti0.20O3 films grown at
various temperatures are shown in Figure 4.3. The W0.80Ti0.20O3–Si interfaces show the columnar
growth of the film on the silicon surface. The interface analysis helps to: (a) determine if there is a
significant interdiffusion at the substrate-coating interface and (b) estimate the thickness of the coatings.
The data shown in Fig. 4.3 indicates that there is no reaction leading to compound formation at the SiW-Ti-O film interface even at highest temperature (500 °C). The measured W0.80Ti0.20O3 film thickness
is ~90 nm, which is in good agreement with the value obtained by other methods as discussed later.

Figure 4.3 W0.80Ti0.20O3 cross-section SEM images. Showing W0.80Ti0.20O3 film on Si substrates
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4.4 Optical properties
The optical transmission characteristics of all the samples revealed that they are highly
transparent in nature with almost zero absorption losses. The representative samples pictured are shown
in Fig. 4.4. It is evident that the coatings are indeed transparent.

Figure 4.4 Representative W0.80Ti0.20O3 coatings grown at various temperatures. The number of the
sample indicates the temperature in hundreds of oC. W0.80Ti0.20O3 coatings are highly transparent.

24

4.5. Spectroscopy Ellipsometry (SE)
For the temperature dependent set of W0.80Ti0.20O3 thin films, which was deposited at varying
substrates temperature from 25 ºC to 500 ºC, spectroscopic ellipsometry experimental measurements
were acquired in order to derive their optical constants. Ellipsometric data displays the effect of a
material on an external input electric field, namely a monochromatic incident light beam, which then
allows for a deduction and comprehensive understanding of the optical constants of Ti- doped WO3
films was the focus.
Several results are presented and are shown to depict (i) Tabulated of the thickness of the films,
as a function of temperature, (ii) a sample matrix, corresponding to the deposition temperature, the
individual resulting thickness of the films deduced from the optical models, the surface roughness layer
thickness – if implemented for a higher accuracy fit, and the corresponding MSE value, (iii)
W0.80Ti0.20O3 sample thickness as a function of deposition temperature (°C) (iii) select representative
samples of interest inclusive of depicting the optical models used, the plots of the experimental and
model generated data to show the entire process described above, and (iv) resulting optical constants of
samples for each constant temperature controlled variable. The method employed to capture the optical
constant behavior and the nanostructure of the Ti-doped WO3 films, through an inverted modeling
process of the dielectric film functions, was by spectroscopic ellipsometry. Spectroscopic ellipsometry,
which is an optical characterization technique, measures the differences in polarization state from an
input polarization, a linearly polarized monochromatic incident light, upon oblique reflection from the
sample surface (single-layer Ti-doped WO3 films). The experimental parameters obtained by SE are the
angles Ψ (azimuth) and Δ (phase change), which are related to the structure and optical properties,
defined by [57-60]
ρ =

(3)
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where Rp and Rs are the complex reflection coefficients of the light polarized parallel and perpendicular
to the plane of incidence, respectively. The spectral dependencies of the ellipsometric parameters, Ψ
and Δ, determined for Ti doped WO3 films grown at various temperatures are shown in Fig. 4.5. The
spectral dependencies of ellipsometric parameters Ψ (azimuth) and Δ (phase change) can be fitted with
appropriate models to extract further information. This extended information includes the specific film
thickness and the optical constants i.e., the refractive index (n) and extinction coefficient (k), based on
the best fit between the experimental and simulated spectra of Ψ and Δ [57-58].

26

Figure 4.5 The spectral dependence of Ψ and Δ for Ti-doped WO3 films grown at various temperatures.
The experimental data obtained and modeling curves are shown.

The experimental-generated curves obtained for Ti-doped WO3 films indicate (Fig. 4.7) a reasonable
agreement between the experimental and simulation data, noted by low fitting error values. The
Levenberg-Marquardt regression algorithm was used for minimizing the mean-squared error (MSE)
[57]:
MSE =

+(

+(

…….. (4)

Where Ψexp, Ψcalc and Δexp, Δcalc are the measured (experimental) and calculated ellipsometry
functions, N is the number of measured Ψ, Δpairs, M is the number of fitted parameters in the optical
model, and

are standard deviations of the experimental data points. Obtaining meaningful physical

information from ellipsometry requires the building of an optical model of that describes approximately
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the sample, which generally accounts for a number of layers with individual optical behavior. Optical
boundaries (interfaces, etc.) play a large role in the overall optical behavior, since these layers dictate
how light is refracted and reflected, according to the Fresnel relations. The stack model used to simulate
the spectra purpose of determining the optical constants of Ti-doped WO3 films is schematically shown
in Fig. 4.6. The model contains, from top, Ti-doped WO3 film, SiO2 interface and Si substrate. The
surface and interface roughness were also considered in order to accurately fit the experimental data,
however the layer was found to be insignificant and unnecessary to fit the data.

Figure 4.6 The stack model of the sample constructed for ellipsometry data analysis
Collectively all the films, irrespective of temperature, dielectric functions were modeled with a
Tauc–Lorentz (TL) model, which was used for empirical parameterization, and is based on the Tauc
expression for the imaginary part (2) of the dielectric function [62]. Furthermore, the pole magnitude,
the E1 (1) offset constant, and the thickness of the film were fitted, as well as the parameter associated
with the individual oscillators employed, simultaneously while attempting to locate the best fit for the
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data by minimizing the MSE. The modeling parameters are listed in Table 4.1. The governing oscillator
of the genosc layer, the TL oscillator has 4 unique parameters associated with it and they are the
amplitude (AL) of the 2 peak, the half width (C) of the 2 peak, fixed center energy (E0) of the TL peak,
and the Tauc gap (Eg) of amorphous materials. For a single transition, the complex dielectric function 2
is defined as [57]:

……………………….. (5)

where E0 is the resonance energy, Eg represents band gap energy, E photon energy, and AL, C are the
amplitude and broadening coefficient of 2 peak, respectively, The aforementioned model allowed for
the determination of the optical constants, n and k, as well as thickness verification. Note that the real
and imaginary parts of the dielectric function are related to n and k as: 1=n2-k2; 2=2nk.
Table 4.1: Ellipsometry modeling parameter of W-Ti-O
Temperatu
re (˚С)
Modeling
Parameters
Pole Mag.

25

100

200

300

400

500

8.7786±8.8

691.78±16.8

481.04±49
-0.92686±
0.364
81.155

997.15±
152
-4.804±
2.89
89.7665

8.948±10.2

2.6014±0.11
100.398±0.0
0149
5.092
TaucLorentz
92.422±4.52

525.03±26.
2
-1.1766±
0.188
89.996

4.0373±
0.0139
1.368±
0.0417

5.858
TaucLorentz
78.854±
4.49
4.0237±
0.0165
1.0462±
0.0439

8.709
Tauc-Lorentz

4.0237±
0.0189
1.3073±
0.0532

2.962
TaucLorentz
114.05±
4.15
4.0422±
0.0139
1.368±0.41
7

2.0605±0.09
94
89.466±0.09
Thick
47
4.596
MSE
Oscillator 1 TaucLorentz
166.02±8.31
Amp.
E1 offset

En.
C.

4.0422±
0.0139
2.3934±
0.109

3.858
TaucLorentz
115.67±6.9
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3.151±29.8
104.9005

137.49±15.6
3.9421±
0.0332
1.297±0.125

Eg

3.2439±
0.00865

3.1719±
0.0123

3.1687±
0.0851

3.1687±
0.0085

3.142±
0.0168

3.2127±
0.0166

The set of 20%-titanium doped WO3 films were modeled with Tauc-Lorentz (TL) oscillators.
Furthermore, the pole magnitude, the E1 (ε1) offset constant, and the thickness of the film were fitted, as
well as the parameters associated with the individual oscillators employed, simultaneously while
attempting to locate the best fit for the data by minimizing the MSE. The governing oscillator of the
genosc layer, the TL oscillator has 4 unique parameters associated with it and they are the amplitude
(AL) of the ε2 peak, the half width (C) of the ε2 peak, fixed center energy (E0) of the TL peak, and the
Tauc gap (Eg) of amorphous materials. This particular model employed for the set of titanium doped
WO3 amorphous films has been proven effective, in the literature, to model reasonably transparent
conducting oxides [57, 59, 61].
The microstructure information, specifically, film thickness and interfacial oxide thickness of Tidoped WO3 films were also determined from SE analysis. The variation of film thickness as a function
of growth temperature is shown in Fig. 4.7. It is evident that the film thickness is more or less constant
with increasing growth temperature. Most important is that the interfacial oxide (SiO2) is limited to 2-3
nm at the interface. The results determined from this study were consistent with our earlier reports for
pure WO3 films, where there was no significant interfacial oxide growth [56].The thickness of
W0.80Ti0.20O3 films are around Inset of Fig. 4.8 shows the variation of surface roughness of the Ti-doped
WO3 films determined from SE analysis. The roughness as determined from SE analysis is very low (< 1
nm) for films grown at temperatures 25-100 ºC and are not included.
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Figure 4.7 Thickness of Ti-doped WO3 films grown at various temperatures
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Figure 4.8 The variation of surface roughness of the films with growth temperature

Figure 4.9 is the comparison between thickness data by two different processes SE and SEM.
The graph indicates consistency in thickness of the film calculated with both the process.
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Figure 4.9 SEM and SE film thickness data comparison with respect to temperature

Spectral dependence of the extinction coefficient (k) determined from SE data for Ti-doped WO3
films is shown in Fig. 4.10. It is evident that the extinction coefficient values are low and very close to
zero in most part of the spectrum (Fig. 4.10) which indicates very low optical losses due to absorption.
The onset or sharp increase in k at short wavelengths is due to the fundamental absorption across the
band gap. An understanding of the structural quality of Ti-doped WO3 films can also be derived from
the dispersion profiles of k(). Specifically, the curves (Fig. 4.10) indicate that the k value of the Tidoped WO3 films is almost zero in the visible and near infrared spectral regions, while for photon
energies towards ultraviolet region, the extinction coefficient increases sharply. The dispersion profiles
of ‘n’ determined from SE data for Ti-doped WO3 films are shown in Fig.4.11. The results indicate a
similar behavior as noted in k()curves. The ‘n’ dispersion curves also indicate a sharp increase at
shorter wavelengths corresponding to fundamental absorption of energy across the band gap. However,
the effect of growth temperature is evident in the dispersion curves (Fig. 4.11), where there is an
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increase in ‘n’ values with increasing temperature. The k() behavior is obviously related to the optical
quality of the films. Strong absorption with no weak shoulders or tailing behavior for the Ti-doped WO3
films can be attributed to the high quality of the grown layers with a very high transparency, which is
also confirmed by the spectrophotometry analysis of films grown on quartz substrates. The optical
transparency measured for Ti-doped WO3 films is ~90% at  = 500 nm. The dispersion profiles of index
of refraction (n) determined from SE data for Ti-doped WO3 films are shown in Fig.4.11. The results
indicate a similar behavior as noted in k curves. The ‘n’ dispersion curves also indicate a sharp increase

Extinction Coefficient (k)

at shorter wavelengths corresponding to fundamental absorption of energy across the band gap.
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Figure 4.10 The k(λ) curves of Ti(20%)-doped WO3 films grown at various temperatures. The
extremely low values of k at λ>400 nm can be attributed to the transparent nature.

However, the effect of growth temperature is evident in the dispersion curves (Fig. 4.12), where
there is an increase in ‘n’ values with increasing temperature. In order to understand the physics of Ti33

doped WO3 films and the effect of growth temperature on their optical constants, the refractive index
variation of the films at =550 nm with growth temperature is shown in Fig. 4.12. The ‘n’ values of the
bulk WO3 and TiO2 are as indicated in Fig. 4.12. At a λ=550 nm, the ‘n’ values increase from 2.17 to
2.31 with increasing growth temperature from 25 to 500 ºC. For comparison, at 550 nm, the ‘n’ values
of bulk, crystalline WO3 [64, 65] and TiO2 [66] are 2.2 and 2.5, respectively. It can be seen (Fig. 4.12)
that the data fits a linear dependence on growth temperature indicating the effect of temperature in
enhancing the refractive index of Ti-doped WO3 films.

3.0

Refractive Index (n)

Ti(20)%-Doped WO3 Films
2.8
o

25 C
o

100 C

2.6

o

200 C
o

300 C

2.4

o

400 C
o

500 C

2.2
2.0
400

600

800

1000

1200

1400

Wavelength (nm)
Figure 4.11 The dispersion profiles of index refraction of Ti (20%)- doped WO3 films grown at
various temperatures. The sharp increase in index of refraction at λ ≤ 400 nm is due to
fundamental absorption across the band gap of the films.

A simple model can be formulated to explain the observed functional relationship between the
optical constants and growth conditions in Ti-doped WO3 films. Evident from the results, the dispersion
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of optical constants depend on the growth temperature. XRD measurements demonstrated that the Tidoped WO3 films grown at 25- 500 °C are completely amorphous. The observed increase in n values
when Ti-doped WO3 films are grown at higher temperatures can be attributed to the improved packing
density of the films. However, we believe that the packing density slightly improves but not
significantly. Perhaps, the temperature is not enough to promote the structural order but is sufficient to
increase the mobility of ad-atoms to join together to increase the packing density of the materials in the
films leading to observed increase in ‘n’ values.
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Figure 4.12 The functional dependence of index of refraction measured at λ=550 nm on the
growth temperature of Ti (20%) - doped WO3 films. The data is compared with that of pure WO3
and TiO2. A gradual increase in index of refraction suggests improved packing density.

In order to confirm the validity of this, the relative density (which is the ratio of film density to
that bulk of the material) Ti (20%)-doped WO3 films can be approximated from Lorentz-Lorentz
relation [67] using the measured index of refraction values. The functional dependence of the relative
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density of Ti (20%)-doped WO3 films on the growth temperature is shown in Fig. 4.13. It can be seen
that there is a direct correlation between the index of refraction, relative density, and growth temperature
suggesting that the improved packing density accounts for the observed optical constants and their
behavior in Ti (20%)-doped WO3 films.

Figure 4.13 The functional dependence of the index of refraction measured at λ=550 nm on the
growth temperature of Ti(20%)-doped WO3 films. The data is compared with that pure WO3 and
TiO2. A gradual increase in index of refraction suggests improved packing density.
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Chapter 5: Conclusions

Ti-doped WO3 films were fabricated using sputter deposition under varying deposition
temperature in the range of 25-500 °C. The results show that the effect of temperature is significant on
the growth and microstructure of W0.80Ti0.20O3 thin films. XRD results indicate that the W0.80Ti0.20O3
films grown up to temperature of 500 ˚C are amorphous. The SEM imaging analysis indicates that there
is no phase transformations are accompanied by a characteristic change in surface morphology. Optical
band gap (Eg) is found 3.1 eV with increasing substrate temperature. From SE analysis, the thickness
determined for W-Ti-O coatings is ~90 nm. The microstructure and optical constants of the grown films
were evaluated using spectroscopic ellipsometry. The results indicate that the Ti-doped WO3 films are
highly transparent and exhibit low optical losses in the visible and near infrared regions. The index of
refraction increases from 2.17 to 2.31 with increasing growth temperature from 25 to 500 ºC. The
increased packing density in the films with increasing temperature is attributed to the linear trend
observed in index of refraction.
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