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PREFACE

Thermoelectricity and optoelectronics are emerging as pivotal technologies in
addressing global energy challenges by enabling the direct interconversion of heat and
electricity, as well as facilitating light-matter interactions for energy harvesting and
emission. This thesis, titled “Optoelectronic and Thermoelectric Applications of Pr and
Nb Doped SrTiOs Nanostructures”, presents a comprehensive investigation into the
synthesis, characterization, and functional tuning of Praseodymium (Pr) and Niobium
(Nb) doped Strontium Titanate in both bulk and thin film forms. The work explores how
controlled doping, defect engineering, and nanostructuring influence key properties such
as electrical conductivity, Seebeck coefficient, bandgap, photoluminescence, and carrier
mobility. By employing techniques such as graphite burial sintering and oxygen-
deficient sputtering, the study achieves significant improvements in both thermoelectric
performance including high power factors and enhanced infrared absorption—and
optoelectronic behavior, such as visible-range transparency and tunable emission. This
dual-functional approach positions Pr and Nb doped SrTiOs as a promising material
platform for next-generation energy and electronic devices. The thesis is divided in to
nine chapters,

An overview of optoelectronic and thermoelectric materials is given in Chapter 1.
The fundamentals of thermoelectricity, optoelectronic materials, and thermoelectric
materials are covered in this chapter. The fundamentals of the thermoelectric phenomena
are briefly explained, along with standard criteria that indicate the effectiveness of
thermoelectric materials and techniques for enhancing waste heat conversion capabilities.
This chapter also elucidates the motivation and objective of the work, which is to modify
the optoelectronic and thermoelectric properties of materials through doping, band
engineering, defect modulation and carrier optimization in order to alter functional
capabilities for potential applications in optoelectronic and thermoelectric devices.

Chapter 2 deals with the synthesis and characterization of polycrystalline bulk

materials as well as monocrystalline thin films. The chapter explains the high temperature
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solid-state reaction and graphite sintering approach to synthesis bulk materials and it also
illustrates the optimal settings for Radio frequency sputtering to prepare thin films. A
brief overview on different structural, compositional, morphological characterization
methods along with optical, electrical, thermal and thermoelectrical studies employed in
this work is presented in this chapter.

Chapter 3 deals with the synthesis of Sr1xPrxTiOs bulk ceramics series of samples
with x=0.05, 0.075, 0.10, 0.125, 0.15, 0.20 via high temperature solid state reaction and
subsequent graphite burial sintering. The detailed structural and compositional analysis
before and after burial sintering were investigated by XRD, Raman spectroscopy. The
morphological features were analyzed using FE-SEM. The analysis reveals a structural
transformation from cubic to tetragonal system for doping concentrations x>0.1, which
was verified by Rietveld refinement. The proper concentration and distribution of the
dopant in the host matrix is verified using XRF and EDS analysis. The presence of
oxygen vacancies in the system which plays a vital role in determining optoelectronic
properties of the system was validated through XPS analysis. Graphite sintered samples
analyzed using UV-Vis-NIR spectroscopy showed a significant reduction in optical
bandgap and substantial NIR absorption. The role of excess Pr doping and generated
oxygen vacancies in the photoluminescence emission mechanism was also examined in
the samples.

Chapter 4 focuses on the thermoelectric properties of Sr1xPrxTiOs bulk ceramics. A
two-step graphite burial reduction technique was employed to reduce the double Schottky
barrier (DSB), which is formed by strontium and oxygen vacancies at the grain
boundaries, by adjusting the carrier concentration through point defects. The oxygen
deficiency in the system was analyzed using a combination of XPS and TGA. The
thermoelectric performance was assessed through temperature-dependent studies of
electrical and thermal conductivity. The thermoelectric figure of merit was found to be
enhanced by the two-step burial sintering combined with Pr doping. The increased
infrared absorption, along with a high thermoelectric power factor, suggests that the

sample is a promising candidate for both optoelectronic and thermoelectric applications.
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The size confinement effect of Pr doped SrTiOz on its thermoelectric and
optoelectronic properties is covered in Chapter 5. Oxygen-deficient RF magnetron
sputtering was used to create transparent and conducting Pr-STO thin films deposited on
quartz substrates. Intriguing structural characteristics such as Stranski—Krastanov (SK)
growth and cation segregation were observed which have adverse effect on their chemical
stability and optoelectronic performance. The structural parameters, analyzed via XRD
and Raman spectroscopy, were correlated with the temperature-dependent electrical
transport properties obtained from Hall Effect measurements. Morphological features,
investigated through FESEM and AFM, were further examined to elucidate the
conduction mechanism in the films. The optical studies unveiled significant transparency
in the visible spectrum, which could be adjusted through Pr doping. Additionally, the
analysis of photoluminescence emissions at specific wavelengths shed light on the
involvement of oxygen vacancies in the emission process. Controlled sputtering and post
deposition annealing resulted in formation of Sr cluster free thin films with high electron
mobility and conductivity. Deposition on Silicon substrates resulted in formation of thin
films with three to four order higher carrier concentration and enhanced TE performance.

Chapter 6 examines the impact of B-site doping and the size confinement effect on
STO thin films. In this study, titanium (Ti) sites in the SrTiOsz (STO) system were
substituted with niobium (Nb) ions to assess their electrical and thermoelectric properties.
The SrTiooNbo.1O3 powder was synthesized using a high-temperature solid-state reaction
and subsequently cold-pressed to create a sputtering target. Oxygen-free sputtering,
followed by high-temperature vacuum annealing, produced a high carrier concentration
in the range of 10%° - 10%* cm™. The structural, compositional, and morphological
characteristics of the film were analyzed using XRD, SEM, EDS, and AFM techniques.
The influence of sputtering power and argon gas pressure on the electrical and
thermoelectric properties of the films was systematically examined. By optimizing the
sputtering parameters, a record-breaking thermoelectric power factor of 1.85 W/mK?2
Watts achieved.
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Chapter 7 explores the impact of external magnetic fields and magnetic ion
inclusions on the thermoelectric performance of thin films. External magnetic fields can
significantly influence the thermoelectric properties of materials, especially in magnetic
thin films and nanostructures. To test this concept, thin films of nickel were deposited
using the RF magnetron sputtering technique. Magnetic force microscopy (MFM)
imaging revealed the formation of magnetic domains, while XRD patterns indicated a
preferred orientation of nickel films along the (111) plane. The thermoelectric and
magneto-thermoelectric properties of the sputtered thin films were investigated using a
custom-built experimental setup. This setup included Peltier elements, thermostats, and
PID controllers to regulate the sample's temperature, allowing for the examination of
variations in the Seebeck coefficient under an applied magnetic field. Saturation behavior
of thermoelectricity was also observed, providing insights into the magnetic nature of the
materials.

Chapter 8, presents a general conclusion and summary, in the field of optoelectronic
and thermoelectric (TE) materials. It highlights that doping, controlling oxygen
vacancies, removing double Schottky barriers (DSB) via graphite sintering, and
exploiting size confinement effects can be strategically employed to optimize the
optoelectronic and thermoelectric properties of strontium titanate (STO). Analyzing
defect chemistry provides a clear pathway to engineer the band structure and enhance the
intrinsic features of STO.

Chapter 9, the concluding chapter, outlines future research possibilities aimed at
further improving the optoelectronic and thermoelectric performance of SrTiOs-based
materials. It emphasizes approaches like vacancy manipulation, incorporation of metallic
and magnetic nano-inclusions, and the design of superlattice structures to enhance charge
transport, energy filtering, and reduce thermal conductivity. The chapter also explores the
development of oxide-based p—n junction thermoelectric generators for efficient energy
conversion, along with the promising application of these materials in temperature

sensing due to their strong response to thermal and electrical variations.
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Chapter 1 Introduction to optoelectronics and thermoelectricity

Chapter 1

Introduction to optoelectronics and
thermoelectricity
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1.1 Introduction

The study of optoelectronic and thermoelectric properties in materials is crucial for
advancing energy conversion, sensing, and display technologies. Optoelectronic
materials, particularly transparent conducting oxides (TCOSs) like indium tin oxide (ITO),
fluorine-doped tin oxide (FTO), and doped SrTiOs, exhibit high optical transmittance
(~85-90% in the visible range) and electrical conductivity (>10° S/cm), making them
essential for applications such as photovoltaics, LEDs, and photodetectors. Similarly,
thermoelectric materials, including SrTiOz-based perovskites, Bi>Tes, and emerging
double perovskites like Ca;NalOs and SraNalOs, enable direct heat-to-electricity
conversion. Notably, these double perovskites have demonstrated direct band gaps of
2.64 eV and 2.48 eV, respectively, alongside high Seebeck coefficients and low thermal
conductivities, resulting in promising thermoelectric figures of merit (ZT values) at
elevated temperatures.  This intrinsic relationship between optoelectronic and
thermoelectric properties stems from shared factors such as band structure, carrier
dynamics, and defect engineering. For instance, optimizing carrier concentration in
SrTiOs-based systems enhances both electrical conductivity and optical transparency,
while controlled defect introduction, such as oxygen vacancies, improves infrared
absorption and thermoelectric efficiency. This interplay suggests that optimizing one
property can positively influence the other, as materials with strong light absorption often
exhibit favorable electronic structures that enhance charge carrier mobility, benefiting
thermoelectric performance. Understanding these correlations enables the design of
multifunctional materials capable of efficiently managing both electronic and thermal
energies, thereby contributing to sustainable energy solutions and next-generation
optoelectronic and thermoelectric applications. Furthermore, advancements in defect
engineering, doping strategies, and nanostructuring have demonstrated the potential to
tailor these properties, offering new avenues for developing high-performance materials

for energy harvesting, electronics, and environmental applications [1-5].

3| Page



1.2 Optoelectronics

Optoelectronics combines the fundamental principles of optics and electronics to
develop devices capable of emitting, detecting, and controlling light. These devices
leverage the quantum mechanical properties of photons and electrons to perform a wide
range of functions, including signal processing, communication, and energy conversion
[6,7]. Key components in optoelectronics include light-emitting diodes (LEDs), laser
diodes, photodetectors, and solar cells. Transparent conducting oxides (TCOSs) play a
critical role in this domain, serving as essential materials that combine high electrical
conductivity with optical transparency, making them ideal for applications in displays,
photovoltaics, and touch screens. LEDs and laser diodes generate light through the
recombination of electron-hole pairs in semiconductor materials, while photodetectors
and solar cells convert light into electrical signals or power through the photoelectric and
photovoltaic effect. Advances in materials science, particularly with the development of
new direct bandgap semiconductor materials significantly enhanced the efficiency and
capabilities of optoelectronic devices. These innovations have profound implications for
numerous applications, from fiber optic communications and medical imaging to
renewable energy and consumer electronics, driving the ongoing miniaturization and

performance enhancement of modern technology [8,9].

The development of improved semiconductor materials and theoretical models has
significantly impacted the modern electronic device industry. Novel experimental
characterization techniques have also played a crucial role, providing sensitive and
diverse physical-chemical information. The optical properties of materials, including
transmission, absorption, and emission, arise from their interaction with electromagnetic
radiation, particularly in semiconductors. These optical properties, observed in the
ultraviolet, visible, and infrared ranges, are closely tied to the materials' electronic band
characteristics and atomic structures. Historical studies, particularly those on Si, Ge, and
GaAs from the 1950s to 1960s, not only detailed their optical properties but also advanced
our understanding of modern solid-state physics. The optical absorption edges of

semiconductors reveal information about the energy separation between valence and
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conduction bands, which is crucial for determining their suitability for future applications.
Optical methods of measuring bandgaps are advantageous as they are non-destructive,
require minimal sample preparation, and provide valuable atomic-structural information,

making them versatile tools for various experimental conditions [10].

Nitrides and phosphide materials find widespread use in LED technology, while
tellurides and perovskites are commonly utilized in solar cell applications. Metal oxides,
perovskites, and delafossite oxides are employed as transparent conducting oxides,
offering both high electrical conductivity and optical transparency. An increasing variety
of 2D non-layered materials, such as metal chalcogenides (PbS, CdS/Se), topological
crystalline insulators and organic—inorganic hybrid perovskites are being utilized in
optoelectronic advances [6,11]. Oxide-based optoelectronics and perovskite oxide-based
optoelectronics represent two significant branches of research in the field of advanced

materials for electronic and photonic devices.

Oxide perovskite optoelectronics are critically important due to their unique
combination of properties that span electronic, optical, and structural domains.
Perovskite oxides, such as strontium titanate (SrTiO3) and barium titanate (BaTiO3),
exhibit high dielectric constants, ferroelectricity, piezoelectricity, and other functional
characteristics that are crucial for various optoelectronic applications. These materials
offer opportunities for developing high-performance photovoltaics, capacitors with
enhanced energy storage capabilities, and sensors with sensitive response characteristics.
Their tunable properties through doping, strain engineering, and interface engineering
further expand their utility across different devices. Moreover, oxide perovskites provide
a platform for exploring novel phenomena and pushing the boundaries of materials

science, driving innovation in optoelectronic world [12-14].

Several theoretical frameworks addressed this key concepts to provide a solid
foundation for understanding the principles governing the materials and devices involved.

These frameworks link the optical and electronic properties of materials, providing
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explanations for phenomena like light absorption, emission, and charge transport. The

following theoretical frameworks are crucial.

Semiconductor band theory forms the basis for understanding the electronic and
optical properties critical to optoelectronic device performance. In a semiconductor,
electrons occupy energy levels within the valence band at low energies, while the
conduction band contains higher energy states that are typically unoccupied at absolute
zero temperature. The energy difference between these two bands, termed the bandgap
(Eg), is a key parameter that governs electrical conductivity and optical absorption.
Semiconductors with direct bandgaps, like GaAs (Eq =~ 1.42 ¢V), allow for efficient
electron transitions between the conduction and valence bands, making them ideal for
optoelectronic applications such as LEDs and solar cells. Conversely, materials with
indirect bandgaps, such as Si (Eq~ 1.1 eV), require phonon interactions to facilitate these
transitions, making them less efficient for light emission but suitable for photovoltaic
devices. Band theory also provides the framework to understand the effects of doping,
where introducing impurities into the semiconductor lattice creates localized energy
states that influence carrier concentration and transport. This manipulation of the band
structure enables the design of various devices like photodetectors and laser diodes,
emphasizing the versatile role of band theory in modern semiconductor research [15,16].

Optical phenomena in materials science involve the interaction of light
(electromagnetic radiation) with materials, leading to various behaviors like absorption,
reflection, refraction, and emission of light. These phenomena are governed by the
electronic, structural, and compositional properties of materials, which can be
manipulated to tailor optical properties for specific applications in photonics,
optoelectronics, sensors, and energy systems.

The development of high-performance optoelectronic oxides has increasingly
relied on the coordinated modulation of band structure, defect chemistry, and carrier
transport to reconcile optical transparency, photonic response, and conductive
functionality. In SrTiOs-based perovskites, substitutional doping at both the A-site (Sr?*)

and B-site (Ti*") serves to tailor the electronic density of states, modify lattice distortions,
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and adjust phonon scattering pathways, thereby influencing key optical parameters such
as absorption edge, refractive index, and photoluminescent emission [17]. Rare-earth
dopants (Pr, Nd, La and Sm) occupying the Sr?* site introduce localized 4f-states which
hybridize with Ti 3d-O 2p orbitals, effectively reducing the bandgap, red-shifting the
absorption into the visible/NIR region and activating new emission centers [18].
Concurrently, B-site substitution of Ti*" with transition metals such as Nb, Ta, Cr, or Mn
modifies the electronic structure by introducing additional d-electrons or defect states,
thereby increasing carrier concentration and electrical conductivity; however, excessive
doping can induce free-carrier absorption and plasmonic shifts, compromising optical
transparency and necessitating careful control of dopant levels [19]. At the nanoscale
regime, further tuning emerges via quantum-confinement, enhanced grain boundary
scattering, and engineered oxygen deficiency: oxygen vacancies create Ti®* donor states,
boost free-carrier mobility, increase sub-band absorption (especially in IR), and alter
recombination Kinetics of photo generated carriers [20] . These phenomena point to a
deeply interconnected relationship: strong light—-matter interaction (via dopant/defect
triggered absorption or emission) frequently correlates with favorable charge—carrier
dynamics, which in turn underpin transparent conductive behavior and photonic-device
functionality. Comparative investigations show that oxide perovskites, compared to
chalcogenides, offer superior chemical and thermal stability alongside optical
transparency, yet they are often limited by lower carrier mobility and higher lattice
thermal conductivity. Advanced synthesis strategies including graphite-burial sintering,
oxygen-deficient sputter growth and epitaxial strain engineering have demonstrated
success in mitigating these limitations by controlling microstructure, interface states and
defect distribution. Nonetheless, a comprehensive, quantitative mapping between defect
concentration, band-edge realignment, carrier scattering lifetime and optical/transport
behaviour is still lacking. This gap forms the core motivation for the present work, which
systematically explores Pr and Nb doping, coupled defect engineering and
nanostructuring of SrTiOs to derive design rules for multifunctional optoelectronic

oxides.
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1.2.1 Optical absorption, emission & band gap

Optical absorption and emission are properties that govern the interaction of light
with materials, which are central to optoelectronic devices. Optical absorption occurs
when photons with energy greater than or equal to the material's bandgap excite electrons
from the valence band (VB) to the conduction band (CB), creating electron-hole pairs.
The efficiency of absorption is influenced by the material's band structure and the
absorption coefficient, which is higher for direct bandgap materials due to the ease of

electron transitions without phonon assistance.  Photon emission or radiative
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Figure 1- 1 Function representation of opto thermoelectronic materials and devices.

recombination occurs when electrons in the CB relax back to the VB, emitting a photon
with energy corresponding to the bandgap. This emission process is crucial in devices
like LEDs and lasers, where light is generated through electron-hole recombination [21].

Fundamental principle of optoelectronics lies in the quantum mechanical
interactions between light and electronic materials. Optoelectronics encompasses both
the study and practical applications of electronic devices involving generating, sensing,
and controlling photons. These devices facilitate the conversion of electrical signals, such
as current or voltage, into optical signals (photons) and vice versa, through complex
interactions between electrons and light in nanoscale semiconductor structures. Light-
emitting devices harness voltage and current to generate electromagnetic radiation,
commonly used for illumination purposes. Conversely, light-detecting devices, including
photodiodes, phototransistors, and photodetectors, convert incoming electromagnetic
energy into electric current or voltage, making them suitable for light sensing and
communication. Generally, these light-detecting devices operate by using photons to free
bound electrons within semiconductor materials [22—-24]. Fig. 1-1 illustrates the various
electronic functions within semiconductors when subjected to excitations in the form of

light and electricity.
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Materials with different bandgaps absorb different wavelengths of light, with
larger bandgaps typically absorbing in the ultraviolet range, and smaller bandgaps
absorbing visible or infrared light. This characteristic makes optical bandgaps key in
designing devices such as solar cells, light-emitting diodes (LEDs), and photodetectors,
where precise control over the absorption and emission of light is necessary. The nature
of the bandgap - whether direct or indirect-also affects the efficiency of light absorption

and emission [25,26].

1.2.2 Direct & indirect band gap semiconductors

A direct band gap semiconductor is characterized by a similarity in both the
magnitude and direction of the wave vector, k for the highest energy states in the valence
band and the lowest energy states in the conduction band. This relationship is crucial for
optical transitions, which involve minimal changes in the wave vector since the optical
wavelengths are significantly longer than interatomic distances or the lattice constant. In
direct band gap semiconductors, optical transitions can occur as soon as the energy of the
incoming photons exceeds the band gap energy, leading to the excitation of an electron
from the valence band to the conduction band, while simultaneously creating a hole in
the valence band. The density of states available for these transitions is typically low at
the band gap energy, resulting in a steep increase in the absorption coefficient as photon
energy rises, following a square root dependence on the difference between the photon
energy and the band gap energy. Beyond the band gap energy, the absorption length can
diminish to the scale of micrometers, indicating a significant imaginary component in the
refractive index. Likewise, emission transitions from the conduction band to the valence
band are readily achievable, as each electron in the conduction band can pair with a
corresponding hole in the valence band, which tends to exist at higher energy states.
Consequently, the carrier lifetime in direct band gap materials is generally short, often

lasting only a few nanoseconds, even in crystals with low defect densities [27,28].

The ease of transition in direct bandgap materials typically results in shorter carrier

lifetimes, often on the order of nanoseconds, even in high-quality crystal structures with
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low defect densities. Prominent examples of direct bandgap semiconductors include

gallium arsenide (GaAs), indium gallium arsenide (InGaAs), gallium nitride (GaN),
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Figure 1- 2 Direct and indirect band gap transitions.

aluminum nitride (AIN), cadmium sulfide (CdS), cadmium selenide (CdSe), cadmium
telluride (CdTe), zinc sulfide (ZnS), lead sulfide (PbS), lead selenide (PbSe), Strontium
titanate (SrTiOs), and Calcium titanate (CaTiOs) [29-31].

In an indirect band gap semiconductor, the wave vector, k of the lowest energy
states in the conduction band significantly differs from that of the highest energy states
in the valence band. This disparity complicates absorption processes for photons with
energies just above the band gap, as suitable target states in the conduction band are
lacking in both energy and wave vector. Consequently, energy and momentum
conservation cannot be simultaneously satisfied unless a phonon is emitted, which can
facilitate the necessary momentum change without significantly affecting the energy
balance. While such processes are feasible, they occur at significantly lower rates,
resulting in a reduced absorption coefficient [32]. Furthermore, the wavelength
dependence of the absorption coefficient near the band gap is less pronounced, and
temperature plays a crucial role, as it influences the population of phonons. At much
higher photon energies, direct excitation of carriers into the conduction band becomes

possible without the involvement of phonons, leading to a substantial increase in the
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absorption coefficient-often several orders of magnitude greater than that observed near
the band gap. Emission, often necessitates the emission of a phonon, further diminishing
the rates of recombination and emission. This can adversely affect the quantum efficiency
of fluorescence, particularly as non-radiative recombination processes, such as those
caused by crystal defects, may dominate without exhibiting high rates. Examples of
indirect band gap semiconductors include silicon (Si), germanium (Ge), aluminum
arsenide (AlAs), and gallium phosphide (GaP) [29,33-35]. The difference is depicted in
Fig 1-2.

1.2.3 Tuning of optical bandgap - Strategies

Bandgap engineering can be achieved through various strategies, each influencing
electronic structure and charge transport. Doping introduces impurity atoms that create
localized states within the bandgap, shifting conduction or valence bands and effectively
tuning the bandgap depending on donor or acceptor states. Quantum confinement,
observed when material dimensions approach the exciton Bohr radius, increases discrete
energy levels, leading to a widened bandgap due to spatial confinement effects. Strain
engineering alters interatomic spacing through compressive or tensile strain, modifying
orbital interactions and band dispersion, resulting in either bandgap narrowing or
widening. Surface and interface engineering induces charge redistribution, dipole
formation, and interfacial states, significantly affecting band alignment and enhancing
electronic and optical properties. Oxygen vacancy regulation introduces defect states
near the conduction band, reducing the bandgap by creating mid-gap states that enhance
carrier concentration and influence charge transport. The ability to tune the optical
bandgap of materials is crucial for optimizing their performance in various optoelectronic
applications such as photovoltaics, transparent conducting oxides (TCO’s), LEDs, and
photocatalysis. The optical bandgap determines how a material absorbs light and how
efficiently it can convert light into electrical energy or catalyze reactions. Several
strategies have been developed to modulate the bandgap, each with specific advantages

depending on the target application.
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Bandgap engineering strategies such as doping, quantum confinement, and strain
engineering simultaneously optimize carrier concentration, band dispersion, and density
of states, enhancing both optoelectronic and thermoelectric performance. Surface and
interface modifications, along with oxygen vacancy regulation, improve charge transport
while reducing thermal conductivity, making materials like oxide perovskites efficient
for both TE and optical applications. These approaches enable multifunctional materials
with tunable electrical and thermal properties, bridging the gap between thermoelectric
energy conversion and optoelectronic technologies.

1.2.3.1 Doping

Doping involves introducing foreign atoms (dopants) into the host material to alter
its electronic structure. By choosing dopants with different valence electrons, one can
either create new electronic states within the bandgap or shift the energy levels of the
conduction and valence bands. This is widely used in materials to improve performance
for solar cells or photocatalysts, as dopants can also affect carrier concentrations and
recombination rates. Transition metals like Ni, Co, Fe, Cr, Sc, Cu, Ti, V and Mn, rare
earth elements like La, Pr, Ce, Nd, Sm, Gd and Eu, group Il and V elements like Al,Ga
and N, P are commonly used dopants to alter optical properties of materials. Transition
metal doping mainly introduces electrons to the CBM and VBM, which causes the change
of band structure. The band-gap gradually decreases with the atomic number [36—40].
Rare earth elements can introduce localized states within the band gap of the host
material, which are often derived from the 4f electronic states. These states can act as
intermediate energy levels between the CBM and VBM, effectively narrowing the
bandgap. The presence of these dopants can also affect the density of free carriers in the
conduction band. By introducing additional charge carriers or trap states, the overall
carrier concentration can be modified, impacting the effective mass of charge carriers and
consequently the mobility, which can lead to improved performance in optoelectronic
applications [41-45] .
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The quantitative impact of doping on bandgap engineering can be understood

through:

Bandgap narrowing: In heavily doped semiconductors, increased carrier
concentration leads to many-body interactions such as band tailing and
bandgap shrinkage. The empirical relation for bandgap narrowing (4E g) is

given by:

AEg = —y - N/3 (1.1)

y is a material-dependent constant, and N is the dopant concentration.
Burstein-Moss shift: In n-type degenerate semiconductors, excess
electrons fill the conduction band states, shifting the Fermi level and

increasing the apparent bandgap as in egn (1.2)

2

h
Eg*= Eg + (3m2N)?/3 (1.2)

2m*

m”™ is the effective mass of charge carriers, N is the electron concentration,

and Eg” is the shifted bandgap.

Effective mass and density of states (DOS) esngineering: Doping
modifies band curvature and density of states effective mass my
influencing electrical and thermoelectric properties.  The Seebeck

coefficient (S) depends on the DOS effective mass as:

8m2k3 T \2/3
= — 2 m*T(— 1.3
S= Sz mal (Bn) (1.3)

where n is the carrier concentration, showing that doping can optimize both

band structure and thermoelectric efficiency.

1.2.3.2 Quantum confinement

Quantum confinement occurs when the material size is reduced to the nanoscale,

confining the motion of charge carriers (electrons and holes) in one or more dimensions.
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In bulk materials, electrons occupy continuous energy bands, but as the dimensions
shrink, these bands become discretized into quantized energy levels. This is due to the
spatial confinement of the wave functions of charge carriers. In smaller structures, the
effective bandgap becomes larger than that in bulk materials, making quantum
confinement particularly useful in tunable light-emitting devices and next-generation
photovoltaics. Quantum confinement typically results in an increase in the optical band
gap of the material. For instance, the band gap energy (Eg) can be approximated by the

equation:

h2m?

1.4
2m*d? (1.4)

— pBulk
E, = EBuk 4

Where Egu”‘ , the band gap energy of the bulk material is, m™* is the effective mass of the

charge carriers, and d is the dimension of the nanostructure [46].

1.2.3.3 Strain engineering

Strain can be applied to materials by altering their lattice constants through
mechanical deformation or by growing them on substrates with mismatched lattice
parameters. Tensile or compressive strain modifies the atomic spacing, thereby shifting
the energy levels of the conduction and valence bands. For example, in thin films, tensile
strain usually reduces the bandgap, making the material more efficient for infrared
applications, while compressive strain tends to increase the bandgap. This method is
particularly useful in heterostructures and multilayered devices [47,48].

The key effect of strain on materials is the deformation of the conduction and
valence bands. Strain affects these bands by altering the effective mass of charge carriers
(electrons and holes) and changing the curvature of the bands, leading to either band gap
widening or narrowing. In certain materials, tensile strain can shift the CBM and VBM
positions, transforming an indirect band gap material into one with a direct band gap.
This is highly beneficial in optoelectronic devices where efficient light absorption or
emission is critical [49,50]. Tensile strain generally causes a reduction in the optical band

gap. This is because it elongates the bonds between atoms, thereby reducing the overlap
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between atomic orbitals. Compressive strain typically increases the band gap by
increasing the overlap of atomic orbitals, which enhances the bonding interaction
between atoms. This often leads to more tightly bound electron-hole pairs (excitons),
increasing the optical band gap and enhancing the material's stability. Perovskite oxides,
such as SrTiOs (STO) and BaTiOz (BTO), are highly sensitive to strain, making them
ideal candidates for optical band gap tuning through strain engineering. SrTiOs, when
subjected to tensile strain, undergoes a significant reduction in its optical band gap, which
can improve its performance in visible-light photocatalysis and photovoltaic applications.
For example, tensile strain has been shown to reduce the band gap from ~3.2 eV to values

closer to ~2.5 eV, enabling enhanced absorption in the visible range [51,52].

1.2.3.4 Surface, interface engineering & oxygen vacancy regulation

Surface and interface engineering are pivotal in tailoring the optical band gap and
energy levels of materials, especially in semiconductor technologies. By modifying the
surface or interface properties, one can influence the electronic structure and,
consequently, the optical behavior of materials. Surface states are electronic energy
levels localized at the surface of a material, distinct from the bulk states. These states
arise due to the disruption of the periodic potential at the surface, leading to localized
energy levels within the band gap. They can significantly influence the optical properties
by introducing additional pathways for electron transitions. In nanostructures, surface
states can facilitate charge carrier recombination or enhance conductivity near the surface,

thereby affecting the optical band gap and overall optical performances [53,54].

Interface states occur at the junction between two materials, such as in
semiconductor heterojunctions. These states can lead to the formation of interface dipoles
and affect the alignment of energy bands between materials. The energy level alignment
at interfaces is crucial for the performance of electronic and optoelectronic devices, as it
influences charge transfer and recombination processes. Understanding and controlling
interface states enable the engineering of desired energy level alignments, thereby

optimizing device performance. Various surface treatment techniques, such as laser
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surface treatment, chemical passivation, or coating, can alter the surface morphology and
chemistry, leading to changes in optical properties. For example, laser surface treatment
can modify the microstructure of the surface, resulting in enhanced optical absorption or
reduced reflectivity. Similarly, applying anti-reflective coatings can minimize surface
reflections and improve the transmission of optical components. By strategically
engineering surface and interface states, and employing appropriate surface treatments, it
is possible to tailor the optical band gap and energy levels of materials, leading to
enhanced optical properties for specific applications [55,56].

Using oxygen vacancies to tune the band gap is another widely adopted strategy
in materials science, particularly for oxide materials like SrTiOs, ZnO, and TiO.. Oxygen
vacancies introduce localized states within the bandgap, modifying the electronic
structure and optical properties of the material. Oxygen vacancies lead to the removal of
oxygen atoms from the lattice, creating unfilled spaces. These vacancies introduce defect
states within the bandgap, typically near the conduction band. This narrows the effective
bandgap, allowing for lower energy photon absorption and making the material more
responsive to visible light. By controlling the concentration of oxygen vacancies, the
bandgap can be tailored [57-59]. High concentrations of oxygen vacancies can
significantly reduce the bandgap, enhancing the optical absorption in the visible
spectrum, which is beneficial for photocatalytic and photovoltaic applications. Oxygen
vacancies often act as electron donors, increasing the free carrier concentration. This not
only affects the optical properties but also improves the electrical conductivity of the
material. In materials like SrTiOs, oxygen-deficient films exhibit increased conductivity
due to the presence of free electrons from the vacancies [60].

1.2.4 Luminescence

Luminescence refers to the emission of light from a material when electrons,
excited by external stimuli, release energy as they return to their ground state. This
phenomenon occurs without the significant generation of heat, distinguishing it from

incandescence, where light is produced due to thermal excitation. Luminescence can be
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triggered through various mechanisms, such as exposure to light, electric fields, or
chemical reactions, making it a versatile area of study in both fundamental and applied
science. The key types of luminescence are based on the excitation source are
photoluminescence, electroluminescence, chemiluminescence, bioluminescence,
cathodoluminescence, thermoluminescence, radio luminescence and sono luminescence

[61-64]. Among these various class part of this thesis work focus on photoluminescence.

1.2.4.1 Photoluminescence
Photoluminescence (PL) is a crucial tool for investigating the electronic and

optical properties of materials, providing insights into their band structure, defects, and
recombination mechanisms. When a material absorbs photons, it excites electrons from
the valence band to the conduction band, creating electron-hole pairs. As these charge
carriers recombine, they emit photons, which can be analyzed to reveal the energy gap,
defect states, and impurity levels in the material [65]. The PL spectrum is influenced by
factors such as temperature, excitation wavelength, and the quality of the crystal lattice,
making it a versatile tool in material science. For semiconductors and nanostructures, PL
is indispensable in characterizing the band gap and excitonic features, which are critical

for applications in optoelectronic devices such as light-emitting diodes (LEDs), lasers,

and solar cells.
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Figure 1- 3 Mechanism of PL emission.
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In addition to studying intrinsic properties, PL can also help optimize material
performance by identifying defects and impurities that affect efficiency. For example,
oxygen vacancies or transition metal impurities often introduce localized states in the
band gap, resulting in characteristic emission peaks in the PL spectrum. These defect-
related emissions provide a non-destructive way to detect and quantify defects, which is
vital for improving material quality in electronic and optoelectronic applications [66—68].

The mechanism of PL emission is represented in Fig 1-3.

PL plays a significant role in the study of emerging materials like perovskites and
2D materials, where it aids in tuning optical bandgaps for specific applications like
photovoltaics and photodetectors. PL studies on oxide perovskites like SrTiOs often
focus on understanding the material's band gap, defect-induced emissions, and how
doping or surface engineering affects its optical behavior. Photoluminescence of SrTiOs
has been extensively investigated since the 1960s as a valuable method for extracting
information regarding the band gap, impurities, dopants, and defect-related energy levels.
However, interpreting the PL spectra of STO can be challenging due to the variety of
specimens studied, which differ in growth methods, doping levels (doped vs. undoped),
stoichiometry, and processing states, as well as the diverse excitation conditions
employed. Carrier dynamics in SrTiOz remain poorly understood due to the influence of
both intrinsic factors, such as strong electron—phonon interactions, and extrinsic factors,
including impurities and defects, on the optical responses and carrier recombination
dynamics [69-71]. Under intense photoexcitation, it is observed that defect and impurity
photoluminescence (PL) saturates, allowing intrinsic carrier recombination processes to
emerge. Specifically, PL spectrum was detected in the blue spectral region at room
temperature and under intense photoexcitation. Spectroscopic data of undoped, La-
doped, Nb-doped, and Ar*-irradiated STO crystals also reveal intrinsic properties of the
system [72]. In undoped STO, a broad green PL appears at around 2.5 eV at low
temperatures under weak continuous wave laser excitation, influenced by extrinsic
defects and impurities. With intense pulse laser excitation, a blue PL band appears in

undoped STO at both low and room temperatures. Time-resolved PL spectra at low
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temperatures reveal three components: a sharp peak at 3.2 eV and a broad band around
2.9 eV, while the room temperature spectrum shows a broad blue PL band at
approximately 2.9 eV. This blue PL does not depend on excitation intensity or delay
time, suggesting it is not due to electron-hole plasmas (EHPs). Both undoped and
electron-doped STO samples exhibit complex temperature-dependent PL spectra, with
the green PL displaying a long decay time attributed to impurity centers or self-trapped
excitons. Ultimately, the observed blue PL is a critical probe for investigating intrinsic
carrier recombination processes in STO crystals [73-75].

Oxygen vacancies in STO play a significant role in influencing its
photoluminescence (PL) properties. Studies have shown that the presence of oxygen
vacancies results in a broad emission band in the visible region, often centered on 2.5—
2.9 eV, which is attributed to defect-related transitions. The intensity and energy of this
emission can vary depending on the concentration of oxygen vacancies, excitation
conditions, and temperature. PL characteristics associated with oxygen vacancies can be
tuned through various techniques such as doping with transition metals or rare earth
elements, adjusting the stoichiometry during synthesis and employing thermal treatments
[76].

1.2.5 Transparent conducting oxides & applications

Transparent conducting oxides (TCOs) are materials that uniquely combine optical
transparency with electrical conductivity, making them critical for advanced
optoelectronic applications. Their functionality arises from a wide band gap, typically
above 3 eV, which allows visible light to pass through while still permitting electron
conduction via doped or intrinsic defects. The fine balance between transparency and
conductivity is a critical area of research, with doping strategies and defect engineering
significantly altering their electronic structure. TCO materials such as indium tin oxide
(ITO) and doped zinc oxide (ZnO) are widely used in photovoltaic cells, displays, and
smart windows [77,78]. TCOs play a crucial role in solar cells, where they function as

front electrodes in thin-film technologies. Their dual capability of transmitting light
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while conducting electricity is essential for efficient charge collection. Fluorine-doped
tin oxide (FTO) is particularly favored in dye-sensitized solar cells (DSSCs) due to its
stability under high-temperature processing and exposure to electrolytes. In the realm of
displays and touch panels, indium tin oxide (ITO) dominates as a transparent conductive
layer, facilitating capacitive sensing and current flow without compromising visual
clarity. These properties are indispensable for modern interactive devices such as

smartphones, tablets, and monitors [79,80].

Beyond these applications, TCOs enable innovative technologies such as smart
windows, where electrochromic layers dynamically regulate light and heat transmittance
to improve energy efficiency in buildings and vehicles. In thin-film transistors (TFTs),
TCOs like indium gallium zinc oxide (IGZO) serve as channel materials, offering high
carrier mobility and faster response times, crucial for advanced displays. Transparent
heaters based on TCOs find applications in sectors like automotive and aerospace for
defogging and de-icing, showcasing their versatility in combining optical transparency

with functional conductivity.

The properties are a result of their electronic structure, where doping introduces
shallow donor states near the conduction band. The dual functionality stems from wide
bandgaps (>3 eV) that permit visible light transmission while preventing significant
absorption, and high free carrier concentrations (~102°-10*' ¢cm™3), achieved through
doping or intrinsic defects like oxygen vacancies. This enables TCOs to behave as
degenerate semiconductors, where the Fermi level lies within the conduction band [81].
Key optical characteristics include a transmission window spanning 0.4-1.5 pum, where
shorter wavelengths are absorbed due to the bandgap, and longer wavelengths are
reflected at the plasma edge. The Burstein-Moss effect, caused by band filling at high
carrier concentrations, shifts the absorption edge to higher energies, effectively widening
the optical bandgap. Classical and quantum models, such as the Drude theory and Lorentz
oscillator model, describe these phenomena, linking optical and electronic properties to

carrier dynamics, effective mass, and scattering mechanisms [78,82].
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The electrical conductivity of TCOs is governed by the factors like carrier
concentration, mobility, and scattering. Mobility is influenced by parameters such as
concentration of ionized impurities, lattice vibrations, and grain boundaries. Higher
carrier concentrations enhance electrical conductivity but also intensify free-carrier
absorption in the infrared region, necessitating an optimal trade-off between carrier
density and mobility. The plasma frequency, governed by carrier concentration and
effective mass, defines the onset of reflectivity in the infrared spectrum, influencing
optical transparency. Additionally, at elevated doping levels, band parabolicity alters the
effective mass and carrier scattering mechanisms, thereby affecting both charge transport

dynamics and optical response [83].

The evolution of TCO technologies hinges on systematic advancements in material
science, integrating innovative synthesis methodologies with rigorous structural and
optoelectronic characterization. Key optimization parameters include defect engineering,
crystallographic refinement, and the development of low-effective-mass semiconductors
to maximize carrier mobility. Advanced optical metrology techniques—such as variable-
angle spectroscopic ellipsometry and broadband reflectance spectroscopy—quantify
critical optoelectronic properties, including wavelength-dependent complex refractive
indices and absorption coefficients.  Concurrently, electrical transport analyses
employing Hall effect measurements, thermoelectric characterization (Seebeck
coefficient), and magnetotransport studies (Nernst effect) elucidate intrinsic charge
transport phenomena, scattering mechanisms, and band structure modifications. These
empirical correlations between structural/electronic properties and performance metrics
directly inform iterative material design paradigms, prioritizing synergistic enhancements
in conductivity and optical transparency. Emerging strategies, such as combinatorial
high-throughput screening and codoping schemes to modulate defect chemistry, are
accelerating the discovery of novel TCO compositions. Continued progress in these
domains is expected to enable next-generation optoelectronic applications, including

high-efficiency tandem photovoltaics and ultrathin transparent transistors, by leveraging
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tailored charge transport and broadband transparency at reduced interfacial losses
[84,85].

1.2.5.1 Transparent conducting oxides-classification

TCO’s are broadly categorized into n-type and p-type TCOs, based on the dominant
charge carriers responsible for conductivity. In n-type TCOs, the conduction band is
primarily derived from the s-orbitals of metal cations such as Sn in SnOx, In in In20s, or
Zn in ZnO. These s-orbitals contribute to a parabolic conduction band structure,
characterized by a low effective mass of electrons. This low effective mass facilitates
higher carrier mobility, which is essential for applications requiring efficient charge
transport, such as solar cells and transparent electrodes. The wide bandgap of n-type
TCOs, typically greater than 3 eV, ensures that the materials remain optically transparent
in the visible spectrum while allowing conduction in the higher energy range, making
them ideal for optoelectronic devices. Furthermore, doping with donor elements such as
F (in FTO), Al (in AZO), or Sn (in ITO) increases free carrier concentration, enhancing
conductivity without significantly affecting transparency [86].

The electrical conductivity in n-TCOs arises from the presence of free electrons,
typically introduced through doping with aliovalent elements or intrinsic defects like
oxygen vacancies. Common examples of n-TCOs include indium tin oxide (ITO),
aluminum-doped zinc oxide (AZO), fluorine-doped tin oxide (FTO), and gallium-doped
zinc oxide (GZO). These materials are characterized by high carrier mobility, low
resistivity, and tunable work functions, enabling their seamless integration into

optoelectronic systems [87,88].

In addition to these widely recognized n-TCOs, emerging materials such as
perovskite-based transparent conductors are garnering significant interest. Perovskite
oxides, such as SrTiO3z, BaSnOgz, and La doped SrTiOsz offer a unique advantage due to
their remarkable electron mobility and stability under extreme conditions. For example,
BaSnOs, doped with elements like lanthanum, exhibits exceptionally high room-

temperature mobility, making it a promising candidate for high-performance TCOs.
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Other noteworthy materials include cadmium oxide (CdO), hafnium-doped indium oxide
(Hf), and cerium-doped tin oxide (Ce), which expand the range of applications due to
their tailored properties such as high-temperature stability and enhanced optical
transparency. These advancements, particularly in perovskite-based TCOs, represent a
significant step toward sustainable and efficient optoelectronic devices, with ongoing
research focused on optimizing synthesis methods and exploring earth-abundant

alternatives for scalable production [86].

The p-type TCOs face inherent challenges due to the nature of their valence band
structure. The valence band is largely composed of oxygen 2p orbitals or hybridized d-
orbitals of transition metals such as Cu, Ni, or Co. These orbitals lead to a flatter band
structure, resulting in a higher effective mass for holes. The higher effective mass limits
the hole mobility, making it challenging to achieve high conductivity. Moreover, the
tendency for oxygen vacancies in these materials to act as donors often suppresses the
intrinsic p-type behavior. Despite these challenges, materials like Cu.O, NiO, and
delafossites (e.g., CuAlO2) have emerged as promising candidates for p-type TCOs.
Innovations in material design, such as co-doping and band structure engineering, aim to
address the mobility and conductivity limitations, broadening the scope for applications

like p-n junction diodes and transparent electronics [89-91].

The fundamental differences in band structure and mobility between n-type and p-
type TCOs underline their distinct functionalities and challenges, driving ongoing

research to enhance their performance and applicability.
1.2.5.2 n-type perovskite TCOs

Perovskite TCOs have emerged as a transformative alternative to conventional
TCOs. These materials, with the general formula ABO3, offer unique advantages derived
from their structural flexibility and tunable electronic properties. The perovskite crystal
structure, consisting of a large cation (A-site), a transition or post-transition metal (B-

site), and oxygen atoms, enables remarkable chemical and structural stability while
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allowing for extensive doping and defect engineering. These features provide

unparalleled opportunities to design TCOs with optimized performance.

The most promising perovskite TCOs include n-type materials like strontium
vanadate (SrVOs), barium stannate (BaSnOs), and strontium titanate (SrTiOz), each of
which exhibits unique properties tailored for specific applications. For instance, SrVOs
boasts high carrier concentrations and conductivity, BaSnOz delivers exceptional electron
mobility, and SrTiOs offers a balance of transparency and chemical stability. The wide
bandgap of these materials (>3.0 eV) ensures minimal absorption of visible light, while
their electronic configurations enable robust charge transport. These characteristics make
perovskite TCOs ideal candidates for advanced optoelectronic devices, offering potential
solutions to the limitations of traditional TCOs. Research into perovskite TCOs focuses
on understanding and optimizing their properties through doping strategies, defect
engineering, and innovative fabrication methods. These efforts aim to harness the full
potential of perovskite oxides, paving the way for next-generation sustainable and high-
performance optoelectronic technologies [92].

Strontium titanate is a perovskite oxide with a wide bandgap (~3.2 eV), offering
excellent optical transparency in the visible spectrum and high chemical and structural
stability. As an n-type transparent conducting oxide (TCO), it can achieve notable
electrical conductivity and carrier concentrations through aliovalent doping with elements
such as niobium (Nb), lanthanum (La), or antimony (Sb). Nb-doped STO (Nb) and La-
doped STO (La) are particularly prominent, achieving carrier concentrations of ~10%°
cm 3 and moderate mobilities (~10 cm?-V~'-s"). The conduction band minimum (CBM)
is derived from Ti 3d orbitals, enabling reasonable electron transport properties, although
the effective mass and scattering mechanisms limit mobility compared to other TCOs like
BaSnOs (BSO). Despite these limitations, STO’s ability to combine high transparency,
chemical resilience, and tunable electronic properties makes it a versatile material for
optoelectronic applications. The fabrication of high-quality STO films involves

techniques such as pulsed laser deposition (PLD) and molecular beam epitaxy (MBE),
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which allow precise control of stoichiometry and defect concentrations [93,94]. Oxygen
vacancies (VO), which play a critical role in n-type conductivity, require careful
management during growth to avoid excessive scattering and optical losses. Lattice-
matching substrates, including SrTiOsz itself or (LaAlO3)o3(Sr.AlTaOs)o.7 (LSAT), are
often employed to enhance film properties by minimizing strain and dislocations. These
efforts yield films with stable performance across varying environmental conditions,
making STO particularly suitable for applications as a transparent electrode, a substrate
for heterostructures, or an interface material in multilayer devices [95].

Strontium titanate exhibits a variety of intriguing optical properties, both in its
pure form and when doped with different elements. Pure SrTiOs is transparent to visible
light while absorbing ultraviolet (UV) light. This characteristic makes pure SrTiOsz an

excellent candidate for UV filtering and transparent optical components.

The high refractive index of SrTiOs, typically around 2.4 in the visible spectrum,
allows it to be used in applications requiring materials with significant light-bending
capabilities. Its transparency, coupled with a high dielectric permittivity, makes it useful
in optoelectronic devices and capacitors, where stable optical properties are crucial.
When doped, SrTiOz exhibits significantly modified optical properties. Doping with
elements like lanthanum (La), niobium (Nb), or rare earth elements introduces new
electronic states within the band gap, thereby affecting the material's absorption and
emission characteristics. For instance, doping with europium (Eu) or cerium (Ce) can
induce photoluminescence, resulting in characteristic emission spectra that are valuable

in lighting and display technologies [96,97].

Doping SrTiO3z with lanthanum, praseodymium or niobium can also increase its
electrical conductivity without compromising its optical transparency, making it a
potential candidate for transparent conducting oxides. Additionally, the introduction of
dopants can enhance nonlinear optical properties, such as second-harmonic generation
(SHG), which are important for applications in frequency conversion and laser
technologies. The optical absorption edge of SrTiOs, which is around 3.2 eV, can be
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shifted by doping, allowing for the tuning of its absorption properties for specific
applications. This tunability makes doped SrTiOz suitable for use in UV detectors, where
precise control over the absorption spectrum is required. Doped STO has shown
enhanced photocatalytic activity under UV light, which is beneficial for environmental
applications like water purification and air cleaning. The presence of dopants can also
improve the photoelectric properties of SrTiOs, enhancing its efficiency in photovoltaic

devices and potentially leading to better-performing solar cells.

Praseodymium doped SrTiOs, after being subjected to reduced atmosphere
sintering, exhibits a unique combination of properties due to the generation of oxygen
vacancies V,. These vacancies enhance the material's electrical conductivity by providing
additional charge carriers while simultaneously modifying the electronic band structure.
This results in a high degree of tunability for the material's optical and thermoelectric
performance. The presence of Pr ions and oxygen vacancies also increases infrared (IR)
absorption, which can be precisely controlled by adjusting the Pr dopant level. This
tunability of IR absorption is crucial in optoelectronic applications, where selective light
absorption and emission are essential. The ability to modify both electrical conductivity
and IR absorption through doping and sintering conditions makes Pr-doped SrTiOsz an
excellent candidate for opto-thermoelectric devices, which require materials capable of
efficiently converting thermal and optical energy into electrical energy. The combination
of good electrical conductivity and enhanced IR absorption suggests that Pr-doped SrTiOs
could be integrated into solar photovoltaic (PV)-thermoelectric (TE) hybrid modules. In
such systems, the material would not only convert solar energy into electricity via
photovoltaic processes but also harvest waste heat through thermoelectric conversion.
This dual functionality would improve the overall efficiency of solar energy systems by

capturing both photon energy and thermal energy that would otherwise be lost.

In addition to these functional properties, the grain size and morphology of SrTiOs
can influence its optical behavior. For example, smaller crystallite sizes can lead to

increased grain boundary areas, which affect the material's scattering and absorption
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characteristics. The ability to modify the optical properties of SrTiOs through doping
makes it a highly versatile material for a wide range of technological applications. From
UV filtering and transparent conductive oxides to advanced photonic and photovoltaic
devices, both pure and doped STO offer promising potential. This versatility, combined
with its inherent high refractive index and transparency, underscores the significant

impact of SrTiOs in the field of material science and optoelectronics.

1.3 Thermoelectricity

The ever-growing demand for energy to support large-scale industrial operations
and daily activities has led to greater fossil fuel consumption and higher greenhouse gas
emissions. The depletion of fossil fuel reserves and the impact of global climate change
have driven the search for alternative green energy sources, prompting extensive research
efforts worldwide. Unlike fossil fuels, green energy sources such as solar, wind, hydro,
and geothermal power produce minimal to no greenhouse gas emissions, significantly
reducing carbon footprint [98]. Green energy sources are vital for a sustainable future as
they offer a solution to the pressing challenges of environmental degradation and climate
change. The efficient utilization of existing resources is just as important as the search

for new energy sources. Recent statistics indicate that over 60% of the energy generated

MATERIALS

HEATER/COOLER

Figure 1- 4 Applications of thermoelectricity from materials to devices.
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from primary sources is lost in the form of waste heat [99]. From an environment
sustainability view point, scavenging this unused potential can make the usage of existing

resources efficient.

Thermoelectricity (TE), the phenomenon of converting temperature gradient
directly into electrical voltage and vice versa, offers a promising pathway for sustainable
and efficient energy solutions. As the global demand for energy continues to escalate and
environmental concerns intensify, the development of advanced thermoelectric materials
becomes increasingly vital. Thermoelectric devices have the potential to harness waste
heat from industrial processes, automobiles, and electronic devices, and converting it into
useful electrical power as represented in Fig 1-4 [100]. This capability not only enhances
energy efficiency but also contributes to reducing greenhouse gas emissions and
dependence on fossil fuels. Since TE materials can convert the temperature differences
between a hot end and ambient temperature directly in to electricity, they can be
employed to harvest heat energy from natural sources like sun, geothermal and human
body [101]. TE conversion relies on solid-state devices with no moving parts, resulting
in robust, reliable, and low-maintenance operation. Thermoelectric systems are versatile
and can function in diverse and extreme environments, making them suitable for a wide

range of applications, from industrial processes to space missions.

Due to their low efficiency and high cost, TE materials are mainly used in highly
specified areas, where reliability is more important than cost. Thermoelectric generators
(TEGS) in automobiles use heat from the engine-exhaust systems, breaking systems to
generate electricity, which can power vehicle electronics and increase the efficiency
[102,103]. In space missions, thermoelectric generators are utilized to supply consistent
power for spacecraft and rovers by converting heat from radioactive decay into electricity
in conditions where solar power is unfeasible [104,105]. Portable coolers and heaters for
food and beverages use thermoelectric modules to control temperature in an effective and
compact manner. Thermoelectric technology is directly used in cryotherapy and serves

as a power source for medical implants [106,107]. It also offers accurate temperature
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control in medical applications, such as in portable insulin coolers and temperature-
regulated surgical tools. Thermoelectric coolers help manage heat in consumer
electronics, such as cooling computer processors, thereby enhancing performance and
extending the lifespan of the devices [108]. Thermoelectric materials are integrated into
renewable energy systems to improve efficiency, such as in hybrid solar-thermal panels.
Hybrid thermoelectric-photovoltaic (HTEPV) panels can improve solar harvesting
efficiency by recovering the heat dissipated by the PV stage via a thermoelectric (TE)
stage [109].

Bismuth telluride (Bi>Tes) and its derivatives are the best-known commercially
viable thermoelectric material in the bulk form for cooling and power generation in near
room temperature region. However, their thermoelectric figure of merit (ZT) is not high
enough to achieve macroscale practical applications. Moreover, thermal stability (with
Tmax around 600 °C) poses a challenge when used in high-temperature applications.
Alloys based on bismuth telluride could not be appropriate for large-scale conversion due
to the cost and scarcity of tellurium [110,111]. Over the years, numerous classes of
materials have been developed and tested for their thermoelectric conversion efficiency,
including tellurides, selenides, silicides, sulfides, clathrates, chalcogenides, oxides, half-
Heusler compounds, and skutterudites. The performance of these diverse materials varies
across different temperature ranges. Certain materials, such as MgsSh,, MgAgSh, CuzSe,
and Bi>Tes-based compounds, perform particularly well at room temperature (Up to 250-
300 °C). Whereas other class of materials like PbTe, SnSe, GeTe, BiCuSeO, Half-
Heusler, SnTe, and Skutterudite perform well in mid temperature ranges (300-800 °C).
Further research is essential to explore and develop thermoelectric materials capable of
operating efficiently at high temperatures above 800 °C. This involves exploring highly
stable compounds in forms of oxides, with particular emphasis on various forms of

perovskite and delafossite materials [112-117].

Oxide-based thermoelectric materials deserve significant attention for several

compelling reasons. They exhibit exceptional thermal and chemical stability, making
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them ideal for high-temperature applications where other materials may degrade or lose
efficiency. Additionally, oxides are often composed of abundant elements, alleviating
concerns about resource scarcity compared to exotic thermoelectric materials. Their
ability to be synthesized in various forms, such as perovskites and delafossites, allows for
customized properties and optimized thermoelectric performance. Moreover, oxides
typically have low toxicity and minimal environmental impact, aligning well with
sustainability objectives. Recent advancements have demonstrated that certain oxide-
based materials like CaMnOs and SrTiOs derivatives can achieve competitive
thermoelectric efficiencies, particularly at elevated temperatures, further bolstering their

suitability for practical applications [118-120].

The integration of optoelectronics and thermoelectricity presents exciting
opportunities for advanced energy solutions. For example, hybrid devices can combine
photovoltaic and thermoelectric technologies to maximize the conversion of solar energy
into electricity. These integrated systems can significantly enhance the overall efficiency
and reliability of renewable energy technologies, contributing to a more sustainable and
energy-efficient future. The pursuit of optimizing both optoelectronic and thermoelectric
materials involves a deep understanding of material science, solid-state physics, and
engineering principles. This dual functionality of certain class of materials, especially
perovskites offers opportunities for integrated devices that can harvest energy from both
light and heat sources, providing enhanced energy efficiency and flexibility in diverse

technological applications, from energy harvesting to advance sensing systems.

In its current form, thermoelectric devices have significant potential to complement
and enhance current primary energy sources rather than outright replacing them. They
excel in niche applications such as waste heat recovery and remote power generation
where conventional sources are impractical or inefficient. However, for widespread
adoption as a primary energy source, thermoelectric technology would need substantial
advancements in efficiency and cost-effectiveness to compete with traditional energy

sources like fossil fuels and renewable sources such as solar and wind. At the outset, the
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thesis focuses on tuning the optoelectronic properties and improving the thermoelectric

efficiency of SrTiOs-based perovskite oxides using the following methods.

Doping: Introducing donor or acceptor impurities alters the band structure
of host materials to achieve the desired density of states near the Fermi
level, thereby regulating both optical bandgap, electrical and thermal
conductivity.

Regulation of oxygen vacancies: Oxygen vacancies can alter the optical
properties of materials by introducing localized electronic states within the
bandgap, affecting absorption and emission spectra. These vacancies can
also influence the material's transparency, luminescence behavior, and
charge carrier dynamics, crucially impacting the performance of
optoelectronic devices. They can introduce additional scattering centers for
charge carriers, influencing electrical conductivity and the Seebeck
coefficient. Moreover, they can modify the thermal conductivity by
affecting phonon scattering mechanisms. Therefore, understanding and
controlling the defect chemistry of oxygen vacancies is crucial for
optimizing the thermoelectric performance of oxide materials.

Quantum confinement: Quantum confinement in thin film perovskites
enhances thermoelectric properties by altering the electronic and phononic
behavior at the nanoscale. In these thin films, reduced dimensions restrict
the motion of charge carriers, leading to discrete energy levels and an
increased density of states near the Fermi level leading to bandgap
modification. Quantum confinement can also reduce thermal conductivity
by increasing phonon scattering at the film boundaries, thereby minimizing
heat transfer. This combination of enhanced electrical properties and
reduced thermal conductivity boosts the thermoelectric figure of merit (ZT)

in perovskite thin films.
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1.4 Thermoelectric effects

The dynamics of charge carriers significantly influence the transport characteristics
in materials. The interdependence of thermal and electrical conductivity is crucial in
optimization of thermoelectric properties. The complex interplay between electrical and
thermal gradients with charge carriers within materials results in a set of phenomena

known collectively as thermoelectric effects.

1.4.1 Seebeck effect

A temperature gradient can be efficiently converted into a charge gradient, a
phenomenon first observed by Seebeck in 1821 and known as the Seebeck effect.
Seebeck demonstrated that heating the junction between two conductors can generate an
electromotive force (EMF). This EMF can be monitored with a galvanometer or
voltmeter, and the voltage generated is proportional to the temperature gradient at the
thermocouple junction as represented in Fig 1-5 [121]. This temperature difference
causes charge carriers to move from the hot end to the cold end, creating a charge
imbalance known as thermoelectric potential. Eventually, the accumulation of carriers
ceases, and the system reaches a steady state. However, further drifting of charge carriers
and an increase in thermoelectric voltage can still occur with a greater temperature

gradient.

ConductorA ... ConductorB

Galvano
meter

Figure 1- 5 Schematic representation of Seebeck effect.

The Seebeck coefficient (S), also known as thermopower, describes how a voltage
gradient (AV) develops in response to a temperature difference (AT) across a material and

represented as,
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For a thermocouple made of two different materials A and B, with Seebeck

coefficients S, and S the Seebeck coefficient of the thermocouple junction is given by,

S=8,—-S5; (1.6)
The voltage developed across the junction V,z can be represented by eqn (1.6)
T,
Vap = (Sa—Sp)dT (1.7)
T

Where T, and T, are the temperature at the hot and cold end. The Seebeck
coefficient for semiconductors can be more complex to analyze compared to metals due
to the presence of both electrons and holes as charge carriers and their temperature-
dependent behavior. The Seebeck coefficient is negative when electrons are the dominant
charge carriers, as they diffuse from the hot region to the cold region, making the hot side
negative relative to the cold side and this behavior is observed for n type semiconductors.
Conversely, for p type semiconductors the Seebeck coefficient is positive when holes are
the primary carriers, as they move from the hot region to the cold region, making the hot
side positive relative to the cold side. Thus, the sign of the Seebeck coefficient directly
reflects the type of charge carrier and their direction of diffusion under a temperature
gradient [122-124].

The Seebeck effect arises from the interplay between entropy and Fermi energy
in carrier transport. The difference in entropy between the hot and cold regions drives
the diffusion of charge carriers, creating a voltage that reflects this entropy difference. At
the same time the position of the Fermi level influences the energy distribution and
density of states of the carriers, affecting their response to a temperature gradient and
thereby determining the sign and magnitude of the Seebeck coefficient. At the hot end,
there will be a higher concentration of charge carriers above the Fermi level, while at the
cold end, the population of carriers above the Fermi level will be lower, resulting in an

imbalance as indicated in Fig. 1-6. On a microscopic point of view all thermoelectric
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effects are connected with the transport of electrons and phonons and their mutual

interactions.

These microscopic dynamics can be analyzed using Boltzmann transport
equations (BTE). In this analysis, electrons can be treated using Fermi-Dirac statistics
and phonons can be treated as quasi-particles using Bose-Einstein statistics using the
following equations.

1

e(S(k)—M

electron distribution function, f, =
%) 41

(1.8)

Where (k) is the electron energy, u is the chemical potential Kyis the Boltzmann

constant and T is the absolute temperature.

1
L) 4 9
L)

KpT

Phonon distribution function f, =

Where hw(q) is the phonon energy. These distribution functions are
temperature-dependent, and variations in population are anticipated as the temperature

changes.

These equations together with scattering integral, thermal conductivity and
relaxation time considerations eventually leads to the Seebeck Coefficient in a
Semiconductor [125].

T2 K;2T dIno(E
§=—=-" o) (1.10)

FIE.T) F(E.T)
Figure 1- 6 Schematic representation of charge carrier imbalance near fermi level.
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For a degenerated semiconductor with parabolic band dispersion, assuming that

dopant does not change the scattering or band structure significantly egn (1.10) become

8m2Ky2 T \2/3
= T (— 1.11
S 3Rz m T(3n) ( )

Where h, is the Planck’s constant, m* is the effective mass of carriers and n is the

carrier concentration. Carefully modulating these parameters is needed to ensure
efficiency of TE materials [126,127].

1.4.2 Peltier effect

The Peltier effect, discovered by Jean Charles Athanase Peltier in 1834, is a
thermoelectric phenomenon wherein an electric current passing through a junction of two
different conductors or semiconductors causes heat to be absorbed or released at the

junction. This is mathematically described by the equation

Q =mnl (1.12)

Where Q represents the heat transfer,  is the Peltier coefficient, and I denotes the
electric current. The Peltier coefficient m is related to the Seebeck coefficient (S) by the
relationship with T being the absolute temperature. The schematic representation of

Peltier effect along thermocouple AB is given in Fig 1-7.

m=ST (1.13)
Material A
Te Ty
Q)A < Material B Material B >B ’ Q,
+ -

Figure 1- 7 Schematic representation of Peltier effect.
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When a current flows through the junction, electrons and holes transport energy, leading
to a cooling effect at one junction A and a heating effect at the other junction B. This
makes the Peltier effect particularly useful in thermoelectric cooling devices, such as
Peltier coolers, which are employed for precise temperature control in electronics,
medical devices, and portable refrigerators. The efficiency of the Peltier effect depends
on the material properties, including the Seebeck coefficient and thermal conductivity,
which affect the magnitude of heat transfer and overall device performance. High-
efficiency thermoelectric materials, like bismuth telluride (Bi>Tes) are commonly used to

optimize these effects.

1.4.3 Thomson effect

The relationship between the Seebeck and Peltier effects was first identified and
mathematically described by William Thomson, later known as Lord Kelvin, using
principles of classical thermodynamics. He demonstrated a third thermoelectric effect
that occurs within a single conductor rather than a thermocouple. When an electric
current flows through a material with a temperature gradient as represented in Fig. 1-8,
reversible heating or cooling occurs and is known as Thomson effect. Thomson
demonstrated that a thermocouple operates as a heat engine, capable of using a
temperature gradient to generate electricity, and conversely, using electrical energy to

create a temperature gradient, similar to the function of a heat pump or refrigerator [128].
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Figure 1- 8 Schematic representation of Thomson effect.
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The two important kelvin relations are expressed in eqn 1.13 and 1.14. First
equation connect seebeck coefficient S and Peltier coefficient =, whereas the second
connects Seebeck and Thomson coefficient,z.

ds

Ty —Tg = Tﬁ (114)

The rate of heating per unit length that occurs when a unit current passes through a
conductor having a unit temperature gradient is known as the Thomson coefficient.
Unlike the Seebeck and Peltier coefficients, which require a second material for

calculation, the Thomson coefficient can be determined within a single material.

1.5 Magnetic field and thermoelectricity

Thermoelectric properties are determined by the transport of charge carriers,
which can be influenced by external interactions such as magnetic fields. These
interactions can significantly impact the performance of thermoelectric materials, leading
to the emergence of new phenomena like the spin Seebeck effect, spin Peltier effect,
Umkehr effect, Nernst effect, and Ettingshausen effect.

1.5.1 Magneto thermoelectric effect

Thermovoltage varies with the magnitude and direction of an applied external
magnetic field, and in most of the cases, it increases. Studies on indium antimonide
(InSb), thermovoltage shows a monotonic increase with magnetic field. The application
of magnetic field along different crystallographic axes produces interesting results. The
magneto-thermoelectric effect involves the influence of a magnetic field on the
thermoelectric properties of a material, such as the Seebeck and Peltier effects. This
phenomenon can lead to changes in electrical conductivity, thermal conductivity, and
thermoelectric power when a magnetic field is applied. It is particularly significant in
materials with high mobility of charge carriers, where the Lorentz force can alter the
trajectory of electrons or holes, affecting heat and charge transport. Studying this effect

is crucial for developing advanced thermoelectric devices that operate efficiently in
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magnetic environments.  The magneto-thermoelectric effect also has potential
applications in magnetic sensors, energy harvesting, and cooling systems.

Topological Dirac and Weyl semimetals are an interesting class of
materials where the applied field has a very strong effect on thermal and electronic
transport properties. As an example, CdzAs; is expected to be great potential for high
thermoelectric performance because of the ultrahigh electron mobility (10%- 10° cm? V!
s1) leading to a large value of power factor [129]. Applying an external field in an
appropriate direction can significantly enhance thermoelectric performance. It allows for
the coupling of magnetic and thermoelectric parameters to measure the magneto-
thermoelectric figure of merit for these materials. The magnetic field substantially
decreases the electronic thermal conductivity and increases thermoelectric power, this
combined action ultimately boosts the thermoelectric figure of merit.

1.5.2 Spin seebeck effect

A novel approach to thermoelectric generation, termed the spin Seebeck effect
(SSE), was identified approximately two decades ago within the field of spintronics.
Although thermoelectric generation based on spin properties remains in its early stages
of development, it presents distinct advantages over traditional thermoelectric
mechanisms. Over the past decade, this research direction have made significant
advancements in terms of TE performance [130].

There are two measurement modes for SSE.

I Transverse mode (Transverse spin Seebeck effect-TSSE)

ii. Longitudinal mode (Longitudinal spin Seebeck effect-LSSE)

The transverse spin Seebeck effect describes the spin current generation
perpendicular to the temperature gradient, while the longitudinal spin Seebeck effect

defined the spin current generation parallel to the temperature gradient.

The first reported results on SSE were obtained in transverse mode by Uchida et
al., in 2008. A temperature difference AT was created across the plane of the

ferromagnetic permalloy (NiFe) layer to generate a spin voltage [131]. Employing the
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phenomenon of ISHE, this was measured at the ends of a platinum strip attached to the

film perpendicular to the direction of temperature gradient as indicated in the Fig. 1-9.

The Pt detector transforms it to an electric field in y-direction according to the eqn

(1.15) of the inverse spin Hall effect, ISHE,

Eisup=Oisuels X & (1.15)

Here, J carries a polarization & parallel to the magnetization vector M of the
ferromagnetic layer along temperature gradient AT applied in the x-direction. The spin
current propagates in a plane perpendicular to the sample surface, which is aligned in the
X-direction. An electric field generates an electrical voltage V,,, which is subsequently
detected by a platinum strip deposited on the sample. The strength of the detected signal

varies with the position of the platinum strip.

Additionally, the spin Seebeck effect (SSE) signal shows angular dependence on the
direction of the applied magnetic field [130,132].

The alternative approach to SSE is the application of out-plane temperature
gradient in magnetic-nonmagnetic bilayer structure known as the longitudinal mode

represented in the Fig. 1-9.

Figure 1- 9 Schematic diagram representing TSSE and LSSE.

It was first reported by Uchida et al., in a Pt/YIG bilayer on a GGG (Gadolinium Gallium
Garnet) substrate. As the field becomes parallel to the temperature gradient, that signal

decreases to zero. LSSE has been measured in several other materials as well signal are
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screened by anomalous Nernst effect (ANE) signals. Even though the transverse spin
Seebeck effect was first reported research groups across the world are more focussed on
the longitudinal spin Seebeck effect since the former may accommodate parasitic effects
like planar and anomalous Nernst effect [131,133] . The terms "transverse" and
"longitudinal” in the context of the spin Seebeck effect (SSE) refer to the geometry of the
temperature gradient and the resulting spin current, not the nature of the effect itself.
Transverse SSE has a temperature gradient applied perpendicular to the spin current,
while longitudinal SSE has the gradient and current aligned.

1.6 Efficiency of thermoelectric material

We can create devices for either power generation or refrigeration, utilizing
fundamental thermoelectric effects. In practice, a thermoelectric generator (TEG) can be
constructed using p-type and n-type materials maintained at a temperature gradient, with

a load resistance connected across them, as illustrated in Fig. 1-10.

A TEG converts heat energy (Q) to electric power (P) with an efficiency n as per
the eqn (1.16)

P =10 (1.16)

Efficiency of a generator can be expressed as

_ Work done by the engine W Peectrical
~ Heat supplied to the engine dQ/dt  Qy

1 (1.17)

With the assumptions that electrical and thermal conductivities, Seebeck
coefficients of both p-type and n-type material are constant in a given leg of TE generator.
The contact resistances are assumed to be negligible when compared to the material
resistance of generator. The ends are connected to a load using ideal conductors with
negligible Seebeck coefficient, ensuring that thermoelectric effects in the leads are

disregarded.
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The work done by the generator is accounted only after subtracting the joule

heating term from Seebeck contribution,

2

I
W = Petectricar = SATI — - Lp = SATI — I?R (1.18)
dQ KAAT  I?pL
— = [SAT — — 1.19
dt S L 24 ( )
_ 72
n = ISAT — I*R (1.20)

kAT + IST — I°R

Here, k represents the thermal conductivity, p is the material's resistivity, and L
denotes the length. During TEG operation, the electrical conductivity, thermal
conductivity, and Seebeck coefficient vary with temperature. To determine the maximum
load current, I,,,,, One can set the first derivative of the efficiency n in equation 1.20 to

zero, leading to the result expressed in equation 1.21.

L SAT
max —
52 (1.21)
R(\/1+<W>T+1)
SZ

The term (E) in the denominator is known as the figure of merit, Z = (;—2) The

52 . . . ..
term (E) will have a maximum value when the product, Rk will have a minimum value.

Substituting egn (1.20) in (1.21), we will get the efficiency of a TEG

Ty—T. JA+2ZT)—1

Efficiency of TEG,n = T, @20 Tc/
+7ZT) +
Ty

(1.22)
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S2g (1.23)
ZT = TT

Here, ZT is known as the figure of merit of the thermoelectric material. The
dimensionless figure of merit, ZT is the most significant parameter in the thermoelectric
community as it directly determines the efficiency of converting heat to electricity. To
maximize ZT, we need to optimize the following parameters: increase the Seebeck
coefficient and electrical conductivity while minimizing thermal conductivity. This
optimization frequently includes complex trade-offs, as improving one characteristic can
adversely affect another. Materials with strong electrical conductivity may also have high
electronic thermal conductivity, thereby reducing ZT. Nanostructuring and doping are
adopted in advanced materials engineering to alter properties to attain high ZT values.
[124,128].

Another useful parameter in defining the performance of thermoelectric materials
is the thermoelectric power factor. It is a measure of a material’s efficiency in converting
heat to electrical energy and is given by the product of the square of the Seebeck
coefficient (S2) and the electrical conductivity(a). We may rewrite the thermoelectric

figure of merit as

Power factor PF
ZT = f T=—T (1.24)

K K
A high power factor indicates that the material can produce a large voltage with

minimal resistance, making it desirable for thermoelectric applications. Optimizing the
power factor is crucial for enhancing the overall performance of thermoelectric devices.
The defining terms in power factor, both S and o are strongly dependent on carrier
concentration. Another parameter that influences the figure of merit is the thermal
conductivity, k, but it is significantly affected by the lattice contribution than the carrier

concentration.
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1.7 Factors affecting thermoelectric efficiency

Thermoelectric efficiency is primarily determined by the material's electrical and
thermal conductivities. For practical applications, the strategy is to maintain a reasonably
high ZT across the operating temperature range rather than achieving a peak ZT at a
specific temperature. This ensures consistent performance and efficiency over a wider
range of conditions. One of the main objectives of thermoelectric research is the
optimization of the Seebeck coefficient, thermal, and electrical conductivities to attain a
maximum power factor. These interlinked parameters depend on carrier concentration

and the material nature and the optimization strategy is represented in Fig. 1-10.
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Figure 1- 10 (a) Power factor and (b) figure of merit dependence on carrier concentration
for optimization strategy.

A metallic conducting material has a high carrier concentration, which results in
good electrical and thermal conductivity, but the seebeck coefficient is too low to create
a significant power factor. Insulators, on the other hand have low the carrier
concentration, resulting in poor electrical conductivity. Even though the Seebeck
coefficient is high, it is insufficient to achieve a reasonably high power factor. So
semiconductors are the class of materials that maintains equilibrium across all of these
characteristics, and they are the focus of TE research. Most of the promising
thermoelectric materials are extensively doped semiconductors, which sufficient number

of free electrons mimicking the behavior of metals. The concentration of charge carriers
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is determined by both intrinsic defects including vacancies and the extrinsic defects due
to the insertion of dopants in host lattice. Optimizing charge carrier concentration is a
significant challenge in thermoelectric research. Achieving high ZT in a material
requires balancing the interdependent and often conflicting relationships between the
Seebeck coefficient, electrical resistivity, and thermal conductivity. This delicate

optimization is essential for enhancing thermoelectric performance [134-136].

We may also define another performance indicator known as thermoelectric quality
factor B, defined using the weighted mobility of charge carriers and lattice thermal

conductivity.

3
B = 87TkB (Zme)Z (kBT)S/Z ‘Ll_w _ BET (125)

3eh3 Ky Ky
As per eqn (1.25), the quality factor has an electronic contribution indicated by By

and a thermal counterpart determined by lattice thermal conductivity.

1.7.1 Thermal conductivity

Thermal conductivity describes a material's ability to conduct heat. It is quantified
by the amount of heat that passes through a material per unit time, per unit area, and per
unit temperature gradient schematically represented in Fig 1-11. This transport
coefficient x is connected to the temperature gradient AT and heat flux g by the Fourier

law as in eqn (1.26)

q = KAT (1.26)

Area= mr?

Figure 1- 11 Schematic representation of heat flow and concept of thermal conductivity.
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In conduction, heat is transferred between particles through molecular vibrations
and the movement of free electrons, facilitating energy exchange [137]. In the heat
transport in metals and semiconductors, the role of charge carriers and lattice are assumed
to be independent, and are represented by their own unperturbed wave functions.

Then, the total thermal conductivity k will be,

K =K, + K; (1.27)

There are still other terms like spin current contributing to the thermal
conductivity, but it is fractionally too low to be accounted. When an external electric
potential is applied, it causes a current to flow through the medium, allowing us to define
the electric current density. Similarly, when a thermal gradient is applied across a
material, it generates a heat current density J,. It is represented as a vector aligned with
the direction of heat flow, with a magnitude representing the average thermal energy per
unit time crossing a unit area perpendicular to the flow. Based on the kinetic theory, the

heat current density will be,

Jo = %leﬁCv(—AT) (1.28)

L., represents the electron mean free path and C, is the electron specific heat per
unit volume, and v represents the average velocity of the particles. Eqgn (1.28) is a

statement of Fourier law with thermal conductivity k. is represented as,

1
Ke = 517G, (1.29)

According to Drude model the specific heat of electrons is represented as

n 3 n 3
Cy = CmN—A = ENAkBN_A = Ean (130)

On substitution we will get classical expression for electron thermal conductivity

_ kpnlev

: (1.31)

Ke
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From eqn (1.31) we may deduce the well-established Wiedemann-Franz law.

Lattice vibrations play a major role in the thermal conductivity of all solids,
regardless of their state. In-depth analysis of thermal conductivity requires investigating
electron-phonon interactions. In this interaction, electrons are regarded as Bloch waves
and follow Fermi-Dirac statistics while, vibrating metal ions show minor displacements
from their equilibrium positions, and they are modelled as harmonic oscillators that obey
Bose-Einstein statistics. We may proceed to find the coupling constant of this interaction

as

c ie’z Nh (0.5)
a= 2 Mo \1-€q (1.32)
(1 +qu2F) €0q°Vo “a

Here polarization is assumed to be either longitudinal or transverse to the phonon wave

vector g, and z is charge state of an ion, g, permittivity of free space kr Thomas-Fermi
wave vector, N is the number of modes or particles (could refer to atoms or phonon
modes), w, Phonon frequency associated with the wave vector g, g, is unit vector
representing the direction of the wave vector or polarization of the phonon. Finding,

square of the coupling constant in long wavelength limit we get,

c |2 _ 2n? zEfhw, _ hw,
g0 = T3 v2k3VM " 2N(O)V,

(1.33)

With N (0) being the density of states per spin at the Fermi level and A is a dimensionless

parameter. With this coupling constant we may proceed to find the collision integral as,

(%)Cou - _%n;mz {[fk(l — Fe) (L4 N_g) = fr0(1 = FON_g 6 (Ep
— Ex + hw_,)
+ [fk(l ~ fr)Ng = fra(1 = fi) (1 + fi(1 - fk,))] §(E, (1.34)
— Ex — hayg)}
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The functions such as fi (1 — f,s) is included here as a result of Pauli Exclusion
Principle. N, and N_, represent phonon distribution functions in emission and
absorption. In equation (1.34) the influence of electron-phonon interactions on electron
distribution function is represented. The interaction also affect the phonon distribution

function and is described as,

ON, 2
(T:)CO” - _?ﬂ [ ;[(1 ~ fira)fig = (1 = fid fierg(Ng + 1)]8(Epcsq

(1.35)
- Ek - ha)q)

Just like the summation for electron wave function represented in equation (1.34) done
over all possible phonon states, in equation (1.35) summation is done over all possible

electron states. After linearizing the terms, we get,

JdN 2
(T:)CO” - _?ﬂ |Cq|2 ;fo(Ek)[l — FO(Exsq)|No(wq)8(Ex+q — Ex

— hawg)(@k = Preq + D)
Introducing the term relaxation time 7,,_. and substituting for coupling constant from

(1.36)

equation (1.32) we get,

kp-o(T) = G (91)1 @ (137)

The coefficient G is,

Kp2hOZM < 1
T 2m2miad Zc_z (1.38)
e ]=1 j

Where the mass of ions are represented by M, coupling constant of electron-phonon
interaction is represented by cj2 and j represents one longitudinal and two transverse

branches [137].
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At high temperatures

G
ky_e(T) = 7 forT =6 (1.39)
At low temperatures
T 2
ky_o(T) = 7.186 (9—) forT « 6, (1.40)
D

Here 6, refers to the Debye temperature. At high temperatures, phonon thermal
conductivity, affected by electron scattering, becomes temperature-independent, but it
rapidly declines at low temperatures due to increased electron scattering, showing that
electrons effectively regulate heat flow by phonons. High temperatures cause the total
lattice thermal conductivity to never approach the levels shown in equation (1.32) because
the phonon-phonon Umklapp processes are significantly more effective than electrons in
scattering phonons. However, one significant limiting factor for the lattice thermal

conductivity of metals at low temperatures is phonon-electron scattering.
The phonon-phonon interactions in lattice is divided to two

1. Normal process (N- Process)
2. Umklapp process (U-Process)

Y Umklapp
! v Processes
! \ K = exp(O/T)

4 Kpn = Cyv Ly,

- -

\ High Temp
\ U-Processes

l'llllll'lll'llllll

Boundaries & Defects

Lattice Thermal Conductivity (W/m-K)

Temperature

Figure 1- 12 Possible phonon scattering mechanisms and thermal conductivity.
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The U-process generates a third phonon, altering the phonon momentum and contributing
to thermal conductivity. In contrast, the N-process does not change the net phonon

momentum. At moderately high temperatures, the U-process is the main phonon
scattering mechanism, significantly impacting lattice thermal conductivity as k,, « 1/T

At low temperature, phonon contribution is relatively small and the phonon scattering at
the grain boundaries will be prominentand k,,, o< T3. In the mid temperature range both

these effects have competitive role as represented in Fig. 1-12.

1.7.2 Electrical conductivity

Electrical conductivity is the measure of a material's ability to allow the flow of
an electric current, quantified by the inverse of electrical resistivity. Materials with high
electrical conductivity, such as metals facilitate the efficient transmission of electric
signals, making them essential for various electrical and electronic applications. Based
on the classical free electron theory by Drude and Lorentz, electrical conductivity is
expressed as equation (1.41). Where n, the number of charge carriers/unit volume is, t,
is the relaxation time, e and m are the electron charge and mass respectively.

ne’r,
o =

(1.41)
m

However, the theory was unable to differentiate between metallic conductors and
insulators in terms of the conduction process. This problem is addressed by the quantum
picture of electron interaction with periodic potentials in a crystal lattice, which suggests
the creation of energy bands. While each atom has a distinct energy level, the energy
levels of solid materials are too close together to create an energy band. The band
diagrams differentiating metals, semiconductor and insulator are represented in Fig. 1-
13. In metals, the valence band and conduction band overlap, allowing free movement
of electrons and resulting in high electrical conductivity. In semiconductors, a small band
gap exists between the valence band and the conduction band, which can be overcome by

thermal energy or doping, enabling controlled conductivity. In insulators, the band gap
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is large, preventing electrons from easily moving to the conduction band, thus resulting

in very low electrical conductivity.

For an intrinsic semiconductor at temperatures above 0 K, there will be enough thermal
agitation to shift electrons to conduction band. The total conduction in that case will be

sum of electron and hole conduction and represented as,

0 = Ne(elle + Mnqnin (1.42)
Where n,, q. , uoare electron concentration, electron charge and mobility, n,, qp, upare
hole concentration, charge and mobility. In intrinsic region number of holes will be same

as number of electrons. So eqgn (1.27) becomes,

0 = Ngqe(Ue + 1p) = nqu (1.43)

____nsulator Nl Semi conductor

Conduction Band
Conduction Band

Conduction Band

Band gap Overlap region

Eg

Electron energy

Valence Band Valence Band

Figure 1- 13 Energy band diagrams of metals, semiconductors and insulator.

1.7.3 Transport properties and thermoelectricity in metals and semiconductors

The fermi distribution function of electron to be occupied in energy E is given by,

1

fo(E) = (1.44)

exp( KBTF) +1

The distribution function can be approximated to unity if (E — Ez) <« 1 and the function

will be zero for (E — Ez) > 1. Representing the number of states within the energy level

E and E + AE as g(E)dE, number of electrons n is,
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n= | f®gEE (1.45)

The conduction process is governed by partially filled states where electrons are
free to flow; it cannot occur for empty or completely filled states. In metals, the Fermi
level is well within the conduction band, hence there will be a large number of electrons
available for conduction. In insulators, the Fermi level is within the band gap, which
indicates no free electrons are available. For semiconductors, the fermi level is near to

the conduction band, and only a few electrons can contribute to conduction

Electron density of states is represented as,

4 2 * 3/2
g(E)dE = T Z;) L dE (1.46)

Here m”* is the effective mass. The same kind of transport equations will govern hole

conduction where the energy is measured downward with respect to Fermi level. In terms

of relaxation time 7, , the change in distribution function is expressed as,

df () __f(E) ~ fo(E)

1.47
dt T, (147)

We may express the relaxation time as tyE”. In most of the TE materials the scattering
mechanism is governed by acoustic phonons, for which r = —1/2. Based on Boltzmann

transport equations, taking the variations in FD distribution function as small,

(1.48)

fE) - fo(E)  dfy(E) dEf_l_(E_Ef)d_T
Te - dE dx T dx

u is the velocity of charge carriers. Based on eqgn (1.46) the current density may be

expressed as in egn (1.49).

i= ?Jooeuf(E) g(E)dE (1.49)
0

The heat flux density may be represented as,
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j:fo u(E — Ef) F(E)g(E)dE (1.50)

Here (E — Ef) can be treated as the amount of energy carried over by the electrons or

holes. There isn't any form of flow when f = £, and drift velocity has little contribution
to total velocity, Replacing f by f — f, and u by % we will write eqn (1.49) and (1.50)

as,

i=F

E (® df,(E) (dE; (E —E;)dT
3m*f0 ()T £ aE &1 @)

(1.51)

2
9(E)te E dx T dx

Er 2 (°® df,(E) dEf+(E—Ef)dT
JEE g 0 ¢ dE

(1.52)
Applying the proper boundary conditions,

Electrical conductivity,o = |Ratio of i to the electric fieldIdT_0
=

thermal conductivitygectronic Ke = |Ratio of j to (—dT/dx)|;=

The three quantities entering in TE figure of merit may be expressed as,

1 __292 * dfo(E )
2= S| 9 T (159)

o =

5 fo‘”g(E) E2 dfo(E) dE]

ke = 37 [ 9B, dfO(E) .

* dfo(E)
-fo g(E)T E? TdE) (1.54)

Finally the Seebeck coefficient S may be represented as,

S = Ratio of i to the electric field to temperature gradient
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u [ s Ezdfow)dEH

eT f g(E)T,E dfo(E) dE (1.55)
Expressing the transport coefficients as an integral,
K, = ;iT fo ) g(B)t, Es“%g)dE (1.56)
Eliminating g and t,, in favor of m*,r and t,
3
K, = 8; (Zz) (m* )ZTTO (s +7r+ ) (kT)S+r+7 F_ r% (1.57)

Where the integral F,is known as Fermi-Dirac integral. In terms of the integral K

2

e
=—K
o=Th (1.58)
1 <K Kf)
Ke == - —
cTT2\? K (1.59)
+1 K,
s= e—T<EF - K—0> (1.60)

These set of equations are of prime importance in determining TE figure of merit.

In analyzing the thermoelectric properties of materials, the position of Fermi energy with
respect to thermal energy kgzT plays an important role. If Er > kgT, degenerate
approximation is valid taking the material as a conductor. FD integrals in this situation
may be expressed as,

n+1 2 4

_7 n-1T_ 1\ — Y3 1.61
fn(m n+1+n77 6 +n(n—1)(n—2)n 360+ ( )

The series is converging rapidly and to calculate electrical conductivity the first term is

sufficient.
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8m (2 312 r+3
— * /2
0= (h2> e (m")Y 2 Ey (1.62)

First two terms are needed to determine electronic thermal conductivity, where

we can directly employ Wiedemann-Franz law and concept of Lorentz number.

[ = — (_) (1.63)

The seebeck coefficient calculation in metals requires first two terms in the series

_m?k(r+3/2

S = +——M (1.64)
3e n

As n will become large, Seebeck coefficient will be considerably small and metals in

general end up with very low S of the order of few microvolts.

For semiconductors we need to go with non-degenerate approximation where n <

—2kgT and FD integral become,

) = exp() | §exp(-9ds = exp(Dr(n+ 1) (165)
0
And the FD integral can be expressed as,

3

8w/ 2\2 1
Ko =5 (m5) Om)2Troles D)2 (s + 7+ 5/2)exp(n) (1.66)
And the electrical conductivity become

8w 3/2

o= ?(%) e2(m)Y2T1y(kgT)T3/2r (r + 5/2)exp(n) (1.67)

Comparing with equation (1.43) o = neu, we may write
2rm* kg T\

n Can be treated as effective density of states, and the mobility u will be,
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4 5\ ety(kgT)"
— b B 7 1.69
K= 3012 d ( 2) m* (1.69)
The Seebeck coefficient in non-degenerate case is represented as
K 5
L 2 1.70
S=+ p [n (r + 2)] ( )

The Peltier coefficient is equal to ST, indicating that the energy carried by each

kgT . .
1 eB ,and a kinetic component

electron or hole consists of a potential component —

(r+5/2) %T. In a typical extrinsic semiconductor, - may be significantly greater than

unity, resulting in the Seebeck coefficient reaching several hundred microvolts per

degree. For a nondegenerate conductor, the Lorenz number is

L= (g)2 (r + ;) (1.72)

The intrinsic relationship between the thermal and electrical conductive properties
of metals, arising from the behavior of free electrons is established by Wiedemann-Franz
law. Itis particularly useful in understanding and predicting the conductive properties of
metals under varying thermal conditions, where the electrons are treated based on a semi-

classical treatment of the electron gas.

Lo (1.72)
O—_ .

L is the proportionality constant, and it is called the Lorenz number. The Wiedemann-
Franz law is primarily applicable to metals, where free electrons are the dominant carriers
of both heat and electrical current. However, in semiconductors, the situation is more
complex due to the involvement of both electrons and holes as charge carriers, and the
presence of significant lattice vibrations (phonons) contributing to thermal conductivity.
While the law can sometimes offer insights into the relationship between thermal and

electrical conductivities in semiconductors.
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1.8 Strategies for optimizing thermoelectric figure of merit

Tuning the thermoelectric power factor, is challenging in many aspects.
Optimizing one parameter has a negative impact on the others; for example, boosting
electrical conductivity typically reduces the Seebeck coefficient due to their
interdependence on carrier concentration. Furthermore, improving the power factor
while keeping low thermal conductivity is difficult since advances in electrical
conductivity might result in greater thermal conductivity. Material selection and doping
schemes require precise control to attain the required balance. Intrinsic material features
such as carrier mobility and effective mass limit the ability to tune the thermoelectric
power factor effectively. These complications need cutting-edge material engineering
and fabrication approaches to improve thermoelectric performance [138].

1.8.1 Phonon glass electron crystal (PGEC) concept
For a semiconducting material to be an ideal thermoelectric material, the required

qualities are,

1. High crystal symmetry with electronic bands near the Fermi level and
multiple valleys.

2. Compounds composed of heavy elements with minimal electronegativity
differences between their constituent elements.

3. Energy gap of the order of 10 kgzT.

But in most of the cases the thermal conductivity of material will be too high to
make use of them in practical TE devices. In order to meet the criteria for a good TE
material Slack proposed the idea of Phonon glass electron crystal (PGEC) [139]. PGEC
materials exhibit thermal conductivity similar to that of amorphous materials, resembling
glass, while simultaneously possessing the superior electronic properties of a
semiconductor. In PGEC materials very low thermal conductivity without compromising
electron mobility may be achieved. One strategy to achieve this behavior is alloying with

elements having similar electronic configuration. Alloying preserves the crystalline
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nature while act like point scattering centers for phonons and reduce thermal conductivity.

Increasing the complexity of unit cell is also a desired quality for PGEC materials.

Phonon-Phonon interaction is the chief mechanism of thermal transport in materials. At

moderately high temperatures lattice thermal conductivity k;,:+ice IS represented as,

mvi/363

Kiattice X sz (1'73)

Here y is the GrUneisen parameter which is the measure of anharmonicity of lattice
vibrations. High value of y is obtained for materials with large thermal expansion,
isothermal bulk modulus and low density which eventually results in low thermal
conductivity. Since thermal conductivity is proportional to specific heat, lowering C,, is
another strategy to reduce kj,;¢ice- INtroducing the unique structural characteristics of
ionic conductors can increase complexity in the crystal and reduce C,,. The phonon mean
free path can be reduced in nanostructured semiconductor super lattices and low-
dimensional systems due to increased layer scattering effects. This combined strategies

will reduce thermal conductivity.

1.8.2 Optimizing power factor

Early efforts to optimize the figure of merit primarily focused on reducing thermal
conductivity. However, there is significant potential for enhancing the power factor. The
thermoelectric power factor integrates two critical material properties: the Seebeck
coefficient and electrical conductivity via PF = S%¢. Various methods exist to improve

these aspects.
1.8.2.1 Stabilizing Carrier concentration & Mobility

To maximize the figure of merit by increasing the carrier concentration, we need
to have an optimum doping level that correspond to reduced fermi level € = EF/kBT

approaches value close to zero. . The optimal carrier concentration n* estimated by loffe

is proportional to (m*T)3/2, where m* is the effective mass. Most of the TE materials
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usually have an electron concentration (n) that is much higher than the optimal
concentration (n*) required for low temperatures, but lower than what is needed for high
temperatures [140]. This discrepancy presents a fundamental challenge in achieving the
maximum possible ZT across all temperatures. This is dealt with a strategy known as
functional doping [136]. We may also adopt gradient doping to optimize carrier
concentration by integrating two or more different segments. Another strategy is to
increase the dopant solubility with temperature. The most effective way to stabilize
carrier concentration is through band engineering, which adjusts the temperature-
dependent density of states by tuning the effective mass. This can be achieved by
alloying, which decreases the effective number of available states as the temperature

increases.

Carrier mobility is another aspect to be taken care of while doping. An effective
way to stabilize mobility is to have modulation doping other than uniform doping.

lonized impurity scattering can cause a decrease in carrier mobility in semiconductors

(a) (b) (©)

Figure 1- 14 Different strategies of doping (a) Uniform doping (b) Modulated doping
(c) Graded doping.

that are evenly doped. Modulation doping, on the other hand, reduces the effect of ionized
dopants on carriers and increases carrier mobility by adding dopants to just one phase as
indicated in Fig.1-14 [141]. In addition to these techniques modification in synthesis
parameters like synthesis / annealing / calcination temperature, can also be used as an
effective method to optimize carrier concentration and mobility. Modulation doping

involves spatially separating dopant atoms from the region where charge carriers
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(electrons/holes) reside. Graded doping gradually varies the doping concentration across
a material (e.g., from high to low). It creates built-in electric fields or bandgap gradients
to control carrier movement, improve efficiency in devices like solar cells or
photodetectors. Besides modulation doping, utilizing the texture or structure of the
material represents another effective method to enhance carrier mobility, particularly in

materials with anisotropic structures.

1.8.2.2 Modulating Seebeck coefficient

Seebeck coefficient is usually expressed using the Pisarenko relationship.

8m2k:T T \3/2
= | — 1.74
S=3gmz ™ (3p) (1.74)

Where q is the carrier charge, m”* is the density of states (DOS) effective mass, p
is the hole concentration, h is the Planck’s constant. Since Seebeck coefficient is directly
connected tom™, tuning effective mass is one of the most widely used strategy to increase
. As the density of states increases, the bands distorted and there occurs an enhancement
in the effective mass. The effect of local changes in density of states significantly affect

Seebeck coefficient and is given by the Mott relation [142].

% Ky . {ldn(E) ld,u(E)} (1.75)
E=E

S=—=2
3 q dE +y dE

—EF

To increase the Seebeck coefficient(S), two strategies can be employed. First
strategy involves increasing the energy dependence of u(E) through a scattering
mechanism that heavily relies on the energy of charge carriers.  Multivalley
semiconductors with small inertial mass exhibit high mobility, despite having moderately
high effective mass in certain valleys, due to the availability of multiple conduction
pathways. The second strategy involves increasing the dependence of n(E). Introducing
resonant impurity levels via dopants is an effective method for enhancing the Seebeck
coefficient. An effective way to implement the first strategy is size confinement where
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the density of states play crucial role as indicated in Fig 1-15. At nanometer scales, the
energy levels of electrons and holes become quantized. This quantization can increase
the density of states near the Fermi level, potentially enhancing the Seebeck coefficient.
As the system size decreases to the nanometer scale, it becomes possible to vary the

Seebeck coefficient (S) quasi-independently.

Energy Filtering is another effective strategy to attain high Seebeck coefficient.
Nano structuring can introduce barriers or interfaces that preferentially scatter low-energy
carriers while allowing high-energy carriers to pass. This energy filtering effect can

increase the average energy of the carriers, thereby boosting the Seebeck coefficient.

D.O0.S

3D bulk Semiconductor 2D Quantum well 1D Quantum wire 0D Quantum dot

Figure 1- 15 Electronic density of states for a bulk semiconductor, 2D quantum well,
1D nanowire or nanotube and a 0D quantum dot.

1.8.2.3 Regulation of oxygen vacancies (V,) to optimize power factor
Annealing in reduced atmospheres, doping, formation of layered structures, fine-
tuned synthesis conditions can induce oxygen vacancies in oxide based TE materials.

Regulating this vacancies can significantly impact the TE performance.

Oxygen vacancies can significantly affect the electrical and thermal properties of
a material, thereby influencing its thermoelectric performance. It can act as electron
donors in oxide materials, increasing the carrier concentration. An optimal carrier
concentration is crucial for maximizing the electrical conductivity (c) while maintaining
a high Seebeck coefficient (S). Precise control of oxygen vacancies can help achieve this
balance. V, can scatter charge carriers, affecting their mobility. While excessive
vacancies reduce mobility due to increased scattering, a controlled introduction of

vacancies can optimize defect density, enhancing mobility and improving electrical
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conductivity.  Additionally, vacancies can modify the electronic band structure,
increasing the density of states near the Fermi level, which enhances the Seebeck
coefficient by amplifying the energy dependence of the electronic states. V, can create
localized states that act as energy filters, preferentially scattering low-energy carriers and
allowing high-energy carriers to contribute to the electrical transport. This energy
filtering effect can increase the average energy of the carriers, thus enhancing the Seebeck
coefficient [143-147].

1.8.2.4 Super lattice structures to optimize figure of merit

Super lattices, composed of alternating nanometer-thick layers of different
materials, can significantly enhance thermoelectric performance by reducing thermal
conductivity through increased phonon scattering at interfaces. The quantum
confinement effect in super lattices can increase the density of states near the Fermi level,
thereby improving the Seebeck coefficient. Super lattices can be engineered to selectively
scatter low-energy carriers, enhancing the average energy of charge carriers and boosting
the thermoelectric power factor.

The confinement effects may be used to create conduction valleys in nanostructures
and further confinement lead to formation of carrier pockets. The thickness of each layer
in super lattices may be reduced, to form a completely different shaped carrier pockets as
in Fig. 1-16.
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Figure 1- 16 Carrier pocket formation in bulk and nano dimensional super lattice
structures.
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Materials for super lattices are chosen based on their ability to form high-quality
interfaces, optimal carrier concentration, and favorable electronic and thermal properties
that contribute to high thermoelectric performance. Super lattices reduce thermal
conductivity by introducing numerous interfaces that scatter phonons more effectively
than electrons, lowering lattice thermal conductivity while preserving electrical
conductivity. The periodic structure of super lattices can create phonon bandgaps,
limiting the propagation of heat-carrying phonons. Reduced dimensionality in super
lattices alters phonon dispersion, decreasing phonon group velocity and further reducing
thermal conductivity. Differences in atomic masses and induced strain fields in create
mass fluctuation and strain scattering, which impede phonon transport and enhance
thermoelectric performance. Several combinations have been successfully tried and
implemented by various researches including tin telluride (SnTe), lead telluride (PbTe),
Silicon-Germanium (SiGe), lead selenide (PbSe) and Nb-STO/ Pr-STO [148-152].

1.8.2.5 Magnetic inclusions to optimize figure of merit

Magnetic nano inclusions in thermoelectric materials offer a promising route to
enhance thermoelectric performance by influencing both electronic and phononic
properties. Magnetic nano inclusions affect thermoelectric properties through drag
effects, where interactions with localized magnetic moments alter the mobility of charge
carriers.  This phenomenon modifies the Seebeck coefficient by introducing spin-
dependent scattering mechanisms that influence electron transport. The presence of
magnetic nanoparticles can increase carrier concentration by acting as dopants, thereby
enhancing electrical conductivity. In terms of phonon transport, magnetic inclusions
create interfaces that scatter phonons, reducing thermal conductivity by disrupting their
propagation. The presence of magnetic fields around these inclusions can also induce
strain fields in the host material, further enhancing phonon scattering and lowering
thermal conductivity [153-155].

Oxide and ferrite based nano inclusions like iron oxide (Fez04), manganese oxide

(MnO), NiFe;04, cobalt ferrite (CoFe204) and elemental forms of magnetic materials like
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iron (Fe), nickel (Ni), dysprosium (Dy) and gadolinium (Gd) are widely explored in this

aspect.

1.9 Thermoelectric materials

Seebeck effect and Peltier effect discovered during the early period of 18" century
paved the way for thermoelectric research, but practical applications remained limited
until the mid-twentieth century. Significant breakthroughs occurred in the 1950s with the
introduction of bismuth telluride (Bi>Tes) and related alloys, which became the standard
materials for thermoelectric devices due to their high efficiency at ambient temperature.
Skutterudites, Oxide perovskites, half-Heusler compounds, delaffosites, clathrates, zintl
phases, selenides, Silicides, silicon-germanium alloys (Si-Ge), organic and hybrid
materials, and chalcogenides are among the various classes of thermoelectric (TE)
materials. These materials can also be classified based on temperature ranges. The class
of materials with promising TE performances used as n and p type legs is represented in
Fig. 1-17 [156]. In recent decades, the emphasis has switched towards nanostructured
materials and complex compounds like skutterudites and clathrates, which offer higher
thermoelectric performance through greater phonon scattering and reduced heat

conductivity. Few major class of TE materials are as follows.
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Figure 1- 17 Class of thermoelectric materials with maximum values of figure of merit.

63| Page



In recent decades, the emphasis has switched towards nanostructured materials and
complex compounds like skutterudites and clathrates, which offer higher thermoelectric
performance through greater phonon scattering and reduced heat conductivity. Few
major class of TE materials are as follows.

1.9.1 Skutterudites

The mineral skutterudite (CoAs3) is the source of skutterudite thermoelectric
materials, which are renowned for their promising thermoelectric qualities, especially at
intermediate to high temperatures. Due to the presence of voids in their crystal structure,
which can be filled with guest atoms like alkali metals or rare earth elements, these
materials substantially reduce heat conductivity by phonon scattering.  "Filled
skutterudites,” as a result of this filling process, show noticeably better thermoelectric
performance than their unfilled equivalents. These class of compounds have a general
formula TPn3, where T is transition metal (T=Co, Rh or Ir) and Pn is a pnictogen (Pn=Sb,
As or P) represented by the structure in Fig. 1-18 [156].

Figure 1- 18 Unit cell of skutterudite (CoShs) (Im3).

Traditional CoSbs skutterudites, when optimally doped and filled with rare earth
elements like barium (Ba), have shown ZT values in the range of 1.5 to 1.6 at high
temperatures (around 800 K). Specific advanced formulations and approaches have
occasionally reported even higher ZT values, with some reports indicating values up to
1.7 under optimal conditions, though these are often under specific experimental setups
and may vary with practical applications [157,158].
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1.9.2 Half-Heusler compounds

Half-Heusler compounds are a promising class of thermoelectric materials
characterized by their ternary alloy structure, typically composed of elements from
groups 14, 15, and 16 of the periodic table. These compounds, such as TiNiSn and
ZrNiSn, exhibit excellent mechanical stability and can operate efficiently at high
temperatures, making them suitable for applications in waste heat recovery and
automotive thermoelectric generators. (HH) compounds typically have the formula XYZ,
where Z is a main group element and X and Y are typically transition metals as
represented in Fig. 1-19 [159].
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Figure 1- 19 Crystal structure of a Half-Heusler compounds (F-43 m): blue, gray, and
purple spheres represent the X, Y, and Z atoms.

One of the key advantages of half-Heusler compounds is their relatively high
power factor, which arises from a combination of good electrical conductivity and a
moderate Seebeck coefficient. However, their inherent high thermal conductivity poses
a challenge for achieving high thermoelectric performance. Advances in material
synthesis and doping techniques have led to significant improvements in the
thermoelectric figure of merit (ZT) of Half-Heusler compounds, with values reaching
around 1.0 to 1.5 at high temperatures [160,161]. One of the highest figures of merit (ZT
= 1.5 at 700 K) for Heusler compounds was reported by Sakurada and Shutoh for Sb-
doped NiTios0Zro.2sHfo25Sn [162]. The versatility of Half-Heusler compounds allows for
a wide range of compositional tuning, enabling the optimization of both n-type and p-

type thermoelectric materials.
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1.9.3 Clathrates

Clathrate-based thermoelectric materials are characterized by their unique cage-
like crystal structure, which consists of a framework of atoms enclosing guest atoms or
molecules. Due to their weak interaction with the host lattice, guest atoms are relatively
free to move or "rattle” within the framework. This localized rattling causes resonant
scattering of acoustic phonon modes in the lattice, which reduces thermal conductivity
while still preserving good electrical conductivity. Clathrates are frequently classed as
host-guest or inclusion compounds because they contain numerous sub lattices. Type |
clathrates, such as BasGaisGeso, are among the most studied, offering a balance of low
thermal conductivity and high electrical conductivity. The guest atoms within the cages
disrupt the lattice vibrations, reducing the material's overall thermal conductivity and
enhancing the thermoelectric figure of merit (ZT) [163]. The structure of | and II

clathrates are represented in Fig 1-20 [163].

(b)

Figure 1- 20 Crystal structure of (a) clathrate-1 (b) clathrate-I.

Traditional clathrates accommodate group 13 and 14 elements in the framework,
with alkali, alkaline-earth, or rare-earth cations as guests. Group 14 elements fit very
nicely with the tetrahedral coordinated clathrate structure. To keep charge balance when
guest ions are added to the clathrate cages, aliovalent substitution in the framework is
necessary. Water hydrates crystallize into seven primary structural types, denoted by
Roman numbers I-VII. Inorganic clathrates have been classified into clathrate-VIII,

clathrate-1X, and twisted clathrate. Many clathrate phases have showcased for their good
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TE characteristics.  The highest thermoelectric figure of merit, ZT is 1.35 for
BaisGaisGeso at 823 K [164,165].

1.9.4 Chalcogenides

Chalcogenide-based thermoelectrics leverage the unique properties of group 16
elements to efficiently convert thermal energy into electrical energy. These materials
typically include compounds such as bismuth telluride (Bi>Tes) and lead telluride (PbTe),
which exhibit high thermoelectric performance. The structure of PbTe is highly
symmetric and is contrary to the concept structure of ideal thermoelectrics. With very
low values of thermal conductivities of the range 2 to 3 Wm™K, n type PbTe has attained
maximum figure of merit 1.4 at temperatures 700-800 K. Nano structuring with Ag and
Sb inclusions have reported a highest power factor of 2.2 for the composition
AgPb1sSbTezo [166,167]. Another conventional materials in this family is Bismuth
telluride and its derivatives. Its alloys with antimony telluride (Sh2Tes) and bismuth
selenide (Bi>Ses3) are the most significant thermoelectric materials due to their
unparalleled efficiency near room temperature.

(a) (b)

Sn2+ Se2-

Figure 1- 21 structure of (a) bismuth telluride with Bi atoms in violet and Te atoms in
orange (R-3m) (b) SnSe in (Pnma) at room temperature with Sn atoms in blue and Se
atoms in green.

For many of practical applications involving TE cooling, TE refrigeration and TE
wearable devices these materials are explored since they can be modified to induce n type
and p type semiconducting materials with suitable dopants. P type derivatives have been
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made with highest figure of merit 1.6 and n type figure of merit value has reached 1.5.
Recent research has concentrated on improving the thermoelectric performance of n-type
Bi>Tes-based alloys using techniques such as Ag doping, hot deformation, low-angle
grain boundaries, and the inclusion of materials like AgeAlSes. Investigations have also
delved into innovative fabrication methods, including selective laser sintering and melt-
spinning, to enhance the microstructure and properties of n-type Bi>Tes-based
thermoelectric materials, with the goal of achieving superior efficiency and performance
[168,169]. The crystal structures of these class of compounds is represented in Fig. 1-
21.

Tin selenide (SnSe) exhibits remarkable thermoelectric properties due to its
exceptionally low thermal conductivity and favorable electronic characteristics, leading
to a high figure of merit (ZT). SnSe is a binary compound demonstrates strong an
harmonic and anisotropic bonding, and when doped with holes, it exhibits an
exceptionally high power factor due to its high electrical conductivity and significantly
increased Seebeck coefficient. This enhancement is facilitated by the contribution of
multiple electronic valence bands. Advances in doping and nanostructuring techniques
have further optimized its thermoelectric performance, making it a highly promising
material for energy conversion applications. Even after doping it is able to maintain ultra-
low thermal conductivities in range 0.4-0.5 WmK to attain figure of merit reaching

values greater than 2 [170].

1.9.5 Oxide thermoelectric materials

Oxide-based thermoelectric materials have garnered significant interest due to
their stability, abundance, and environmental friendliness compared to traditional
thermoelectric materials. These materials, including oxides of elements such as cobalt,
zinc, and titanium, exhibit promising thermoelectric properties at high temperatures,
making them suitable for applications in harsh environments.  Doping and
nanostructuring are common strategies employed to enhance the thermoelectric

performance of oxide materials, aiming to reduce thermal conductivity while maintaining
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or improving electrical properties. Complex oxides, such as perovskites and layered
structures, offer tunable electronic and thermal properties, making them versatile

candidates for thermoelectric applications.

Oxides were not considered as good TE materials till 1990°s because of their low
electrical conductivity and optimum thermal conductivity. Works done on transition
metal oxides like NaC0204 and ZnO paved the oxide way of thermoelectrics. They
possess strong electronic correlations and narrow d bands, which result in significant spin
and orbital fluctuations, as well as high degeneracy. These characteristics in d-electron
systems are beneficial for enhancing thermoelectric performance. In recent years several
other oxide materials like Zinc oxide (ZnO), Calcium cobaltate (CasCo04Oy), Calcium
Manganate (CaMnQs), Strontium titanate (SrTiOs3) and delafossite CuCrO> has emerged
as promising TE materials. Single crystals of Calcium cobaltate and its derivatives has
reached a maximum ZT value of 0.90, whereas polycrystalline samples has reached up to
ZT=0.40. Different doping strategies has been incorporated in calcium cobaltate
materials to improve the figure of merit to reach values in the range 1 for practical

applications.

ZnO-based thermoelectric materials are appealing due to their excellent thermal
stability, non-toxicity, and abundance. They show promising thermoelectric properties,
when doped with elements like aluminum or gallium, which improve their electrical
conductivity and Seebeck coefficient. N-type ZnO can be achieved by adding donors like
Al or Ni. ZnO-based materials have been synthesized in bulk, nanostructured, thin film,
and layered forms, with the thermoelectric figure of merit at room temperature reaching
up to ZT ~ 0.98 for ZnO (1120) monolayers and ZT ~ 1.49 for ZnO (0001) monolayers.
Interfacing low-oxidized graphene quantum dots has been adopted as a strategy to

improve ZT of zinc oxide to get maximum value of 0.486 [171,172].

1.9.6 Strontium Titanate (SrTiO3)

Strontium titanate (SrTiO3) is a promising thermoelectric material due to its high

thermal stability and non-toxicity. When doped with elements such as lanthanum,
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praseodymium or niobium, SrTiOs exhibits enhanced electrical conductivity and Seebeck
coefficient, improving its thermoelectric performance. Advanced synthesis techniques,
such as nanostructuring and defect engineering, have been employed to optimize the
properties of the material.

1.9.6.1 Crystal structure

Strontium titanate (SrTiO3) has a perovskite crystal structure, characterized by a
cubic lattice where strontium (Sr) ions occupy the corners of the cube. Titanium (Ti) ions
are located at the center of the cube, while oxygen (O) ions are positioned at the face
centers, forming an octahedral coordination around the titanium ions. This structure
contributes to its high dielectric constant and favorable electronic properties. SrTiOz can
undergo structural transitions under varying temperature and pressure conditions,

influencing its physical and electronic behavior.

Figure 1- 22 Crystal structure of (a) Cubic strontium titanate (Pm3m) (b) Tetragonal
strontium titanate (14/mcm).

At room temperature, SrTiOz crystallizes in the ABO3 cubic perovskite structure
(Pm3m) with a lattice parameter of 0.3905 nm. The cubic structure of SrTiOs can change
to tetrahedral, octahedral, or even rhombohedral forms due to crystal distortions caused
by factors like size effects, deviations from the ideal composition, and the Jahn-Teller
effect induced by doping or temperature variations as represented in Fig.1-22. SrTiOs

transitions to a tetrahedral structure (14/mcm space group) at temperatures below 105 K
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and further transforms to octahedral and rhombohedral structures at temperatures below
50 K and 10 K, respectively [173,174].

The structure stability of perovskites is often represented by Goldschmidt
tolerance factor (t), calculated using the ionic radii of the constituent ions. It is

represented using the equation (1.76).

_ rat+10]
" V2(rg + 1) (1.76)

Where r, and rp are the radii of the A and B cations, and r, is the radius of the oxygen
anion. A tolerance factor close to 1 indicates a stable cubic perovskite structure, while
deviations from this value suggest potential distortions or different crystal symmetries.
The introduction of a dopant at either the A or B site, or the creation of oxygen vacancies,
distorts the structure and leads to deviations from the ideal tolerance factor value
[175,176].

1.9.6.2 Electronic structure and transport properties

The electronic structure of strontium titanate is complex and can be understood
by examining its band structure, density of states, and the contributions from its
constituent atoms. STO has an indirect band gap of approximately 3.2 eV, with the
conduction band minimum (CBM) located at the I" point and the valence band maximum
(VBM) at the R point in the Brillouin zone. The conduction band is primarily composed
of the Ti 3d states, which are split into t2g and eg levels due to the octahedral crystal field
created by the surrounding oxygen atoms. The valence band is mainly derived from the
O 2p states, which form bonding states with the Ti 3d states. The total DOS shows a clear
separation between the valence and conduction bands, with the valence band edge
dominated by O 2p states and the conduction band edge by Ti 3d states. The contributions
from Sr 4d states are found at higher energies in the conduction band and do not
significantly contribute to the electronic properties near the band edges [176,177].
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The electronic transport properties of SrTiOz are crucial for its applications in
electronics and thermoelectrics. Pure SrTiOs is an insulator with low intrinsic electrical
conductivity due to its wide band gap, whereas doping with donor elements like
lanthanum (La) or niobium (Nb) introduces extra electrons into the conduction band,
significantly enhancing its electrical conductivity. La3* substitutes for Sr2*, providing one
additional electron per dopant atom, and Nb®* substitutes for Ti**, similarly adding an
extra electron. At cryogenic temperatures, STO exhibits exceptionally high electron
mobility, reaching values as high as 10* cm2/Vs due to reduced phonon scattering [178].

1.9.6.3 Thermal transport properties

Pure SrTiO3 exhibits relatively high thermal conductivity due to its strong ionic
bonding and efficient phonon transport. At room temperature, the thermal conductivity
is typically in the range of 10-12 WmK™. Thermal conductivity of STO decreases with
increasing temperature. This is mainly due to enhanced phonon-phonon scattering at
higher temperatures. At temperatures above 1000 K, the thermal conductivity can drop
significantly, to around 2-3 WmK™. The introduction of dopants typically reduces
thermal conductivity by introducing additional phonon scattering mechanisms. La®*, Pr3*
Sm?, Dy*", Y**, Yb* -doped SrTiOs can exhibit thermal conductivities as low as 2-4
W/mK at room temperature, depending on the doping concentration. Similar to La
doping, Nb doping (substituting Ti** with Nb®") also reduces the thermal conductivity of
SrTiOs. Nb-doped SrTiOs can have thermal conductivities in the range of 3-5 WmK!
at room temperature. In the Dy** doped samples, a thermal conductivity of 2.1 WmK*?
at 1073 K was achieved, marking the lowest value ever reported. Creating oxygen
vacancies can introduce additional phonon scattering sites, drastically reducing thermal
conductivity. SrTiOsz with a high concentration of oxygen vacancies can have thermal
conductivities as low as 2-3 Wm™K at room temperature. Oxygen vacancies cause local
lattice distortions and strain fields, which enhance phonon scattering. Through careful
control of composite doping strategies, the thermal conductivity of SrTiOz can be reduced
to values in the range 1 to 1.5 Wm?K™ in some cases, especially at high doping

concentrations and with additional defect engineering [179,180].
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1.9.6.4 Thermoelectric properties of SrTiOs

STO has emerged as a promising material for thermoelectric applications due to
its exceptional ability to convert heat into electricity, driven by its unique electronic and
thermal transport properties. The high value of Seebeck coefficient, electrical
conductivity, and thermal stability makes STO unique among other ATiOz perovskites.
The carrier concentration in pure STO is in 10 cm range which is far below the value
required for a reasonable power factor. Donor doping using La, Pr, Sm, Dy and Y for Sr
and Nb, Ta for Ti are the best strategies to improve the carrier density to desired level.
Intrinsic defects like oxygen vacancies will aid the electrical conductivity. Large
effective mass and conductive band degeneracy enhance Seebeck coefficient. Single
crystal STO have very high thermal conductivity due to the lack of scattering centres.
For practical purposes this should be reduced. In general, introducing defects across
multiple dimensions in the lattice effectively reduces thermal conductivity by scattering
phonons of various wavelengths. These defects encompass zero-dimensional (OD) point
defects, one-dimensional (1D) dislocations, two-dimensional (2D) interfaces, and three-
dimensional (3D) inclusions. The introduction of defects across dimensional scales not
only suppresses thermal conductivity by scattering a broad spectrum of phonons but also
modifies opto-thermoelectric properties by altering light-matter interactions. For
instance, 0D point defects and 2D interfaces can create mid-gap states or strain fields that
enhance sub-bandgap photon absorption, improving photothermal carrier generation,
while 1D dislocations and 3D inclusions may tailor charge carrier mobility and
recombination dynamics, synergistically boosting both thermoelectric and light-

harvesting efficiency [181].

In comparison with single doping co-doping on both Sr-site and Ti-site is
commonly used to boost TE performance of STO. Computational results indicate that an
estimated high ZT of 0.7 can be realized by La/Nb co-doping. After co-doping with 10%
La and 10% Nb, a ZT of 0.31 at 1050 K was observed. Similarly, a competitively high
ZT of 0.43 at 1009 K was achieved in polycrystalline Sro.93L.a0.07 Tio.93Nbo 0703 fabricated
by a similar method [182]. Partial doping was also developed to improve the
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thermoelectric performance of STO. Partial doping, nano compositing with TiO, nano
inclusions of metallic species, graphene/graphene oxide inclusions were used to enhance
TE characteristics of STO in bulk form [183-187].

Like their 3D bulk counterparts in single-crystal or polycrystalline forms, 2D
SrTiOz is increasingly gaining interest for use in thermoelectric devices, particularly
miniature ones. This interest stems from their strong mechanical properties and excellent
thermal stability, especially at elevated temperatures. Doping and vacancy tuning has
been found as effective strategy to enhance TE characteristics of STO in thin film forms.
ZT values in the range 0.3 has been achieved in Nb doped STO films prepared by PLD
method [188]. A variety of synthesis routes like MBE, RF sputtering, ALD, other

physical deposition methods may be adopted to fine tune the figure of merit.

Thin film super lattices of SrTiO3z have shown promising thermoelectric
properties due to enhanced phonon scattering at interfaces, which reduces thermal
conductivity. These structures can be engineered to optimize electronic transport while
maintaining low thermal conductivity, thus improving the thermoelectric figure of merit
(ZT). For SrTiOz-based super lattices, a maximum ZT value of around 2.4 at high
temperatures has been reported, highlighting their potential for high-efficiency
thermoelectric applications. The precise control of layer thickness and interface quality
in these super lattices is crucial for achieving such high ZT values. Most widely prepared
super lattices include alternating layers of Pr3* doped SrTiOs—s (SPTO) and Nb®* doped
SrTiOs3-5 (STNO) prepared by various thin film deposition techniques [189-191].

1.10 Motivation and objectives

Recent progress in thermoelectric materials has focused on enhancing TE
performance through nanostructuring, which improves phonon scattering and reduces
thermal conductivity. Advanced synthesis and fabrication techniques, such as doping and
alloying, have been developed to optimize the electrical and thermal transport properties

of these materials. Despite these advancements, challenges remain in achieving high
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efficiency and scalability for practical applications. Ensuring long-term stability and
cost-effectiveness of thermoelectric materials also continues to be a significant hurdle in

their widespread adoption.

The objective of this study is to synthesize SrTiOs-based materials with a high
thermoelectric figure of merit (ZT) by strategically engineering electronic and lattice
structures to synergistically enhance thermoelectric and optical performance. SrTiOs was
selected as the base material due to its exceptional thermal/chemical stability, low
toxicity, and dual-site (A/B) dopability. Praseodymium (Pr**) was introduced at the A-
site to induce mid-gap electronic states within SrTiOs’s band structure, which not only
optimizes thermoelectric parameters (e.g., elevating the Seebeck coefficient and
modulating carrier concentration) but also tailors its optical properties. These mid-gap
states enhance photoluminescence and sub-bandgap photon absorption, enabling
broadband light harvesting and emission tuning—critical for optoelectronic applications
such as transparent conductive oxides (TCOs) and photodetectors. Concurrently,
niobium (Nb**) doping at the B-site boosts electrical conductivity by increasing carrier
density, while graphite burial sintering generates oxygen vacancies, further enhancing
electronic transport and introducing defect-mediated optical transitions (e.g., visible-light

absorption via vacancy states).

The confinement effects in Pr/Nb-doped thin films, fabricated via oxygen-free
sputtering, amplify these dual functionalities: reduced dimensionality suppresses thermal
conductivity through phonon boundary scattering, while quantum confinement sharpens
electronic states, improving both thermoelectric efficiency and optoelectronic
performance. This dual engineering of electronic and defect structures enables SrTiOs to
operate as a multifunctional material, bridging optoelectronic and thermoelectric
applications. For instance, the tailored optical absorption (via Pr-induced mid-gap states
and oxygen vacancies) synergizes with enhanced electrical transport, making these
materials ideal for solar PV-integrated thermoelectric modules, smart windows with

energy-harvesting capabilities, or photothermally driven sensors. The interplay of defect-
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mediated light-matter interactions and thermoelectric optimization positions Pr/Nb-

doped SrTiOs as a platform for next-generation opto-thermoelectric devices, where

tunable optical properties and energy conversion efficiency are co-engineered at the

atomic scale.
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2.1 Introduction

This chapter investigates synthesis approaches tailored for both optical and
thermoelectric applications: bulk synthesis via solid-state reaction with subsequent
graphite sintering, and thin film fabrication using RF sputtering. Solid-state reaction
methods are employed to ensure material homogeneity and optimal thermoelectric
properties, enhanced further by graphite sintering to improve density and electrical
conductivity. Meanwhile, RF sputtering offers precise control over thin film deposition,
crucial for tailoring optical and thermoelectric properties at the nanoscale level, making

these materials suitable for advanced optical and thermoelectric device applications.

2.2 Solid state reaction (SSR)

The solid-state reaction method is one of the most widely used techniques for the
synthesis of a variety of materials, including ceramics, oxides, and composite materials.
This method involves the reaction of solid reactants to form a new solid product through
diffusion processes. It is particularly valued for its simplicity, versatility, and the ability

to produce high-purity and homogeneously mixed materials [1,2].

The mechanisms of solid-state reactions can be complex and are influenced by
factors such as temperature, particle size, and the nature of the reactants. Common

mechanisms include:

« Diffusion-controlled reactions: The rate of the reaction is controlled by the rate

at which reactant species diffuse through the solid lattice.

« Nucleation and growth: New phases form at specific sites (nuclei) and grow until
the reaction is complete.

e Topo chemical reactions: These involve structural rearrangements within the

solid reactant, often preserving the overall morphology.
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2.2.1 Mixing the raw materials

Combining the raw materials for solid-state reactions involves mixing solid
powders of the reactants in stoichiometric ratios. The homogeneity of the mixture is
crucial for ensuring a uniform reaction and consistent final product quality. To achieve
this, the reactant powders are often ground together using a mortar and pestle or a ball
mill. Ball milling is particularly effective as it not only mixes the powders but also reduces
particle size, increasing the surface area for the reaction as indicated in Fig. 2-1. Proper
mixing helps to enhance the contact between reactant particles, facilitating efficient
diffusion during the high-temperature reaction process. Additives, such as binders or
dispersants, may be used to improve the mixing and prevent agglomeration of particles.
Once the mixing is complete, the homogenous powder is ready for the subsequent

calcination step, where the solid-state reaction will occur.

Figure 2- 1 (a) Mortar and pestle used for manual mixing and grinding (b) automated
planetary ball mill using steel jars and agate balls.

2.2.2 Calcination

Calcination is a thermal treatment process used in solid-state reactions to induce
phase changes, decomposition, or removal of volatile components from the reactants. It
involves heating the reactant mixture to high temperatures, typically between 500 °C and

1500 °C using a programmable high temperature furnace, in an oxidizing or inert
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atmosphere as indicated in Fig. 2-2. The primary goal of calcination is to facilitate the
diffusion of reactant species, promoting the formation of a homogeneous solid product.
During calcination, chemical bonds in the reactants break and reform, leading to the
development of new crystalline phases. This process eliminates water, carbon dioxide,
and other volatile impurities, enhancing the purity of the final product. The calcined
material is then cooled and characterized to ensure the desired properties and

composition.

Figure 2- 2 High temperature furnace (Tmax=1700 °C) with PID programmable
controller and molybdenum disilicide (MoSi2) heating elements.

2.2.3 Re-grinding and pelletization

Re-grinding the calcined powder in solid-state reactions is essential to achieve finer
particle size and increase the surface area, which enhances the uniformity and reactivity
of the material. This step ensures that any unreacted regions are broken down, facilitating
further diffusion and reaction in subsequent thermal treatments. Using a binder like Poly
vinyl alcohol (PVA) to pelletize ceramic powder involves mixing the powder with a

binder solution, which acts as a temporary adhesive to hold the particles together.
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2-5 % PVA solution in distilled water is usually prepared and 3 ml is added to calcined

powder. The mixture is then shaped into pellets using a hydraulic pelletizer with 5-10

Figure 2- 3 Dye and hydraulic pelletizer.

tonne pressure as indicated in Fig. 2-3. The pellets are dried at very slow heating rates (2-
3 °C/ Min) to remove excess moisture and binder, ensuring they maintain their shape.
The use of binders helps to improve the handling and transport of the powder by reducing
dust and preventing segregation of the different particle sizes.

Pelletizing enhances the packing density and uniformity of the material, leading to
better sintering and mechanical properties in the final ceramic product. Pellets are easier
to feed into furnaces or other processing equipment, resulting in more efficient and

consistent fabrication processes.

2.2.4 Sintering

Sintering is a crucial thermal process in solid-state reactions that compacts and
densifies powdered materials into a solid mass by heating them below their melting point.
This process promotes particle adhesion through diffusion and mass transport, resulting
in a reduction of porosity and enhancement of mechanical properties. Sintering is vital
for achieving desired material characteristics such as increased hardness, strength, and

thermal conductivity. It also enables precise control over the microstructure, which is
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essential for tailoring the performance of materials for specific applications. By
promoting phase transformations and chemical reactions, sintering helps in the formation

of desired crystalline structures.

2.2.4.1 Graphite burial sintering

Pellets

Figure 2- 4 (a) Schematic and (b) real representation of graphite burial sintering.

Graphite burial sintering as depicted in Fig. 2-4 is a process where powdered
materials are sintered within a bed of graphite to enhance the sintering environment. The
graphite acts as a reducing agent releasing reducing gas carbon monoxide, CO at high
temperatures above 1200 °C, helping to prevent oxidation of the material during high-
temperature treatment. This method is particularly useful for sintering metals and
ceramics that are sensitive to oxidation. The graphite also provides a uniform thermal
environment, improving the consistency and quality of the sintered product.

The reducing atmosphere can help in the removal of impurities from the material, leading
to higher purity in the final product. Graphite burial sintering is widely used in the
production of advanced ceramics and high-performance materials due to its effectiveness

in enhancing material properties [3,4].

2.2.4.2 Polishing and impurity removal

Polishing using SiC (silicon carbide) papers of different grit sizes ranging from
400 to 3000, after graphite sintering is essential for achieving a smooth, even surface by
removing residual roughness and irregularities. This process enhances the surface quality,

which is crucial for applications requiring precise mechanical or aesthetic properties.
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Polishing prepares the material for further processing steps like coating or bonding by

providing a clean and smooth surface.

Steps for synthesis of Pr and Nb doped bulk samples: For the synthesis of Srix
Prx TiO3 (x=0.05, 0.075, 0.10, 0.125, 0.15, 0.20 ceramics, stoichiometricic amounts of
SrCOz (Sigma-Aldrich 99.9%), TiO (Sigma-Aldrich 99.9%), and PreO11 (Sigma-Aldrich
99.9%) were mixed and ground for 2 hours in ethanol medium. TiO2 and PreO11 were
initially dried at 900 °C in a clean chamber furnace for 8 hours. SrCOz was dried at 180
°C for 16 hrs. Ground powders were calcined at 1250 °C for eight hours and obtained
powders were ground again. For the pure sample calcination temperature was optimized
to 1200 °C. The powders were mixed with PVA binder and uniaxially pressed into pellets
of 13 mm in diameter and 2 mm in thickness. The binder was eliminated by annealing the
pellets at 600 °C for 4 hours at a slow heating rate. Prepared pellets were then transferred
to a crucible densely filled with graphite powder for the burial sintering process at 1450
°C for 4 hrs with optimized dwell cycles. For Nb doped SrTiOgz, precursors SrCOs (Sigma-
Aldrich 99.9%), TiO2 (Sigma-Aldrich 99.9%), and Nb2Os (Sigma-Aldrich 99.9%) were
used. High temperature calcination and sintering were done at PID controlled furnace

with optimal dwell cycles.

2.3 Sputtering

Sputtering is a physical vapor deposition (PVD) technique used to deposit thin
films of material onto a substrate. In this process, a target material is bombarded with
high-energy ions from a plasma, causing atoms or molecules to be ejected from the target.
These ejected particles then travel through a vacuum or low-pressure usually 1 to 2 mbar
gas environment and condense onto the substrate, forming a thin film. Sputtering
technique is widely used in the semiconductor, display, and optical industries due to its

ability to create high-quality, uniform coatings with precise thickness control.

One of the main advantages of sputtering is its ability to deposit a wide variety of

materials, including metals, alloys, insulators, and polymers. The process allows for
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excellent adhesion of the thin film to the substrate, which is critical for applications such
as electronic components and wear-resistant coatings. Sputtering can be used to create
multilayer films and complex material structures by sequentially or simultaneously
sputtering different target materials. The technique also enables the deposition of films
with specific properties, such as high electrical conductivity, optical transparency, or
chemical resistance, by adjusting parameters like the quality of target material, gas
composition, gas pressure, substrate temperature and power of RF supply. It is often
preferred over other deposition methods for its ability to achieve high deposition rates
and large-area coatings. The process can also be performed at relatively low temperatures,
making it suitable for heat-sensitive substrates. Advanced sputtering technigues, such as
magnetron sputtering, use magnetic fields to enhance the plasma density and increase the
deposition rate and film quality.

Ground
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Figure 2- 5 Schematic representation of sputtering system.

The principle of sputtering involves high-energy argon ions generated in a plasma,
which are accelerated towards the target material. When these argon ions collide with the
target, they transfer energy, causing atoms or molecules from the target to be ejected.
These ejected particles then travel and deposit onto the substrate, forming a thin film as
indicated in Fig. 2-5.

2.3.1 RF magnetron sputtering
Radio frequency (RF) magnetron sputtering is a sophisticated and versatile
technique for thin-film deposition that has garnered significant attention in materials
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science and engineering schematically indicated in Fig. 2-6. RF sputtering allows for the
effective deposition of both conductive and insulating materials, overcoming the charge
buildup issues faced in DC sputtering. The fundamental mechanism of sputtering
involves the ejection of atoms from target material due to bombardment by high-energy
ions. In RF magnetron sputtering, the process is further refined by the application of radio
frequency power, enabling the effective sputtering of non-conductive targets and
enhancing film uniformity and quality. The principle of RF magnetron sputtering
involves the deposition of thin films facilitated by RF generated plasma.

The entire sputtering process takes place within a vacuum chamber to minimize
contamination and ensure a controlled environment for thin-film deposition. It provides
the low-pressure conditions needed for stable plasma formation, which is critical for
consistent ionization of the inert gas. This environment increases the mean free path of
argon ions, allowing them to reach the target material with sufficient energy to achieve
effective sputtering. By minimizing collisions with other gas molecules, low pressure
environment improves the efficiency of material deposition onto the substrate. Inert gas
such as argon is introduced into the vacuum chamber to facilitate plasma formation. Inert
gas environment ensures that the gas itself does not chemically react with the target or
substrate, maintaining the purity of the deposited thin film. The RF power supply in
sputtering generates an oscillating electric field that ionizes the inert gas, creating a stable
plasma essential for the sputtering process. It allows for the sputtering of both conductive
and insulating materials by preventing charge buildup on the target surface. High-
frequency oscillations of the RF power supply, enhance the efficiency and uniformity of
the sputtering process, ensuring consistent ejection of target atoms from the target [5].

RF power supply for sputtering is designed to generate high-frequency alternating
current, typically in the range of 13.56 MHz, to ionize the gas in the sputtering chamber
and sustain the plasma. It provides precise control over power output, ensuring stable and

consistent deposition rates of the target material onto the substrate. These power supplies
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are equipped with advanced features such as automatic matching networks to optimize

power transfer efficiency and minimize reflected power [6].

It provides excellent control over film thickness, composition, and microstructure,
ensuring high-quality and uniform thin films. This proves to be a versatile, capable of
depositing a wide range of materials, including metals, oxides, and complex compounds,

making it suitable for diverse applications in electronics, optics, and advanced materials.

Sputtering yield is one key parameter in the sputtering process that describes the
number of atoms ejected from a target material per incident ion [7,8]. It is a measure of
the efficiency of the sputtering process and is influenced by several factors, including the

energy of the incident ions, the type of ions, and the properties of the target material.
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Figure 2- 6 Schematic representation of working of RF magnetron sputtering system.
The sputtering yield 'Y'can be expressed by the following empirical equation:
E;—Ewp
Y=a|——— 2.1
* ( E, ) 21)
Where a is a material-specific constant that varies depending on the target material and

the type of ion used for sputtering. It encompasses factors like the atomic mass and the

surface binding energy of the target material.
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E; is the energy of the ions bombarding the target significantly impacts the sputtering
yield. Higher energy ions have a greater capacity to dislodge atoms from the target

surface, increasing the sputtering yield.

Ep, is the threshold Energy. This is the minimum energy required to overcome the
binding forces holding an atom in the target lattice. If the ion energy is below this

threshold, sputtering will not occur.

E} is the binding energy, the energy required to remove an atom from the surface of the
target material. Materials with lower binding energies typically have higher sputtering
yield [9].

2.3.1.1 Stages of thin film formation in RF magnetron sputtering
The growth of thin films in RF magnetron sputtering involves several stages, each

critical for achieving the desired film properties [9,10].

e Nucleation:

o Atoms or molecules from the target material are ejected and travel through
the plasma to reach the substrate surface. These adatoms adsorb onto the
substrate, forming nucleation sites where clusters of atoms begin to form.
Initially, small islands or clusters of atoms are created. The density and
size of these islands depend on factors like substrate temperature,
deposition rate, and surface energy.

e Coalescence:

o As more adatoms arrive at the substrate, the islands grow larger and start
to coalesce. The merging of islands results in the formation of grain
boundaries, which are regions where the crystal orientation changes.

e Continuous film formation:

o A continuous film forms when the growing islands connect and cover the

substrate entirely, reaching the percolation threshold. Once a continuous

film is formed, and further deposition leads to the growth of the film's
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thickness. This stage involves the filling in of any remaining gaps and the
development of a uniform layer.
Post-growth processes:

o In some cases, post-deposition annealing is performed to improve film
properties like crystallinity, adhesion, and stress relief. Ensuring a high-
quality interface and surface is crucial for the film's performance in its
intended application. This can involve processes like surface passivation

or chemical treatments.

2.3.1.2 Different film growth modes

Thin film growth in RF sputtering can follow different modes, depending on factors

like the substrate material, deposition conditions, and the interactions between the film

and substrate [11,12] . The primary growth modes include:

Volmer-Weber (Island) growth: In this mode, atoms or molecules deposited on
the substrate initially form small clusters or islands that grow independently. This
occurs when the atoms are more strongly bound to each other than to the substrate.
This mode is typically seen in the growth of metals on insulators or materials with
low wettability.

Frank-van der Merwe (Layer-by-layer) growth: Atoms or molecules form a
uniform monolayer before starting to form the next layer. This mode occurs when
the interaction between the film and substrate is stronger than the interaction
among film atoms. This is common in the epitaxial growth of semiconductors and
thin metal films.

Stranski-Krastanov (Layer-plus-island) growth: Initially, atoms form one or
more complete monolayers (like in Frank-van der Merwe growth), followed by
the formation of three-dimensional islands. This mode occurs when there is a
strain due to lattice mismatch between the film and substrate that builds up after

the formation of a few monolayers, leading to island formation. This is common
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in the growth of strained-layer epitaxy and certain semiconductor
heterostructures.

Ostwald ripening: Over time, smaller islands or clusters dissolve and reorient
onto larger islands, leading to the growth of larger grains at the expense of smaller
ones. This process is driven by the reduction of the total surface energy of the
system.

2.3.1.3 Factors influencing growth modes

Achieving high-quality thin films in RF sputtering involves carefully tuning various

factors and parameters.

RF power: High RF power Increases the ionization rate and the number of
sputtered atoms, leading to higher deposition rates. However, it can also increase
substrate heating and potential damage. Whereas a lower power reduces the
deposition rate but can improve film uniformity and reduce defects.

Substrate temperature: High substrate temperature enhances adatom mobility,
promoting better crystalline quality and larger grain sizes. It can also reduce stress
and improve adhesion. Whereas a lower temperature may be necessary for
substrates sensitive to heat but can lead to amorphous or nanocrystalline films
depending on the formation energy of the material.

Gas pressure: High gas pressure increases the collision frequency of sputtered
atoms, leading to a more isotropic deposition and potential increase in film
density. However, it can reduce the mean free path, affecting the energy of the
arriving atoms. Whereas a lower pressure leads to a more directional flux of
sputtered atoms, which can improve step coverage in certain applications but may
reduce film density.

Sputtering gas: Argon is commonly used due to its inertness and effective
sputtering yield. But we may introduce reactive gases like oxygen or nitrogen for

reactive sputtering to form compounds (e.g., oxides or nitrides).
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e Target-to-substrate distance: Shorter distances increases deposition rate and can
lead to higher energy impact of sputtered atoms, improving film density. Wheras
longer distances provides better uniformity over larger substrates but may reduce

deposition rate and film density.

By carefully optimizing these parameters, it is possible to tailor the properties of the thin
films for specific applications, such as electronic devices, thermoelectrical modules,

optical coatings, and protective layers, ensuring high-quality and reliable performance.

Steps for synthesis of Pr and Nb doped thin films: In this work, the sputtering target
was prepared via high-temperature solid-state reaction method with stoichiometric
amounts of SrCOs3 (Sigma-Aldrich 99.9%), TiO> (Sigma-Aldrich 99.9%), PreO11 (For Pr
doped films) (Sigma-Aldrich 99.9%) and Nb.Os (For Nb doped films) (Sigma-Aldrich
99.9%). The obtained powder was sintered and formed into a 2-inch disk-shaped target.
To ensure compositional uniformity, the disk was crushed, pulverized, repressed, and re-
sintered. Ultrasonically cleaned quartz and Si substrates were then placed in the sputtering
chamber, which was evacuated to 5x10° mbar prior to deposition. Pr, Nb-doped films
were grown on the quartz, Si substrates at a temperature of 500 °C with a sputtering power
of 120 W and 150 W for 90 minutes. For Nb doped film, sputtering occurred in a pure
argon atmosphere with chamber pressures ranging from 1 x 1072 to 3 x 10™2 mbar. The
deposited Nb doped films were then annealed in tubular a vacuum furnace at 700 °C for

1 hour.

Pr doped films were grown on quartz substrates with substrate temperature of 500
°C, sputtering power of 150 W for a duration of 90 mins. Sputtering was done in pure
argon atmosphere with chamber pressures between 1 x 1072 to 3 X 1072 mbar. As

deposited films were annealed in tubular furnace for 4 Hrs at 600, 700 and 800 °C.
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2.4 Materials characterization

Materials characterization entails examining and analyzing properties of materials
to gain insight into its structure, composition, and physical attributes, including electrical,
optical, thermoelectric, and magnetic properties. In this work we used various techniques,
such as microscopy, spectroscopy, and diffraction to reveal detailed information about
materials at different scales. Accurate characterization is crucial in developing new
materials, enhancing existing ones, and ensuring quality control in synthesis and

fabrication processes.

2.4.1 Structural analysis

Structural characterization of materials focuses on determining the arrangement
of atoms and molecules within a material. Techniques such as X-ray diffraction (XRD),
electron microscopy, and neutron diffraction are commonly used to reveal the crystal
structure, phase composition, and defects. Understanding the structure is essential for
correlating material properties with their performance and guiding the development of

advanced materials.

2.4.1.1 X-ray diffraction

X-ray diffraction is a powerful analytical technique used to study the atomic and
molecular structure of materials. By directing X-rays at a material and analyzing the
diffraction patterns produced as depicted in Fig. 2-7. XRD can reveal detailed information
about the crystal structure, phase composition, and lattice parameters. It is essential in
identifying unknown materials, determining crystallinity, and detecting structural defects.

According to Bragg's Law, constructive interference occurs when the path
difference between scattered X-rays from successive lattice planes is equal to an integer
multiple of the wavelength [13]. This condition is mathematically expressed as:

nA = 2dsinf (2.2)

Where n is the order of reflection, A is the wavelength of the incident X-rays, d is the

distance between lattice planes, 8 is the angle of incidence.
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Figure 2- 7 Diagram representing Bragg’s diffraction on crystal planes.

The analysis of XRD patterns relies heavily on Miller indices. The interplanar
spacing d can be related to the Miller indices (h, k, 1) and the lattice parameters of the
crystal [14,15]. Depending on the structure of unit cell we obtain different formula
connecting these parameters. The relationships relevant to this research is indicated in
Table.2-1.

‘The Miller indices help in determining which planes are responsible for the
observed diffraction peaks. Each set of (h, k, 1) indices corresponds to a specific set of
crystal planes and thus a specific diffraction angle 8. By indexing the diffraction peaks

using Miller indices, one can identify the crystal structure and phase of the material.

Table 2- 1 Crystal systems and corresponding interplanar spacing relevant to the work

Crystal system | Axial translation Axial angles Planar spacing (1/d?)
2 2 2
CUbIC a:b:c a=ﬁ=y=900 h'+k2+l
a
2 2 2
Tetragonal a=b%c a=pB=y=090° h+k* 17
a2 C2

As the crystal is gradually rotated, different lattice planes come into orientation to
satisfy Bragg's condition, producing a series of diffraction peaks at specific angles. These

diffraction patterns are recorded and analyzed to determine the crystal structure, phase
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identification, and other structural parameters of the material. The intensity and position
of the diffraction peaks provide information about the atomic arrangement, crystallite

size, and possible lattice distortions

In XRD, the diffraction condition is satisfied when the difference between the
incident wave vector E and the diffracted wave vector ff’ is equal to a reciprocal lattice

vector G

K-K =G (2.3)
This relationship is known as the Laue condition for diffraction. For a given set of crystal

planes with Miller indices(h, k, 1), the corresponding reciprocal lattice vector Ehkl IS

represented as

Gnit = ha* + kb* + Ic* (2.4)
When this condition is met, constructive interference occurs, resulting in a diffraction
peak. Bragg's law, can also be interpreted using the reciprocal lattice [16]. In reciprocal
space, Bragg's law corresponds to the condition that the end points of the incident and
diffracted wave vectors form reciprocal lattice vector with magnitude |G| as indicated in
eqn (2.5).
21

|G| = — 2.5
dhr @3)

X-ray diffraction commonly uses several types of X-ray sources, each suited to
different applications. Copper (Cu) K, radiation, with a wavelength of 1.5406 A, is the
most widely used due to its balance of intensity and versatility for a range of materials.
Molybdenum (Mo) K, radiation, with a shorter wavelength of 0.7107 A, is preferred for
studying materials with smaller unit cells and for reducing fluorescence in samples with
heavier elements. Cobalt (Co) K, radiation, with a wavelength of 1.7889 A, is used to
minimize fluorescence in iron-containing samples, making it ideal for analyzing steel and

similar materials.
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2.4.1.1.1 Analysis of XRD spectrum
From the XRD obtained we may calculate a wide variety of structural parameters.
The Scherrer equation is used to estimate the size of crystallites in a sample based on the

broadening of diffraction peaks. The equation is given by

D kA
~ Bcosb
Where D is the crystallite size, k is the shape factor (typically around 0.9), A is the X-ray

(2.6)

wavelength, g is the full width at half maximum (FWHM) of the peak in radians, and
is the Bragg angle. This equation assumes that the broadening is solely due to the small
size of the crystallites and not due to other factors like strain or instrumental effects.
Another useful structural analysis is by using Williamson-Hall equation and plot

expressed as

kA
p cosO = ) + 4€esin 0 (2.7)

Figure 2- 8 (a) Rigaku Miniex 600 X-ray diffractometer (b) PANalytical X pert 3
diffractometer.

It is a graphical method used in X-ray diffraction (XRD) analysis to separate size-induced
broadening and strain-induced broadening of diffraction peaks. It plots the quantity

B cos 8 against4 sin 8. From the linear fit of this plot, the y-intercept provides the
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crystallite size, and the slope gives information about the microstrain within the material.
This method allows for a more comprehensive understanding of the factors contributing

to peak broadening compared to using the Scherrer equation alone[13,16-18].

In this work, XRD analysis were performed using PANalytical X’pert 3 and Rigaku
Minfiex 600 X-ray diffractometer as represented in Fig. 2-8. Both the equipment use X-
Ray source with (Cu) K, radiation, with a wavelength of 1.5406 A. The diffraction
patterns obtained between 20 and 90° were analyzed using PDXL software and are
compared with the ICDD (International Centre for Diffraction Data) data base. PDXL
offers user-friendly features and advanced algorithms to streamline the process of
analyzing XRD data, making it suitable for both routine and complex research
applications. Rietveld refinement and profile matching of patterns were employed using

FullProf Suite software.

2.4.1.1.2 Structural refinement using FullProf Suite

Rietveld refinement using the FullProf Suite is a sophisticated method for
analyzing and refining crystal structures based on X-ray and neutron diffraction data. This
technique involves the adjustment of a theoretical model to fit the observed diffraction
pattern by refining various structural parameters, such as atomic positions, lattice
constants, and thermal displacement factors. FullProf is a powerful and flexible software
tool for this process, allowing for the refinement of both simple and complex structures,

including those with magnetic ordering.

One of the significant advantages of FullProf is its ability to handle multiple
phases simultaneously, making it possible to refine mixed-phase materials accurately.
The software also supports the use of constraints and restraints, which help maintain
chemically and physically realistic models during refinement. This ensures that the
refined structure is not only mathematically accurate but also physically meaningful.
FullProf includes tools for visualizing and assessing the quality of the fit, such as

difference plots that show the residuals between the observed and calculated patterns. The

112 | Page



software's graphical interface, WinPLOTR, enhances user interaction by providing easy-
to-use options for data manipulation and visualization. FullProf also supports the
refinement of anisotropic displacement parameters, providing detailed insights into
atomic vibrations within the crystal lattice.

In addition to structural parameters, FullProf allows for the refinement of profile
parameters, such as peak shapes and background, ensuring a comprehensive fit to the
entire diffraction pattern. This software can integrate with other tools for pre-processing

and post-processing, enhancing its utility in detailed structural studies [19].

The refinement process involves collecting high-quality X-ray or neutron
diffraction data, followed by preparing an initial crystallographic model in a CIF file,
including atomic positions, lattice parameters, and space group. Instrumental parameters
such as wavelength and detector geometry are gathered, and a *.pcr file is created for
FullProf, containing model parameters, refinement settings, and observed data. The initial
refinement is executed in FullProf, generating output files with refined parameters and fit
quality indicators. The results are analyzed, and adjustments are made to parameters like
atomic positions, peak shapes, and background. This iterative process continues until the
fit converges to acceptable values. The final model is validated by checking physical and
chemical consistency, including bond lengths and angles and least chi square values.
Finally, results are documented with refinement details and quality indicators. By
iteratively refining model parameters to best fit the observed data, this method ensures
accurate and reliable structural analysis essential for advanced research and development
[19].

2.4.1.2 Raman spectroscopy

Raman spectroscopy is an analytical technique used to study vibrational,
rotational, and other low-frequency modes in molecules. It relies on inelastic scattering
of monochromatic light, typically from a laser, where the frequency of scattered light

shifts due to interactions with molecular vibrations as indicated in Fig. 2-9. This shift
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provides a unique molecular fingerprint, making Raman spectroscopy useful for chemical
identification and characterization. Unlike infrared spectroscopy, Raman spectroscopy
can analyze samples in various states, including solids, liquids, and gases, with minimal
preparation. It is particularly advantageous for studying inorganic compounds, carbon-
based materials, and biological samples. Enhanced techniques like Surface-Enhanced
Raman Spectroscopy (SERS) significantly amplify the Raman signal, allowing for the
detection of trace amounts of substances [20].

'When incident photons from a laser source interact with a sample, most scatter
elastically (Rayleigh scattering) without a change in energy. However, a small fraction of
photons scatter inelastically, resulting in either a gain (anti-Stokes shift) or loss (Stokes
shift) of energy, corresponding to the vibrational energy levels of the molecules in the

sample with frequencies(d, — 9,,) and (I, + 9,,,) respectively.

The Raman scattering intensity is linked to changes in the polarizability tensor of the

molecule. The polarizability describes how the electron cloud around a molecule is

distorted by the electric field E of the incident light.
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Figure 2- 9 Schematic representation of Raman scattering.
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The induced dipole moment Pcan be expressed as

P = aE') (28)

For a vibrational mode to be Raman active, the polarizability must change during the

vibration. Mathematically, this is described as

N oa
aq

Where a is the equilibrium polarizability, Q is the normal coordinate of the vibration,

a=aq, (2.9)

and Z—g is the rate of change of polarizability with respect to the vibrational coordinate

[21,22].

Figure 2- 10 JASCO NRS 4100 micro Raman spectrophotometer.

The vibrational modes of a molecule can be classified according to their symmetry
properties, described by the irreducible representations of the molecule's point group.
These modes often involve bond stretching or compressions that symmetrically alter the
polarizability of the molecule. Modes that are not totally symmetric can also be Raman
active if they induce changes in the polarizability tensor. The specific selection rules
depend on the symmetry properties of the vibrational mode and the molecule. Group
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theory provides a systematic way to determine the symmetry properties of molecules,
which in turn helps predict which vibrational modes will be Raman active [23] .

In this work, Raman measurements were performed on powder samples and thin
film samples using JASCO NRS 4100 having Nd-YAG laser of wavelength 532 nm as

represented in Fig. 2-10. The measured resolution of the spectrometer is 2 cm™.

2.4.2 Morphological analysis

Morphological analysis involves studying the physical structure and shape of
materials to understand their properties and behavior. This analysis includes examining
features such as grain size, porosity, surface roughness, and the arrangement of phases
within a material. Techniques such as electron microscopy, atomic force microscopy are
commonly used to visualize and quantify these morphological characteristics. By
correlating morphology with material performance, we can tailor materials for specific
applications in fields like thermoelectricity, optoelectronics, energy conversion and

storage etc.

2.4.2.1 Scanning electron microscopy

Scanning electron microscopy (SEM) analysis is a powerful technique used to
observe the surface morphology and composition of materials at high resolution. It
employs a focused beam of electrons to generate detailed images of the sample. The
principle of SEM revolves around the interaction of electrons with the atoms of a sample,
resulting in the production of various signals that provide detailed information about the
surface of the sample and composition.

An electron gun generates a focused beam of high-energy electrons. The electron gun
can be of different types, such as thermionic, field emission, or Schottky. It is then
accelerated to high velocities using an electric field, and their energy typically ranges
from 0.1 to 30 keV. The electron beam is focused into a fine spot using a series of
electromagnetic lenses, including condenser lenses and objective lenses. These lenses
control the convergence of the electron beam and adjust the spot size to achieve high-

resolution imaging. The focused electron beam is scanned across the surface of the sample
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in a raster pattern by deflection coils or scanning coils. This systematic scanning allows
for the collection of data point-by-point over the sample's surface [24,25].

The working principle of SEM is illustrated in Fig. 2-11 [26]. As the electron
beam interacts with the sample, it penetrates the surface and interacts with the atoms,
causing various types of emissions. Primary interactions include elastic scattering,
inelastic scattering, and the generation of secondary electrons, backscattered electrons,
and X-rays. Secondary electrons are emitted from the sample surface due to inelastic
collisions between the incident electrons and the sample’s atoms. They have low energy
(typically less than 50 eV) and provide high-resolution images with good surface detail.
Backscattered electrons are high-energy electrons that are reflected back from the sample
due to elastic scattering. BSEs provide compositional contrast in images because their
yield depends on the atomic number of the elements in the sample [27].

When the incident electron beam displaces inner-shell electrons of the sample’s
atoms, it causes the emission of characteristic X-rays as outer-shell electrons fill the
vacancies. This forms the basis for Energy dispersive X-ray spectroscopy (EDS), which
is used to determine the elemental composition of the sample. Various detectors are used

to collect the emitted secondary electrons, backscattered electrons, and X-rays. Secondary

Electron

Auger Beam Emitted X Rays
Electrons (EDS & EMPA )

Backscattered
secondary
Electrons (SEM)

Elastically Scattered Un Scattered Inelestically
Electrons Electron scattered
(SAED & CBED) beam (EELS) Electrons

Figure 2- 11 Schematic of electron beam interaction with sample.
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Chapter 2 Experimental methods and characterization techniques

electron detectors (Everhart-Thornley detectors) provide topographical information,

while backscattered electron detectors give compositional data [24].

Figure 2- 12 ZEISS Gemini SEM 300 FE SEM with Octane plus EDAX detector.

The signals collected by the detectors are amplified and converted into an image
displayed on a monitor. The intensity of the detected signals corresponds to the brightness
in the SEM image, revealing detailed surface morphology and composition. Proper
sample preparation is essential for accurate SEM analysis. Non-conductive samples are
often coated with a thin layer of conductive material (e.g., gold or carbon) to prevent
charging under the electron beam. The sample must be stable under high vacuum and
electron beam exposure.

In this work, the surface morphology of the prepared samples was analyzed using
a field emission gun scanning electron microscope (FE-SEM), ZEISS Gemini SEM 300
working at an accelerated voltage between 0.02 - 30 kV as indicated in Fig. 2-12.
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2.4.2.2 Atomic force microscopy (AFM)

AFM is a high-resolution imaging technique used to map the surface topography
of materials at the nanoscale. It operates by scanning a sharp tip attached to a cantilever
across a sample surface, measuring the forces between the tip and the surface. These
forces cause the cantilever to deflect, and this deflection is detected using a laser beam
reflected off the top of the cantilever into a photodetector. AFM can operate in various
modes, such as contact, tapping, and non-contact, each providing different types of

information about the sample.

The main parts of AFM are cantilever tip, laser and photodetector and
piezoelectric scanner. AFM uses a cantilever with a sharp tip (usually made of silicon or
silicon nitride) at its end. The radius of the tip is typically in the range 10-20 nm. A laser
beam is focused onto the back of the cantilever, and the reflected beam is detected by a
position-sensitive photodetector. The photodetector is usually a quadrant photodiode that
measures the deflection of the cantilever. The sample is mounted on a piezoelectric
scanner that can precisely move in the x, y, and z directions, allowing for controlled

scanning of the sample surface [28].

AFM can operate in different modes depending on the interaction between the tip
and the sample [29-33]:

e Contact mode: The contact mode also known as repulsive mode, the tip actually
makes physical contact with the surface, and have forces in the range of 10° to
108 N are typically generated. As the cantilever scans the surface, it bends due to
the repulsive forces between the tip and the sample atoms. The deflection (AZ) of
the cantilever is proportional to the force exerted by the surface according to
Hooke's law. The cantilever deflection is kept constant using a feedback loop that
adjusts the height of the scanner (z-direction). The adjustments made by the
feedback loop generate the topographical image. Contact mode AFM is widely
used in materials science for studying surface roughness, grain boundaries, and

defects.
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Tapping mode (Intermittent contact): In tapping mode, the cantilever oscillates
near its resonance frequency and lightly taps the sample surface during scanning.
This mode reduces lateral forces that could damage soft samples and provides
high-resolution images. The amplitude of oscillation changes as the tip interacts
with the surface, and these changes are used to form the image.

Non-contact mode: To prevent surface contacts a stiff cantilever is used resulting
in low-tip specimen forces of 1012 N. Since it is difficult to detect small forces
the cantilever is vibrated, typically at 100 to 400 kHz. The tip oscillates at a
distance just above the sample surface, where attractive van der Waals forces act.
Changes in the oscillation amplitude or frequency due to these forces are
monitored and used to generate the image. This mode is useful for imaging

delicate samples without physical contact.

In this work we used Multimode 8 high performance AFM with high speed ScanAsyst

mode.

Figure 2- 13 BRUKER- Multimode 8 high performance AFM.
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2.4.3 Chemical analysis

Chemical analysis techniques like X-ray photoelectron spectroscopy (XPS) and
X-ray fluorescence (XRF) are crucial in material science for determining the elemental
composition and chemical states of materials. These techniques provide detailed surface
and bulk chemical information, which is essential for understanding material properties,
performance, and behavior. Accurate chemical characterization helps in the development

of new materials, quality control, and failure analysis.

2.4.3.1 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy is a surface-sensitive analytical technique used
to determine the elemental composition and chemical states of surface of a material. It
works by irradiating a material with X-rays, causing the emission of photoelectrons
whose kinetic energy is measured to identify the elements and their electronic states. XPS
provides information about the chemical environment of atoms, including oxidation states
and chemical bonding [34].

Al X-Rays
(1487 eV) Electrons

} 1-10nm

SAMPLE

Figure 2- 14 Schematic representation of principle of XPS.

XPS is based on the photoelectric effect, where X-ray photons irradiate a material,
causing the emission of core-level electrons as indicated in Fig.2-14. The energy of these
emitted electrons provides information about the binding energies of the electrons within
the atoms, which is characteristic of each element and its chemical state. When X-rays
strike a material, they can transfer energy to an electron, ejecting it from the atom. This

process is governed by the Einstein photoelectric equation. Where Ej, is the kinetic
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energy of the emitted photoelectron, hd is the energy of the incident X-ray photon, E, is
the binding energy of the electron within the atom, relative to the Fermi level, ¢ is the
work function of the spectrometer, which accounts for the energy required to bring an
electron from the sample to the detector [35]. The emitted photoelectrons pass through an
energy analyzer, which measures their kinetic energy. The analyzer is typically a
hemispherical energy analyzer that sorts electrons based on their kinetic energy. The
detector measures the number of electrons (intensity) at each kinetic energy, producing a

spectrum according to eqn. (2.10).

Figure 2- 15 Omicron Nanotechnology XPS system.

The peaks in the spectrum correspond to electrons from specific atomic orbitals

and elements. The binding energy E}, of the electrons is calculated using the photoelectric
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equation. The binding energies are characteristic of specific elements and their chemical
states, allowing for qualitative and quantitative analysis. The intensity of the peaks can
be used to determine the relative concentration of elements. The chemical shift, which is
a slight change in the binding energy, can provide information about the chemical
environment and oxidation state of the elements [36,37]. In our work we employed
Omicron Nanotechnology XPS system represented in Fig. 2-15. The samples are exposed
to X-rays (typically Al K, with 1487 eV photon energy, respectively under ultra-high
vacuum (UHV) conditions.

2.4.3.2 X-ray fluorescence spectroscopy (XRF)

X-ray fluorescence is an analytical technique used to determine the elemental
composition of materials. It operates on the principle that when a material is exposed to
high-energy X-rays or gamma rays, it emits secondary (or fluorescent) X-rays that are
characteristic of the elements present in the sample. XRF is a hon-destructive technique,
allowing for the analysis of a wide variety of samples, including solids, liquids, and
powders [38].

XRF is based on the interaction between incident X-rays and the atoms in a
sample. This interaction can cause the ejection of inner-shell electrons, resulting in a
vacancy. An electron from a higher energy level then fills this vacancy, and the difference
in energy between these two levels is released in the form of an X-ray photon, known as
fluorescence. The incident X-rays have sufficient energy to eject an inner-shell electron
(often from the K or L shell), creating a vacancy. An electron from a higher energy level
(such as L or M shell) fills the vacancy, emitting an X-ray photon in the process. The
energy of this photon Eg;y,orescence 1S Characteristic of the difference in energy levels

between the two shells and is unique for each element as per egn. (2.11).

Erworescence = Ei — Ej (2.11)

E; and E; are the energy levels of the electrons involved in the transition, with E; > E;.
As electrons from higher energy levels drop down to fill these vacancies,

characteristic X-ray photons are emitted. Since most atoms have several electron orbitals
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(such as the K, L, and M shells), multiple fluorescent transitions can occur. As an
example, when X-rays interact with an atom containing K, L, and M shells, a vacancy
might form in the K shell, which can then be filled by an electron from either the L or M
shell, resulting in what is known as K transitions. Consequently, a single element can
produce several XRF peaks, typically all appearing in the spectrum with varying
intensities. This element's fingerprint is distinct due to these peaks. Not every X-ray
encounter produces fluorescence. The ratio of fluorescence X-rays to incident X-rays is
known as the fluorescence yield [39-41].

The emitted X-ray photons are detected by an energy-dispersive detector (such as
a silicon drift detector) or a wavelength-dispersive detector. These detectors measure the
energy (and sometimes the intensity) of the incoming X-ray photons. The energy
spectrum generated by the detector displays peaks corresponding to the characteristic X-
rays of different elements in the sample. Each peak’s position (energy) indicates the
element, and its intensity is proportional to the concentration of that element. The
intensity of the characteristic X-rays is used to quantify the concentration of each element
in the sample. Calibration with standards or fundamental parameters can correct for
matrix effects and enhance accuracy.

In this work we used SPECTRO XEPOS spectrometer with X-ray tube with thick
binary Pd/Co alloy anode with air-cooling.

Figure 2- 16 SPECTRO XEPOS XRF spectrometer.
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2.4.3.3 Energy dispersive X-ray spectroscopy (EDAX)

Energy dispersive X-ray analysis (EDAX), also known as energy dispersive
spectroscopy (EDS or EDX), is a widely used analytical technique for determining the
elemental composition of a material. It operates by detecting characteristic X-rays emitted
from a sample when it is irradiated with an electron beam, typically within a scanning
electron microscope (SEM) or transmission electron microscope (TEM). The energies of
these emitted X-rays are unique to each element, allowing for precise identification and
quantification. EDAX provides spatially resolved chemical information.

The sample is placed in an electron microscope, and an electron beam is directed
at the sample surface. The beam can be scanned across the sample to analyze different
regions. As the electron beam interacts with the atoms in the sample, it causes the ejection
of inner-shell electrons, leading to the emission of characteristic X-rays as electrons from
higher energy levels fill the resulting vacancies [42].

The emitted X-rays are collected by an energy-dispersive detector, usually a
semiconductor detector like a silicon drift detector (SDD) or a lithium drifted silicon
detector (Si (Li)). These detectors measure the energy of the X-rays with high precision.
The detector generates an energy spectrum, with peaks corresponding to the characteristic
X-ray energies of the elements present in the sample. The position of these peaks
identifies the elements, while the intensity of the peaks provides quantitative information
about the concentration of each element. The energy spectrum is analyzed using
specialized software to identify the elements and their relative abundances in the sample.
Corrections for background noise, overlap of peaks, and other factors are applied to
ensure accurate results. EDX detect elements with atomic number Z > 4(Be) to Z<92 (U),
not all instruments are equipped with detection of light elements (Z<11). The detection
limit of EDX ranging from 0.1 to latomic % and the lateral resolution lies ~ 1 um
[43,44].

In this work we used Octane plus EDAX attached to Gemini 300/EDS with an
active area of 30 mm?as indicated in Fig. 2-12.
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2.4.4 Optical properties

In material science, studying optical properties involves examining how
materials interact with light, including absorption, reflection, refraction, and emission.
These properties are critical for understanding and designing materials for applications
such as optics, photonics, and optoelectronics. Optical properties are influenced by a
material's electronic structure, band gap, and the arrangement of atoms, which determine
how it absorbs and transmits light. Techniques such as diffused reflection spectroscopy
(DRS), Transmission spectroscopy, and photoluminescence are commonly used to
analyze these properties. Understanding optical behavior is essential for developing
advanced materials for optoelectronic and thermoelectric applications.

2.4.4.1 UV-Visible-NIR spectroscopy

UV-Visible-NIR Spectroscopy is an analytical technique used to measure the
absorption and reflectance of ultraviolet, visible, and near-infrared light by a sample. This
method provides information about the electronic transitions and molecular structure of
compounds, making it useful for identifying and characterizing materials. In the UV-
visible range, electronic transitions of molecules, especially involving pi-electrons and
non-bonding electrons, are typically observed. In the NIR region, overtones and
combinations of vibrational modes are often detected. When a beam of light passes
through the sample, it undergoes absorption, transmittance and reflection (A+T+R =1) in

the ultraviolet, visible and NIR region of the electromagnetic spectrum.

2.4.4.1.1 Diffused Reflectance Spectroscopy (DRS)

Diffuse reflectance spectroscopy (DRS) is a technique used to analyze the
scattering and absorption properties of powdered or solid samples. It measures the
intensity of light scattered by the sample, providing information about its composition
and structure. DRS is particularly useful for studying samples that are opaque or difficult
to dissolve, making it a valuable tool in material science. When light strikes a sample, it
can be absorbed, transmitted, or reflected. In DRS, the focus is on the diffuse reflectance,

which occurs when light is scattered in many directions due to the sample's surface
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roughness or particulate nature. Diffuse reflectance refers to the light that is scattered
from a sample surface in various directions. This scattered light carries information about
the material's surface and bulk properties, including its composition and morphology. A
common approach to interpret DRS data is the Kubelka-Munk theory, which relates the
reflectance of a material to its absorption and scattering coefficients. The Kubelka-Munk
function (K-M function) is used to quantify the reflectance data and is defined as:
1—R2

F(Ry) = % (2.12)
Where R, is the reflectance of the sample layer that is thick enough so that no light passes
through it (infinite thickness), F (R,,) is proportional to the absorption coefficient K and

scattering coefficient S of the material, given by,

F(Ry) = g (2.13)

The Kubelka-Munk function allows for the determination of the concentration of
absorbing species in a sample by relating the reflectance to the sample's absorption

characteristics [45].

In DRS, a spectrophotometer equipped with an integrating sphere is typically used
to collect the scattered light. The integrating sphere captures light reflected in all
directions, allowing for an accurate measurement of diffuse reflectance. The sample is
placed in front of the sphere's entrance port, and light is directed onto it. The reflected
light is then detected, and its intensity is measured across different wavelengths. The
physical state of the sample (particle size, surface roughness, etc.) can significantly affect
the diffuse reflectance measurements. Samples are often ground into fine powders or

pressed into pellets to standardize the measurements.

In order to determine bandgap of a material we need to measure the reflectance
R, over a range of wavelengths using a spectrophotometer equipped with an integrating
sphere. To calculate band gap, we need to convert the reflectance data to F(R,,) using

the Kubelka-Munk function. This conversion relates the optical absorption to the
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reflectance data, allowing for the analysis of electronic transitions. A graph between
[F(Rw) X h9]™ and the photon energy hd is plotted and E,is determined by
extrapolating the linear portion of the plot to the x-axis. Here h Planck’s constant is and

J is the frequency of the incident light. The exponent n depends on the nature of the
electronic transition: n=2 for direct allowed transitions, n =§ for indirect allowed

transitions [45,46].

2.4.4.1.2 Transmission spectroscopy

Transmission spectroscopy is an analytical technique used to study the properties
of materials by measuring the amount of light that passes through a sample. It provides
information about the material's composition, structure, and optical properties based on
the wavelengths of light that are absorbed, transmitted, or reflected. Transmission
spectroscopy is a valuable tool for studying thin films, particularly for determining their

optical properties, such as the band gap and absorption edge.

In this technique, a beam of light is passed through a thin film sample, and the
intensity of the transmitted light is measured across a range of wavelengths. The amount
of light absorbed by the sample provides information about the material's optical
properties. Key properties like transmittance, absorbance and bandgap can be derived
from transmission spectroscopy [47]. Transmittance (T) is the fraction of incident light

that passes through the film indicated by

T=— (2.14)
Iy

Where [ is the transmitted intensity and I, is the incident intensity. Absorbance (A), is a

measure of the amount of light absorbed by the film, represented by

I
A=—logT = 1og7° (2.15)
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Absorption coefficient (a) quantifies how much light is absorbed per unit distance as it
travels through the material. The relationship between the absorption coefficient and

transmittance is given by the Beer-Lambert law:

T = ¢=ad (2.16)

Where d is the thickness of the thin film. The absorption coefficient can be determined

using

InT
d
The band gap of material of thin film can be estimated using the Tauc plot method. For

(2.17)

a =

direct allowed transitions, the Tauc plot is generated by plotting (ah9)? against the
photon energy hd. The band gap energy is obtained by extrapolating the linear portion of
the plot to the x-axis.

(ah9)? = A(h9 — E,) (2.18)

For indirect allowed transitions, the equation modifies to
1
(ah9)z = A(h9 — E,;) (2.19)
Where A is constant related to the material and Ej; is the band gap energy [48,49].

In our work we used Cary 5000 high performance UV-Vis-NIR spectrophotometer with

photometric performance in the 175-3300 nm range as indicated in Fig.2-17.

—

Figure 2- 17 Cary 5000 high performance UV-Vis-NIR spectrophotoméier.
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2.4.4.2 Photoluminescence spectroscopy

Photoluminescence spectroscopy is a non-destructive analytical technique used to
study the electronic structure and optical properties of materials. It involves the excitation
of a sample with light, leading to the emission of photons as the material returns to a
lower energy state. This emitted light, or photoluminescence, is analyzed to provide
insights into the electronic band structure, defect levels, and impurities in the material.
When the light is directed to the sample, it will be absorbed and transfers additional
energy into the material through a process known as photo-excitation. The material can
then release this excess energy by emitting light, a phenomenon referred to as
luminescence. When this emitted light results from photo-excitation, it is specifically

termed photoluminescence.
The basic steps involved in photoluminescence are:

1. Excitation: Absorption of photons by the material, promoting electrons from the
valence band to the conduction band (in semiconductors) or to higher energy

states (in molecules).

2. Non-radiative relaxation: The excited electrons lose some energy through
interactions with phonons (vibrational energy states) and relax to lower energy

levels.

3. Radiative recombination: The electrons eventually recombine with holes,
releasing energy as photons. The energy of these emitted photons corresponds to
the energy difference between the excited state and the ground state.

Ei

Energy exchange with surrounding molecules

Excitation
|| -

c Emission
0

Figure 2- 18 Excitation emission mechanism of photoluminescence.
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The information that can be deduced from PL spectra includes band gap energy,
Impurity and defect States, excitonic effects, quantum efficiency, carrier dynamics and
lifetime etc. [50].

The energy difference between the conduction band and the valence band in
semiconductors, can be determined from the wavelength or energy position of the main
PL peak. The emitted photon energy corresponds to the band gap energy, which is crucial
for understanding and designing semiconductor devices. The band gap energy can be

calculated using the formula E = % Peaks at energies lower than the band gap can

indicate the presence of impurity states or defect levels within the band gap. These states
can trap electrons or holes, which recombine radiatively, resulting in characteristic
emissions. The analysis of these sub-band-gap emissions provides insights into the types
and concentrations of impurities or defects, which can affect the material's electronic
properties and device performance. In some materials, particularly at low temperatures,
excitons (bound states of electrons and holes) can form. These excitons emit light at
slightly lower energies than the band gap. PL spectra can reveal excitonic transitions,
which are important for understanding optical properties in low-dimensional systems like
quantum wells, wires, and dots. The binding energy of excitons can be inferred from the

difference between the free exciton peak and the band gap energy [51].

Figure 2- 19 Horiba FluoroMax -4 series spectrofluorometer.
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The intensity of the PL emission can provide information about the quantum
efficiency of radiative recombination. High-intensity PL indicates efficient radiative
recombination, which is desirable in light-emitting applications like LEDs and lasers.
Comparing PL intensities under different conditions (e.g., temperature, excitation power)
can also provide information about non-radiative recombination processes and carrier
dynamics. Time-resolved PL spectroscopy can be used to study the dynamics of carriers
(electrons and holes) in the material. By measuring the decay time of the PL signal, one
can determine the carrier lifetime, which is important for understanding the

recombination processes and the quality of the material

Photoluminescence (PL) spectroscopy instrumentation typically consists of a light
source, such as a laser or a lamp, to excite the sample. The emitted light from the sample
is collected and directed into a spectrometer, which disperses the light based on its
wavelength. A detector, such as a photomultiplier tube (PMT) or a charge-coupled device
(CCD), measures the intensity of the emitted light across different wavelengths. The
resulting data is processed to produce a PL spectrum, which reveals information about
the electronic and optical properties of the material. In our work we used Horiba

FluoroMax - 4 series spectrofluorometer indicated in Fig. 2-18.

2.4.5 Electrical properties

The electrical properties of materials are fundamental to a wide range of
technologies, from semiconductors in electronics to insulators in electrical systems.
These properties includes electrical conductivity, resistivity, carrier mobility, carrier
concentration and dielectric constant, are determined by the material’'s composition,
structure, and measuring temperature. Gaining insight into these characteristics facilitates
the design and optimization of materials for applications, such as efficient energy
conversion and storage, advanced computing, and communication technologies. This
field of study is critical for advancing technology and enhancing the functionality and

efficiency of modern electronic devices.
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2.4.5.1 Hall measurements

Hall measurements are a crucial technique in characterizing the electrical
properties of materials, particularly semiconductors. This method involves applying a
magnetic field perpendicular to a current-carrying sample and measuring the resulting
transverse voltage, known as the Hall voltage. The Hall effect allows for the
determination of key parameters such as carrier concentration, carrier type (electrons or
holes), and carrier mobility, which are essential for understanding a material's electronic

behavior.

Nagnehc Tk

Figure 2- 20 Schematic representation of Hall effect.

The Hall effect occurs when an electric current flows through a conductor or
semiconductor in the presence of a perpendicular magnetic field, resulting in a voltage
difference across the material. This voltage, known as the Hall voltage, arises due to the
Lorentz force acting on the charge carriers (electrons or holes), which causes them to
accumulate on one side of the material as indicated in Fig.2-20 [52]. From the Hall
voltage measurements carrier mobility, concentration, resistivity, Hall coefficient and the

type of conductivity (n or p type) can be determined.
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Hall current is affected by several factors. The carrier concentration, carrier
mobility, applied voltage, and cross-sectional area all directly relate to the current, but

the sample length has an inverse relationship with the current as indicated in the equation.

[ = V %4 qnuV A
"R O(pL/\ L (2.20)
(/)

Where [ is the current, V is the voltage, R and p is the resistance and resistivity of the
sample, L and A is the length and area of cross section of the sample, n and u are the

carrier concentration and mobility of carriers[53,54].

Measuring the Hall voltage (VH) by applying a magnetic field perpendicular to
the sample and passing current through it is the first step in figuring out carrier mobility.
A transverse current is produced when the magnetic field (B) and current flow (I)
combine. Across the device, the resultant potential (\VH) is measured. Precise assessments
of the sample's resistivity (p) and thickness (t) are also necessary. Van der Pauw
measuring method or a four-point probe can be used to find the resistivity. This formula
may be used to get the Hall mobility with just these five parameters (B, I, Vn, t, and

resistivity)

_ Vgt
Hu Blp

(2.21)

no E T

Figure 2- 21 Hall effect voltage Vs van der Pauw resistance measurement.

Figure 2-21 shows the setups for measuring Hall effect voltage and van der Pauw

resistivity. Both configurations are quite similar in that they use four contacts and involve
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applying a current and measuring a voltage. However, in the Hall effect measurement,

the current is applied between two opposite nodes of the sample, and the voltage is

measured between the other two opposite nodes, with the points of current application

and voltage measurement interlaced. For semiconductors, the Hall voltage typically

measures around kT /q, which is roughly 25 millivolts.

Reversing the polarity of the source current, sourcing on additional terminals, and

reversing the magnetic field direction are also done to get reliable results. Hall voltages

are found with both forward and reverse current and magnetic field and average all the

values [52,53].

_ (R21,34 + Ry243 + Ry312 + R34,21)

R
4 4

_ (R32,41 + Ry314 + Ris23 + R41,32)
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B 4
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And from this values resistivity can be calculated using the eqn. (2.25).

p = Rst
where R, is the sheet resistance.
The Hall coefficient for electron,
Vyt
Ry=—
= IB

From the Hall coefficient, the carrier concentration can be determined as

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

135| Page



Ry =— (2.27)
And the mobility can be expressed as,
_O-nVHT

IB
Hall mobility is significantly influenced by the sample's temperature, making it

U= (2.28)

important to monitor temperature, especially in applications where measurements are
repeated after adjusting the sample's temperature. Many test setups include a temperature-
measuring probe, and for high-accuracy measurements, the probe should have a
resolution of approximately 0.1°C. Temperature-dependent Hall effect measurements are
crucial for understanding how a material’s electrical properties change with temperature.

By varying the temperature during these measurements, one can gain insights into carrier

Figure 2- 22 Ecopia HMS-5000 Hall effect measurement system.

concentration, mobility, and scattering mechanisms in semiconductors. In our work we

used The Ecopia HMS-5000 Hall effect measurement system represented in Fig. 2-22.
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2.4.6 Thermoelectric properties

Thermoelectric properties measurement is a key technique in evaluating a
material's ability to convert thermal energy into electrical energy and vice versa. This
involves assessing parameters such as the Seebeck coefficient, electrical conductivity,
and thermal conductivity, which together determine the material's thermoelectric
efficiency, characterized by the dimensionless figure of merit, ZT. Accurate
measurements are essential for identifying materials with high thermoelectric

performance, enabling advancements in energy harvesting technologies.

2.4.6.1 Electrical conductivity and Seebeck coefficient

The ULVAC ZEM-3MS8 is a state-of-the-art instrument designed for the precise
measurement of thermoelectric properties in materials. It is widely used in research and
development to evaluate the Seebeck coefficient and electrical conductivity, key
parameters for assessing a material's thermoelectric efficiency. The ZEM-3M8 is capable
of operating over a broad temperature range, allowing for comprehensive analysis of
materials under various thermal conditions. This instrument is crucial for identifying and
optimizing high-performance thermoelectric materials, which are essential for
applications in power generation and cooling technologies [55].
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Figure 2- 23 Schematic representation of thermoelectric measurement system.

The system uses a programmable IR furnace to heat the sample up to 900 °C and

a micro heater to generate temperature gradient between upper and lower part of the
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sample. The measuring chamber should be evacuated to 10- mbar before the process and
is filled with low pressure Helium gas during the whole process. The Seebeck coefficient
is measured using static DC method and electrical conductivity is measured using four-
probe method. The sample in rectangular bar/ pellet /thin film is placed in contact with
the upper and lower blocks across which the temperature gradient is applied.
Thermocouples are pushed against the side of the sample to measure the upper and lower
temperatures T1 and T», and then the thermal electromotive force dE between the identical
wires on one side of the thermocouple is measured to get the Seebeck coefficient using
the equation. The micro heater can be programmed, to create temperature gradient of 10,
20 or 30 °C.

To test the specific resistance value and Seebeck coefficient, the sample
temperature is stabilized every time. The samples were pre heated for two cycles from
room temperature to 900 °C before the measurement was taken

using the infrared furnace with filled helium gas at low pressure.

dE
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Figure 2- 24 UL VAC ZEM-3 TE measurement system.
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After sandwiching the sample between top and bottom electrodes two Pt
electrodes are pushed towards the sample and four probe contact is achieved. V-I plot
measurement is made to judge whether there is a proper contact between the probe and
the sample, by applying a constant current | to both ends of the sample, the dc four-
terminal technique measures electric resistance and determines the voltage drop dV
between the identical wires of the thermocouple by subtracting thermo e.m.f between the
leads. The stability of the measurement parameters is indicated by the resistance value

that is determined at the end of each heating cycle.

In our work we used ULVAC ZEM 3M8 TE measurement system capable of
testing TE parameters from room temperature to 900 °C in helium environment [56,57].

2.4.6.2 Thermal conductivity

Thermal conductivity measurement is fundamental in the study of thermoelectric
materials, as it directly impacts the efficiency of converting heat into electricity. In
thermoelectricity, materials with low thermal conductivity are desirable to maintain a
temperature gradient, essential for generating electrical power. Accurate measurement of
thermal conductivity, along with electrical conductivity and the Seebeck coefficient,
allows for the calculation of the figure of merit, ZT, a key indicator of a material's
thermoelectric performance. Techniques such as the Harman method and the laser flash
method are often employed to measure thermal conductivity in these materials.
Understanding and optimizing thermal conductivity is crucial for developing high-

efficiency thermoelectric devices for power generation and cooling applications.

The divided bar method is a steady-state technique used to measure the thermal
conductivity of solid materials, particularly those with low to medium conductivity. It
involves creating a steady heat flow through a sample and measuring the temperature
difference across it. The method uses a reference material with known thermal
conductivity to determine the thermal conductivity of the test sample by comparing
temperature gradients in both materials. In the divided bar method, a sample of unknown

thermal conductivity is sandwiched between two materials with known thermal
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conductivities, often referred to as reference materials. The assembly is placed between a
heat source and a heat sink, establishing a steady-state heat flow through the entire setup
as indicated in Fig. 2-25. By measuring the temperature differences across the sample and
the reference materials, the thermal conductivity of the sample can be calculated [58].

The thermal conductivity (k) is determined using Fourier’s law of heat
conduction, which relates the heat transfer rate to the temperature gradient across a

material:

= —KkA— 2.30

q=—KA— (2.30)
Where q is the heat transfer rate (W), k is the thermal conductivity of the material
(W/m-K), A is the cross-sectional area perpendicular to the heat flow (m2), % is the

temperature gradient (K/m).

Figure 2- 25 Thermal conductivity Measurement System.

For the reference materials (denoted as 1 and 3) and the sample (denoted as 2), the
relationship can be expressed as,
dT; drT, dTs

q= _KlAd_xl = _KZAd_xz = —K'3A— (231)

Where k4, k5, k5 are the thermal conductivities of the reference materials and the sample,

respectively, and dT,, dT, and dT; are the temperature differences across the reference
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materials and the sample [59]. The thermal conductivity of the sample k,, is derived
from the known conductivities of the reference materials x; and k3, and the measured

temperature differences:

Ky = —K (%) (%) (2.32)

Li, L, and L5 are the lengths of the reference materials and the sample, respectively.
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3.1 Introduction

Strontium titanate (STO) has been extensively studied in its single crystal, bulk
ceramic, and thin film forms due to its remarkable physical properties. Alkaline earth
titanates with a perovskite structure, such as BaTiOz and SrTiOs, are utilized in a wide
range of electronic and optoelectronic applications. These include sensors, actuators,
dielectric components in capacitors, as well as optical devices like modulators, windows,
and filters [1-3]. Doped perovskites and delaffosite are also employed in thermoelectric
power generation [4-8]. Oxide perovskites, with the general formula ABOz (where A
and B are cations), exhibit a distinctive structure characterized by BOs octahedra that
share corners, extending symmetrically in all three dimensions. The A cations occupy
the voids formed by eight BOs octahedra, resulting in a 12-fold oxygen coordination for
A cations and a 6-fold coordination for B cations, as depicted in Fig. 3-1. Doping at the
A or B sites with appropriate elements significantly modifies the structural, optical,
dielectric, ferroelectric, and thermoelectric properties of STO-based ceramics. Such
cation substitution alters the electronic band structure, influencing band curvature and
degeneracy, thereby impacting the material's functional properties. The intrinsic
structural flexibility of the perovskite lattice enables precise tuning of multifunctional
properties through chemical substitution, where subtle octahedral distortions and dopant
site occupancy critically govern electron—phonon interactions and thereby modulate the

dielectric, optical, and thermoelectric responses of SrTiO3[9].

Compared to the characteristics of conventional semiconductors, oxide-based
semiconductors exhibit a range of unique and fascinating properties. Strontium titanate,
a highly promising perovskite oxide material, has a broad spectrum of applications and is
widely utilized as a photo catalyst as well as a substrate for the epitaxial growth of various
oxide-based thin films [10,11]. It exhibits semiconducting behavior, high dielectric
constant, and great thermal stability, resulting in a broad variety of microelectronics
applications, making it one of the most promising materials for tunable microwave

devices, capacitors, photo catalysts, and light emitters [12]. STO has an optical bandgap

149 | Page



of 3.2 eV and can be varied with appropriate doping, [13-16]. STO exhibits structural
characteristics such as the soft bonding of the small Ti* ion with the surrounding
octahedral O*" ions. Its conductivity can be modulated, demonstrating significant low-
temperature mobility upon n-type doping, which is commonly achieved through the

introduction of oxygen vacancies or by chemical substitution of La®* or Pr3* for Sr** and

Nb>* for Ti** [17]. While many of these properties are not yet fully understood, they are
strongly associated with rare earth element doping and changes in the electronic structure
resulting from oxygen vacancies. Impurities and point defects play a significant role in
shaping the functional capabilities of the material, and considerable efforts are being
made to uncover the underlying mechanisms and their causal relationships. Recent
studies have demonstrated that defect-induced electronic states and dopant—vacancy
interactions dominate carrier generation and recombination processes in SrTiOs. The
coexistence of shallow and deep trap states, originating from oxygen vacancies or
aliovalent dopants, plays a pivotal role in defining optical absorption edges and emission
behavior. However, the quantitative relationship between defect concentration, local
lattice distortion, and optical transition probability remains incompletely understood,

motivating detailed spectroscopic and structural investigations.

J
Pr . Sr

Figure 3- 1 Cubic to tetragonal phase transition of Pr substituted SrTiOs.

Ti® Oe
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Due to its wide band gap, the photocatalytic properties of SrTiOs are restricted to
the UV region of the spectrum. To address this limitation, modifications are being
explored to reduce the band gap and enhance the material's light-harvesting capacity
across a broader range of the spectrum [18,19]. Sr?*ions lack the complex energy level
diagram characteristic of rare earth (RE) ions. As a result, photon management properties
can only be achieved through doping with other rare earth ions. Substituting rare earth
elements can shift the Fermi level into the conduction band and modify the absorption
spectrum by introducing peaks in the 0.1-0.4 eV range [6]. Dopants like Cr, Fe, Eu and
Al are widely exploited to change the optical properties of pristine SrTiOz [3,20-24].
Unlike other RE®*, Pr* has a unique feature resulting from the close energy separation
between the 1S level and the lowest edge of the 4f 5d configuration and its emission
depends greatly on the position of the 4f 5d configuration, which is extremely influenced
by the features of the host. Pr as a dopant is widely used to alter the ferroelectric and
thermoelectric properties of STO, but optical modifications are less explored.

In various dielectric crystals, luminescence emission techniques such as
photoluminescence, cathodoluminescence, radioluminescence and more recently,
ionoluminescence have been employed to study electronic excitations and to create defect
centers [25-28]. When exposed to ultraviolet light, STO exhibits photoconductivity,
primarily driven by the contributions of both photo generated electrons and holes. The
photoluminescence (PL) properties of STO are even more complex and debated than its
transport behavior, with self-trapped excitons playing a dominant role in electronic
excitations. High-energy electronic excitations, exceeding the band gap, generate free
electrons and holes, which rapidly form electron-hole pairs confined within the lattice,
creating self-trapped excitons (STE). Pure STO displays greenish luminescence under
UV light, peaking at photon energies of 2.2-2.4 eV, corresponding to a wavelength of
approximately 500 nm, attributed to the decay of these self-trapped excitons [29-32].
Near the bandgap energy at about 3.2 eV, another band is also observed related to the

phonon-assisted transition from the conduction band to the valence band [33].
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Ar* ion irradiation introduces an additional luminescence band in the blue region
at 2.8 eV. Similarly, blue luminescence has been observed in materials with oxygen
deficiencies or when doped with Nb donor impurities. [26,34]. The luminescence spectra
are influenced by electron doping and the presence of natural oxygen vacancy defects.
The use of Pr as a dopant in Sr sites has not been extensively studied for its
photoluminescent properties. Typically, Pr-doped titanates exhibit intense red emission
under ultraviolet (UV) light excitation [35]. The intensity of red luminescence is typically
low, with the position of the emission peak and the full-width at half-maximum (FWHM)
playing a crucial role in defining the color gamut. Expanding the color gamut remains a
debated topic as it can significantly enhance color vibrancy.

Materials capable of emitting light in narrow spectral bands are essential for
achieving a wider gamut. Consequently, high-performance narrow-band emission
materials are vital for developing wide-gamut pc-LED backlights [36]. From a
photophysical standpoint, Pr3* ions are particularly attractive because their intra-4f-5d
transitions are strongly affected by the host crystal field, enabling fine-tuning of emission
wavelength and linewidth through host—dopant interactions. Given the sensitivity of Pr
emission to lattice symmetry and oxygen coordination, SrTiOz provides an ideal platform
to probe the interplay between local electronic structure, defect states, and radiative
recombination mechanisms — aspects that remain relatively underexplored compared to

its structural or electrical characteristics.

Most efforts to tune the photoluminescence (PL) properties of SrTiOs focus on
doping at the B-site by substituting Ti** ions in the lattice. Praseodymium (Pr)-doped
luminous materials have shown significant potential in applications such as red phosphors
for displays, sensors, and optoelectronic integration. The photoluminescence (PL)
performance of Pr-doped ferroelectric ceramics can be greatly improved under the
application of an electric field. This enhancement is attributed to the reduction in
structural symmetry of the host material following the poling process [37]. Due to their

high sensitivity, the emissions of Pr3* have also been used as a structural transition probe
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to examine the phase transition of ferroelectric hosts that induces changes in crystal

symmetry.

In this study, Praseodymium (Pr) was successfully incorporated into Sr sites within
the SrTiOz matrix. Burial sintered samples of Pr-doped SrTiO3z were prepared using
graphite powder, and structural changes were analyzed using X-ray diffraction (XRD)
and Raman spectroscopy. Compositional analysis were done by XPS and XRF. The
tunability of optical and photoluminescence properties was investigated, and the findings

were correlated with the observed structural modifications.

3.2 Experimental methods and techniques

The high-temperature solid-state reaction method was employed to synthesize Sri-
x Prx TiOs with x=0.05, 0.075, 0.10, 0.125, 0.15, 0.20 ceramics. Stoichiometric amounts
of SrCOs (Sigma-Aldrich, 99.9%), TiO2 (Sigma-Aldrich, 99.9%), and PreO11 (Sigma-
Aldrich, 99.9%) were mixed and ground in ethanol for 2 hours. Prior to mixing, TiO>
and PreO11 powders were dried at 900 °C for 8 hours, while SrCO3z was dried at 180 °C
for 16 hours. The resulting powders were calcined at 1250 °C for 8 hours, followed by
further grinding to get uniform crystallites. For the undoped sample, the calcination
temperature was optimized to 1200 °C. The samples were labeled as SPTO 1 to SPTO
6, as listed in Table 3-1.

The powders were mixed with a PVA binder and uniaxially pressed into pellets
measuring 13 mm in diameter and 2 mm in thickness. The binder was removed by
annealing the pellets at 600 °C for 4 hours at a controlled heating rate. These pellets were
then buried in graphite powder and subjected to burial sintering at 1450 °C for 4 hours
under optimized dwell cycles. The reducing agent CO, generated by the graphite during
annealing, created a strong reducing atmosphere. The sintered pellets were ground again,
and the resulting powders were labeled as SPTO 1B to SPTO 6B, as shown in Table 3-1.

153 | Page



Table 3-1 Sample labels of Sr1—PrxTiOz before and after burial sintering.

Concentration of Pr | Before Burial sintering After Burial sintering
X=0.05 SPTO 1 SPTO 1B
X=0.075 SPTO 2 SPTO 2B
X=0.10 SPTO 3 SPTO 3B
X=0.125 SPTO 4 SPTO 4B
X=0.15 SPTO 5 SPTO 5B
X=0.20 SPTO 6 SPTO 6B

The X-ray diffractometer (Rigaku-MiniFlex 600) with the Cu-K, radiation of
wavelength (A= 1.5418 A) was used for structural studies with 26 values between 20 and
80°and the obtained data was analyzed using Rietveld refinement method. Raman spectra
of the powder were done by Jasco NRS 4100 system (532 nm). XPS measurements were
done using Omicron Nanotechnology XPS system. The morphological characterization
of the samples was carried out by using a Field emission gun scanning electron
microscope (FE-SEM) with EDS and elemental mapping using AMETEC EDAX system.
Optical measurements were done by CARY 5000 UV-Vis NIR in wavelength range
between 200-2400 nm. PL studies were done between the range 400 and 600 nm.

3.3 Results and discussion

The color of calcined powders changed from white-beige to lemon yellow with
increasing Pr content going from x = 0.05 to x = 0.20 in Sr1—xPrxTiOs. In burial sintered
samples, the color changed to dark grey, indicating the change in the oxidation state of

titanium from Ti*" to Ti** under a strongly reducing atmosphere [38].

3.3.1 Microstructural characterization- XRD - Rietveld refinement, Raman analysis
Fig. 3-2 shows the room temperature XRD patterns of Pr doped STO ceramics
Srix PrTiOz with different dopant concentrations.  Ceramics with higher Pr

concentrations undergo a phase transition from the cubic SrTiOsstructure to a tetragonal
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phase, with no precursor residues remaining after calcination. The reflections obtained
align well with the standard database (PDF 00-035-0734), confirming the structural
purity. Fig. 3-2a further verifies the successful substitution of Pr®*ions for Sr* in the
SrTiOs crystal lattice. Due to its smaller ionic radius (0.99 A) compared to Sr?* (1.26 A),
Pr3* exclusively occupies the A-site (Sr site) in the SrTiOs lattice [39].

The observation of the asymmetric nature of (310) peaks between 26 =77-78° is
used to investigate the breakdown of cubic symmetry (Pm-3m) and subsequent
transformation to tetragonal space group (I14/mcm). The transformation is evident only
when the Pr content exceeds x = 0.1, i.e., for the sample SPTO 3, and asymmetry increases
with increasing X. Garg et al. Reported tetragonal symmetry from neutron and Raman
scattering measurements for x =0.05 compositions, whereas Checchia et al. Reported

cubic symmetry from X-ray diffraction measurements up to x=0.075 [40,41].
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Figure 3- 2 (a) XRD pattern of Pr substituted SrTiOs (b) Shifting of (110) peak (c)
Asymmetric nature of (310) peaks of samples before burial sintering.

The significant difference in ionic radii between the host Sr?* cations and the
dopant Pr3*cations induces tilting of the TiOs octahedra, facilitating the observed
structural transformation. The crystallite size was estimated using the Scherrer equation,
while lattice strain was evaluated using the Williamson-Hall method, as represented by
eqn (3.1). The analysis revealed that all samples exhibited a positive slope, indicating
tensile strain, which is likely caused by the incorporation of Pr3* into the Sr—Ti—O lattice.
Microstrains displayed an irregular trend, and when Pr3* substitutes for Sr?*, free electrons

are generated. However, beyond a certain threshold, strontium vacancies are formed,
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leading to the generation of oxygen vacancies for electronic compensation [42]. Oxygen
vacancies thus generated also contribute to the lattice micro strain, depending on the site

preference of Pr¥* ions [43].

B cosf = l;)—/l + 4€ sind (3.1)
All the diffraction peaks were analyzed using the Gaussian function to determine
the FWHM and the corresponding 26 values. The average crystallite size was calculated
using the Scherrer equation, based on the five most intense peaks, as detailed in Table 3-
2.

The crystallite size decreases with increasing dopant concentration, while the
microstrain increases significantly in both cubic and tetragonal systems. Typically, the
substitution of dopants with smaller ionic radii results in a shift of XRD peaks to higher
angles; however, in the case of lower Pr-doped samples, the peaks shift to lower angles.
This unusual behavior suggests that at lower Pr concentrations, more Pré* ions occupy
interstitial sites, causing the lower angle shift. Due to the significant disparity in ionic
radii between Ti** (0.605 A) and Pr®* in octahedral coordination, Pr incorporation into B-

sites is unlikely.

Theoretical studies indicate that in SrTiOs, larger rare earth ions substitute at A-
sites via a Sr vacancy mechanism, while smaller rare earth ions may occupy both A- and
B-sites, owing to their intermediate ionic radii. Experimental results further support this,
showing an abnormal cubic lattice parameter in Pr-doped SrTiOgs, indicating possible
mixed occupancy of Pri*at both Sr and Ti sites. The lower angle shift of XRD peaks may
result from a combination of grain boundary (GB) and interstitial effects. This aligns
with recent theoretical predictions suggesting that Pr-doping at GBs is more beneficial
than bulk doping, particularly for dopant concentrations up to 15 mol/L in both dilute and
solid solutions [44-46].
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Intensity (a.u)

Table 3- 2 Average crystallite size and micro strain of Sr;—«PrxTiO3 before burial

sintering.
Sample label Crystallite size (nm) Micro strain (x 10%)

STO 38.8 0.427
SPTO1 444 0.456
SPTO 2 42.0 0.735
SPTO 3 41.2 0.851
SPTO 4 37.9 0.331
SPTO5 35.8 0.361
SPTO 6 34.9 0.441

A larger strain in SPTO 1, 2, and 3 may be because of this grain boundary
substitution. As the Pr content in the sample increases, the (011) XRD peak gradually
shifts towards lower diffraction angles, indicating an increase in strain, whereas
increasing the Pr content in the sample further releases the strain by creating smaller
crystallites and particles, resulting in the XRD peak shifting back to its original position

as represented in Fig.3-2 (b).
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Figure 3- 3 (a) XRD pattern of Pr substituted SrTiO3z (b) Shifting of (110) peak (c)
Asymmetric nature of (310) peaks of samples after burial sintering.
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Unlike the conventional sintering process, all burial-sintered samples exhibit an
XRD peak shift to higher angles, confirming successful Pr3* doping at the Sr?* site, as
shown in Fig.3-3.  High-temperature sintering enhances the likelihood of Pr
incorporation, and the progressive shift to higher angles highlights the dominance of
doping over interstitial occupancy, irrespective of the Pr content in the sample. The
Williamson-Hall (W-H) plot represented in Fig.3-4 reveals that all samples, both before
and after burial sintering, have a positive slope, indicating tensile strain, as detailed in
Table 3-3. Additionally, ceramics with higher Pr concentrations show a phase transition
from the cubic SrTiOs structure to a tetragonal phase, with reflections aligning well with
the database. Burial sintering also leads to the reduction of Ti** ions (0.605 A) to Ti%*
ions (0.67 A).

The asymmetric nature of (310) peaks in diffraction patterns between 20=77-78°
is examined, and it is evident only when the Pr content exceeds x = 0.1. Once the system
changes to that, all XRD peaks shift towards higher 20 angles, implying a smaller lattice

constant.

Table 3- 3 Average crystallite size and micro strain of Sr;—«PrxTiOz after burial

sintering.

Sample label Crystallite size (nm) Micro strain (x 10°3)
SPTO1B 42.1 0.565
SPTO2B 41.9 1.249
SPTO3B 40.9 1.040
SPTO4B 39.4 0.911
SPTO5B 33.7 0.811
SPTO6B 32.1 1.490

The XRD spectra of the samples, both before and after burial sintering, were
thoroughly examined to detect any additional peaks indicative of structural changes.

Specific attention was given to peaks associated with anti-phase octahedral tilting, known
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as R-point reflections, cation/vacancy ordering referred to as X-point reflections, and in-
phase octahedral tilting identified as M-point reflections. To explore these structural
features in greater detail, the region near the (200) diffraction peak was magnified.
Typically, heavily substituted samples exhibit split peaks in this region, a hallmark of
complex structural transformations. However, such split peaks were not observed, even
in the highly Pr-rich samples SPTO 6 and SPTO 6B, suggesting a uniform structure
despite the high dopant concentration. Further investigation of the spectra for R-point
reflections at 20 = 38° also confirmed their absence, even in the samples with the highest
levels of Pr doping. This absence of R-point reflections indicates that the Sr1—xPrxTiO3
system transitions from a cubic to a tetragonal phase without the presence of additional
impurity phases or precursor-related artifacts. This phase transformation is driven solely
by Pr substitution and related structural changes.
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Figure 3- 4 Williamson-Hall plots of SPTO 3, SPTO 3B, SPTO4 and SPTO 4B Ceramics
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The Rietveld refinement results are represented and tabulated in table 3-4, 3-5 and

Fig. 3-5, 3-6 respectively. Since the system shows a transformation from cubic to Tetrag-
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onal phase for the SrixPrxTiO3z with x>0.1, for samples with x>0.1, tetragonal unit

cell.parameters were used.

Table 3-4 Structural Parameters of Sr1—PrxTiOs, ceramics before burial sintering.

Sample SPTO 1 SPTO 2 SPTO 3 SPTO 4 SPTO 5 SPTO 6

X=0.05 X=0.075 X=0.10 X=0.125 X=0.15 X=0.2
Structure Cubic Cubic Tetragonal | Tetragonal | Tetragonal | Tetragonal
Space Pm3m Pm3m 14/mcm 14/mcm 14/mcm 14/mcm
group
Lattice a =3.9068 a =3.9057 a= 55220 | a= 55270 | a= 5.5186 a =5.5096
parameter | b=39068 | b=3.9057 | b=55220 | b=55270 | b=55186 | b=155096
(A) ¢ =3.9068 ¢ =3.9057 ¢ = 7.8087 c=17.8096 | c= 7.8145 c= 7.8097
Unit cell
volume (A3) 59.631 59.583 238.110 238.573 237.994 237.077
1 1.98 2.04 1.68 2.01 1.74 2.18
GOF index 1.4 1.4 1.3 1.4 1.3 1.5

| o i Bt

Figure 3- 5 Rietveld refinement of patterns for Sri—xPrxTiOs, ceramics before burial sintering
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Table 3-5 Structural Parameters of Sr1—PrxTiOs, ceramics before burial sintering

Sample SPTO 1B SPTO 2B SPTO 3B SPTO 4B SPTO 5B SPTO 6B
X=0.05 X=0.075 X=0.10 X=0.125 X=0.15 X=0.2
Structure Cubic Cubic Tetragonal | Tetragonal | Tetragonal | Tetragona
Space Pm3m Pm3m 14/mcm 14/mcm 14/mcm 14/mcm
group
Lattice a=3.9056 | a=3.9060 | a=55215 | a= 55239 | a=55215 | a=55266
parameters | b =3.9056 | b=39060 | b=55215 | b= 55239 | b=55215 | b=55266
A) c=3.9056 | ¢=3.9060 | c=78150 | c= 7.8144 | c = 7.8245 | ¢ = 7.8309
Unit cell
volume (&% | 59.575 59.582 238.259 238.449 238.548 239.185
1 2.06 1.83 1.79 1.82 2.13 2.38
GOF index 1.4 1.4 1.3 1.3 1.5 1.5
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Figure 3- 6 Rietveld refinement of XRD patterns for Sri—xPrxTiOs, ceramics after burial
sintering.
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Raman spectroscopy studies at room temperature were conducted to further
investigate the crystal structure, as shown in Fig. 3-7. Factor group symmetry analysis
indicates that all zone-center optical phonons in STO structures have odd symmetry.
Consequently, first-order Raman activity is not expected, and the room-temperature
spectrum predominantly exhibits second-order scattering. As anticipated, the Raman
spectrum within the broad ranges of 200-500 cm™ and 600-800 cm™* corresponds to the
second-order Raman active modes of STO. The observed Raman peaks in these ranges
align well with previously reported findings [41,42]. Peaks observed at 117-121 and 132-

144 cm* are not permitted by the selection rules in STO perovskites.
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Figure 3- 7 (a) Raman spectra of Pr substituted SrTiOs before burial sintering (b)
Raman Spectra of Pr substituted SrTiOs3 after burial sintering.

The presence of Raman peaks is attributed to the relaxation of selection rules due
to structural defects. The peak at 117 cm™ gradually decreases in intensity and shifts to
121 cm* as the Pr concentration increases from x=0.05 to x=0.2. Similarly, the peak at
132 cm™ undergoes a blue shift to 144 cm™ with an increase in intensity, indicating a
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structural transformation toward tetragonal symmetry. These shifts are caused by lattice
stress induced by the incorporation of Pr atoms [47]. The bands observed at 248, 621,
687, and 721 cm™ are additive combinations and overtones. The bands at 293 and 373
cm™ are considered to be different combinations. Here, as shown in Fig.3-6 (a), a weak
band centered on 92 cm™ has been recorded. This observation strongly supports the
existence of polar micro-regions in SrTiOs (STO) structures, arising from oxygen
vacancies introduced during the synthesis process. Polar micro-regions are typically
generated by impurities or structural defects in STO-based materials. Both theoretical
and experimental studies provide evidence for the formation of ferroelectric micro-
regions (FMR), which are recognized as key indicators of polar disorders. The formation
of these micro-regions is believed to be responsible for the emergence of ferroelectricity
in SrTiO3, driven by the presence of impurities and defects [48,49]. The presence of

polar micro-regions can substantially enhance the functional properties of ferroelectric
materials. In STO structures, characteristic peaks were identified at 175, 540 and 795
cm™, corresponding to the TO2, TO4 and LOs mode vibrations, respectively. The TO>
mode is linked to the polar last mode, which involves the motion of A-site cations relative
to the BOs octahedron. The TO4 mode corresponds to the polar axe mode, caused by the
bending of the oxygen cage within the octahedral structure [50-52]. The polar instability
of the STO system is clear from the presence of the TO, and TO4 modes in the Raman
spectra [53]. Both TO2 and TO4 modes were observed in all Pr-doped samples, whereas
pristine SrTiOs lacks these modes. This strongly indicates that even the smallest Pr
concentrations induce polar nanoregions (PNRs) in the system. The incorporation of Pr
into the SrTiOs matrix gives rise to the LO4 mode, which becomes broader and more
intense, reflecting increased disorder within the system due to doping. Inaddition to these
vibrations, a weak mode at 476 cm™, identified as the LO3s mode, was observed, consistent
with earlier reports. Furthermore, two additional vibration modes were noted at 145 cm’
1 and 445 cm™ in samples with Pr concentrations x>0.1 (SPTO3). These modes
correspond to Eg and B1g modes observed in pure SrTiOs below 105 K. They originate

from antiferrodistortive (AFD) behavior in the tetragonal symmetry, caused by the
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bending of the octahedron due to the freezing of the triply degenerate R2s phonon at the
R-point of the first Brillouin zone [41]. Coherent with the XRD results, we may conclude
that in the samples with Pr content x>0.1, the system transforms from cubic symmetry
(space group Pm-3m) to tetragonal space symmetry (14/mcm). A close inspection of the
peaks of SPTO 2 reveals a feeble band at 445 cm™ but it becomes evident only for
compositions with x=0.1. So we conclude that the exact percentage of Pr content for this
symmetry breakdown is between x = 0.075 and x = 0.1. It is observed that as x increases,
the intensity of the polar modes TO and TO4 increases. The inclusion of Pr in the SrTiOs
matrix also affects the line width of TOs mode, which shows an increase in dopant
concentration because of the reduction in phonon lifetime resulting from A-site disorder.
It is also observed that the TO, mode shifts to a higher wave number as the composition
increases. The substitution of heavier Pr atoms for Sr stiffens the force constant, resulting
in an increase in wave number as Pr content increases [54]. The presence of TO modes
with high intensity was not observed in other A- site doped titanates, and this is attributed
to the tendency of Pr to preserve the ferroelectric distortion [55]. The simulated TO>
mode vibration is illustrated in Fig. 3-8. Where the ash colored arrows represent the
atomic vibrational direction and the Sr/Pr atoms, O atoms, and Ti atoms are represented

by blue, red, and grey balls, respectively.

The TO2 mode displays an asymmetric profile in all Pr-doped samples; however,
as the Pr concentration increases, the profile gradually becomes more symmetric. This
change indicates the presence of Fano resonance, which arises from strong interference
between discrete and continuous vibrational modes [56]. This asymmetric profile can be
quantitatively analyzed by introducing the Fano resonance equation (3.2).

lg+€|?
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Chapter 3 Optoelectronic properties of Pr substituted strontium titanate crystallites

Sr/Pr o Ti

Figure 3- 8 TO2 mode Raman oscillation in Pr substituted SrTiO3 system.
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Figure 3- 9 Comparison of suppression modes in Raman spectra of Pr substituted SrTiO3
before and after burial sintering.
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Ib=A (w—wp) *+B(w—wp)*+C(w—wp)+D (3.3)

a)—(up

A, B, C and D are constants. & =

is the dimensionless scale for energy

reduction. I" and wp are the line width and frequency of the asymmetric Fano resonant
mode under consideration. The asymmetry factor g affects the degree of the coupling
between the discrete and continuous states, which determines the Fano resonance line
shape [57]. Raman spectra of burial sintered samples show peaks in the broad range of
200-500 cm ™! and 600-800 cm ! related to the second-order Raman active mode of STO.

Regardless of the doping concentration, the spectra become broader in
comparison to the samples before burial sintering. Most of the distinctive peaks are
suppressed after the high-temperature sintering process. Fig. 3-9 illustrates the intensity
variations between buried sintered and pure samples, scaled to the same Y-axis for direct
comparison. Peaks in the red-shaded region (100-280 cm™) show an increase in intensity,
whereas peaks in the blue-shaded region (535-850 cm™) exhibit a decrease in intensity.
The red region includes peaks at 117 cm™ and 134 cm™%, which are forbidden by selection
rules in STO perovskites. Their presence is attributed to the relaxation of selection rules

caused by structural defects.

The increased intensity of these peaks compared to pure samples indicates
increased defects induced in the structure because of the burial sintering process. The
blue region includes the peaks at 540 cm™ and 795 cm™.  These peaks were suppressed
because of burial sintering except for the samples with high Pr content.  The
incorporation of Pr into the STO system gives rise to this LO4 mode that broadens even
for low concentrations of Pr, showing increased disorder in the system with doping, which

is further enhanced by the sintering process.

3.3.2 Compositional, morphological studies- XRF, XPS, EDX
In order to assess the elemental composition of dopants in the sample XRF data

of six samples were analyzed. The fluorescence intensity corresponding to Lg: and Lg.
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emissions of Pr with energies 5.49 KeV, 5.85 KeV increases with Pr content and is
presented in the Fig. 3-10 and in the Table 3-6.
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Figure 3- 10 XRF spectra of Sr1—xPrxTiOs, ceramics (with x=0.075, 0.15, 0.20).

Table 3- 6 Percentage composition of Pr from XRF spectra of Sr;—xPrxTiO3 ceramics.

Sample Percentage of Pr (%0)
SPTO 2 0.153
SPTO 2B 0.157
SPTO 4 0.280
SPTO 4B 0.298
SPTO 6 0.569
SPTO 6B 0.574

To examine the influence of oxidation states and oxygen vacancies on the
optoelectronic properties, the samples were analyzed using X-ray photoelectron
spectroscopy. Fig. 3-10 presents the survey spectrum and compositional state analysis
data of the corresponding elements. Figures 3-11 (a) and (b) specifically display the
survey spectrum data for the least doped sample (SPTO 1) and the heavily doped sample
(SPTO 6), respectively.
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Figure 3- 11 (a) (b) XPS survey spectrum of SPTO 1 and 6 (c) deconvoluted Pr 3d
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levels of SPTO 6.
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The spectrum maps all of the elements in the sample, with a higher intensity of
dopant Pr shown by Pr 3d peaks in the region 920 to 960 eV as doping concentration
increases. Pr 3d exhibits two strong peaks around 933 eV and 953 eV as indicated in the
Fig. 3-11 (c) and 3-11 (d) and can be aligned with the Pr 3ds/2 and Pr 3ds/2 levels of SPTO
1 and SPTO 6 respectively. Each XPS peak can be deconvoluted into three components
corresponding to the oxidation states Pr3* and Pr**, along with a shake-off satellite peak.
The deconvoluted Pr 3ds; peaks at 933 eV and 935 eV correspond to Pr¥*and Pr,
respectively, while the satellite peak appears at 929 eV. Similarly, the deconvoluted Pr
3ds peaks at 953 eV and 957 eV are assigned to Pr3* and Pr**, respectively, with a
satellite peak at 949 eV. The atomic ratio of Pr**to Pr3* provides insights into the oxygen
vacancies in the lattice. For SPTO 1 and SPTO 6, these ratios are 0.1696 and 0.1859,
respectively, yielding average valence values for Pr atoms of 3.169 and 3.185. These
values are significantly lower than the ideal valence of 3.66 for the dopant compound,

indicating the presence of oxygen vacancies in the system.

The XPS spectrum of a doped STO reveals the presence of a Ti doublet originating
from the spin-orbit splitting of the Ti 2p levels as shown in Fig. 3-11 (e) and (f). This
doublet consists of the Ti 2ps;2 peak with a binding energy of around 458 eV and the Ti
2p12 peak with a binding energy of 464 eV. The additional peak corresponding to Ti 2p1.2
(Ti**) was identified around 459 eV. For the least doped sample 2pa2 (Ti*") doublet peaks
are obtained at 458.10 and 463.80 eV and for the heavily doped sample SPTO 6 the same
was obtained at 457.78 and 463.48 eV respectively. A 0.32 eV shift in the peak position
towards lower binding energies shows that Pr addition has an influence on electronic state
of Ti. Some of the Ti ions are most likely replaced by Pr ions. As doping concentration
increases from x=0.05 to x=0.20 in lattice, the area of Ti** peak increased by 19% and
that of the peak Ti** decreased by 13%. Introduction of Pr dopant in lattice reduces the
titanium cation partially from Ti**to Ti** in agreement with the defect chemistry of the
rare earth dopants in SrTiO3 [58,59].
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The O1s spectrum of doped SrTiOz is shown in Fig. 3-11 (g) and (h), which is
Gaussian fitted with two peaks. The first one at 529 eV was attributed to crystal lattice
oxygen and the second one at 531 eV was correlated to non-lattice oxygen. With an
increment in the dopant ion concentration from x=0.05 to x=0.20, the two peaks exhibit
a slight shift, moving from 529.6 to 529 eV and 532 to 531.1 eV, respectively.
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Figure 3- 12 EDS spectra and elemental mapping of (a) SPTO 1 and (b) SPTO 6.
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Concurrently, the introduction of doping leads to an increment in the area by non-lattice
oxygen, culminating in 31.09 % prevalence of oxygen vacancies in SPTO 6, as opposed
to the 14.09 % observed in SPTO 1. The rise in the region of non-lattice oxygen implies
the creation of lattice oxygen vacancies. This finding is corroborating the Ti 2p XPS

spectrum.

The EDS spectra of the least doped sample SPTO 1 and heavily doped sample
SPTO 6 were recorded and are shown in Fig. 3-12 with the corresponding elemental
color mapping. The EDS data show that the element peaks corresponding to Sr, Ti, O
and Pr make up the samples with increased Pr, and reduced Sr concentration in heavily
doped SPTO 6. Bright contrast regions in element mapping coincide with signals of Sr,
Ti, O, and Pr.

3.3.3 Morphological studies- FE-SEM
High-resolution FE-SEM micrographs of Pr-doped SrTiOz ceramics, both before
and after the burial sintering process, are presented in Fig. 3-13.

Hard-agglomerated grains were observed in all samples, which were porous and
exhibited micro pebble-shaped grains. After burial sintering, the grains became
interconnected, growing significantly to sizes between 1-2 pm. This growth is attributed
to the thermal energy released during high-temperature sintering, which influences the
mass transport mechanism and promotes grain neck growth. In samples before burial
sintering, both trans-granular and intergranular fractures are visible. However, after
burial sintering, intergranular features dominate, with a significant reduction in trans-
granular fractures. Exact cubic granules are not observed; instead, truncated rhombic
dodecahedron shapes with {100} facets and hexagonal {110} facets appear in samples
with low Pr content. As the Pr content increases, the samples become less compact,

resulting in grains with nonuniform features [60]
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Chapter 3 Optoelectronic properties of Pr substituted strontium titanate crystallites

Figure 3- 14 FE-SEM images of Pr substituted SrTiOs samples before and after burial
sintering.
3.3.4 Optical and photoluminescence characterization
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Figure 3- 13 (a) Absorption bands of Pr substituted SrTiOs in visible region (b) in
IR region before burial sintering.
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The optical properties of the pristine SrTiOs and Pr doped SrTiO3 before and after
burial sintering are investigated by UV-Vis-NIR diffused reflection spectra. The
absorption bands of Pr-substituted SrTiOs in the visible and IR regions before burial
sintering are shown in Fig. 3-14, with the corresponding absorption edge represented in
Fig. 3-15. The absorption characteristics of pure and doped SrTiOs indicate a slight
variation, as the valence-to-conduction band edge shifts from 388 nm in the least doped
sample (x=0.05) to 400 nm in the heavily doped sample (x=0.2). The Tauc plot of photon
energy hv versus (ohv) Y2 for indirect allowed transitions in STO-based semiconductors,
shown in Fig. 3-15(b), was used to determine the band gap energy. The band gap of the
doped samples decreases from 3.20 eV to 3.11 eV with increasing Pr content. This
reduction in the band gap aligns with the reduction in crystallite size observed in the XRD

analysis.
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Figure 3- 15 (a) Absorption edge of Pr substituted SrTiOsz (b) Tauc plot before burial
sintering.

Additionally, a weak absorption tail (Urbach tail) is observed in the visible-light
region for all Pr-doped samples, attributed to the formation of mid-gap states caused by
the Pr dopant [61,62]. The Urbach tail edges gradually redshift to longer wavelengths

with increasing concentrations of dopant. All doped samples indicate eight absorption
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peaks corresponding to the transitions from the 3Hs ground state to the various excited
states of Pr** jons. Absorption in the visible region involves peaks at 442 nm, 474 nm’
488 nm, and 600 nm, which correspond to transitions from the ground state to P,, °P1,
3Py, and !D,. The presence of three distinct absorption bands on the high-energy side
(<500 nm) suggests that the sample has favorable UV transmission properties, allowing
for a wider range of excitation sources. Absorption at the IR region is centered on 1002
nm, 1442 nm, 1540 nm, and 1960 nm, corresponding to transitions to *Ga, °F4, °Fs and
3F, [63,64]. Absorption peaks corresponding to 3Hs—3F4 and 3Hs—>Fs transitions are
found to be fused into one band for lower Pr levels, but it is clear for higher Pr doping
concentrations. Among the absorption bands, *Hs—°%P, and 3Hs—°F3 transitions are
found to be more intense because of the change in the local environment around the Pré*
ions and are called hypersensitive transitions (HSTs). These absorption peaks become

more intense, indicating increased absorption with Pr content.

The optical absorption coefficient a is related to incident photon energy as in egn
(3.4) [65].

E — Eg]
Ey
Where E = hv is the incident photon energy, Eq is the optical band gap energy at

a = agexp [ (3.4)

a specific temperature T, ao is a material-dependent coefficient, and the quantity Eu is
known as Urbach energy. The optical absorption o has been calculated by converting the
diffuse reflectance spectroscopy (DRS) data into the respective absorption spectra by
using the Kubelka—Munk relation indicated in egn (3.5)[66,67].
1—Ry)?
F(Ry) = % (3.5)
Where F(R,) is the Kubelka—Munk function; (R,)= Rsample/Rstandard, Rsample IS

the diffuse reflectance of the sample, and Rstandard IS that of a standard sample.
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Since F(R,) is proportional to the absorption coefficient o, the logarithm of
F(R.) can be considered to represent /n (a), and therefore, by rewriting the above

equations, we get equation (3.6).

hv — E,4
Ey

Ina =Inay + (3.6)
The Urbach energy for the Pr-doped series was systematically calculated, as depicted in
Fig. 3-16. For the least doped sample (SPTO 1), the Urbach energy is approximately
0.112 eV, which progressively increases with Pr substitution, reaching a maximum value
of 0.245 eV at 20% Pr doping. Since all experiments were conducted at room
temperature, the thermal contribution to Ey; remains constant. Pr substitution at the Sr
site introduces both electrical and structural disturbances within the system. These
disturbances arise from the disparity in ionic radii between Pri*and Sr?*, as well as the
random distribution of Pr ions in the lattice. Such factors lead to potential fluctuations,
creating electronic disorder and introducing additional energy levels near the valence
band (VB) and conduction band (CB). These effects become more pronounced with
increasing Pr concentration. The calculated values of the band gap and Urbach energy
for the series of samples are summarized in Table 3-7. A linear relationship is observed
between the indirect optical energy gap and the band tail width (Urbach energy),

correlating with the ratio of Pr concentration in the matrix.

Table 3- 7 Band gap and Urbach energy of Sr;—«PrxTiO3 system

Sample label Band gap, Eg (eV) Urbach energy, Ey (eV)
SPTO 1 3.20 0.112
SPTO 2 3.18 0.123
SPTO 3 3.17 0.145
SPTO 4 3.15 0.164
SPTO 5 3.13 0.219
SPTO 6 3.11 0.245
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Burial-sintered samples exhibit significant variations compared to their parent
compounds, with a broad absorption spectrum, as shown in Fig. 3-17. The absorption
wavelength range can be adjusted based on the Pr content in the samples. For the least
doped sample (SPTO 1B), absorption begins in the visible region at 560 nm and extends
into the mid-IR range. In contrast, for the heavily doped sample (SPTO 6B), absorption
starts at 545 nm and extends up to 2450 nm, demonstrating a blue shift with increased Pr

content. The increased oxygen vacancies and changes in the oxidation state of Ti lead to
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Figure 3- 16 Variation of Urbach energy and band gap with Pr Concentration.

a considerable reduction in the band gap, from 2.80 eV x=0.05 (SPTO 1B) to 1.80 eV for
x=0.2 (SPTO 6B). While defect-free STO surfaces exhibit no absorption in the sub-
bandgap range (< 3.2 eV) the burial-sintered samples display absorption in the sub-
bandgap range of 2.7 to 3.1 eV. This observation aligns with findings by Rice et al. and
Xie et al., confirming that optical absorption occurs in mid-gap states [68,69]. Apart from
these broad IR absorption peaks, all samples indicate an absorption peak near 510 nm
(2.43 eV). Its origin may be due to the excitation of an electron trapped at an oxygen
vacancy, i.e., an F center. F centers have been reported in SrTiOs and BaTiOz [69,70].
The absorption of infrared light is caused by free carriers, which is directly proportional
to the concentration of oxygen vacancy and varies with wavelength as A". The absorption

band at 2.4 eV is because of a transition from the narrow impurity-type band to the
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conduction band. This is formed by oxygen vacancies in the reduced system in the band

gap.

All burial-sintered samples, regardless of doping percentage, exhibit a prominent
Urbach tail, contributing to sub-bandgap absorption. This tail indicates the presence of
structural disorders or defects, such as oxygen vacancies. Compared to pristine materials,
oxygen vacancies in ABOs.s compounds enhance optical absorption in the visible to near-
infrared wavelength region, thereby lowering the onset energy of absorption. Additional
absorption peaks between 500 and 2000 nm are attributed to oxygen vacancies, resulting
from electron transitions from the occupied defect state energy levels to the conduction
band edge.This observation aligns with previous studies, which attribute the spectral
tailing to the presence of oxygen vacancies and defects, particularly in the TiO> structure.
The existence of the Urbach tail in reduced samples further confirms that the reduction
process alters the surface structure, creating materials with a high density of defects [71-
74].
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Figure 3- 17 (a) Absorption spectra and (b) calculated bandgap of burial sintered
Sr1—xPryxTiO3 system.

At room temperature, PL measurements were done in order to analyze the electronic

transitions and the type of defects in the sample. PL spectra of the Sri—xPrxTiO3 system
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were measured under UV excitation of 380 nm and are shown in Fig 3-18 (a). SrTiOsz in
its pure form is one of the materials having the lowest emission intensity [75]. When
there is Pr3* impurity in a SrTiOs crystal, Pr3* substitutes Sr?* to form positively charged
impurity defect centers, which can suppress the intra-4f electron transitions from
1D?>—3H* of Pr¥* ions. During the sample preparation process, it will generate oxygen
vacancies O% that will be neutralized by the positive charge provided by defect centers.
The amount of Ti*" vacancies or Sr?* that may be formed by O? oxygen vacancies is
negligible, therefore the excess positive charge compensation mechanism induced by Pr3*
is predominantly compensated by O% oxygen vacancies; the effect is subtle. Due of these
factors, SrTiOs:Pr3* materials have low luminous intensity. One strategy to overcome
this is co-doping with ions like AI** or Mg?*, but that also favors the red emission. But
here we adopted heavy Pr doping as a technique to increase PL intensity and that too in
blue region 426-430 nm.
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Figure 3- 18 (a) PL emission spectra of the Sri—PrxTiOs system under UV excitation of
380 nm (b) Band level diagram corresponding to PL emission.

There are previous reports describing about the PL quenching effect in Pr doped
SrTiOz. Intensity of PL emission were reported to exhibit abruptly decrease when the
Pr3* doping concentration exceeds 0.2%. Previous research suggested that the occurrence
of a concentration-quenching effect was likely the cause of the inflection point. The

energy transfer between Pré* ions is the primary cause of the concentration-quenching
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effect. The chance of energy transfer between Pr3* rises as the content of Pr3* rises,
reducing the distance between Pr3*. Finally, energy transfer among Pr®* results in an
increase in energy loss, which results in a reduction in Pr3* transition energy. As a result,
when the Pr3* concentration rises beyond a limit, the PL intensity decrease [76,77]. So
we deliberately increased the concentration of Pr to quench the emission and at the same
time the excess electrons and defect should play a vital role in STO PL emission. The

associated band structure is depicted in Fig 3-18 (b).

Photoluminescence peak at 460 nm agrees well with the wavelength of light emitted
from Ar* bombarded SrTiOz and pure STO arising as a result of oxygen vacancies
generated during synthesis [29]. Peaks around 460 nm and 520 nm can correspond to
trapped charges and oxygen vacancy. Which stems from complex cluster [TiOs -Vs] and
[SrOwu - V{], where V& =V, Vg, V] are vacancies identified in disordered SrTiOs,
Vs, Vi, Vi indicates neutral oxygen vacancy, singly ionized oxygen vacancy and doubly
ionized oxygen vacancy respectively. Energy gap are decreased by localized states
produced in the band gap. The gap energy increases with the structural order. These
observations demonstrate that PL is directly related to the localized states that occur in
the band gap and that these localized states are affected by the degree of order-disorder
in the lattice. The green emissions reported here is ascribed to shallow defects. The [TiOs
V] and [SrOu1 -V;], complex clusters are connected to shallow defects in the band gap
and lead to a more energetic PL emission in blue-green region. The presence of oxygen
vacancy sites facilitates the trapping of charge carriers, thereby causing a reduction in the
recombination of electron-hole pairs. An increase in the concentration of oxygen
vacancies corresponds to reduced intensity. As SPTO 6 exhibits a greater abundance of
oxygen vacancies compared to SPTO1, the diminished recombination of charge carriers
contributes to a reduction in the intensity of photoluminescence spectra, supporting the

findings derived from XPS analysis.

A distinct emission peak centered at 430 nm (2.9 eV) was observed, with the peak

position shifting slightly depending on the doping concentration. For the least doped
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sample (SPTO 1), the peak is at 426 nm, while for all other samples, it remains centered
at 430 nm indicating a redshift. The spectral patterns and peak positions closely resemble
those of the room-temperature blue light emission observed in oxygen-deficient (STO)
following Ar* radiation. This intense blue light emission is strongly associated with
metallic conduction, which arises from oxygen vacancies and electron doping in STO.
These results strongly suggest that the luminescence mechanism in oxygen-deficient
metallic STO and Pr-doped STO are identical. The cation substitutions and oxygen
vacancies introduce extra electron carriers into the vacant Ti 3d conduction bands. These
doped electrons recombine with holes in the in-gap states, resulting in blue light emission.
However, this blue photoluminescence (PL) is not due to straightforward band-to-band
recombination of free electrons and holes, but rather originates from recombination
processes involving doped electrons and in-gap hole states [27]. Blue-luminescence
intensity is high for low doping concentration and found to decrease for heavy doping,
x=.075 onwards and is consistent with behavior of Pr doped STO. Except SPTO 1 all
samples of prepared SrTiOs show nearly equal intensity suggesting a saturation for Pr
substitution effect.

The green emission at 489 nm was ascribed to Pr3* - 3Py to ®H4 emission [30]. It's
important to note that neither the green band's location nor its center at 489 nm changes.
This phenomena is explained by emission spectrum of Pr¥* in STO ceramics being
sensitive to local environment. Following polarization, the local electric field
surrounding the Pr3* site will manifest itself and align along the direction of the external
electric field. As a result, the change in the local electric field would affect the
crystallographic field of the Pr¥* ions. Therefore, the polarization of the ceramics

promotes the formation of peak around 430 nm.
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Table 3- 8 The CIE chromaticity coordinates, and color purity of Pr doped SrTiOs.

Sample label CIE x CIEy Correlated color
temperature (CCT)-K
SPTO 1 0.1550 0.1054 3202
SPTO 2 0.1572 0.0881 2266
SPTO 3 0.1565 0.0925 2444
SPTO 4 0.1569 0.0864 2216
SPTO 5 0.1571 0.0942 2503
SPTO 6 0.1565 0.0956 2581

The CIE chromaticity coordinates are necessary to evaluate the luminescence
properties of phosphors. Fig. 3-19 depicts the CIE chromaticity diagram of Pr doped

SrTiOs crystallites. Table.3-8 includes the CIE parameters correlated color temperature

Figure 3- 19 CIE chromaticity diagram and chromaticity coordinates (x, y) of emission
from as-grown Sr;—xPrxTiO3 samples under UV excitation of 380 nm.

(CCT), and color coordinates, according to the PL spectra, with different Pr
concentrations. The sample SPTO 1 is found to exhibit the strongest narrow band
emission with FWHM 19.3 nm. Its calculated chromaticity coordinates are (0.1550,
0.1054) and its correlated color temperature (CCT) is 3202 K. The sample SPTO 2 with
FWHM of 23.1 nm is having coordinates (0.1572, 0.0881) close to the standard deep blue
emission. All other samples shows the CIEy coordinate less than 0.1 which is a highly

desirable parameter.
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3.4 Conclusions

Pr atoms were successfully doped into the Sr?* site of the SrTiOs matrix, with defects
and oxygen vacancies introduced using the burial sintering method under a strongly
reducing environment. The breakdown of cubic symmetry with Pr doping was confirmed
through the asymmetric nature of the (310) peak in XRD analysis and the emergence of
Eg and B1g modes in the Raman spectrum. These findings collectively indicate the cubic-
to-tetragonal symmetry transformation of the Sri«PryTiOsz system for x>0.1. The
formation of ferroelectric micro-regions, Fano resonance of LO4 peaks, and forbidden
bands in the Raman spectra highlight increasing disorder in the system. Optical studies
in the UV-Vis-NIR range revealed a decrease in the band gap from 3.20 eV to 3.11 eV
with Pr doping. High infrared absorption and a significant band gap reduction from 2.80
eV to 1.80 eV were achieved due to defects introduced by doping and oxygen vacancies
created during burial sintering. Pr doping also affected mid-infrared absorption, making
the material adaptable for specific absorption ranges and suitable for mid- to far-infrared
sensing applications. Additionally, red photoluminescence (PL) emission from Pr ions
was systematically quenched by excess electron doping, tuning the emission
characteristics to intense blue light. The material exhibited intense, narrow-band blue
emission with full-width at half-maximum (FWHM) in the range of 19-23 nm and CIEy
values below 0.1, validated for display applications. Narrow-band emission enhances the
material's color gamut, making it a promising candidate for LED device applications.
These properties demonstrate the versatility of Pr-doped SrTiOz for advanced

optoelectronic and sensing applications.
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Chapter 4 Thermoelectric properties of Pr doped strontium titanate crystallites

Chapter 4

Thermoelectric properties of Pr doped
strontium titanate crystallites
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4.1 Introduction

Thermoelectric generators have demonstrated their ability to directly convert heat
into electricity, even under minimal temperature gradients relative to ambient conditions,
making them excellent candidates for capturing waste heat. With no moving parts,
minimal maintenance requirements, high conversion efficiency, and exceptional
reliability, thermoelectric conversion has become a prominent green energy technology.
Advances in thermoelectric (TE) materials have enabled innovative applications across
diverse fields, such as recovering waste heat from vehicles, storing thermal energy in
building roofs, powering bio-thermal batteries, and enabling localized cooling of
electronic components in laser systems, computers, and modern digital devices. TE
materials also play a crucial role in satellites and space missions, where efficient energy
conversion is essential. Continued research into improving the performance and cost-
effectiveness of TE materials is paving the way for broader adoption in both industrial

and consumer applications [1-3].

The dimensionless figure of merit, which measures the effectiveness of the
thermoelectric energy conversion,
7T = S;—G T (4.1)
Where S is the Seebeck coefficient, o is the electrical conductivity, « is the thermal
conductivity and T is the absolute temperature. Low thermal conductivity, a high
Seebeck coefficient, and high electrical conductivity are necessary for maximizing the
thermoelectric figure of merit (ZT) [4-9]. Theoretical investigations using DFT predicts

ZT of the range 0.4 to 1.2 for various class of compounds including perovskites [10,11].

Oxide based ceramics like perovskites, delaffosites and ferrites have excellent dielectric
properties. Temperature dependent variations of these properties are well explored [12].
Oxide nanocomposites represent a distinct class of materials with remarkable properties,
including superior mechanical strength, thermal stability, and electrical conductivity,

stemming from the synergistic interactions between their constituent phases. These
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materials offer significant advantages in applications such as energy storage, catalysis,
and electronics, where their unique nanoscale interactions contribute to notable
enhancements in performance [13]. Among these class of oxide ceramics, perovkite
oxide Strontium-titanate (SrTiOz) has been used in the optoelectronic, photocatalytic, and
dielectric domain by exploring its various physical properties due to its promising
structural features [14-19]. STO has a wide range of tunability in its bulk and surface
properties, making it suitable for use in basic and applied research. STO displays
intrinsically high S and exceptional thermal stability at high temperatures in comparison
to other "ATiOs" compounds like CaTiOz and BaTiOs, which has drawn a lot of interest.
Sr substitution with Ba together with A site vacancies has found to be much effective in
electromagnetic interference mitigation [20].  Perovskites and delafossites, with
appropriate nanostructural modifications, provide a wide range of applications in
thermoelectric power generation. The substitution of Sr atoms at the A-site and Ti atoms
at the B-site with suitable dopants such as Pr, La, Ta, V, and Nb induces lattice distortions
and creates strain fields, ultimately enhancing the phonon scattering mechanism.
Additionally, Pr-doping improves thermoelectric performance by promoting the
formation of Pr-rich grain boundaries, which contribute to better phonon scattering and
enhanced energy conversion efficiency [16,21-26]. Like perovskites, it has been
demonstrated that doping manganites with rare earth elements such as Pr, Nd, Sm, Eu,
Gd, and Th may effectively alter their magnetic and electrical characteristics [27]. Ohta
et al. reported that the difference in carrier transport between a single crystal and a
polycrystalline ceramic is directly related to the polycrystalline grain boundary (GB), as
indicated by the temperature-dependent poor carrier mobility in the SrTiOz film. The
poor carrier mobility and declination in TE output was attributed to the formation of a
double Schottky barrier (DSB) at the grain boundary [28]. In this double Schottky barrier
(DSB) system, electrons become trapped at the grain boundaries, acting as scattering
centers that impede electron mobility and prevent them from contributing to electrical
conduction. Controlling the DSB and its associated depletion area is crucial for

enhancing the performance of thermoelectric (TE) materials. One approach to mitigating
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the DSB effect is the incorporation of a two-dimensional conductive second phase, such
as graphene. However, the improvement in the power factor (PF) achieved through this
method is highly dependent on the quality and dispersion of graphene, which can lead to
inconsistencies and poor reproducibility in composite materials. Alternatively, reduction
processes can be employed in SrTiOs-based ceramics to effectively address the DSB and
enhance their TE performance [29]. The first high-temperature reduction step introduces
oxygen vacancies, and the second annealing redistributes these vacancies uniformly,
mitigating charge accumulation at grain boundaries. This process effectively flattens the
potential profile, suppressing the DSB and enhancing carrier transport critical for
thermoelectric performance. The technique was used here to enhance TE performance in
Pr substituted STO ceramics. STO prepared by solid state reaction is electrically
insulating because the calcination in an oxygen-rich atmosphere leads to the
compensation of Sr vacancy rather than electrons to the positively charged dopants.
Therefore, additional sintering in reduced atmosphere is essential to reach high electrical

conductivity of doped SrTiO:s.

Here we report enhancement in thermoelectric performance of Sr1.x Pr«TiO3 (x=0.05,
0.075, 0.10, 0.125, 0.15, 0.20) system by double reduction process to eliminate DSB and
is correlated with structural changes. The alteration of crystal structure by Pr inclusion,
oxygen vacancies in synthesis process and subsequent two step reduction of Ti ions by

graphite burial sintering were effectively used to manipulate TE performance.

4.2 Experimental methods and techniques
Sr1x Pr« TiO3 (x=0.05, 0.075, 0.10, 0.125, 0.15, 0.20) ceramics were synthesized via high-

temperature solid-state reaction by mixing stoichiometric amounts of SrCOs, TiO», and
PreO11, followed by calcination at 1250 °C for 8 hours. Before mixing them, oxide
presursers were undergone first step of burial sintering at 1450 °C for 4 hours. The
powders were ground, mixed with a PVA binder, and uniaxially pressed into pellets,
which were slowly heated to 600 °C to eliminate the binder. A two-step graphite

reduction process was employed, where the pellets were buried in a graphite-filled
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alumina crucible and sintered at 1450 °C for 4 hours. The process involved creating
densely packed system with graphite powder and repeating the sintering to enhance the

material properties.

The X-ray Structural analysis was performed using an X-ray diffractometer
(PANalytical X’pert 3 Powder) with Cu-K, radiation (A = 1.5418 A) over a 20 range of
20° to 90°. XPS measurements were conducted with an Omicron Nanotechnology XPS
system, while morphological characterization was carried out using a field emission
scanning electron microscope (FE-SEM, ZEISS Gemini SEM 300). Seebeck coefficient,
electrical conductivity, and power factor were measured in the temperature range of 300
to 973 K using a ULVAC ZEM-3 system, which automates measurements by controlling
temperature differences and eliminating dark electromotive forces. Thermal conductivity
was determined using a steady-state method with a copper-constantan thermocouple to
maintain a constant temperature gradient. Thermal stability was evaluated using an STA
8000 thermogravimetric analyzer in a nitrogen atmosphere, where 9.758 mg of the sample
was heated at a rate of 5 °C/min from 30 °C to 800 °C.

4.3 Results and discussion

As a result of reduction of titanium under reducing atmosphere created by graphite
powder, the color of the compounds turned to dark grey [16] . Under a reducing
environment, oxygen atoms are removed from the SrTiOsz lattice, creating oxygen
vacancies. These vacancies often lead to localized electron states that can absorb visible

light, giving the material a darker appearance.

4.3.1 Structural, morphological characterization- XRD, XPS and FE-SEM
The XRD patterns of Sri.x PrTiOs ceramics with Pr doping are shown in Fig.4-
1(a) for a range of x values, including 0.05, 0.075, 0.10, 0.125, 0.15, and 0.20. Higher
doping levels results in cubic symmetry breakdown of the system and shows a change to
tetragonal phase, and the peak positions are compatible with the database (PDF 00-035-
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0734). As inferred from the XRD peaks of Fig. 4-2(a), the Pr** ion successfully replaced
the Sr?* site in the SrTiOs crystal lattice.
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Figure 4-1 (a) XRD pattern of Pr doped SrTiOs (b) Splitting of (200) peak (c)
Asymmetric nature and splitting of (310) peaks.

The (110) peak in the XRD spectrum shows irregular shifts with Pr content. The
shift in the patterns depend on several inter connected factors like the size of dopant atom,
strain effects in the lattice, oxygen defects in the structure, electronegativity of the
replaced atoms etc. Here for the least doped sample SPTO 1 and highly doped samples
SPTO 5 and SPTO 6 lower angle shift is observed as depicted in the inset of Fig. 4-1 (a).
But for all in between concentrations higher angle shift is seen. This lower angle shift
may be attributed to the lattice expansion resulting from Pr — O repulsion arising from the
change in electronegativity between Pr and replaced Sr atoms. The lower angle shift is
also an outcome of grain boundary (GB) substitution at lower doping concentration. This
supports theoretical predictions that Pr-doping at the GBs is far more favorable than
doping in the bulk [23,30].

Peaks corresponding to the perovskite phase were observed across the entire
compositional spectrum, but additional features such as asymmetric peaks and peak
splitting were noticeable in samples with higher Pr content x>0.1. Samples SPTO 1B and
SPTO 2B retained a cubic structure, as evidenced by the absence of peak splitting in the

(200) reflection and the lack of R-point reflections at 26 =38°. However, with increasing
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Pr content, the system transitions from the cubic Pm-3m space group to the tetragonal
I4/mcm space group. Magnified views of the (200) and (310) reflections, shown in Fig.
4.1(b) and (c) for 20 values in the range, 46-47° and 77-78°, highlight the splitting in
SPTO 3B and samples with higher doping percentages. This splitting and the asymmetric
nature of the (310) peak from SPTO 3B onwards confirm the tetragonal phase. These
findings indicate a cubic-to-tetragonal phase transition for samples with x>0.1. Previous
work on this structural transformation corroborates this conclusion, as the emergence of
Eg and B1g modes in Raman spectra at x=0.1 confirms the breakdown of cubic symmetry
[17]. Tilting of TiOe octahedra due to the significant difference in ionic radii between

host Sr?* and dopant Pr3* cations, leads to this structural modification.

The FWHM and the corresponding 26 value were calculated for each peak using
the Gaussian function fitting. Table 4-1 provides the average crystallite size calculated
using the Scherrer equation for the five most intense peaks and the strain calculated using

the Williamson-Hall method in accordance with equation (4.2).

kA
p cos@ = ) + 4¢€ sinf (4.2)

Where S is the FWHM, 6 is the angle of diffraction, A is the X-ray wavelength 1.5418
A, D is the crystallite size, k is the shape factor (usually around 0.9), and e is the

microstrain.

Table 4-1 Average crystallite size and micro strain of Pr doped STO.

Sample label Crystallite size (nm) Micro strain (x 10°%)
SPTO 1B 45.3+ 2.3 1.11
SPTO 2B 41.8+2.1 1.57
SPTO 3B 41.5+2.1 1.64
SPTO 4B 41.4+2.1 1.68
SPTO 5B 40.1+£2.0 1.90
SPTO 6B 38.1+1.9 2.12
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As the dopant concentration increases, the microstrain on the lattice also
increases, while the crystallite size decreases. This trend is observed in both the cubic
and tetragonal systems and is attributed to the formation of oxygen vacancies during
burial sintering. The data indicate that the presence of Pr3* ions in SrTiOs reduced the
growth of crystal grains. The decrease in crystallite size is due to the compressive strain
of crystal lattice and is well understood by the grain growth suppressing effect by Pr-
doping. The Pr3* ions may cluster at the grain boundaries or on the surface of STO with
the addition of PreO11. As the amount of PreO11 increases, SrTiOz-Pr-rich phase
segregation forms at the sample's surface and in the grain boundary close to the junctions
between STO grains, which will prevent further grain growth. Investigations on the effect
of crystallite size on polarization and resultant ferroelectric and thermoelectric properties
are of great relevance [31].

XPS measurements were employed to investigate the chemical states of the
elements, oxygen vacancies, Ti*" concentration, and the valence state of Pr in doped,
burial-sintered SrTiOs. The comprehensive XPS survey spectra of SrixPrxTiOs, shown
in Fig. 4-2(a), confirm the presence of Pr, Sr, Ti, and O. Fig. 4-2(b) presents the
deconvoluted XPS spectra for the praseodymium core level 3ds/2, showcasing results for
three samples with x values of 0.05, 0.10, and 0.20. The 3ds/ peak at a binding energy
of 932.4 eV correspond to the Pr3* oxidation state of praseodymium in the perovskite
structure, while the second peak at 934.1 eV is attributed to Pr** cations. These
observations align with previous studies on the relationship between praseodymium
oxidation states and peak positions. The broad shape of the spectrum arises from
additional satellite peaks caused by valence orbital hybridization and multiplet coupling
effects [32,33]. The amount of Pr3* and Pr** were also calculated from XPS data and are
listed in Table 4-2. The XPS analysis confirmed the mixed valence state of Pr, with Pr3*
cations accounting for approximately 65% of the total Pr content. Based on the XPS data,
the atomic ratio of Pr** to Pr¥* is about 2:1, giving an average praseodymium valence of
approximately 3.35, which is slightly lower than the expected value of 3.66 for PrsO11.

The analysis did not indicate the presence of praseodymium in the +2 oxidation state.
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Figure 4- 2 (a) XPS Survey spectrum of SPTO 1B (b) deconvolution of high resolution
XPS spectra of Pr 3d signal (c) Ti 2p signal (d) O 1s signal.
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The Goldschmidt tolerance factor t can be used to estimate the extent of crystallographic
distortions in most perovskites, which are capable of accommodating cations of varying

sizes.

For doped A(l_x)A’ xBX3 kind of compounds this can be calculated using

equation (4.3)

A=)y + xr g+ 1y]
V2(rg +1%) (4.3)

where 7, is the ionic radius of atom A, r, is the ionic radius of dopant, ry is the ionic
radius of B site cation and ry is the ionic radius of O%. If t deviates from 1, this could
suggest the creation of a non-ideal perovskite structure. Tetragonal and hexagonal
variations of the perovskite structure are stable if ¢ is greater than 1 as a result of a large
A or small B ion. The calculations were carried out with a previously reported ionic
radius of Pr* (1.13 A) and Pr** (0.96 A) for a coordination number (CN) =8. The
calculations yield Goldschmidt tolerance factor values of 1.065, 1.053, and 1.041 for the
samples SPTO 1B, SPTO 3B, and SPTO 6B, respectively. This indicates that the
perovskite structure deviates from its ideal cubic phase, transitioning to a tetragonal
structure due to structural distortions induced by Pr doping, as corroborated by XRD

analysis.

The oxidation state of titanium ions is crucial in defining the physical properties
of the doped system. Burial sintering was employed to introduce Ti*" ions into the lattice
by reducing Ti*. The XPS spectra of titanium were deconvoluted to analyze the
oxidation states in the samples SPTO 1B, SPTO 3B, and SPTO 6B. Fig. 4-3(c) presents
a comparative analysis of the titanium 2p core levels. The spectral profile aligns well
with findings from previous studies [34,35]. Ti doublets arising from spin orbit-splitting
having binding energies of 463.9 eV and 458.1 eV exist in all samples. These binding
energy values correspond to the Ti2p12 and Ti2ps/2 bands, respectively, which are typical

for Ti*. Another band was identified in a lower binding energy area having binding
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energy 460 eV is ascribed to Ti®*. This band was shifted by about 2 eV towards lower
binding energies in all samples. After doping with Pr, the high resolution XPS spectrum
shows a slight shift in the position along with a variation in the area of the original peaks.
The peak positions for the Pr-doped samples, as detailed in Table 4-2, reveal a shift,
indicating the influence of Pr addition on the electronic state of the Ti element. Changes
in stoichiometry and the Ti** to Ti®* ratio were determined by analyzing the relative peak
areas, as represented in Table 4-2. The praseodymium dopant contributes to the partial
reduction of titanium cations, consistent with the defect chemistry typically associated
with such dopants in SrTiOs. In the doped samples, the Ti®* peak area increases while
the Ti** peak area decreases compared to the undoped sample. This suggests that the
burial sintering process removes oxygen from the lattice, leading to a relative rise in Ti%*

concentrations observed in the XPS spectrum.

Table 4- 2 VValence states and oxygen vacancy concentration of Pr doped STO crystallites.

Pr3ds (+3 %) Ti 2P (3 %) Oxygen
Sialrgplle Pr3* | Pr* | Ti®" | Positionof | Ti*" | Position of velc??;cy
abe Ti % (eV) Ti#*ev) | (#3%)

SPTO1B | 6451 | 35.49 | 31.60 459.81 68.40 458.06 53.60
SPTO3B | 64.12 | 35.88 | 27.36 458.95 72.64 458.01 49.66
SPTO6B | 64.05 | 35.95 | 26.80 458.46 73.20 457.87 44.10

The high-resolution XPS spectrum of O 1s in STO is shown in Fig. 4-3(d), which
can be deconvoluted into two distinct peaks centered on 528.9 eV and 531 eV. The peak
at 529 eV is due to O, which is primarily derived from the lattice oxygen. The oxygen
defects on the surface of STO are responsible for the peak at 531 eV [36]. The peak
intensity at a binding energy of 531 eV, associated with the concentration of surface
oxygen vacancies in STO, shows a significant increase in the burial-sintered STO
samples, indicating a higher concentration of surface oxygen vacancies after the reduction

treatment treat. The concentration of oxygen vacancies was determined by calculating
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Figure 4- 3 (a) SEM image of Pr substituted SrTiOs ceramics (b) core shell like
structures in SPTO 1B and SPTO 6B (c) surface scan of pellets showing formation of
nanopores (d) Porosity difference in least doped and heavily doped samples.

the area under the deconvoluted curve and is presented in Table 4-2. A slight shift in the
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oxygen vacancy peak with Pr doping was observed, highlighting the role of Pr in
influencing oxygen vacancy formation. The O 1s peak at ~528.8 eV, characteristic of
oxygen in perovskites, shifts slightly to a higher binding energy of 529.93 eV in all the
reduced samples, further confirming the effect of the reduction process and Pr doping on

the electronic environment [37,38].

SEM analysis was conducted to evaluate the microstructures of the samples after
sintering and annealing, as shown in Fig. 4-3(a). The micrographs reveal regular
polygon-shaped grains with an average size of 3+0.2 um, along with smaller grains
adhering to larger ones, forming agglomerates that contribute to reduced thermal
conductivity. Core-shell grain structures, highlighted by red circles, are observed in all
Pr-doped samples, with Fig. 4-3(b) illustrating these features for SPTO 1B and SPTO 6B
samples. The sinterability decreases with higher praseodymium content. Samples with
lower Pr doping (x=0.05) exhibit relatively dense ceramics, while Pr-rich samples display
a more porous structure, significantly impacting their electrical and thermal conductivity.
The porosity between particles induces phonon scattering, which helps reduce phonon
thermal conductivity. Fig. 4-3(c) shows the smooth surface of polished pellets (using
SiC papers of varying grit sizes 400-3000), indicating a compact structure. The SEM
image of the SPTO 3B in Fig. 4-3(c) also reveals the presence of nanopores, marked by
green circles.

SEM images also reveal that some pores have agglomerated due to the high
calcination temperature in the range 1400 to 1500 °C. While the bulk electrical
conductivity remains relatively unaffected by the average grain size or its distribution,
the grain boundary (GB) conductivity is anticipated to vary depending on the average
grain size. This highlights the critical role of microstructural features in determining the
thermal and electrical transport properties of the material [39,40]. Graphite sintering
atmosphere creating a highly reduced atmosphere further accelerate this effect, as the
grain boundary resistance significantly decreased with smaller average grain sizes. This
indicates enhanced conductivity along the grain boundaries, leading to the suppression of
DSB effects.
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4.3.2 Thermal characterization-TGA, DTA and thermal conductivity studies
Differential thermal analysis and thermo gravimetric analysis were used to
characterize the thermal properties of Pr substituted SrTiOz up to 800 °C at a heating rate
of 5 °C/min in a nitrogen atmosphere and is represented in Fig. 4-4. The TGA curves
were measured in the flowing nitrogen gas rate of 20 ml/min. All samples shows weight
gain of 1.2 — 1.5 % during the analysis which is not expected for normal STO, which
typically shows a mass loss, which increases monotonically with temperature and is

related to the mass loss of chemically adsorbed water molecules.

However, for burial sintered STO samples after post reduction, mass increase can
be observed at after 300 °C. We infer that the weight gain of reduced STO sample is due
to the adsorption of nitrogen during the analysis. Nitrogen molecules prefer to adsorb on
the oxygen vacancies sites that lack of electron through a strong interaction. This
adsorption will continue monotonously unless the nitrogen is converted to some other
compounds like ammonia in the presence of visible light. The ceramic is treated to be
stable during the entire range of TGA cycle with this nominal weight gain. The TGA
curves exhibit almost similar oxygen vacancy for all samples. The number of oxygen
vacancies increases from the least doped sample SPTO 1B up to SPTO 3B and then
decreases with SPTO 6B being the lowest. Recent research by Wang et al. backs up this
finding [36]. The amount of nitrogen getting adsorbed in the sample can be quantitatively
used to determine the amount of oxygen vacancies. The oxygen deficiency can be found
using eqn (4.4). Here & represents the deviation from stoichiometry — specifically, the

amount of oxygen deficiency in the crystal structure.

_(my+mp)o+480

16(1 + o) (4.4)

Where m, & mg are the mass of A site and B site molecules respectively and o

is the relative mass change [41].
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Figure 4- 4 (a) combined TGA plot of Pr substituted SrTiOz (b) oxygen vacancy and
corresponding concentration of Ti®* obtained from TGA (c) TGA-DTA curves of

SPTO 1B to SPTO 6B.

The obtained value of oxygen vacancy and concentration of reduced Ti®*" ions are

represented in Fig. 4-4 (b). The calculations shows that the sample SPTO 3B is having

maximum deficiency with § = 0.123 and sample SPTO 6B is having minimum oxygen
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deficiency with § = 0.103.  Ti®" content is calculated using the stoichiometric
representation of the prepared samples St2* Pr3*Ti3fTitt,503-5.The values varies
from 0.247 to 0.208. The oxygen non-stoichiometry can influence a wide range of
physical properties of the system including electronic and magnetic properties. Previous
works has indicated that changes to oxygen stoichiometry produce only 0.001-0.002 A
change in lattice parameter, which is barely detectable even in bulk samples [42,43].
Even though these structural changes are nominal they can significantly affect the
transport properties. The values of oxygen vacancies and Ti®* concentration is found to
be higher compared to the H>-Ar atmosphere sintered samples reported in previous
studies [44,45]. The concentration of oxygen vacancies is almost constant with doping
since all the samples are prepared under same reducing conditions. This is also backed
by XPS studies.
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Figure 4- 5 Thermal conductivity variation with temperature in Pr substituted SrTiOs.

Temperature dependent thermal conductivity of prepared samples is shown in Fig.
4-5. The thermal conductivity of all samples in the series SrixPr¢TiOs decreases
proportionate to T with temperature, indicating the dominant role of lattice

contribution. Umklapp scattering brought on by phonon-phonon interactions at high
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temperatures caused the temperature dependence to be more pronounced for materials
with lower Pr content [46]. With increasing Pr content, the dependency gets reduced. «
varied between a maximum of 9 to minimum of 3 W m™ K for the samples under
study. The creation of point defects as a result of Pr addition is advantageous for better
phonon scattering and, results in decreased lattice thermal conductivity with doping. The
crystallite size influences thermal conductivity due to the impact of grain boundaries on

heat transfer. Smaller crystallites result in materials with lower thermal conductivity.
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Figure 4- 6 (a) Temperature dependence of lattice thermal conductivity in Pr substituted
SrTiOs ceramics (b) Contribution of lattice thermal conductivity to total thermal
conductivity.

Lattice thermal conductivity (k;4¢tice) and electronic thermal conductivity (Kgjectronic)

contribute to total thermal conductivity of materials as in equation (4.5)

Krotal = KLattice T KElectronic (4-5)

Kgrectronic €an be expressed using Wiedemann-Franz’s law as in equation (4.6)

Kglectronic = LoT (4-6)

Where L = 2.44 x 10"8V2K~2 . Fig. 4-6 (a) shows the lattice thermal conductivity
variation with temperature following a similar trend as total thermal conductivity. In

general the electronic part of thermal conductivity is maximum for highly conductive
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samples and is in the range 20-25 %. The generation of point defects as a result of Pr
addition is advantageous for better phonon scattering and, leads to decreased lattice
thermal conductivity. Distortion of lattice with Pr incorporation results in weakening of
Ti-O bonds developing a less thermal conductive material. The Pr substitution beyond
x=0.125 doesn’t significantly affect the total conductivity. The overall reduction of
thermal conductivity from bulk value in range 10-12 Wm™K in the prepared samples
is also due to the phonon scattering due to oxygen vacancies [47]. The large reduction
in thermal conductivity at moderate temperature could be attributed to effective phonon
scattering due to the randomly distributed and clustered nature of oxygen vacancies [48].
Furthermore, the size of the clustered oxygen vacancies, a few nanometers, would be
comparable to the dominating wavelength of phonons, potentially increasing the
efficiency of phonon scattering [49]. All these complex effects determine the total

thermal conductivity.
4.3.3 Electrical and thermoelectrical characterization

Doping SrTiOs with Pr/vacancy at the requisite quantities should not affect Ti
oxidation state due to charge neutrality. But the formation of oxygen vacancies leads to
reduction of titanium. This reduction procedure is critical in defining the material's
thermoelectric properties. Fig.4-7 (a) depicts the relationship between temperature and

the overall conductivity of ceramic samples.

Due to an increase in carrier concentration, the conductivity rises with increasing
praseodymium content up to SPTO 3B. Defect formation under graphite sintering
process aids in this increased conductivity. As the temperature rises, the electrical
conductivity falls significantly, indicating degenerate semiconducting behavior in the
samples with composition x=0.05 to 0.15 range. The electrical conductivity declined
proportionally to T2 at high temperatures over 473 K, suggesting that phonon scattering

was the primary cause above that temperature [50]. Pr rich sample SPTO 6B shows a
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reverse trend in conductivity indicating a transition to metallic-type behavior with doping,

the sample also records least conductivity at room temperature.
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Figure 4- 7 (a) TempératUre dependent conductivity variation_(b) Seebeck coefficient
variation in Pr substituted SrTiOz ceramics.

The decreased conductivity of SPTO 6B is attributed to the less oxygen vacancy
and increased defects in the system due to high Pr concentration. Microstructural features
like crystallite size and the lattice strain have considerable effect on transport properties.
Resistance increases with the decrease of crystallite size due to the growth of insulating
grain boundary and the contributions from non collinear surface layers. The grain
boundaries in the material act as insulators and significantly resist the flow of electrons.
This resistance is caused by the formation of a potential barrier at the grain boundary
surfaces. The potential barrier forms due to the trapping of charge carriers at the boundary
and the presence of compensating opposite space charges within the grains.
Consequently, an increase in the number of grain boundaries in a sample leads to higher
resistivity. The smaller crystallite size of the sample SPTO 6B leads to the observed high
resistance. The variation in conductivity are affected my multiple factors, so a direct
linkage may not hold for all materials. SEM analysis reveals that the grain sizes of SPTO
6B are larger compared to other samples. Smaller grains have a larger specific grain
boundary area and a higher concentration of oxygen vacancies [39]. Since the Pr-rich
sample SPTO 6B has larger grain sizes, it is expected to have the lowest concentration of

oxygen vacancies. Vacancies and Pr atom scattering also cause the drop in conductivity
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at higher doping levels. At high doping percentages the mobility of charge carriers tend
to reduce steeply as a result of these structural distortions and is responsible for low
conductivity near room temperature. It has been reported that doping in the A-site in a
perovskite system relaxes oxygen octahedra, which reduces the stability of the ABO3
perovskite structure [51]. The tog and eq orbitals of a Ti** overlap the Fermi level of doped
SrTiOs at elevated electron concentrations, and as the Pr concentration increases, the

resulting structural distortions induce alterations in the Fermi energy level.

Pr substitution reduces lattice volume, allowing for greater overlapping of Ti-3 d
orbitals, facilitating electron delocalization and temperature-dependent degenerate
semiconductor type conductivity for the samples with 0.05 < x < 0.15. Increase in Pr
content beyond this level leads to further distortion of the perovskite lattice resulting in
change in Ti-O-Ti angle from 180° and enfeebling Ti-O bond. The tilting of TiOs
octahedra and weakening of bonds significantly affect the electron conduction
mechanism. Stress generated in the lattice by Pr incorporation is counteracted by the
expansion of the lattice at high temperature and lead to comparable conductivity and even
better as observed for SPTO 6B beyond 700 K and is reflected in the power factor

calculations.

Fig. 4-7 (b) represents the relationship between temperature and the Seebeck
coefficient of ceramic samples. The n-type conductivity of the samples is well understood
by the negative sign of Seebeck coefficient. A monotonous increase in the absolute value
of S with temperature is observed in all samples. A significant reduction in |S| is evident
with Pr concentration. This variations can be analyzed by using the degenerated
semiconductor model with parabolic band dispersion. Relationship between the Seebeck
coefficient and carrier concentration is represented as equation (4.7)

S =y —In(n) 4.7)

with y being the scattering factor. And S can also be expressed as equation (4.8)

8mlky® w23 (4.8)
5= 3eh? mT(g)
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where kg, e, h, n, and m* are the Boltzmann constant, electron charge, Plank constant,
carrier concentration and the density of states effective mass of carriers, respectively.
Both these relations suggest that, As the Pr content increases, the increased carrier
concentration will lead to the reduction of the Seebeck coefficient. Even then the
obtained seebeck coefficient in this work is greater than the previous works [24,44,52].
As a result of scattering the low-energy electrons, the energy filtering effect may take
place at grain boundaries and core-shell structure interfaces, increasing the average carrier
energy. A greater carrier effective mass might result from a rise in electron localization
following Pr addition, which has a significant impact on how electrical conductivity
changes with temperature. Due to this influence, a relatively substantial value of |S| may
be maintained even for high dopant content, partially offsetting the decrease in the

Seebeck coefficient brought on by the increase in carrier concentration.
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Figure 4- 8 Variation in Seebeck coefficients with doping concentration in cubic and
tetragonal Pr substituted SrTiOz (a) in room temperature (b) at 973 K.

The shift from a cubic to a tetragonal structure reduces the symmetry of TiOs
octahedra and it has a bigger impact on |S|. It can be seen that the variation in absolute
value of Seebeck coefficient with Pr content is more profound for cubic system with
0.05 < x < 0.10 as indicated in Fig. 4-8. The difference in slope between cubic and

tetragonal system is well understood from the figure. This is because, the Pr/vacancy
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concentration has no direct impact on the band structure since the band gap is primarily
governed by O 2p and Ti 3d orbitals rather than the distortion of TiOs octahedra system,
demonstrating the combined effect of electrical conductivity and the Seebeck coefficient

on thermoelectric performance.
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Figure 4- 9 Temperature dependent power factor values Pr substituted SrTiO3
crystallites.

Fig. 4-9 depicts the temperature dependence of the power factor for the Pr substituted.
The maximum thermoelectric power factor, 6S? achieved was 1.8 x 10° W m1 K2 at
673 K for sample SPTO 3B, with x=0.1. This is better than La doped STO, La-Dy doped
STO, Y doped STO, Nd doped STO and even comparable with A site deficient Pr doped
STO, La-Graphite STO [53-59]. The maximum power factor of SPTO3B is due to the
rapid rise in conductivity, with a moderately maintained Seebeck coefficient. Power
factor declined with increased Pr content beyond x=0.1. For practical applications in mid
temperature range power factor values should be maintained over a suitable temperature
range. Here we were able to achieve high power factor above 1 x 10° W m™ K2 in the
temperature range of 450-750 K. As a result of improved power factor and relatively low
thermal conductivity, high ZT values were obtained for Sri.x Prx TiOs ceramics and is
depicted in Fig. 4-10.

213 | Page



o35 |
= SPTO1B i
e SPTO2B / A
030 || o spTO3B ' :
v SPTO4B A
0.25 SPTO5B P
SPTO6B
0.20 =
A o
N " ¥: . 4
'
0.15 4 : v -
A b
0.10 Y >
E
0.05 _4
0.00 ;

200 300 400 500 600 700 800 900 1000
Temperature (K)

Figure 4- 10 Temperature dependence of the figure of merit ZT of Pr doped SrTiOs.

These values shows an increasing trend with temperature up to 800 K and then
stabilizes, except for the highly doped sample which shows a monotonous increment.
The maximum ZT of 0.33 was achieved for SPTO 3B with x=0.10. Which is comparable
to the best in class n type oxide thermoelectric materials. Pr-doped SrTiOs polycrystalline
samples synthesized with the two step reduction method have significantly higher ZT

values throughout the whole temperature range.

4.4 Conclusions

The double reduction technique was successfully applied to improve the TE
performance of oxide perovskite in Pr doped STO systems for the first time, The
structural transformation from cubic to tetragonal phase was observed for systems with
x>0.10. Partial substitution of Pr atoms boosted the electrical conductivity of symmetric
systems (cubic), whereas the increased distortion in Pr rich systems suppressed the same.
The conduction mechanism was aided by the appropriate oxygen deficiency analyzed
using XPS. Double Schottky Barrier (DSB), the resistive grain boundaries inhibiting TE

performance was eliminated with the two step reduction process resulting in increased
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the career mobility. Reduction process also promoted Pr nanoparticle precipitation which
act as scattering centers to reduce thermal conductivity. A maximum power factor of 1.8
mW/mK? is achieved for x=0.10 system. Along with DSB reduction, the porous
structure, Pr defect centers, Oxygen deficiency clusters together reduced the thermal
conductivity of the material to achieve a maximum figure of merit of 0.33 at 673K for
SPTO 3B (x=0.1) which is comparable to best performing oxide perovskites reported
making it an ideal candidate as n type legs in thermoelectric generators to harvest waste
heat and thereby to meet sustainable development goals.
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5.1 Introduction

Functional oxides have played a pivotal role in advancing technologies across
various fields, including wearable devices, sensors, spintronics, photonics,
thermoelectrics, and photovoltaics. Their diverse compositional possibilities and phase
tunability open up vast potential for developing new functional oxides with a wide range
of properties, whether in bulk or thin film forms [1-10]. Thin film materials are employed
in a wide range of applications, including anti-reflective coatings, memory devices,
piezoelectric and triboelectric systems, energy storage and conversion mechanisms,
wearable electronics, and sensing and amplification technologies. Advances in thin film
material research and technology have driven significant progress in electronics, yet
despite the availability of advanced growth techniques such as molecular beam epitaxy,
pulsed laser deposition, RF magnetron sputtering, and atomic layer deposition, challenges
remain in pushing performance to new levels. Charge transport in semiconducting oxides
is governed by the interaction between cationic and anionic orbitals, making high
mobility a key factor in electronic device performance [11,12].

Functional oxides hold great potential for enabling next-generation electronic
devices. Among these, perovskite oxides have emerged as a prominent class due to their
ability to incorporate nearly all elements from the periodic table into their structures. A
significant advantage of perovskites lies in their high static dielectric permittivity, which
minimizes electron-charge interactions and facilitates efficient electron transport. In
doped perovskite oxides, electron mobility at room temperature is predominantly
influenced by electron-phonon interactions rather than ionized impurity scattering,
attributed to their strong polarization effects. Strontium titanate, a well-known perovskite
oxide, is widely employed in various functional applications, including optoelectronics
and photocatalysis. However, its utility in optoelectronics is limited by its wide bandgap
of approximately 3.3 eV, which arises from the separation between the dominant O 2p
states and the hybridized O2p-Ti3d states (with minor contributions from Ti3d states).

To extend the applicability of STO in optoelectronic devices, bandgap modulation
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presents a promising approach to achieve enhanced electrical conductivity and optical
transparency [13]. Theoretical and experimental attempts have been made to engineer
the bandgap, including doping, hetero structure formation and vacancy production [14—
16].

Doping SrTiOz with elements such as Lanthanum, Tantalum, Yttrium, and
Niobium is a common approach to enhance its optoelectronic properties. Laand Y doped
STO show great potential as bottom electrode materials in photovoltaic applications. On
the other hand, Nb-doped STO were frequently employed in transparent conducting
oxides (TCO) and thermoelectric devices due to its excellent electrical conductivity, high
optical transparency, and low thermal conductivity. These modifications expand the
functionality of STO, making it a valuable material for various advanced optoelectronic
and energy applications.[17,18]. La doped SrTiOsthin films were previously reported to
have good electrical and thermoelectric capabilities with conductivities in the range 10%-
10* S/cm but with limited mobility of the order of 10 cm? V! s7! [19-21]. Nb doped
films have very high carrier density and conductivity of the order 10%2-10%% cm™ and 1000
to 3300 S cm™ respectively[22,23]. Pr-doped SrTiOs (STO) systems have been explored
in various applications, including conductive and semiconducting ceramics,
photodetectors, solar cells, catalysts, sensors, spintronics, and thermoelectrics. However,
most of the research has concentrated on bulk materials. Studies on Pr doping in STO
thin films are relatively limited and have mainly focused on their ferroelectric, dielectric,
luminescence, and electrical conductivity properties [24-29]. Despite the existing studies
on the optoelectronic properties of Pr-doped STO bulk systems, there is a noticeable
scarcity of literature on thin film systems, especially compared to La and Nb-doped STO.
There are previous works that explicitly uses mechanisms like redox chemistry, oxygen
vacancy in Pr doped STO systems to manipulate electrical surface properties to get carrier
concentration of the order of 102° cm= [30,31]. Maintaining the optical transparency and
metal-like electrical properties of SrTiOs (STO) is crucial for its effectiveness as a

transparent conducting oxide (TCO). Leveraging the potential of STO thin films
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necessitates a comprehensive understanding of their optical behavior. Furthermore,
analyzing the growth and stabilization processes of doped STO thin films in relation to
key synthesis parameters, such as RF sputtering power, gas pressure, dopant
concentration, and defect mechanisms, which is critical for their successful
implementation in practical applications [32,33]. Heat treatment in perovskite oxide thin
films often induces surface restructuring phenomena, leading to the enrichment of A-site
cations, particularly Sr, near the surface. This phenomenon is frequently reported and
can limit the material's potential in electrochemical and optoelectronic applications.

This study investigates the impact of RF sputtering gas pressure on the electrical
and optical properties of Pr-doped STO thin films grown on quartz substrates. A notable
enhancement in carrier mobility, resulting in high electrical conductivity, is
demonstrated, along with a controlled modulation of the optical bandgap. By employing
an oxygen-free synthesis method and optimizing post-deposition annealing to mitigate
cation segregation, thin films with minimal cation deficiency were achieved, significantly
improving their electrical performance. While surface restructuring and dopant effects
have been extensively studied for other elements, the role of Pr in STO remains largely
unexplored for electrical and optoelectronic applications. With its partially filled 4f
electron shell, Pr can introduce localized electronic states within the bandgap, influencing
carrier concentration and conductivity. Additionally, its unique 4f-4f transitions offer
sharp, environment-sensitive optical features, making Pr-doped STO a promising

candidate for advanced electronic and optoelectronic devices.

5.2 Experimental techniques

Sr1x Prx TiO3z with x=0.10 sputtering target was prepared through high-temperature
solid-state reaction route with suitable precursors having 99.99% purity. The sintered
powder was shaped into a 2-inch disk-shaped target. To ensure compositional uniformity,
the disk was crushed, pulverized, re-pressed, and re-sintered and used as RF sputtering
target. Ultrasonically cleaned and dried quartz substrates were loaded into the deposition

chamber, which was evacuated to a base pressure of 5x10® mbar prior to deposition. Pr

225 | Page



doped STO thin films were deposited on quartz substrates at a substrate temperature of
500 °C, using a sputtering power of 150 W for deposition time of 90 minutes. The
sputtering process was carried out in a pure argon atmosphere, with chamber pressures
maintained between 1x102 and 3x102 mbar. The as-deposited films were annealed in a
tubular furnace for 4 hours at temperatures of 600 °C, 700 °C, and 800 °C, and the

resulting films were labeled as described in Table 5-1.

Table 5- 1 Sample labels of Pr doped SrTiOs thin films under different sputtering and
annealing conditions

Sputtering pressure Annealing temperature
(mbar) 600 °C 700 °C 800 °C
1x 1072 SPTOFLIAL | SPTOFLIA2 | SPTOFL1A3
2% 102 SPTOFL2AL | SPTOFL2A2 | SPTOFL2A3
3 % 102 SPTOFL3AL | SPTOFL3A2 | SPTOFL3A3

For structural analyses, X-ray diffractometer with Cu-K, radiation of wavelength (A=
1.5418 A) was utilized with 20 values ranging from 20 to 80°. Raman spectra were
obtained using the Jasco NRS 4100 instrument (532 nm). The materials morphology was
studied using Field emission gun scanning electron microscope (FE-SEM) and surface
characteristics were assessed using a Bruker multimode 8 high-performance atomic force
microscope (AFM). Optical spectroscopic measurements were taken between 200 and
800 nm. The Photoluminescence properties of the thin films were investigated using
Fluorescence spectrophotometer with Time-correlated single photon counting facility.
The electrical transport properties were analyzed using Hall effect measurements
performed with the Van der Pauw (VDP) configuration at both room temperature and

elevated temperatures.
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5.3 Results and discussion

5.3.1 Structural, morphological characterization: XRD, Raman spectroscopic
studies, FE-SEM & AFM

The XRD pattern of the sintered Pr-doped STO target is presented in Fig. 5-1(a). The

analysis confirmed the presence of a pure STO phase, as the XRD reflections matched

the XRD pattern of the sintered Pr-doped STO target is presented in Fig. 5-1(a). The

analysis confirmed the presence of a pure STO phase, as the XRD reflections matched

the reference pattern in the database (PDF#35-0734).
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Figure 5- 1 (a) XRD pattern of Pr substituted SrTiOs sputtering target (b) XRD patterns

of films deposited at 1x102 mbar (c) at 2x102 mbar (d) at 3x102 mbar Ar gas pressure

and annealed at 600 °C, 700 °C and 800 °C
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The as-deposited thin film was initially amorphous and underwent post-deposition
annealing at 600 °C, 700 °C, and 800 °C. The diffraction patterns of the annealed thin
films, along with the corresponding sputtering gas pressures, are shown in Fig. 5-1(b) (c)
and (d). Crystallization was observed in all annealed thin films, with prominent

reflections at the (110) plane around 32° and the (200) plane around 46° are shown.

In addition to the primary peaks, thin films deposited at lower gas pressures, such
as SPTO FL1 and FL2, exhibita (111) reflection around 40°. In contrast, thin films grown
at higher gas pressures show reduced intensities of dominant peaks, attributed to the
shorter mean free path of target particles, which leads to lower deposition rates and
reduced crystallinity. At low pressures, electrons with a longer mean free path store more
energy before colliding with Ar gas molecules, and these collisions result in active
ionizations, leading to increased growth rates. Annealing at higher temperatures between
700 °C and 800 °C significantly enhances the crystallinity of all thin film series compared
to those treated at 600 °C. Additionally, the FWHM of all samples decreases with
increasing annealing temperature. A shift of the peaks to lower angles, observed in all
samples except SPTO FL3AS3, indicates an increase in the lattice constant, suggesting
lattice expansion. Since the deposition occurs in a pure argon environment, the thin films
are oxygen-deficient. Annealing not only improves crystallinity but also helps to
compensate the oxygen deficiencies by promoting oxygen incorporation into the lattice.
High-temperature annealing around 700 °C in an oxygen-rich environment can fully
compensate the oxygen loss and restore stoichiometry [34]. Conversely, annealing at
high temperature also promote the loss of oxygen from lattice and the loss intensifies with
annealing temperature resulting in oxygen deficient structures [35]. Oxygen loss from
the lattice and subsequent oxygen incorporation via oxidation, work in opposition to
shape the final structure. The observed lattice expansion, indicated by the shift to lower
angles, suggests that the expansion results from increased oxygen loss during annealing.
This lattice expansion can be attributed to the lower valence state of the Ti cation, which
elongates the Ti-O bond. The strain generated on the grains during deposition and

annealing alters the crystal parameters, causing them to deviate from their bulk
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counterparts. This increased stress is likely due to changes in the type and concentration
of defects, such as the substitution of Pr** into the Sr?* site and the redistribution of 0xygen
vacancies. In addition to oxygen defects, factors like thermal stress, deposition rate, and
the film thickness under varying gas pressures also contribute to variations in the lattice

parameters.

The average crystallite size of the sample was estimated using the Scherrer
formula as in eqgn (5.1) using the FWHM of two predominant peaks.

Lk
~ B cosH

(5.1)

Symbols carry their formal significance, and the calculations were performed
using k=0.94 under the assumption of a Gaussian peak shape. The results are summarized
in Table 5-2. The decrease in FWHM values indicates that the sharpness of the prominent
peaks improves with increasing annealing temperature. The estimated crystallite size
increased from 13 nm to 20 nm with annealing, attributed to the growth of larger grains
driven by enhanced atom migration and mobility. During post-deposition thermal
treatment, atoms gain sufficient energy to move toward their equilibrium positions,
reducing lattice strain. This enhances grain growth, decreases lattice dislocations, and
improves the overall crystallinity of the thin films [36,37]. The microstrain on lattice was
calculated using eqgn (5.2)

B
® = 4tano (5:2)

As expected with the increase in crystallite size, the microstrain in all series of thin films
decreases from approximately 0.009 to 0.005 with annealing. This reduction in
microstrain is due to the elimination of lattice defects with the increase of annealing

temperature, and reaching its lowest value at 800 °C.
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Table 5- 2 Crystallite size and strain of the thin films under various sputtering and
annealing conditions

Sample A1 600 °C A2 700 °C A3 800 °C
label Crystallite | strain | Crystallite | strain | Crystallite strain
size (nm) | (x10%) | size (nm) | (x103) | size (nm) (x10d)
SPTO FL1 13.2 8.94 15.9 6.64 19.1 5.78
SPTO FL2 16.6 7.84 18.9 5.75 19.5 5.43
SPTO FL3 13.9 8.98 19.2 7.31 20.1 5.81

Raman analysis of various vibrational modes provides crucial insights into the
structural changes and phase transitions induced by annealing. Figure 5-2 presents the
micro-Raman spectra of Pr-doped STO thin films deposited at different Ar gas pressures
and annealed at 600 °C, 700 °C, and 800 °C. The spectra exhibit broad peaks within the
ranges of 190-550 cm™ and 680-850 cm™'. STO undergoes an antiferrodistortive phase
transition from a cubic structure (space group Pm-3m) to a tetragonal structure (14/mcm),
characterized by the rotation of TiOe octahedra. The resulting tetragonal structure is
centrosymmetric, suggesting no ferroelectric behavior is expected [38]. From our
previous works on Pr doped STO ceramics, it has been observed that when Pr
concentration equals or exceeds x=0.10 in Sr1.xPrxTiOsz system it transforms from cubic
to tetragonal phase [13]. Since the sputtering target we used here was with x=0.10, we
presume that thin films will be STO tetragonal.
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Figure 5- 2 Raman spectra of Pr substituted SrTiOs thin films deposited at different Ar
gas pressure and annealed at 600 °C, 700 °C and 800 °C
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In STO-based structures, zone-center optical phonons are Raman inactive,
resulting in the spectrum being dominated by second-order vibrations. All 12 optical
phonon modes in STO exhibit odd symmetry with respect to inversion, meaning first-
order Raman scattering is typically forbidden by phonon momentum selection rules.
However, defects introduced through doping, annealing, and oxygen-deficient sputtering

conditions relax these rules, making the first-order spectrum observable.

First-order peaks in the Raman spectrum are observed at 175, 271, and 547 cm™,
corresponding to the TO2, TOs, and TO4 phonon modes, while the peaks at 490 and 795
cm™! are attributed to the LO2 and LO4 phonon modes, respectively. The appearance of
first-order Raman scattering is a result of symmetry breaking caused by factors such as
electric fields, strain from lattice mismatch and grain boundaries, and the incorporation
of Pr ions into the crystal lattice. The peaks at 175 and 271 cm™ are associated with the
(O-Sr-0) bending mode, whereas the peaks at 547 and 795 cm™ are related to the (Ti-O-
Ti) bending mode and Ti-O stretching mode, respectively. Additionally, peaks at 117
and 133 cm™ appear in all samples, caused by structural deformation of the lattice, which
relaxes the selection rules. A second-order band at 373 cm? is attributed to the
combination of multiple bands such as TOs-TA, TO4-TO3, and 2TO2. The band at 690
cm is identified as the 2TOs overtone, and the peak at 609 cm™ corresponds to a second-
order Raman mode. Notably, prominent peaks at 397 cm™ and 639 cm™ are exclusively
observed in samples annealed at 800 °C, corresponding to the Big) and Egi) modes,
respectively [39]. Very strong Raman peak observed at 145 cm™ and a feeble peak at 451
cm? can be correlated to Eq and By modes indicating the tetragonal symmetry.
Tetragonal SrTiOs exhibits seven Raman-active modes, comprising two pairs of
degenerate modes {Eg, B1g} and a Bog mode. The corresponding Raman bands have been
detected within the frequency ranges of 140-150 cm™, 440-460 cm™, and 220-260 cm ™.
The detected peaks here indicates the tetragonal phase of STO [40—42]. The peaks show
higher intensity in the SPTO 2 and SPTO 3 series samples annealed at 800 °C, indicating
a more significant tetragonal distortion. Higher annealing temperatures facilitate the

formation of larger crystals composed of multiple smaller crystallites, as confirmed by
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Table 5- 3 Raman modes observed in Pr doped STO thin films

Peak

position | Assignment Phonon| Mode | Symmetry Order Notes
,1 mode | type mode
(em™)
Appears in all

117 Structura_l - - — First [samples; relaxes

deformation .
selection rules.
Appears in all
133 gtructura_l — — - First [samples; relaxes
eformation .
selection rules.
\ery strong; indicates
145  |Eg mode - — Eg First [tetragonal symmetry
(140-150 cm™! range).

175 (O-S_r-O) TO, TO B First Associated with
bending tetragonal phase.

271 (O-S_r-O) TOs TO B First Associated with
bending tetragonal phase.
Combination TOs-TA, TO4-TOq,

373 lhands a a a Second and 2TO..

.. |[Exclusively in 800 °C-

397  |Bigx)y mode - - Big First annealed samples.

Feeble; indicates
451  |B2g mode - - Ba2g First |tetragonal symmetry
(440460 cm™! range).

490 LO2 LO - First |-

547  [(T1-O-Ti) TO: | TO ~ | First |
bending

609 Second-order B B B Secondl
Raman mode

639 |Eq@ mode B B g, First Exclusively in 800 °C-

annealed samples.

690 [2TOs overtone - - - Second|-

795  [Ti-O stretching| LOa4 LO - First |-

XRD analysis. This process leads to a red shift in the Raman frequency and a

narrowing of the peak, as observed in the Raman mode at 145 cm™.
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Chapter 5 Optoelectronic properties of Pr doped SrTiOs thin films

The high-resolution SEM images of the Pr doped STO films are shown in Fig. 5-
3, highlighting the significant influence of heat treatments on the film morphology. The
observed morphologies vary noticeably across the series of films, depending on the
sputtering gas pressure and annealing temperature. In the FL1 series annealed at 600 °C
(SPTO FL1A1), fine granular particles are scattered across the surface, forming an island-
like pattern. At an annealing temperature of 700 °C (SPTO FL1A2), the islands become
slightly more separated, and inter-granular pores begin to appear. When annealed at 800
°C (SPTOFL1A3), distinct changes are observed, with the island-like structures
becoming uniformly distributed over the film surface. Large clusters, ranging in size
from 300 to 400 nm, are evident, while the smaller inter-cluster granules measure between
50 and 80 nm.

Figure 5- 3 HR SEM images of Pr substituted SrTiOs films deposited at different Ar gas
pressure and annealed at 600 °C, 700 °C and 800 °C

Thin film growth ideally follows the Frank—\Van der Merwe (FM) model, which
is characterized by layer-by-layer deposition. However, the RF sputtering conditions and
subsequent annealing introduce variations in film thickness, causing the growth mode to
deviate from the FM model. This deviation leads to the transition towards Stranski—
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Krastanov (SK) and Volmer—Weber (VW) growth modes, resulting in thin films that
exhibit a combination of island structures and layers, as observed in the samples annealed
at 800 °C.
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Figure 5- 4 EDS and elemental mapping of Pr substituted SrTiOs films
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The well-established formation of 3D clusters/nano islands has a significant
impact on the transport properties of the thin films. This island-like formation is also
evident in the SPTO FL2 series of thin films, particularly in those annealed at 800 °C
(FL2 A3). In these thin films, the red, green, and blue circled islands have sizes of 500
nm, 200 nm, and 50-80 nm, respectively. Moving on to the FL3 series, thin films
annealed at 800 °C show a transformation from island-mode growth to continuous film
growth with a high degree of ordering, which is expected to profoundly affect the

electrical and thermal transport properties.

Complex oxides commonly undergo symmetry loss at the surface during growth,
leading to cation segregation. Gaining insight into these growth mechanisms is essential
for identifying appropriate applications for these materials, particularly in fields like

photo catalysis, electrochemistry, and thermoelectrics.
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Figure 5- 5 Schematic representation of Stranski—Krastanov growth mechanism in Pr
doped SrTiOs thin films

Annealing in an oxidizing atmosphere promotes Sr segregation at the surface
while maintaining the overall perovskite structure. The competition among different
cations for the same site, or between A-site and B-site cations, drives atomic
rearrangements at the surface, leading to segregation. This effect becomes more
pronounced at higher temperatures, where increased ion mobility and faster diffusion

dynamics facilitate greater nucleation and segregation [43-45]. EXxcess Sr segregates at
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the thin film surface, appearing as oxide islands. The incorporation of Pr as an A-site
dopant and the formation of oxygen vacancies create elastic and electrostatic interactions,

both of which influence Sr segregation.

SPTO FL1A1 SPTO FL1A2 SPTO FL1A3
124 nm 222 n0m 154.2 nm
-aim I -18.9 nm -87.6 nm
Height Height Height
SPTO FL2A1 SPTO FL2A2 SPTO FL2A3
12.7 nm 183 nm 115.7 nm
p—
-10.0 nm -16.8 nm -146.9 nm
Height Height Height
SPTO FL3A1 SPTO FL3A2 SPTO FL3A3

7.90m

32.7 nm 8.7 nm

-

-7.5nm 21.6 nm -8.5 nm

Height Height Height

S5um x5 pum

SPTO FL1A3 SPTO FL2A3 SPTO FL3A3
‘ 198.0 nm 1565,
4131inm

Figure 5- 6 3D AFM images of Pr substituted SrTiO3 thin films
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However, disentangling these interconnected phenomena to determine their

individual contributions is challenging. The size disparity between the dopant Pr** (ionic
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radius = 1.30 A) and the host Sr** (ionic radius = 1.44 A) generates elastic energy,
prompting atomic-scale rearrangements that drive Sr segregation to the surface.
Introducing smaller dopants could theoretically mitigate lattice segregation. Applying
tensile strain to the system offers an alternative means of reducing segregation. XRD
analysis confirms that tensile strain, associated with lattice contraction, is present in the
SPTO FL3A3 sample, as indicated by a shift to higher diffraction angles. This tensile

strain effectively minimizes Sr segregation.

Figure 5-4 shows the EDS spectra and elemental mapping for thin films SPTO
FL1A3 and SPTO FL3A3. The detected peaks correspond to Sr, Ti, O, and Pr, aligning
with the composition of the prepared thin films, with no impurity peaks observed. The
images also confirm the uniform distribution of all elements, including the dopant, across

the surface of the samples.

Fig. 5-5 illustrates the proposed growth mechanism of STO thin films. The
surface morphology of the prepared thin films was further examined at room temperature
using two-dimensional (2D) and three-dimensional (3D) AFM imaging, with the results
displayed in Figure 5-6. The thin films exhibit a uniform, flawless, and crack-free surface
morphology. The average surface roughness increases with annealing temperature,
leading to highly rough surfaces at 800 °C due to Sr segregation and SK growth. For
instance, SPTO FL1A1 shows an RMS roughness of 2.92 nm, which increases to 3.08
nm for SPTO FL1A2 and significantly rises to 37.7 nm for SPTO FL1A3. A similar trend
is observed in the SPTO FL2 series. In contrast, SPTO FL3A3 has the smoothest surface
morphology within the series, as confirmed by SEM analysis, with an RMS roughness of
just 2.11 nm and no evidence of Sr segregation. Across all series, annealing at 800 °C

results in high surface roughness, except for SPTO FL3AS.

5.3.2 Optical characterization: UV-Vis Spectroscopy and photoluminescence
studies
In order to understand the optoelectronic properties of the prepared thin films,

transmission spectra were analyzed in the UV-Vis region (200-800 nm), which covers

237 | Page



the fundamental optical absorption edges of STO-based thin films. The transmission
spectra are shown in Fig. 5-7(a), while the bandgap, calculated using the Tauc equation,
is presented in Fig. 5-7(b). All samples exhibit significant transmittance in the visible
range, ranging from 60% to 70%. With this reasonable transmittance good electrical
characteristics is also needed for TCO applications. Thin films subjected to higher
annealing temperature exhibited lower transmittance due to the larger grain size,
contributing to increased absorption. All thin films have absorption edges that fall
between 350 and 390 nm in wavelength. Furthermore, it is seen that, within a given series
of thin films, the absorption edge redshifts with increasing annealing temperature, with
the exception of SPTO FL3A3, where a blue shift is noted. This behavior can be
associated with the concentration of oxygen vacancies, as the dopant concentration is
constant within a particular series of thin films.
(a)
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Figure 5- 7 (a) UV-Vis transmission spectra (b) Band gap of Pr substituted SrTiO3 thin
films deposited at different Ar gas pressure and annealed at 600 °C, 700 °C and 800 °C.

The broadening of the absorption edge can also result from exciton-phonon
coupling or dynamic disorder. A similar phenomenon, where oxygen vacancies are

linked to a blue shift in the absorption edge, has been reported in previous studies. For
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instance, Wei Huang et al. documented a correlation between oxygen vacancies and the
observed blue shift in the absorption edge for STO thin films grown under varying oxygen
partial pressures during deposition [46]. The blue shift of SPTO FL3AS3 is also expected
due to the decreased number of oxygen vacancies in the system deduced from XRD

analysis.

Absorption coefficient o for thin films is represented as

a=_ IZ(T) (5.3)

Where T is the transmittance and d is the thickness of the films. The indirect optical

transitions of STO films can be used to determine the band gap as per Tauc relation
aE = A(E — E)" (5.4)

Using E as the photon energy and A as a function of the refractive index and hole
effective masses, n is set to 1/2 or 2 for direct and indirect bandgap materials, respectively.
The bandgap values were determined using the linear extrapolation method, as described
by egn (5.4), and are shown in Fig. 5-7(b). The calculated bandgap values are listed in
Table 5-3. These values exceed the bulk bandgap of 3.2 eV, which can be attributed to
the substitution of Pr at Sr sites, deformation potentials, strain-induced defects from the
small crystallite size, and the presence of free carriers [47]. In all three series of films,
the bandgap decreases as the annealing temperature increases, with the lowest bandgap
observed in the samples annealed at 800 °C, except for SPTO FL3A3. A reduction in
bandgap, or a red shift, with increasing temperature suggests that higher temperatures
enhance the quality of the STO layer, causing the bandgap to approach the bulk value.
This decrease in bandgap can also be linked to the presence of oxygen vacancies in the
lattice. As oxygen vacancies increase, the bandgap (Eg) reduces due to the emergence of
a new bonding exciton-energy level near the conduction band minimum, narrowing the
energy gap. Within a given series of films, the sample with the most left-shifted XRD
peaks corresponds to the smallest bandgap, aligning with the relationship between XRD

patterns and vacancy-induced disorder.
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The Urbach energy of the prepared films may be found following the Urbach
relation represented in egn (5.5) which gives a more comprehensive picture of the band

edge characteristics.

1 E,
In(a) = E—hv 7 + In(ay) (5.5)
u u

Where « is the absorption coefficient, hv the energy, E is the energy band gap

and E,, is the Urbach energy.

Table 5- 4 Bandgap and Urbach energy values of Pr doped SrTiO3 films

Sample label Band gap, Eg (eV) Urbach energy, Eu (eV)
Al 3.53 0.360
SPTOFLL 70 3.48 0.377
A3 3.41 0.401
Al 3.51 0.300
SPTOFLZ 75 3.46 0.310
A3 3.16 0.569
Al 3.27 0.523
SPTOFLS - 72 3.26 0.526
A3 3.31 0.476

Variations in Urbach-type absorption may reflect static inhomogeneity arising
from localized states within the bandgap, which can be assessed by analyzing the
steepness of the band edge. In the prepared films, the band edge steepness generally
decreases with increasing annealing temperature across all series, except for SPTO
FL3AS3, where it increases, indicating a reduction in Urbach energy. Higher annealing
temperatures lead to an increase in Urbach energy and a decrease in bandgap energy,

attributed to film crystallization. An inverse relationship between Urbach energy and
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bandgap is observed in all films. The rise in Urbach energy with increasing annealing
temperature also correlates with the presence of oxygen vacancies in STO films. As
oxygen vacancies increase, a corresponding increase in Urbach energy is expected. This
trend aligns with prior research and highlights the role of oxygen vacancies (Vo) in
influencing variations in the absorption coefficient. The non-stoichiometric Pr: SrTiO3-

& exhibits a more gradual decrease in absorbance near the absorption edge compared to
(@)
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Figure 5- 8 (a) PL emission spectra of Pr substituted SrTiOs thin films around 450 nm and
(b) PL emission peaks around 510 nm

the pure STO parent compound due to the presence of a tailing localized state [48-51].
A sharper increase in Urbach energy observed in SPTO FL1A3 and FL2A3
indicates greater distortions and defects in the system caused by surface segregation.
Urbach energy, associated with band edge roughness and local potential fluctuations in
both the conduction and valence bands, shows a positive correlation with the Stokes shift
and an inverse relationship with carrier mobility in semiconductors [52]. In the SPTO
FL1 and FL2 series, the thin films annealed at 800 °C (SPTO FL1A3 and SPTO FL2A3)
exhibit the highest Urbach energy. These thin films also demonstrate the lowest mobility,

confirming the negative correlation between Urbach energy and mobility. Conversely,
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in the SPTO FL3 series, the thin film with the lowest Urbach energy, SPTO FL3A3, is
likely to exhibit the highest carrier mobility.

Photoluminescence (PL) analysis of SrTiOs thin films was conducted to
investigate emissions potentially caused by oxygen vacancies. Undoped STO typically
displays a strong PL peak near 540 nm, along with infrared emission at approximately
800 nm under low-temperature conditions [53]. PL emissions are generally associated
with defect states within the bandgap, predominantly arising from impurities and
vacancies, particularly oxygen vacancies formed during synthesis, either as isolated
entities or in clusters. When excited with UV light at 330 nm, the PL spectra of the
samples reveal multiple emission peaks at 450, 467, 510, and 540 nm, with special
emphasis on the peaks at 450 nm and 510 nm. Earlier studies on undoped STO subjected
to Ar® irradiation identified intense blue emission at 430 nm, attributed to oxygen
vacancies introduced within 20 nm of the surface under 325 nm excitation. Similarly,
research by Rho et al. on STO crystals exposed to 3 MeV proton beam bombardment
revealed emission peaks around 420 nm. Blue PL emission has also been observed by

various groups using other ion irradiation techniques, such as deuterium and helium [52].

Fig. 5-8 (a) and (b) show emission peaks around 450 nm and 510 nm, which
warrant further analysis. These peaks are attributed to the emission characteristics of
oxygen vacancies in the system. In each sample series, the intensity of both peaks
consistently increases with rising annealing temperature, indicating a corresponding
increase in o0xygen vacancy concentration, except for SPTO FL3A3. This observation is
consistent with previous findings from XRD and UV-Vis analyses. Oxygen vacancies
formed during oxygen-free sputtering are only partially compensated during annealing,

with the remaining vacancies contributing to the observed blue PL emission.

5.3.3 Electrical properties: temperature dependent Hall studies
Subjecting oxide thin films to high temperature treatment often involves the
removal and subsequent replacement of oxygen from the lattice structure. This process

can lead to localized inconsistencies, phase alterations, and the creation of interfaces, all
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of which can impact the electronic transport properties of typical oxide perovskite
systems. To investigate these variations, temperature-dependent Hall measurements were

conducted.

An additional electron is introduced, when Pr** replaces a Sr?* site in the STO
lattice, equivalent to one electron per unit cell. Previous studies on bulk Pr-doped STO
systems have demonstrated that this increase in carrier concentration significantly
enhances n-type conductivity. The carrier concentration in SrTiOs typically ranges from
10 to 10™° cm, making it suitable for electronic applications. In addition to n-type
doping, managing oxygen defects is also critical for optimizing its performance. Figure
5-9 shows the temperature-dependent variations in carrier concentration, in-plane
electron mobility, and conductivity of the thin films, as measured through Hall effect

measurements and sheet resistance analysis using the van der Pauw (VDP) geometry.
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Figure 5- 9 Temperature dependent carrier concentration of Pr substituted SrTiO3 thin
films deposited at different Ar gas pressure and annealed at 600 °C, 700 °C and 800 °C

A consistent decrease in carrier concentration with temperature was observed
across all series of thin films. For samples annealed at 600 °C, the RT carrier
concentration ranged from 3x10'° cm to 4x10%° cm. Similarly, for those annealed at
700 °C, the values ranged from 4x10'° cm= to 6x10%° cm, while for those annealed at
800 °C, the values ranged from 6x10° cm™ to 8x10'® cm across the series. Samples

subjected to higher annealing temperatures exhibit higher carrier concentrations
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compared to those annealed at lower temperatures. Additionally, XRD analysis indicates
a systematic increase in crystallite size due to annealing, which results in reduced
scattering of carriers at grain boundaries, further contributing to the observed increase in
carrier concentration. The decline in the concentration of charge carriers is ascribed to
either a change in the concentration or a local rearrangement of oxygen vacancies. With
increasing temperature, atmospheric oxygen and substrate oxygen tend to infiltrate the
host lattice, thereby compensating for the oxygen defects and consequently reducing the
carrier concentration. The increased carrier concentration in SPTO FL3A3 may be

ascribed to oxygen vacancy clustering [53].

Perovskite oxides commonly form oxygen vacancies, which tend to accumulate
on surfaces with low coordination numbers, creating a more positively charged surface
that facilitates cation segregation. In this scenario, the substitution of Sr?* with Pr**
introduces an effective charge of -1 relative to the original crystal lattice. As a result, Sr
ions diffuse and accumulate on the surface. During this segregation process, Sr atoms
consume additional oxygen from both the lattice and the atmosphere to form clusters on
the surface, leading to oxygen deficiency in the thin film surface, as described by
Equation (5.6).

ST‘S),{ + 05 < SI; + V(.). + STOSurface (56)

The formation of surface SrO can be modeled as a partial Schottky defect reaction.
Higher annealing temperatures increase the mobility of Sr vacancies, accelerating the
partial Schottky reaction. This process facilitates the creation of Sr vacancies and the
transport of Sr to the surface, promoting Sr segregation. This phenomenon is observed
in the SPTO FL1A3 and SPTO FL2A3 thin films, as evidenced by the oxygen-deficient
systems, high carrier concentrations, and leftward shifts in the XRD patterns. However,
the SPTO FL3A3 thin film does not show surface accumulation, indicating an absence of
oxygen deficiency caused by Sr segregation. This observation is supported by XRD
results for SPTO FL3A3, which display a rightward shift and correspond to less oxygen-

deficient systems.
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The Samples annealed at 800 °C demonstrate metallic-degenerate
semiconducting behavior, with mobility decreasing as temperature rises. Carrier mobility
in oxide perovskites is influenced by multiple factors rather than a single variable. These
include the distribution of oxygen vacancies, the incorporation of dopants, scattering
mechanisms involving phonons (analyzed through Raman spectroscopy), and the thin
film morphology, where island-like growth plays a significant role [54]. The mobility of
all thin films shows an increasing trend up to a mid-temperature range of 400-450 K,
followed by a decline. The temperature-dependent increase in mobility within the lower
range of 300-450 K indicates that room-temperature (RT) mobility is primarily governed
by polar optical phonon scattering. At higher temperatures, mobility decreases due to the
increased frequency of electron collisions. The decline in mobility beyond this
temperature range is observed to be proportionate to T (where P ranges from 1 to 2.5),
suggesting that acoustic phonons dominate the scattering of charge transport from 450 to
600 K.

The maximum mobility of 33.9 cm?/V s at 400 K is obtained for thin film
deposited at 3x102 mbar pressure and annealed at 800 °C. Although several research
groups have reported exceptionally high electron mobility values ranging from 30,000 to
50,000 cm?/V:s in electron-doped SrTiOg thin films, the utilization of these properties has
been confined to extremely low temperatures below 10 K [55,56]. Doped STO thin films
produced by methods such as PLD, MBE, and sputtering have been shown to have very
low mobility, usually between 1 and 7 cm?/V-s at room temperature. However, despite
this low mobility, the thin films exhibit relatively good conductivity due to their high
carrier concentration, which exceeds 10% cm= [57,58]. In this study, the highest reported
mobility was achieved by maintaining the carrier concentration within the range of 10°
cm, which reduced carrier collisions and capitalized on favorable morphological
properties. To enhance mobility effectively, it is essential to keep the carrier

concentration within an optimal range.
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Electron-phonon interactions are a key factor influencing carrier mobility in
materials, and Raman spectroscopy provides valuable insights into this relationship. In
perovskites like STO, the polarization of LO; phonons is relatively weak, with carrier-
phonon interactions primarily driven by the strong polarization of LO, and LO4 phonons.
Additionally, along with oscillator energy, the polaron coupling constants ay play a
crucial role in determining the relaxation time associated with momentum loss due to

carrier scattering from electron-LO phonon interactions, as described by Equation (5.7).

In the provided equation, m; represents the effective mass, f(a,) Is a
dimensionless function, m,, denotes the polaron mass describing the increased effective
mass of an electron generating local polarization due to Coulombic interaction with the
crystal's ions, while kz and T retain their conventional meanings. This equation holds
true for temperatures lower than the Debye temperature. Such temperatures are typically
met at room temperature for the considered phonon modes LO3z and LOas, with the

exception of the soft LO1 modes, which can be disregarded due to their insignificantly

1 my 2 hawy,
= I

small polarization.

The effective relaxation time . is related to z,, and to mobility u as in eqn (5.8)

and eqgn (5.9)
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Conductivity (S/cm)

As evident from egn (5.8) and (5.9) high electron mobility may be achieved for systems

with high effective scattering relaxation time [59,60].

(a)
180 450
160 [—=—SPTO FL1A1 —a— SPTO FL2A1 —a—SPTO FL3A1
—e—SPTOFL1A2 | 160 —e—SPTO FL2A2 | 400 —e—SPTO FL3A2
140 —4—SPTO FL1A3 —a—SPTO FL2A3 ——SPTO FL3A3
1404 350
120 ”
120 30 | A~
109 100 4 250 \
80 804 200 \
60 - 60 150 o~
—— > e
40 e 8. \ 40 . 100 e EN
S 5 "
20 —— 20 i 50
0 i 0 ’ 0
300 35 400 450 500 550 600 300 350 400 450 500 550 600 300 350 400 450 500 550 600
59 50 50
—=—SPTO FL1AT _a—SPTO FL2A1 —=—SPTO FL3A1
—e—SPTO FL1A2 —=—SPTO FL2A2 —e—SPTO FL3A2
——SPTO FL1A3 —s—SPTO FL2A3 —+—SPTO FL3A3
40 40 40
» "
& 304 30 304 /\\
. —
s ~ =,
=y
3 204 20 20
[=}
= N
10 10 \‘\- 10
oS e B e e
/ \*‘“:\-, —— ., ./'/\_‘_“_ﬂ
0 s o 0 T T T T

T T T T T T T T T T
300 350 400 450 500 550 600 300 350 400 450 500 550 600 300 350 400 450 500
Temperature (K) Temperature (K) Temperature (K)

550 600

Figure 5- 10 Temperature dependent (a) conductivity and (b)mobility of Pr substituted
SrTiOs thin films deposited at different Ar gas pressure and annealed at 600 °C, 700 °C
and 800 °C

In the SPTO FL1 series, the SPTO FL1A1 and SPTO FL1A2 samples exhibit
nearly identical LO oscillator energy and strength, resulting in similar room-temperature
mobility. In contrast, the LO2 and LO4 peaks for the FL1A3 sample shift to lower energy
levels, as indicated by a leftward shift, leading to reduced mobility. Furthermore, the
oscillator strength for both peaks in FL1AS3 is higher than in the other two thin films,
indicating an increased coupling parameter a, , reduced relaxation time, and
consequently, lower mobility. In the SPTO FL2 series, the SPTO FL2A1 and SPTO
FL2A2 samples also display nearly identical LO oscillator energy values, yielding similar
room-temperature mobility. However, in the FL2A3 sample, while the peaks for both
LO modes shift leftward, indicating lower energy, the oscillator strength is significantly

reduced. This results in a lower coupling parameter a,, contributing to higher mobility.
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For the SPTO FL3 series, both LO oscillators shift rightward in the Raman spectrum,
suggesting increasing energy levels in the order SPTO FL3A1, SPTO FL3A2, and SPTO
FL3A3. Conversely, the oscillator strength follows the reverse trend, with SPTO FL3A3
showing the least coupling, which indicates the highest mobility at room temperature.

The mobility of thin films is also influenced by their morphological features, as
demonstrated by SEM and AFM analyses. The presence of 3D clusters and islands,
particularly in thin films annealed at 800 °C, such as SPTO FL1A3 and SPTO FL2AS,
indicates regions of dislocation and partial nucleation that act as scattering centers for
charge carriers, significantly reducing mobility. This reduction in mobility is evident for
these samples in Figure 5-10. Despite the lower mobility, these films maintain reasonable
conductivity due to their higher carrier concentration. The conduction mechanism in
these thin films, characterized by a layer-island morphology, is governed by a
temperature-activated hopping process. During conduction, charge carriers become
trapped at these nano islands and clusters, hopping between them via quantum tunneling,
resulting in a non-conventional electrical transport mechanism [61-63]. The sharp
increase in electrical conductivity and mobility observed in the SPTO FL3A3 thin film
can be attributed to its continuous morphology and the reduced presence of defect centers
and islands that scatter charge carriers. The FL3A3 film achieves the highest reported
room-temperature conductivity of 320 S/cm, demonstrating the potential of Pr-doped

STO for use in transparent conducting oxides (TCOs) and thermoelectric applications.

5.4 Conclusions

Praseodymium (Pr)-doped strontium titanate (STO) thin films offer distinct
advantages over their bulk counterparts, particularly in tailoring electronic and optical
properties for next-generation transparent conducting oxides (TCOs). By leveraging
controlled synthesis techniques, thin films enable precise manipulation of oxygen
vacancies, strain effects, and cation segregation—factors that are challenging to regulate
in bulk materials. Achieving high mobility in transparent conducting oxides (TCOs) at

room temperature remains a significant challenge, necessitating meticulous control of
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synthesis parameters. This study underscores the critical importance of regulating oxygen
vacancies and minimizing Sr segregation on the thin film surface to enhance both
electrical and optical performance. Structural characterization through XRD, Raman
spectroscopy, and FESEM revealed that the structural integrity of perovskite oxide thin
films is intricately linked to their transport and transparency properties. Temperature-
dependent electrical transport analyses further emphasized the need for precise oxygen
stoichiometry control to achieve the desired balance between conductivity and
transparency. Advanced deposition techniques and optimized thermal treatments were
instrumental in mitigating cation segregation, particularly Sr segregation, which is a key
factor limiting carrier mobility. The successful fabrication of Pr-doped strontium titanate
thin films with a mobility of 33.9 cm#V-s and optical transparency exceeding 60%
highlights the potential of these materials for TCO applications. These findings
demonstrate the feasibility of producing highly transparent and mobile perovskite oxide
thin films that are well-suited for optoelectronic devices such as transparent electrodes,
displays, and photovoltaics. Moving forward, further research into controlling surface
phenomena and vacancy distributions will be crucial for unlocking the full potential of

TCOs in advanced technological applications.
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6.1 Introduction

Thermoelectric materials enable the direct conversion of temperature gradient into
electrical energy and vice versa, providing a sustainable solution for utilizing waste heat
and enhancing energy efficiency. This capability is particularly significant in addressing
global energy challenges, as thermoelectric devices can convert waste heat from
industrial processes, electronic systems, and automobiles into valuable power. Thin
films, in particular, offer unique advantages in thermoelectric applications due to their
ability to exhibit enhanced thermoelectric properties through quantum confinement,
controlled defect engineering, and precise material composition. This conversion

efficiency is represented by the dimensionless figure of merit ZT,

S%g P.F
IT=—T = T (6.1)

K Klattice(Phonon) + Kelectronic
Where S is the Seebeck coefficient, o is the electrical conductivity and x is thermal

conductivity that can be divided to lattice and electronic parts, and T is the absolute
temperature. To maximize the conversion efficiency we need to improve S2o |,
collectively known as thermoelectric power factor (P.F). In this context, oxide
perovskite materials, particularly in the form of thin films, have emerged as promising
candidates due to their unique combination of properties. Their exceptional thermal
stability, inherent low thermal conductivity, and adaptable chemical composition make
them ideal for thermoelectric applications. The ability to introduce and manipulate point
defects, such as oxygen vacancies, provides an effective mechanism for tailoring
electrical transport properties, enhancing the thermoelectric performance of these
materials. Thin films offer additional advantages over bulk materials for thermoelectric
applications. Their tunable thickness, ability to exhibit quantum confinement effects, and
potential for integration into microdevices make them highly suitable for advanced
energy harvesting technologies. By controlling deposition techniques and post-
processing conditions, thin films of oxide perovskites can achieve optimized carrier
concentration, reduced thermal conductivity, and enhanced Seebeck coefficients, thereby

improving their ZT values.
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Several p-type oxide materials like BiCuSeO, NaCoOz, CuCrO; and CazC0409
have been reported with ZT between 0.5 and 1, whereas highly efficient n-type
counterparts are equally important to realize TE generators [1-12]. SrTiOz-based
materials and their derivatives hold significant importance among n-type oxides due to
their high Seebeck coefficient and the flexibility to tailor electrical properties through
doping at the A-site and B-site. Common approaches to enhance the thermoelectric
performance of these materials include nanostructuring, strain engineering, composite
formation, nano-inclusions, and defect engineering via oxygen vacancy formation. A-
site dopants such as Pr, La, Dy, Nd, and Bi, along with B-site dopants like Nb, Cr, Ta,
and Sn, are frequently employed to optimize their properties [13-16]. Among these
dopants, Nb serves as a donor dopant by substituting for Ti in the SrTiO3 lattice,
introducing additional electrons that substantially enhance carrier concentration and
electrical conductivity. A major challenge in developing oxide thermoelectric materials
with high ZT values lies in their inherently high lattice thermal conductivity kpponon »
driven by loosely bound oxygen atoms that promote efficient phonon conduction. While
efforts to reduce xpponon have seen limited success, the focus must shift toward tailoring

oxides to achieve higher power factors for improved thermoelectric performance.

Apart from bulk materials and single crystals, SrTiOs is extensively used in thin
film form for thermoelectric applications especially in micro and nano devices [17,18].
Thin films enable precise tuning of material properties, such as carrier concentration and
mobility, by allowing meticulous control over composition and structure. Advanced
deposition techniques like pulsed laser deposition (PLD), molecular beam epitaxy
(MBE), and sputtering facilitate the creation of high-quality thin films with controlled
thickness and tailored nanostructures. Niobium (Nb) doping in SrTiO3z thin films
significantly influences their electrical properties by introducing additional charge
carriers and modifying the material's electronic structure. As the Nb concentration
increases, the electrical conductivity of Nb-doped SrTiOz thin films exhibits a
semiconducting behavior, with conductivity increasing exponentially with temperature

due to enhanced thermal carrier excitation. Additionally, the thermoelectric performance
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of STO thin films improves upon 2% Nb-doping. However, in epitaxial Nb-doped SrTiOs
thin films, a gradual decrease in electrical conductivity is observed as the film thickness
decreases, indicating that thickness plays a role in the electrical properties. Furthermore,
the electrical transport across Au/Nb:SrTiOs Schottky interfaces varies with different Nb
doping densities, with thermionic emission dominating transport in low-doped substrates,
while deviations occur in highly doped substrates. These findings highlight the critical
role of Nb doping in tailoring the electrical properties of SrTiO; thin films for various
electronic applications [19-21]. Notably, Ohta et al. reported an exceptional power
factor of 1.48 W/mK?2 by heavily doping Nb in SrTiOs thin films, while Sarath Kumar et
al. achieved power factors exceeding 1 W/mKz2in Nb-doped SrTiOs films by strategically
manipulating oxygen vacancies [22—24].

In this study, we adopted a comprehensive approach to achieve a high power
factor inthe SrTiO3 (STO) system. Key strategies included optimal Nb doping to enhance
carrier concentration, oxygen-free RF sputtering to induce oxygen deficiencies, and
vacuum annealing to further increase charge carriers [25,26]. Silicon was chosen as the
substrate for thin film growth due to its similar thermal expansion coefficient to SrTiO3,
minimizing thermal stress and mechanical failure during high-temperature annealing.
These methods, combined with optimized sputtering parameters, resulted in high
electrical conductivity and an enhanced Seebeck coefficient, culminating in a record-

breaking power factor of 0.0185 W/mK?2 for oxide thin films.

6.2 Experimental methods and techniques

SrTiooNbo.103.5 sputtering target was prepared via high-temperature solid-state
reaction method with stoichiometric amounts of SrCOz (Sigma-Aldrich 99.9%), TiO>
(Sigma-Aldrich 99.9%), and Nb2Os (Sigma-Aldrich 99.9%). The obtained powder was
sintered and formed into a 2-inch disk-shaped target. To ensure compositional
uniformity, the disk was crushed, pulverized, repressed, and re-sintered and used as
sputtering target. Ultrasonically cleaned Si substrates were then placed in the sputtering

chamber, which was evacuated to 5x10°® mbar prior to deposition. Nb-doped thin films

261 | Page



were grown on the Si substrates at a temperature of 500 °C with a sputtering power of
120 W and 150 W for a duration of 90 minutes. Sputtering occurred in a pure argon
atmosphere with chamber pressures ranging from 1 x 1072 to 3 x 1072 mbar. The
deposited thin films were then annealed in a vacuum furnace at 700 °C for 1 hour, and

the resulting films were labeled as shown in Table 6-1.

The structural, morphological, and surface characterizations were carried out using
the same techniques detailed in previous chapters, including XRD, XRF, FE-SEM with
EDS and elemental mapping, and AFM. Similarly, the electrical transport and
thermoelectric properties, such as the Seebeck coefficient, electrical conductivity, and
power factor, were evaluated using Hall effect measurements and the ULVAC ZEM-3

system.

6.3 Result and discussion

6.3.1 Structural, morphological characterization: XRD, XRF, FE-SEM-EDS

The XRD pattern of SrTiosNbo10s.5 sputtering target is shown in Fig. 6-1(a).
XRD reflections matched the reference pattern in the database (PDF#35-0734), revealed
that the target contains the pure phase of STO. The as deposited thin films were found as
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Figure 6- 1 (a) XRD pattern of SrTiooNbo103 Sputtering target (b) XRD patterns of
films deposited at different Ar gas pressure (c) shift in (111) peak

262 | Page



amorphous and subjected to post deposition vacuum annealing at 700 °C. The diffraction
patterns of annealed films along with sputtering gas pressure is represented in Fig. 6-1(b)
and the shifting of (111) plane is indicated in Fig. 6-1(c). The crystallization effect was
observed for all thin films after annealing, where reflections corresponding to (110),
(111), (200) and (211) peak were visible.

The peak intensities is found to be more for thin films deposited at higher
sputtering power due to the increased sputtering rates. The reduction in the intensity of
XRD peaks with increased sputtering gas pressure, while maintaining constant power,
can be attributed to several factors related to the deposition process and the resulting thin
film quality. At higher sputtering gas pressures, the mean free path of the sputtered atoms
is reduced due to more frequent collisions with gas molecules. This can lead to a decrease
in the energy of the atoms when they reach the substrate, resulting in a less dense and
more amorphous film. Higher sputtering pressures can lead to a reduction in the surface
mobility of adatoms. Lower mobility results in less effective nucleation and growth of
crystallites, leading to poor crystallinity and a decrease in the XRD peak intensity.

The (110) peak around 32° shows a shift to lower angle with increasing gas
pressure. The average crystallite size of the sample was estimated using the Scherrer
formula as in egn (6.1) using the FWHM of predominant peaks.

. kA
~ B cosh

(6.1)

the results are summarized in Table 6-1. The microstrain on lattice was deliberated using
eqgn (6.2)

B
€= 4 tan 6 (6.2)

In each series, the thin film deposited at an Ar pressure of 2x102 mbar exhibited
the largest crystallite size, with significantly lower strain compared to other films in the
series. At this optimal pressure, the sputtered atoms achieve a balance of energy and
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mobility, enabling them to diffuse efficiently across the substrate surface and promote the

growth of larger crystallites.

In contrast, at a lower pressure of 1x102 mbar, the atoms possess excessive Kinetic
energy, leading to high mobility but potentially unstable nucleation, resulting in smaller
crystallites. Conversely, at a higher pressure of 3x10 mbar, the increased gas pressure
causes more frequent collisions between sputtered atoms and gas molecules, reducing
their energy and mobility, which also leads to smaller crystallite sizes. Additionally, the
conditions at 2x10 mbar may favor the formation of fewer nucleation sites, allowing
existing crystallites to grow larger. In comparison, both lower and higher pressures might
result in a greater number of nucleation sites, leading to the development of smaller
crystallites [27-29]. The forbidden peak in silicon around 33° in X-ray diffraction (XRD)
patterns is an anomalous reflection that arises due to the symmetry and structure of the
silicon crystal lattice that appear due to the dynamic scattering effects, thermal vibrations,

doping and defects and residual strain.

Table 6- 1 Sample labels, crystallite size and strain of Nb doped SrTiO3 thin films

Sputtering Sputtering Sample Crystallite size Micro strain
Power (W) | pressure (mbar) label (nm)
1x 1072 SNTO FL1 22.1 0.00558
120 2 %1072 SNTO FL2 26.2 0.00471
3x 1072 SNTO FL3 23.6 0.00523
1x 1072 SNTO FL4 22.8 0.00541
150 2 %1072 SNTO FL5 24.2 0.00510
3x 1072 SNTO FL6 23.7 0.00521

The texture coefficient (TC) is an important parameter in characterizing the

crystallographic orientation of thin films. It provides insight into the preferred orientation
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of crystallites in the film, which can significantly impact the material properties. To get
a better understanding of thin film orientation TC was calculated using Harris formula as
in eqn (6.3) for the peaks (110), (111) and (200) and are tabulated in Table 6-2.

Table 6- 2 Texture Coefficient of Nb doped SrTiOs3.s thin films

Sample Texture Coefficient (TC)
label (110) (111) (200)
SNTO FL1 0.94 1.27 0.79
SNTO FL2 0.90 1.26 0.83
SNTO FL3 0.88 1.29 0.86
SNTO FL4 1.05 1.24 0.69
SNTO FL5 1.17 1.15 0.66
SNTO FL6 0.96 1.29 0.78
Ihkl
Ihkl
TChk! = nZ T (6.3)
Iélkl

Where 1" is the measured intensity of the (hkl) reflection, I7*is the standard intensity
from the powder diffraction file, and n is the number of reflections considered. Even
though, in all the XRD patterns the (110) reflection is dominant its TC is found to be low
when compared to (111) plane. TC for (110) is also found to increase with sputtering
power. In both series of films, (200) texturing is very weak indicated by low TC values.
The low TC for the (110) plane, despite its dominant reflection, indicates that the thin
film has a relatively strong preferred orientation along the (111) plane. The (111) plane
has a lower absolute intensity but contributes more significantly relative to its expected

intensity in the standard, its TC can be higher.
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X-ray fluorescence (XRF) analysis has been done on prepared thin films, since it
is proven to be a powerful tool allowing for precise quantification of elemental
composition and dopant distribution and is represented in Fig. 6-2. This provides critical
insights into the uniformity and incorporation of niobium within the SrTiOz matrix, which
are essential for understanding the material's electronic and structural properties. Sr, Ti,
and Nb were detected in the XRF spectra of all samples, each at their respective
concentrations. The peaks at 4.51 and 4.93 KeV correspond to the K1 and Kg; signals of
titanium, while the peaks at 14.16 and 15.82 KeV are associated with the K, and Kg;
signals of strontium, and the 16.6 KeV peak corresponds to the dopant niobium. XRF
analysis was specifically conducted to determine the dopant concentration in each film,
given that the sputtering target composition remained constant. This analysis helps to
reveal how sputtering conditions influenced the Nb content across the series.

A SNTO FL6 7 7
150 W, 3*10°2 mbar \ I SNTO FLS - '/ ]
— S| ——SNTOFL4 -l | |
| ——SNTO FL3 - il
150 W, 2*10Z mbar Al - ——sNToFL2l 20 |l N 1 |
R — ) ——SNTO FL1 ,' | L
fl 1
1
12} 150 W, 1*102 mbar [ | :
= | 1
3 | N (S - |
o 120 W, 3*102 mbar ‘ | [ s ] o [
‘ 1
- 1
f_‘—\ 120 W, 2*102 mbar i J A = S i
% >° Caagy l |
e
LL 120 W, 1¥102 mbar 1) \|
%4 ' "VX
i 4 e e e
T T T T T T . . . .
4 6 8 10 12 14 16 18 4 6 8 10
Energy (KeV) Energy (KeV)

Figure 6- 2 XRF Spectra of SrTiogNbo103s thin films with various sputtering
conditions

The cumulative peak area under the Nb- K, peak was thoroughly examined,
yielding values of 233.96, 192.33, 146.28, 362.95, 343.21, and 290.81 for the thin films
in the series SNTO FL1 to SNTO FL6 as indicated in Fig. 6-3. X-ray net intensities were
obtained by integrating the regions of interest and subtracting the background using the

trapezoid rule as given in equation (6.4) [30].

266 | Page



—— SNTO FL1
—— SNTO FL2
—— SNTO FL3
—— SNTO FL4
—— SNTO FL5
-SNTO FL6

Counts (a.u)

163 164 165 166 167 168 16.9
Energy (KeV)
Figure 6- 3 Nb concentration revealed by XRF analysis of SrTio.gNbo.1O3-5 thin films

ch?2
Spect_.,,, + Svect ch2—chl
Net counts = Z Spect; — (Specten + 5p ZChZ)( ) (6.4)
i=ch1

Where, Spect; represents the spectrum (counts in channel (i), while ch 1 and ch 2 denote
the first and last channels of the region of interest for the X-ray line being analyzed. With
a constant sputtering power, increasing the Ar pressure resulted in a reduction of Nb

content in the thin films.

Additionally, as the sputtering power increased, there was a noticeable rise in Nb
concentration, with SNTO FL4 having the highest and SNTO FL3 the lowest Nb content.
As the Nb content is found to be very high in SNTO FL4 and FL5 it is anticipated that
the carrier concentration will also follow the order. Higher sputtering pressure increases
the density of Ar gas molecules in the chamber, leading to more collisions between the
sputtered Nb atoms and the gas molecules. This scattering effect reduces the energy and
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directionality of Nb atoms, causing fewer of them to reach the substrate and incorporate

into the growing film, thus lowering the dopant concentration.

SNTOFL1 SNTO FL 2 SNTO FL 3

SNTO FL5 SNTO FL 6

SNTOFL1 SNTOFL4
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Figure 6- 4 SEM images of SrTio9Nbo.10s-s thin films highlighting the Sr segregation

SEM images of Nb doped SrTiOs thin films indicated in Fig. 6-4 revealed that
the relatively smooth surface, with a fine texture across the image. This indicates a
uniform deposition process, which is critical for the thin film's functionality. SEM images
of all samples except SNTO FL6 reveals the presence of bright spots with size ranging
from 10 to 20 nm, scattered across the surface indicated by yellow circles. The presence
of bright spots corresponds to Sr segregation driven by the thermodynamics and kinetics
of the material system, particularly in the context of oxygen vacancies and the film's
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interaction with the substrate and atmosphere. The degree of segregation is too low since
the annealing is under vacuum and duration is minimal. Doping B site cation with Nb,
formation of oxygen vacancies induce elastic and electrostatic interactions that have a
role in determining the Sr segregation and is often very difficult to decouple these
interlinked phenomena to find which one have considerable role. The size and
distribution of segregates vary with sputtering power and gas pressure. At 150 W, the
higher sputtering power provides more energetic adatoms and increased surface mobility,
promoting the formation and aggregation of Sr into clusters; however, their density
decreases with increasing gas pressure due to reduced kinetic energy and limited
migration of Sr atoms. In contrast, films sputtered at 120 W exhibit less pronounced
segregation owing to the lower energy and mobility of adatoms, further influenced by the
pressure-dependent reduction in cluster formation [31,32].

During the process strontium (Sr) atoms migrate from the bulk of the material to
the surface or grain boundaries and form small island like structures. During vacuum
annealing at high temperatures the system seeks to minimize its overall energy, and one
way to achieve this is by rearranging the atoms to more energetically favorable positions.

Sr atoms, with their relatively lower bonding energy in the lattice compared to Ti, may

SNTO FL1 SNTO FL4

—— — —

Figure 6- 5 EDS elemental mapping of SrTio.9Nbo 1035 thin films
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migrate to the surface where they are more stable. In vacuum conditions, oxygen atoms
are more likely to leave the strontium titanate lattice, creating oxygen vacancies. These
oxygen vacancies act as pathways for Strontium diffusion. Sr atoms can migrate along
these vacancies toward the surface or grain boundaries, where the concentration of

oxygen vacancies is lower.

The size of the Sr segregates is too small when compared to the earlier reported
values which reaches up to few micrometers including our work on Pr doped SrTiOs thin
films [33,34]. Vacuum annealing can reduce the size of Sr segregation in SrTiO3 thin
films by facilitating the diffusion of Sr atoms back into the bulk material or enabling a
more even redistribution across the film. The enhanced atomic mobility helps break down
larger segregated regions of Sr, resulting in a more uniform composition and minimizing
the extent of Sr segregation at the surface. More over the temperature above 700 °C
usually result in excessive Sr segregation. So this is prevented by limiting the annealing

temperature under vacuum environment.

Fig. 6-5 shows the EDS elemental mapping images show the distribution of
elements (O, Sr, Nb, Ti) in Nb-doped SrTiOs thin films for two samples: SNTO FL1 and
SNTO FL4. The Oxygen maps for both SNTO FL1 and SNTO FL4 show a uniform
distribution of the element throughout the thin films, indicating that the oxygen content
is fairly consistent across both samples. The Strontium mapping shows the presence of
Sr across the films, but the intensity seems slightly different between the two samples.
For both SNTO FL1 and SNTO FL4, the Sr distribution appears fairly uniform, with a
few scattered bright spots. These bright spots likely indicate regions of Sr segregation.
The Nb distribution shows a relatively uniform presence of Nb across the thin films
suggesting consistent doping of Nb in both samples. Similar to Nb, Ti is also evenly

distributed across both films, with no significant variations or clusters.

6.3.2 Electrical characterization
To get insights into their charge carrier dynamics and transport properties, Hall effect

studies were conducted on Nb-doped SrTiOs thin films across a wide temperature range
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from 300 K to 600 K and is represented in Fig. 6-6. These measurements help to quantify
key parameters such as carrier concentration, mobility, and the nature of charge carriers
in the system. In addition to pentavalent impurity incorporation, sputtering Nb-doped
SrTiOz in an oxygen-free environment followed by vacuum annealing can lead to the
formation of oxygen-deficient thin films. These vacancies act as n-type dopants by
releasing additional free electrons, thereby increasing the carrier concentration in the
material. Previous ab-initio studies predicted that introducing small oxygen vacancies
would lead to the formation of an additional donor band approximately 0.3-0.4 eV below
the conduction band minimum [35,36]. As a result, increasing the concentration of
oxygen vacancies would correspond to a rise in carrier density. Irrespective of the
sputtering power and gas pressure all thin films shows a decrease in carrier concentration
with temperature. The room temperature carrier concentration of the films sputtered at
120 W ranges from 8.82x10%! to 1.04x10%? cm3, whereas for the thin films sputtered at
150 W the change is from 1.37x10% to 1.74x10%2 cm™. The decreased carrier density for
the films sputtered at 120 W is attributed to the low concentration of Nb in the thin films.
The increased concertation of Nb in 150 W sputtered films resulted in carrier
concentration of the order of 10?2, As the temperature increases, thermal excitation of

electrons from the conduction band back to defect levels (such as Nb donor levels or
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Figure 6-6 Temperature dependent (a) carrier concentration (b) mobility of
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oxygen vacancy levels) can occur. At higher temperatures, carriers can more easily be
thermally activated into traps or recombine, leading to a reduction in the effective free
carrier concentration. At elevated temperatures, oxygen vacancies can be replenished by
oxygen diffusion from the environment, thus reducing the vacancy concentration and

thereby decreasing the number of electrons contributing to conduction.

The partial density of states (DOS) for Ti and O undergoes significant changes when
Nb dopant is introduced. The valence band of Nb-doped SrTiOs is primarily composed
of O 2p states with some contributions from Ti 3d and Nb 4d states, while the conduction
band is mainly formed by Ti 3d and Nb 4d states with O 2p admixtures. While the
conduction band experiences significant changes due to Nb doping, the valence band
remains largely dominated by O 2p states. Therefore, the overall DOS shape remains
similar because the fundamental structure of the valence band remains unchanged [37].
As the Nb concentration increases, the overall electronic energy levels of the system shift
downward due to the increased electron density in the conduction band, while the overall
shape of the DOS remains similar but moves to lower energy levels resulting in

availability of more carriers.

The increased carrier concentration is attributed to multiple factors. Apart from
the donor doping, oxygen vacancy formation, Ti** reduction to Ti**, Sr vacancy formation
and 2D electron gas formation between SrTiOs/SiO> interfaces amplifies the carrier
density. When grown in an argon (Ar) atmosphere, oxygen vacancies are more likely to
form, creating a donor band near the conduction band edge. Each oxygen vacancy
donates two electrons to the conduction band, which leads to an increase in carrier
density. Based on thermodynamic conditions, neutral oxygen on regular sites may leave
the lattice, leaving behind oxygen vacancies as per eqn (6.5). At high temperatures,
oxygen vacancies tend to lose electrons more easily. When this happens, the vacancy
becomes positively ionized, and the released electrons are injected into the conduction

band of the material.
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1
0F & V; + 26! +50, (6.5)

The mass action law can be expressed as in eqn (6.6)

1
[V5In?P(0,)2 = Ky () (6.6)
In eqn (6.6) Ky, (T) represents the temperature-dependent formation constant of oxygen

vacancies that are doubly ionized. Formation of singly ionized oxygen vacancies, Vy is
not favorable at temperatures above 600 °C [38]. Oxygen free sputtering environment
and low partial pressure environment will lead to formation of oxygen vacancies resulting

in overall carrier concentration indicated by eqn (6.7).

n =~ 2[Vg] + [Nby] (6.7)

Where [Nbs;] , is the Nb** replacing Ti**. It has been shown by Blennow et.al that at

very low oxygen partial pressure the conductivity of Nb doped SrTiOs ceramics can be

represented as egn (6.8), which shows P(OZ)_l/é dependence [39]. Since the sputtering
was done at extremely low oxygen partial pressure, we may expect a surge in electrical

conductivity.

0 = K (T)eP(04) 6y, (T) (6.8)

The carrier mobility of the thin films in Fig. 6-6 increases with temperature up to
500 K, after which it decreases. At lower temperatures, ionized impurity scattering from
dopant atoms and defects like oxygen vacancies limits mobility. As temperature rises,
the thermal energy reduces the impact of impurity scattering, allowing mobility to
improve. However, above 500 K, phonon scattering, caused by lattice vibrations,
becomes the dominant mechanism, reducing electron mobility. The shift from impurity
to phonon scattering is reflected in the mobility’s temperature dependence, with a T1°

increase below 500 K and a T-*-°decrease beyond that point.

The films with low carrier concentrations SNTO FL3 and SNTO FL6 among 120

W and 150 W deposited series, shows high motilitiy due to reduced scattering of charge

273 | Page



carriers. The enhanced mobility of SNTO FL6 among 150 W sputtered films is also
attributed to the smooth surface texture reveled by SEM images. The increased mobility
of the order of 102 cm?v-ist for all thin films can be attributed to the strain developed,
when films are grown on mismatched substrates like silicon. SrTiOs has a perovskite
structure with a lattice constant that doesn't match with the silicon lattice, causing
epitaxial strain in the SrTiOs layer. Since the substrate has a larger lattice parameter than
the thin film it develops tensile strain to reduce the bandgap, potentially leading to
improved carrier mobility by facilitating electron transport across a narrower bandgap.
This strain engineering has already been in use to enhance mobility for La doped STO
systems [40]. Sr vacancy clusters can form during vacuum annealing, creating regions
of tensile lattice strain around the clusters and compressive lattice strain between them.
These strain variations act as efficient transport channels for electrons, potentially

resulting in enhanced electron mobility [41].

6.3.3 Thermoelectrical properties: Temperature dependent Seebeck coefficient

and power factor
Thermoelectric studies were conducted to investigate the temperature-dependent
electrical conductivity and Seebeck coefficient of Nb doped SrTiOz3 thin films over the

temperature range of 300 K to 973 K and results are represented in Fig. 6-7.
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Figure 6-7 (a) Temperature dependent conductivity (b) Seebeck coefficient of
SrTio.9Nbo.103-5 thin films
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The electrical conductivity of all samples shown in Fig. 6-7(a) shows a decreasing
trend with temperature. This shows a degenerate semiconductor behavior due to the high
concentration of doped carriers, which places the Fermi level inside the conduction band
resulting in metallic behavior. The carrier concentration studies revealed the Nb®* donors
have already created an environment surpassing the critical density for metallic type of
conduction. The decrease in conductivity follows T-2 for all thin films, indicating that
phonon scattering was the dominant mechanism [42—-44]. The negative sign of Seebeck
effect indicate the n type conductivity in samples. To compensate the excessive charge
of Nb®" in substitution to Ti*, one Ti cation vacancy may be created per four Nb
introduced or the stoichiometric reduction of Ti** to Ti®* per Nb introduced may happen
depending on the processing conditions, which introduces shallow donor levels below the
CB edge and increases the metallic character.

The absolute value of Seebeck coefficient, |S| is found to increase with
temperature showing a positive correlation. |S] is found to be lowest for the sample
SNTO FL4 and highest for SNTO FL3 following the trend of Nb content in thin films.
In degenerate semiconductors, the Fermi level is close to or within the conduction band.
As temperature increases, the difference between the energy of high-energy and low-
energy carriers increases, enhancing the Seebeck coefficient. Since the conduction
mechanism remains metallic-like, this leads to a steady increase in |S|. Heikes formula
predicts a limit for the Seebeck coefficient in strongly correlated materials, particularly
at high temperatures, when the entropy contribution to the Seebeck coefficient dominates.
Even though direct Heikes limit was not observed for the whole range indicating the
presence of additional complexities in the material, such as defects, impurities, or energy
filtering, a tendency to Heike like limit is observed at high temperatures. At high carrier
concentrations Seebeck coefficient can be represented by Pisarenko relation as in egn
(6.9) [45,46].

8m2k3T /3
_8mksT (T (6.9)
S 3ehz (Bn)
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where, kg, e, h, m*,n are the Boltzmann constant, electron charge, Planck’s constant,
effective mass and carrier concentration respectively. As evident from the equation
Seebeck coefficient has an inverse relationship with carrier concentration. The sample
with higher Nb content and higher carrier concentration is SNTO FL4 and is having the
lowest value of |S|, and the converse is hold for SNTO FL3.The value of Seebeck
coefficient is higher when compared to previous research at the same doping level. It
means that energy filtering effect, variation in effective mass have a role in defining S.
By blocking low-energy carriers, energy filtering increases the mean carrier energy,
which leads to an increase in the Seebeck coefficient without significantly reducing the
electrical conductivity. This is particularly relevant in degenerate semiconductors, where
the carrier concentration is high but the Seebeck coefficient tends to be low. Energy
filtering can help break this trend by enhancing S while maintaining or only slightly
reducing electrical conductivity [47,48]. The normalized effective mass - (m”/mo) of all

samples were calculated and tabulated in Table 6-3.

Table 6- 3 Normalized effective mass of SrTiogNbo.1Oz-5 thin films at room temperature

Sample Seebeck coefficient | Carrier concentration | Normalized effective
(rV/K) (cm®) mass (m"/mo)
SNTOFL1 190.22 1.07 E+21 9.90
SNTO FL2 194.22 9.32 E+20 9.22
SNTO FL3 196.06 8.76 E+20 8.93
SNTO FL4 176.10 1.71 E+21 12.57
SNTO FL5 188.20 1.55 E+21 12.47
SNTO FL6 192.80 1.39 E+21 11.97

The values of normalized effective mass is comparatively high when compared to
those obtained by Ohta et al., but it is higher than other oxide materials [49,50],
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comparable to the theoretical and experimental results obtained by Fumegalet al. and
Kumar et al.[51,52].

The overall value of |S| depend on carrier concentration values too, so may not
depend on electron effective mass trend. Thin films sputtered with 120 W power is found
to have less effective mass when compared to those at 150 W. The high effective mass
in the series for SNTO FL4, SNTO FL5 and SNTO FL6 results in decreased mobility.
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Figure 6- 8 Temperature dependent power factor of SrTio9Nbo 1035 thin films

Another aspect that is to be considered here is the energy filtering and strain effect
on relatively large Seebeck coefficient. Lattice mismatch introduces strain that distorts
the crystal lattice of the Nb-doped SrTiOs thin film. This strain can lead to band structure
modifications, such as band flattening or splitting of degenerate bands, which increases
the density of states near the Fermi level. A higher density of states enhances the Seebeck
coefficient by increasing the energy dependence of carrier transport. Strain and interface
effects can localize carriers and introduce selective scattering, which suppresses low-
energy carriers and promotes energy filtering. This allows high-energy carriers to

contribute more effectively, boosting the Seebeck coefficient [53,54].
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Accounting for the spin degeneracy and tyg degeneracy, Seebeck coefficient may be

expressed as,

1-n
n

—k
St = — 2109 |2furg (6.10)

Where f;,, represents a function the weights the tog degeneracy. In the unstrained
case, all the tog bands are energetically degenerate, leading to a triple orbital degeneracy.
However, under tensile (or compressive) strain, the energy levels shift such that the dyy
band drops lower for tensile strain, or the dx, and dy, bands drop lower for compressive
strain. This results in a single or double degeneracy depending on the type of strain
applied. As per the calculations based on this model by Fumegalet al, for low doping
levels, the three possible cases of degeneracy are observed: in the unstrained situation,
there is threefold degeneracy, while applying compressive or tensile strain reduces the
system to a twofold degenerate state. As doping levels rise, the tog bands become more
filled, making the influence of band splitting less significant. Once doping exceeds 5%,
the degeneracy factor approaches 3 and becomes almost unaffected by the applied strain
[52]. The strain dependence of S is expected here due to the low doping levels and the

obtained values are matching with theoretical predictions.

To achieve an enhanced power factor, it is crucial to optimize physical quantities
such as the Seebeck coefficient and electrical conductivity. Proper tuning of these
parameters ensures a balance between carrier transport efficiency and energy conversion,
which is vital for improving thermoelectric performance. The P.F values obtained
represented in Fig. 6-8, indicate the highest value of 0.0185 W/mK? for SNTO FL3 at
673 K due to higher Seebeck coefficient.

6.4 Conclusions

SrTiooNbo.103.5 thin films were synthesized via RF sputtering under pure Argon

atmosphere, followed by post-deposition vacuum annealing. This approach effectively

278 | Page



limited Sr segregation and induced a high concentration of oxygen vacancies, enhancing
carrier concentration to the order of 1022-10%2 cm=. The resulting combination of high
carrier concentration and improved mobility led to significantly enhanced electrical
conductivity, possibly supported by two-dimensional electron gas (2DEG) formation at
the SrTiO3/SiO- interface. Thermoelectric performance was further boosted by strain-
induced effects and energy filtering mechanisms, which enhanced the Seebeck coefficient
without compromising conductivity. Optimal doping, lattice mismatch-induced strain,
and modulation of the effective mass contributed to favorable band structure tuning and
mobility enhancement. Collectively, these strategies yielded a record-high thermoelectric
power factor of 0.0185 W/mK?, establishing Nb doped SrTiOs as a highly efficient

thermoelectric material.
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7.1 Introduction

Thermoelectric and photovoltaic systems enable the conversion of environmental
energy into usable electricity, offering versatile applications across industries. They are
widely utilized in the automotive sector, biomedical devices, portable electronics, and
communication systems. Specifically, thermoelectric materials excel at converting heat
energy into electrical energy and vice versa, making them invaluable for energy
harvesting and thermal management solutions [1]. = Thermoelectric conversion has
achieved a distinct position among green energy technologies due to its advantages,
including the absence of moving parts, low maintenance requirements, high conversion
efficiency, and exceptional reliability [2,3]. Recent advances in thermoelectric (TE)
materials are driving the development of next-generation energy conversion technologies
across diverse sectors. Beyond conventional applications like waste heat recovery in
automotive exhaust systems and industrial processes, emerging innovations are enabling
efficient thermal energy harvesting from urban infrastructure, such as building facades
and wearable electronics. Novel TE devices are being integrated into microelectronic
systems for on-chip cooling, thermal logic circuits, and autonomous sensor networks
powered by body heat or ambient temperature gradients. In aerospace and deep-space
missions, radioisotope thermoelectric generators (RTGs) continue to provide long-term,
maintenance-free power, while new materials aim to enhance efficiency under extreme
conditions. These advancements are supported by breakthroughs in low-dimensional
systems, nanostructuring, and band engineering, which offer unprecedented control over
carrier transport and phonon scattering, paving the way for high-performance, scalable
thermoelectric technologies [4-7]

The efficiency of the thermoelectric energy conversion is expressed by the

dimensionless figure of merit as in eqn (7.1),

S2g
7T = — T (7.1)
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Where, o is the electrical conductivity, S is the Seebeck coefficient, T is the temperature,
and « is the thermal conductivity. Maximizing the thermoelectric figure of merit (ZT)
necessitates achieving a combination of low thermal conductivity, high Seebeck
coefficient, and high electrical conductivity. This balance is crucial for enhancing the
efficiency of thermoelectric materials in energy conversion applications [8,9].
Differential methods are widely employed to characterize the Seebeck coefficient of
thermoelectric (TE) materials, with flexibility in equipment configurations to
accommodate different sample types. Various experimental setups have been developed,
each specifically designed to suit the characteristics and forms of the samples being
studied. These tailored configurations ensure accurate measurement of the Seebeck
coefficient across a range of materials and conditions [10-14]. The thermoelectric
characterization of prepared samples, both in bulk and thin film form, is commonly done
with advanced instruments like ULVAC-ZEM series or Linseis LSR series in an inert gas
atmosphere. The temperature ranges can also be varied between -100 °C to 1500 °C.
While characterizing materials at temperatures below room temperature and at very high
temperatures is essential for understanding the underlying physics of their properties.
Sharath Chandra et al. developed simple yet precise thermoelectric power measurement
setups that can effectively analyze materials across a wide range of temperatures and
environmental conditions. These setups offer an efficient way to evaluate thermoelectric
materials under practical operating conditions [15]. Setups with coil and pencil type
heating elements are reported by Ashish Kumar et al., and Chun Sum Brian Pang et al.,
but Peltier elements with accurate digital temperature controllers to study fine
temperature variations up to 0.1 K, is not yet reported to the best of our knowledge [16,17].
The majority of materials and TE generators will be utilized at temperatures close to room
temperature, often below 100 °C and under ambient conditions.

The generated thermovoltage varies with both the magnitude and direction of an
applied external magnetic field. Studies examining the dependence of the Seebeck
coefficient on the magnetic field provide valuable insights into the material's microscopic

electric and magnetic properties. Magneto-thermoelectricity explores this interplay
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between thermal and electrical transport in materials under the influence of a magnetic
field, enabling novel control over heat-to-electricity conversion. The applied magnetic
field modifies charge carrier dynamics, influencing thermopower, carrier mobility, and
energy harvesting efficiency. Recent advances highlight the potential of magneto-
thermoelectric materials in next-generation energy applications, leveraging spin and
charge interactions for enhanced performance [18]. To explore this field-dependent
thermoelectric behavior, practical devices must incorporate sample stages that allow for
the rotation of the sample or magnets. In most cases, thermovoltage increases with the
magnetic field, as demonstrated in studies on indium antimonide (InSb), where
thermovoltage shows a monotonic increase with the magnetic field. Additionally,
applying the magnetic field along different crystallographic axes yields intriguing results,
revealing the complex interactions between the material and the magnetic fields
[19].Since the sample we used here is polycrystalline nickel film, such direction
dependant variations are not expected.

Topological Dirac and Weyl semimetals are an interesting class of materials
where the applied field strongly affects thermal and electronic transport properties. As
an example, CdzAs: is expected to be great potential for high thermoelectric performance
because of the ultrahigh electron mobility (10*— 108 cm? V1 s1) leading to a large value
of power factor.  Applying an external field along an appropriate direction can
significantly enhance the thermoelectric performance. This approach enables the
coupling of magnetic and thermoelectric parameters, allowing for the measurement of the
magneto-thermoelectric figure of merit for such materials. This combined analysis
provides deeper insights into the material's performance under both magnetic and thermal
influences, offering potential for advanced applications [20]. The magnetic field greatly
reduces the electronic thermal conductivity and improves thermoelectric power, which
eventually leads to an increase in ZT.

In this work, we developed a simple and compact setup for both standard
thermoelectric (TE) measurements and field-dependent TE measurements. Accurate
characterization of field-dependent thermoelectricity and spin-dependent thermoelectric
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effects necessitates careful design and effective signal extraction methods to ensure

reliable results. Several experimental setups like physical property measurement system

(PPMS) and VersaLab are commonly used for these measurements. However, most

setups used for field-dependent thermoelectric measurements are complex and costly due

to their cryogenic capabilities and superconducting magnets, which create the necessary
experimental conditions. The majority of studies rely on thermocouples or other direct
temperature sensors to measure temperature differences. Some systems utilize integrated

Neodymium permanent magnets (NdPMs) to apply a fixed magnetic field, but these are

not ideal for studying field-dependent thermoelectricity. In many cases, the saturation

field of the materials under investigation exceeds the strength of these fixed magnets,
preventing the achievement of a hysteresis loop. The design by Wongjom et al. is
compact, but the use of conventional heaters can lead to temperature fluctuations,
affecting measurement accuracy [21,22]. In this study, we employed Peltier heaters
controlled by thermostats to maintain a stable temperature, offering better control over
temperature variations. PT 100 sensors were attached to the blocks using heat sink
compound to ensure accurate temperature measurements. While low-temperature studies
are essential, our investigations primarily focus on near room-temperature applications.

We designed an experimental setup that can measure both conventional thermoelectric

and magneto-thermoelectric effects, and it is also capable of studying spin-thermoelectric

effects. The traditional method for studying these effects is depicted in Fig. 7-1.

The following measurements can be conducted using this setup.

1. The dependence of thermovoltage on the direction of the applied external
magnetic field relative to the crystallographic axes (for single crystals).

2. The dependence of thermovoltage on the direction of the applied external
magnetic field concerning the orientation of thin films (grown on preferred
oriented substrates).

3. Study the efficient use of the external magnetic field to change the thermovoltage

and obtain a substantial increase in TE properties.
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4. Studies on samples with magnetic anisotropy.

Constant
Current Source

Figure 7- 1 Schematic representation of conventional setup used to measure field
dependent thermoelectric effects.

7.2 Experimental methods and techniques

We used the setup to measure the thermoelectric parameters of thin films grown by
RF magnetron sputtering, specifically nickel thin films. Nickel thin films with a
thickness of 20 nm were deposited on clean glass and sapphire (Al,O3) substrates using
an RF magnetron sputtering technique, with a Ni target (99.99% purity, Alfa Aeser)
having a diameter of 50 mm and thickness of 3 mm. Ar (99.99% purity) gas was
employed as the sputtering gas. The sputtering chamber was evacuated to get an ultimate
pressure of 9 x10® mbar by diffusion pump. During sputtering, the working pressure
and RF power were set to 2 x102 mbar and 150 W, respectively. The film thickness
during deposition was monitored with a quartz crystal thickness monitor. The sputtering
rate was maintained at 0.8 A/Sec. Before deposition, the nickel target was pre-sputtered
in an Ar atmosphere for 10 minutes to remove any oxide layers. Additionally, the glass
and sapphire substrates were cleaned in an ultrasonic bath with distilled water for 30
minutes, followed by drying with air. Thin films were then deposited on the substrates at
room temperature. These thin films were used for field-dependent thermoelectric studies.

The X-ray diffractometer (Rigaku-MiniFlex 600) with the Cu-K, radiation of wavelength
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(L =1.5418 A) was used for structural studies. MFM images were taken using Bruker-
MultiMode 8.

7.2.1 Experimental setup to measure magneto thermoelectric effect

Electromagnet Electromagnet

Figure 7- 2 Schematic diagram of experimental set up to measure Seebeck effect, field
dependent Seebeck effect effects.

The experimental setup we present here in Fig. 7-2 can be used to measure the
Seebeck Coefficient, field-dependent variation of the Seebeck coefficient, and can be
extended to spin Seebeck in the transverse configuration. The major parts of the

experimental setup are,

A. Peltier elements: They are operated according to the Peltier effect. A
voltage is applied across joined conductors to create an electric current.
When the current flows through the junctions of the two conductors, heat
is removed from one junction and is deposited at the other junction. They
can be used to either heat or cool the sample surface. The Peltier elements

we used were standard 3 cm x 3 cm.
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Copper blocks: Two identical copper blocks attached to the bottom
Peltier elements serve as heat sinks. The copper blocks fixed above the
Peltier elements distribute heat evenly on the surfaces of the contact
specimen. The size of the lower blocks was3cm x3cm x5cm (L x B x
H).

Pt 100 - Temperature sensor: This is a resistance temperature detector
used for accurate measurement of temperature. Two such sensors are
used to measure the temperatures of two copper blocks. We used 4
channel Pt 100 sensors (-50 °C to 200 °C) from RS PRO. The sensors
were attached to the surfaces using highly conductive thermal pastes with
thermal conductivity of 0.65W/mK.

Sample and sample holder: Thin film sample is used for measurement
and was fixed on the copper block using a heat sink compound. This part
consisting of two copper blocks acts as a sample holder. Seebeck effect
and field-dependent Seebeck effect doesn’t depend on the size of the
sample. So we can use samples of different dimensions adjusted to the
distance between movable copper blocks. The standard measurement size
islcmx1cm.

Gold screws: Two gold screws were used as output leads. Gold wires
attached to the sample surface using silver paste are taken and joined to
this terminal because of its high electrical conductivity and corrosion
resistance nature. They are in turn connected to Keithley 2450 source
meter in its voltage measurement mode, to measure the output voltage in
any configurations.

Thermostats: We used Selec TC-344-AX Digital temperature controller
for accurately setting the temperature of Peltier elements and measuring
the temperature of upper peltier connected copper blocks via connected Pt

100 sensors.
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[ Sample holder with peltier elements and copper block |
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Figure 7- 3 Experimental setup to measure Seebeck effect, field dependent seebeck effect.

7.2.2 Measurement of thermovoltage, field dependent thermovoltage

In order to measure the field dependent thermovoltage, two dual-channel 15 V, DC
power supplies were used as sources for Peltier coolers and temperature controllers. One
Peltier is connected in a reverse manner to the power supply so that the heating element
comes in contact with the sample.  The other Peltier is connected in standard
configuration so that the cooling surface comes into contact with the specimen. The
thermostats can be programmed to set various temperatures from -20 °C to 70 °C. By
properly programming thermostats within the temperature range -20 °C to 70 °C, a
maximum of 90 °C temperature gradient can be created across the sample surface.
Thermovoltage generated by temperature gradient can be varied by an applied magnetic
field. All the measurements were taken after the system get stabilized. The final values
we present here represent the average of ten successive readings to maximise the
measurement accuracy and minimise errors.

To determine the Seebeck coefficient and field-dependent variation of the same,
output has to be taken across the hot and cold ends of the sample surface. The external
magnetic field is applied along the sample surface as indicated in Fig. 2 using an
electromagnet, to get a maximum flux density of 2T at a 10 mm air gap. The field

strength near the sample surface is measured by an InAs Hall probe (indium arsenide
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crystal with four soldered contacts mounted on a PCB strip and covered with a protective
layer) connected to a digital Gauss meter. The two output terminals from sample ends
are connected to Keithley 2450 source meter through gold screws to read the output
voltage. To study spin Seebeck effect output has to be taken as indicated in Fig. 7-2.
When we apply a transverse temperature gradient across ferromagnetic metals and
semiconductors, out-of-plane thermal gradients develop, a transverse thermopower,
planar Nernst effect (PNE) may affect the original TE signals. But this effect may be
neglected because the magnitude of PNE is of the order of nanovolts in most of the FM
substances. In the case of nickel thin films, it is of the order of 80-100 nV [23]. If we
want to separate PNE contribution, angle-dependent measurements of TE voltage may be
taken using the same apparatus we designed, since it’s on a rotational stage. Unintended
out-of-plane temperature gradients due to heat flux into the surrounding region may cause
anomalous Nernst effect (ANE). Since the film’s thickness is only 20 nm, there won’t

be an appreciable temperature gradient between the bottom and top of the sample surface.

7.3 Results and discussion

Nickel thin films:
Fig. 7-4 shows the XRD patterns of prepared nickel thin films. The diffraction
peaks at 44.5° correspond well with the intense peaks (111) of the face-centered cubic

Intensity (A.U)
111

30 40 50 60 70 80
Angle (28)

Figure 7- 4 XRD pattern of RF sputtered nickel thin film.
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(FCC) metallic nickel (JCPDS Card No 01-087-0712). The thin film shows a preferred
orientation along (111) direction.

Magnetic force microscopy (MFM) images of nickel thin films given in Fig. 7-5 show
the formation of magnetic domains. Very distinctive domain structures are visible only
if the thickness of film is greater than 100 nm. Here we deposited thin films of thickness

20 nm to avoid parasitic TE signals.

This thin film was used to study the variation of thermovoltage in presence of the
external magnetic field. Variation of Seebeck coefficient of nickel thin films is studied
in two aspects. The first one, keeping the temperature gradient a constant and varying
the magnetic flux density from O T to 0.20 T. Second one by keeping the magnetic flux
density B, constant at 0.20 T and varying the temperature of the Peltier from room
temperature to 65 °C so that temperature gradients ranging from 7 °C to 23 °C can be
achieved across the nickel thin film. The results of the first set are summarized in Table
7-1 and that of the second set is in Table 7-2 and graphically represented in Fig. 7-6 (a)
and Fig. 7-6 (b) respectively.

(a)

L
av % Phase 100 pr

Figure 7- 5 MFM phase image of sputtered nickel thin films deposited on (a)
sapphire (b) glass substrate.
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Table 7- 1 Thermovoltage in Ni thin films with constant temperature gradient of 23 K

Magnetic flux

Thermo voltage (V)

Seebeck coefficient

density (V) S (uV/K)

B (Tesla)
0.02 32.17 1.398
0.04 32.39 1.408
0.06 32.56 1.415
0.08 32.67 1.420
0.10 32.83 1.427
0.12 33.12 1.440
0.14 33.42 1.453
0.16 33.49 1.456
0.18 33.55 1.458
0.20 33.53 1.457

Table 7- 2 Thermovoltage in nickel thin films with constant magnetic field of 0.2 T

Effective temperature

Thermovoltage (V)

Thermovoltage (V)

difference (B=0T) (B=0.2T)
AT (°C) (V) (1V)
7.0 27.41 28.13
9.2 27.82 28.41
11.2 28.29 29.14
13.2 29.2 29.95
15.7 30.09 30.82
18.8 31.13 32.32
23.0 32.17 33.53
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Figure 7- 6 (a) Variation of thermovoltage in nickel thin films with constant
temperature gradient (b) Variation of thermovoltage in nickel thin films with constant
magnetic field

We observe a linear increase of V with AT as expected. The actual values of
generated thermovoltage and Seebeck coefficient bear a negative sign since electrons are
the charge carriers in nickel. But here we take only the magnitude of these parameters.
The magnitude of the Seebeck coefficient tends to zero as the temperature is decreased.
The temperature range under consideration for this experiment is greater than 300 K we
do not expect any phonon drag effect since its only visible for temperatures less than 100
K. Here we observe a diffusion-limited behaviour similar to the bulk Ni. The smaller
absolute values of the Seebeck coefficient of the thin films as compared to bulk values

can be justified using Tellier’s model [24].

If B is increased in the range between 0 to 0.2 T, thermovoltage increases by
nearly 5%. The increase in thermovoltage with B is related to an increase of S with

applied magnetic field, as a first approximation

as
S=S,+ =B (7.2)
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It is significant to note that no effect of B on thermovoltage is seen when AT = 0.
Consequently, we do in fact detect a magneto-thermoelectric effect. The absence of any
effect at AT = 0 confirms that the observed influence of the magnetic field on
thermovoltage is genuinely a magneto-thermoelectric effect and not due to any direct
electrical or magnetic interference, but due to the coupling of thermal gradients with

magnetic fields.

The variation of thermovoltage in presence of an external magnetic field shows
the same trend as obtained in previous works on nickel nanowires. The variation of AS

with B can be expressed in terms of the carrier lifetime 1t and the carrier concentration n.

_ % _ _ﬁ do(B) _ 0S ﬁ dn
AS = ar SOAr - ar SO o(B) - ar 0| ¢ n ]

(7.3)

Hence, the change of S with the magnetic field is due to a change in the mobility of
charge carriers. The possible intensities of the applied field are consistent with the works
on thickness-dependent magnetic properties of polycrystalline nickel thin films.

AtB =0T and T = 30 °C, the thermopower value is lower when compared to bulk
materials. As the thickness of film reduces the greater impact of surface scattering with
smaller size comes in to picture and lowers the absolute value. The Seebeck coefficient
depends on lo/d, where o is the electronic mean free path and d is the grain diameter. As
observed in the case of nickel nanowires there may be an optimum thickness for the thin
film, where the surface effect has little impact on thermopower [25].

As the temperature drops, the magnitude of S decreases to zero. S must be zero at 0
K because it is also the entropy per electric charge. The variation of thermovoltage also
shows a linear behaviour concerning temperature gradient across thin film surfaces. But
as the applied field crosses 0.20 T, thermovoltage doesn’t show much variation with B.
The value of magnetic flux density above 0.20 T matches with the range of saturation
magnetization of 20 nm thick nickel thin films [26,27]. This indicates a saturation point
for field-dependent variation of the Seebeck coefficient for magnetic nickel thin films.

All thermoelectric data reported here are compared with the measurements done using
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ULVAC — ZEM 3 and are found within a variation limit of 3 to 4 % that is due to the

Helium characterization environment, in ULVAC-ZEM 3.

7.4 Conclusion

We built an experimental setup to systematically investigate magneto-thermoelectric
effects, specifically in nickel thin films. The setup enabled precise control of temperature
gradients, achieving stability within +0.1 °C using a standard power source regulated by
a PID controller or thermostat, eliminating the need for bulky and expensive constant
current sources typically required in conventional systems. This allowed for steady-state
and highly stabilized thermoelectric measurements. The measurements revealed that the
thermovoltage increased with the applied magnetic field and saturated at approximately
0.2 T. This saturation behavior provides an indirect yet effective method to probe the
magnetization characteristics of thin films. The setup also offers potential for studying
thermoelectric materials with magnetic nano-inclusions, which are known to exhibit
significant field-dependent variations in their thermoelectric properties. The experimental
platform we developed demonstrates excellent utility for exploring and characterizing

magneto-thermoelectric phenomena in a wide range of thermoelectric materials.
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8.1 Introduction

The field of optoelectronics relies on precise control of material properties to
optimize light absorption, emission, and electrical transport. This thesis explores the
optoelectronic properties of Pr doped SrTiOs crystallites and thin films, focusing on band
structure engineering, defect modulation, and optical tuning. The incorporation of Pr into
the SrTiOs matrix induces structural transformations, modifies electronic states, and
enhances optical responses, making it a promising material for advanced optoelectronic
applications. Investigations into photoluminescence, infrared absorption, and visible
light transparency demonstrate the potential of these materials in light-emitting devices,
infrared sensors, and transparent electronics. Through controlled synthesis and post-
processing techniques, this work establishes a pathway for developing high-performance

perovskite-based optoelectronic materials.

Thermoelectric (TE) materials have garnered considerable interest in recent years
due to their capability to convert waste heat into electrical energy, providing a sustainable
solution for energy recovery. The performance of these materials is primarily governed
by the thermoelectric power factor, which depends on optimizing the Seebeck coefficient,
electrical conductivity, and minimizing thermal conductivity to achieve higher efficiency.
While traditional thermoelectric materials like bismuth telluride have demonstrated
promising ZT values, they are often constrained by issues such as limited thermal stability
and environmental concerns. In contrast, oxide-based materials, particularly SrTiOs,
have shown great potential for thermoelectric applications owing to their inherent thermal
stability, environment friendly nature, and robustness at high temperatures. Doping the
A-site and B-site of SrTiOs with elements like Praseodymium (Pr) and Niobium (Nb)
induces substantial modifications to its electronic structure, enhancing carrier mobility,
and consequently boosting the power factor. These dopants influence the Seebeck
coefficient through mechanisms such as energy filtering and effective mass modulation,

further enhancing the thermoelectric efficiency. Moreover, the introduction of dopant-
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induced states within the band gap significantly improves light absorption and emission,

thereby enhancing the material's optoelectronic properties [1-5].

This summary chapter consolidates the findings of the thesis, which explores the
effects of Pr and Nb doping on the thermoelectric and optoelectronic properties of SrTiOs
nanostructures. By examining the interplay between doping, carrier dynamics, and
structural modifications, the work presents insights into the mechanisms driving
improved thermoelectric performance in oxide materials. Additionally, it highlights the
potential of these doped oxide nanostructures for high-efficiency device applications

across a range of temperature conditions.

8.2 Summary of the thesis

This thesis explores the transformation of perovskite oxide material SrTiOs into a
high-performance n-type material for optoelectronic and thermoelectric applications.
Various strategies, including modulation doping, burial sintering, quantum confinement,
and nanostructuring, were employed to achieve these objectives. SrTiOs offers
significant tunability for doping at both the A and B sites of its lattice, with Pr identified
as a suitable A-site dopant and Nb as a B-site dopant, based on factors such as ionic radius
compatibility, valence state, and the influence on carrier concentration and band structure.
The synthesis conditions of SrTiOs powder was optimized through solid-state reaction
methods followed by graphite burial sintering. High-performing Pr doped SrTiOs with
enhanced optical and thermoelectric properties was achieved by eliminating the double

Schottky barrier (DSB) through two-step sintering.

RF magnetron sputtering parameters were fine-tuned to limit Sr segregation,
leading to the creation of a highly mobile and transparent conducting oxides. Nb doped
thin films with elevated charge carrier concentrations were realized by oxygen-free
sputtering and vacuum annealing, resulting in energy filtering and strain engineered films
with record-breaking thermoelectric power factors. The role of oxygen vacancies in

defining both the optoelectronic and thermoelectric performance of SrTiOs was critically
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analyzed and optimized in the thin films. Finally, an experimental setup was developed

to study the impact of magnetic fields on thermoelectric performance, verified using

nickel thin films, with potential applications for studying magnetic nano-inclusions in

thermoelectric materials.

8.2.1 Investigations on optoelectronic properties of strontium

titanate bulk ceramics- Praseodymium doping

Praseodymium (Pr*) was substituted at the Sr?* site in SrTiOs, and graphite
burial sintering was employed to alter the band structure of the material.
X-ray diffraction (XRD) analysis revealed an asymmetric (310) peak, and
Raman spectroscopy identified the emergence of Eq and B1g modes, indicating
a phase transition from cubic to tetragonal for Sr1xPrxTiO3z when x > 0.1.
The forbidden first-order Raman peaks and new spectral features were
attributed to local vibrational modes associated with oxygen vacancies in the
crystal lattice.

Williamson-Hall (W-H) plots were used to investigate structural variations
and lattice strain, while high-resolution field emission scanning electron
microscopy (FE-SEM) was used to analyze morphological changes.

Optical studies showed high infrared absorption in UV-Vis-NIR spectra, with
the band gap reduced from 2.8 eV to 1.8 eV, driven by increased lattice
disorder and Ti** reduction.

The absorption spectra exhibited a blue shift with increased Pr concentration,
which can be exploited for tuning the absorption range in sensing applications.
New electronic states formed by Pr doping provide a pathway for band gap
engineering in perovskites, offering potential in photocatalytic and
photovoltaic applications. The combination of Pr doping and oxygen vacancy
creation via burial sintering enables the material to absorb mid- to far-infrared

radiation, making it suitable for infrared sensing technologies
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The combination of Pr doping and oxygen vacancy creation via burial
sintering enables the material to absorb mid- to far-infrared radiation, making
it suitable for infrared sensing technologies.

Praseodymium (Pr*) was incorporated into the Sr?* site of Sri«Pr«TiOsz (X =
0.05-0.20) to tune the photoluminescence (PL) emission from red to blue with
excess electrons.

The emission mechanism was influenced by oxygen vacancies, as revealed by
X-ray photoelectron spectroscopy (XPS), and morphological analysis via
high-resolution FE-SEM showed the formation of micro-pebble-like grains.
Under 380 nm UV illumination, a narrow-band blue emission peak with a full
width at half maximum (FWHM) of 19.3 nm at 428 nm was observed for the
sample with x = 0.05.

Chromaticity coordinates (CIE) analysis demonstrated that the blue emission
had CIEy values less than 0.1, making the material ideal for applications in
lighting and display technologies.

The narrow-band blue emission and reduced FWHM in the range of 19-23
nm enhance the material's color gamut, making it suitable for light-emitting
diode (LED) applications.

8.2.2 Investigations on optoelectronic properties of strontium

titanate - Praseodymium doping and quantum confinement

Strontium titanate-based thin films exhibit unique properties such as
unsaturated bonds, dimension restrictions, oxygen vacancies, and point

defects, making them ideal for optoelectronic applications.
Praseodymium doped SrTiOs3 thin films were synthesized via RF magnetron

sputtering in a pure argon environment, followed by heat treatment to enhance

structural and electrical properties.
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X-ray diffraction (XRD) and Raman spectroscopy were employed to analyze
structural parameters, which were correlated with electrical transport
properties, revealing critical insights into conduction mechanisms.
Morphological features such as Stranski—Krastanov (SK) growth and cation
segregation, observed through field emission scanning electron microscopy
(FE-SEM) and atomic force microscopy (AFM), provided deeper
understanding of film conductivity.

Optical studies demonstrated significant transparency in the visible spectrum,
making the films suitable for optoelectronic applications, while
photoluminescence (PL) emission studies highlighted the role of oxygen
vacancies.

By optimizing sputtering parameters and annealing conditions, Pr-doped
SrTiOs thin films achieved the highest reported carrier mobility of 33.9 cm?/V
s, with transparency exceeding 60%, positioning them as promising
transparent conducting oxides (TCOs).

Effective control of oxygen vacancies and cation segregation was crucial to
enhance carrier mobility and transparency, making the films suitable for a

broad range of optoelectronic applications.

8.2.3 Investigations on thermoelectric properties of strontium

titanate - Praseodymium, Niobium doping and quantum

confinement

Praseodymium (Pr®") was introduced into the Sr?* site of Srix Pr«TiOs (X =
0.05-0.20) via a two-step graphite burial sintering process, which enhanced
carrier concentration and minimized the double Schottky barrier (DSB) at

grain boundaries.
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X-ray diffraction (XRD) analysis showed peak splitting and asymmetry at x >
0.10, indicating a structural phase transition from cubic to tetragonal, driven
by Pr doping.

X-ray photoelectron spectroscopy (XPS) confirmed the formation of oxygen
vacancies and the reduction of Ti** to Ti**, induced by the burial sintering
process, contributing to an increase in carrier concentration.

The Sro.9 Pro.1 TiO3 sample achieved a maximum power factor of 1.8 mW/mK?
at 673 K, aided by the reduction of the DSB, which enhanced electrical
conductivity.

Porous structures, Pr defect centers, and oxygen vacancy clusters collectively
reduced the thermal conductivity, leading to a maximum figure of merit (ZT)
of 0.33 at 673 K, making the material suitable for thermoelectric applications.
The double reduction technique promoted the precipitation of Pr
nanoparticles, which acted as scattering centers, further reducing thermal
conductivity and improving thermoelectric performance.

This approach positions Sro Pro.1TiO3z as a promising candidate for n-type
legs in thermoelectric generators, offering a pathway to harvest waste heat and
contribute to sustainable energy solutions.

A record high thermoelectric power factor of 1.85 W/mK2 was achieved in
SrTio9Nbo.103.5 thin films synthesized via RF magnetron sputtering, offering
potential for efficient heat-to-electricity conversion in thermoelectric devices.
Structural, compositional, and morphological characteristics were analyzed
using X-ray diffraction (XRD), X-ray fluorescence (XRF), scanning electron
microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS), and
correlated with electrical and thermoelectric transport properties.

High carrier concentrations in the range of 1021-10%? cm were obtained due
to Nb doping and oxygen vacancies introduced during sputtering in an Argon

environment followed by vacuum annealing.
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The conduction mechanism follows a degenerate semiconductor model,
approximated by a parabolic band structure, contributing to enhanced
electrical conductivity and thermoelectric performance.

Seebeck coefficients ranging from 200 to 400 uV/K were attributed to energy
filtering, effective mass modulation, and strain-induced band degeneracy,
achieved without sacrificing electrical conductivity.

Optimized sputtering conditions, including careful doping and post-deposition
treatments, were essential for achieving high carrier mobility and maximizing
the power factor.

The combination of high Seebeck coefficients, enhanced mobility, and
formation of a two-dimensional electron gas (2DEG) at the SrTiO3/SiO-
interface positions SrTiogNbo.103-5 as a promising material for advanced

thermoelectric converters.

8.2.4 Investigations on magnetothermoelectric effect-

Experimental setup and verification

Thin films of nickel were deposited using the RF magnetron sputtering
technique, and Magnetic Force Microscopy (MFM) revealed the formation
of magnetic domains, with X-ray diffraction (XRD) confirming a preferred
(111) crystal orientation.

The thermoelectric and magneto-thermoelectric effects of the nickel thin
films were systematically investigated using a custom-built experimental
setup incorporating Peltier elements, thermostats, and proportional-integral-
derivative (PID) controllers for precise temperature regulation.

Seebeck coefficient measurements under an applied external magnetic field
showed an increase in thermovoltage from 32.17 puV to 33.53 uV, saturating
at a field strength of 0.2 T, indicating the interaction of charge carriers with

the magnetic field.
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e The saturation behavior of thermovoltage at 0.2 T provides a method to
indirectly investigate the magnetization properties of magnetic thin films,
offering insights into their magnetic nature.

e The experimental setup enables precise temperature control up to 0.1 °C,
improving measurement stability and overcoming limitations of conventional
setups, which rely on costly and space-intensive constant current sources.

e This setup can be used to systematically study the field-dependent
thermoelectric properties of TE materials containing magnetic nano-
inclusions, allowing for detailed investigation of their magneto-

thermoelectric effects.
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9.1

Outlook and future perspectives

We have successfully achieved enhanced optoelectronic and thermoelectric
properties in SrTiOs based materials through Pr and Nb doping, quantum
confinement, oxygen vacancy engineering, and advanced synthesis
techniques such as RF magnetron sputtering and burial sintering. However,
there remain unexplored areas such as interface-controlled transport
phenomena, and the role of magnetic nano-inclusions, which offer significant

potential for future investigation.

Structuaral properties could be modified by A-site (Sr) or B-site (Ti)
vacancies in SrTiOs to enhance its optoelectronic and thermoelectric
performance. By tuning these vacancies, it may be possible to optimize
carrier concentration, improve energy filtering mechanisms, and reduce
thermal conductivity, thereby advancing the material's efficiency in
thermoelectric and optoelectronic applications.

It is possible investigate the role of metallic inclusions, such as silver or
copper, in enhancing the optoelectronic and thermoelectric performance of
SrTiOs. These metallic inclusions may act as effective scattering centers to
reduce thermal conductivity while simultaneously boosting electrical
conductivity, thereby improving the overall efficiency of SrTiOz in
thermoelectric and optoelectronic applications.

Explore the incorporation of magnetic nano inclusions like Fe, Co and Ni in
SrTiOs to investigate their influence on field-dependent thermoelectric and
magneto-thermoelectric properties. By studying the interaction between
magnetic fields and charge carriers, this approach may reveal new pathways
to enhance the material's thermoelectric efficiency and enable tunable
magneto-thermoelectric applications.

Forming superlattices of Praseodymium (Pr) and Niobium (Nb) doped

alternate layers in SrTiOs offers a promising avenue for enhancing
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thermoelectric (TE) properties. The superlattice structure can introduce
quantum confinement effects, strain modulation, and interface engineering,
potentially leading to significant improvements in the Seebeck coefficient
and electrical conductivity. Additionally, exploring the interplay between
dopant concentrations, layer thickness, and annealing conditions could
provide deeper insights into optimizing the TE performance of these
materials for energy harvesting applications.

Developing a p-n junction thermoelectric generator using SrTiOz as the n-
type material and suitable p-type counterparts, such as doped LaCoO3 or
NiO, could lead to efficient thermoelectric energy conversion. The junction
formation may enhance the Seebeck effect and improve power generation by
optimizing charge carrier separation and reducing thermal losses.
Investigating the compatibility of these materials, including their interface
stability, carrier mobility, and thermal conductivity, could yield significant
advancements in the performance of oxide-based thermoelectric devices.
The advancements in optoelectronic and thermoelectric properties of Pr and
Nb doped SrTiOz demonstrated in this thesis pave the way for the
development of temperature sensors. By leveraging the strong temperature-
dependent electrical and optical responses, these materials can be integrated
into infrared sensors and thermoelectric temperature detectors with high
sensitivity.

Realization of such sensors can be achieved by optimizing dopant
concentration and defect engineering to enhance the temperature coefficient
of resistance (TCR) and thermovoltage response, enabling precise
temperature monitoring in industrial and environmental applications [1-5].
Spin-dependent thermoelectricity: Explore magneto-thermoelectric and spin
Seebeck effects in SrTiO3 with magnetic dopants (Fe, Co, Ni) to enable spin-

caloritronic applications and field-tunable energy conversion.
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The band structure of SrTiO; was altered by introducing Pr®~ in the Sr*~ site and subsequent graphite burial
sintering. The asymmetric nature of the (310) peak in XRD and the emergence of E; and Byg modes in the Raman
spectrum suggest the transformation from cubic to tetragonal phase for the Sry_,Pr, TiO; system with x > 0.1. The
development of the forbidden first-order Raman peaks and novel spectral properties are attributed to the local
vibrational modes linked to oxygen vacancies. Structural variations in terms of lattice strain were investigated
using a W-H plot, and morphological changes were analyzed by high-resolution FE-SEM. High infrared ab-
sorption in UVv-Vis-NIR spectra and a significant reduction in band gap from 2.8 eV to 1.8 eV were accomplished
through increased disorder in the lattice and the reduction of Ti*". The blue shift in absorption spectra with Pr
concentration can be used to tune the absorption range for sensing purposes. The formation of new electronic
states observed here offers a novel approach for band gap modification in perovskites for photocatalytic and

photovoltaic applications.

1. Introduction

Due to its intriguing physical characteristics strontium titanate (STO)
has been widely explored in single crystal, bulk ceramics, and thin film
forms. Perowvskite-type alkaline earth titanates, such as BaTiO; and
SrTi0O3, have several electronic and optoelectronic applications,
including sensors, actuators, dielectric layers in capacitors, optical
modulators, optical windows, and optical filters [1-3]. Doped perov-
skites and delaffosite are also employed in thermoelectric power gen-
eration [4-7]. Oxide perovskites have the general structural formula
ABO; (where A and B are cations). The structure comprises the BOs
octahedra sharing corners infinitely in all 3 dimensions, making a
symmetric structure. The A cations occupy every hole which is created
by eight BOg octahedra, resulting in 12-fold oxygen coordination for A
cations and 6-fold oxygen coordination for B cations as indicated in
Fig. 1. Chemical doping in A and B site using suitable elements alter the
structural, optical, dielectric, ferroelectric, and thermoelectric proper-
ties of STO-based ceramics [8]. Cation substitution transforms the
electronic band structure, which reflects in the band curvature thus band
degeneracy.

STO is a wide band gap insulator (E; ~ 3.2 eV) at room temperature.
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Because of this wide band gap, its photocatalytic properties are limited
to the UV region of the spectrum. Therefore, improvisations to S1TiO;
are attempted to shorten the band gap and thus broaden the light-
harvesting capacity of the material [9,10]. Sr*" ions do not have the
rich energy level diagram that defines the rare earth (RE) ions. There-
fore, the photon management properties can only be produced by
doping with other rare earth ions. Rare earth element substitutions can
shift the Fermi-level into the conduction band and change the absorp-
tion spectrum by adding peaks at 0.1-0.4 eV [5]. Dopants like Cr, Fe, Eu
and Al are widely exploited to change the optical properties of pristine
SrTiOs [3,11-15]. Unlike other RE**, Pr®* has a unique feature resulting
from the close energy separation between the 'Sg level and the lowest
edge of the 4f 5d configuration and its emission depends greatly on the
position of the 4f 5d configuration, which is extremely influenced by the
features of the host. Pr as a dopant is widely used to alter the ferro-
electric and thermoelectric properties of STO, but optical modifications
are less explored.

In the present study, we successfully incorporated Pr in Sr sites of the
SrTiO3z matrix. The burial sintered samples of Pr doped 5rTiO3; were also
prepared using graphite powder and the structural changes were
investigated with XRD and Raman spectroscopy. The tunability of the
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Materials having deep blue emission characteristics with a CIEy chromaticity value less than 0.1 are highly
desired. Here we incorporated Pr® " into the Sr” site of the Sry_; Pr,TiO3 (x=0.05, 0.075, 0.10, 0.125, 0.15, 0.20)
to quench the typical red photoluminescence (PL) emission in Pr-doped compounds and tune it to a blue-emitting
system. XRD analysis and structural refinement demonstrate transition from cubic to tetragonal symmetry at Pr
concentrations of, x>0.1. The contribution of oxygen vacancies in emission mechanism was investigated through
XPS analysis. High-resolution FE-SEM analysis of morphological features revealed the creation of tiny grains with
the appearance of micro pebbles. Under 380 nm UV illumination a narrow-band blue emission peak FWHM of
19.3 nm was obtained at 428 nm for x=0.05. CIE plots were used to examine the quality of emission peaks and

samples show CIEy less than 0.1. This blue emission is crucial for lighting and display applications.

1. Introduction

Strontium titanate (SrTiOs) has been intensively explored due to its
fascinating physical features, in single crystal, bulk ceramies, and thin
film forms. It has paraelectric and piezoelectric characteristics, and
polarization may be generated by applying an electric field, even
without a permanent electric dipole [1,2]. Doped perovskites and
delaffosite are also employed in thermoelectric and photovoltaic power
generation [3-8]. In contrast to the characteristics of traditional semi-
conductors, oxide-based semiconduetors provide a number of inter-
esting features. Strontium titanate (STO) is one such promising
perovskite oxide material with a wide range of applications and has been
employed as a photo catalyst and as a substrate for the epitaxial growth
of various oxide-based films [9,10]. It exhibits semiconducting behavior,
high dielectric constant, and great thermal stability, resulting in a broad
variety of microelectronics applications, making it one of the most
promising materials for tunable microwave devices, capacitors, photo
catalysts, and light emitters [11]. STO has an optical bandgap of 3.2 eV
and can be tuned with appropriate doping, which accounts for catalysis
efficacy of the material under UV-visible illumination [12-15].

Structural features of STO include soft bonding of the small Ti** ion
to the neighboring octahedral 0. Its conductivity can be modified with
sizable low-temperature mobility after n-type doping, which is typically
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achieved either by introducing oxygen vacancies or by chemical sub-
stitution by La®**, Pr®" for Sr®*, or Nb®* for Ti*" [16]. Even though
many of these features are still poorly understood, they are inextricably
linked to doping with rare earth elements, and alteration of electronic
structure by the introduction of oxygen vacancies. There is a great role of
impurities and point defects in determining its funetional capabilities,
and much effort is being made to identify the underlying mechanisms
and their causal relationships.

In a variety of dielectric crystals, luminescence emission experiments
including photoluminescence, cathodoluminescence, radio lumines-
cence, and more recently ionoluminescence have been utilized to
characterize the electronic excitations and generate defect centers
[17-20]. When STO is exposed to ultraviolet light, it appears that both
photo generated electrons and holes contribute to the material's
photoconductivity. The photoluminescence (PL) charaeteristics of STO
is even more perplexing and contentious than their transport properties.
Role of self-trapped excitons in all kinds of electronie excitations is
dominant. Free electrons and holes are produced by electronic excita-
tions that have energies exceeding the band gap. These free carriers bind
into e-h pairs that are confined in the lattice extremely quickly, ereating
a self-trapped exciton (STE). Pure STO shows a greenish luminescence
when exposed to UV light, with a maximum of 2.2-2.4 €V of photon
energy centered on wavelength 500 nm due to the decay of these
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Burial sintering

Double Schottky barrier

XPS analysis

‘Oxygen vacancy

Seebeck coefficient
Thermoelectric figure of merit

followed by two step graphite burial sintering. Powder reduction helps to increase the carrier concentration and
the doped sample pellet reduction minimizes Double Schottky Barrier generated by strontium and oxygen va-
cancies at grain boundary by regulating the point defects. Samples with x = 0.10 shows splitting and asymmetry
of (200) and (310) peak in XRD indicating structural transformation from cubic to tetragonal phase. XPS spectra
of the samples confirmed the formation of oxygen vacancies and reduction of Ti*' to Ti** induced by graphite
burial sintering resulting in enhanced carrier concentration. A maximum power factor of 1.8 mW/mK?> was
obtained for Srp g PryTiO; samples at 673 K. Reduced thermal conductivity due to porous structure, Pr defect
centers, oxygen vacancy clusters together with enhanced power factor lead to a maximum figure of merit 0.33,
making this an ideal candidate as n type legs in thermoelectric generators.

1. Introduction improve energy harvesting-based power producers. Thermoelectric
generators have proved their capacity to directly convert heat energy in

Rising energy use has resulted in global warming and environmental to electricity. The ability of thermoelectric materials to convert heat into
deterioration. To mitigate these consequences, scientists are working to electricity even at very slight temperature gradients compared to their
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Keywords: Functional oxides employed in electronic components hold significant promise for future electronic devices.
Thin films Strontium titanate based thin films have several emergent features due to unsaturated bonds, dimension re-
Cation segregation striction, production of oxygen vacancies and point defects that make them attractive for optoelectronic appli-
SK growth

cations. Here we prepared Pr-doped strontium titanate thin films via RF magnetron sputtering in a pure Argon
environment at various gas pressures followed by heat treatment. The struetural parameters, analyzed via XRD
and Raman spectroscopy, were correlated with the electrical transport properties. Intriguing morphological
features such as Stranski-Krastanov (SK) growth and cation segregation observed by FESEM and AFM analysis
were further examined to elucidate the conduction mechanism in the films. The optical studies unveiled sig-
nificant transparency in the visible spectrum. Photoluminescence emission studies at specific wavelengths shed
light on the involvement of oxygen vacancies. By carefully controlling annealing conditions and optimizing
sputtering parameters, thin films devoid of Sr segregation with highest reported carrier mobility of 33.9 cm®/V s
were prepared. The high mobility leading to enhanced conductivity render the films suitable for a wide range of
optoelectronic applications.

Garrier mobility
Urbach energy
Hall effect measurements

1. Introduction

Functional oxides have been at the core of a number of remarkable
technological progress in wearable devices, sensors, spintronies, pho-
tonics, thermoelectrics and photovoltaics. Numerous compositional
options and phase tunability provide extensive opportunities for
creating new functional oxides with a variety of characteristics in both
bulk and thin film forms [1-10]. Materials in thin film forms are utilized
in a variety of applications including anti-reflective coatings, memory
devices, piezoelectric and triboelectric devices, mechanisms for energy
storage and conversion, wearable electronic systems, sensing and
amplification. Advances in thin film material research and technology
have fueled a slew of new advancements in electronics. Even though
cutting edge techniques for thin film growth such as molecular beam
epitaxy, pulsed laser deposition, RF Magnetron sputtering and atomic
layer deposition are available for thin film growth, the quest to increase
performance to new heights still faces obstacles. High mobility in the
semiconducting oxide, where transport is governed by the overlap of the
cationic and anionic orbitals, is a crucial performance characteristic in
electronic devices [11,12].
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Functional oxides employed in electronic components hold signifi-
cant promise for future optoelectronic devices [55]. Perovskite oxides
have received a lot of attention among functional oxides because of their
propensity to create compounds with practically every element in the
periodic table. The advantageous property of perovskites is their rela-
tively high static dielectric permittivity, which effectively screens
electron-charge interaction and facilitates electron transport. Because of
the strong polarization effect, electron-phonon interactions rather than
ionized impurity scattering dominate the electron mobility in doped
perovskite oxides at ambient temperature. One commonly utilized ma-
terial as a functional oxides is perovskite strontium titanate (SrTiOs or
STO). It also offers diverse applications in optoelectronics and photo
catalysis. However its uses in optoelectronies field is limited by wide
band gap of the range 3.3 eV The bandgap results from the separation of
the dominating O 2p states and the hybridized O 2p-Ti 3d states (with
small contribution from Ti 3d states). Band gap modulation to get good
electrical conductivity and transparency should be a suitable strategy to
make STO a functional oxide material for optoelectronic applications
[12]. Theoretical and experimental attempts have been made to engi-
neer the bandgap, including doping, hetero structure formation and
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Instrumentation and measurement

External magnetic fields can effectively alter the thermoelectric performance of materials, particularly magnetic
thin films and nanostructures. Here, we used the RF magnetron sputtering technique to deposit thin films of
nickel. Magnetic force microscopy (MFM) imaging revealed the formation of magnetic domains. XRD patterns
showed the preferred orientation of nickel films in [111] plane. Thermoelectric and magneto-thermoelectric
effects of the sputtered thin films were investigated using an experimental setup designed by the authors.

Peltier elements, thermostats, and PIDs were employved to regulate the sample’s temperature, and examined
variations in the Seebeck coefficient with the applied magnetic field. Interaction of external field with charge
carriers resulted in an increase of thermovoltage from 32.17 pV to 33.53 pV and saturated at 0.2 T. Saturation
behaviour of thermoelectricity can be used to investigate the magnetic nature of materials.

1. Introduction

Environmental energy of various forms may be converted to useful
electricity with the aid of thermoelectric and photovoltaic systems. They
have a wide variety of applications in the automobile industry,
biomedical industry, portable electronics, communication systems, etc.
Thermoelectric materials can convert heat energy into electrical energy
and vice versa [1]. Among the green energy mechanisms, thermoelectric
conversion has attained a unique status because of the lack of moving
parts, low maintenance, high conversion efficiency, and high reliability
[2,3]. Research in the field of thermoelectric (TE) materials across the
globe emerge with creative solutions and applications like waste heat
recovery of automobiles, thermal energy trapped on the roof of build-
ings, bio thermal batteries, localized cooling for electronic components
in LASER sources, computers, and modern digital gadgets. Radioisotope
thermoelectric generators (RTG) are extensively used as power sources
of satellites and space probes, where electricity is generated by con-
verting heat energy released by the decay of radioactive material by the
Seebeck effect [4-7].

The efficiency of the thermoelectric energy conversion is expressed
by the dimensionless figure of merit,
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T =

r (1)

Where, o is the electrical conductivity, S is the Seebeck coefficient, T is
the temperature, and « is the thermal conductivity. Maximization of the
thermoelectric figure of merit (ZT) requires a low thermal conductivity
along with a high Seebeck coefficient and high electrical conductivity
[8,9]. Differential methods are commonly used to characterize the
Seebeck coefficient TE materials, and they can support a variety of
equipment configurations depending on the nature of the samples.
Various experimental settings are already in use, each one tailored to
certain forms of samples [10-14]. The thermoelectric characterization
of prepared samples, both in bulk and thin film form, is commonly done
with advanced instruments like ULVAC-ZEM™ series or Linseis LSR™
series in an inert gas atmosphere. The temperature ranges can also be
varied between —100 °C and 1500 °C. Although characterization of
materials below room temperature and at very high temperatures is vital
for understanding the physics underlying their properties, it may not be
necessary for practical applications. Sharath Chandra et al. devised
simple and precise thermoelectric power measurement setups that can
be used to analyze the materials for different environments and at wide
temperature ranges [15]. Setups with coil and pencil type heating ele-
ments are reported by Ashish Kumar et al. and Chun Sum Brian Pang
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