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SYNOPSIS

Investigation on local structures of oxide thin film by EXAFS study

The materials studied in this thesis work are sputter deposited thin films of oxide materials viz.,
HfO,, TiO,, Ta,0s, Gd,03; and ZrO, which are important for use as high refractive index material in
optical thin film multilayers [1,2] and are also used as high k dielectric in electronic devices [3] or as ion
conductors in Solid Oxide Fuel Cells [4]. The films have been deposited at different sputtering conditions
like changing oxygen partial pressure or substrate bias. It is well known that the properties of these films
like refractive index, band gap, dielectric constant etc. can be tuned by varying the deposition conditions,
which is useful to prepare tailor made materials for their fruitful applications.

However, to establish proper correlation of the macroscopic optical properties of the films with
their preparation conditions, detail microscopic structural characterization of the films is essential.
Conventionally, structural characterizations of thin film samples are carried out by grazing incidence X-
ray diffraction (GIXRD) technique, where X-rays are made incident on the thin film samples at a narrow
grazing angle of incidence to enhance the interaction of X-rays with the thin film. However, in most of the
cases it is very difficult to get good GIXRD data from these thin film samples which are mostly
amorphous or polycrystalline in nature with small crystallites size. In this regard, X-ray Absorption
Spectroscopy (XAS) qualifies to be a good alternative technique since it only probes the short range order
in the samples and presence of long range order in the sample is not an essential requirement [5]. Due to
its element specific and short range nature, X-ray absorption spectroscopy (XAS) is increasingly been
useful for local structural investigation of complex, disordered materials in a variety of scientific fields
such as physics, chemistry, bioscience, materials science and engineering, energy science, environmental
science, geoscience, metallurgy, mineralogy etc. In this thesis work thus synchrotron radiation based

XAS, which consists of both extended X-ray absorption fine structure (EXAFS) and X-ray absorption
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near edge structure (XANES) measurements have been extensively used for structural characterization of
optical thin films. The methodology followed in the present work is as follows: (i) determination of
macroscopic overall optical constants of the samples by transmission spectrophotometry, (ii) obtaining
morphological information of the films from atomic force microscopy (AFM) and/or grazing incidence X-
ray reflectivity (GIXR), and (iii) using these data to fit the spectroscopic ellipsometry results which yield
information regarding the intrinsic optical properties of the thin film material. The variation of these
intrinsic properties of the films with depositions conditions are then correlated with the structural
information obtained from XAS measurements on the samples. The results have also been correlated with
other complementary measurement techniques like Rutherford back scattering spectroscopy

(RBS) wherever needed.

Chapter-1 of the thesis gives a brief introduction to the work carried out under this Ph.D
programme and addresses the motivation behind the work. Initially the various important properties of
optical thin films and their significance in thin film multilayer optical devices have been discussed.
Subsequently, the necessities of detail microstructural characterization of the samples in explaining their
macroscopic properties have been discussed. Since these films are mostly amorphous or polycrystalline,
the importance of using a local structure analysis tool like X-ray absorption spectroscopy, instead of X-ray
diffraction has been emphasized. Subsequently, optical and local structural properties of the various thin
film systems discussed in this thesis in subsequent chapters have been described briefly. In summary the
contents of this chapter provides the basis for the works presented in subsequent chapters.

Chapter-2 deals with various experimental techniques used in this thesis work. In the beginning of
the chapter various deposition techniques used for preparation of thin film samples have been discussed. It
is started with listing out of different types of physical vapor deposition techniques and the advantage of

sputtering technique, particularly magnetron sputtering technique that has been extensively used for
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preparation of thin film samples in this present study has been discussed. Subsequently different
sputtering processes like DC magnetron, RF magnetron and Asymmetric Bipolar Pulse DC sputtering
techniques have been shortly described. In the second part of this chapter, various thin film
characterization techniques that have been employed to investigate the properties of thin films in this
thesis have been briefly discussed. The techniques of grazing incidence X-ray diffraction (GIXRD),
grazing incidence X-ray reflectivity (GIXR), transmission spectrophotometry, spectroscopic ellipsometry
(SE), atomic force microscopy (AFM) and Rutherford backscattering (RBS) techniques have been
described shortly. Finally the XAS technique, including both EXAFS and XANES, which has been used
in this thesis work extensively have been discussed in details. It is started with the various types of
interactions of X-rays with matter and the theoretical basis of XANES and EXAFS techniques have been
discussed in brief. The experimental procedures of carrying out XAS measurements using synchrotron
radiation has then been described including the two modes (transmittance and fluorescence) of XAS
measurements with a brief description of the Energy Scanning EXAFS Beam line (BL-09) of Indus-2
synchrotron source, RRCAT, Indore, India [6]. Finally, the analysis procedure of the EXAFS data starting
with data normalization, transformation to k space, Fourier transformation and finally choice of
appropriate model to fit the EXAFS data has been thoroughly described with a mention of the software
codes used for the above purpose [7,8].

In the following chapters (chapter 3-8) the main results of the thesis work on the correlation of
local structural and optical properties of refractory oxide thin films of HfO,, Ta,0s, TiO,, Gd,O3 and Gd
doped ZrO, deposited under different conditions by sputtering techniques have been described.

In chapter-3, correlation of local structure and optical properties of HfO, thin films have been
discussed. Two sets of HfO, thin films at varying oxygen partial pressures in the range of 0 to 56% have

been deposited by RF magnetron sputtering technique; one set without putting any electrical bias to the
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substrate i.e. connecting the substrate holder to the ground and the other set keeping the substrate under
50W of pulse DC biasing. The characterizations of the samples by GIXRD, GIXR, RBS, optical
transmission spectrophotometry and spectroscopic ellipsometry measurements have been reported. The
variation of effective refractive index as obtained from optical transmission measurement could be
explained in the light of the variation of atomic density obtained from RBS measurement and variation of
void fraction estimated from spectroscopic ellipsometry measurement. Finally with local structural
probing through XAS, it was found that for the set of HfO, films deposited without substrate bias, the
variation of intrinsic refractive index of the films with oxygen partial pressure could be explained in terms
of the variation of Hf-Hf bond lengths and for the set of film deposited with substrate biasing, the trend of
intrinsic refractive index could be explained in terms of oxygen coordination surrounding Hf sites [9.10].

In chapter-4, the studies on a set of TiO2 thin films have been reported. A set of TiO, thin films
has been deposited by asymmetric bipolar pulsed DC (ABPDC) technique in the range of o to 21%
oxygen partial pressure. The refractive index of TiO, films varies in a non-linear fashion with increase in
O, partial pressure in the sputtering ambient. GIXRD measurements show that the anatase phase fraction
in the films increases slowly and monotonically as oxygen partial pressure is increased which cannot
explain the observed non-linear variation of refractive index of the films with increase in oxygen partial
pressure. However, local structure investigation by EXAFS measurements shows that anatase phase
fraction also varies in a nonlinear fashion with increase in oxygen partial pressure and almost follows an
opposite trend observed for the variation of refractive index of the films [11].

In chapter-5, the studies on a set of Ta,Os thin films have been reported which were deposited by
asymmetric bipolar pulsed DC (ABPDC) technique in the range of 0 to 50% oxygen partial pressure. The
intrinsic refractive index obtained from spectroscopic ellipsometry techniques have been explained in the

light of change in average Ta-O bond lengths and oxygen coordination around Ta sites as obtained from
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EXAFS measurements. The trend of variation in oxygen co-ordination as estimated from EXAFS
measurements has been found to follow the variation in oxygen to tantalum ratio in the films as estimated
from RBS measurement, while the variation in physical density of the films obtained from RBS
measurements is found to be similar with the variation in Ta-O bond lengths obtained from EXAFS
measurements [12].

In chapter-6, the studies on a set of Gd,O3 thin films have been reported which were deposited by
RF magnetron sputtering technique in the range of 0 to 50% oxygen partial pressure. GIXRD
measurements show that all the thin film samples are grown in cubic phases. Spectroscopic ellipsometry
measurements show that the low density of the sample prepared with 9.1% oxygen partial pressure is due
to the presence of high concentration of voids in this sample. Comparing the nature of variation of Gd-Gd
bond length of the samples obtained from EXAFS measurements, as a function of oxygen partial pressure,
with that of the intrinsic refractive index of the Gd,O3; material, as obtained from the spectroscopic
ellispometric measurements, it could be concluded that these films assume ia-3 space group of cubic
crystalline structure. Thus by applying complementary characterization techniques, it has been possible to
explain several macroscopic properties of this technologically important thin film system from
microscopic structural information [13].

In chapter-7, the study on Gd doped ZrO, thin films samples with varying Gd doping
concentration from 0 to 13%, prepared by RF magnetron sputtering technique, has been described. It has
been observed from spectroscopic ellipsometry and optical transmission measurements that the void
fraction present in the films increases significantly beyond Gd doping concentration of 11% causing a
decrease in the effective refractive index of the films. It has also been observed from GIXRD
measurements that though the undoped ZrO, film is having monoclinic structure, Gd doping stabilises the

films in cubic structure, which is different from the results obtained earlier by our group on bulk ZrO,
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samples prepared by co-precipitation route. The observed optical properties of the thin films that Gd
doping beyond 11% vyields samples with higher void fraction, lower band gap and lower effective
refractive index has been found to be corroborated with the results from EXAFS measurements on the
samples at both Zr- K edge and Gd L3 edges [14].

Study of laser induced damage mechanism and effort to increase the damage threshold of the
above oxide thin films is of immense technological importance because as improved laser damage-
resistant optical materials and better fabrication technologies are developed, laser designers can increase
the system operating energies and powers to the limits of these new materials. The study of these materials
under laser irradiation is also important from the point of view of tailoring of material properties by
purposeful laser irradiation. Although, many efforts have been made to investigate how stoichiometry or
long range order structure plays a role in describing the laser damage process, to the best of our
knowledge, efforts to understand the local structural changes in the materials due to laser irradiation near
around the damage threshold has not been made so far. In chapter-S, results of EXAFS and XANES
measurements on laser irradiated refractory oxide samples near the damage threshold have been described.
The above studies have been carried out on r.f. sputter deposited dielectric refractory oxide thin film
samples of TiO,, Ta,0s, HfO, and Gd,O3 each of approximately 200 nm thicknesses. For TiO,, Ta,Os and
HfO, samples, the laser fluence was optimized to 0.95 J/cm?, 2.06 J/cm? and 5.58 J/cm? respectively and
different locations on the samples were irradiated with varying number of pulse shots. On the other hand,
for Gd,0O3 samples, the number of shots were kept constant at 5and the fluence was varied from ~13-35
Jlem? in order to study the damage mechanism around the damage threshold. Apart from XAS
measurements, various other characterization techniques such as optical microscopic imaging, grazing
incidence X-ray reflectivity and grazing incidence X-ray diffraction have also been employed to study the

laser irradiated zones, Using these above studies, several interesting correlations between the laser
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irradiation process near the damage threshold with various macro/micro structural properties of the
samples could be established which have been described in this chapter.

Finally in chapter-9 the conclusions drawn in all the previous chapters in the different set of thin
films have been summarized and future directions of the works have been mentioned. As a future
prospective it is proposed to carry out grazing incidence XAS measurements on optical multilayers using
the recently commissioned high precision goniometer at BL-09 Energy Scanning EXAFS beam line at
Indus-2 SRS understanding wave conditions so that the interfaces of the thin film optical multi layers can
be studied. It is also proposed to study the structural evolution of these optical thin films during their
growth by employing a sputtering system in the experimental station of BL-09 which will be placed on the
above goniometer. Finally it is proposed to carry out the EXAFS measurements on the samplers under in-
situ laser irradiation conditions so that further insight into the local structural changes in the materials

under laser irradiation near the damage threshold can be obtained.
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CHAPTER-1

Introduction and motivation

Starting from 20™ century especially in last few decades, thin film deposition
technology has become an increasingly popular subject primarily due to the fact that all
microelectronic solid state devices are based on thin film. Owing to their small thickness, thin
films are almost invisible to the naked eye or buried below other surface layers. Nevertheless,
this field of science and technology has so much impact on electronic, optical, mechanical or
biological applications that modern life, as we experience today, would have not been
possible without thin film and coating technology. The usage of thin films for decorative
coatings is probably one of the oldest applications of thin film. To name some of the areas
where thin films are greatly applied are as diffusion barrier, stain repellent, anti-microbial,
anti-fogging, anti-corrosive, photo catalytic, photovoltaic, thin film batteries, thermally or
electrically insulating, conductive, optical, low friction and wear resistant etc.

Out of all these wide variety of applications of thin film, optical thin film caters a
major area of application. Optical thin film based devices have applications to various field of
science and technology starting from laser technology to astronomy. Numerous optical
devices are made out of thin film technology such as anti reflection (A.R.) coating, high
reflecting (H.R.) dielectric mirrors, beam reflectors, beam combiners, beam dividers, band
pass or edge pass filters, broadband A.R. or H.R. coatings, electro-optical devices [1],
active[2] and passive[3] waveguides so on and so forth. Fig. 1.1 shows photographs of

handsome of optical devices made out of modern thin film technology. The advancement of
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all these important devices is the main driving force for carrying out research and

development in thin film technology.

CD/DVD Camera lens coating[4] Solar cells[5]

Fig. 1.1: Photographs of optical devices made out of thin film deposition.

Fig. 1.2 depicts a general design of interferometry based optical devices. It consists of

multilayer stack of several thin film layers of different materials or very often two alternate

materials.
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The successful fabrication and operation of all these devices requires appropriate
design in one hand and in other hand it relies upon selection of right optical materials,
method of preparation and optimization of process parameters in order to achieve desired
optical and other associated properties. Optical properties characterize the response of
materials to incident electromagnetic radiation. For each material, the incident radiation is
partially transmitted, partially reflected and partially absorbed and the percentage of each one
is dictated by two of the most important optical properties namely the refractive index n and
the extinction coefficient K, which are generically called optical constants. Since many of
these devices are made for utilization in high power laser system and in extreme
environmental conditions, apart from optical constants, other associated properties such as
thermal expansion coefficient, mechanical properties, stress, birefringence etc. are also
important which needs to be assessed before adopting fabrication methodology or process
parameters. Also the inter-relation among these properties and the dependence of these
properties on micro structural behavior of the materials in thin film form is of fundamental
interest. Below mentioned are few important properties of thin film that one needs to care for

while designing and fabricating thin film based optical devices.

Q) Homogeneity:

When a thin film based optical device is fabricated it is expected that different spatial
locations of the thin film exhibits similar characteristics. To satisfy this, what is required in
the first hand is that the ingredients are mixed uniformly and distributed in all locations in the
similar fashion. This is called homogeneity of the thin film samples. For example, when a
polished lens with a diameter of approximately 4 inches is installed into an optical system,

the lens is expected to perform consistently across its entire aperture, that is to say light
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passing through its center will refract consistently with light passing near the edge. It is the
ability to limit localized variations in the refractive index and dispersion that opticians define

as a material’s homogeneity.

(i) Refractive index:

In simpler language refractive index of any medium is defined as the ratio of the
phase velocity of the light in vacuum to that in the medium. It is an important optical constant
firstly because the change in phase of the light in traversing a certain distance in a medium is
determined by the optical path length which is the product of refractive index and the
physical path length traversed by the light. Secondly, when lights moves from one medium to
another, the change in direction at the boundary of the two medium is dictated by the
refractive indices of the two medium. Usually, refractive index of any medium is intimately
related to the density of the medium. The theoretical basis for relationship between density
and refractive index is embedded in the relationship between macroscopic dielectric
(optical/electric) properties with microscopic molecular properties (e.g. molecular
polarizability) known as Clausius Mossotti relationship [6]. In terms of refractive index (n)

the relationship reads as

2
n“-1 N«
_Na 11
n2i2 3M°w (.1)

where, N is the Avogadro’s number, « is the molecular polarizability, M is the molecular
weight and p,, is the mass density.

The refractive index may also be related to the crystallographic structure of a material.
Depending upon the method of preparation or process parameters of preparation technology a

thin film of a particular composition may grow in different crystallographic structure or



phase. Since the packing density of different crystallographic structure are different, the
structure is directly linked with the physical mass density of the thin film and hence with
optical properties. For example, rutile phase of TiO, being denser than anatase phase of TiO,
rutile phase exhibits higher refractive index (~2.6) compared to the anatase phase refractive
index (~2.4) at 550 nm. Crystallographic structure or phase of grown thin film decides the

density and hence optical properties of the samples.

(ili)  Attenuation coefficient:
Attenuation coefficient of a medium dictates the amount of absorption of light when it
interacts with the medium and this is linked with absorption coefficient (o) at any wavelength

(A), with a relation & =47k/A . Although for the development of interferometry based optical

devices it is always preferred to choose almost fully transparent material, some amount of
absorption of light is inevitable in a medium. Apart from fundamental absorption due to
electronic transition from valence band to conduction band the absorption can take place due
to free carriers, phonons, excitons and impurities [7]. Free carrier absorption takes place due
to the presence of free electrons and holes, an effect that decreases with increasing photon
energy. Exciton is an electron and hole pair excited by a photon and bound together through
their attractive Coulombic interaction. Exciton absorption peaks are usually observed at low
temperatures and are close to the fundamental absorption edge. Impurity absorption, which is
usually related to the presence of ionized impurities or dopants, arises below fundamental
(band-to band) and excitonic absorption. In addition, lattice absorption may take place due to
the vibrations of the crystal ions. So, absorption coefficient of thin film largely depends upon

various structural and compositional intricacies of thin film.



(iv)  Dispersion:

The refractive index of materials varies with the wavelength (and frequency) of light.
This is called dispersion and causes prisms and rainbows to divide white light into its
constituent spectral colors. Dispersion also causes the focal length of lenses to be wavelength
dependent.
For optics in the visual range, the amount of dispersion of a lens material is often quantified

by the Abbe number [8].

y= Nyellow -1
- 1.2
nblue - nred ( )

Because of dispersion, it is usually important to specify the vacuum wavelength of light for
which a refractive index is measured. Dispersion of material is an important factor which
needs to be taken into account in every optical design which involves spectral range instead

of single wavelength.

(V) Optical Band Gap:

Optical band gap refers to the absorption of light in a medium due to the fundamental
electronic transition from valence band to the conduction band of the lattice in the medium.
In a defect free crystalline semiconductor, there exists a well-defined energy gap between
valence band and conduction band, which arises from the periodicity of the crystal. This
gives rise to fundamental absorption edge in this kind of material. In contrast, in amorphous
semiconductor, the valence band and conduction band of electronic states do not terminate in
sharp edge rather tail states appear within the energy gap. In addition to the tail states,
localized electronic states may appear due to the existence of defects [7]. Optical band gap of

a material is a very primary property to be considered for qualifying the material to be a
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constituent part of any optical device. For example, TiO, which has typical band gap of ~3.5
eV can not be a comprising layer of any UV mirror as TiO itself will absorb all wavelength

below ~365 nm.

(vi)  Birefringence:

Birefringence is the optical property of a material having a refractive index that
depends on the polarization and propagation direction of light. These optically anisotropic
materials are said to be birefringents. Even though there are lots of applications of
birefringent materials, the birefringence may be undesirable in various interferometry based
optical devices. Crystallographic structural anisotropy is one of the reason that leads to

optical anisotropy or birefringence in a medium.

(vii) Linkage of local structure with optical properties:

From so far discussion it is clear that the optical properties of nano structured thin
film and hence the performance of thin film based optical devices are intimately related to the
various physical properties of the thin films such as density, morphology, defects,
crystallographic structure etc. So far as probing crystallographic structure is concerned,
conventionally it is carried out by grazing incidence X-ray diffraction (GIXRD) technique,
where X-rays are made incident on the thin film samples at a narrow grazing angle of
incidence to enhance the interaction of X-rays with the thin film. However, in most of the
cases it is very difficult to get good GIXRD data from these thin film samples which are
mostly amorphous or polycrystalline in nature with small crystallites size. In this regard, X-
ray Absorption Spectroscopy (XAS) qualifies to be a good alternative technique since it only

probes the short range order in the samples and presence of long range ordering in the sample
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is not required [9]. For example, the local structural information about crystallographic phase
of thin film might be related with density and hence refractive index for poly crystalline or
amorphous thin films. Secondly, expansion or contraction of bond distance, as determined by
local structural probe, might be responsible for lower or higher density and hence refractive
index of any material. Thirdly, local coordination number may give idea about the
stoichiometry or compositional defect which determines the optical loss in the thin films
system. Thus such investigation to find out any possible correlation among the optical and
other macroscopic properties with the local structural behavior of the thin films seems
absolutely sensible and important in research domain of thin film science and technology,
which becomes feasible due to the advent of high intensity synchrotron radiation sources in
recent time.

In this thesis work thus synchrotron radiation based XAS, which consists of both
extended X-ray absorption fine structure (EXAFS) and X-ray absorption near edge structure
(XANES) measurements have been extensively used for structural characterization of optical
thin films. The methodology followed in the present work is as follows: (i) determination of
macroscopic overall optical constants of the samples by transmission spectrophotometry, (ii)
obtaining morphological information of the films from atomic force microscopy (AFM)
and/or grazing incidence X-ray reflectivity (GIXR), and (iii) using these data to fit the
spectroscopic ellipsometry results which yield information regarding the intrinsic optical
properties of the thin film material. The variation of these intrinsic properties of the films
with depositions conditions are then correlated with the structural information obtained from
XAS measurements on the samples. The results have also been correlated with other
complementary measurement techniques like Rutherford back scattering spectroscopy (RBS)

wherever needed. The above scheme is pictorially depicted in fig. 1.3.
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Fig. 1.3: Flowchart of this thesis work

In this thesis work, correlation of local structural and optical properties of refractory
oxide thin films of HfO,, Ta,0s, TiO,, Gd,03 and Gd doped ZrO, deposited by sputtering
techniques under different conditions have been described.

Hafnium oxide (HfO,), is one of the most promising high k dielectric materials to
replace SiO; in metal oxide semiconductor transistors [10-12]. Apart from its excellent high-
k dielectric properties, hafnium oxide also qualifies to be an excellent optical coating material
in the extended spectral region for high power laser applications. HfO, is fairly transparent in
UV-Visible-near IR spectral range and has got considerably high band gap (~5.7 eV). Over
the years, HfO, has been preferred as a high index coating material for fabrication of
multilayer thin film devices [13] primarily due to its superior thermal and chemical
stability[14-15] in contact with silicon and silicon oxides. Titanium dioxide (TiO,) being a
large band gap and high index material has also been of wide research interest for its
application in multilayer optical interference coatings [16-17]. Excellent chemical stability of

Ti0, makes it an important choice for high index material in multilayer interference coatings



[18]. It has also been used in various semiconductor devices like in sensors [19], photo
catalysts [20] and transistors [21-22]. Tantalum pentoxide (Ta,Os) has been the focus of
research for optical and electronic devices due to its excellent refractive index and dielectric
properties. Depending upon the process of preparation Ta,Os exhibits optical band gap ~ 4-
4.2 eV and refractive index in the range 1.9-2.2 @ 550 nm. Tantalum pentoxide can be
prepared in thin film form which exhibit a very low attenuation coefficient (~10) in the
visible wavelength region of light i.e. they are optically transparent. Due to such excellent
optical properties of Ta,Os and its chemical compatibility with other optical materials it also
finds applications as a comprising thin film layer in various types of multilayer thin film
based optical devices [23]. Gadolinium oxide (Gd,O3) belongs to lanthanide rare-earth
sesquioxide group which, in one hand is a potential gate oxide material due to its good
chemical compatibility, lesser interface diffusion with silicon and higher dielectric constant
(k=14) and on other hand is an excellent optical material covering a transmitting region from
190 nm to 1600 nm and having bulk high refractive index of ~1.80 @ 550 nm. Similarly,
zirconia (ZrOy) has been extensively studied in various forms due to its diverse applications
such as a refractory material, oxygen sensor, bioceramic, or thermal barrier coating, amongst
others [24-25]. Doped zirconia systems are especially important in catalytic applications,
either as supports or as electrolytes in solid oxide fuel cells (SOFCs) [26-27]. Along with
many other alternate dopants, Gadolinium (Gd) is one of the most promising dopants in ZrO,
system on which several works have already been reported [28-29]. Due to its high
transparency in the entire visible and near infrared region and stability with other refractory
materials, ZrO, is also often used as a comprising layer in multilayer interference coating
based optical devices [30] such as in anti-reflection coating, broadband interference filters

and active electro-optical devices.
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Several deposition techniques have been adopted to deposit optical films of desired
optical and electronic properties including sputtering [31] sol-gel [32], atomic layer
deposition (ALD) [33] etc. lon beam assisted deposition (IBAD) [34] has also been used in a
number of studies aimed to obtain high-quality optical films. Optical films produced by
evaporation processes, barring ion assisted deposition, are generally porous [35] and
therefore absorption of moisture in the voids causes refractive index to change under humid
condition. Again, ion assisted deposition also poses limitation in developing large area
coatings due to restriction in the sizes of available ion sources [36]. Magnetron sputtering, on
the other hand, has got several advantages in achieving improved morphology, microstructure
and interfaces [37-39] and thus is a highly preferred technique for surface sensitive
deposition like of metal oxide semiconductors for device application. Compared to the RF
magnetron sputtering technique which is generally adopted for sputtering of insulating oxide
materials, the asymmetric bipolar pulsed DC (ABPDC) magnetron sputtering technique
makes it possible to overcome the problem of accumulation of space charge through a
relatively simpler way that does not need any critical impedance matching of the load and the
power supply and helps in producing high-quality, low-defect oxide dielectric films required
for precise coating processes [39-41].Thus in this thesis work the optical thin films have been
prepared using the above two deposition techniques. In a typical sputtering deposition
technique, the percentage of oxygen present with respect to argon i.e. oxygen partial pressure
acts as an important controlling parameter since it controls the stoichiometry of the deposited
oxide samples and the deposition rate. Oxygen partial pressure decides the average sputtering
efficiency since the sputtering efficiency of oxygen is less compared to argon. Apart from the
above it also monitors energy of the sputtered species [42] reaching the substrate surface and

thus in turn determines morphology and crystallinity of the films. Substrate biasing has also
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considerable influence on the energy of ionic species present in the magnetron plasma and
thus on the total energy delivered to the substrate [43] during deposition, thereby changing
the growth process and thus may result in determining the optical and micro structural
properties. Thus in this thesis work the oxide samples have been deposited under various
oxygen partial pressures and with substrate biasing (in some cases) and their dependence on
the structural and optical properties of the films have been investigated in detail.

Chapter-2 of the thesis deals with various experimental techniques used in this thesis
work including the description of magnetron sputtering and Asymmetric Bipolar Pulse DC
sputtering techniques. Apart from this, the various characterization techniques, their
principles and the description of the equipments used including grazing incidence X-ray
diffraction (GIXRD), grazing incidence X-ray reflectivity (GIXR), transmission
spectrophotometry, spectroscopic ellipsometry (SE), atomic force microscopy (AFM) and
Rutherford backscattering (RBS) techniques have also been described shortly in this chapter.
Finally the synchrotron radiation based XAS technique, including both EXAFS and XANES,
which has been used in this thesis work extensively have been discussed in details. In the
following chapters (chapters 3-7) of the thesis the findings of the above characterizations on
the HfO,, TiO,, Ta,0s, Gd,O3 and ZrO, thin films prepared under various deposition
conditions have respectively been described.

Study of laser induced damage mechanism and effort to increase the damage
threshold of the above oxide thin films is of immense technological importance because as
improved laser-damage-resistant optical materials and better fabrication technologies are
developed, laser designers can increase the system operating energies and powers to the
limits of these new materials. The study of these materials under laser irradiation is also

important from the point of view of tailoring of material properties by purposeful laser
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irradiation. Although, many efforts have been made to investigate how stoichiometry or long
range order structure plays a role in describing the laser damage process, to the best of our
knowledge, efforts to understand the local structural changes in the materials due to laser
irradiation near around the damage threshold has not been made so far. In chapter-8 of the
thesis, results of EXAFS and XANES measurements on laser irradiated refractory oxide
samples near the damage threshold have been described. The above studies have been carried
out on RF sputter deposited dielectric refractory oxide thin film samples of TiO,, Ta,Os,
HfO, and Gd,O3 each of approximately 200 nm thicknesses. Apart from XAS measurements,
various other characterization techniques such as optical microscopic imaging, grazing
incidence X-ray reflectivity and grazing incidence X-ray diffraction have also been employed
to study the laser irradiated zones. Using these above studies, several interesting correlations
between the laser irradiation processes near the damage threshold with various macro/micro

structural properties of the samples could be established.
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CHAPTER-2

Experimental Techniques

2.1 Introduction:

This chapter deals with various experimental techniques used in this thesis work. In
the beginning of the chapter various deposition techniques used for preparation of thin film
samples have been discussed. It is started with listing out different types of physical vapor
deposition techniques and the advantage of sputtering technique, particularly magnetron
sputtering technique that has been extensively used for preparation of thin film samples in the
present study has been discussed. Subsequently different sputtering processes like DC
magnetron, RF magnetron and Asymmetric Bipolar Pulse DC sputtering techniques have
been shortly described. In the second part of this chapter, various thin film characterization
techniques that have been employed to investigate the properties of thin films in this thesis
have been briefly discussed. The techniques of grazing incidence X-ray diffraction (GIXRD),
grazing incidence X-ray reflectivity (GIXR), transmission spectrophotometry, spectroscopic
ellipsometry (SE), atomic force microscopy (AFM) and Rutherford backscattering (RBS)
techniques have been described shortly. Finally the XAS technique, including both EXAFS
and XANES, which has been used in this thesis work extensively have been discussed in
details. It is started with various types of interactions of X-rays with matter and the
theoretical basis of XANES and EXAFS techniques have been discussed in brief. The

experimental procedures of carrying out XAS measurements using synchrotron radiation has
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then been described including the two modes (transmittance and fluorescence) of XAS
measurements with a brief description of the Energy Scanning EXAFS Beamline (BL-09) of
INDUS-2 synchrotron source, RRCAT, Indore, India [44]. Finally, the analysis procedure of
the EXAFS data starting with data normalization, transformation to k space, Fourier
transformation and finally choice of appropriate model to fit the EXAFS data has been
thoroughly described with a mention of the software codes used for the above purpose [45-

46].

2.2 Thin Film Deposition Techniques

Since last many decades, thin film deposition technology has been increasingly
popular subject primarily due to the fact that all microelectronic solid state devices are based
on thin film deposition [47]. The successful applications of the technology to mitigate the
requirements have been possible because of the improved understanding of the physics and
chemistry of thin films, surfaces, interfaces, and microstructures. Over the time several
dozens of deposition technologies have emerged out which can be classified broadly into four
groups [47] such as evaporative, glow discharge, gas-phase chemical and liquid-phase
chemical processes.

Sputtering technology falls under the group of glow discharge process. The electrode
and gas phase phenomenon in various kinds of glow discharge forms the basis of such
deposition technology. Apart from sputtering various other deposition technologies such as
ion beam deposition, reactive ion plating, plasma enhanced chemical vapor deposition
(PECVD), plasma oxidation, Microwave ECR plasma CVD etc. falls in this category of

deposition technology. Sputtering is a phenomenon in which when an energetic ion bombards
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on target surface it ejects atoms or molecules from the target surface by the process of
momentum transfer.

All the samples in this thesis work have been prepared by a variant of sputtering
technique called magnetron sputtering technique. Before going into the details of different
variants of sputtering, it is important to understand the mechanism of sputtering process. Fig.
2.1 gives schematic representation of sputter deposition technology in its simplest form. As
shown in this figure, the deposition material (called target) is subjected to high electric field
in a closed chamber having evacuation facility by vacuum pump. During the process, the
chamber is filled with inert gas like Argon (Ar). Ar gas ions, under the strong electric field
applied between the two electrodes, collide with the target material and knock out the target

species which traverse up side and settle on the substrate surface. This is how the whole
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Fig. 2.1: Schematic representation of sputter deposition technology [48]

deposition process works.The physics of sputtering is perhaps best understood by momentum
transfer theory [49]. According to this theory, the kinetic momentum of the incident ions are

transferred to target surface atoms upon collision and a collision cascade (shown in fig. 2.2)
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takes place within the top few layers in the material so that some of the target surface species

get emitted out which is called sputtering.
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Fig. 2.2: Collision cascade in sputtering process [50].

The efficiency of sputtering is quantified by a term called sputtering yield which is
defined as the average number of ejected target atoms/molecules per single ion hitting the
target. The yield of sputtering depends upon several factors such as: (i) lon and target
atomic mass, (ii) ion energy, (iii) target crytallinity and (iv) angle of incidence.

The dependence of sputtering yield of several materials as a function of Ar ion energy is

displayed in fig. 2.3.
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Fig. 2.3: Sputtering yield for several materials as a function of Ar ion energy [50].

The sequences of events in thin film deposition by sputtering process [51] are-

(i) Generation of ions in plasma, (ii) Acceleration of ions in electric field between target
(cathode) and substrate (anode), (iii) Sputtering of target through momentum transfer, (iv)
Transport of sputtered material, (v) Adsorption of sputtered species to the substrate, (vi)
Surface diffusion in substrate and (vii) Nucleation and thin film formation.

Generally a base pressure of ~10"° mbar is achieved prior to deposition and actual sputtering
deposition is accomplished at pressure of ~ 102-10" mbar. Here it should be mentioned that
apart from thin film deposition, the concept of sputtering is also exploited in

Etching of targets: Microelectronics patterning, Depth profiling microanalysis etc.

Surface treatment: Hardening, Corrosion treatment etc.
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There are various types of sputtering, viz., (i) DC sputtering or diode sputtering, (ii) radio
frequency (RF) sputtering, (iii) pulse DC sputtering, (iv) reactive sputtering and (v)

magnetron sputtering

2.2.1 DC Sputtering:

In DC sputtering the target is held with constant negative DC potential and the
corresponding positive terminal is grounded and the substrate as well as the chamber wall is
also grounded. So, the DC sputtering process is similar to DC glow discharge. Fig. 2.4
displays voltage current characteristic in entire electric discharge regime which can be
distinguished from each other in three regions namely dark discharge, glow discharge and arc

discharge. The abnormal glow discharge region as shown in this figure is exploited in the

process of DC sputtering.
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Fig. 2.4: Different electric discharge regime in DC glow discharge [52].
The deposition rate in DC sputtering is very much affected by the pressure of gas in
chamber. As the pressure increases, the electron mean free path decreases, more ions get

generated, cathode sheath becomes narrower; the chance of ions getting absorbed in the wall
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reduces. All these causes discharge current to increase with increasing gas pressure which in
turn favors high deposition rate. On the other hand, due to increased collisional scattering of
sputtered atoms with the increase in pressure, the deposition rate decreases. Therefore, the
combined effect is, the deposition rate is maximum in a defined range of gas pressure for a
given system. In general, deposition rate is proportional to the power consumed and the
square of current density and inversely dependent on the electrode spacing. Fig. 2.5 shows
the dependence of deposition rate on gas pressure which bears the combined effect due to

discharge current and sputtering yield.
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Fig. 2.5: Dependence of deposition rate on gas pressure for non-magnetron
sputtering [53].
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In DC sputtering, there is a low concentration of secondary electrons. So, there will be
fewer collisions in the plasma and large voltage is required to sustain the plasma. DC
sputtering is only effective for deposition of conductive materials. Typical ion currents
striking the cathode are on the order of 1 mA. cm™. To draw a current density, J through a
target of thickness, t and resistivity, p the cathode needs a voltage given by V = p t J [53].
Hence, if we want to deposit quartz, even if we use a very thin quartz target of thickness 1
mm, quartz resistivity of 10*® Q-cm would require applying as high as10** Volts to create 1
mA. cm™ current. This cannot be achieved in practice. This is why DC sputtering cannot be
used for deposition of quartz or any insulator. For the same reason, for a given cathode
voltage DC sputtering requires higher chamber ambient pressure for the sustenance of the

plasma.

2.2.2 RF Sputtering:

The problem of DC sputtering of insulating material is solved in RF sputtering by a
mechanism called the ‘self bias’ mechanism. In this process, an alternative electric field of
megahertz frequency is applied to the target. In the presence of this alternating field both
electrons and ions in the plasma oscillate and alternatively hit the target surface. However
due to the fact that electrons are lighter in mass than ions, during positive cycle of RF field
more numbers of electrons reach the target surface than ions in the negative half cycle. As a
consequence, a net negative potential is produced in front of the target surface which drives
positive ions towards the target surface and repels electrons in opposite way. This is called
self biasing of the target. Once this happens, it behaves as a DC target where positive ions
continuously bombard the target surface and sputtering takes place. In fig. 2.6, the

development of self bias has been demonstrated from current-voltage characteristic of
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plasma. It can be seen from fig. 2.6(a), the RF signal being applied to the target would create
a net current through the plasma which is not possible through the capacitor. As a
consequence, the operating point in the I-V characteristic shifts to the negative voltage (as

shown in Fig. 2.6 (b)) so that net current becomes zero.
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Fig. 2.6: Formation of self bias sheath on target during RF Discharge (a) net
current/zero self-bias voltage (b) Zero current/nonzero self bias voltage [53].

For AC field of frequency less than 50 kHz, both electrons and ions can follow the
switching of the anode and cathode and no self bias gets produced. Essentially below 50 kHz
frequency, the DC sputtering conditions prevail at both the electrodes. On the other hand,
above ~50 kHz, two important things happen. At high frequencies, electrons oscillating in the

glow region acquire sufficient energy so that requirement of secondary electron is reduced to
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sustain the plasma. Secondly, it becomes possible to couple RF to any high impedance
without requiring the electrodes to be conductor. Typical RF frequency exploited for this
purpose is in the range of 5-30 MHz. In practice, 13.56 MHz is used due to government
communications regulations (International Telecommunications Union).

One notable point here is, the sheath potential get developed on both the electrodes.
But since the surface area of target electrode is much less than the opposite electrode
consisting of substrate, base plate, chamber wall etc., the self bias potential developed near
target surface is much greater than the other. In principle, the self bias developed near any

electrode is inversely proportional to the forth power of electrode surface area i.e.

Voo A4

2.2.3 Pulse DC sputtering:

This is a relatively new and novel technique [54] in which the target is powered by an
alternative DC power supply in mid frequency range. The power supply offers a rectangular
waveform with its negative cycle having amplitude of typically few hundred volts and
positive cycle having amplitude of typically 25-50 volts. The negative cycle is responsible for
attracting the positive sputtering ions and ejecting the target species in atomic, molecular and
ionic forms as usual like DC sputtering. In the process, some of the ions while colliding with
target may leave their positive charges on the target surface. These positive charges being
accumulated on the target surface over some time would create an electric field so as to repel
further positive ions to reach to target surface and ultimately stops the sputtering. This
process of positive charge accumulation on the target surface is known as surface poisoning.
The positive cycle of the applied power plays an important role in overcoming the problem of

target surface poisoning by showering the target with electrons which neutralizes the charge
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buildup [55]. This also inhibits the possibility of formation of arc. Usually the required time
period of positive cycle for removing the charge build up is not same as the time period of
negative cycle in which the sputtering phenomenon takes place. That’s why, an asymmetric
form of power supply with varying pulse on/off time and pulse frequency is employed for
this purpose, also called asymmetric bipolar pulsed DC (ABPDC) sputtering. As the ABPDC
discharges target in mid-frequency ranges up to few hundred kHz and uses a positive voltage
of only 25-50V for target surface neutralization, it prevents back sputtering and thus results
in relatively smoother films as compared to that of the other deposition processes. Bipolar
pulsed DC sputtering technology also offers larger degree of freedom due to available
tunability features of pulse frequency, pulse width, pulse power etc. of the bipolar pulsed DC
power supply and does not have stringent requirement of impedance matching as is required

in case of RF power supply.

2.2.4 Reactive sputtering:

Reactive Sputtering [57] is a variant of sputtering technique in which a target of one
chemical composition (e.g. Ti) is sputtered in the presence of a gas or a mixture of gasses
(e.g. Ar + Oy) that will react with the target material to form a coating of a different chemical
composition (e.g. compound TiO,). Argon is in most cases the primary gas responsible for
sputtering and the amount of a reactive gas introduced into a process chamber is controlled
either to achieve certain amount of doping or produce a fully reacted compound. Reactive gas
is a type of gas which undergoes chemical reactions with materials in contact. Gases that are
inert in ambient conditions (e.g. molecular N,) become reactive when present in a plasma
discharge due to collisions with energetic particles and subsequent dissociation into atomic

neutral (e.g. N) and charged (e.g. N+, N-, No+) components. Most often used reactive gasses
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are oxygen (O,), nitrogen (N), carbon dioxide (CO,) , acetylene (C,H,) , methane (CH,)
.Several reactive gasses can also be mixed (e.g. O, + Ny) in order to deposit multi-component

functional thin films, such as oxy-nitrides (e.g. Cr-O-N) or oxy-carbides (e.g. Si-O-C).

2.2.5 Magnetron sputtering:

In DC, RF or PDC sputtering process discussed above, the secondary electrons have
relatively longer mean free path (10’s cm) and that’s why the processes suffer from
inefficient secondary electron process and thereby low ionization levels. This leads to slow
etching of target surface and therefore lower deposition rate. To increase the efficiency of
secondary electron generation, in magnetron sputtering a magnetic field is applied parallel to
the target surface which helps in increasing the deposition rate dramatically. Typically in
magnetron sputtering an order of magnitude higher deposition rate can be achieved in
compared to conventional sputtering technique and presently, magnetron sputtering is the
most widely commercially practiced sputtering technique.

As shown in fig. 2.7, in planer magnetron configuration the magnetic field is applied
parallel to the target surface i.e. perpendicular to the applied electric field. When the
secondary electrons near the target surface encounters this crossed electric and magnetic
field, the field drives the electrons in helical motion and electrons hop on the target surface as
shown in the figure. In absence of magnetic field these electron would have escaped from the
target and reach to the plasma bulk or hit the anode surface. These revolving electrons will
collide with the ions in the cathode dark space for a longer time and increases the ionizing
efficiency and in turn causes more sputtering and thus increases the deposition rate. Usually,
a magnetic field of ~ 200 — 500 G is applied to contain the secondary electrons, and therefore

the plasma, close to the cathode. Deposition rate increases up to 10-100 times higher than
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Fig. 2.7: Applied field and electron motion in planer magnetron [53]

without magnetron configuration and deposition rate as high as 1 pm/min [53] has been
possible to achieve in magnetron sputtering. The advantages of magnetron sputtering
compared to conventional sputtering are (i) Increased ionization (ni/n ~ 10™ to 102, (ii)
higher plasma density (n; ~ 10** cm™), (iii) increased ion bombardment (4-60 mA/cm?), (iv)
higher deposition rates (~ 1 um/min for Al), (v) lower Ar pressures (0.5 — 30 mT), (vi)
lower DC (300 — 700 V) or RF voltages (< 500 V amplitude).

Depending upon the distribution of magnetic field on target there can be two types of
magnetron sputtering-, viz., balanced and unbalanced magnetron sputtering technique. In
balanced magnetron configuration the central pole magnet and ring magnet below the target
surface has equal strength and there is no resultant magnetic lines of force along the
perpendicular to the target surface where as in unbalanced magnetron configuration, the two
magnets are intentionally kept of unequal strength so that there is resultant magnetic lines of
force along perpendicular to the target surface. Fig. 2.8 shows the typical distribution of
magnetic field lines in balanced and unbalanced magnetron configurations. In unbalanced

magnetron, the resultant magnetic lines of force along perpendicular to the target surface
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helps in extending the plasma length towards the substrate surface which increases the
substrate current and improves the coating quality.

Balanced magnetron Unbalanced magnetron

| Substrate | [ Substrate |

drg

Fig. 2.8: Magnetic field lines of balanced and unbalanced magnetrons [57]

Finally, the main advantages of sputtering compared to other thin film deposition
techniques are (i) higher energy of sputtered particles compared to energy of evaporated
adatoms, (ii) higher surface mobility in condensing particles, (iii) possibility of large area
deposition, (iv) feasibility of alloy sputtering with required stoichiometry due to smaller
difference in sputtering yields among elements of alloys compared to the difference in vapor
pressure, (v) lower substrate temperature, (vi) feasibility of sputtering the materials with high

melting point and (vii) better adhesion.

2.3  Deposition systems used in this thesis work:

For all depositions of thin film samples studied in this thesis work one in-house built
DC/RF magnetron sputtering system and another custom made DC/RF/Pulse DC sputtering
system present in AMPD, BARC, Visakhapatnam Centre have been used. In all cases, prior
to deposition a base vacuum of ~10° mbar was archived while the actual deposition has been

commenced at Ar/O, gas pressure of ~10” mbar. The target to substrate distance is kept at 60
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mm. The substrates are kept at ambient during deposition. However, it has been observed that
substrate temperature reaches up to 60-80°C during the process of deposition. Both the
deposition systems are briefly discussed below with mention of technical specifications of

major components.

2.3.1 In-House Built DC/RF Magnetron Sputtering System:

Fig. 2.9: In -house built DC/RF Magnetron Sputtering System
at AMPD, BARC-Visakhapatnam Laboratory

This system consists of two magnetrons cathodes (make-Edwards) of 3” diameter,
each of which can be powered by either RF power supply (Make-Huttinger, Max 1.5 kW ) or
DC power supply (Make-Millman, Max. 2.5 KW). The vacuum chamber is evacuated using
a turbo molecular pump (Make:Alcatel) with backing Rotary pump (Make: Alcatel). The
vacuum chamber is equipped with one pirani (Make:HHV ) and penning gauge
(Make:Pfeiffer ) for monitoring the chamber pressure. A quartz crystal thickness monitor
(Make: Inficon ) is provided to monitor deposited thickness online. Cold water supply is

provided with a custom made chiller in order to cool power supply, magnetron, quartz crystal
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head etc. Fig. 2.9 shows the picture of this dual magnetron in-house built sputtering system.

This system can be used for the deposition of both metallic and dielectric samples.

2.3.2 Custom Made DC/RF/Pulse DC Magnetron Sputtering System:

Fig. 2.10: Custom Made DC/RF/Pulse DC Magnetron Sputtering System
at AMPD, BARC-Visakhapatnam Laboratory

This system (Make: M/s., Advance Process Technology (APT), Pune, India) consists
of three numbers of 3 inch magnetron cathodes and two numbers of 6 inch magnetron
cathodes each having pneumatic control shutter assembly. It is equipped with a rotating
substrate assembly having multi-position substrate holder including heating arrangement
inside it. Quartz crystal monitor has been provided to each cathode to measure film thickness
deposited on the substrate and all these quartz crystal monitors are connected with a Maxtek
make MDC 360 thickness controller. The system is provided with turbo molecular pump
backed by a rotary pump and the pumping system is isolated from the chamber with a stepper

motor driven gate valve. The system is also equipped with a Pirani Gauge (Make: HHV,
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India), one compact capacitance gauge (Make: Pfeiffer, Germany) and one full range gauge
(Make:Pfeiffer, Germany). Cooling system is provided with chiller to cool each magnetron,
each quartz crystal, turbo molecular pump and vacuum chamber. One heater tank is also
provided with P-U Tubing connections to heat the vacuum chamber for baking to achieve
high vacuum. The actual photograph of the system is shown in fig. 2.10.

It has got three mass flow controllers (make-MKS) for argon, oxygen and nitrogen
gas and has facility to heat the substrate up to 400°C. Cathodes can be powered with a bipolar
pulsed DC power supply (LOKW max.), a DC power supply (3KW max.) or a RF power
supply (1KW max).The bi-polar pulsed DC power supply (MKS/ENI make, model RPG-100)
installed in this system has maximum power output of 10 kW and it has a fixed reverse bias
of +37V, whereas the negative voltage can be varied from 0 to—800V. That’s why it is called
Asymmetric Bi-polar Pulse DC (ABPDC) power supply. DC or RF sputtering has only one
key parameter to change the sputtering rate by its power to the cathode where as in bi-polar
pulsed DC sputtering system one have pulse frequency, pulse width and power as a
controlling parameters.

The waveform of the power supply is shown in fig. 2.11 where pulse frequency can
be varied in the range of 50 to 250 kHz and pulse width can be varied from 496 to 8016 ns at
50 kHz pulse frequency and from 496 to 1536 ns at 250 kHz pulse frequency. So, overall, the
duty cycle (defined in the inset of fig. 2.11) can be varied in the range of ~2 to 40 % to tune
the deposition dynamics and control the arcing and deposition rate. The arc free and high
sputtering rates for TiO,, SiO, and other oxide targets could be achieved by varying the
negative voltage in the typical range of —400 to—700V. The system also has the flexibility to
use any power supply to not only cathodes for sputtering but also to the substrate assembly
for biasing.
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Fig. 2.11: Waveform of ABPDC power supply installed in sputtering system [36]

2.4  Thin film characterization techniques:

In this thesis, the deposited thin film samples have been characterized by grazing
incidence X-ray diffraction (GIXRD), grazing incidence X-ray reflectivity (GIXR),
transmission spectrophotometry, spectroscopic ellipsometry (SE), atomic force microscopy
(AFM) and Rutherford backscattering (RBS) apart from synchrotron radiation based
extended X-ray absorption fine structure (EXAFS) and X-ray absorption near edge structure

(XANES) techniques. In the following, the above techniques are discussed briefly.

2.4.1 Grazing incidence X-ray diffraction:
Grazing incidence X-ray diffraction (GIXRD) is specifically used for investigating

structural properties of thin films coated on bulk substrates. In contrast to wide angle X-ray
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diffraction where angle of incidence >10° here the X-ray beam is made incident on the
sample at a fixed grazing angle of incidence. This is to ensure that the penetration depth of
incident X-ray lies almost within the thickness of the thin film so that X-rays will interact
mostly with the thin film and not with the underlying substrate. To collect the GIXRD pattern
for thin film, the grazing angle of incidence of X-rays is kept fixed and the diffracted X-ray is
measured in the wide angular range by rotating the detector arm across the intended angular
range. This is often called as detector scan mode of measurement. One of the prime
difference of detector scan mode with conventional 0-20 mode of XRD measurement is that
in 0-20 mode, only the family of crystallographic planes which are parallel to the sample
surface can take part in diffraction whereas in detector scan mode (20 mode), all the

crystallographic planes in the sample takes part in diffraction. Fig. 2.12 shows the photograph

Fig. 2.12: Photograph of GIXRD instrument in
AMPD, BARC, Visakhapatnam laboratory
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of GIXRD instrument in AMPD, BARC, Visakhapatnam laboratory. The schematic of
grazing incidence X-ray diffraction measurement configuration is shown in fig. 2.13. One of
the prerequisite for recording noise free GIXRD measurement is that incident X-ray beam
should be sufficiently collimated. Otherwise the X-ray beam will have spread of incident
angle rather than having a definite well-defined angle of incidence. Monochromatic Cu K,
X-ray being originated from X-ray tube is collimated using collimating mirror by cross beam

optics (CBO) technique. X-rays diffracted from the sample is passed through a soller slit and

Detector

X-ray tube

Fixedincident angle

Fig. 2.13: Schematic of GIXRD set-up in 20 scan mode

detected by a scintillation detector followed by photomultiplier tube.During scan in the
detector scan mode, all the parallel planes of atoms, with interplanar spacing dn, will form

constructive interference when the following law (known as Bragg’s law) is satisfied

2d Sln 0hk| = nl (21)
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Here X-ray wavelength A is fixed and n is a positive integer and represents the order of

diffraction. So, the diffraction angle & gives the knowledge of all the family of
crystallographic planes in the specimen or in other words will give the specimen’s
crystallographic structure. In practice, as shown in fig. 2.14 the GIXRD pattern of thin film

samples consist of broad peaks instead of being very sharp peaks which arises predominately

bl

.90 _ 180
Dittraction angle (20) —
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Fig. 2.14: Typical GIXRD spectrum of thin film sample

due to finite size of crystals or ordering present in the thin film sample. Of course peak
broadening can be due to lattice strain or due to the instrumental error also. After proper
elimination of the contribution from other factors for peak broadening, the corrected peak
angular width can be utilized for computing the average crystallite sizes present in the
specimen using Debye Sherrer formula [58] as given below:

0.94
L=——— (2.2)

- Bcos @
Where, B is the peak FWHM in radian, € is the Bragg angle and A is the wavelength of

incident X-ray.
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2.4.2 Grazing incidence X-ray reflectivity:

Grazing incidence X-ray reflectivity (GIXR) is another important X-ray based
technique used for precise determination of thin film thickness, density and surface and
interface roughness. The basic principle of the technique is to measure the specular
reflectivity of X-ray in the range of grazing incidence angle (typically between 0-3°). The
measurement is carried out in grazing angle of incidence since the reflectivity of any material
gets reduced dramatically beyond a small grazing angle, known as critical angle as shown in
fig. 2.15. GIXR measurements are generally carried out in same equipments where GIXRD

measurements are done.
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Fig. 2.15: Reflectivity vs. grazing angle of incidence curve

The basic theory of X-ray reflectivity is derived from classical optics and Fresnel theory,
modified slightly for X-ray. The complex refractive index (7) of an element in the X-ray

region is given by [59]-
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n=1-5-ip

(2.3)
where,
5={(roA2 )12 BNA (p ZIAy)
(2.4)
and B = (uilan)
(2.5)

where, rg is the classical electron radius (2.82 x 10-13 cm), Np is the Avogadro number, p is
the density, Z is the atomic number and Ay is the atomic weight of the element and x is the

linear absorption coefficient of the material at the particular wavelength A. The quantity [Na (

o ZIA)] actually gives the number of electrons per cm3 of the particular element.

Since for all materials in the X-ray regime, n<1, at very low grazing angle of
incidence, X-ray suffers total external reflection from any surface and the reflectivity is
almost ~1. However, for the grazing angle of incidence above the critical angle (0¢), X-ray
starts to penetrate inside the layer and reflectivity starts to fall off rapidly. The critical angle
is approximately given by the following expression:

O = V(29)

(2.6)

A% oz
O~ = 0 N .. .
or, C \/ . A Ay (combining equation (2.4 and 2.6))

So with an apriori knowledge of the atomic number and atomic mass of the sample it is

possible to estimate the physical density of the sample by measuring critical angle. If the
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sample is a thin film coated on a thick substrate, the reflectivity tail shows oscillatory
behavior (as shown in Fig. 2.15) due to interference between X-ray reflected from top surface
with that reflected from film-substrate interface. By carefully analyzing these interference
oscillations, the thickness of the thin film can be estimated.

Beyond critical angle, X-rays start penetrating inside the layer and the reflectivity
falls off at a rate defined by the absorption of the sample. However, if there is any surface
roughness, the Fresnel’s reflectivity gets modified by a “Debye-Wallar-like” factor as

follows:

2,2
Ry =R, exp(- g ;N ) 2.7)

where, g is the momentum transfer factor (=4nsinf/A), Ro is the reflectivity of the rough
surface, R is the reflectivity of an otherwise identical smooth surface and w is the r.m.s.
roughness of the surface. In case of an interface, the above quantity (w) is called the interface
width which includes the contribution of both interfacial roughness and interfacial diffusion.

Thus by analyzing X-ray reflectivity data measured at grazing angle of incidence over a range
of angle (typically 0-4° in 20) it is possible to estimate thickness, density, surface and
interface roughness of thin films. Displayed in fig. 2.16 is the screenshot of commercially
available grazing incidence X-ray reflectivity data analysis software, Global Fit [60] which
has been used to compute various quantities from GIXR data measured in the context of this

thesis work.
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Fig. 2.16: Screen shot of ‘Global Fit’ analysis software

In few cases in this thesis, the X-ray reflectivity data has been analyzed using the
IMD computer program [61]. IMD is a computer code that can calculate specular and non
specular reflectivity of single layer and multilayer structure of any number of layers and for
any material, whose optical constants are known, using Parratt formalism. This program
works under XOP (X-ray Oriented Programming) platform and it can also fit the
experimentally measured X-ray reflectivity spectrum of a sample and estimate the optical
parameters and sample structure [61]. Under the Parratt’s formalism [62] the reflectivity of
X-rays from a plane boundary between two media can be obtained using Fresnel’s boundary
conditions of continuity of the tangential components of the electric field vector and its

derivative at the interface.
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2.4.3 Transmission spectrophotometry:

Transmission spectrophotometry relies on the measurement of ratio of transmitted to
incident light intensity over a given spectral range. Usually the measurement is carried out at
90° angle of incidence. The transmission spectrum of semi transparent thin film samples
coated on transparent substrate such as glass substrate usually yields spectral interference
oscillations and shows several maxima and minima within the spectral range which is used to

estimate thickness and optical constants of such thin film.

Fig. 2.17: Photograph of Jasco (V-630) spectrophotometer
at AMPD lab, BARC, Visakhapatnam
Fig. 2.17 shows the photograph of spectrophotometer equipment at AMPD, BARC,
Visakhapatnam laboratory while the schematic of the equipment is shown in fig. 2.18. It
operates in the wavelength range of 190 to 1100 nm. In this equipment, two light sources
namely deuterium lamp (190 to 350 nm) and halogen lamp (330 to 1100 nm) is used to cover
the whole spectral range and silicon photodiode detector is used to measure the output light
intensity. A single monochromator of concave grating (1200 lines/mm) is used to scan the

wavelength.
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Fig. 2.18: Block Diagram of Spectrophotometer [Jasco (V-630)]

Accurate measurement of transmission spectrum requires simultaneous measurements
of incident and transmitted light intensities for a given wavelength of light at the same instant
as there could be error due to the fluctuation of brightness of light source. To ensure this, the
incident light is generally split into two components and one component is sent through the
reference arm and another through sample arm as shown in fig.2.18.

The required quantity to be measured is given by:

Isam le
Tsample = I—p (2.8)
blank

However, l,1ank Cannot be measured directly when the sample is placed in the sample arm

for measuring Isample. For this reason the ratio f (= I,/ | ), which is independent

reference

of source brightness, is measured initially. During the actual sample transmittance
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measurement Isample and | reference is measured and lpiank 18 derived from know value of B and

measured I, ,....- 1hat is mathematically-
T . Isample . Isample
sample — I - X 1 (2.9)
blank /6 reference

Fig. 2.19 shows typical transmission spectra of bare transparent substrate and semitransparent
dielectric thin film coated on transparent substrate. The difference between transmission
maxima and minima depends on the refractive index of the thin film and the spectral width of

the interference fringes depends on the thickness and refractive index of the thin film sample.

1.00
0.754
s
g
< 0.50- 3 Transmittance of bare substrate (glass)
g ',' - Transmittance of thin film deposited
IS ‘1 on glass substrate
g ,' ----- Envelope of transmittance maxima
S 0.251 ! based on parabolic interpolation
= :' --------- Envelope of transmittance minima
’,' based on parabolic interpolation
0.00 ¥ "’{/ T T T T T T T T
200 400 600 800 1000 1200

wavelength (nm)

Fig. 2.19: Representative transmission spectra of bare substrate
and thin film coated substrate

These facts and additional measurements of bare substrate transmission spectrum are
exploited to estimate the thickness and complex refractive indices of the thin film sample

using envelope method, originally proposed by Manifacier et al. [63] and later on upgraded
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Fig. 2.20: Screenshot of indigenously developed computer program for determination of

thickness and dispersion relation of thin film from transmission spectrum
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by Swanepoel [64]. A brief account of Swanepoel method has been described in the
Appendix-A of this thesis. A graphical user interface (GUI) based user friendly computer
program (screenshot shown in Fig. 2.20) has been developed during the course of this thesis
work using MATLAB to conveniently select the interference maxima/minima and compute
thickness and wavelength dependent complex refractive index of the thin film from

transmittance spectrum using Swanepoel method.
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Fig. 2.21: Tauc plot of sputter deposited tantalum pentoxide thin films
The obtained wavelength dependent imaginary part of refractive index i.e. attenuation
coefficient can be further utilized to calculate optical band gap of the thin film. Typically for
semi-transparent thin films, in regime « >10%cm™ of absorption coefficient (o)) obeys Tauc

relation [7] given by-
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cahv =B(hv —E_ )P .10

where, B is a constant which depends upon the transition probability between the concerned

states. E, is the band gap and p is the index that characterizes the optical absorption process.

<

p’ is theoretically equal to 2 , 1/2, 3 or 3/2 for indirect allowed, direct allowed, indirect

forbidden and direct forbidden transitions respectively. If an appropriate value of the index p

is chosen and (gh )@ P is plotted againsthv , the plot asymptotically tends to a linear plot,

the interception of which on hv axis gives the value of band gap, E, -

Fig. 2.21 shows a Tauc plot for a representative ABPDC sputtered tantalum pentoxide
thin films and estimated direct band gap is 4.05 eV. The error in estimated thickness and
refractive index of our samples is ~ 1 % as estimated by R. Swanepoel [64] for the envelope
method. The typical error in band gap value is £0.01 eV as calculated based on the wavelength

resolution of the spectrophotometer in transmission measurement.

2.4.4  Spectroscopic Ellipsometry:

Spectroscopic ellipsometry is a widely used optical characterization technique to
precisely measure optical properties of materials in bulk form, and thickness and optical
properties of materials in thin film form. In this technique, the change in state of polarization
of light upon reflection from the specimen is measured. Usually a plane polarized light is
shined on the sample at 45° angle of incidence. The light being incident on the sample will
have electric field vectors parallel (p) and perpendicular (s) to the plane of incidence as
shown in fig.2.22. Upon reflection, the p and s components of light undergo different

amplitude and phase shift so that when they come out of the specimen and recombine to form
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Fig. 2.22: Schematic of reflection of plane polarized light from sample

reflected light, in general, they produce elliptically polarized light. To assess the change in
state of polarization of light upon reflection, a quantity p [65] defined as follows is evaluated
in this context.
r, .
p= E =tan(V) exp(iA) (2.11)

where r and r, are the complex reflection coefficients for the p and s component of the

waves respectively. In this thesis a variant of ellipsometer called rotating polariser type
ellipsometer (photograph and schematic shown in fig.2.23 and 2.24 respectively) has been
employed for optical characterization of most of the thin film samples.

The instrument consists of one polarizer and another analyzer arm that are mounted
on a precision goniometer which allows the measurements at incidence angles continuously
varying from 12 to 90°. The accuracy of the position of the goniometer arms is 0.01°. At the
entrance of the polariser arm, there is a light source of 75 W Xenon arc lamp fed by a

Stabilised Power Supply. Light from xenon lamp passes through a collimation optics which
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Fig. 2.23: Photograph of spectroscopic ellipsometer (SOPRA
GES5E) at AMPD, BARC, Visakhapatnam.

consists of a combination of one concave mirror and flat mirror to transform the source
emitted diverging beam into parallel beam. Similarly, in the analyzer arm, there is a focussing
optics which consists of one flat mirror followed by a concave mirror to focus the parallel
beam into the optical fibre. This ellipsometer is rotating polarizer type in which the polarizer
in the source arm rotates with a fixed frequency while the analyser in the detector arm is
oriented at fixed angle while measuring the ellipsometry data at a particular wavelength.
Rotating polarizer and fixed analyzer, both consists of Rochon (quartz) polarizer having
extinction ratio at 632.5 nm is >10*. The focussed beam from analyzer arm falls on the
entrance of an optical fibre of 3 m length, core diameter 1 mm and numerical aperture of 0.37
and at the other end of the optical fibre there is a monochromator based on ruled plane
grating having focal length of 250 mm with two 58x58 ruled plane gratings with 1200 gr/mm
(for UVVIS range) and 600 gr/mm (for IR range) respectively. The beam detector consists of

PMT (for 190-900 nm) and an InGaAs IR detector (for 750-1700) nm.
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Fig. 2.24: Schematic of rotating polarizer type spectroscopic ellipsometer

In this type of ellipsometer, the polarizer in the source arm is constantly rotated at
uniform frequency in order to introduce a periodic time varying modulation to the reflected
signal which helps in evaluation of tan(y) (which measures the amplitude ratio) and cos(A)
(which measures the phase shift) as described above. From rigorous calculation [66], it can

be shown that the time varying reflected intensity in this type of ellipsometry is given by:

2 2
(€)= l{1+| DUV T Al os(opy o NV OSAN A o) (2.12)
tan“y +tan” A tan“y +tan” A

Where, ‘A’ is the fixed analyzer angle and ‘P’ is the polarizer angle which is a periodic

function of time. The measured periodic time dependent signal 1(t) at each wavelength can
be Fourier transformed to write it in the form [66]:

I(t)=1,(1+ acos(2at) + Ssin(2at)) (2.13)
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where, o is the rotational frequency of the polarizer and o and g are the normalized Fourier
coefficients which can be determined comparing equation (2.12) and (2.13) and it is found

that they are linked through the following expressions:

tan®yw —tan® A
o= 2‘// . ;ﬁZZtanzt//cosAtzanA (2.14)
tan®y +tan” A tan®y +tan® A

where, A is the angle of the analyzer. Even though w and A are physically more meaningful
ellipsometric parameters, the more directly obtained ellipsometric parameters o and B (at
analyser angle of 45°) are also used for ellipsometry data analysis. Therefore, measured

ellipsometry data consists of either the normalized Fourier coefficients ¢andf or derived

from the measured data tan y and cos A as a function of wavelength. In either of the case, the
data needs to be fitted with the theoretical spectra generated using an appropriate model
assuming a realistic sample structure and a suitable dispersion of optical constants of the
materials of the layers. Various parameters of the sample layer structure and dispersion
relations are varied in the analysis software and the simulated ellipsometry parameters are
fitted with the measured ellipsometric spectra by minimizing the Root Mean Squared Error
(RMSE) value between the measured and calculated values of the ellipsometric parameters (o
and B) given by:

2

RMSE = [{L/(2N-P)} 2N {(@®P -2 + (p; &P - p; @232 (2.15)

where, N is the number of data points and P is the number of model parameters.
Apart from rotating polariser type ellipsometer, another variant of ellipsometer called
phase modulated spectroscopic ellipsometer (photograph shown in fig. 2.25) has also been

employed for optical characterization of few samples in this thesis. In phase modulated
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Fig. 2.25: Photograph of phase modulated spectroscopic
ellipsometer at AMPD, BARC, Trombay
ellipsometry technique [67], the reflected light is modulated by a photo-elastic modulator,
which introduces a sinusoidal phase shift 5(t) between the two waves polarized parallel and
perpendicular to the strain axis and the modulated signal takes the general form :
[(A,t) =1y +14sinS(t) + 1, cos 5(t) (2.16)
where, 5(t) = Aysinet and A, is the modulation amplitude which is proportional to Vv, /4,V,,
being the excitation voltage, 4 is the wavelength of light and «» is the modulation frequency
(50 kHz in our case) and for the present set of measurements with M=0°, P=45° and A= 45°,
l, =1
I =sin2ysinA (2.17)
I, =sin2y cosA
A, P and M being the respective orientations of the analyzer, polarizer and modulator with
respect to the plane of incidence. The detected signal is Fourier analyzed to determine the

parameters Is and I, which in turn generate the parameters of interest, viz., w and A.
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Since the thin film samples investigated under the scope of the thesis have been
deposited by physical vapour deposition technique, most of the films are prone to have
void in whole or in part of thin film layer structure. This has been accounted in
ellipsometry modelling by assuming the thin film layer as an effective medium of
mixture of bulk-like material and void. The refractive index of bulk like material is
called intrinsic refractive index as opposed to the effective refractive index of the
mixture of void and bulk material. Such effective medium model is applied under the
assumption that the medium is microscopically inhomogeneous and macroscopically
homogeneous i.e. each separate region (shown in fig. 2.26) in the medium is large
enough to possess their own dielectric identities, but small compared to wavelength of

|Ight i.e. Ly, Ly, La<<A.

Fig. 2.26: Microscopically inhomogenius medium to be
treated under effective medium approximation (EMA).

Under this approximation, the constituent separate regions with different complex
dielectric constants €, €, € are considered to be embedded in a host medium
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having complex dielectric constant of €, and the effective complex dielectric function, €

of the whole medium takes the general form given by-

& —&p &1 — &p Ey9 — &p

=v +v e T
£+ 2¢g ! &+ 2¢y, 2 &, +2¢, (2.18)

Vi, Vv, ....represents the volume fraction of material having dielectric constants of €1, €

......... There are various effective medium approximation (EMA) models and in
different EMA model, the dielectric constant of host material is considered differently.
For example, in Lorentz-Lorentz (LL) EMA model vacuum is considered as host
material i.e €y is considered to be 1. In Maxwell Garnett (MG) EMA model any one of
the inclusions is considered as host material. In Bruggeman EMA model the effective
medium itself is considered as host material, i.e. &y is considered to be same as €,

Since the materials that have been studied in this thesis exhibit optical band gaps in
the far UV or near visible wavelength range, a suitable dispersion relation, called Tauc
Lorentz dispersion relation has been assumed to represent the intrinsic refractive index
in the model. A brief account of Tauc-Lorentz dispersion [68] model has been given in
Appendix-B.

There are several advantages of spectroscopic ellipsometry technique as compared
to many other characterization techniques as long as optical characterization of thin
film or bulk slab is concerned.

1. It measures the ratio of two values, so it is highly accurate and reproducible, does not
need a reference sample, and is not so susceptible to the fluctuations in light source
intensity.

2. Since it measures phase, it is highly sensitive to the presence of ultrathin films (<10
nm).
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3. It provides two data at each wavelength viz., intensity ratio and phase change and
hence more unknown parameters can be determined regarding the optical properties of
the films. On the other hand, transmission measurement by a spectrophotometer
measures only changes in amplitude or intensity at each wavelength.

The typical practical error bar in spectroscopic ellipsometry technique of estimated

thickness is 0.5 nm and that of refractive index is £0.001.

2.4.5 Atomic force microscopy:

Atomic Force Microscopy (AFM) provides surface morphological quantitative idea
by using a sharp tip which is scanned over the specimen to sense surface forces. The
microscopic image produced by AFM is basically locus of points of constant force
between the tip and the specimen. Though in principle, either attractive or repulsive
forces between the tip and surface can be used for imaging, in practice, the repulsive
force mode is predominantly used because it is more stable. Although functionally
similar to a stylus surface profilometer, AFM utilizes much smaller forces between tip
and surface (typically 0.1 uN) and the small radius of curvature of the tip (0.03 pm)
which gives better spatial resolution. The tip is usually held stationary and the sample is
scanned using piezoelectric transducers. An important feature of AFM is its ability to
image non-conducting surfaces, whereas the Scanning Tunneling Microscope (STM)
requires a conducting surface capable of sustaining a stable tunneling current. The
sample is scanned by a small Si cantilever holding a sharp pyramidal tip at its end. This
sharp tip senses attractive or repulsive forces while scanned on the surface of a sample

and maintains the constant force with the surface through deflection during scanning.

52



Fig. 2.27: Actual photograph of AFM set up located at Mechanical
and Optical Support Section, RRCAT, India and used for AFM
characterization of the samples in this thesis.

The deflection is most often detected by the laser beam reflected from the back side of the
cantilever onto a position sensitive detector. During the measurement the sample or cantilever
is moved in X-Y plane by piezoelectric actuators and the locus of point of constant force
forms the surface image in the computer by putting the line—scans together. In this work,
AFM measurements have been carried out by Atomic force microscope (NT-MDT,
SOLVER-PRO) using Si cantilever tips (resonant frequency ~ 190kHz) in non-contact mode.
Fig. 2.27 shows the actual photograph of AFM set up used for AFM characterization of the
samples in this thesis. The acquired AFM images have been used to extract surface statistical
parameters such as surface roughness, average grain sizes etc. after a required software

correction from the measured images.
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2.4.6 Rutherford Backscattering Spectrometry:
Rutherford backscattering spectrometry (RBS) technique is based on the measurement
of the number and energy of the backscattered ions/particles from a specimen’s near surface

region when the sample is bombarded with high energy particles/ions typically in the MeV

M,
E

I M|
——— __%—«-@—:f— MeV He ION

2
Es

Fig. 2.28: Backscattering event following collision between two different masses.

energy range (0.5-4 MeV). This information enables one to determine atomic mass and
elemental concentration along the depth of a sample. Out of all the particles bombarding the
sample in this energy range, the vast majority get impinged into the sample and very few
escapes due to scattering. This is due to the fact that the diameter of the atomic nucleus (1e™°
m) is much less compared to the spacing between nuclei (2™ m). The ratio of kinetic
energy of the backscattered particle with respect to that of the incident particle is called
Kinematical factor and can be derived from simple consideration of conservation of energy
and momentum. If a particle of mass M, is backscattered from mass M, (M1<M,) at angle 6

(as shown in fig. 2.29), the kinematical factor [69] turns out to be

£, [(M,2 =M 2sino)'> <M, cos0 |
_E Moy ) (2.19)
* ", M, + M,
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Fig. 2.29: Kinematical factors versus target masses for different projectiles [70].

This follows that as the mass of the target atom increases, less momentum is transferred to
the target atom. This is why RBS has good mass resolution for light elements, but poor mass
resolution for heavy elements. Fig. 2.29 shows the typical variation of kinematical factor with
respect to target mass for different projectiles which show that the energy of the
backscattered particle for all projectiles asymptotically approaches the incident particle
energy. Again, it follows from equation (2.19) that for small difference in target mass (AMj)
the sensitivity becomes maximum for 6=180°. This is why the energy of the backscattered
particles is measured at ~170° angle (to accommodate the detector). There are two more
important terminologies in the context of this technique, namely ‘Stopping power’ and
‘scattering cross section’. A particle which backscatters from an element at some depth in a
sample suffers from extra energy loss compared to that backscattered from a surface element.
The energy loss of the projectile per unit of depth in a sample is called the stopping power.
The energy loss depends upon the density and composition of the samples, a fact that enables

RBS to be suitable for depth profiling. The scattering cross section is a term that relates to the
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relative number of particles backscattered from a target atom into a given solid angle for a
given number of incident particles. The scattering cross section is basically proportional to

the square of the atomic number of the target atom.
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Fig. 2.30: Representative RBS spectrum measured by proton
beam for a Ta,Os coated glass substrate [55].

Fig. 2.30 shows a typical RBS spectrum [55] measured for Ta,Os thin film coated on
fused silica substrate. The RBS peak arising from different constituent elements in film and
substrate have been marked in the same figure. By measuring the height of Ta and O peaks of
film and normalizing by respective scattering cross section, the ratio of Ta and O can be
obtained. Peak width, i.e., the difference in energy between front edge and the back edge of
any peak gives the measurement of energy loss of the alpha particle scattered while traveling
through the sample. Dividing this energy width by the stopping power of the material (energy
loss in traversing the unit areal density of the sample), one can estimate the areal density of
the sample. The areal density is defined as the number of atoms present in the unit area of the

sample throughout the depth of the sample and basically depends upon the physical density
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Fig. 2.31: Screenshot of the SIMNRA program.
and thickness of the sample under investigation. After estimating areal density from RBS,
one can calculate the physical density of the samples if there is apriori knowledge of
thickness and vice versa.

To analyze the RBS data presented in this thesis, a microsoft window based program
SIMNRA has been used. SIMNRA can calculate spectra for any ion-target combination
including incident heavy ions and any geometry including transmission geometry. Arbitrary
multi-layered foils in front of the detector can be used. Many different stopping power data
sets are also available. Calculation of scattering kinematics, stopping, peak integrals,
positions of elements etc. is possible by this program. Data fitting (layer thicknesses,
compositions etc.) can be done within the program using simplex algorithm. A screenshot of

the program taken during data analysis is given in fig. 2.31.
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2.4.7 X-ray Absoprtion Spectroscopy:
X-rays are short wavelength electromagnetic wave (Fig. 2.32) ranging from 25 A to

~0.25A or energy from 500 eV to 500 KeV.
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Fig. 2.32: Different energy regime of whole electromagnetic spectrum [68].

The different types of phenomena through which X-rays interact with matter are briefly
discussed below. There are primarily four types of X-ray interaction with matter, viz., (i)
Thomson scattering, (ii) Photoelectric effect, (iii) Compton scattering and (iv) Electron
positron pair production, which are described in brief in the following:
Q) Thomson scattering

It is the elastic scattering of photons by the free or bound charged particles (electrons)
in the medium. For most of the materials Thomson scattering is dominant when the energy of
the photon is less. In terms of electromagnetic theory, when an electromagnetic wave is
incident on a charged particle, the electric field of the wave exerts a Lorentz force on the
particle, setting it into motion. Since the electric field is periodic in time, so is the motion of
the particle. Thus, the particle is accelerated and, consequently, emits radiation. It can be
envisaged as a process in which energy is absorbed from the incident wave by the particle

and re-emitted as electromagnetic radiation of same frequency.
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(i) Photoelectric effect
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Fig. 2.33: The X-ray and Auger electron emission following photoelectric effect [71].

In this process an X-ray is absorbed by an atom promoting a core level electron (K, L
or M shell) out of the atom and into the continuum. The atom is then left in an excited state
with an empty electronic level (a core hole). The electron ejected from the atom is called the
photo electron and this phenomenon is known as photo electric effect. There can be two
secondary effects (fig. 2.33) following the photoelectric effect. The excited core hole will
relax back to a ground state by another core level electron jumping into the ground level. This
can be accompanied by either (i) emission of x-ray in which excess energy of electron is
emitted as X-ray called fluorescence or (ii) ejection of electron in which excess energy is
transferred to another core level electron and prompting that electron to emit out of the
material is called Auger emission. In the hard x-ray regime (> 2 keV), X-ray fluorescence is
more likely to occur than Auger emission [72], but for lower energy X-ray absorption, Auger
processes dominate. Either of these processes can be used to measure the absorption

coefficient p, though the use of fluorescence is somewhat more common.
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(ili)  Compton effect
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Fig. 2.34: The Compton scattering of X-ray [73].

The Compton effect (also called Compton scattering) is the result of a high-energy
photon colliding with a free electron or with an atom having loosely bound electrons. The
scattered radiation experiences a wavelength or energy shift due to transfer of momentum to
the electron. Essentially the effect is an example of inelastic scattering of light and it
demonstrates that light cannot be explained purely as a wave phenomenon. Compton
successfully explained and modeled the data by assuming a particle (photon) nature for light
and applying conservation of energy and conservation of momentum to the collision between
the photon and the electron. The phenomenon is pictorially represented in fig. 2.34. The shift
of the wavelength varies with scattering angle according to the Compton formula [74]:

At —li:Al:L(l—cose) (2.20)
mc '

where h is the Planck constant, m is the mass of electron, 6 is the scattering angle of photon

and c is the speed of light. Compton's experiment convinced physicists that light can be
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treated as a stream of particle-like objects (quanta called photons), whose energy is
proportional to the light wave's frequency.
(iv)  Pair Production

This phenomenon occurs when high energy (> ~MeV) X-ray photon interacts with the
electric field of a heavy nucleus. In this process, as pictorially represented in fig. 2.35, the
heavy nucleus breaks down to form an electron and its anti-particle, called a positron. Since
both electron and positron have a rest mass energy equivalent of 0.511 MeV, the minimum
energy of the photon required for pair production is 1.022 MeV. In the pair production
process the momentum is conserved by the recoiling nucleus. Pair production is an example

of energy to mass conversion process.

Positron
+e

nucleus
Electron\k

-e K-

Fig. 2.35: Diagram showing the process of electron-positron pair production [75].

In different energy regime of X-ray, the probabilities of occurrence of the above
processes are different. In this regard, one defines cross section to represent the probability of
a specific type of X-ray interaction such as absorption or scattering with matter.
Operationally the cross section can be defined in terms of a uniform beam of particles
interacting with an object, such as a collection of atoms. If the number of interactions (e.g.
absorption or scattering events) per unit time R (the rate) is divided by the incident beam

intensity (particles/time/area) then it gives the measure of that interaction probability which is

61



also called total cross section of the target particles. Fig. 2.36 depicts the cross section of

different processes mentioned above along with the total cross-section for Cu.
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Fig. 2.36: X-ray to matter interaction cross section
at different energy range of X-ray [76].

X-ray Absorption Fine Structure (XAFS) spectroscopy is a unique tool for studying
the local structure around selected elements that are contained within a material. The basic
quantity that is measured in XAFS technique, is the linear absorption coefficient u(E). The
absorption coefficient is defined as the fraction of incident X-ray intensity which gets
absorbed per unit thickness of the material. As has been shown in fig. 2.37, generally X-ray
absorption coefficient smoothly decreases as the energy increases (approximately as 1/E%),
i.e. the X-rays become more penetrating with the increase in energy. However, at specific
energies that are characteristic of the elements present in the material, there are sudden
increases in the absorption cross section which are called X-ray absorption edges (as shown
in fig. 2.37). The absorption edges occur at the on-set of photoelectric effect described above
when X-ray photon has sufficient energy to liberate electrons from the core level of the

atoms.
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Fig. 2.37: The typical absorption cross section vs. X-ray energy of any materials [77].

A closer look near the absorption edge reveals that the absorption spectra just above
the absorption edge are characterized by fine structure oscillations due to modulation of the
absorption probability of X-ray by number of factors pertaining to the physical and chemical
state of the specific element. X-ray absorption fine structure (XAFS) measurement is all
about investigating these oscillations and thereby extraction of various information like
formal oxidation state, coordination chemistry, and the distances, coordination number and
species of the atoms immediately surrounding the selected element. The X-ray absorption
fine structure spectrum is typically divided into two regimes: X-ray absorption near-edge
spectroscopy (XANES) and extended X-ray absorption fine-structure spectroscopy (EXAFS).
Though the two have the same physical origin, there are few fundamental differences
between the two techniques. XANES is strongly sensitive to formal oxidation state and
coordination chemistry (e.g., octahedral, tetrahedral coordination) of the absorbing atom,
while EXAFS is used to determine the distances, coordination number and disorders (both

static and thermal) disorders in the neighborhood of the absorbing atom.
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2.4.7.1 EXAFS:
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Fig. 2.38: Basic phenomenon of XAFS [72].

In the photoelectric absorption process, discussed above when a neighboring atom is
present near to the absorbing atom (shown in fig. 2.38), the photo-electron can scatter from
the electrons of this neighboring atom, and the scattered photo-electron can return to the
absorbing atom. These scattered photo electrons at the location of absorbing atom alters the
available electronic energy state and thereby modulates the functional behavior of absorption
coefficient with energy near to edge energy. Thus by studying these modulation in the
absorption spectra above the absorption edge one can find out quantitative information
regarding the distances, coordination number and species of the atoms in the immediate
surrounding the selected element. The typical experimentally measured absorption spectrum
shows the plot as shown in fig. 2.39.

EXAFS formalism is concerned with the oscillations beyond the absorption edge.

Thus one conveniently defines EXAFS fine-structure function as:

_ 1(E) - 1o(E)
HE) =1 (2.21)
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where, W(E) is the measured absorption coefficient, po(E) is a smooth background function
representing the absorption of an isolated atom, and A#(E) is the measured jump in the

absorption p(E) at the threshold energy E, (Fig 2.39).
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Fig. 2.39: Typical absorption spectrum around absorption edge [72].

As discussed previously, XAFS is governed by the transition between two quantum states

visualizing from an initial state ¢i | with an X-ray, a core electron, and no photo-electron to
a final state |f) with no X-ray, a core hole, and a photo-electron [72]. The transition
probability and thus the absorption coefficient is described by Fermi’s golden rule given by-
ﬂoc|<i|H|f>|2 (2.22)
The initial state (i | does not alter due to the presence of neighboring atom. On the other
hand the final state| f ) gets affected by the scattered photo electron and can be considered
as the summation of | f,), the bare atom contribution and | Af ), the neighboring atom’s

contribution, i.e. | f) = fo)+| Af) Thus,

L(E) oc (<i|H| fo ) + (i|H |Af >)>< (<i|H|fO> + (ijH|af >)*
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o (iR Fo)| +[(iH]af )| +<i|H|f0>><<i|H|Af ) +<i|H|Af>><<i|H|fo>*
oc ‘<i|H|f0>‘2 +2Re[<i|H|Af>><<i|H|fo>*}
Neglecting the small contribution due to ‘<l| H |Af >‘2 term, one gets-

2 ref (ilH]ar) < (ilH] o) | (2.23)
|<i|H|f0>|2

L(E) oc |<i|H|fo>|2 1+

Comparing this equation with equation (2.22) we can write-

Z(E) oc <i|H |Af ) (2.24)

As per quantum radiation theory, the interaction term H is proportional to e .The initial
state is a tightly bound core level which can be approximated as a delta function. The change

in final state is same as the wave function of scattered photo electron W, (r) .

Putting all these terms, one can write the expression for EXAFS as-

X(E) o< I& e Wscatt () Ar = we01(0) (2.25)

To say it in words, the EXAFS function is proportional to the scatted photoelectron at the site
of absorbing atom.

EXAFS is usually understood in terms of the wave behavior of the photo-electron
created in the absorption process. Thus it is common to convert the X-ray energy to wave

vector k, of the photo-electron, which has dimensions of 1/distance and is defined as

- /@ (2.26)

where E, is the absorption edge energy and m is the electron mass. The primary quantity for

EXAFS is then y(k) and this is why the subsequent section, it will be tried to derive EXAFS
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function in terms of wave vector instead of energy. EXAFS function is basically the
amplitude of scattered photo electron at absorbing atom,
Treating the outgoing photo electron wave function w(k,r) as spherical wave, we can write-

eikr
kr

This generated photo electron traverses a distance R to the neighboring atom, gets scattered
from neighboring atoms and then traverses back to the absorbing atom. The amplitude of

scattered photo electron at the position of absorbing atom then becomes
eikR

kR

o TR
W e (K, T = 0) = S [2kF (k)e'”" )]W +C.C. (2.28)

where, f(k)and o(k) are scattering amplitude and scattering phase shift due to the scattering
atom. The scattering factors f (k) and (k) depend upon the atomic number, Z of the

neighboring atom. These scattering factors make EXAFS sensitive to the presence of

neighboring atoms. Combing equation 2.25 and 2.28 we get, after few more simplification

2(k) = L;kz) sin[2kR + &(k)] (2.29)

This represents EXAFS equation considering one pair of absorbing atom and scattering
atoms. However, in real scenario, often there is large number of scattering atoms and we need
to average over their contribution to EXAFS taking into account the effect of thermal or static
disorder in the bond distances. As a first approximation i.e. assuming one type of neighboring
atoms and Gaussian distributions of neighboring atom’s disorder, the EXAFS equation

becomes-

I\Ie—2k20‘2
kR 2

2 (K) = (k) sin[2kR + 5 (k)] (2.30)
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where, N is the coordination number and o is the mean-square-displacement in the bond
distance R. Summing over the contribution due to different types of neighboring atoms,
EXAFS equation becomes

—2k%c;?

N.e
2= ———
] kR :

J

f (K
i€ )sin[szj +5; (k)] (2.31)

where, j stands for the individual coordination shell of identical atoms at approximately the

same distance from the central atom. In principle there could be many such shells, but as
shells of similar Z become close enough (i.e., within a 0.05A of each other), they become
difficult to distinguish from one another and they are often represented by a single shell
having equivalent multiple degeneracy.

Before applying the EXAFS equation (2.31) to any practical case, it needs an
important correction. At the start of the derivation, we assumed that photoelectron wave
traverses the distance between absorbing and neighboring atom as spherical wave. In reality,
these photoelectrons can undergo inelastic scattering with the conduction electrons; phonons
etc. and its energy may get changed. The criteria for a photo electron to participate in the
XAFS is that the photo-electron has to scatter from the neighboring atom and return to the
absorbing atom elastically (i.e., at the same energy) as the outgoing photo-electron and also,
the photoelectron has to return back before the excited state decays. To take inelastic
scattering and the core-hole lifetime into account one should rather use a damped spherical
wave like:

elkreer//i(k)

y(k,r)= R (2.32)

where, 4 is the mean free path that represents the distance that a photoelectron can traverse

without undergoing inelastic scattering and before the core hole is filled. The mean free path
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typically falls in the range of 5-30 A and has a fairly universal functional relationship with

photo electron wave number, k as shown in fig. 2.40.
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Fig. 2.40: Typical characteristic of photoelectron mean free path vs. wave number [72].
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Taking the mean free path correction into account, the EXAFS equation becomes-

72k20j2e72Rj 12(K) ¢

N .
20=> i° i€ )sin[szj+5j(k)] (2.33)
,-

2
kR,

This is the EXAFS equation which widely used for simulating theoretical EXAFS spectra of
any species in order to carry out the analysis of experimental EXAFS data. Certainly, this

requires apriori knowledge about scattering factors f (k) and (k). These scattering factors

are function of atomic number Z and are usually calculated theoretically with very high

accuracy rather than taking them from any experimental database. One important corollary
-2

4R

that can be drawn from EXAFS equation follows that because of A(k) term an term in

the equation, EXAFS is inherently a local probe i.e. EXAFS cannot see much further than ~5
A. In this regard, this is to be recollected that X-ray diffraction (XRD) which relies on long
range ordering of atomic planes, probe crystalline structure at a much larger length scale. On
the other hand, X-ray absorption spectroscopy probes the immediate environment of the
selected element, within about 6 A, and its theory and interpretation does not rely on any
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assumption of symmetry or periodicity in the samples. So EXAFS work even if there is no
long range periodicity in the sample. The above characteristic along with the fact that EXAFS
is an element specific tool, makes EXAFS a powerful structural local probe. With the advent
of modern bright synchrotron radiation sources, this technique has emerged out to be most
powerful for local structure determination which can be applied to any type of material viz.

amorphous, polycrystalline, polymers, surfaces, solutions, nanomaterials and thin films.

2.4.7.2 XANES:

The region typically up to 50 eV above the absorption edge is called the XANES
region where the interaction of the ejected photoelectron with the potential of the neighboring
atoms is still strong so the simplifying single scattering assumption leading to EXAFS is not
possible. The EXAFS equation breaks down at low-k , due to the 1.k term and the increase in
the mean-free-path at very lowk. In the near-edge (XANES) region the muffin-tin
approximation is less satisfactory for quantitative analysis. Thus the interpretation of XANES
is complicated since there is no simple analytic description of XANES. However, much
information regarding the chemical environment can be obtained from the XANES region.
The absorption edge position and shape is sensitive to formal valence state, ligand type, and
coordination geometry and can be used as a fingerprint to identify phases.

The final states of K and L1 edges are p-states, and the final states in L2 and L3 edges
are a mixture of d and s character. The p final states of K and L1 edges are more diffuse than
the localized d final state of L2 and L3 edges. All of these edges may show strong peaks at
the top of the edge (the “principal maximum”). Historically these were called “white lines,”
because that was how they appeared on photographic plates. Transition metal oxides, for

example, usually have many unfilled 3d electrons near the Fermi level, and a filled 3p band.
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There are empty 2p electron states from the oxygen, but these are too far away to appreciably
over-lap with the metal 1s band. Therefore, the metal 3d electrons do not normally participate
in the absorption process unless there is a strong hybridization of the O 2p and metal 3d
levels. The XANES spectra are especially sensitive to such hybridization. For ions with
unfilled d-electron bands, the pd hybridization is dramatically altered depending on the
coordination environment, with much stronger hybridization for tetrahedral coordination than
for octahedral coordination. Another important and common application of XANES is to use
the shift of the edge position to determine the valence state.

Fig. 2.41 shows the valency dependence of Fe metal and oxides of Fe2+ and Fe3+
(and a mixture of these two). With good model spectra, Fe3+/Fe2+ ratios can be determined
with very good precision and reliability. The heights and positions of pre-edge peaks can also

be reliably used to empirically determine oxidation states and coordination chemistry. For
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Figure 2.41: XANES spectra of standard Fe metal and oxides [72].
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many systems, XANES analysis based on linear combinations of known spectra from “model
compounds” is sufficient to tell ratios of valence states and/or phases. More sophisticated

linear algebra techniques such as Principle Component Analysis and Factor Analysis can also
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be applied to XANES spectra. Some materials, such as the spinel and inverse spinel
structures have metal ions in inequivalent sites: 2/3 of the sites are octahedral, and 1/3 are
tetrahedral. Despite the dilution due to octahedral sites, the 3d pre-edge peaks are noticeably
larger than the pure octahedral case. In some cases the states associated with pre-edge
transitions are full (3d'°configuration) in one charge state, but have a hole (3d°) in another
charge state. For example, the presence or absence of the 3d pre-edge transition can be used
to detect the difference between Cu® and Cu®*. Correlating formal charge state with
absorption edge shifts is obvious from simple physical arguments that shifts of a few eV can

indeed occur by transferring charge.

2.4.7.3 Two modes of XAFS measurement:

EXAFS requires measurement of energy dependent X-ray absorption coefficient with
high accuracy, typically of ~10. Experimentally this can be accomplished in either of
following two ways (fig. 2.42).

(i). Transmission mode of measurement

(ii). Fluorescence mode of measurement

Low Conc.

Samples
Surface studies
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SR Double Crystal
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Fig. 2.42: Block diagram of XAFS measurement set-up.
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(i) Transmission mode of measurement

In transmission mode, X-ray is made to transmit through the sample and the intensity

of incident (1,) and transmitted (1) X-ray beam is measured and the ratio log (1,/1) gives
the measure of absorption coefficient, 1 . Often for concentrated samples, EXAFS is required

to be carried out in transmission mode in order to avoid high background in florescence
mode. However, for transmission mode measurement, the sample amount has to be properly
optimized. The sample should sufficiently absorb to give a good EXAFS signal over a strong

I, background, and also it should not be too absorbing. The rule of thumb followed for this
purpose is to maintain the sample thickness, t such that (4 ~ 2.5 above edges step and the
edge step Azt ~1. This thickness calculates to be few microns for metals, few tens of microns

for solid oxide metals to few millimeters for dilute solutions. This measurement technique
also requires that the sample is homogeneous and free from pinholes. The method is usually
appropriate for model compounds and elements with concentrations greater than 10%.
(ii) Fluorescence mode of measurement

In fluorescence mode, instead of measuring the X-rays transmitted through the
samples, intensity of the fluorescence X-ray emitted from the sample following the
absorption of incident X-ray is measured. For thicker bulk samples, thin film samples
deposited on thick substrate through which X-ray cannot pass. Fluorescence mode is also
preferred in case of samples with  with very low concentrations of the absorber like doped
samples since in this case it is very difficult to detect very weak absorption over a strong
signal of transmitted beam. . In fluorescence mode measurement stringent condition of

sample uniformity is not there as required in transmission mode measurement, however, there
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are two important concerns for experimentally measuring fluorescence X-ray efficiently i.e.
energy discrimination and solid angle selection.

Energy discrimination: The emitted X-ray will not only be the florescence lines of element
of interest but will also include fluorescence lines of other elements in the sample. In addition
there can be elastically and inelastically scattered X-rays etc. In order to pick up the
florescence X-ray of interest out of all these, the unwanted X-rays are filtered out either
physically before it gets to the detector or electronically after it is detected through energy

discrimination.
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Fig. 2.43: Physical filtering of scattered X-rays using ‘Z-1’ filter [72].

As a physical technique to filter scatter X-rays, a material of atomic number ‘Z-1’ is used in
between the sample (atomic number: Z) and the detector. ‘Z-1° material will preferably
absorb the scatter peaks pass the fluorescence lines. To avoid re-radiation from the filter
itself, a set of slits (Soller slits) is often used to preferentially collect emission from the
sample and block the emission from the filter, as shown in fig. 2.43. Such arrangement is
very effective especially when the signal is dominated by scatter. Energy discrimination can

also be done electronically after the X-ray emission is collected in the detector. A common
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example of this approach uses a solid-state Si or Ge detector, which can achieve energy
resolutions of about 200 eV or better.

Dead time: The electronic energy discrimination takes a finite amount of time, which
restricts the total amount of signal that can be processed over a given time. Typically when
count rate exceeds ~10° Hz or so, the detector is effectively unable to count the entire
fluorescence signal, and is said to be “dead” for some fraction of the time. It is common to
use ten (or more!) such detectors in parallel. Even then, the limit of total intensity incident on
these detectors can limit the quality of the measured XAFS signal.

The selection of right solid angle for the measurement of fluorescence emission

measurement is another important aspect. The fluorescence is emitted isotropically. However,
since X-rays from a synchrotron are polarized in the plane of the synchrotron, the scattering
is least at 90° to the incident beam. This is why the detectors are usually placed at right angle
to the incident beam.
Self absorption: In XAFS measurement it is usually assumed that XAFS signal is
proportional to the X-ray absorption. However, the florescence intensity that we measure has
to travel back up to the detector by penetrating the sample medium. In the process, the
portion of fluorescence intensity might get absorbed by the element of interest itself, the
phenomenon is usually known as self-absorption. The self absorption essentially dampens the
XAFS oscillation and requires proper correction before proceeding for analysis. The self
absorption is especially an important consideration for thick pure sample.

It should be noted here that in fluorescence mode EXAFS, though the signal emitting
from the front of the sample is collected at the detector, it is not really a surface sensitive
technique because of large escape depth of fluorescence X-rays. On the contrary, electrons

have much less escape depth (~less than a micron) compared to X-ray. That’s why XAFS
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measurement by Auger electron spectroscopy is much more surface sensitive compared to X-
ray absorption spectroscopy.
2.4.7.4 EXAFS data analysis:

Whether the EXAFS measurement has been carried out in transmission mode or
florescence mode, the procedure for EXAFS data analysis is the same. EXAFS data analysis
consists of primarily two parts called (1) Data reduction and (2) Data modeling.

Q) Data reduction

(i) Florescence intensity is converted to x«(E) after taking care of any possible experimental

corrections such as self absorption effects, detector dead time etc.

(i) The measured energy range is calibrated to take care of any shift in energy. For example,
during measurement if there is any offset of the Double Crystal Monochromator (DCM) it
can be corrected by measuring absorption edge of some known metallic foil and then
calibrating it with the DCM energy scale.

(iii) A smooth pre-edge function is subtracted from x(E) to get rid of any instrumental

background and absorption from other edges. The corrected absorption spectrum is
normalized by absorption edge energy step as we are interested in the EXAFS oscillations.

Thus EXAFS function y(E)is derived as

2By = £ o) (2.34)
Ho(Eo

Where, Ey is the absorption edge, uo(E) is the bare atom background, and Apo(Ey) is the step
in the u(E) value at the absorption edge.

(iv) The energy scale is subsequently converted to the wave number scale k, given by:

k = /@ (2.35)

The function x(K)is called the EXAFS function.
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(v) 7(k)is then weighted by K " to amplify the oscillations at high k value. Because the

measured EXAFS function is in the finite range of K and since Fourier transform is defined
for a spectrum that extends from -oo to +oo, to reduce Fourier transform ripple caused due to
the abrupt termination at both ends of EXAFS spectra, a gradual window function is

multiplied. The k weighted EXAFS function k" y (k) is then Fourier transformed to generate

the Fourier transformed EXAFS (FT-EXAFS) spectra or x(R) versus R plots in terms of real
distances from the centre of the absorbing atom.
(i) Data Modeling:

In this stage, the experimentally derived y(R) versus R plots are fitted with
theoretically generated plots to find the local structural parameters around absorbing atoms.
TTheoretically, EXAFS function is derived for a given local structure model using following

formula [72].

Ne ™ f, (k
2() = Zl‘el(R_zl()sin[szj +5,(] (2.36)

i
where, jrepresents the individual coordination shell of identical atoms; w,,~,and of
represents respectively the bond length (A), coordination number and Debye-Waller factor
(A% of the j" shell and f;(k)ands, () give the scattering properties of the neighbouring
atoms in the j" shell. So for EXAFS data analysis of any system, first a crystallographic
structure and space group is assumed based on apriori knowledge of the system and

subsequently the EXAFS function for the structure is simulated using equation (2.36) with

some initial guess value of R;,N;and szparameters. Later on the values of these
parameters are varied to achieve best fitting between the experimentally derived ,(r) versus

R plot with that of the simulated one. For all the EXAFS data analysis of the samples under
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this thesis work, a set of EXAFS data analysis program available within the IFEFFIT

software package [46] have been used for reduction and fitting of the experimental EXAFS

data. The goodness of the fit in the above process is generally expressed by the r,  which is
defined [78] as:
R _ z [IM(y e (R) = 2 (R, )]2 +[Re( 740 (R) — 7 (R, )]2
factor —
[IM( %4 (ROT +[RE(x o (R (2.37)

where, y,. and y, refer to the experimental and theoretical y(R)values respectively and

Im and Re refer to the imaginary and real parts of the respective quantities.
If there is multiple possibility of the structure of any system, fitting is tried with all
the structure models and R, of each fitting is evaluated. The lesser value of R ___signifies

factor factor

the better possibility of the system to belong to the corresponding structure.

2.4.7.5 EXAFS experimental facility

EXAFS measurements described in this thesis have been carried out at scanning
EXAFS beam line (BL-09) at INDUS-2 synchrotron source at Raja Ramanna Centre for
Advanced Technology (RRCAT), Indore [44]. The X-ray flux of the beam line is typically
10™ ph/sec/0.1% band width @2.5 GeV, 200 mA. This bending magnet beam line can probe
elements having X-ray absorption edge within the energy range of 4-25 Kiev. The optical
layout of the beam line is shown in fig. 2.44. The divergent beam from bending magnet
source is vertically collimated using a 1.3 m long meridional cylindrical mirror with radius of
fixed exit type double crystal monochromator (DCM). The DCM consists of two Si (111)

curvature 11.2 kms. The vertically collimated X-ray beam is made to fall on first crystal of a
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Fig. 2.44: Optical layout of scanning EXAFS beam line (BL-09) at INDUS-2, RRCAT,

Indore [79].

crystals with 2d=6.2709A and narrow Darwin widths. The fixed exit is achieved by varying
the relative lateral and vertical distances between the two crystals at each energy setting,
maintaining parallelism between them. The second crystal of the DCM is bendable in saggital
direction with variable radius of curvature, which provides horizontal focusing to the beam.
Higher harmonics are rejected by detuning the parallelism of two crystals in DCM by
compromising on the photon flux to some extent. The energy resolution of DCM is ~10* @10
KeV. After the DCM, a Rh/Pt coated mirror with meridional curvature and facing downward
is used for vertical focusing of the beam at the sample position. The focal spot size of X-ray
at the sample location can be made up to 2.0 mm x 0.75 mm. Each of the two cylindrical
mirrors has two coating strips, viz., of Platinum (Pt) and Rhodium (Rh). To cover the energy
range of 4-25 keV, coatings of Rh and Pt are used since Rhodium has the absorption edge at

23.2 KeV (K-edge) and Pt has L1, L2 and L3 absorption edges between 11.5 KeV to 13.9
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KeV. The entire optics is maintained at 10 torr vacuum and separated by front end and
experimental hutch using 200um thick beryllium windows.

For recording the X-ray absorption spectra in transmission mode, the sample is placed
between two 30 cm long ionization chamber detectors as shown in fig. 2.45. The first

ionization chamber measures the incident flux (1,) and the second ionization chamber

measures the transmitted intensity (1,). Absorption () is calculated using formula,

,u=|og(||—°). A third ionization chamber is also used after the second ionization chamber
t

where reference metal foils are measured for energy calibration. Appropriate gas or gas
mixture is filled at atmospheric pressure in each of the ionization chamber depending on

energy range to be probed.

Fig. 2.45: Experimental set-up for transmission mode of XAFS measurement.

For recording the X-ray absorption spectra in fluorescence mode, the sample is placed
at 45° to the incident X-ray beam. For measuring the florescence spectrum from the sample, a

single channel Si drift detector is placed infront of the sample at 45°.
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Fig. 2.46: Experimental set-up for fluorescence mode of XAFS measurement.

The detector is placed at right angle to the incident beam as shown in fig. 2.46 so that the
scattered X-ray is largely suppressed as the incident X-ray is polarized in the plane of
synchrotron. An ionization chamber filled with a pre-defined gas mixture to absorb 10-20%
of the incident beam was placed prior the sample stage to measure the incident beam (lp). A

proper region of interest (ROI) is selected in the detector output to selectively measure the

fluorescence intensity of the absorbing atomic species (1, ). Thus the absorption co-efficient

of the sample was determined by the relation (2 =1 /1) and the spectrum was obtained as

a function of the energy by scanning the DCM of the beam line over the specified energy

range.
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CHAPTER-3

Study on HfO, samples deposited
at various oxygen partial pressures
and the effect of substrate biasing

3.1 Introduction:

Hafnium oxide (HfO,), which is more popularly known as hafnia, is recognized as
one of the most promising high k dielectric materials to replace SiO, in metal oxide
semiconductor transistors [10-12]. Apart from its excellent high-k dielectric properties,
hafnium oxide also qualifies to be an excellent optical coating material in the extended
spectral region for high power laser applications. HfO, is fairly transparent in UV-Visible-
near IR spectral range and has got considerably high band gap (~5.7 V). Over the period,
HfO, has been preferred as a high index coating material for fabrication of multilayer thin
film devices [13] primarily due to its superior thermal and chemical stability [14-15] in
contact with silicon and silicon oxides. Several deposition techniques have been adopted to
deposit HfO, films of desired optical and electronic properties including sputtering [31], sol—
gel [32], atomic layer deposition (ALD) [33] etc. lon beam assisted deposition (IBAD) [34]
has also been used in a number of studies aimed to obtain high-quality HfO, optical films.

HfO, films produced by evaporation processes, barring ion assisted deposition, are
generally porous [35] and therefore absorption of moisture in the voids causes refractive
index to change under humid condition. Again, ion assisted deposition also poses limitation
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in developing large area coatings due to restriction in the sizes of available ion sources [36].
Magnetron sputtering, on the other hand, has got several advantages in achieving improved
morphology, microstructure and interfaces [37-39]. Ma et al. [40] have used pulse sputtering
to produce high quality HfO, thin films, having refractive index of ~2.0 at 550 nm. There are
number of sputtering techniques e.g. reactive sputtering, diode sputtering, etc., being
experimented to achieve superior microstructure and morphology. However, compared to
other sputtering techniques, magnetron sputtering, which has been discussed in details in
Chapter-2, is preferred since in this case the electrons emitted from the cathode execute
helical motions and strike back to the target surface which enhances the sputtering efficiency.
Generally, magnetron sputtering yields a deposition rate which is an order of magnitude
higher than that obtained by conventional sputtering technique. Also since in this technique,
the secondary electrons are trapped near the target they don’t contribute to the substrate
heating [41]. Due to such inherent advantages, magnetron sputtering is a highly preferred
technique for surface sensitive deposition like of metal oxide semiconductors for device
application. For oxide targets which are insulating RF magnetron sputtering is used instead of
DC sputtering.

In a typical RF magnetron sputtering deposition technique, the percentage of oxygen
present with respect to argon i.e. oxygen partial pressure acts as an important controlling
parameter since it controls the stoichiometry of the deposited oxide samples and the
deposition rate. Oxygen partial pressure decides the average sputtering efficiency since the
sputtering efficiency of oxygen is less compared to argon. Apart from the above it also
monitors energy of the sputtered species [42] reaching the substrate surface and thus in turn
determines morphology and crystallinity of the films. Systematic study of reactive sputtered

HfO, thin film with different oxygen to argon ratio has been investigated by Aygun et al.
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[80]. Substrate biasing has also considerable influence on the energy of ionic species present
in the magnetron plasma and thus on the total energy delivered to the substrate [43] during
deposition, thereby changing the growth process and thus may result in determining the
optical and micro structural properties. Mohan Babu et al.. [81] have demonstrated
experimentally that the deposited indium oxide thin films shift from amorphous to
polycrystalline structure when they are deposited by substrate biasing as compared to floating
substrate. For diamond-like carbon films deposited by inductively coupled plasma assisted
CVD process, Kim et al.. [82] have reported that with increasing bias voltage, the hardness of
the films increased to a maximum value and then deceased. Systematic study of chemical
binding configuration, crystallographic structure, dielectric and optical properties of Ta,Os
thin film with respect to substrate biasing has also been reported [83]. For RF sputter-
deposited amorphous silicon films, it has been demonstrated [84] that DC substrate bias
produces denser a-Si film with fewer defects as compared to that of the unbiased deposition.
However, to best of our knowledge the effect of biasing in case of deposition of HfO, films
by magnetron sputtering has been reported [85] by us for the first time.

In the above study we have investigated the evolution of micro-structural, optical and
other physical properties of hafhium oxide thin films deposited under different oxygen partial
pressures and with and without pulse DC bias on the substrate. The samples have been
characterized by grazing incidence X-ray diffraction (GIXRD) to probe the crystallinity of
the films. Grazing incidence X-ray reflectivity (GIXR) and Rutherford Back Scattering
(RBS) spectrometry techniques have been used to study the mass density aspects of the
samples. Further, optical transmission spectrophotometry and spectroscopic ellipsometry

(SE) have been employed to investigate the optical properties of the films. Finally EXAFS
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measurement has been carried out in order to investigate any possible correlation between

local structural properties of HfO, films with the optical properties of the same.

3.2 Preparation of samples:

HfO, thin films have been deposited on fused silica substrate by RF magnetron
sputtering technique in the home-built magnetron sputtering system described in Chapter-2.
For the present investigations, HfO, films were sputter deposited at seven different oxygen
flow rates, namely 0, 2, 4, 6, 12, 20, 25 standard cubic centimeters per minute (sccm)
(corresponding to oxygen partial pressure of 0%, 9.1%, 16.6%, 23.1%, 37.5%, 50% and 56%
respectively) vis-a-vis a constant argon flow rate of 20 sccm. One set of samples was
deposited without substrate bias and other set was deposited with bias of 50 watt pulse DC.
The pulse DC bias was provided using the pulsed DC source (MKS/ENI make, model RPG-
100) described in Chapter-2. The pulse shape was rectangular with pulse frequency of 250
kHz and pulse width or pulse on time of 1456 ns. The amplitude of the pulse was -98 V
during one half-cycle and +37 V during the other half-cycle. The detailed pulse shape has
been given in Chapter-2. The deposition rate obtained in in-situ crystal monitor was ~1 A sec’
! for samples deposited under mixed argon and oxygen ambient and ~6 A sec™ for films

deposited without oxygen.

3.3  Grazing Incidence X-ray Diffraction measurements:
GIXRD measurements were carried out using a STOE diffractometer using Cu K, X-

ray radiation (1.54 A) and 26 detector scan with the incident beam kept fixed at a constant

grazing angle of incidence. GIXRD measurements were carried out to investigate structural
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changes in the samples and the GIXRD patterns are shown in Figures 3.1(a) and (b)
respectively for the samples deposited at different oxygen partial pressure and without and
with substrate bias. The comparison of GIXRD spectra of the samples, with the standard data
(PCPDF), suggests that all the samples exhibit monoclinic phase. It can be seen that in both

the cases (i.e., with and without substrate biasing), the sample deposited without additional

oxygen has got preferred orientation along (i 11) direction and with the increase of oxygen
partial pressure, polycrystallinity of the samples is increased. However, no significant change

in the crystallinity of the samples due to substrate biasing has been observed.
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Fig.3.1: GIXRD spectrum of HfO, films deposited (a) without and (b) with pulse DC
substrate bias and at various oxygen flow rates (Ar flow rate has been kept at 20 sccm
in each case).

3.4 Rutherford Backscattering measurements:
Atomic concentrations of the films have also been estimated by RBS measurements
carried out with He ions (o particles) of 3.5 MeV energy froma 1.7 MV Tandetron

accelerator at IGCAR, Kalpakkam, India. RBS spectra were recorded with the help of a

detector kept at 165° scattering angle and a charge of 27 micro coulombs were collected for
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each RBS spectra. The spectra were calibrated using gold and silicon edges for the
corresponding He ion energy. RBS spectrum (no. of scattered o particles as a function of
energy of o particles) of a representative HfO, sample which was deposited without any
substrate bias and at ~9.1% oxygen partial pressure is shown in Fig. 3.2(a). Peak width i.e.
the difference in energy between front edge and the back edge of any peak gives the
measurement of energy loss of alpha particle scattered while travelling through the sample.
As has been discussed in details in Chaptrer-2, dividing this energy width by the stopping
power of the material (energy loss in traversing the unit areal density of the sample), one can
estimate the areal density of the sample. In case of the present samples, the areal density was
estimated by fitting the hafnium peak of the spectrum presuming stoichiometric sample.
Subsequently dividing the areal density by the respective thickness obtained from optical
transmittance measurement, as discussed later, we have calculated atom density (no. of
atoms/cm?®) of the films and have shown in fig.3.2 (b). The typical accuracy of determination
of composition of thin films by RBS technique is ~1% [86-87].

It can be seen that for both the set of films, atomic densities of the films deposited
without oxygen partial pressure are high and densities become lower for films deposited with
9.1% oxygen partial pressure or more and in general, films deposited with substrate bias are
found to have higher density than the films deposited without any bias. It can be seen from
Fig. 3.2(b) that for both the set of films, atomic densities of the films deposited without
oxygen partial pressure are high which might be due to high metal content in the films.
Densities become lower for films deposited with 9.1% oxygen partial pressure or more which
indicate realisation of relatively more stoichiometric films and in general, films deposited
with substrate bias are found to have higher density than the films deposited without any bias.

For the films deposited with pulsed substrate bias enhanced bombardment of Ar” ions on the
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growing films takes place in the negative half cycle of the pulsed bias. This gives higher

mobility to the ad atoms enabling their reorganisation on the growing surface, thus leading to

more compact and denser films. However, as oxygen partial pressure is increased,

bombardment of the growing films by negative oxygen ions in the positive half cycle of the

bias is increased leading to oxygen rich low density films. Hence as can be seen from fig.

3.2(b), for films deposited at >15% oxygen partial pressure without any substrate bias,

density shows an increasing trend with increase in oxygen partial pressure, while for the other

set deposited with substrate bias, density of the films does not increase, rather decreases

slightly.
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density of HfO; films, estimated from RBS
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3.5 Grazing Incidence X-ray Reflectivity measurements:

Densities of the films have been estimated by GIXR measurements carried out in an

X-ray reflectometer. The measurements have been carried out with a Cu K, (1.54A) source

by varying the grazing angle of incidence in the range of 0-2° with an angular resolution of
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0.001°. Rocking curve measurements have been done prior to each measurement for aligning
the sample.

Figure 3.3(a) shows the GIXR spectra of HfO, films deposited without substrate bias
at different oxygen partial pressures. The density estimated from GIXR data employing the
method described in Chapter-2, are shown in Fig. 3.3(b). The errors involved in the
measurements are quite low (~0.1%) since critical angles can be measured very accurately
due to the high precision goniometer of the GIXR system. It can be seen from fig. 3.3(b) that
the deceasing trend for the density of the films deposited with substrate bias, with increasing
oxygen partial pressure, as obtained from RBS measurements and shown in fig. 3.2(b) has

also been reflected in the density of the films as obtained from GIXR measurements.
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Fig.3.3 (a): Grazing incidence x-ray Fig.3.3 (b): Variation of density estimated

reflectivity spectra of HfO, samples from GIXR spectra as a function of oxygen

deposited without substrate bias and at partial pressure (in percentage) used

various oxygen flow rates. during deposition for HfO, films deposited
without substrate bias.
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3.6  Optical Transmission measurements:

The refractive index, band gap and thickness of the films were estimated by optical
transmission measurements using the Jasco V-630 UV-VIS-NIR spectrophotometer as
described in Chaptrer-2 in the range of 190 nm to 1100 nm Figure 3.4(a) shows the
transmission spectrum of a representative HfO, film deposited under pure argon ambient (i.e.,
without oxygen) and without any substrate bias. The transmission spectra of the samples were
analyzed using the method described in Chapter-2, proposed by Swanepoel [64] to estimate
thickness and wavelength dispersion of refractive index (n) and extinction coefficient (k).
Typical error involved in the above spectrophotometric measurements of n and thickness for
transparent oxide films like HfO; is ~1% [64, 88]. Deposition rates, as shown in Fig. 3.4(b),
were calculated by dividing the estimated thickness of the films with the duration of

depositions and are found to agree well with that obtained from the in-situ crystal monitor
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Fig. 3.4(a): Transmission spectrum of a Fig. 3.4(b): Variation of deposition rates
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without substrate bias and at zero oxygen transmittance measurements, as a
partial pressure. function of oxygen partial pressure.
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measurements. It can also be seen that the deposition rate of the films decreases drastically
with the onset of oxygen in the sputtering ambient and then decreases further slowly with
increase in oxygen partial pressure. The gradual decrease in sputtering rate, as shown in fig.
3.4(b), with increase in oxygen partial pressure (for >10% oxygen partial pressure) might be
due to the fact that sputtering efficiency of oxygen is less than that of argon. However, the
large decrease in sputtering rate with onset of oxygen ambient cannot be solely due to the
lower sputtering efficiency with oxygen. This can be attributed to reaction on the target
surface leading to oxygen-rich compound formation that would result in sputtering of HfO,
compound compared to preferential sputtering of Hf in oxygen-free ambient leading to metal-
rich films. Drastic reduction in sputtering rate due to chemical reaction on target surface and
compound formation is a typical characteristic of reactive sputtering [89].

The refractive indices of the films at 550 nm, as obtained from the transmission

measurements, have been plotted in Fig.3.4(c), while the band gap of the films, as obtained
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by plotting (ahv)?vs. hv, (Where « (=47k/ 1), k being the extinction coefficient, while 1
and v are the wavelength and frequency of photon) are shown in Fig. 3.4(d), with an error
bar of £0.03eV, which is typical of such high band gap dielectric films[90].

The refractive index of the samples @ 550 nm, as can be seen from Fig. 3.4(c), lies in
the range of 1.7-2.0. This agrees well with the refractive index values reported by other
workers for HfO, films deposited by various techniques viz., MOCVD, magnetron sputtering,
e-beam evaporation etc. [91-94]. It can also be seen from the above figure that the refractive
index of the films deposited without oxygen is very high due to high metal content in these
films. The refractive index deceases for both set of the films when deposited with 9.1%
oxygen partial pressure due to realisation of more stoichiometric films. In general, the
refractive index of the films deposited with substrate bias is higher than that deposited
without substrate bias, because of the realisation of denser and more compact films in the
later case due to the reasons discussed above. It can also be seen from this figure that with
increase in oxygen partial pressure, refractive index shows an increasing trend for films
deposited without substrate bias, while it remains more or less constant for films deposited
with substrate bias. The observed difference in the variation of refractive index with oxygen
partial pressure in the two set of films will however be explained at the end of this section.

The band gap of the films, as can be seen from fig.3.4(d), deposited without oxygen
or at oxygen partial pressure of 9.1% are considerably low manifesting high Hf content in
these films which is corroborated with our observations of high density of these films by RBS
and GIXR measurements also. The band gap of the films achieves higher value appropriate
for stoichimetric HfO, films when deposited at oxygen partial pressure of 15% or above. The

band gap values remain more or less constant for these films irrespective of oxygen partial
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pressure or biasing used during deposition and agrees well with that reported by other

workers [95-96].

3.7  Spectroscopic ellipsometric measurements:

Detailed optical characterisation of the films was subsequently carried out by
spectroscopic ellipsometric measurements in the phase-modulated spectroscopic ellipsometer
(ISA JOBIN-YVON SPEX, France), as described in Chapter-2, in the wavelength range of
300-1200 nm [67, 97]. Figure 3.5 shows the experimental ellipsometric (W andA) spectra
over a wavelength range of 300-1200 nm for a representative HfO, films deposited at ~23.1

% oxygen partial pressure without substrate bias.
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Fig.3.5: Experimental wand A versus wavelength along with best-fit

theoretical curve for a representative HfO, film deposited without

substrate bias and at 23.1% oxygen partial pressure (in percentage).
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The measured ellipsometry spectra are then fitted with an appropriate model assuming

a realistic sample structure for an oxide film with two layers, one bulk layer on the substrate

and another void-prone thinner layer at the top which takes care of the surface roughness of

the film[90]. The optical constants of the quartz substrates have been supplied from standard

reference [98] and the Tauc-Lorentz (TL) model [68] as described in Chapter-2, has been

used to describe wavelength dispersion of the optical constants of the HfO2 layers.

Since thin film deposition by physical vapour deposition processes is in general

characterized by presence of voids in the layers, some amount of void has been assumed to be

present homogenously in the bulk layer also and the calculation of the effective dielectric

constant of the layers has been done using the Bruggeman Effective Medium Approximation

(EMA) model [99] as mentioned in Chapter-2.
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deposited with substrate bias and at 23.1 % oxygen partial pressure.
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Assuming the above sample structure, with trial thicknesses, void fractions and
parameters of dispersion relation for HfO, as fitting parameters, the measured ellipsometric
spectra are fitted with that of the simulated spectra and the best fitted spectra for a
representative sample is shown in fig. 3.5.Fig.3.6 shows the sample layer structure model and
the dispersion of refractive index generated with the best fit parameters for the representative
sample with an accuracy of #0.003 which is typical for spectroscopic ellipsometric
measurements[14]. After carrying out the above exercise on all the HfO, samples under
study, the obtained void fractions present in the bulk layer and refractive index of the bulk
layer of the films (at 550 nm) are shown in Fig. 3.7(a) and (b) respectively. It should be noted
that voids present in the bulk layers are true representation of the void fractions present in the
films since the bulk layers constitute ~98% of the total thickness of the films. It can be seen

that void fraction in the films, does not show any particular trend of change for films
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deposited without substrate bias though it shows an upward trend for the other set of films
deposited with substrate bias. The refractive index of bulk HfO, layer is found to initially
increase with an increase in oxygen partial pressure used during deposition, which however
decreases again, with increase in oxygen partial pressure beyond 20%. It can be seen from
Fig. 3.7(a) that the void fraction of HfO, films as obtained from the elliposometric analysis
lies in the range of 7.5% to 13.9%. Zaharescu et al. [100] have compared the porosity in HfO,
films prepared from different precursor by sol-gel method where they got minimum porosity
of 4.35% when prepared from Hf-pentadionate and maximum porosity of 56.80% when
prepared from Hf-chloride precursor. Lu et al. [101] have studied the effect of annealing on
the void percentage of HfO, thin film deposited by MOCVD, where they found 9.29% void
for as-deposited film which decreases after annealing to 5%. Void fraction in the films, as can
be seen from Fig. 3.7(a), does not show any particular trend of change for films deposited
without substrate bias. For films deposited with substrate bias and low oxygen partial
pressure void fraction is found to be less because of the compactness resulted from
bombardment by Ar* ions on the growing films during the negative half cycle of the pulsed
bias. However, for these films deposited with substrate bias, void fraction shows an overall
increasing trend with increase in oxygen partial pressure due to enhanced bombardment of
the growing films by negative oxygen ions in the other half cycle of the pulse.

It can be further observed that the refractive index values of the films as obtained
from transmission measurements and shown in Fig. 3.4(c) are less compared to that obtained
from ellipsometry measurements and shown in Fig. 3.7(b). This is due to the fact that the
refractive index obtained from ellipsometry measurement is that of the HfO, material present
in the sample, while that obtained from the transmission measurement is that of the whole

film which will have lower refractive index because of the presence of voids in it.
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Finally, if we exclude the films deposited at 0 and 9.1% oxygen partial pressure which
are low band gap Hf-rich films, the variation of density and void content in the films, as
shown in Figs. 3.2(b) and 3.7(a) respectively, has a direct correlation with the variation of
overall refractive index of the films as obtained from transmission measurements and shown
in Fig. 3.4(c). For films deposited without substrate bias, the void fraction does not show any
particular trend of change and hence the refractive index of the films shows an overall
increasing trend with increase in oxygen partial pressure due to increase in density of the
films. However, for the other set of films deposited with substrate bias, refractive index does
not increase significantly with increase in oxygen partial pressure, since void content in the
films shows an overall increase hindering density to increase at higher oxygen partial
pressure.

Finally, since the refractive index of the films deposited with substrate bias is
generally higher than that obtained for films deposited without substrate bias, it can be
concluded that better quality HfO, films with lower void fraction and higher refractive index
can be obtained in case of deposition with substrate bias at lower oxygen partial pressure in

the range of 15-30%.

3.8. EXAFS measurements:

The variation of intrinsic refractive index of the deposited material excluding the
effect of void, as estimated from spectroscopic ellipsometry and shown in fig. 3.7(b), remains
so far unexplained. The two main features of this variation are that the intrinsic or void-free
refractive index for the set of samples deposited without substrate biasing case shows a peak
around 23% oxygen partial pressure. On the other hand, void-free refractive index for the set

of samples deposited with substrate biasing case shows a deep at ~37% oxygen partial
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pressure. Structural study by GIXRD probe could not help in explaining these observations.
This is why, we have carried out Extended X-ray Absorption Fine Structure (EXAFS) study
on few representative samples from both the sets, namely the samples deposited at 0, 6, 12
and 25 sccm oxygen flow rates i.e. at 0%, 23.1%, 37.5% and 56% oxygen partial pressures to
investigate whether these observations are linked to the local structural properties of the
films.

The EXAFS measurements have been carried out at the Energy-Scanning EXAFS
beam line (BL-9) at the INDUS-2 Synchrotron Source (2.5 GeV, 100 mA) at Raja Ramanna
Centre for Advanced Technology (RRCAT), Indore, India [44, 79] following the procedures
described in details in Chapter-2. Figures 3.8 (a) and (b) show the experimental EXAFS
spectra (uvs.E) of HfO, films deposited by RF magnetron sputtering under various oxygen
partial pressures for the set of samples deposited without and with pulse DC substrate bias
respectively. Although HfO, can exist in cubic (Fm-3m), tetragonal (P4./nmc), monoclinic
(P21/c) and orthorhombic (Pbca and Pnma) phases; cubic and tetragonal phase stabilization is
only possible [102] either by doping or by synthesizing at higher temperature (>1700°C).
Therefore, to analyze the EXAFS spectra of present HfO, samples, which were prepared
from 99.99% pure HfO, target and at relatively lower substrate temperature, possibility of
having monoclinic and orthorhombic phases have been explored. The theoretical standards
for monoclinic and orthorhombic HfO, crystal structure was created using lattice parameters
and Wyckoff positions obtained in the literatures [103-104]. The scattering paths used for
simulating EXAFS spectra of monoclinic HfO, samples have been tabulated in Table-3.1.
While fitting with the monoclinic model, paths 1 to 7, which represent the first few oxygen
shells were combined and were represented by a single scattering path with degeneracy 7.

Similarly, path-8 to path-21 were represented by a single Hf-Hf scattering path of degeneracy
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Fig.3.8: Experimental u(E)vs. E spectra of HfO, thin films deposited

under different oxygen partial pressures for the set of samples deposited
without substrate bias (a) and with pulsed DC substrate bias (b).

7 and paths 45 and 51 were represented by another single Hf-Hf scattering path of
degeneracy 4. As for orthorhombic phase model, the scattering paths used for simulating
EXAFS spectra have been tabulated in Table-3.2. While fitting, paths 1 to 7, which represent
the first few oxygen shells were combined and were represented by a single Hf-O scattering
path with degeneracy 7. Similarly, path-8 and path-9 were represented by another single Hf-
O scattering path of degeneracy 2 and path-10 and path-11 were represented by a single Hf-

Hf scattering path of degeneracy 3.
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Table-3.1: Scattering paths used for simulating EXAFS spectra of monoclinic HfFO, samples.

Model of Path Degeneracy Distance (A) | Amplitude Scattering paths

structure No. considered

Monoclinic | Path-1 1 2.054 100 [+] O1_1[+]
Path-2 1 2.063 99.01 [+] O1_2 [+]
Path-3 1 2.138 90.78 [+] O2_1[+]
Path-4 1 2.147 89.91 [+] O1_3[+]
Path-5 1 2.162 88.34 [+] O2_2 [+]
Path-6 1 2.213 83.45 [+] O2_3 [+]
Path-7 1 2.217 83.08 [+] O2_4 [+]
Path-8 1 3.346 35.91 [+] Hf_1[+]
Path-11 2 3.398 69.59 [+] Hf_2 [+]
Path-12 2 3.404 69.32 [+] Hf _3[+]
Path-14 1 3.425 34.23 [+] Hf_4 [+]
Path-21 1 3.528 32.15 [+] Hf_5 [+]
Path-45 2 3.929 50.47 [+] Hf 6 [+]
Path-51 2 4.017 47.90 [+] Hf 7 [+]
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Table-3.2: Scattering paths used for simulating EXAFS spectra of orthorhombic HfO,

samples.
Model of Path No. Degeneracy | Distance (A) | Amplitude Scattering
structure paths
considered
Orthorhombic Path-1 1 2.05 100 [+] O1 1[+]
Path-2 1 2.105 93.8 [+] O1_2 [+]
Path-3 1 2.155 88.6 [+] O2_1[+]
Path-4 1 2.163 87.81 [+] O1_3 [+]
Path-5 1 2.166 87.5 [+] 02_2 [+]
Path-6 1 2.188 85.36 [+] O2_3 [+]
Path-7 1 2.192 84.98 [+] O2_4 [+]
Path-8 1 3.331 28.17 [+] O1_4 [+]
Path-9 1 3.352 27.66 [+] O1_5[+]
Path-10 2 3.393 68.76 [+] HfL_1 [+]
Path-11 1 3.402 34.19 [+] HfL 2 [+]

The above exercise has been carried out to keep the number of independent parameters that

can be varied during fitting, less than the maximum number of independent data points

available (N,,) as defined by Nyquist criterion [78]:

_ 2+Ak*AR
o T

Nin

+1.
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where, we have taken the Fourier transform range in K space as 2-9 A™* (Ak = 7) and fitting in

R space as 1-3.5 A (AR = 2.5) respectively. As has been stated earlier, only three parameters

viz.,, R,N and o of the different paths have been varied during the fitting process and the

AE, and passive electron reduction factor (s2) values have been taken from fitting of

EXAFS data of commercial powder HfO, samples and have not been varied during fitting of
EXAFS data of the thin film samples. Figure 3.9 (a) shows the Fourier transformed EXAFS
(FT-EXAFS) spectra or x(R) versus R plots of the HfO, films deposited at various
oxygen partial pressures for the set of samples deposited without substrate bias along with the
best fit theoretical plots generated using the monoclinic crystal structure. Similarly Fig. 3.9(b)
shows the EXAFS fitting results for the above films using orthorhombic crystal structure.
Corresponding plots for the set of films deposited with substrate bias are shown in Figs.
3.10(a) and (b) respectively. The qualities of fit in each case were assessed through
values are shown in

estimation of R as already been defined in equation (3). The R

factor factor

Figs.3.11 (a) and (b) for the above two cases. As seen from Figs.3.11 (a) and (b), R, values

of monoclinic phase are less compared to that of the orthorhombic phase for both the set of
samples manifesting that all the HfO, samples prepared for this study predominantly exhibit
monoclinic phase. GIXRD pattern as displayed in fig. 3.1 for both set of samples also showed
monoclinic crystal structure. It should be noted here that we have also carried out the fitting
of the FT-EXAFS data assuming presence of mixed phases of monoclinic and orthorhombic
structures also. The procedure adopted for mixed phase analysis is similar to that described in

Chapter-5 of this thesis in case of TiO; films [105]. However, we have found that the R

factor

values in that case are close to that obtained in case of fitting with monoclinic phase only and

the relative contributions of the monoclinic phase as estimated from mixed phase fitting is
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(b): Films deposited without substrate bias:

(a): Films deposited without substrate bias:
Fitting with Orthorhombic Phase

Fitting with Monoclinic Phase
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Fig.3.9: Fourier transformed EXAFS spectra of HfO, films deposited under different
oxygen partial pressures for the set of samples deposited without any substrate bias
along with best fit theoretical plots.
0-0-0-0: Experimental Data
(@) ----------- : Theoretical fitting with monoclinic structure.
(b) ----------- : Theoretical fitting with orthorhombic structure.
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(b): Films deposited with substrate bias:

(a): Films deposited with substrate bias: Fiing with Orthorhombic Phase

Fitting with Monoclinic Phase
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Fig.3.10: Fourier transformed EXAFS spectra of HfO, films deposited under
different oxygen partial pressures for the set of samples deposited with pulsed DC
substrate bias along with best fit theoretical plots.

0-0-0-0: Experimental Data

(@) ----------- : Theoretical fitting with monoclinic structure.

(b) ----------- : Theoretical fitting with orthorhombic structure.

almost 100% in the samples. Thus the rest of the results of the samples have been described
based on the best fit parameters obtained in case of fitting with monoclinic phase only. It

should also be noted here that HfO, thin films obtained by RF magnetron sputtering by
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Vargas et. al [106] are amorphous in nature when deposited at substrate temperature below

200°C, while the films grown at substrate temperatures higher than 200°C are nanocrystalline

(a) - Monoclinic phase model
-(O- Orthorombic phase model

0.03 4 Without substrate bias

0.02 4

-l Monoclinic phase model
(b) -@- Orthorombic phase model

With substrate bias

factor

0.05 +

0.04 1

0.03 +

factor

nd
0.02 1

0.01 1

0.00

Oxygen partial pressure (%)

Fig. 3.11: Comparison of R, values of EXAFS fitting for HfO,

thin film samples fitted with monoclinic and orthorhombic
structure.

(a) Films deposited without any substrate bias.

(b) Films deposited with pulsed DC substrate bias.

in nature and exhibit monoclinic crystal structure. On the contrary, we have obtained
monoclinic crystal structure in the samples prepared even when the substrate temperatures
were in the range of 60-80°C. One of the reasons behind the different results obtained by us
and Vargas et al.. [106] could be the higher target to substrate distance (80 mm) used by the
later group compared to us (58 mm). Degradation in crystallinity with the increase in target

to substrate distance due to the corresponding reduction in ad atom Kinetic energy has been
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reported by Thaveedeetrakul et al. [107] also. This is to be noted that Ma et al. [40] have also
obtained monoclinic HfO, thin films by reactive magnetron sputtering technique using pulsed
power at 50 mm of target to substrate distance and ambient substrate temperature. Another
reason why Vargas et al.[106] obtained amorphous films could be that they have used 100 W
of magnetron power in contrast to 250 W of power in our case. Higher magnetron power
increases Kinetic energy of ejected adatoms which helps in realizing better crystallinity in the
films [108]. Figs. 3.12(a)-(d) show the variation of the bond length and co-ordination

numbers corresponding to the nearest Hf-O shell (R,,N,) and next nearest Hf-Hf shell (
R, N, ) of the HfO, samples as a function of oxygen partial for the set of samples

deposited without substrate biasing. Figs.3.13 (a)—(d) show the corresponding plots for the
films deposited with substrate bias. The trend of variation of intrinsic refractive index of the
HfO, films (n) as obtained from spectroscopic ellipsometry measurements and shown in fig.
3.7(b) for both the sets are reproduced again in fig. 3.12(e) and 3.13(e) respectively for the set
of films deposited without and with substrate biasing. The uncertainties involved in
measurement of bond length (+0.01A), co-ordination number (+0.1) and refractive index
(x0.003) are also shown in the above figures as error bars. As can be seen from Fig. 3.12(a),

Hf-O bond length (R, ) is ~2.16A throughout the whole oxygen partial pressure range except

for the sample deposited at 37.5% oxygen partial pressure where it is 2.13A. Thus the

variation of R, for the set of samples deposited without substrate bias, is not so significant

considering the uncertainty in determination of bond length being +0.01A. However, from
Fig. 3.12(b) it is seen that, with the increase in oxygen partial pressure up to 37.5%, oxygen

co-ordination around hafnium (N, ) increases from 6.4 to 6.9 which is significant w.r.t. the
uncertainty involved in the measurement of coordination number (£0.1), though with further
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Films deposited without substrate bias
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Fig.3.12: Variation of (a) Hf-O bond length (R,) & (b) oxygen coordination (N,) of
nearest neighbor oxygen shell, (c) Hf-Hf distance (Rr,, ) & (d) Hf coordination (N, ) of

next nearest neighbor Hf shell, and (e) intrinsic refractive index (n) of HfO, thin films at
550 nm as obtained from spectroscopic ellipsometry measurements, as a function of
oxygen partial used during deposition, for the set of films deposited without substrate

bias.

increase in oxygen partial pressure, oxygen co-ordination does not increase, rather decreases.

The reduction in oxygen coordination with increase in oxygen partial pressure beyond ~40%

in sputtering ambient has also been observed by us in case of bipolar pulsed DC sputter

deposited Ta,Os films which had been corroborated by RBS measurement also [55]. This

might be related to reduction in reactive sputtering rate due to the presence of excess oxygen

compared to argon atoms in the sputtering ambient.
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As can be seen from Fig. 3.12(c), Hf-Hf bond length (R, ) decreases from 3.35A to

3.32A with an increase in oxygen partial pressure in the range of 0-23%, however with
further increase in oxygen partial pressure beyond 23%, bond length increases to 3.37A. The
variation is significant considering the uncertainty in bond length determination of +0.01A.

This trend of variation of R, is almost reverse to the variation of intrinsic refractive index (

n) of the samples as displayed in Fig.3.7 (b) and reproduced in Fig. 3.12(e). The reverse
trend of variation in the intrinsic refractive index with respect to Hf-Hf bond length is due to
the fact that reduction in Hf-Hf bond length can cause significant increase in density of the
sample which in turn increases its refractive index. Mass of Hf atom (mass no 178) being
about eleven times higher than O atom (mass no 16), it is likely that any change in Hf-Hf
bond length will have more dominant effect on density or refractive index of the samples than
change in Hf-O bond length. Similar increase in refractive index due to decrease in bond
lengths have also been observed earlier in several other oxide systems [15, 109]. However, in
case of the HfO, films deposited with substrate bias, as can be seen from Figs. 13(c) and (e),
intrinsic refractive index (n) is not maximum for the sample deposited with 37.5% oxygen

partial pressure, which has minimum Hf-Hf bond length (Rr,, ), rather the n value is quite

low for this sample. This is due to the fact that the oxygen coordination (N, ) is also very low

for this sample as can be seen from Fig. 13(b). Thus the intrinsic refractive index of this set of
samples deposited with substrate bias, does not follow the opposite trend of variation in the
Hf-Hf bond length for the samples, unlike the case for the set of samples deposited without
substrate bias.

It should be noted here that the variation of oxygen coordination with increase in

oxygen partial pressure, for the set of films deposited without substrate bias, as shown in Fig.
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12(b), follows the same trend as observed by us in case of sputter deposited Ta,Os thin films
[55]. However, as can be seen from Fig. 13(b), similar variation for the set of films deposited
with substrate bias shows an opposite trend. As has been mentioned earlier and described in

detail in chapter-2, the substrate bias used for the preparation of this set of samples is a pulsed

518 Films deposited with substrate bias
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Fig.3.13: Variation of (a) Hf-O bond length (R, ) & (b) oxygen coordination (
No) of nearest neighbor oxygen shell, (c) Hf-Hf distance (Rr,,) & (d) Hf
coordination (N, ) of next nearest neighbor Hf shell, and (e) intrinsic

refractive index (n) of HfO, thin films at 550 nm as obtained from
spectroscopic ellipsometry measurements, as a function of oxygen partial used
during deposition, for the set of films deposited with pulsed DC substrate bias.
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DC bias of 50Watt having a rectangular pulse shape with pulse frequency of 250 kHz and
pulse width or pulse-on time of 1456 ns. The amplitude of the pulse is -98 V during -ve half-
cycle (when the growing film on the substrate is bombarded with Ar* ions) and +37 V during
the +ve half-cycle (when the growing film on the substrate is bombarded with O ions). The
variation of oxygen coordination shows that for films deposited at lower oxygen partial
pressure (20-40%), bombardment by Ar* ions is predominant resulting in oxygen loss from
the films which yields non-stoichiometric films with low refractive index. However, for
films deposited with oxygen partial pressure higher than 40%, oxygen ion bombardment on
the growing films is significant which results in realisation of more stoichiometric and
oxygen-rich films and refractive index of the films also increase. Thus the intrinsic refractive
index of the films deposited with substrate bias is found to be governed by oxygen

stoichiometry of the films rather than Hf-Hf bond length.

3.9 Conclusions:

HfO, thin films have been deposited on fused silica substrates by RF magnetron
sputtering under mixed ambient of argon and oxygen. One set of films have been deposited at
varying oxygen partial pressure in the range of 0-60% without any substrate bias. Another
set was deposited with same ratios of argon to oxygen with pulse DC bias on the substrate.
The films have been characterised by GIXRD, GIXR, RBS, Optical Transmission and
Spectroscopic Ellipsometry (SE) measurements. For local structural characterizations, the
samples have also been probed by EXAFS technique. The data were analysed and the
following observations have been made:

(i) HfO, films were found to be polycrystalline with predominantly monoclinic crystal

110



structure and crystallinity of the films gets degraded with increase in oxygen partial pressure
during deposition.

(i) For films deposited without oxygen and with 9.1% oxygen partial pressure, the densities
are high but band gaps are low and overall refractive index as obtained from optical
transmission measurements are high manifesting oxygen deficiency and high Hf content in
the films.

(iii) Films deposited at 15% oxygen partial pressure achieve reasonably high band gap values
and densities and over-all refractive indices of the films become lower showing realisation of
stoichiometric films.

(iv) The SE measurements show that films deposited in the regime of 15-20% oxygen partial
pressure have higher refractive indices compared to the films deposited at both lower and
higher oxygen partial pressures which might be due to the non-stoichiometry effect. It is also
observed that the refractive index of HfO, films deposited with substrate bias is in general
higher than that deposited without substrate bias.

(v) In general, the density of the films deposited with substrate bias is found to be higher
than that for the films deposited without substrate bias since enhanced bombardment of Ar*
ions on the growing films in the negative half cycle of the pulsed bias leads to more compact
and denser films. For films deposited at >15% oxygen partial pressure without any substrate
bias, density shows an overall increasing trend with oxygen partial pressure, however for the
other set deposited with substrate bias, density does not increase, rather decreases slightly.
This is attributed to the fact that for the later set of films, as oxygen partial pressure is
increased, enhanced bombardment of the growing films by negative oxygen ions in the

positive half cycle leads to oxygen rich low density films.
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(vi) The above observation is corroborated by the variation of void fraction in the films as
obtained from SE measurements which shows that void fraction shows an overall increase
with increase in oxygen partial pressure in the range of 15-60% for films deposited with
substrate bias but it does not increase significantly for films deposited without substrate bias.
(vii) The variation of density and void content in the films finally get reflected in the
variation of overall optical properties of the HfO, films as obtained from transmission
measurements. Refractive index of the films deposited with >15% oxygen partial pressure
and without substrate bias show an overall increasing trend with increase in oxygen partial
pressure, due to increase in density. However, for the set of films deposited with substrate
bias, refractive index does not increase significantly since density does not increase due to
enhancement of void content in the films.

(viii) Finally we conclude that stoichiometric HfO, films with high band gap and refractive
index and with low void content can be obtained with 15-30% oxygen partial pressure and
with a substrate bias of 50 watt pulse DC on the substrate.

(ix) The information obtained from EXAFS measurement has been found to be correlated
with the variation of intrinsic refractive index of the deposited material. For the set of HfO,
films deposited without substrate bias, the variation of intrinsic refractive index of the films
with oxygen partial pressure could be explained in terms of the variation of Hf-Hf bond
lengths estimated from the EXAFS modelling. It has been observed that the film having
lowest Hf-Hf bond length manifests the highest refractive index due to increase in
compactness and density. However, for the set of films deposited with substrate bias it has
been observed that refractive index does not follow the trend of variation of Hf-Hf bond
length. Rather for this set of films, oxygen coordination surrounding Hf sites plays a major

role. In this case, Ar+ ion bombardment -ve cycle of PDC substrate bias causes oxygen loss
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from the sample resulting in lower refractive index in the range of 20-40%, where as beyond
40% oxygen partial pressure, oxygen ion bombardment predominates which results in
improved stoichiometric and high refractive index film. Thus EXAFS measurement and
analysis provides a microscopic explanation of the macroscopic behaviour of intrinsic

refractive index of the oxide films.
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CHAPTER-4

Study on Ti1O, samples deposited
at various oxygen partial pressures

4.1 Introduction:

Titanium dioxide being a large band gap and high index material has been of wide
research interest for its application in multilayer optical interference coatings [110-111].
Excellent chemical stability of TiO, makes it an important choice for high index material in
multilayer interference coatings [112]. It has also been used in various semiconductor devices
like in sensors [113], photo catalysts [114] and transistors [115-116]. Several deposition
techniques have been adopted to deposit TiO, films of the desired optical and electronic
properties including sputtering [117], sol-gel [118], atomic layer deposition (ALD) [119],
plasma enhanced chemical vapor deposition [120] etc. There are plenty of reports on
structural investigation of TiO, thin films prepared by various methods, which reveal
realization of the films in three major crystalline phases namely, rutile, anatase and brookite,
even though brookite form of TiO, is comparatively less studied than the more common rutile
and anatase polymorphs [121]. Addamo et al.. [122] demonstrated an easy way to prepare
thin films of all three TiO, phases (anatase, rutile, brookite) starting from aqueous dispersions
of TiO, obtained by hydrolysis of TiCl,. Lin et al.. [123] identified anatase type TiO,
nanoparticles prepared by sol gel synthetic route. An interesting study by Ohara et al. [124]

showed that TiO, films prepared by sol suspension on silicon substrate shows pure anatase
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phase whereas the one prepared on soda glass substrate is the mixture of anatase and brookite
phases due to the Na diffusion from the substrate to the film. Reactive RF sputter-deposited
undoped and Fe doped TiO; thin films [125] showed that undoped TiO, films crystallize in a
mixed rutile/anatase phase whereas Fe-doped films exhibit the rutile phase only. Moret et al.
[126] found that pulse laser deposited TiO, films on silicon and other substrates are brookite.
In many cases formation of nano-crystalline and amorphous TiO; thin films have also been
reported [127]

Even though electron beam (EB) evaporation technique [128] has been most widely
employed for preparation of TiO, thin films, the method generally produces films with
significant amount of voids. This drawback of EB evaporation technique encourages one to
deposit dense TiO; films using ion assisted deposition (IAD), IAD though has limitation in
producing large area multilayer thin films due to its inherent limitation pertaining to
unavailability and high cost of large area ion sources [129]. As has been discussed in detail in
earlier chapters, magnetron sputtering, on the other hand, has got several advantages in
achieving improved morphology, microstructure and interfaces [37-39] of oxide thin films.
Singh et al.., for example, have used DC magnetron sputtering [130] to produce high quality
TiO, thin films, having refractive index in the range of 2.24 to 2.5. Compared to the RF
magnetron sputtering technique which is generally adopted for sputtering of insulating oxide
materials, the asymmetric bipolar pulsed DC (ABPDC) magnetron sputtering technique
makes it possible to overcome the problem of accumulation of space charge through a
relatively simpler way that does not need any critical impedance matching of the load and the
power supply and helps in producing high-quality, low-defect oxide dielectric films required

for precise coating processes [34, 38-39, 130].
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In the present study, a set of TiO, (titanium di-oxide) thin films has been deposited by
asymmetric bipolar pulsed DC (ABPDC) sputtering technique using different oxygen partial
pressures in the sputtering ambient. The samples have been characterized by grazing
incidence X-ray diffraction (GIXRD) technique to probe the long range order in the films,
while synchrotron-based extended X-ray absorption fine structure (EXAFS) measurements
have been employed to investigate the local structure surrounding Ti atoms in the films and
structural information obtained by the above two techniques have been compared. Further,
optical transmission spectrophotometry has been used to investigate the optical properties of
the films which have been correlated finally with the results of above structural

investigations.

4.2  Preparation of samples:

TiO, thin films have been deposited on fused silica substrates by ABPDC magnetron
sputtering technique using the system described in Chapter-2. For the present investigations,
TiO, films were sputter deposited at six different oxygen flow rates, namely 0, 1, 3, 7, 9, 13
sccm vis-a-vis a constant argon flow rate of 50 sccm which corresponds to oxygen partial
pressure of 0%, 2%, 5.6%, 12%, 15% and 21% respectively. The total pressure in the
chamber was maintained at a fixed value by throttling the gate valve between the turbo pump
and the deposition chamber. The detailed pulse shape of the power supply used during
deposition has been given in Chapter-2. For the present study, an optimized pulse frequency
of 127 KHz and optimized pulse width of 816 ns and a power level of 230 Watt were used to
deposit the films. All the samples were deposited for 1 hour except the 0 sccm sample, which
was deposited for 12.5 minute since the deposition rate for this film was significantly higher

than that of the others. The substrates were kept at ambient during deposition; however it has
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been observed that substrate temperature reaches up to 60-80°C during the process of

deposition.

4.3. Grazing Incidence X-ray Diffraction measurements:
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Fig.4.1: GIXRD plots of TiO, films deposited at various oxygen
partial pressure (in percentage) used during deposition.

The grazing incidence X-ray diffraction experiments were performed on all the

samples by detector scan method in the range of 26 from 20° to 60° in step of 0.03° using a
117



Bruker D-8 discover diffractometer mounted on a sealed tube X-ray generator equipped with
a copper target (k,) operating at 3 KW output power. Fig. 4.1 depicts the GIXRD plots of the
samples deposited at different oxygen partial pressures. The comparison of GIXRD plots of
the samples with the standard PCPDF data [131] (PDF # 86-0147 & 84-1286) suggests that
TiO, film deposited without oxygen in deposition ambient exhibits amorphous phase and all
other samples deposited in partial oxygen ambient exhibit mixture of anatase and rutile
phases. However, the intensity of the anatase phase (101) increases and that of the rutile
phase (110) decreases with the increase in oxygen partial pressure.

As the deposition of anatase and rutile phase is related to the energy consideration
[132], it is important to understand the energetic of the sputtered species at the substrate
surface. Ti-O bonds being longer in rutile phase, Ti-O bond energy is less and hence Ti
adatoms need to have higher kinetic energy on the surface of the growing films for the
formation of the rutile Ti-O bonds. At lower oxygen pressure in the sputtering ambient, the
deposition rate, as discussed later, is high leading to local heating of the growing surface,
giving higher kinetic energy and mobility to the sputtered adatoms that ultimately leads to
rutile phase formation [133]. As the oxygen partial pressure in the sputtering ambient
increases, the deposition rate and hence the heating effect reduces and hence the adatoms
have relatively lower kinetic energy and mobility on the growing surface leading to anatase
phase formation. Apart from in reactive sputtering processes [134-135], this phenomenon has
been observed in laser ablation and in pulsed laser deposition processes [136-138] also. The
anatase phase fraction in the present set of samples have been estimated from the relative
intensities of the anatase (101) and rutile (110) peaks following the procedure presented in
ref. [139] and is plotted in fig. 4.2 as a function of oxygen partial pressure used during

deposition.
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It should be noted here that in the present case, the sample deposited at 0% oxygen
partial pressure shows only amorphous phase in GIXRD measurements. It might be due to
the fact that high deposition rate for the samples deposited at 0% oxygen partial pressure
(~3.7 A/sec) prohibits the adatoms reaching on the substrate surface to find lower energy
sites and this leads to amorphous TiO, phase. Lack of extra oxygen molecules to account for
the stoichiometry may also play a crucial role in deciding the crystallinity of the deposited
TiO, sample. With inclusion of oxygen during the deposition, sputtering rate decreases and

TiO, grows in a crystalline phase.
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Fig.4.2: Variation of anatase phase fraction as a function of oxygen
partial pressure used during deposition obtained from GIXRD and
EXAFS measurements.
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4.4  Optical Transmission measurements:

The optical properties of the films have been characterised by spectral transmission
measurements in the range of 190 nm to 1100 nm by using the Jasco UV-VIS-NIR
spectrophotometer described in Chapter-2. Fig.4.3 shows the transmission spectra of two

representative TiO, films deposited under 0 and 21% O, partial pressure. It has been

100

(0]
o
|

(o]
o
|

N
o
I

---- 0 % oxygen flow
— 21 % oxygen flow

Transmittance (%)

20

' I I T I
200 400 800 1000

600
Wavelength (nm)

Fig. 4.3: Transmission spectra of two samples deposited at 0% (without any

extra oxygen) and with 21% oxygen partial pressure in sputtering ambient.
observed that the overall transmission of the films is increased with increase in oxygen partial
pressure possibly due to realisation of more and more stoichiometric films. The transmission
spectra of the samples were analyzed using the method proposed by Swanepoel [64] and

described in Chapter-2, to estimate thickness and wavelength dispersion of refractive index
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(n) and absorption coefficient (o). The thickness of the films have been shown in Table-4.1,
while the refractive indices of the samples at 550 nm as a function of oxygen partial pressure

have been plotted in Fig. 4.4(a).

Table-4.1: Thickness of all the TiO, samples
deposited under different oxygen partial pressures
as estimated from transmission spectra.
Oxygen Percentage (%) Film Thickness (hnm)
0 266 +3
1.96 612 +6
5.66 354 4
12.28 362 +4
15.25 310 +3
20.63 267 +3

The band gap of the films has been obtained by plotting (ahv)?vs. hv curve in the

region «>10%"cm™, Aand v being the wavelength and frequency of the photon. The curve
tends asymptotically towards a linear section the intersection of which to hv axis gives direct
band gap E4 of the film. Band gap values of the films as obtained above have also been
plotted as a function of oxygen partial pressure in Fig. 4.4(b). It can be seen from Fig. 4.4(a)
that refractive index (r.i.) of TiO, films varies in a non-linear fashion with the increase in
oxygen partial pressure. R.I. of the non-stoichiometric Ti-rich film deposited without oxygen
in sputtering ambient is found to be very high. It reduces to ~2.4-2.5, which is a characteristic
of anatase TiO, films, as oxygen partial pressure increases up to ~12%. Subsequently

refractive index of the films increases again to ~2.6-2.7 as oxygen partial pressure is
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increased further. It can also be seen from Fig. 4.4(b) that, if the film deposited at 0% oxygen
partial pressure is excluded, the band gap increases monotonically with increase in oxygen

partial pressure. The increase in optical band gap with increase in oxygen partial pressure

r.i. at 550 nm
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Fig.4.4: Variation of (a) refractive index @ 550 nm, (b) band gap and (c)
deposition rate as obtained from transmittance measurements as a
function of oxygen partial pressure (in percentage) used during deposition.

has been observed by other workers also in case of pulsed laser deposited TiO, films and has
been attributed to realisation of more and more stoichiometric films with reduction in oxygen
vacancies [138-139]. Fig.4.4(c) shows the variation in the rate of deposition of the TiO, films
estimated from the thickness value obtained from spectrophotometric transmission

measurements which shows that the deposition rate drastically decreases as oxygen partial
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pressure is increased from 0% and then gradually decreases with increase in oxygen partial
pressure in the range of 5.6-21%. Similar variation of the deposition or sputtering rate has
been observed earlier by us in case of HfO, films as discussed in Chapter-3 and other workers
also [85, 89]. As has already been discussed in Chapter-3, the lower sputtering efficiency of
oxygen compared to that of argon causes the above gradual decrease in sputtering rate with
increase in oxygen partial pressure in the range >5%. However, the drastic reduction in
sputtering rate with the onset of oxygen in the sputtering ambient is due to reaction on the
target surface leading to formation of oxygen-rich TiO, compound. The sputtering rate of
TiO, compound is less compared to preferential sputtering of Ti in oxygen-free ambient and

this also leads to metal-rich films.

45 EXAFS and XANES measurements:

Both EXAFS and XANES measurements of the samples have been carried out at the
energy scanning EXAFS beam line (BL-9) in fluorescence mode at the INDUS-2
Synchrotron Source (2.5 GeV, 125 mA) at Raja Ramanna Centre for Advanced Technology
(RRCAT), Indore, India [44, 79].as described in Chapter-2. Fig. 4.5 shows the experimental

EXAFS spectra ( 4 (E) vs. E) of TiO, films deposited at different oxygen concentrations in

the deposition ambient. It can be seen that though the GIXRD spectrum of the film deposited
without extra oxygen in the ambient shows amorphous phase in the X-ray diffraction
spectrum, the EXAFS spectrum is similar to that of other samples demonstrating the fact that
the local structure in all the samples are more or less similar. Fig. 4.6 (a) shows the XANES

spectra of all the samples measured in the energy range of 4950 eV to 5050 eV.

123



2.0

1.8 -

e oxygen partial pressure:21%
1.6
oxygen partial pressure:15%
1.4 - oxygen partial pressure:12%
1 oxygen partial pressure:5.6%
1.2
—
g e oxygen partial pressure:2%
= 1.0

oxygen partial pressure:0%

0.8—-
0.6—-
0.4—-
0.2—-

0.0

4 T Y Ll ol 1 L 1 ® 1
4950 5100 5250 5400 5550
Photon Energy (eV)

Fig.4.5: Absorption coefficient (n ) versus incident X-ray energy (E )
of TiO; films deposited at different oxygen partial pressures.

Kravtsova et al. [140] have theoretically computed XANES spectra of both anatase
and rutile TiO, on the basis of real space full multiple scattering theory. To compare the
XANES spectra of our TiO, samples with the theoretically generated XANES spectra as
mentioned above, we have indicated the small pre-edge peaks as A;, A; and Az and the peaks
in the post edge region as B, C;, C,, D and E. As has been explained by Farges et al. [141] the
pre-edges in six coordinated TiO; arises due to transition from s orbital to mixed p-d orbitals.
The existence of intense B peak in most of our TiO, samples indicate predominant presence
of anatase phase, except in case of the sample prepared at 0% oxygen, which shows flatter B
peak, a characteristic of rutile phase TiO,. To compare with the results of Kityakarn et al.
[142], in Fig. 4.6(b), we have also plotted XANES spectra of the samples prepared at 0%
oxygen partial pressure and at 21% oxygen partial pressure in the region of 4980 to 5000 eV.

It has been observed from the above figure that the XANES spectrum of the sample grown at
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Fig.4.6: (a) XANES spectra of TiO, films showing various absorption

peaks. (b) XANESspectra of two TiO, samples prepared at 0% and 21%
oxygen partial pressures shown in expanded scale.
0% oxygen partial pressure shows convex curvature in the regime of 4990 to 4995 eV
manifesting rutile phase while the XANES spectrum of the sample prepared at 21% oxygen
partial pressure shows concave nature demonstrating the presence of predominantly anatase
phase. This is consistent with the above observation that with the increase in oxygen partial

pressure anatase phase content in our sample increases significantly.
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Fig.4.7: (a) kyx(k) versus k plots of the samples deposited with 2% and
21% oxygen partial pressures. (b) x(r) versus r plots of the samples
deposited with 2% and 21% oxygen partial pressures.

We have tried to further estimate the fractional percentage of anatase and rutile phases
by fitting the EXAFS spectra of the samples .with the theoretical spectra using the FEFF 6.0
code discussed in detail in Chapter-2. It should also be noted here that the bond distances, co-

ordination numbers (including scattering amplitudes) and disorder (Debye-Waller) factors (

o), which give the mean-square fluctuations in the distances, for the individual paths have

been varied while fitting. Figures 4.7(a) and (b) show ky(k) vs k and y(r) versus r spectra of
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the samples deposited with 2% and 21% oxygen partial pressures which depict significant

difference demonstrating the presence of different ratios of anatase and rutile phases in

0.5

O : Experimental Data
: Theoretical Fit

0.4

R factor=0.0024

0.1

0.0 ¢

Fig.4.8: Experimental y(r) versus r plot along with best fit theoretical plots of
the TiO; film deposited at zero oxygen partial pressure:

0000000: Experimental data;

----------- : Theoretical fit with rutile structure.

the samples. Since the film deposited with 0% oxygen partial pressure is expected to be of
rutile structure as obtained from XANES measurement, the EXAFS spectrum of this sample
has been fitted with pure rutile phase having tetragonal crystal structure with lattice
parameters a = 4.5936, c= 2.9586 and space group p 42/m n m for which the structural

parameters has been taken from the literature [143]. Fig. 4.8 shows the experimental y(r)

versus rspectrum of this sample along with the best fit theoretical spectrum. Theoretical
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fitting of y(r)versus rspectra of the rest of the samples have been carried out by two

methods, viz., (i) assuming only anatase structure and (ii) assuming a mixed structure of
anatase and rutile phases. In the later case, the best fit parameters of the sample deposited at
0% oxygen partial pressure has been used as the parameters of the rutile phase while
parameters of the anatase phase with tetragonal structure having a = 3.785; ¢ = 9.514 and
space group i 41/a m d has been taken from the literature [144]. The parameters of the rutile
phase have been kept fixed in this fitting process and only the parameters of the anatase phase
and the fraction of anatase phase have been varied. It should be noted here, that since from
GIXRD and XANES measurements it has been confirmed that the TiO, films deposited at
higher oxygen partial pressures have significant anatase phase content, hence fitting of the
EXAFS spectra of these samples with only rutile structure has not been attempted. Figures

4.9(a) and 4.9(b) show the experimental y(r)versus r plots for the samples as derived from
the experimentally obtained ( , vs. E) plots along with best fit theoretical curves obtained by
the two methods respectively as described above.The R, for both the fitting processes for

all the samples are shown in Fig.4.10 which shows that better fitting have been obtained by
the 2" method viz., assuming a mixed phase of anatase and rutile structures in the samples.
The variation of the anatase phase fraction in the samples as obtained by the above fitting of
EXAFS data by the 2" method described above is shown in Fig. 4.2 along with the result
obtained from GIXRD measurements. It has been observed from Fig. 4.2, that though the
anatase phase fraction in the films as from GIXRD measurements is found to increase almost
monotonically with oxygen partial pressure, the variation obtained from EXAFS
measurements is found to be non-linear. Such a non-linear variation might apparently look

unrealistic, however, it has been observed that the r.i. of the films (Fig. 4.4(a)) also varies in a
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Fig.4.10: Variation of R, factor of fitting in both the cases (assuming pure

anatase phase and mixed phase of anatase and rutile) as a function of oxygen
partial pressure used during deposition.

non-linear fashion with increase in oxygen partial pressure used in the preparation of the
samples. However, the anatase phase fraction obtained from EXAFS measurements is found
to almost follow an opposite trend of variation of r.i. of the films where r.i. of the films
decrease if fraction of the anatase phase increase and vise-versa. It should be noted here that
refractive index of rutile-rich films should be higher than anatase-rich films since the
refractive index of pure rutile-phase TiO; is higher than the non-linear variation of r.i. as a
function of oxygen partial pressure can be due to the competition between two processes,
improvement of oxygen stoichiometry of the films and reduction in mobility and kinetic
energy of the adatoms reaching the surface of the growing films as oxygen partial pressure is
increased. At lower oxygen partial pressure, high deposition rate and local heating of the

substrate lead to high energy and mobility of the adatoms resulting in crystalline rutile
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structure as discussed above, though oxygen deficiency plays a vital role in determining the
quality of the films and its refractive index. At higher oxygen pressure, on the other hand,
low energy of the adatoms lead to anatase phase though films are generally oxygen rich.
Competition between the above two processes leads to a non-linear variation of

anatase phase fraction and hence to a non-linear variation in refractive index of the films. Pin
et al. [136] have obtained similar result on their PLD deposited TiO; thin films grown under
different oxygen partial pressure where films deposited at lower oxygen partial pressure have
better crystallinity but are oxygen deficient while films deposited at higher oxygen partial
pressure have poor crystallinity but better stoichiometry. In their case also competition
between these two processes has finally determined the structural and optical properties of
TiO, thin films [136]. Such competition between oxygen stoichiometry and crystallinity has
also been observed by Wicaksana et al. [134] for their reactive sputter deposited TiO, thin
films deposited with different oxygen fractions in sputtering ambient.

It should be noted here that, as has been observed from Fig.4.2, the anatase phase
fraction as obtained from GIXRD data for the present set of thin films shows a monotonic
variation with increase in oxygen partial pressure and thus fails to explain the actual nature of
variation of the macroscopic properties like refractive index of the films. This supports the
observation [145] that for thin films and nanostructures with large amount of disorders, where
single-phase domains are not sufficiently large, X-ray diffraction, which acts on the principle
of long range order, might not give the correct phase information and for such systems,
EXAFS which basically probes the local order and does not depend on the long range order
can yield better result so far microscopic behavior of the samples is concerned. It has been
observed by us earlier also that in case of polycrystalline/amorphous composite oxide films,

where GIXRD data cannot not yield much quantitative result, EXAFS measurements can
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give useful information regarding structural aspects of the samples [15, 109].

4.6 Conclusions:

In summary, a set of TiO, thin films has been deposited by asymmetric bipolar pulse
DC sputtering technique using different oxygen partial pressures in the sputtering ambient.
The structural properties of the samples have been studied by GIXRD and EXAFS
measurements while the optical properties of the films have been studied by transmission
spectrophotometry. The data were analysed and the following observations have been made:
(i) The refractive index of TiO, films varies in a non-linear fashion with increase in O, partial
pressure in the sputtering ambient. (ii) The band gap, however increases monotonically with
increase in oxygen partial pressure and this has been attributed to the realisation of more and
more stoichiometric films with reduction in oxygen vacancies, as oxygen partial pressure is
increased in deposition ambient. (iii) GIXRD measurements show that the anatase phase
fraction in the films increases slowly and monotonically as oxygen partial pressure is
increased which cannot explain the observed non-linear variation of refractive index of the
films with increase in oxygen partial pressure. (iv) However, local structure investigation by
EXAFS measurements shows that anatase phase fraction also varies in a non-linear fashion
with increase in oxygen partial pressure and almost follows an opposite trend observed for
the variation of refractive index of the films. (v) Finally, the non-linear variation of
macroscopic and microscopic properties of the TiO, films with increase in oxygen partial
pressure has been attributed to the competition between two processes during the film
growth, viz., improvement of oxygen stoichiometry of the films and reduction in mobility and

kinetic energy of the adatoms reaching the surface of the growing films.
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CHAPTER-5

Study on Ta,O5 samples deposited
at various oxygen partial pressures.

5.1 Introduction:

Tantalum pentoxide (Ta,Os) has been the focus of research for optical and electronic
devices due to its excellent refractive index and dielectric properties. It is widely studied for
new generation of dynamic random access memories (DRAMS) and storage devices [146].
Tantalum pentoxide can be prepared in thin film form which exhibit a very low attenuation
coefficient (~10™) in the visible wavelength region of light i.e. they are optically transparent.
Depending upon the process of preparation Ta,Os exhibits optical band gap around ~4-4.2 eV
and refractive index in the range 1.9-2.2 @ 550 nm. Due to such excellent optical properties
of Ta,Os and its chemical compatibility with other optical materials it also finds applications
as a comprising thin film layer in various types of multilayer thin film based optical devices
[23]. However, the optical properties of Ta,Os thin films depend on the process parameters
which control the microstructure of the deposited materials. VVarious deposition processes are
being used to produce Ta,Os thin films with required dielectric, optical and electrical
properties. These deposition processes include sputtering [147], chemical vapor deposition
[148], electron beam evaporation [149] and also bipolar pulsed DC sputtering technology
[150].

Among the various deposition techniques, as has been described in details in previous
chapters, asymmetric bipolar pulsed DC (ABPDC) sputtering technique has several
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advantages over other conventional deposition techniques .We have prepared the Ta,Os films
by asymmetric bipolar pulsed DC (ABPDC) sputtering technique at various oxygen partial
pressures which is an important parameter in controlling the properties of oxide films
prepared by sputtering techniques as described earlier in this thesis . Shibata et al. [151]
have deposited Ta,Os films by sputtering at various O, to Ar ratio in the deposition ambient
and has found that at an oxygen partial pressure of 20%, the dielectric constant is the highest.
Zhou Ji-cheng et al. [152] have also studied the effect of sputtering pressure and substrate
annealing on structural and optical properties of DC reactive magnetron sputter deposited
Ta,0s5 thin films.

Here we have tried to correlate the macroscopic observation on the optical properties
of the films with the microscopic investigation by synchrotron-based Extended X-ray
Absorption Fine Structure (EXAFS) measurements. To verify the trend in oxygen co-
ordination obtained from EXAFS measurement, oxygen to tantalum ratio in the films has

been estimated from Rutherford Backscattering Spectrometry (RBS).

5.2  Preparation of samples:

Ta,0s thin films have been deposited on fused silica substrates by magnetron
sputtering with the asymmetric bipolar pulsed DC (ABPDC) source (MKS/ENI RPG-100) to
energize the magnetrons. The 10 kW ABPDC power supply has rectangular wave form as has
been described in Chapter-2 in detail. For the present study, an optimized pulse frequency of
250 KHz and optimized pulse width of 496 ns were used to deposit the films. Prior to each
deposition, the base pressure of 5x10 ° mbar in deposition chamber was achieved using a
turbo molecular pump backed by a rotary pump. Argon and oxygen gas flow rates were

independently controlled using two separate mass flow controllers (MKS make). Prior to all
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depositions the Ta,Os target was sputtered for ~300 seconds to remove surface
contamination, if any, and during deposition, thickness and rate of sputtering were monitored
using an online quartz crystal monitor.

For the present investigation, we have deposited a set of Ta,Os thin films at various
oxygen flow rates viz., 0 sccm, 4 sccm, 8 sccm, 12 sccm, 16 sccm and 20 sccm vis-a-vis a
fixed Ar flow rate of 20 sccm so that oxygen partial pressure in the deposition ambient are
maintained at 0%, 16.67%, 28.57%, 37.50%, 44.44% and 50% respectively. This is to be
emphasized that the total gas pressure of the deposition ambient was kept fixed at 5.6 x 10
mbar in all the cases, whereas the O, partial pressure was varied by varying the oxygen
inflow and the gate valve opening. All the samples were deposited for 2 hours except for the
0 sccm sample which was deposited for 28 minutes as the deposition rate in this case was
very high. For preparation of the above set of samples, a power level of 150W has been used

from the ABPDC power supply to energize the magnetron.

5.3 Grazing Incidence X-ray Diffraction measurements:

All the samples have been characterized by GIXRD measurements to investigate long
range structure and the obtained GIXRD spectra are shown in Fig. 5.1. As the figure shows,
all the Ta,Os samples are amorphous in structure. This is possibly due to the low processing
temperature in magnetron sputtering deposition. Earlier structural investigations made on the
deposition of Ta,Os thin films show that processing temperatures above 1073 K is a

prerequisite for the formation of crystalline Ta,Os films [153].
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Fig.5.1: GIXRD pattern of Ta,Os thin films deposited under various oxygen partial
pressures used in the ambient during deposition.

5.4  Spectroscopic ellipsometry measurements:

To study the optical properties of the samples Spectroscopic ellipsometry
measurements of the samples have been carried out in the range of 200-1200 nm wavelength
by the rotating polarizer spectroscopic ellipsometer (GES5E by SOPRA) which has been
described in Chapter-2. Fig. 5.2 shows the experimental ellipsometry spectra for a
representative Ta,Os film deposited with 37.5% oxygen partial pressure in sputtering
ambient. The measured ellipsometry spectra are then fitted with an appropriate model

assuming a realistic sample structure. The optical constants of the quartz substrates have been
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supplied from standard reference [98] and the Tauc-Lorentz (TL) dispersion [68] as described

in Chapter-2 has been used to describe wavelength dependent dispersion of the optical

constants of the Ta,Os layers. Thin film deposition by physical vapour deposition processes is

in general characterized by presence of voids in the layers. For present analysis, each sample
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Fig.5.2: Spectroscopic ellipsometryic data
along with best fit theoretical simulation for
a representative Ta,Os film deposited with
37.5% oxygen partial pressure.
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has been modelled as a three-layer structure with one surface layer of 0-5 nm thickness
having fixed void percentage of 50%, a bulk layer which is a homogeneous mixture of Ta,Os
material and certain small percentage of void and an interface layer in between film and
substrate, which is again an homogeneous mixture of Ta,Os material and large amount of
voids. The estimation of the effective dielectric constant of the layers has been carried out
using the Bruggeman Effective Medium Approximation (EMA) model mentioned in Chapter
2. Assuming the above sample structure, keeping layer thicknesses, void fractions and
parameters of dispersion relation for the different layers as fitting parameters, the measured
ellipsometric spectra are fitted by minimizing the Root Mean Squared Error (RMSE) value
between the measured and calculated values of the ellipsometric parameters (o and ). The
best fit theoretical curves for the representative Ta,Os film deposited with 37.5% oxygen
partial pressure in sputtering ambient is also shown in fig. 5.2 along with the experimental
data. The best fit sample structures and the best fit parameters of the TL model as obtained by
the fitting have been shown in fig. 5.3 along with the dispersion of intrinsic refractive index
generated with the best fit parameters for the representative sample. The above exercise has
been carried out on all the Ta,Os samples deposited at different oxygen partial pressures and
the intrinsic refractive index and band gap of the Ta,Os layers have been estimated from best
fit dispersion relations. Fig. 5.4(a) shows the variation of intrinsic refractive index of Ta,Os at
a wavelength of 550 nm while Fig. 5.4(b) shows the variation of direct band gap with respect
to the variation of oxygen partial pressure used during deposition. Fig. 5.4(a) shows that the
intrinsic refractive index of Ta,Os decreases up to 30% oxygen partial pressure and then
increases again with maximum value of refractive index obtained for films deposited with
40% oxygen partial pressure. The band gap of the samples, as shown in Fig. 5.4(b) is also

found to increase up to 30% and decreases with increase in oxygen percentage beyond 40%.
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The deposition rates for the samples were also calculated by dividing the estimated thickness
(total thickness of all three layers in the model) by the duration of deposition and the
variation of deposition rate as a function of oxygen partial pressure used during deposition
has been shown in Fig. 5.4(c). It can be seen from Fig. 5.4(c) that deposition rate decreases

with increase in oxygen partial pressure which is due to the lesser sputtering efficiency of
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Fig.5.4: (a) Variation of intrinsic refractive index (r.i.) of Ta,Os @ 550 nm as a
function of oxygen partial pressure used during deposition.

(b) Variation of band gap of Ta,Os films as a function of oxygen partial
pressure used during deposition.

(c) Variation of deposition rate of Ta,Os films as a function of oxygen partial
pressure used during deposition.

(d) Variation of void percentage of Ta,Os as a function of oxygen partial
pressure used during deposition.

oxygen atom compared to argon atom. The drastic reduction in sputtering rate with the onset
of oxygen could be due to reaction on the target leading to oxygen rich compound formation

which may lead to less sputtering of Ta,Os compound compared to preferential sputtering of
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Ta in case of oxygen free ambient. Similar drastic reduction in deposition rate with the onset
of oxygen was observed for HfO, films also described in Chapter-3. Fig. 5.4(d) shows the
plot of void fraction present in the bulk layers of the films as a function of oxygen percentage
used during deposition. The plot shows that with the increase in oxygen percentage present
during deposition there is an overall decreasing trend of void fraction. This is possibly due to
decrease in rate of deposition with increasing oxygen content in the deposition chamber, so
that adatoms get more time for readjustment on the surface of the growing films leading to

realization of more void-free and compact films.

5.5 Extended X-ray absorption fine structure (EXAFS) measurements:
To study local structure surrounding Ta atoms in the samples, EXAFS measurements
were performed around Ta L3-edge (9881 eV) using the Scanning EXAFS beam line (BL-9)
at the INDUS-2, the details of which have been discussed in Chapter-2. Fig.5.5 shows the
experimental EXAFS spectra ( ,vs. E) of the Ta,Os films deposited at different oxygen
partial pressure in the deposition ambient. Fig. 5.6 shows the experimental y(R)versus R
plots for the samples following the procedure given in Chapter-2. The theoretical fitting of
y(R)versus R plots has been carried out by using orthorhombic crystal structure of
—Ta,0s with space group 49. The structural parameters of p-Ta,Os have been taken from
the report by Aleshina et al. [154]. As seen from Fig. 5.6, the first peak of y(R) versus R
plot of each sample is located in the region of 0 to ~1.8 A. In this region of theoretically
generated y(R)versus R spectrum, for B-Ta,Os crystal structure, there are three significant

paths corresponding to Ta-O bonds, all having degeneracy of 2, of which the closest Ta-O
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Fig.5.5: Experimental u(E) vs. E spectraof Fig. 56: y(R)versus R plots for
Ta,0s thin films. experimental and fitted EXAFS data of

Ta,Os thin films.
bond length is 1.839A and the other two are 1.949A and 1.983A. It should be noted that only
the profile of the 1% major peak has been fitted neglecting the shoulders/humps appearing at
higher R range in the spectra which are due to multiple scattering processes. It should also

be noted here that the bond distances, co-ordination numbers (including scattering

amplitudes) and disorder (Debye-Waller) factors (02), which give the mean-square
fluctuations in the distances for the individual paths have been varied while fitting. Fig. 5.7(a)

shows the variation of the average Ta-O bond lengths for the first three Ta-O shells (R, ) as
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a function of oxygen partial pressure used during preparation of the samples while Fig. 5.7(b)
shows similar variation of total oxygen co-ordination numbers ( N,,,,,) around Ta atom in the
three shells. The variation of intrinsic refractive index of Ta,Os with the variation in oxygen

partial pressure may be explained by the results obtained from EXAFS measurements shown

in Figs. 5.7(a) and (b).
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Fig.5.7: (a) Variation of average Ta-O bond length as a function of
oxygen partial pressure used during deposition as obtained from
EXAFS data analysis of Ta,Os thin films.

(b) Variation of total oxygen co-ordination number around Ta sites
as a function of oxygen partial pressure used during deposition as
obtained from EXAFS data analysis of Ta,Os thin films.

"It can be seen from Figs. 5.4(a) and 5.7(a) that intrinsic refractive index of Ta,Os in the
samples almost follows the reverse trend of variation of average Ta-O bond length in the
samples up to ~40% oxygen partial pressure. The refractive index decreases as the average
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Ta-O bond length increases up to 30% and then increases as the bond length decreases. The
increase in refractive index values due to decrease in bond lengths leading to more compact
microstructure of the films have been observed earlier in case of oxide thin films [15]. The
decrease of refractive index beyond 40% oxygen partial pressure, however, is due to the
decrease in stoichiometry in the samples which is reflected by the decrease in the total
oxygen co- ordination in the Ta-O shells as shown in Fig. 5.7(b). The band gap of the
samples, as shown in Fig. 5.4(b) is also found to increase up to 30% oxygen partial pressure,
due to realization of more and more stoichiometric films, while it decreases with increase in
oxygen percentage beyond 40% in accordance with decrease in the oxygen coordination

surrounding Ta atoms.

5.6 Rutherford Back scattering (RBS) measurements:

The atomic composition of oxygen and tantalum in the tantalum oxide films has been
estimated by Rutherford backscattering spectrometry experiment using proton as probe beam.
The measurements were performed using 2.0 MeV proton beam obtained from 3 MV
Tandetron at NCCCM, Hyderabad, India. The backscattered spectra were recorded by a
silicon surface barrier detector placed at 170° angle with respect to the incident proton beam.
Fig. 5.8 shows the RBS spectra of four representative films deposited under 0%, 28.57%,
37.50% and 50% oxygen partial pressures wherein the signals of Ta and O from the films and
those of Si and O from the substrate (SiO) are clearly distinguishable. The recorded RBS
spectra of all the films were simulated using the SIMNRA code [155] to extract the atomic
composition of the films. Fig. 5.9(a) shows the estimated oxygen to tantalum ratio of all the

Ta,0O5 samples which has been obtained from the areal densities of Ta and O calculated by
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Fig.5.8: Experimental and simulated RBS spectra of Ta,Os samples deposited .under
0%, 28.57%, 37.5% and 50% oxygen partial pressure. The RBS front edge of different
constituent elements of the film (F) and substrate (S) are indicated in the figure.

simulating the spectra. The uncertainty associated with the composition is typically about
10% which arises mainly due to the **0(p,p)'°O (non-Rutherford) scattering. RBS has been
employed to investigate O/Ta ratio in Ta,Os films previously in various reported works [156-
158]. Our estimated values of O/Ta ratio is greater than the value of (2.5) for stoichiometric
Ta,0s, however is similar to the values obtained by Cappellani et al. [156] and Guoping et al.
[157] from RBS measurement of their Ta,Os films. It is evident from Fig. 5.9(a) that the
oxygen content in the films is least when deposited without oxygen in the deposition ambient
and oxygen content increases with the increase in oxygen percentage in deposition ambient

up to 37.5% but oxygen content in the film starts decreasing with the subsequent increase in
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(b) Variation of physical density data estimated combining RBS and ellipsometry
measurements as a function of oxygen percentage used during deposition.

oxygen percentage. This observation corroborates the trend in oxygen co-ordination (Fig.
5.7(b)) as estimated from EXAFS measurement of the samples. The areal densities of films
obtained from backscattering measurements have further been used to calculate the physical
density (atom number density in the unit of atoms/cm®) of the samples using the values of
physical thicknesses of the samples estimated through ellipsometry measurements. This has
been done by dividing the obtained areal density by the respective thickness obtained from
ellipsometry measurement. Fig. 5.9(b) shows the trend of estimated physical density of the
films with the variation in oxygen partial pressure during deposition. It shows that the

physical density of the sample deposited without oxygen in the deposition ambient is high
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which is due to the high Ta metal content in the film. The density has decreased substantially
when deposited with 28.57% oxygen and density increases with the subsequent increase in
oxygen percentage in the deposition ambient. The increase in physical density of the films in
the range of 25-50% oxygen agrees with the reduction in the Ta-O bond length in this range

as found from EXAFS measurements and shown in fig. 5.7(a).

5.7 Conclusions:

The changes in the optical properties of Ta,Os thin films, deposited by a novel
ABPDC sputtering technique, with the systematic variation of oxygen partial pressure (0-
50%) used during the deposition, has been studied and investigation has been made to
correlate the optical properties with the structure of the films probed by GIXRD and EXAFS.
Intrinsic refractive index of the Ta,Os samples, as obtained from spectroscopic ellipsometry
measurements are found to decrease initially and then increases with an increase in oxygen
partial pressure while band gap shows monotonic increase up to 30% oxygen partial pressure
and then decreases with the subsequent increase in oxygen partial pressure. These results
have been explained in the light of change in average Ta-O bond lengths and oxygen
coordination around Ta sites as obtained from EXAFS measurements. The trend of variation
in oxygen co-ordination as estimated from EXAFS measurements has been found to follow
the variation in oxygen to tantalum ratio in the films as estimated from RBS measurement,
while the variation in physical density of the films obtained from RBS measurements is found

to be similar to the variation in Ta-O bond lengths obtained from EXAFS measurements.

146



CHAPTER-6

Study on Gd,0O; samples deposited
at various oxygen partial pressures.

6.1 Introduction:

Rare-earth sesquioxide has drawn considerable attention in recent years for their wide
applications in microelectronic, optoelectronic and optical devices [159-162] due to their
excellent dielectric and optical properties. Gadolinium oxide is one such lanthanide rare-earth
sesquioxide which, in one hand is a potential gate oxide material due to its good chemical
compatibility, lesser interface diffusion with silicon and higher dielectric constant (k=14) and
on other hand is an excellent optical material covering a transmitting region from 190 nm to
1600 nm and having bulk high refractive index of ~1.80 @ 550 nm. Gd,O3 finds wide
applications in fabrication of optical devices such as multilayer reflecting filters [162], optical
waveguides [163] etc. Over the years, a variety of studies has also been carried out on Gd,03
samples both in thin film and in bulk form. For example, Gottlob et al. [164] investigated the
CMOS compatibility in metal oxide semiconductor (MOS) capacitors and field effect
transistors (MOSFETS) for epitaxial Gd,O3. Sahoo et al. [162] have studied Gd,O3 films
deposited by reactive electron beam evaporation and showed that the films deposited at lower
substrate temperatures have higher band gaps and higher substrate temperatures yielded

higher refractive indices. Apart from electronic and optical applications, pure and doped
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Gd,03 films have also been studied as phosphor films [165-166], scintillating films [167-168]
and for neutron radiation applications [169].

As has been emphasized in earlier chapters of this thesis, among the various
techniques which have been tried for the preparation of oxide films like Gd,O3, magnetron
sputtering generally produces films having high density, low roughness and superior micro-
structural properties. In the present study, we have investigated the evolution of optical,
structural and other physical properties of gadolinium oxide thin film samples prepared from
gadolinium oxide target by RF magnetron sputtering technique under various O, to Ar flow
ratio in the deposition ambient. Structural characterization of the samples have been carried
out by GIXRD measurements, compositional studies have been done by Rutherford Back
Scattering (RBS) measurements, density and surface roughness of the films have been
estimated from GIXR measurements, AFM measurements have been done for morphological
studies, transmission spectrophotometry and spectroscopic ellipsometry technigques have been
used for studying optical properties and finally EXAFS measurements have been carried out

with synchrotron radiation in order to extract local structural information around Gd sites.

6.2 Preparation of samples:

Gd,0O3 thin films have been deposited on fused silica substrates (1 inch dia) by RF
magnetron sputtering technique using 150 watt of magnetron power in the sputtering system
described in Chapter-2. For the present investigations, Gd,O3 films were sputter deposited at
six different oxygen flow rates, viz., 0 sccm, 2 sccm, 4 sccm, 6 sccm, 12 sccm and 20 sccm
along with a constant argon flow rate of 20 sccm, corresponding to oxygen partial pressure of
0%, 9.1%, 16.7%, 23.1%, 37.5% and 50% respectively. The total pressure in the chamber

was maintained at a fixed value of 5.6x10™ mbar by throttling the gate valve between the
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turbo pump and the deposition chamber. All the samples have been deposited for 1 hour and
30 minutes while the sample with 0 sccm oxygen flow was deposited for 1 hour and 10

minutes since as has been explained later, this sample has higher deposition rate.

6.3 Grazing Incidence X-ray Diffraction (GIXRD) measurements:

GIXRD measurements of all the samples were performed in a laboratory X-ray
diffractometer, equipped with a sealed tube X-ray (Cu Ko of 1.54A wavelength) generator
operating at 3 kW output power. The same diffractometer was also used for GIXR
measurements which were carried out on all the samples in 20 range of 0-5° with step size of
0.01°. Rocking curve measurements have been done prior to each measurement for aligning
the sample. Fig. 6.1 shows the measured grazing incidence X-ray diffraction data of all the
Gd,03 samples which show significantly broad peaks manifesting small crystallite size in the
samples. Comparing the GIXRD pattern with standard database of PCPDF [131] we find that
all the samples have grown in body centred cubic crustal structure. It is evident from past
structural studies on gadolinium oxide [170] that this compound mainly exists in two
crystallographic structures, viz., monoclinic and cubic. The cubic structure is more stable at
room temperature while transformation to monoclinic phase takes place at 1200°C or higher
[170]. Again cubic phase of Gd,O3 can exist in two phases having space group ia-3 and 12,3,
both of which have co-ordination number of 6 but with different coordination geometries.
Fig. 6.1 displays the experimentally measured GIXRD pattern of the samples as well as
theoretical XRD patterns of two possible cubic Gd,O3; phases having space group ia-3 (PDF
file number: 431014) and 12,3 (PDF file number: 760155). As can be seen from this figure, it
is impossible to distinguish between these two phases since the samples presented here are

polycrystalline in nature with relatively small grain sizes and hence the GIXRD patterns
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show broad peaks (fig.6.1).

Even a rocking curve measurement would not help since it

would also result in a broad peak. It is hence concluded from GIXRD pattern that both the

above mentioned cubic phases may exist in our samples and further structural investigations

have been carried out using EXAFS measurements discussed later.
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Fig.6.1: (a) GIXRD plot of all Gd,O3; samples deposited under different
oxygen partial pressure.
(b) Positions of XRD peaks for space group 12,3, (c) Positions of XRD
peaks for space group ia-3.

The above result is in contradiction with the result obtained by Li et al. [171] who

found that with an

increase in oxygen concentration in sputtering ambient, the

crystallographic structure of Gd,O3; films have evolved from monoclinic to cubic phase.
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However, it is to be mentioned that Li et al. prepared the samples from pure gadolinium
target and under different deposition conditions viz., at 64 watt of magnetron power and 84
mm of target to substrate distance and samples were deposited on Si (100) substrate.
Shoujing et al. [172] also showed that magnetron sputter deposited Gd,O3 films are cubic at
low temperature and monoclinic at high temperature (>510°C). Comparing with PCPDF
(431014) of 1a3 space group and PCPDF (760155) of i213 space group, it is found that apart
from the peaks indicated in fig. 6.1, there are weak peaks in few of the samples at 20.1° and
33.1° which could be due to (211) and (400) plane respectively of either of the two space
groups. As is evident from (222) peak at 2¢ position of 28.6°, the peak intensity and FWHM
of all the samples are not the same. Further analysis of the (222) peak was carried out in order
to estimate the crystallite sizes of all the samples. The peak was fitted witha  combination
of Lorentzian & Gaussian features. By using the well-known standard Scherrer formula [58],
the average crystallite size (L in nm) is estimated as:

092 )
" Bcosé

where B is the peak FWHM, ¢ is the Bragg angle and 4 is the wavelength of incident X-ray
(Cu K 0.154 nm in the present case).The variation in calculated crystallite size as a function
of oxygen partial pressure is shown in Fig.6.2. The error bars of crystallite size shown in Fig.
6.2 are calculated from the peak fitting of the GIXRD pattern. At 0% oxygen partial
pressure, due to very high kinetic energies of the ad atoms and due to oxygen deficit in the
adsorbed species, the film shows very small crystallite size. The crystallite size increases as
oxygen is introduced in the deposition chamber because of the reduction of oxygen defects at

the grain boundaries of the samples. However, as oxygen partial pressure is increased
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Fig.6.2: Variation of estimated crystallite size obtained from GIXRD
measurement as a function of oxygen partial pressure.

from ~9.1% to ~37.5%, crystallite size decreases, while it increases again as oxygen partial
pressure is increased beyond 40%. The phenomenon of grain growth in case of sputtering
depends on two competitive processes, (i) sputtering of ad atoms from the target and (ii)
readjustment of ad atoms on the surface of the growing film. The former is governed by the
sputtering or deposition rate of the target, while the later depends on the ad atom energies. In
the present case, as oxygen partial pressure increases in the sputtering ambient, ad atom
energy and hence ad atom mobility decreases owing to the increased collision of sputtered
atoms with the oxygen gas molecules in the deposition ambient. Reduction in kinetic energy
of ad atoms prohibits them to diffuse on the surface of the films and to coalesce, thereby
reducing the crystallite size. The decrease in grain size with the increase in oxygen partial
pressure due to similar reason has also been observed by Liu et al. [173] while depositing
ZnO-Cu films by magnetron sputtering. However at higher oxygen partial pressure (>40%),

as has been discussed later, deposition rate also decreases considerably so that ad atoms get
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sufficient time to coalesce and hence grain sizes increases again. Similar phenomenon of
competition between the above two processes has been observed by us on the properties of

ion beam sputter deposited W thin films also [174].

6.4 Rutherford Back scattering (RBS) measurements:
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Fig.6.3: Experimental and simulated RBS spectra of Gd,O3; samples deposited
under 0%, 16.7% and 37.5% oxygen partial pressure. The RBS front edge of
different constituent elements of the film and substrate are indicated in the figure.
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RBS measurements were performed using a 1.0 MeV proton beam obtained from a 3
MYV tandetron at NCCCM, Hyderabad, India. The backscattered spectra were recorded by a
silicon surface barrier detector placed at a 170° angle with respect to the incident proton
beam. Fig. 6.3 shows the RBS spectra of three representative Gd,Oj3 films deposited with 0%,
16.7% and 37.5% oxygen partial pressure, wherein the signals of Gd and O from the films

and those of Si and O from the substrate (fused silica) are clearly distinguishable.
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Fig. 6.4: Variation of oxygen-to-gadolinium ratio obtained from
RBS measurement as a function of oxygen partial pressure.

The recorded RBS spectra of all the films were simulated using the SIMNRA code
[155] to extract the atomic composition of the films in terms of areal density of O and Gd i.e.,
number of atoms present per unit area throughout the depth of the film. Fig. 6.4 shows the
estimated oxygen-to-gadolinium atomic ratios of all the Gd,O3 samples as obtained using the
calculated areal densities of these two elements. It can be seen from fig. 6.4 that O/Gd atomic
ratios for the films deposited at lower oxygen partial pressure are significantly higher than the

value (1.5) for stoichiometric Gd,O3.Super-stoichiometric oxide samples estimated by RBS
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technique has also been reported by us and other workers [55, 156-157]. It is clear from
fig.6.4, oxygen concentration in the films decreases with an increase in oxygen partial
pressure beyond 16.7%. The decrease in oxygen stoichiometry beyond certain oxygen

percentage had also been observed by us in case of sputter deposited Ta,Os samples [55].

6.5 Grazing Incidence X-ray reflectivity (GIXR) measurements:

Fig.6.5 depicts GIXR data of all the Gd,O3 samples which clearly shows that the
slope of the X-ray reflectivity curve, which gives the roughness of the sample surface,
monotonically decreases with an increase in oxygen partial pressure from 9.1% to 50%, while
the sample prepared at 9.1% oxygen partial pressure exhibits similar slope as that of the

sample deposited without oxygen flow. In order to get a more quantitative idea about the
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Fig.6.5: Measured GIXR curves of all Gd,O3; samples deposited under different
oxygen partial pressures. (Inset shows the layer structure model employed to fit
the experimental GIXR spectra).
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simulation for a representative Gd,O3; sample deposited at 16.7% oxygen

partial pressure. (Inset shows layer structure model obtained by
analysing the GIXR data of the same sample).

surface roughness of the samples, all the GIXR data have been fitted theoretically using
“IMD” code [61] under the “XOP” software package following Parratt’s formalism [62] as
described in detail in Chapter-2. A two-layer model as shown in the inset of fig. 6.5 was
necessitated to achieve best fitting in which the top layer was introduced to represent the

surface roughness of the film and the bottom layer represents the density and thickness of the

bulk of the sample. For the present set of samples the 2 values are ~0.01 manifesting good
quality fit of the data assuming above model. Here it should be mentioned that a single layer

model was also tried to fit the GIXR data but that did not give satisfactory fitting quality.
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The experimental GIXR curve along with the best fitted simulated curve is shown in fig. 6.6
for a representative Gd,O3 sample deposited at 16.7% oxygen partial pressure and the best fit
sample structure is also shown in the inset. Two or multiple layer model has previously been

used by many others [175-177] also to represent depth inhomogeniety in a single layer thin
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Fig. 6.7: (a) Variation of (a) main (bottom) layer density obtained from GIXR
fitting, (b) Surface roughness obtained from GIXR fitting, (c) Surface roughness
(RMS) estimated from AFM measurement as a function of oxygen partial pressure.

film. Since the interference oscillation of the GIXR data could not be resolved, the same
cannot be used for accurate determination of the thicknesses of the sample. Instead,
thicknesses of the samples obtained from spectroscopic ellipsometry measurements,
discussed later, have been used as an approximate initial guess of bottom layer (main layer)

thickness. The roughness on bottom layer has been assumed to be zero since both top and

bottom layers are of same Gd,O3 material and they have grown continuously. The variation
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of the estimated bottom layer (main layer) density and the top layer roughness as a function
of oxygen partial pressure have been shown in figures 6.7(a) and 6.7(b) respectively. As is
evident from Fig. 6.7(a), densities of all the samples are slightly less compared to the bulk
Gd,0; density of 7.41 gm/cm®[170], which is expected for sputter deposited films. It can be
seen from fig. 6.7(a) that the density of the films first decreases as oxygen partial pressure is
increased, because of the decrease in the kinetic energies of the ad atoms reaching on the
substrates due to collision with oxygen ions. However, the density is found to increase again
as the oxygen partial pressure is increased beyond 10%. This might be due to realisation of
more and more stoichiometric films (with less oxygen and higher metallic content) as oxygen
partial pressure is increased in the sputtering ambient as can be seen from fig. 6.4. From Fig.
6.7(b), it can be seen that with an increase in oxygen partial pressure from 9.1% to 50%,
surface roughness decreases. This is due to the decrease in thickness of the films with the
increase in oxygen partial pressure as estimated from transmission and ellipsometry
measurements discussed later. The increase in surface roughness with the increase in film
thickness has already been established through dynamic scaling theory [178]. However, in the
present case, surface roughness does not increase further when oxygen partial pressure
decreases from 9.1% to 0%. This is because without oxygen partial pressure the ad atom
energies increase drastically since there is no collision [179] of the ad atoms with the neutral
oxygen atoms which is otherwise present in finite oxygen partial pressure. The enhanced
kinetic energies of the ad atoms at 0% oxygen partial pressure help in smoothening the film

surface through the breaking of columnar structures
6.6 Atomic Force Microscopy (AFM) measurements:

Surface morphology of all the Gd,O; samples were measured by Atomic force

microscope (NT-MDT, SOLVER-PRO) using Si cantilever tips (resonant frequency ~ 190
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kHz) in non-contact mode. Both 2x2 pm? and 5x5 pm? images were recorded in the central
region of the films. Fig.6.8 displays both 2x2 um? and 5x5 um? AFM images of all the
samples. RMS roughnesses of the samples were estimated from statistical variation of surface
height for both sets of images and are shown in Fig.6.7 (c). It can be seen from fig. 6.7(b) and
fig. 6.7(c) that beyond ~10 % oxygen partial pressure surface roughness values measured by
both AFM and GIXR techniques decrease with increase in oxygen partial pressure.
Furthermore, if we disregard the data for the sample deposited at 9.1% oxygen partial
pressure, the values of surface roughness obtained from GIXR and AFM measurements
almost agree with each other. The issue of agreement of the surface roughness value obtained
from GIXR and AFM measurements has been discussed in detail by Su et.al.[180] who have
concluded that these two values may not necessarily match with each other since (i) the
techniques covers different regions of power spectral density curve, in case of AFM, it is
limited by the tip width vis-a-vis the scanned area while in GIXR measurement it is limited
by the coherence length of the X-ray beam and (ii) AFM cannot distinguish between low
density contamination spikes on the surfaces which are not considered by GIXR
measurement. Possibly for the above reasons, the values of roughness measured by two

techniques are quite different for the sample prepared at 9.1 % oxygen partial pressure.
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Fig.6.8: 3D AFM micrographs of all the Gd,O; samples deposited under different oxygen
partial pressures (x and y axes are in um, z axis is in nm unit).
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6.7 Transmittance spectrophotometry measurements:

The optical properties of the films have been characterised by spectral transom mission
measurements by using a UV-VIS-NIR spectrophotometer. Fig.6.9 shows the transmission
spectrum of a representative Gd,O3 film deposited on fused silica substrate under 16.7%

oxygen partial pressure. The transmission spectra of the samples were analyzed using the
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Fig.6.9: Experimental transmission spectrum of bare fused silica substrate and of
one representative Gd,O3 sample deposited on fused silica substrate under 16.7%
oxygen partial pressure. (Inset shows (ahv)?vs. hv curve for the sample.)

method proposed by Swanepoel [64] to estimate thickness and wavelength dependent
dispersion of refractive index (n) and absorption coefficient (o). The deposition rates of the
films estimated using the thickness obtained from transmission measurement and deposition
time are shown in Fig. 6.10(a), while the refractive indices of the samples at 550 nm as a

function of oxygen partial pressure have been plotted in Fig. 6.10(b). The band gap of the
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estimated from transmission measurement as a function of oxygen partial pressure. (a)
also shows the variation of deposition rate obtained from spectroscopic ellispometry
measurement and in-situ measurement by quartz crystal monitor.

films has been determined [181] by plotting (¢hv)*vs. h- curve in the region o >10%cm’
, v being the frequency of the photon. The curve tends asymptotically towards a linear
section, the intersection of which to h v axis gives direct band gap E, of the film as shown
in the inset of Fig. 6.9 for a representative Gd,Oj3 film deposited under 16.7% oxygen partial
pressure. Band gap values of the films as obtained above have also been plotted as a function
of oxygen partial pressure in Fig. 6.10(c). The error in estimated thickness and refractive
index in this method is ~ 1 % as suggested by Swanepoel [64], while the error in band gap

has been estimated to be +0.01 eV based on the wavelength resolution of the
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spectrophotometer used in transmission measurement. The refractive index and band gap
values obtained in these films are similar to that reported by other workers also [182-183].

Fig. 6.10(a) shows that the deposition rate drastically decreases as oxygen partial pressure is
increased from 0% to 9.1% and then gradually decreases with an increase in oxygen partial
pressure in the range of 9.1-50%. Similar variation in the deposition rate has been observed
by us for other oxide samples also and the reason has been explained in Chapter-3. . It can be
seen from fig. 6.7(a) and fig. 6.10(b), that both the main layer density obtained from GIXR
measurement and refractive index obtained from transmission measurements initially
decrease as oxygen partial pressure is increased from 0 to 10%, while at higher oxygen
partial pressure both the quantities show an increasing trend. Fig. 6.10(c) shows that the band
gap is increased with the onset of oxygen, though with further increase in oxygen it does not
increase much and gets saturated. The increase in band gap with the increase in oxygen

partial pressure is due to the evolution of stoichiometric Gd,O3 films as shown in fig.

6.8 Spectroscopic Ellipsometry measurements:

Spectroscopic ellipsometry measurements of all the samples have been carried out in
the wavelength range of 200-900 nm by the rotating polarizer spectroscopic ellipsometer
(GES5E by SOPRA) at 70° angle of incidence as described in Chapter-2. The details of the
ellispometric data analysis has been presented in Chapter-2. In this case, the sample layer
structure model used for simulating theoretical ellipsometric spectra consists of one bulk
layer without void and one interface layer, having a mixture of void and material between the
substrate and the bulk layer, where optical constants of the bulk material (Gd,O3) are
assumed to follow the Tauc-Lorentz dispersion model [68] which is common for such oxide

dielectric films and has been described briefly in Chapter-2. It should be noted that generally
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while analysing the spectroscopic ellispometric data of such physical vapour deposited thin
film samples, sample structures with a top layer having 50% void above the bulk layer is also
assumed [55, 184] to take care of the surface roughness present in the films. However, it has
been observed that in this case good quality fitting of the ellipsometric data can be obtained
without considering the surface roughness layer or in other words inclusion of the surface
roughness layer in the sample structure does not improve the fitting quality further. This may
be because of the fact that as has been observed from GIXR and AFM measurements (shown
in fig. 6.7(b) and 6.7(c) respectively), the surface roughness values of most of the samples are
in the range of 1-2 nm which is 1% of the total thickness of the films. However, the sample
deposited with 9.1% oxygen partial pressure has relatively higher surface roughness and a
surface roughness layer has been added to fit the spectroscopic ellipsometric data of this
sample. The estimated thickness of the interface layer of the samples is found to be in the
range of 16 to 90 nm, the void percentage of the interface layer varies in the range 5 to 23%
while the main layer thickness is found to be in the range of 106 nm to 374 nm. Fig. 6.10(a)
also shows the calculated deposition rate as derived by dividing the thickness obtained from
ellipsometry measurement with the deposition time which shows similar trend as obtained
from the transmission data and these data also agree with the average deposition rates
observed in the quartz crystal monitor during deposition of the samples, which have also been
shown in fig. 6.10(a). Fig. 6.11(a) shows the variation of intrinsic refractive index of the
main layer @ 550 nm as a function of oxygen partial pressure. As can be seen from Fig.
6.11(a), the intrinsic refractive index of the films, which is a basic property of the material
and does not have the effect of voids, first decreases from a high value for the film deposited

with 0% oxygen partial pressure which is a metal rich film to the film deposited with 9.1%
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Fig.6.11: Variation of (a) intrinsic refractive index @ 550 nm (b) interface layer thickness
and (c) interface layer void percentage estimated from spectroscopic ellipsometry data as
a function of oxygen partial pressure.

oxygen partial pressure and subsequently increases with a further increase in oxygen partial
pressure. Fig. 6.11(b) & (c) show the variation of thickness and void percentage of the
interface layer. It should be noted that the variation in the void fraction (Fig.6.11(c)) in
interface layer as a function of oxygen partial pressure follow the reverse trend of the
variation of the density (Fig. 6.7(a)) of the films as obtained from GIXR measurements,
which is as expected. Here it should be noted that Fig. 6.10(b) represents the effective
refractive index of the samples @ 550 nm as obtained from transmittance measurement,
while Fig. 6.11(a) represents the refractive index of the bulk material of the film excluding

voids as obtained from spectroscopic ellipsometry.
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6.9 Extended X-ray Absorption Fine Structure measurements:
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Fig.6.12: (a) Experimental EXAFS spectrum ( ., vs. E), (b) Reduced k2, Vvs. k plot, (C)

Fourier transformed EXAFS spectrum ( »(r)versusr) along with best-fit theoretical
simulation assuming body centered cubic Gd,O3; phase having space group 12;3, (d) Fourier
transformed EXAFS spectrum ( »(ryversus r) along with best-fit theoretical simulation
assuming body centered cubic Gd,O; phase having space group space group ia-3 for a
representative Gd,O3; sample deposited at 9.09% oxygen partial pressure, (e) theoretical paths
of 12,3 space group and (f) theoretical paths of ia-3 space group.

EXAFS measurements of the Gd,O3; samples have been carried out at the energy
scanning EXAFS beam line (BL-09) in fluorescence mode at the INDUS-2 Synchrotron
Source (2.5 GeV, 125 mA) at Raja Ramanna Centre for Advanced Technology (RRCAT),
Indore, India as described in Chapter-2. In order to investigate the local structures

surrounding Gd sites, X-ray absorption coefficient (a) is measured as a function of energy of
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X-ray around the Gd L3 edge energy (7243 eV). The EXAFS data has been analysed using

the methodology described in Chapter-2.

Table-6.1: Scattering paths used for fitting assuming BCC
crystal structure having space group 12;3.
Degen | Ret Amp
eracy
Path-1 (Gd-02) 3 2.396 100
Path-2 (Gd-01) 3 2.410 98.49
Path-3 (Gd-Gd3) 3 3.509 46.94
Path-5 (Gd-Gd2) 3 3.658 43.22

Table-6.2: Scattering paths used for fitting assuming BCC
crystal structure having space group ia-3.

Degeneracy Reff Amp
Path-1 (Gd-O1) 6 2.281 100
Path-2 (Gd-Gd2) 6 3.553 41.93

As discussed earlier in the context of GIXRD result, cubic phase of Gd,O3 is most
probable in room temperature and also since we have obtained the signature of cubic Gd,O3
phase only from GIXRD measurement of the present Gd,O3; samples, we have explored the
two possible body centred cubic Gd,O3 phases having space group 12;3 (199) and ia-3 (206)
for analysing the EXAFS data. The theoretical standards for cubic Gd,O3; phases having
space group 12;3 (199) and ia-3 (206) were created using lattice parameters and Wyckoff
positions obtained from literature [185-186]. The scattering paths used for simulating EXAFS

spectra of space group 12,3 (199) have been tabulated in Table-6.1. While fitting with this
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model, paths 1 and 2, which represent the first two oxygen shells were combined and were
represented by a single scattering path with degeneracy 6. Also, path-3 and path-5 have been
combined after fitting to represent an equivalent Gd-Gd shell. As for space group ia-3 (206) model,
the scattering paths used for simulating EXAFS spectra have been tabulated in Table-6.2. In this case
path-1 and path-2 individually represents the first Gd-O and Gd-Gd shell respectively.

Experimental EXAFS spectrum ( . Vvs. E), reduced «k2,k)Vvs. k plot and Fourier

transformed EXAFS spectrum ( »(r)versus Rr) for a representative Gd,O3 sample deposited
at 9.1% oxygen partial pressure are shown in fig. 6.12(a)-(b). Figures 6.12(c) and (d) show
best fit theoretical x(r) versus r plots obtained using both the space groups along with the
experimental data of the representative sample, while fig.6.12 (e) and (f) shows the
theoretical paths for the corresponding space groups. The above exercise has been carried out
on all the samples and fig. 6.13 depicts the Ru.or Values achieved by fitting using both the
models for all the samples. It can be seen that R.. values are less for the fitting with the ia-3
space group model compared to that obtained with 12,3 space group model for most of the
samples. Figures 6.14(a)-(d) (left side) and 6.14(a)-(d) (right side) show the variation of the
bond length and mean square displacement (=*) corresponding to the nearest Gd-O shell and
next nearest Gd-Gd shells obtained from EXAFS data analysis using 12;3 and ia-3 space
group models respectively. It can be seen from the above figures that though the results for
the first Gd-O shell obtained from EXAFS fitting of both the space group models are similar,
the results for the 2" shell (Gd-Gd shell) are different. It should be noted here that the values
of the best fit coordination numbers are similar within the error bar of £10% and have not
been plotted here. It has been observed that the variation of Gd-Gd bond length as a function
of oxygen partial pressure used during deposition of the samples using the ia-3 space group

model gives more reasonable result, since in this case the Gd-Gd bond increases significantly
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Fig. 6.13: Variation of Rfactor assuming body centred cubic Gd,Os phase having
space group 12,3 and ia-3 model as a function of oxygen partial pressure.

in case the sample deposited with 9.1% oxygen partial pressure, as can be seen from
fig.6.14(c) (right side), which signifies less compact structure, less density and low intrinsic
refractive index of the films. This is reflected in the variation of intrinsic refractive index of
the films obtained from spectroscopic ellipsometry data and shown in fig. 6.11(a). Similar
increase in the intrinsic refractive index in thin film systems due to a decrease in bond length
and vice-versa has also been observed earlier by us in several other oxide systems also [187-
188]. However, Gd-Gd bond length variation obtained by fitting using the space group 12,3
shows a decrease in Gd-Gd bond length for the film deposited with 9.1% oxygen partial
pressure, as can be seen from fig.6.14(c) (left side). Moreover goodness of fitting of EXAFS

spectra, as dictated by R values shown in fig. 6.13, is better for ia-3 space group. Thus

factor
from the above studies it can be concluded that the films have assumed cubic structure with

the space group of ia-3.

169



12,3 space group

la-3 space group

2.38
2.36(a) Gd-O shel (@) Gd-O shell
~ < 2.36/
S@ 234 Theoretical value: X
3 . 2.396 A _
o 2% | 2368 2| |
001510 Gd-O shel (b) 0-O shel
0016/
_£0010] "%
y 0012,
© 0.005.
374(c) d-Gdshell  545l(c) Gd-Gd shel
~ 36 ~ N—‘\‘
T s Theoretical value: °%3,60. |
DC% 3.4 3.584 A Theorgtécf)a;l value:
. 35 |
() G{l-Gd shell ' " Gd-Gd she
- - Gd-Gd shel
- .
®
o~ 000 %
J
o0tV v o0l —
0 10 20 30 40 50 0 10 20 30 40 50

Oxygen partial pressure (%)

Oxygen partial pressure (%)
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6.10 Conclusion:

A set of Gd,O3 thin films has been deposited on quartz substrates by RF magnetron

sputtering under a mixed ambient of argon and oxygen at various oxygen partial pressures.

GIXRD measurements show that all the thin film samples are grown in cubic phases, while
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GIXR measurements show that the films have low surface roughness which decreases as
oxygen partial pressure is increased in the sputtering ambience. Similar variation is also
observed for the surface roughness value obtained from AFM measurements. RBS
measurements show that the films deposited at lower oxygen partial pressure are oxygen-rich
while relatively stoichiometric films are realised at higher oxygen partial pressure. The
density of the films, obtained from GIXR measurements is found to vary in a non-linear
fashion with the films deposited at 9.1% oxygen partial pressure having the lowest density,
the overall refractive index obtained from transmission measurements follow the similar
variation as bulk density as expected. Spectroscopic ellipsometry measurements show that the
low density of the sample prepared with 9.1% oxygen partial pressure is due to the presence
of high concentration of voids in this sample. EXAFS measurements have yielded
information regarding the local structure around Gd sites. Comparing the nature of variation
of Gd-Gd bond length of the samples obtained from EXAFS measurements, as a function of
oxygen partial pressure, with that of the intrinsic refractive index of the Gd,O3; material
present in the films, as obtained from the spectroscopic ellipsometric measurements, it could
be concluded that these films assume ia-3 space group of cubic crystalline structure. Thus by
applying complementary characterisation techniques, it has been possible to explain several
macroscopic properties of this technologically important thin film system from microscopic

structural information.
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CHAPTER-7

Study of Gd doped ZrO, samples

7.1 Introduction:

Zirconia (ZrO;) has been extensively studied in various forms due to its diverse
applications such as a refractory material, oxygen sensor, bioceramic, or thermal barrier
coating, amongst others [24-25]. Structure-wise, pure ZrO, is monoclinic from room
temperature to 1440 K, tetragonal between 1440 and 2650 K and cubic up to its melting point
of 2950 K [189]. Zirconia exhibits high anionic conductivity when doped with aliovalent
cations due to the generation of oxygen ion vacancies required for charge compensation
[190]. Doped zirconia systems are especially important in catalytic applications, either as
supports or as electrolytes in solid oxide fuel cells (SOFCs) [26-27]. Apart from imparting
relevant ionic conductivity, doping also stabilizes the cubic fluorite phase of zirconia, at the
operating temperatures of the solid oxide fuel cell. Yttria-stabilized zirconia (YSZ) typically
with 8 mol% Y doped in ZrO,, is the most common material used in SOFCs [191-192].
However, the use of YSZ for SOFC application is seriously limited by the fact that it requires
relatively high temperatures of around 1100-1300K to achieve adequate ionic conduction.
The high temperature of operation raises the issue of material stability and compatibility.
Thus, the search for alternate materials having equivalent ionic conductivity at lower

temperature is going on to enable operation of solid oxide fuel cells at intermediate
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temperatures of 900-1000 K. Along with many other alternate dopants, Gadolinium (Gd) is
one of the most promising dopants in ZrO, system on which several works have already been
reported [28-29].

Apart from above mentioned applications, zirconium oxide has wide range of optical
applications also. Due to its high transparency in the entire visible and near infrared region
and stability with other refractory materials, ZrO, is often used as a comprising layer in
multilayer interference coating based optical devices such as in anti-reflection coating,
broadband interference filters and active electro-optical devices [1]. Additionally, ZrO, is the
most frequently used material for fabricating high power laser mirrors [193] and to generate
passive [3] and active [2] waveguides. Doped and composite forms of ZrO, have also drawn
considerable attention due to their suitable optical properties. Y,03-doped ZrO, has been
studied for its optical properties by Sanchez-Gonzalez et al. [181] and Boulouz et al. [194].
Band gap tuning of ZrO, has been demonstrated by varying Sn concentration in ZrO,-SnO,
nanocomposite by Lakshmi et al. [195] and by varying Au doping concentration in ZrO, by
John Berlin et al. [196], while Kul'kova et al. [197] demonstrated how oxygen vacancies
produce additional states near the Fermi level and affects the optical properties of zirconia.

The important issue being addressed in this context is the position of oxygen vacancies
due to aliovalent doping in ZrO,. Our group has earlier employed Extended X-ray absorption
fine structure (EXAFS) studies at Zr K and Gd Ls-edges to find out the positions of oxygen
vacancies in ZrO, samples prepared by co-precipitation route [198, 199]. It has been observed
from the above studies that Gd doping creates oxygen vacancies near the host Zr atoms and
~9 mol% Gd*" is the optimum doping percentage for creation of maximum oxygen vacancies.

The above observation regarding the position of oxygen vacancies agree with the findings by
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several other researchers also [200-201]. However, there are few other studies where it has
been reported that Gd doping creates oxygen vacancies near the dopant (Gd) sites [28-29].

In order to have more insight into the mechanism of creation of oxygen vacancies in the
Gd doped system, and also to seek confirmation of our previously mentioned findings in case
of thin film systems, in the present study we have carried out EXAFS measurements on a set
of Gd*" doped ZrO, thin films prepared by magnetron sputtering technique. Apart from
EXAFS measurements the films have also been subjected to other standard structural and

optical characterizations.

7.2 Preparation of samples:

ZrO, thin films with 0, 7, 9, 11 and 13% of Gd doping were prepared by RF magnetron
sputtering technique by directly sputtering pure/doped ZrO, targets in the home-made RF
magnetron sputtering system described in Chapter-2. For the deposition of the present set of
samples RF  power of 100 W was used for sputtering under a mixed ambient at 2.5x10™
mbar pressure with 8 sccm O, flow and 24 sccm Ar flow rates. External oxygen flow was
provided during sputtering in order to ensure proper oxygen stoichiometry in the films.

Grazing incidence X-ray diffraction (GIXRD) measurements have been carried out on all
the films using Cu Ka (A=1.5418A) radiation incident at a grazing angle of 0.55° while the
diffracted beam intensity was recorded in 26 range of 10°-90° with step size of 0.01°. Optical
transmission measurements have been carried out in the wavelength range of 190 to 1100 nm
in steps of 2 nm in the UV-Visible-NIR spectrophotometer (JASCO V-630) while
spectroscopic ellipsometry measurements were carried out in the wavelength range of 250 to

1000 nm by the rotating polarizer spectroscopic ellipsometer described in Chapter-2.
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Extended X-ray Absorption Fine Structure (EXAFS) measurements on representative Gd
doped ZrO; thin film samples have been carried out in fluorescence mode at Zr K-edge and
Gd Ls-edges at the Energy-Scanning EXAFS beam line (BL-9) at the INDUS-2 Synchrotron
Source (2.5 GeV, 100 mA) at Raja Ramanna Centre for Advanced Technology (RRCAT),
Indore, India as mentioned in Chapter-2. EXAFS measurements were performed at Zr K-
edge in the range of 17841 eV to 18800 eV and at Gd Ls-edge in the range of 7160 eV to

7730 eV in fluorescence mode.

7.3  Grazing Incidence X-ray reflectivity (GIXR) measurements:

Figs.7.1 (a), (b) and (c) show the GIXRD spectra of the fused silica substrate, pure ZrO,
film and four numbers of Gd doped ZrO, films respectively. Fig. 7.1(a) shows that the fused
silica substrate is amorphous with a hump at 21.64°. Fig. 7.1(b) shows that the GIXRD
pattern of pure ZrO, film which, when compared with standard database of PCPDF [131]
shows that the sample has grown in monoclinic (PDF file number: 861451) crystal structure
except for the fact that the second most intense peak corresponding to (111) plane (26 =
31.48°%) is missing which was otherwise present in pure ZrO, target (not shown here).
Comparing the GIXRD pattern of the doped samples as shown in Fig. 7.1(c), with standard
database of PCPDF (PDF file number: 811551) [131] we find that all the doped thin film
samples have predominantly cubic crystal structure. It should be mentioned here that XRD
spectra of the pure and all the doped ZrO targets (not shown here) replicate the XRD pattern
of monoclinic ZrO, crystal structure. Thus it is seen that even though both doped and
undoped ZrO, target materials from which the samples have been prepared exhibit

monoclinic crystal structure, the doped thin film samples have stabilized in cubic phase while
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the undoped ZrO, sample remains in monoclinic phase. In our earlier work also [199] we

have found that Gd doped ZrO, nanocrystalline samples have distorted cubic phase.
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Fig. 7.1: (a) GIXRD plot of fused silica substrate, (b) GIXRD plot of undoped ZrO,
thin film and (c) GIXRD plots of 7%, 9%, 11% and 13% Gd doped ZrO, thin films.
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7.4  Spectroscopic Ellipsometry measurements:

For detailed optical characterizations, the spectroscopic ellipsometry measurement has
been carried out on all the films. It has been observed that for the best fit of the ellipsometric
data each sample had to be modelled as a two-layer structure with one bulk layer without any
void and one interfacial layer in-between the bulk layer and substrate having certain void
percentage. Such structures are very common for oxide thin film samples deposited by PVD

techniques [55]. It has been assumed that the refractive index (r.i.) of the bulk ZrO, material
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Fig. 7.2: (a) Variation of void percentage of interface layer in all the
samples obtained from spectroscopic ellipsometry measurement.

(b) Variation of main layer refractive index of all the samples at 550
nm obtained from ellipsometry measurement.

177



follows the Tauc-Lorentz dispersion relation [68], mentioned in Chapter-2, which has been
found to be followed by similar oxide samples in several other cases also [85, 184]. Fig.7.2
(a) depicts the variation of void percentage present in the interface layer as a function of Gd
doping concentration in the samples which shows that void fraction in the interface layer
decreases in the Gd doping concentration range of 7-11%, while it increases significantly
beyond 11% Gd doping. The r.i. of main layer of the films, as depicted in fig. 7.2(b) has also
been found to increase considerably beyond 11% Gd doping. The significant increase in r.i.
and void fraction of the films beyond 11% Gd doping shows the metal-rich and void-prone
poor quality of the films beyond 11% Gd doping.

The optical transmission spectra of the doped and undoped ZrO; thin films have been
analyzed by the algorithm prescribed by Swanepoel [64] to extract effective r.i. and
absorption coefficient of the films. The obtained absorption spectra of all the samples have
been shown in Fig. 7.3(a). From the straight line interpolation of absorption spectrum (in the
region o> 10*cm™) we have calculated the band gap of the samples using Tauc’s formula
[181] given by: (ahv)® = A(hv—E,); where p=2 gives the direct band gap and p=1/2
gives indirect band gap. Fig. 7.3(a) shows that unlike other samples, pure ZrO, thin film has
two slopes in its absorption spectrum which signifies the presence of indirect band gap in this
sample. The estimated indirect band gap value of pure ZrO; thin film is 5.10 eV, whereas the
direct band gap of the same sample is 5.69 eV. The variation of the direct band gap values of
the samples as a function of Gd doping concentration estimated for all the samples is shown
in fig. 7.3(b) and it has been found that the direct band gap also decreases drastically beyond
11% Gd doping concentration manifesting poor quality of the films in this Gd concentration
regime. The estimated effective r.i. of the films at 550 nm is shown in Fig.7.3(c) as a function

of Gd doping concentration, which shows that there is an optimum (~9%) Gd concentration
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for which the r.i. is the highest. The low interface void percentage and medium bulk layer r.i.
for the samples with Gd doping in the range 9-11%, as has been obtained from ellipsometric
measurement, causes the maximum overall effective r.i. for 9% Gd doped sample, while it

decreases significantly beyond 11% Gd concentration.
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Fig. 7.3: (a) Absorption coefficient (o ) versus energy (hv ) plots in optical
region obtained from transmission measurement for all the samples.

(b) Variation of direct band gap calculated from absorption spectra as a
function of Gd doping concentration.

(c) Variation of effective refractive index of all the samples at 550 nm
obtained from transmittance measurement.
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Fig. 7.4: (a) Absorption coefficient ( #(E)) versus incident X-ray energy ( E)

of undoped as well as Gd doped ZrO,
k?y(k) vs. k plots of the samples.

thin films measured at Zr K-edge. Inset:

(b) Absorption coefficient ( #(E)) versus incident X-ray energy ( E) of all Gd
doped ZrO, thin films measured at Gd Lz-edge. Inset: k? y(k) vs. k plots of

the samples.

7.5 Extended X-ray Absorption

Fine Structure measurements:

As has been mentioned earlier, the samples have also been characterized by EXAFS

measurements to investigate the local structure surrounding Zr and Gd sites. Figs. 7.4(a) and

(b) show the experimental EXAFS spectra ( #vs. E) of the doped and undoped ZrO, films
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measured at Zr K-edge and Gd Lsz-edges respectively. k? y(k) vs. k plots for the undoped

and doped ZrO, thin films derived from the Zr K edge and Gd L3 edge data have been shown

in the inset of Figs.7.4 (a) and 7.4(b) respectively.

7.5.1 Zr K-edge data:

X(R) versus R plots for the samples as derived above from the experimentally derived (
uVS. E) plots of Zr K-edge following the formalism described above have been fitted with
the theoretically simulated spectra. Since, from the GIXRD measurements, pure ZrO, film
has been found to be monoclinic while Gd doped thin film samples are found to be cubic,
experimental y(R)versus R plots have been fitted with both monoclinic and cubic structures
for all the samples. The parameters of crystal structure for monoclinic and cubic ZrO, have
been taken from literature values [202-203]. Fig. 7.5(a) shows the experimental y(R)versus
R plots along with the best fit theoretical spectra generated assuming monoclinic crystal
structure. As indicated by various other workers also for the doped ZrO, systems [28-29,

201], the first two peaks of y(R)versus R plots (phase uncorrected) in the range 1-2 A have

been attributed to Zr-O bonds while the more distant peaks ~3A are attributed to the Zr-Zr
bonds. Table-7.1 displays the scattering paths used for fitting assuming monoclinic crystal
structure. As can be seen from the above table, monoclinic ZrO;, has 7 oxygen atoms at
slightly different distances in the immediate neighbourhood of Zr site, which have been
approximated as a single oxygen shell with degeneracy of 7. Similarly, three Zr shells in the
next nearest sites having total degeneracy of 5, have been approximated as a single Zr shell

having degeneracy of 5.
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Table-7.1: Scattering paths used for fitting Zr K-edge data with
Monoclinic Phase of ZrO,.

Degeneracy Retf Amp
Path-1 (Zr-02) 1 1.745 100
Path-2 (Zr-02) 1 1.860 85.65
Path-3 (Zr-01) 1 2.049 67.39
Path-4 (Zr-01) 1 2.087 64.32
Path-5 (Zr-01) 1 2.164 58.69
Path-6 (Zr-02) 1 2,918 26.40
Path-7 (Zr-02) 1 2.961 25.33
Path-11 (Zr-zr1) 1 3.350 26.01
Path-13 (Zr-zr1) 2 3.451 48.11
Path-15 (Zr-zr1) 2 3.476 47.20

Table-7.2: Scattering paths used for fitting Zr K-edge data with cubic
phase of ZrO,.

Degeneracy Retf Amp
Path-1 (Zr-0O) 8 2.202 100
Path-3 (Zr-Zr) 12 3.596 54.77
Path-6 (Zr-O) 24 4217 44.37

Fig. 7.5(b) shows the experimental y(R) versus R plots along with the best fit
theoretical spectra generated assuming cubic crystal structure. It should be noted here that as
obtained by Cole et al.. [29], the FT-EXAFS spectra of cubic ZrO, is characterised by only
one peak for oxygen shell in the range of 1-2.5 A while in case of tetragonal ZrO,, as
mentioned by Li and Chen [201], this peak is split into two which is a characteristic of the
tetragonal structure. In the case of the bulk ZrO, samples prepared by co-precipitation
method reported earlier [198-199]; it had been observed that the first Zr-O peak in the FT-

EXAFS spectra is split into two peaks indicating tetragonal structure of ZrO,.
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Fig. 7.5: (a) Experimental y(R) versus R plots along with best fit theoretical plots of
undoped as well as Gd doped ZrO, samples measured at Zr K-edge assuming Monoclinic
Phase of ZrO,,
0-0-0-0: Experimental Data; ----------- : Theoretical fit.
(b) Experimental y(R) versus R plots along with best fit theoretical plots of undoped as
well as Gd doped ZrO, samples measured at Zr K-edge assuming Cubic Phase of ZrO..
0-0-0-0: Experimental Data; ----------- : Theoretical fit
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Fig. 7.6: Variation of R, in case of fitting of Zr K-edge data assuming
Monoclinic and Cubic phase of ZrO, as a function of Gd doping concentration.

Detail structural characterisation of cubic ZrO, [204] reveals that oxygen atoms are
displaced from their ideal positions by up to 0.05 nm along the 100 or 111 axes, and the
structure corresponds to the P43m space group of tetragonal structure instead of the Fm3m
space group which is a characteristic of the cubic fluorite structure. However, for the present
set of Gd doped ZrO; thin film samples it has been observed that the first Zr-O peak does not
get split into two confirming cubic structure of the samples. As for the cubic phase model, the
first peak in the Zr K-edge FT-EXAFS spectrum has been fitted with a single oxygen shell
with degeneracy of 8 and the second peak has been fitted with one Zr shell having
degeneracy of 12 and another oxygen shell having degeneracy of 24 as shown in Table 7.2.

The values of R obtained for both the cases i.e., fitting with monoclinic and cubic

factor

structure have been compared in Fig. 7.6 for all the films. It can be seen from Fig. 7.6 that
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R values for the undoped ZrO; film is lower in case of fitting with monoclinic structure

factor
than while fitting with cubic crystal structure which is as expected. It has also been seen that
for films with Gd doping up to a concentration of 9%, fitting with cubic crystal phase yields

lower R, . value than fitting with monoclinic phase. However, in case of ZrO;, thin films

factor

prepared with Gd doping concentration higher than 9%, the R value increases

factor
significantly manifesting poor quality fitting with cubic structure, compared to that with
monoclinic structure. This proves the fact that for higher Gd doping concentration the films
no longer retain cubic structure.

It should be noted here that there is a discrepancy observed in the results obtained from
EXAFS and GIXRD measurements. Though GIXRD measurements, discussed earlier, show
that all the doped ZrO, thin films have cubic structure; EXAFS results conclude that samples
with more than 9% Gd doping are having monoclinic structure. However, as has been
observed by other workers also [145, 205] it should be noted that for thin film and
nanocrystalline systems with large amount of disorders, where single-phase domains are not
sufficiently large, X-ray diffraction, which acts on the principle of long range order, might
not give the correct phase information and for such systems, EXAFS which basically probes
the local order and does not depend on the long range order can yield better result so far
microscopic behaviour of the samples is concerned. We have also observed that for pulse DC
magnetron sputter deposited TiO; films, as described in Chapter-4, the anatase to rutile phase
ratio obtained from GIXRD data shows a monotonic variation with increase in oxygen partial
pressure and thus fails to explain the actual non-linear nature of variation of the macroscopic
properties like refractive index of the films, while phase fraction obtained from EXAFS

measurements could correctly explain the behaviour. There are also many reports [206-208]
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where presence of small secondary phases in nanocrystalline and thin film systems have been
detected by EXAFS while they remain undetected in XRD measurements.

Fig. 7.7 shows the variation of the total co-ordination numbers ( N,,.,,) and the average

Debye-Waller factor (a,ivg) obtained for the nearest neighbour oxygen shell as a function of

Gd doping concentration, where the values for 0%, 11% and 13% Gd doped samples have
been taken from best fit results of monoclinic structure while the corresponding values for
7% and 9% Gd doped samples have been taken from the best fit result of the cubic structure.

It can be seen from Fig. 7.7 that oxygen coordination in doped samples is significantly less
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Fig. 7.7:(a) Variation of average Zr-Zr distance as a function of Gd doping
concentration(b) Variation of total oxygen co-ordination number around core Zr
sites as a function of Gd doping concentration.(c) Variation of average Debye
Waller factors of Zr-O bonds as a function of Gd doping concentration.
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compared to the undoped sample manifesting the presence of oxygen vacancies near the Zr
sites for samples up to Gd doping of 9%, above which oxygen coordination increases
significantly. Debye-Waller factor also increases considerably above 11% Gd doping
concentration showing poor quality of the samples. Thus it has been observed that Gd doping
up to 9-11% is suitable for replacing Zr in ZrO, matrix and for creation of oxygen vacancies,
beyond which Gd gets precipitated and does not go to the lattice. This conclusion agrees with
our findings on ZrO bulk samples prepared by co-precipitation method [198-199] and this is
further established by Gd Lz-edge measurement of the present samples as described below. It
should be mentioned here that there is no significant variation in the average Zr-O distance

due to Gd doping over the whole range of doping concentration (not shown here).

7.5.2 Gd Ls-edge data:

Based on the results obtained above for the Zr K-edge EXAFS data, the FT-EXAFS data
measured at Gd Ls-edge of 7-13% Gd doped ZrO, samples have been analyzed using two
theoretical models (i) cubic ZrO, phase where core Zr atom has been replaced by Gd atom
and (ii) cubic Gd,Os3 structure surrounding the Gd environment. Such an approach to
modelling has been reported by other authors as well [201]. For the latter model we have
used the crystal structure parameters of cubic Gd,O3; having space group of ia-3 [186]. For
both the models, the scattering paths used for fitting are shown in Table-7.3 and Table-7.4

respectively. Figs. 7.8(a) & (b) show the experimental »(R)versus rR plots along with the

Table-7.3: Scattering paths used for fitting Gd Ls-edge data with Cubic
Phase of ZrO,, core Zr being replaced by Gd.
Degeneracy Resf Amp
Path-1 (Gd1-0O1) 8 2.202 100
Path-3 (Gd1-Zrl) 12 3.596 54.41
Path-6 (Gd1-0O1) 24 4.217 51.61
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Table-7.4: Scattering paths used for fitting Gd Ls-edge data with cubic
Gd,Oj3 structure.
Degeneracy Retf Amp
Path-1 (Gd1-01) 6 2.281 100
Path-2 (Gd1-Gd2) 6 3.553 41.93
(@ .0
7% Gd doped ZrOz2 7% Gd doped ZrOz

00 05 10 15 20 25 30 00 05 10 15 20 25

Fig.7.8(a):Experimental versus plots along with best fit theoretical plots of Gd
doped ZrO2 samples measured at Gd L3-edge assuming Cubic Phase of Zr02
core Zr site being replaced by Gd. 0-0-0-0: Experimental Data; ----------- :

Theoretical fit.
(b): Experimental versus plots along with best fit theoretical plots of Gd doped
Zr0O2 samples measured at Gd L3-edge assuming Cubic Phase of Gd203. 0-0-0-

0. Experimental Data; ----------- : Theoretical fit.
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Fig. 7.9: Variation of R in case of fitting of Gd Ls-edge data as a

function of Gd doping concentration assuming (i) Cubic Phase of
ZrO,, core Zr site being replaced by Gd, (ii) Cubic Phase of
Gd,Ozand (iii) mixed phase for the 9% and 11% Gd doped samples

best fit theoretical plots assuming the above two models respectively, while the R, Vvalues

obtained in the two cases have been compared in Fig. 7.9. It has been observed that the

R.....value is lower for the former model in case of the ZrO, sample with 7% Gd doping

factor

concentration, while it is significantly less for the latter model in case of the sample with 13%
Gd doping concentration. This confirms the above conclusion that with doping concentration

higher than 11%, Gd atoms do not go in the ZrO, lattice; rather they get precipitated out as a
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Fig.7.10: Experimental y(R) versus R plots along with best fittheoretical

plots of (a) 9% Gd doped ZrO, sample and

(b) 11% Gd doped ZrO, sample measured at Gd Ls-edge assuming mixed
phase model.

0-0-0-0: Experimental Data; ----------- : Theoretical fit.

separate cubic Gd,O3 phase. However, as can be observed from Fig.7.9, the FT-EXAFS data
for the 9% or 11% Gd doped samples cannot be fitted reasonably well with either of the
above two models and it has been observed that the fitting quality for these two samples
improves significantly if these data are fitted with a mixed phase structure considering the

scattering paths from both the models. Fig.7.10(a) and (b) show the experimental y(R)

versus R plots of the above two samples along with the best fit theoretical plots obtained

using the mixed phase model while the respective R values have been shown in Fig. 7.9.

factor
The relative contributions of the two structures in the 1* peak of the FT-EXAFS spectra of
the samples have been considered to be their relative concentrations in the respective

samples. It has been observed that the contribution of the Gd,O3 cubic phase is 31% for the

190



9% Gd doped sample and for the 11% Gd doped sample it is 54%. This is consistent with the
fact that at still higher concentration of Gd, the Gd environment in the samples becomes
completely Gd,Os-like. It should be mentioned here that the fitting quality of the 7% and

13% Gd doped samples, however do not improve with a mixed phase model structure.
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Fig.7.11: (a) Variation of Gd-O bond length as a function of Gd doping

concentration.
(b) Variation of oxygen co-ordination around Gd site as a function of Gd
doping concentration.

(c) Variation of Debye Waller factors of Gd-O bonds as a function of Gd
doping concentration

The average bond length (R, ), total co-ordination numbers ( N, ) and the average

Avg

Debye-Waller factor (af\vg) obtained for the nearest neighbour oxygen shell has been shown
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in Fig. 7.11 as a function of Gd doping concentration. Here for the 7% Gd doped sample, the
values have been taken from the fitting result of the first model, that for the 13% Gd doped
sample, have been taken from the fitting result of the second model, while for the 9% and
11% Gd doped samples the values have been taken from the fitting result of the mixed phase
model. It shows that for the samples with 7% and 9% Gd doping concentration, oxygen
coordination is close to their bulk value of 8 showing that oxygen vacancies are created near
Zr sites rather than near Gd site.

The EXAFS results also corroborate with the results of optical measurements on the
samples described above, which shows that beyond 11% doping concentration, Gd doping
yields samples with higher void fraction, lower band gap and lower effective refractive index.
It should also be noted that the intrinsic r.i. as obtained from spectroscopic elliposmetry
measurements and displayed in fig. 7.2(b) is significantly high for samples with Gd doping
concentration higher than 11%, since Zr-Zr bond length reduces considerably at this doping
concentration as can be found from Fig.7.7 (a). Similar increase in intrinsic refractive index
due to a decrease in bond length has also been observed earlier by us in several other oxide

systems also [15, 109, and 187].

7.6 Conclusion:

ZrO, thin films with 0, 7, 9, 11 and 13% of Gd doping were prepared by RF magnetron
sputtering technique by sputtering pure/doped ZrO, targets under mixed ambient of Ar and
0,. It has been observed from spectroscopic ellipsometry and optical transmission
measurements that the void fraction present in the films increases significantly beyond Gd
doping concentration of 11% causing a decrease in the effective refractive index of the films.

It has also been observed from GIXRD measurements that though the undoped ZrO, film is
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having monoclinic structure, Gd doping stabilises the films in cubic structure, which is
different from the results obtained earlier by us on bulk ZrO, samples prepared by co-
precipitation route. This is further confirmed by EXAFS measurements on the samples at Zr
K edge which shows that better fitting of the FT-EXAFS data could be obtained with cubic
structure up to a Gd doping concentration of 9%, beyond which, however, better fitting of the
data are obtained with monoclinic structure. EXAFS measurements at Zr K edge and Gd Lj
edges further confirm that Gd dopants replace Zr atoms in ZrO, matrix up to 9-11% doping
concentration with creation of oxygen vacancies near Zr sites, however above 11% Gd
doping, Gd precipitates out as a separate Gd,O3z phase. This corroborates with our earlier
results on bulk ZrO, samples and also explains the observed optical properties of the thin
films that Gd doping beyond 11% yields samples with higher void fraction, lower band gap

and lower effective refractive index.
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CHAPTER-8

L_ocal structural investigation of
refractory oxide thin films near to
laser damage threshold

8.1 Introduction:

The study of laser induced damage mechanism and effort to increase the damage
threshold is a continuing challenge because as improved laser-damage-resistant optical
materials and better fabrication technologies are developed, laser designers increase the
system operating energies and powers to the limits of these new materials. The motivation
behind this is simply economics; the higher the damage resistance of the optics, the greater
the laser output energy that can be achieved for a given investment [209].

Generally, for laser damage experiment, pulsed laser with pulse width ranging from
femtosecond to nanosecond lasers are employed in order to deposit maximum laser energy on
the sample in a span of very short time interval to effectively increase the laser power.
Numerous studies have been made to understand the damage mechanism in different regime
of pulse width [210]. Three prime mechanisms [211] that drive laser induced damage process
are (i) thermal process resulting from absorption of the laser energy in the material, (ii)
dielectric process occurring when the electric field density is high enough to strip electrons
from lattice, (iii) multiphoton ionization, which is a special case of the second mechanism

and occurs when the energy is high enough such that the stripped electrons are raised to
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higher energy levels instantaneously [212]. Usually for long pulse duration the thermal
process generally describes the damage phenomena, but in the short pulse regime the damage
process can be expressed according to the other two mechanisms [212]. In the long pulse
regime, where the thermal process is dominant, laser induced damage is a combination of
three processes, the absorption of the radiation [213], transport of the absorbed energy away
from the absorption site i.e. thermal conductivity [211], and the thermo-mechanical response
like dissipation of pressure buildup resulting from absorption at the defect sites [214].
Interestingly, Dawei Zhang et al. [215] demonstrated that the absorption measured by CW:
YAG laser may always not represent the absorption in actual laser damage experiment by Nd:
YAG laser since nodular defects in dielectric thin films which are insensitive to CW: YAG
laser can play major role when being subjected to Nd: YAG laser.

On the other hand, tailoring of material properties by purposeful laser irradiation
[216] is another attractive area of research in the same domain. Miru Noh et al. [217]
obtained improvement in crystallinity of indium tin oxide films with the increase in laser
power while annealing with excimer laser. Effect of combination of post deposition annealing
and laser conditioning on evolution of Laser Induced Damage Threshold (LIDT) for Ta,0s
samples has been studied by Cheng Xu et al. [218]. Jianke Yao et al. [2191] investigated the
reason behind improvement of LIDT by thermal annealing of TiO,/SiO, multilayer reflector
and found that improved stoichiometry is the main reason of absorption reducing and LIDT
rising after annealing. The improvement of LIDT due to annealing for both Ta,Os and
Ta,0s5/Si0O;, films is mainly attributed to the improvement in stoichiometry and reduction in
structural defects [220-221].

Although, many efforts have been made to investigate how stoichiometry [219] or
long ranged order structure [214] plays role in describing laser damage process, to the best of
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our knowledge effort to understand laser damage mechanism from local structural point of
view has not been made so far. The study aims at understanding laser induced damage
mechanism of refractory oxide samples visualizing TiO,, Ta,Os, HfO, and Gd,O3 samples by

local structural investigation employing EXAFS technique.

8.2  Preparation of samples:

Dielectric refractory oxide thin films samples of TiO,, Ta,Os, HfO, and Gd,O3 have
been deposited on 2 inch diameter BK-7 substrate in the homemade RF magnetron sputtering
system described in Chapter-2 All the samples were deposited with approximately 200 nm
thicknesses with prior calibration of quartz crystal monitor. All the depositions were carried
out by directly sputtering oxide targets with magnetron energizing power of 100 W in non-
reactive environment. Prior to actual deposition, the targets were pre-sputtered for 30 minutes
in order to remove surface contamination, if any, present on top of the sputtering targets. The
duration of deposition was 42 minutes for HfO,, 60 minutes for Ta,Os, 100 minutes for TiO,

and 80 minutes for Gd,O3 samples to have similar thickness

8.3 Laser irradiation of samples:

2inch dia

3 S BK-7 substrate

Coated
oxide film

Marked spotsidentified
forlaserirradiation

Fig. 8.1: Schematic of marked zones on sample surface.
to carry out laser damage experiment
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Fig.8.2: (a) Photograph and (b) schematic of Laser irradiation experimental set-up.

Each sample was deposited on 2 inch diameter glass substrate. At fixed radius (~17

mm) of the circular sample, several spots of 5 mm diameters have been marked on opposite

197



Table-8.1:

Experimental condition (Pulse repetition rate was 1 Hz for all the experiments)
Diameter of laser illumination zone, D; Laser peak energy EIO

Material |Fixed Varied parameters Starting point of
Parameters damage as visually
observed on trial
sample
Tio2 L=15cm, 10 shots |15shots |23 shots |30 shots |Damage started at
Ep:0.19 J around 20 shots.
D=5 mm,
Fluence=0.95
J/cmz.
Tazo5 L=15cm, Ep: 10 shots |20 shots |30 shots (40 shots |Damage started at
0.41 ] around 16 shots.
D=5 mm,
Fluence=2.06
J/cm2
HfC)2 L=17.5 cm, 05 shots |10 shots |20 shots |30 shots |Damage started at
Ep:0.76 J around 12 shots.
D=4.2 mm,
Fluence=5.58
J/cm2
Gd203 L=25 cm, No. Ep: 0.291J Ep: 0.411] Ep: 0.53J Ep:0.76 J [Damage started at
of shots=5,  |Fluence= [Fluence= |Fluence= |Fluence= [laser power level >
D=L7mm 1932 3jem’|18.6 Jicm” | 24.4 Jiem”|34.9 Jem” 1/50 Wie. at>13.2
Jicm .

to the coated surface, for laser irradiation at varying conditions. A schematic of marked zones

on the sample surface is shown in Fig. 8.1 where laser irradiation experiment was carried out.

The arrangement of laser damage experiment is shown in Fig. 8.2. The laser source (Make:

Quanta System Laser) used for the experiment was an Nd:YAG pulsed laser having pulse

width of ~10 ns and fundamental wavelength of 1064 nm and source beam diameter of 1 cm.

As shown in fig. 8.2, the laser falls on the sample through a plano-convex lens. Both the lens
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and the sample holders are mounted on a translational stage in order to adjust the distance (L)
between plano-convex lens and the sample to vary the laser spot size as well as laser fluence
on the sample surface for a given laser power. The distance ‘L’ has been optimized and kept
fixed during laser irradiation of one set of samples, thereby fixing the area of laser irradiated
zone. The actual laser fluence during the experiment depends on the distance ‘L’ as well as
on the set laser peak energy. Prior to each experiment, the laser peak energy has been
measured using power meter at different set power levels of laser source and calibrated. The
detailed experimental conditions along with the laser peak energy and fluence for each set of
samples have been tabulated in Table-8.1. For TiO,, Ta,Os and HfO, samples, the laser
fluence was optimized to 0.95 J/cm?, 2.06 J/cm?® and 5.58 J/cm? respectively and different
locations on the sample were irradiated with varying number of pulse shots. On the other
hand, for Gd,O3 samples it was observed that laser damage does not occur up to 13 J/cm?
even with very large number of pulse shots and at fluence >13 J/cm? damage starts just on
exposure of 2-3 shots. Hence for Gd,O3 set of samples, the number of shots was kept constant
at 5 and the fluence was varied from ~13-35 J/cm? in order to study the damage mechanism

around the damage threshold.

8.4 Characterization of laser irradiated samples:

The optical microscope imaging was carried out on irradiated samples by optical
microscope (Make: Dino-Lite Digital Microscope, Model: AM7013) for imaging the damage
morphology. The images of irradiated zones were recorded at magnification of 1 and 2.5 of
the objective lens which yields the morphology of (1.7 mm X 2.3 mm) and (0.8 mm X 1.1
mm) size on the sample surface. Post laser irradiation experiment, grazing incidence X-ray

diffraction (GIXRD) measurements were performed in a laboratory X-ray diffractometer,
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equipped with a sealed tube X-ray (Cu Ka of 1.54A wavelength) generator operating at 3 kW
output power. The same diffractometer was also used for grazing incidence X-ray reflectivity
(GIXR) measurements which were carried out on all the samples in 26 range of 0-4° with step
size of 0.01°. Rocking curve measurements have been done prior to each measurement for
aligning the sample. During the above measurements, slit width of the diffractometer was
adjusted to cover only the laser irradiated region of the sample.

All the irradiated samples have also been characterized by X-ray Absorption
Spectroscopy (XAS) measurements with synchrotron radiation which comprises of both X-
ray Near Edge Structure (XANES) and Extended X-ray Absorption Fine Structure (EXAFS)
techniques [45] at Energy Scanning EXAFS beam line (BL-9) of INDUS-2 SRS as described
in Chapter-2. The incident X-ray beam spot size was reduced to 2 mm (horizontal) x 1 mm
(vertical) by increasing radius of curvature of second crystal of DCM to make it incident on
the damaged spot. The X-ray energy range scanned for Ta,Os samples was in the range of
9820 eV to 10590 eV around Ta L3-edge (9881 eV), for HfO, was in the range of 9480 eV to
10230 eV around Hf L3-edge (9561 eV) and for Gd,O3 samples was in the range of 7175 eV
to 7935 eV around Gd L3-edge (7243 eV). However, the TiO, samples could not be
characterized by EXAFS since the absorption edge of Ti K-edge (4966 eV) is very near to the
energy edge of various impurity elements present in the BK-7 substrate on which the samples
were deposited. Thus for the TiO, samples measurements have been carried out only in the

XANES region of 4890 to 5125 eV.
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8.5 Results and discussions:

8.5.1 Titanium di-oxide samples:

No. of Magnification 2.5 Magnification 1
pulse shots (0.8 mm X 1.1 mm) (1.7 mm X 2.3 mm)

10 shots

15 shots

23 shots

30 shots

Fig.8.3: Optical microscopic images of laser irradiated TiO, sample spots after
undergoing laser irradiation of 0.95 J/cm?
The optical microscopic images of laser irradiated zones of TiO, samples are
displayed in Fig.8.3 which shows the evolution of morphology with the increase in number of
shots. The change begins with the formation of small holes after 10 shots and then increased

numbers of holes along the circular line creates arc of damaged holes. Beyond 23 shots the

201



100 E\/
10% - —— As deposited
—————— 10 shots
] 15 shots
10” 3 N 23 shots
] N e 30 shots
> 1075
>
g
- -4 |
5 10
04
10°
10° -
10-7 ' 1 ' 1 ' 1 ' 1 '
0.0 0.4 0.8 1.2 1.6 2.0

0in degree

Fig. 8.4: GIXR spectra of as-deposited and all laser irradiated TiO, sample spots.

arcs of holes have got merged with one another and have got diffused due to melting.
Recrystallization beyond 23 shots as evident from GIXRD pattern, discussed later, might be
the reason of very high absorption due to increase in optical path length [213] in the
interfaces of grains which ultimately results in increase in higher local heating and rapid
damage of the sample.

GIXR spectra of all the irradiated TiO, samples along with the as-deposited sample
have been depicted in fig. 8.4. As can be seen from fig. 8.4, there is no significant difference
in density among the TiO, samples irradiated by variable number of shots. Only there is a
slight change in slope of reflectivity curve which signifies minor change in surface
morphology. Fig. 8.5 shows the recorded GIXRD pattern of all the laser irradiated TiO,
sample spots along with that of the as-deposited sample. The comparison of measured

GIXRD pattern with the standard PCPDF file (PCPDF file No: 860147) suggests that the as-
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deposited as well as laser irradiated samples exhibit rutile phase of TiO,. This is contrary to
our earlier published report [105], presented in Chapter-4, in which amorphous nature of
magnetron sputtered TiO, thin films were observed when grown without flow of oxygen.
This could have happened due to higher deposition rate (3.7 A sec™) at 230W magnetron
power used earlier as compared to the present deposition rate of ~0.3 A sec at magnetron
power of 100 W. As can be further observed from fig. 8.5, the peak height of the rutile
crystallographic plane (110) detected for the samples decreases with initial increase of

number of laser pulse shots. However beyond 23 shots, the crystallinity has stared improving.
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Fig. 8.5: GIXRD spectra of all the laser irradiated TiO, sample
spots along with that of the as deposited sample spot.

XANES spectra of as-deposited and laser irradiated TiO, samples are shown in Fig.
8.6(a). Pre-edges as observed in the XANES spectra have also been marked in the same

figure. As has been explained by Farges et al.. [141] the pre-edges in six-coordinated TiO,
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spots. (b) Expanded XANES spectra in the region of 4980-5000 eV.

arises due to transition from

Kityakarn et al.. [142], in Fig. 8.6(b), we have also expanded XANES spectra in the region of
4980-5000 eV. It has been observed from Fig. 8.6(b) that the XANES spectrum of all the
samples show convex curvature in the regime of 49904995 eV manifesting rutile phase.
This is consistent with the observation made by GIXRD measurement which also predicts

rutile phase of TiO,. Fig. 8.7 shows the pre-edge region of the XANES spectra in the same

‘s’ orbital to mixed p—d orbitals. To compare with the results of
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scale which shows that the pre-edges peak intensity decreases with increase in laser
irradiation up to 23 shots and beyond which it increases again. This implies that up to 23
pulse shots there is a transition from distorted octahedral to amorphous geometry [222] and

beyond 23 pulse shots it again returns to distorted octahedral geometry.
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Fig. 8.7: (a) Pre-edge region of the XANES spectra of as-deposited and laser
irradiated TiO, sample spots.

8.5.2 Tantalum pentoxide samples:

The evolution of laser irradiation morphology of Ta,Os samples as obtained from
optical microscopic imaging has been displayed in Fig. 8.8. It shows visible damage from 20
pulse shots onwards and the damaged morphologies are in the form of elongated scratch

along the arc of circular laser beam profile. The elongated scratches get fatter as the number
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Fig.8.8: Optical microscopic images of laser irradiated Ta,Os sample spots after

undergoing laser irradiation of 2.06 J/cm?.

of shots increases and the scratches start overlapping with one another when the number of to
40. GIXR spectra of all the irradiated Ta,Os sample spots along with the as-deposited sample
have been depicted in Fig. 8.9. As can be seen from this figure, there is no significant
difference in density or surface roughness among the Ta,Os samples with increase in the
number of laser shots. GIXRD spectra of as-deposited and all the irradiated Ta,Os samples
are shown in Fig. 8.10 which indicates amorphous nature of the film and it shows no change

upon irradiation of sample by laser pulse or by increasing number of laser irradiation shots.
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Fig. 8.9: GIXR spectra of as deposited Fig. 8.10: GIXRD spectra of as deposited

and all laser irradiated Ta,Os sample and all laser irradiated Ta,Ossample spots.
spots.

Fig. 8.11 shows normalized EXAFS spectra of all the Ta,Os samples measured
around Ta L3-edge (9881 eV) in the energy range of 9820 to 10590 eV. Measured EXAFS
spectra have been processed as described in Chapter--2 and Fourier transformed EXAFS
spectra have been derived. The first shell (1-2 A) of the FT-EXAFS spectra have been fitted
assuming B-Ta,Os phase (space group: Pccm). Scattering paths for B-Ta,Os structure were
generated using the structural parameters given in the literature [154] and the contributing
single scattering paths in R range of 1-2 A are displayed in Table-8.2. While fitting, two
closely located Ta-O shells at Rer of 1.949 A and 1.983 A have been represented by a single
co-ordination shell with degeneracy 4. Post fitting, the bond parameters obtained from path-1
and path 2 have been averaged out to arrive at a single set of bond parameters for Ta-O co-

ordination shell. Fig. 8.12 displays the experimental and fitted FT-EXAFS spectra for the
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Fig. 8.11: Measured normalized EXAFS spectra of as-deposited
and all laser irradiated Ta,Ossample spots.

Table-8.2: Scattering paths used for fitting Ta,Os EXAFS data assuming
orthorhombic crystal structure having p-Ta,Os phase (space group:
Pccm)
degeneracy Rett Amp
Path-1 (Tal-O1) 2 1.839 100
Path-2 ( Tal-O3) 2 1.949 87.46
Path-3 ( Tal-02) 2 1.983 83.94

all the laser irradiated Ta,Os sample spots while fig. 8.13 shows the plot of average Ta-O
bong length, oxygen co-ordination number and average disorder of Ta-O bonds as obtained
by analyzing Ta,Os EXAFS spectra, as a function of no. of shots. As can be seen from this
figure, Ta-O bond length increases with the increase in number of pulse shots from 10 to 15

and subsequently the bond length remains almost stable with the further increase of number
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Fig. 8.12: Experimental and fitted FT-EXAFS spectra for all the laser

irradiated Ta,Os samples.
of shots. On the other hand, oxygen co-ordination is found to increase monotonically with the
increase in number of shots. Referring to fig. 8.8, it can be observed that in spite of the fact
that the damaged spot size increases with the increase in number of shots, the bond length has
increased prior to damage (i.e. from 10 shots to 20 shots), which is as expected since the
lattice gets expanded due to laser heating prior to the onset of damage, however after the

onset of damage bond length remains almost stable with the increase in number of shots.
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Fig. 8.13: Plot of (a) average Ta-O bong length, (b) oxygen co-ordination
number and (c) average disorder of Ta-O bonds obtained from EXAFS.

This can be ascribed to the monotonic increase in oxygen stoichiometry with the increase in
number of shots. The increased oxygen stoichiometry helps in reducing heat absorption from
laser beam [219] and thus prevents the increase of Ta-O bond length. The monotonic increase
of oxygen co-ordination with the increase in number of pulse shots could be due to the
oxygen adsorption of the sample from atmosphere [223] which increases as the interaction

time of laser beam and sample increases with the increase in number of shots.
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8.5.3 Hafnium di-oxide samples:

No. of pulse Magnification 2.5 Magnification 1
shots (0.8 mm X 1.1 mm) (1.7 mm X 2.3 mm)

05 shots

10 shots

20 shots

30 shots

Fig.8.14: Optical microscopic images of laser irradiated HfO, sample spots
after underaoina laser irradiation of 5.58 J/cm?.

The evolution of laser irradiation morphology of HfO, samples as obtained from
optical microscopic imaging has been displayed in fig. 8.14. Fig. 8.15 displays the measured
GIXR data of as-deposited and all laser irradiated HfO, sample spots and the plots have been
zoomed in the o range of 0-1° and shown in the inset of the same figure. The figure shows no
substantial change in density while there is a substantial change in surface morphology as
dictated by the difference in slope of the spectra beyond critical angle. To further investigate
the surface morphology of the samples the GIXR data has been analyzed assuming a realistic

sample structure. The trend of variation of surface roughness obtained by analyzing the GIXR
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Fig. 8.15: Measured GIXR spectra of as-deposited and all laser irradiated
HfO, samples.
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Fig. 8.16: Varriation of roughness of laser irradiated spots of HfO, as obtained
analvzina the GIXR data.
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data has been shown in fig. 8.16. Typical error in estimation of surface roughness by GIXR
measurement is 0.5 A [224]. A representative sample layer structure model used for analysis
has been shown in the inset of same figure. The increase in surface roughness with the laser

treatment is generally observed in laser treatment literature [225] as has been observed in
present case up to 10 shots of laser pulse. However, beyond 10 shots, the surface roughness
no longer increases but decreases slightly which is possibly due to laser annealing [226]. This
is to be recollected from optical microscopic images shown in fig. 8.14 that the laser induced

damage has started occurring beyond 10 shots.
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Fig. 8.17: Measured GIXRD spectra of as-deposited as well as laser
irradiated HfO, sample spots.

Measured GIXRD spectra for all the as-deposited as well as the laser irradiated

samples are shown in fig.8.17. The spectra were compared with standard database of JCPDS
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and the peak positions are found to resemble with that of standard monoclinic HfO, material
(PCPDF 78-0050). However, the obtained peaks are broad which is generally resulted from
finite crystallite size or strain in the lattice. Williamson-Hall (W-H) analysis [227] has been
carried out to eliminate the broadening due to strain and to extract average crystallite size
from all the GIXRD peaks. The representative Williamson-Hall plot of as deposited HfO,
sample has been shown in fig. 8.18(a). The obtained values of crystallite size have been
plotted in fig. 8.18(b) which shows that crystallite size decreases with the increases in laser
pulse shots which might be due to the disintegration of larger crystallites into smaller one

with the increase in laser pulse shots.
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Fig. 8.18(a): Representative Williamson-Hall Fig.8.18 (b): Plot of variation of
plot for as deposited HfO, sample. crystallite size with increase in number of
pulse shots as obtained from GIXRD.

Fig. 8.19 shows the measured EXAFS data for all the laser irradiated HfO,
sample spots around Hf L3-edge (9561 eV) in the range of 9480 to 10230 eV. Measured
EXAFS data have been processed as described in Chapter-2 and Fourier transformed EXAFS

spectra have been derived. The obtained Fourier transformed EXAFS spectra have been fitted
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Fig. 8.19: Measured EXAFS spectra for all the laser irradiated HfO, sample spots

in the R range of 1.2-3.3 A assuming monoclinic crystal structure (space group: P21/c) as
obtained from GIXRD measurement. Scattering paths were generated for the same structure
using the structural parameters given in the literature [103] and the contributing single
scattering paths in R range of 1.2-3.3 A are displayed in table-8.3. To reduce the number of
variable parameters, while fitting, all these scattering paths have been represented by three
major paths visualizing Path-5(Hf-O) with degeneracy 7, path-11(Hf-Hf) with degeneracy 7

and path-45 (Hf-Hf) with degeneracy 4.
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Table-8.3: Scattering paths used for fitting HfFO, EXAFS data assuming monoclinic crystal
structure (space group: P21/c).

Model of | Path No. | Degeneracy Refrective (A°) Amplitude Scattering  paths

structure considered

Monoclinic | Path-1 1 2.054 100 [+] O1_1[+]
Path-2 1 2.063 99.01 [+]1 01 2 [+]
Path-3 1 2.138 90.78 [+] 02 1 [+]
Path-4 1 2.147 89.91 [+] O1_3[+]
Path-5 1 2.162 88.34 [+] 02 2 [+]
Path-6 1 2.213 83.45 [+] 02_3 [+]
Path-7 1 2.217 83.08 [+] 02_4 [+]
Path-8 1 3.346 35.91 [+] Hf 1 [+]
Path-11 2 3.398 69.59 [+] Hf 2 [+]
Path-12 2 3.404 69.32 [+] Hf 3 [+]
Path-14 1 3.425 34.23 [+] Hf 4 [+]
Path-21 1 3.528 32.15 [+] Hf 5 [+]
Path-45 2 3.929 50.47 [+] Hf 6 [+]
Path-51 2 4.017 47.90 [+] Hf 7 [+]

Fig. 8.20 displays the experimental and fitted FT-EXAFS spectra for all the laser

irradiated HfO, samples. After analyzing the EXAFS data the obtained average bong length,

co-ordination number and average disorder for Hf-O bond (represented by path 5) have been

plotted in fig. 8.21 and that for Hf-Hf bond (represented by path 11) have been plotted in fig.

8.22 as a function of number of laser shots.

It is to be observed that with the initial increase in number of shots (<10shots), both
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Fig. 8.20: Experimental and fitted FT-EXAFS spectra for all the laser
irradiated HfO, sample spots.

Hf-O and Hf-Hf bond length expands due to absorption of laser energy by the lattice, oxygen
co-ordination increases due to adsorption of oxygen by the sample. It can be seen that the
results of the oxygen coordination shell in case of the HfO, samples are opposite to that
observed for that of Ta,Os samples, where beyond the onset of laser damage the oxygen
coordination decreases, possibly due to desorption of oxygen from the samples. This in turn
causes enhancement of heat absorption by the samples from the laser radiation and hence Hf-

O bond length increases monotonically with an increase in no. of shots.
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8.5.4 Gadolinium oxide samples:

The evolution of laser irradiation morphology of Gd,O3; samples as obtained from
optical microscopic imaging has been displayed in Fig. 8.23. GIXR spectra of all the
irradiated Gd,O3 samples along with the as-deposited sample have been depicted in fig. 8.24.

The variation of critical angle has been shown in the inset of the same figure.
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Fig. 8.23: Optical microscopic images of laser irradiated Gd,O3 sample spots
after undergoing laser irradiation of varying fluencies.

Measured GIXRD spectra for all the as-deposited as well as laser irradiated sample
spots are shown in fig. 8.25. The spectra were compared with standard database of JCPDS
and it is found that the peak position at 29.4° and 47.5° can be ascribed to (222) and (440)

plane of either ia-3 space group (PCPDF 431014) and 1213 space groups (PCPDF 760155)
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Fig. 8.24: GIXR spectra of all the laser irradiated Gd,O3; samples
along with the as-deposited sample.
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Fig. 8.26: Measured normalized EXAFS spectra of as deposited and all

laser irradiated Gd,O3sample spots
respectively having body centered cubic (BCC) crystallographic structure. Additional peak at
26.9° as observed in measured GIXRD pattern can be ascribed to (310) plane of 1213 space
group alone. Overall, GIXRD measurement suggests that all the Gd,O3; samples exhibit either
ia-3 or 1213 or both the space groups.

Fig. 8.26 shows the measured EXAFS data for all the laser irradiated Gd,O3 samples
around Gd L3-edge (7243 eV) in the range of 7175 to 7935 eV. Measured EXAFS spectra
have been processed as earlier and Fourier transformed EXAFS spectra have been derived.
The obtained Fourier transformed EXAFS spectra have been fitted in the R range of 1.2-3.4
A assuming both i213and ia-3 space groups as obtained from GIXRD measurement.

Scattering paths for 1213 space groups were generated using the structural parameters given
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Table-8.4: Scattering paths used for fitting Gd L3-edge y(R) versus R data
assuming BCC crystal structure having space group 12;3.

Degeneracy Reft Amp
Path-1 (Gd-02) 3 2.396 100
Path-2 (Gd-O1) 3 2.410 98.49
Path-3 (Gd-Gd3) 3 3.509 46.94
Path-5 (Gd-Gd2) 3 3.658 43.22

Table-8.5: Scattering paths used for fitting Gd L3-edge y(R) versus R data
assuming BCC crystal structure having space group ia-3.

Degeneracy Reff Amp
Path-1 (Gd-01) 6 2.281 100
Path-2 (Gd-Gd2) 6 3.553 41.93

in the literature [185] and the contributing single scattering paths in R range of 1.2-3.4 A are
displayed in table-8.4. While fitting, two closely located Gd-O shells at Ret of 2.396 A and
2.410 A have been represented by a single co-ordination shell with degeneracy 6 and average
bond parameters have been calculated for Gd-O shell. For Gd-Gd shells also, post fitting, the
parameters of two nearby coordination shells have been averaged out to arrive at a single set
of parameters. As for ia-3 space group model, the scattering paths were generated using the
structural parameters given in the literature [186] and the contributing single scattering paths
in R range of 1.2-3.4 A are displayed in Table-8.5. The bond parameters of these scattering
paths were varied and simulated EXAFS spectra were fitted with the processed EXAFS
spectra from measured data.

Fig. 8.27 displays the experimental and fitted EXAFS spectra for all the laser
irradiated Gd,O3 samples assuming both the models. The qualities of fitting using both the
models were computed by evaluating R-factor [78] and are displayed in fig. 8.28 for

comparison. It can be observed from fig. 8.28 that quality of fitting for all the samples are
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Fig. 8.27: Experimental and fitted FT-EXAFS spectra for all the laser irradiated Gd,O3

samples.
better using ia-3 model. So, local structural investigation indicates the possibility of
formation of ia-3 space group even though long range structural investigation by GIXRD
measurement indicates better signature of 1213 space group. In present study, the local
structural information obtained using ia-3 space group models have been presented in Fig.
8.29 and 8.30 which respectively depict the trend of variation of Gd-O and Gd-Gd bonding
parameters. As can be seen from fig. 8.29, the results are similar to the case of HfO, samples,
where Gd-O bond length increases continuously beyond the onset of damage, manifesting
expansion of the lattice along with decrease in oxygen coordination. The decrease in oxygen
coordination acts as oxygen defect in the lattice and causes enhancement of heat absorption

by the samples from the laser radiation.
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8.6 Conclusion:

Four refractory oxide samples visualizing TiO,, Ta;0s, HfO, and Gd,O3 samples have
been irradiated with nanosecond pulse laser of 1064nm with varying irradiation around their
damage threshold. The evolution of macro/micro structural properties with the increase in
laser irradiation has been investigated employing mainly EXAFS and GIXRD technique and
the following observations could be made. In case of TiO, samples, it is observed that up to
23 pulse shots there is a transition from distorted octahedral to amorphous nature and beyond
23 pulse shots it again returns back to distorted octahedral geometry due to recrystyallization
by laser irradiation. In case of Ta,Os samples, films remain in amorphous phase even with the
increase of no. of shots and. Ta-O bond length increases initially and then remains constant.
Here monotonic increase in oxygen stoichiometry with the increase in number of shots helps
in reducing heat absorption from laser beam and prevents Ta-O bond length to expand
further. In case of HfO, samples, the samples remain monoclinic though crystallite size
decreases beyond damage threshold. Contrary to the case of Ta,Os samples, in case of HfO,
samples, Hf-O bond expansion take place monotonically with increase in number of shots
even beyond the onset of laser damage. This is due to the fact that in this case oxygen
coordination decreases continuously with the increase of pulse shots number which causes
enhancement of heat absorption by the samples. In case of Gd,O3; samples also, it is found
that with the increase in laser fluence, Gd-O bond length increases continuously beyond the
onset of damage, manifesting expansion of the lattice along with decrease in oxygen

coordination.
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CHAPTER-9

Summary and future work plan

9.1 Introduction:

Metal oxide thin films can be prepared by sputtering techniques in two manners,
either by sputtering metallic targets along with addition of oxygen flow to cause reactive
sputtering or by directly sputtering of metal oxide targets. In direct sputtering of metal oxide
targets also, addition of oxygen flow in deposition ambient is required as the bombarding Ar+
ions do not necessarily sputter the target species in form of molecules. In fact there is always
a chance of dissociation of target molecules in its constituent atoms/ions as the energetic Ar+
ions collide with the target surface. These sputtered atoms or ions again form oxide
molecules of target material and get deposited on the substrate. In the process there can be
loss of oxygen which may lead to non-stoichiometric film. Therefore it is always
recommended to purge in some amount of oxygen flow in deposition ambient even in case of
sputtering metal oxide targets. But then the quantity of oxygen inflow has to be properly
optimized since this oxygen not only influences the stoichiometry of the deposited film but
also affects the effective sputtering rate since oxygen and argon has very different sputtering
yields. Moreover oxygen pressure in deposition ambient controls the kinetic energy of the ad
atoms as these ad atoms undergo collision with oxygen atoms before reaching to the
substrate. All these factors make oxygen to argon flow ratio in deposition ambient a very
crucial parameter which influences, along with other properties, the stoichiometry, surface

morphology and crystallinity of the deposited oxide thin films.
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In this chapter, the results of studies made on various refractory oxide thin films deposited
under varying oxygen to argon flow ratio and substrate biasing during magnetron sputtering
have been summarized. The results on Gd doped ZrO, sample deposited under varying
doping percentage has been concluded. The results of evolution of local structural properties

with the laser irradiation of oxide thin film samples have also been summarized.

9.2 Summary on study of HfO, samples:

HfO, thin films have been deposited on fused silica substrates by RF magnetron
sputtering technique under varying oxygen partial pressure in the range of 0-60%; one set
without any substrate bias and another set with substrate kept under pulse DC substrate
biasing. From detailed characterizations of these thin film samples following major
observations have been made:

(i) All the HfO, films were polycrystalline with predominantly monoclinic crystal structure
and crystallinity of the films gets degraded with increase in oxygen partial pressure during
deposition.

(i) For films deposited without oxygen and with 9.1% oxygen partial pressure, the densities
are high but band gaps are low and overall refractive index as obtained from optical
transmission measurements are high manifesting oxygen deficiency and high Hf content in
the films.

(iii) The density of the films deposited with substrate bias is found to be higher than that for
the films deposited without substrate bias since enhanced bombardment of Ar® ions on the
growing films in the negative half cycle of the pulsed bias leads to more compact and denser
films. For films deposited at >15% oxygen partial pressure without any substrate bias, density

shows an overall increasing trend with oxygen partial pressure, however for the other set
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deposited with substrate bias, density does not increase, rather decreases slightly. This is
attributed to the fact that for the later set of films, as oxygen partial pressure is increased,
enhanced bombardment of the growing films by negative oxygen ions in the positive half
cycle leads to oxygen rich low density films.

(iv) The variation of density and void content in the films have got reflected in the variation
of overall optical properties of the HfO, films as obtained from transmission measurements.
Refractive index of the films deposited with >15% oxygen partial pressure and without
substrate bias show an overall increasing trend with increase in oxygen partial pressure, due
to increase in density. However, for the set of films deposited with substrate bias, refractive
index does not increase significantly since density does not increase due to enhancement of
void content in the films.

(v) Finally we conclude that stoichiometric HfO, films with high band gap, high refractive
index and low void content can be obtained with 15-30% oxygen partial pressure and with a
substrate bias of 50 watt pulse DC on the substrate.

(vi) The information obtained from EXAFS measurement has been found to be correlated
with the variation of intrinsic refractive index of the deposited material. For the set of HfO,
films deposited without substrate bias, the variation of intrinsic refractive index of the films
with oxygen partial pressure could be explained in terms of the variation of Hf-Hf bond
lengths estimated from the EXAFS modelling. It has been observed that the film having
lowest Hf-Hf bond length manifests the highest refractive index due to increase in
compactness and density. However, for the set of films deposited with substrate bias it has
been observed that refractive index does not follow the trend of variation of Hf-Hf bond
length. Rather for this set of films, oxygen coordination surrounding Hf sites plays a major

role. In this case, Ar+ ion bombardment -ve cycle of PDC substrate bias causes oxygen loss
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from the sample resulting in lower refractive index in the range of 20-40%, where as beyond
40% oxygen partial pressure, oxygen ion bombardment predominates which results in
improved stoichiometric and high refractive index film. Thus EXAFS measurement and
analysis provides a microscopic explanation of the macroscopic behaviour of intrinsic

refractive index of the oxide films.

9.3 Summary on study of TiO, set samples:

This study was made on a set of TiO, thin films deposited by asymmetric bipolar
pulse DC sputtering technique using different oxygen partial pressures in the range of 0 to
21%. The structural properties of the samples have been studied by GIXRD and EXAFS
measurements while the optical properties of the films have been studied by transmission
spectrophotometry. The data were analysed and the following observations have been made:
(i) The band gap increases monotonically with increase in oxygen partial pressure and this
has been attributed to the realisation of more and more stoichiometric films with reduction in
oxygen vacancies, as oxygen partial pressure is increased in deposition ambient. (ii) The
refractive index of TiO, films varies in a non-linear fashion with increase in O, partial
pressure in the sputtering ambient. (iii) GIXRD measurements show that all the films have
grown in mixed phase of anatase and rutile; and the anatase phase fraction in the films
increases continuously as oxygen partial pressure is increased which cannot explain the
observed non-linear variation of refractive index of the films with increase in oxygen partial
pressure. (iv) However, local structure investigation by EXAFS measurements shows that
anatase phase fraction also varies in a non-linear fashion with increase in oxygen partial
pressure and almost follows an opposite trend observed for the variation of refractive index of

the films. (v) Finally, the non-linear variation of macroscopic and microscopic properties of
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the TiO, films with increase in oxygen partial pressure has been attributed to the competition
between two processes during the film growth, viz., improvement of oxygen stoichiometry of
the films and reduction in mobility and kinetic energy of the adatoms reaching the surface of

the growing films.

9.4 Summary on study of Ta,Os5 samples:

This study has been made on a set of Ta,Os thin films, deposited by ABPDC
sputtering technique with the systematic variation of oxygen partial pressure (0-50%) used
during the deposition, to see if it is possible to correlate the optical properties with the
structure of the films probed by GIXRD and EXAFS. Intrinsic refractive index of the Ta,Os
samples, as obtained from spectroscopic ellipsometry measurements are found to decrease
initially and then increases with an increase in oxygen partial pressure while band gap shows
monotonic increase up to 30% oxygen partial pressure and then decreases with the
subsequent increase in oxygen partial pressure. These results have been explained in the light
of change in average Ta-O bond lengths and oxygen coordination around Ta sites as obtained
from EXAFS measurements. The trend of variation in oxygen co-ordination as estimated
from EXAFS measurements has been found to follow the variation in oxygen to tantalum
ratio in the films as estimated from RBS measurement, while the variation in physical density
of the films obtained from RBS measurements is found to be similar to the variation in Ta-O
bond lengths obtained from EXAFS measurements.

Tantalum pentoxide is an important optical material which finds application in
various multilayer thin film based optical devices. The above study will be helpful to have an
insight into the dependence of the parameters of sputtering process on the optical properties

of the films and hence in the optimization of these parameters to obtain optical quality films.
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9.5 Summary on study of Gd,O3; samples:

Under this study, a set of Gd,Os thin films has been deposited on quartz substrates by
RF sputtering under a mixed ambient of argon and oxygen at various oxygen partial pressures
in the range 0-50%. GIXRD measurements show that all the thin film samples are grown in
cubic phases, while GIXR measurements show that the films have low surface roughness
which decreases as oxygen partial pressure is increased in the sputtering ambience. Similar
variation is also observed for the surface roughness value obtained from AFM measurements.
RBS measurements show that the films deposited at lower oxygen partial pressure are oxygen
rich while relatively stoichiometric films are realised at higher oxygen partial pressure. The
density of the films, obtained from GIXR measurements is found to vary in a non-linear
fashion with the films deposited at 9.1% oxygen partial pressure having the lowest density,
the overall refractive index obtained from transmission measurements follow the similar
variation as bulk density as expected. Spectroscopic ellipsometry measurements show that the
low density of the sample prepared with 9.1% oxygen partial pressure is due to the presence
of high concentration of voids in this sample. EXAFS measurements have yielded
information regarding the local structure around Gd sites. Comparing the nature of variation
of Gd-Gd bond length of the samples obtained from EXAFS measurements, as a function of
oxygen partial pressure, with that of the intrinsic refractive index of the Gd,O3; material
present in the films, as obtained from the spectroscopic ellipsometric measurements, it could
be concluded that these films assume ia-3 space group of cubic crystalline structure. Thus by
applying complementary characterisation techniques, it has been possible to explain several
macroscopic properties of this technologically important thin film system from microscopic

structural information.
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9.6 Summary of study made with the variation of oxygen partial
pressure:

From all the studies made on four refractory oxide thin films namely HfO,, TiO,,
Ta,0s and Gd,03 prepared by sputtering technique at varying oxygen partial pressures, the
following general observations could be made.
1. With the onset of oxygen flow in deposition ambient the deposition rate decreases
drastically and with further increase in oxygen partial pressure the deposition rate decreases
gradually. The gradual decrease in sputtering rate with increase in oxygen partial pressure
might be due to the fact that sputtering efficiency of oxygen is less than that of argon.
However, the large decrease in sputtering rate with onset of oxygen ambient cannot be solely
due to the lower sputtering efficiency with oxygen. This can be attributed to reaction on the
target surface leading to oxygen-rich compound formation that would result in sputtering of
material in form of compound compared to preferential sputtering of metal in oxygen-free
ambient.
2. The direct band gap as estimated from transmission measurements shows an overall
increasing trend with increase in oxygen partial pressure in all cases. This is probably due to
the fact that the thin films deposited without oxygen suffers from oxygen deficiency in the
sample thereby leading to metal rich low band gap thin film. With the increase in oxygen
partial pressure due to realization of stoichiometric oxide films the band gap increases.
3. In all cases, refractrive index of the film without oxygen flow is high due to metal rich film
formation. With the onset of oxygen refractive index decreases and then varies in a non-linear
fashion with further increase in oxygen partial pressure due to various competitive

phenomena in the deposition process.
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4. The optical properties of all the studied thin film samples prepared in varying oxygen
partial pressures have been found to be correlated with local structural properties in different
way in different type optical materials. For example for HfO, set of thin films deposited
without substrate biasing, the variation of intrinsic refractive index of the films with oxygen
partial pressure was found to be correlated with the variation of Hf-Hf bond lengths estimated
from the EXAFS measurements. It has been observed that the film having lowest Hf-Hf bond
length manifests the highest refractive index due to increase in compactness and density.
However, for the set of films deposited with substrate bias it has been observed that refractive
index shows correlation with rather oxygen coordination surrounding Hf sites. For the set of
TiO, samples, the non-linear variation of refractive index with respect to oxygen partial
pressure could be explained, at least in limited range (~5-15%), based on the anatase to rutile
phase ratio obtained from local structural analysis. For the set of Ta,Os samples, the variation
of refractive index was found to be related with Ta-O bond length up to around 40% oxygen
partial pressure beyond which refractive index is found to have been correlated with oxygen
co-ordination number around Ta sites. For the set of Gd,O3 samples, the trend of refractive
index is found to be correlated with Gd-Gd bond length when these bond lengths are
extracted assuming ia-3 space group instead of 12,3 space group which is another possible
crystallographic phase of Gd,O3;. Thus EXAFS measurement and analysis provides a
microscopic explanation of the macroscopic behaviour of refractive index of the studied

refractory oxide films in one or other ways.

9.7 Summary on study of Gd doped ZrO, set of samples

In this study, ZrO, thin films with 0, 7, 9, 11 and 13% of Gd doping were prepared by

RF magnetron sputtering technique by sputtering pure/doped ZrO, targets under mixed
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ambient of Ar and O,. It has been observed from spectroscopic ellipsometry and optical
transmission measurements that the void fraction present in the films increases significantly
beyond Gd doping concentration of 11% causing a decrease in the effective refractive index
of the films. It has also been observed from GIXRD measurements that though the undoped
ZrO, film is having monoclinic structure, Gd doping stabilises the films in cubic structure.
This is further confirmed by EXAFS measurements on the samples at Zr K edge which shows
that better fitting of the FT-EXAFS data could be obtained with cubic structure up to a Gd
doping concentration of 9%, beyond which, however, better fitting of the data are obtained
with monoclinic structure. EXAFS measurements at Zr K edge and Gd Ls edges further
confirm that Gd dopants replace Zr atoms in ZrO, matrix up to 9-11% doping concentration
with creation of oxygen vacancies near Zr sites, however above 11% Gd doping, Gd
precipitates out as a separate Gd,O3 phase. This corroborates the observed optical properties
of the thin films that Gd doping beyond 11% yields samples with higher void fraction, lower

band gap and lower effective refractive index.

9.8 Summary on study of local structure investigation on refractory
oxide thin films near laser damage threshold:

Four refractory oxide thin film samples viz., TiO,, Ta,0s, HfO, and Gd,O3 have been
irradiated with nanosecond pulse laser of 1064nm with varying irradiation around their
damage threshold. The evolution of macro/micro structural properties with the increase in
laser irradiation has been investigated employing mainly EXAFS and GIXRD technique and
the following observations could be made. In case of TiO, samples, it is observed that up to
23 pulse shots there is a transition from distorted octahedral to amorphous nature and beyond

23 pulse shots it again returns back to distorted octahedral geometry due to recrystyallization
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by laser irradiation. In case of Ta,Os samples, films remain in amorphous phase even with the
increase of no. of shots and Ta-O bond length increases initially and then remains constant.
Here monotonic increase in oxygen stoichiometry with the increase in number of shots helps
in reducing heat absorption from laser beam and prevents Ta-O bond length to expand
further. In case of HfO, samples, the samples remain monoclinic though crystallite size
decreases beyond damage threshold. Contrary to the case of Ta,Os samples, in case of HfO,
samples, Hf-O bond expansion take place monotonically with increase in number of shots
even beyond the onset of laser damage. This is due to the fact that in this case oxygen
coordination decreases continuously with the increase of pulse shots number which causes
enhancement of heat absorption by the samples. In case of Gd,O3 samples also, it is found
that with the increase in laser fluence, Gd-O bond length increases continuously beyond the
onset of damage, manifesting expansion of the lattice along with decrease in oxygen

coordination.

9.9 Future work plan:

This thesis work establishes EXAFS as a useful technique to investigate the
microstructural properties of oxide thin films and their correlations with the macroscopic
properties which can directly be exploited in their technological applications. One limitation
of this work has been that no depth dependent structural information of the films has been
presented here. However, recently, a grazing incidence X-ray Absorption Spectroscopy
(GIXAS) measurement facility has been set up at the Energy Scanning EXAFS beam line at
INDUS-2 SRS by employing a 2-circle goniometry with 5-axis sample stage in the
experimental station of the beam line. In this facility it will be possible to change the grazing

angle of incidence of the synchrotron X-ray on the sample and hence its penetration depth
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inside the sample. It will also be possible to detect the fluorescence EXAFS and reflectivity
signals simultaneously from the same sample spot by two detectors. Thus this set-up would
provide depth dependent XAFS measurement facility on thin films. This work will further be
extended to carry out non-destructive structural investigation on interfaces of the multilayer
structures prepared using these oxide films.

The work on structural investigation of the films near their laser damage threshold
will also be extended to in-situ study where the films will be irradiated by the laser while
EXAFS data are measured so that real-time changes in the bond length etc.in the sample due

to laser irradiation can be carried out.
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Appendices

Appendix-A

Swanepoel method

Swanepoel method also known as envelope method is used to estimate thickness and
optical constants of single layer thin film deposited on transparent thick substrate as shown in

fig. A.1. A brief account of the methodology is described below.

_SThinFilm
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W r
0 & 0751
W j g
‘ | Substrate £ 0501
e ] —— Transmittance through bare
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Figure-A.1: Single layer thin film Figure-A.2: A typical transmittance
deposited on a thick substrate spectrum of single layer thin film

Transmittance through such single layer thin film system is given by [1] -

_ AX
B — Cx cos(¢p) + Dx?

=T(4,n,d,k) (A1)
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where A=16n%s, B=(n-1°(n+s?), }

C=2(n*-1)(n° -5 D=(n ~1)*(n-s%)

(A.1.1)
and p=4md/ A (A.1.2)
and X=exp(—ad) with a =47k/ A (A.1.3)

The expression of T as given by equation (A.1) is under the approximation that the substrate is

transparent and the absorption in thin film is less enough such that k® <<n®. A typical
transmittance spectrum through such thin film system is shown in Fig. A.2. As we can see from
equation (A.1) that, for a given experimental transmittance spectrum Texp(/l) ,three unknowns
visualizing film thickness (d), refractive index n(A1) and attenuation coefficient k(1) are to be
calculated simultaneously out of only one equation. So, basically this is an underdetermined
problem. This underdetermined problem is deterministically solved by envelope method which is
based on the construction of continuous envelope curve through the group of points where
extrema of interference fringes occurs.

Envelope of maxima and minima is drawn by interpolating or extrapolating the maxima

and minima points respectively or by using envelope drawing algorithm [2-3], as shown in the

Fig. A.3.
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Figure-A.3: Typical transmission spectrum of thin-film and it’s envelope

Theoretical expression for the envelope of maxima and minima (as shown in Fig. A.3) are given

by [1]-
T AX
M B—Cx+ Dx? (A2)
_ Ax
™ B+Cx+ Dx? (A.3)
From equations (A.2) and (A.3), we get
11). Ad)
T, Tu A
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Substituting the expression for C and A from equation (A.1.1) into equation (A.4), and after little

manipulation, we get

n=[N + (N2 —s2)*272 (A5)
Ty — T  S2+1
where N =2s T.T. >

From equation (A.5), one can calculate refractive index at extrema wavelength of the spectrum
by using the envelope curves shown in Fig. A.3.

The condition of extrema occurring at wavelength, 4 is given by-

2nd = mA (A.6)

m is integer for maxima and half-integer for minima, d is the thickness of the film.
By using the condition of extrema given in equation (A.6), thickness d can be calculated from

any two consecutive extrema (one maxima and another subsequent minima) visualizing

__ Ah
4= 4(”22'1 - nl/lZ) . AD

Now to average out the thicknesses calculated from all set of consecutive extrema, and for the
order number correction by approximating to nearest integer or half-integer, a graphical method
as described below is used.

Assuming, m; to be of the order number of the first extrema, equation (A.6) can be written as-

2nd = [ml + Ljﬂ,
2

—1/2=2d(n/A)—m, (A.8)
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where I= 0,1,2,3......... . The straight line (1/2) vs. (n/A) is plotted with the value of n as

calculated using equation (2.5) for tangent points of experimental transmission spectrum. ‘d’ is

calculated from the slope of the straight line and ‘m;’ is calculated from the intersection of the

straight line with the ordinate axis as shown in Figure-A.4.
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Figure-A.4: plotof /2 vs. n/ A

The order numbers of all other extrema are calculated based on the order number of first

extrema. With this exact order numbers, m and calculated values of d, the value of n is re-

calculated using equation (A.6) at all extrema wavelength. Substitution of this calculated d and n

in the expression of either (A.2) or (A.3) yields the value of attenuation coefficient, k.
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Appendix-B
Tauc-Lorentz dispersion model

The measured spectroscopic ellipsometry data of thin film or bulk material are used to
describe the sample based on a model of single or multiple layers of the given material. The
layers are represented by wavelength dependent dielectric functions called dispersion relations
that help to evaluate the material’s optical properties by adjusting specific fit parameters.
Following section deals with one such widely used dispersion formula known as Tauc-Lorentz
dispersion [4] formula.

Jellison and Modine developed this model (1996) using the Tauc joint density of states
and the Lorentz oscillator. The standard Lorentzian expression [5] of imaginary part of dielectric

constant e, (= 2nk) for a single electronic transition is:

A E,C.E
(E? —E2)? +C2E?

&,(E) = 2nk = (B.1)

where, E_is the peak transition energy, while A and C,_ determine the strength and broadening

of the transition respectively.

The joint density of states for an amorphous material as suggested by Tauc[6] is given
by:

A (E-E,)’

&,(E) = E?2

(B.2)
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Assuming the amorphous material to be a collection of non-interacting atoms one obtains the
following parametric expression for the imaginary part of the dielectric constant of the material

(g2) by directly multiplying egn. (C.1) with egn. (C.2).

E.C.(E-E,)’
em (E) = {(AT ( )

. EsE B3
E’-E2)+C2E’JE 7 S (B3)

=0 E<E

The expression for real part of dielectric constant can be obtained by Kramers-Kronig analysis

as:
2By +a
(Ez EZ £ ) r—atan +
1 C, a ot +al a L
ElTL(E)_ngL(OO)+2AHIAII1£r]In|: 2 i : jl_ATlc_t Ean 2
T & aky | (Eg+Eg—aEg) | #&" Eo o Ey+a
C.
;g2 B.4)
_E (
+2i:E Eg(EZ—;/TZL) 7+2tan™t p A
&t o aCy

_AnECy E®+Eg |n[E_E9]+2ArLEoCLE |n{ ‘E_Eg‘(E*'Eg) ]
9

ngt E E+Ey wet JE2-E2f +E2C?
where,
a, = (E2 -E2)E*+EC*—EZ(E. +3E})
Qpan = (E2 - Eoz)(Eg + E;) + Egz('\’L:2
a’C’

¢ =(E —7/)+T

o= «/4E§ ~-C%12
71 :VEj_CE/Z
Thus in the TL model the dispersion of optical constants can be described by the five parameters

A, CL E, By and &g, () -
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