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ABSTRACT

Pelayo Carvajal, Andrea. Computational and Experimental Study on LiTaO3 Nanoparticles For

Near-Infrared Detectors And Boron Nitride Nanoparticles for Gas Sensing. Doctor of Philosophy

(PhD), July 2026, 90 pp.,1 table, 36 figures, 174 references.

The development of reliable sensing materials is essential for infrastructure maintenance
and early-warning detection technologies. This work investigates two ceramic-based sensing
materials: rare-earth-doped lithium tantalate (LiTaOs, LT) for near-infrared optical sensing
relevant to crack detection, and silver-modified hexagonal boron nitride nanocomposites
(Ag/defect h-BN) for carbon monoxide (CO) gas sensing. A computational and experimental

approach was used to evaluate their structural, electronic, optical, and sensing properties.

Density functional theory (DFT) was used to study various rare-earth doped LT
configurations, while GW-Bethe—Salpeter equation (GW-BSE) calculations were used to
investigate the electronic and optical properties of pristine, defective, and Ag-modified defect h-
BN. In LT, rare-earth doping introduced localized 4f states that modified the electronic structure
and tunable optical response. Quantum Theory of Atoms in Molecules (QTAIM) and Electron
Localization Function (ELF) analyses were used to characterize chemical bonding and electron
localization in the doped LT structures. For Ag/defect h-BN, band-structure and optical property
calculations showed that CO adsorption is strongly defect-dependent. CO binds strongly at Ag-

decorated B-vacancy sites, whereas the interaction is weak at Ag-decorated N-vacancy sites.
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Experimentally, LT-based powders and Ag/h-BN nanocomposites were synthesized and
characterized by X-ray diffraction (XRD), Scanning Electron Microscopy (SEM),
Photoluminescence (PL), and conductivity measurements. The Ag/h-BN nanocomposites
exhibited preliminary CO-responsive conductive behavior. The h-BN-30 wt.% Ag pellet showed
a decrease in conductivity during CO exposure, followed by a recovery during purging. In contrast,
the h-BN-80 wt.% Ag pellet showed an incomplete recovery under the present test conditions,

indicating that a higher Ag content hinders reversibility.

Overall, rare-earth doping was shown to tune the optical response of LT for near-infrared
crack detection, while Ag incorporation enhanced the CO-sensing performance of defect h-BN-
based ceramic nanocomposites. These findings demonstrate the potential of advanced ceramic
nanomaterials for optical and gas-sensing applications in structural health and environmental

monitoring.
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CHAPTER I

INTRODUCTION

Infrastructure degradation results from local material failures and environmental factors.
This problem is particularly prevalent in urban areas, where a growing population demands more
accessible housing, utilities, and transportation. Consequently, as new infrastructure is built, older
structures are often neglected, leaving them frail and vulnerable to disasters. The risk of
deterioration cannot be eliminated, yet a good maintenance program will extend the lifespan of
infrastructure [1, 2]. Routine inspections are key to early-crack detection in all man-made
structures [3, 4]. Federal regulations mandate visual crack characterization assessments every two
years, with more frequent inspections required if widespread deterioration is detected [5, 6]. Each
visual bridge inspection includes an assessment of the structural type of the bridge, construction
materials, condition rating, load rating, roadway data, and clearances [7-9]. With every assessment,
engineers are required to evaluate the state of urgency on a 0-9 scale [10]. Aside from
inconsistencies and a tendency to make errors in analysis [8], the qualifications and responsibilities
of an inspector are taxing and entail limitations on access to critical regions of the infrastructure
being assessed [11]. This could lead to an inaccurate evaluation and, more critically, compromise
the safety of the inspector. Automation addresses these challenges and enables efficient, accurate,

and periodic inspections.



Developing quasi-real-time crack detection techniques capable of accurately assessing the
type, depth, and location of degradation is of great importance. In the late 1990s, Rens et al.
emphasized the importance of reviewing contemporary Nondestructive Evaluation (NDE)
inspection techniques and evaluating their effectiveness for civil engineering structures [12]. Some

of the best-suited methods included acoustic emission, thermal, ultrasonic, and magnetic [13].

Acoustic emission (AE) monitors transient elastic waves produced by the rapid release of
energy during a crack and radiated through the structure [12]. AE is highly sensitive to active
defects and can localize such through a series of mounted sensors, but it does not directly
provide detailed crack geometry or depth profiling, which is critical for complex crack profiles.
Furthermore, AE sensors require careful signal processing and source discrimination to separate
relevant emissions from background noise [14, 15]. Ultrasonic methods work similarly by
flooding the structure with ultrasound pulses and can potentially provide crack profiling, but
require skilled interpretation [16]. Magnetic techniques are only effective for detecting surface
cracks in ferromagnetic or conductive materials [17]. Moreover, other challenges lie with the
repair and replacement of a malfunctioning sensor. Thermal (infrared) thermography is a

noncontact technique that does not require adhesion to the structure.

Among the various NDE techniques, infrared thermography monitors surface temperature
variations related to deterioration, offering rapid, wide-area screening [ 18]; building on these
capabilities, advancements in sensor technology have introduced near-infrared (NIR) laser
sensing as a viable and complementary alternative for high-resolution surface mapping and
detection of surface texture [19]. NIR spectra cover wavelengths from 800-2500 nm, beyond the

visible spectrum. NIR-laser-based sources offer higher accuracy through optical methods such as



laser triangulation, as it reduces interference from ambient light, enabling higher-resolution

surface mapping and more reliable texture detection [20, 21].

With a growing population and rising demand for accessible housing, utilities, and
transportation, vehicle use naturally increases. Consequently, living organisms are constantly
exposed to an atmospheric mixture that includes both essential and harmful components, such as
carbon monoxide (CO). CO intoxication remains one of the most studied because CO competes
with oxygen for binding to hemoglobin, earning the name “silent killer” [22, 23]. Consequently,
the development of highly sensitive, selective, and reusable gas sensors capable of rapid, reliable
CO detection across multiple sensing cycles is essential for environmental monitoring, industrial

safety, and public health.

Gas sensors are characterized by multiple performance parameters, including durability,
thermal stability, rapid detection, and quick recovery [24]. Traditional ceramics provide the
mechanical properties of durability and toughness required for the listed functions, as well as
sensor longevity and performance [25]. However, advanced ceramic sensors are used where greater
emphasis is placed on meeting electrical, thermal, magnetic, and optical requirements. Advanced
ceramics are primarily based on groups of oxides, non-oxides, or their combinations. The principle
behind the use of oxides is to detect gases such as CO, methane (CH4), carbon dioxide (COz), and
many others [25]. The gas-sensing mechanism of these sensors relies on interactions that occur
after the adsorption of atmospheric oxygen. The interaction will cause a chemical change within

the material and alter the conductivity [26].

The proposed research focuses on candidate materials for improved crack and gas detection
technologies, which could significantly improve the safety, efficiency, and cost-effectiveness of

infrastructure maintenance.



CHAPTER II

LITERATURE REVIEW

2.1 Rare-Earth-Doped and Pure Lithium Tantalate for Crack Detection

The basic operating principle of laser triangulation involves an emitter- receiver subsystem,
in which a laser beam is directed toward a test surface and, upon interaction, is reflected onto the
receiver [24-26]. Any surface flaw disrupts this optical path. Because a primary goal of this work
is to utilize NIR laser sensing techniques for high-resolution surface mapping and texture
detection, ensuring absolute precision in the positioning and actuation of these optical components

is important.

Characterized by electrical polarization in response to mechanical stress, piezoelectric
and ferroelectric materials are crucial for enabling nonlinear optical effects that help generate
light waves at new frequencies [27, 28]. In 1949, lithium tantalate (LiTaOs; LT) was discovered
as a member of a new class of ferroelectric materials adopting the ilmenite crystal structure [29].
Although both perovskites and ilmenites share a general formula of ABOs3, perovskites feature a
cubic arrangement, while ilmenites adopt a rhombohedral structure, which is a subset of the
trigonal crystal system [30]. This is shown in Figure 1. The lack of a center of symmetry in
ilmenites like LT results in a pyroelectric effect, generating electric polarization when subjected

to a temperature change.



(@) (b)

Figure 1. LT unit cell (a) side view and (b) top view. Atoms are colored as follows: Li, green, Ta,
blue; O, red. The thin lines denote the unit cell boundaries.

From the unit cell, the high density of oxygen is one of the most important factors
regarding the ferroelectricity of LT [31]. Figure 1b shows a tightly packed oxygen atom that
allows positively charged lithium and tantalum ions to easily shift from their centrosymmetric
positions, which is essential for generating spontaneous electric polarization. The oxygen atoms,
being highly electronegative, will stabilize the charge distribution within the material. This is an
important aspect in ferroelectricity as LT allows spontaneous polarization to be reversed by an
electric field [32]. For sensing applications, LT is a strong candidate among materials used in
pyroelectric detectors, as it has a high Curie temperature (the temperature at which it loses its

pyroelectric properties) and a high pyroelectric coefficient [33-35].

A variety of synthetic methods have been reported to produce LT. The Double Crucible
Czochralski (DCCZ) method presented by Furukawa et al. [36] uses appropriate proportions of
Tantalum Oxide (Ta20s) and Lithium Carbonate (Li2CO3), which are mixed in a ball mill and

later calcinated at a high temperature of 1000°C for 12 hours. The powder is simultaneously



pressed and heated to 1250°C to obtain coarse LT grains. This powder is fed into the Czochralski
furnace along with Li-rich powder (prepared under the same conditions), and the mixture is
heated to obtain a crack-free crystal of 45 mm in diameter. Although the DCCZ method produces
high-quality crystals, the process is significantly challenging [37] and is not necessary for

sensing applications that require smaller crystal dimensions.

Another synthesis method for stoichiometric LT powder is by a solid-state combustion
route. As the name suggests, solid-state combustion synthesis focuses on the formation of solids
through highly exothermic (heat-releasing) reactions between mixed compounds [38]. Obtaining
pure LT is challenging via conventional solid-state combustion, as it requires a high temperature
of 1250°C and a long heat treatment of 48 hours. Zhu et al. [39] incorporate urea into the
Tantalum Oxide (Ta20s) and Lithium Carbonate (Li2CO3) mixture as a fuel to reduce reaction
time. The reaction times were measured at 500°C, 600°C, 650°C, 700°C, and 800°C. Compared
with a conventional solid-state combustion, the use of urea reduced the calcinating temperature
to 700°C in only 6 hours of heat treatment. However, the Scanning Electron Microscope (SEM)

analysis revealed particle-size inhomogeneity and a mixture of nano-, micro-, and LT flakes.

For the fabrication of nano-sized particles, a wet-chemical synthesis route is better suited.
In 2008, Muthurajan et al. [40] reported the production of LT nano-sized powder at a calcinating
temperature of 450°C for 6 hours. Although the particle morphology was irregular, the powder

had an average particle size of 50 nanometers (nm).

Numerous studies have demonstrated that incorporating various rare-earth dopants into
the LT host yields new optoelectronic properties. Rare earth elements, also known as the
lanthanides, are characterized by the filling of the 4f subshell. The elements in this group possess

orbitals that facilitate unique electronic transitions, enabling the emission and absorption of



specific higher-energy wavelengths [41]. Yang et al. [42] synthesized submicron Erbium (Er**)-

doped LT particles via solid-state combustion, demonstrating Er**-doped LT yields optimal near-
infrared (NIR) emissions. Shi et al. [43] state that Er**-doped LT combines the lasing properties

of Er*" with the nonlinear optical properties of LT. Li et al. [44] demonstrated that co-doping LT
with Praseodymium (Pr*") and Gadolinium (Gd*") led to a significant increase in the

mechanoluminescence and photostimulated luminescence of the material.

This study adopts a wet-chemical synthesis approach to fabricate LT nanoparticles and
focuses on the characterization of their optical and electronic properties, which extend into the
NIR range upon doping and co-doping with Er** and Pr* at varying concentrations. A detailed

account of the synthesis protocols is provided in the Sample Preparation section.

2.2 Hexagonal Boron Nitride for Gas Detection

As previously mentioned, gas sensors are characterized by several performance
parameters, including durability, thermal stability, rapid detection, and quick recovery [24]. Gas
sensing can be classified into two main categories: (1) methods based on electrical variation
upon contact with the gas and (2) those based on other types of physical or chemical variation

[45].

Prominent gas detection methodologies based on physical or chemical changes
encompass optical sensing, acoustic analysis, and gas chromatography. Optical gas-sensing
techniques are diverse and can be configured to detect a wide range of toxic gases [46].
Absorption-based techniques use a light source passing through a gas toward two filters: one
covering the absorption band of the target gas and the other serving as a reference. However, the

limitations of optical gas sensing include high cost, limited wavelength coverage, and reduced



effectiveness in multi-gas detection, which stems from a degrading signal-to-noise ratio [47].
Acoustic sensors operate when a piezoelectric substrate is exposed to a gas, prompting metal
transducers to launch acoustic waves at specific frequencies. The type of wave generated
depends on the crystal orientation and thickness of the piezoelectric material [48]. However, the
primary challenge facing acoustic sensors is their inability to maintain long-term stability during
field testing due to dependence on temperature and humidity [49]. Gas chromatography separates
sample compounds based on their retention in the column [50]. Although highly accurate, it is

expensive and is used for laboratory testing rather than field deployment [45].

Electrical variation-based gas-sensing methodologies primarily utilize employ metal
oxide/metallic nanostructures, conductive polymers, and carbon nanomaterials [51]. An
electrochemical sensor detects gas by measuring the oxidation or reduction current produced
when the target gas reacts with the sensing material [52]. Conductive polymers can be tuned for
electrical conductivity through material doping or chemical structural modification [53]. This
sensing method has shown promise across a wide range of applications, including medicinal
diagnostics [54] and food safety monitoring [55]. However, further improvements in conductive
polymer gas sensors are still needed to enhance gas detection sensitivity and selectivity [56, 57].
Carbon nanomaterials possess high surface-to-volume ratios alongside unique electrical, optical,
and mechanical properties that make them highly desirable for sensing applications [58].
However, fabrication remains a challenge, and research is needed to find cost-effective, scalable
production methods without compromising the properties of carbon nanomaterials [59]. Lastly,
metal oxide semiconductors are the most prominent gas-sensing materials due to their low-cost

and high sensitivity [45]. Major challenges for semiconductor metal oxide gas sensors include



gas selectivity and the trade-off between sensitivity and structural stability, as reducing material

size compromises its structural integrity [60].

With their exceptional durability, robustness, and high-temperature tolerance, ceramic gas
sensors are well-suited for field testing [61, 62]. Traditional ceramics are formed from using raw
materials, most commonly clays [63]. Traditional ceramics exhibit the mechanical properties of
durability and toughness required in sensors, thereby providing sensor longevity and
performance [25]. Advanced ceramics are modern or modified traditional materials engineered
for precise optical and electrical properties while retaining core ceramic characteristics [64]. One
of the measured quantities sensitive to the presence of gases is resistance, in which gas
interaction can trigger a chemical reaction within the material and alter its electrical conductivity
[65]. This transient resistance response shows immediate peak detections proportional to the
target gas concentration. The testing protocol cycles the sensor between clean air and a fixed gas

concentration, facilitating multi-cycle evaluation [62].

Titanium Oxide (TiO2), Zinc Oxide (ZnO), and Tin Oxide (SnO2) are some ceramic
materials used for gas sensing [66]. In addition to stoichiometric TiO2, numerous non-
stoichiometric configurations have been identified, many of which exhibit highly promising gas-
sensing properties [67]. Pure TiO2-based gas sensors exhibit high resistance, leading to poor
sensing performance. Therefore, TiO:z is coupled with semiconducting materials to achieve
increased sensitivity, lower operating temperature, and faster response time [68, 69]. The main
challenge for TiO2-based gas sensors remains the control of stoichiometry and morphology for

pure and doped TiO2[67, 70].

ZnO nanostructures with varying morphologies have been extensively studied for gas

sensing applications due to their high electron mobility, high surface area, and good chemical



and thermal stability [71]. Various ZnO nanostructures enhance selectivity, shorten recovery
time, and provide faster response times [72-75]. However, high operating temperatures remain a

challenge even when coupled with silver (Ag) nanoparticles [76].

Among the ceramics discussed, SnO2 is the most widely used metal oxide in gas-sensing
applications. Its excellent electrical and optical properties and good chemical stability make
SnO: a suitable material [77]. The basic detection principle of SnOz2 is governed by the
adsorption of oxygen species and the resulting depletion layer at the surface. Consequently, it
will alter the conductivity of SnOz2 in proportion to the gas concentration [78]. The operating
temperature of SnO2-based sensors ranges from 25°C to 500°C, depending on the target gas [79].
As with TiOz, the challenge remains the control of stoichiometry and morphology in SnO2-based

SENSOors.

Among these materials, hexagonal boron nitride (4-BN) is a promising candidate for gas-
sensing applications due to its high specific surface area, exceptional thermal stability, and
chemical inertness [80-82]. Although 4#-BN is an insulating ceramic, incorporating a metal can
enhance the catalytic performance of the material, thereby altering the band structure and
improving sensor responsiveness [83-87]. Lin et al. [88] performed density functional theory
(DFT) calculations to evaluate how introducing metal atoms into #-BN vacancies enhances the
catalytic performance of the material. For CO, Ag exhibited a lower binding energy of -1.07 eV
compared to the other investigated metals, indicating weaker adsorption. For gas-sensing
applications, weak adsorption is highly advantageous, as it facilitates gas leaving the system,
thereby promoting faster sensor recovery times and preventing saturation. Furthermore,

nanostructured #-BN would enhance the sensitivity. Feng et al. [89] and Lin et al.[90]
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experimentally demonstrated that #-BN nanostructures show repeatability, fast response and

recovery times, and can operate in harsh conditions.

In this study, we utilize DFT to investigate the electronic structure, dielectric functions, and
optical properties of pure #-BN, defective #-BN, and Ag/h-BN nanocomposite. Furthermore, we
experimentally synthesize and evaluate the electrochemical response of the nanocomposite upon

exposure to CO, thereby assessing its viability as a gas-sensing ceramic material.
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CHAPTER III

COMPUTATIONAL AND EXPERIMENTAL METHODS

3.1 Theoretical Framework

3.1.1 Overview on Density Functional Theory

A fundamental understanding of a material is achieved by analyzing the quantum
behavior of its constituent atoms and molecules, including their energy states and interactions. In
classical mechanics, specifying the position of an object determines its velocity, momentum, and
energy, reflecting the reversible nature of classical processes. Yet, nature is more than that.
Prigogine suggests irreversibility as an illusion caused by a lack of knowledge of the dynamical
nature of the system [91]. Quantum mechanics describes physical systems through a wave
function obtained by the Schrodinger equation [92]. This wave function admits a time-reversible
dynamical interpretation, resembling a classical view [93]. A complete description of the

Schrédinger equation is [94]

[_G_m)zv; +IVe) + 20| = Epo), W

The three terms within the brackets of this equation correspond to the following physical
meaning. The first term represents the kinetic energy operator, describing the motion of
individual electrons. The second term accounts for the interaction between each electron and the

collection of atomic nuclei, typically modeled as an external electrostatic potential that confines

12



the electronic states. The third term describes the interactions between electrons, the Coulomb
repulsion, which couples their motion and gives rise to many-body effects [92, 95, 96].
Schrodinger’s matter waves represent an N-particle system in a 3N-dimensional space, providing
a complete visualization of all couplings; solving the resulting equations has been prohibitively
difficult in many-electron systems [96]. It is possible to address the issue using a self-consistent
field (SCF) approach. The assumption made by Hartree is that the wave function for the second
electron within a two-electron system is independent of the coordinates of the first electron [97-

99].

Y =P (Y1), ..., Yy (r) (2)

Moreover, the Hartree product neglects exchange, relativity, and spin effects. This is
highly important for future discussion. This theory is refined by the concept of exchange energy,
which incorporates the antisymmetry of electrons proposed by Fock [100, 101]. The omission of
antisymmetry allows for an unphysical wavefunction that does not change when particles are
swapped [102]. While Hartree and Fock’s efforts on employing a tractable approximation to the
many-wave function do not go unrecognized, the wavefunction itself does not carry a direct
physical interpretation, yet, when squared, it gives rise to the joint probability distribution for all

N electrons [94].

probability density = [Y(ry, 75, ..., W% = Y, 1o o, W (1, 75, oo, T), 3

A closely related quantity is the density of electrons at a position in space and is given by

[94]

p(T‘) — ZZ 1!’(”1’7"2' ---,TN)l/)*(Tl,Tz, ""rN) (4)
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where the factor of two accounts for the Pauli exclusion principle in spin degeneracy.
According to Hohenberg-Kohn-Sham, all information about the system can be obtained by a
knowledge of the ground-state density. Into this principle, a universal functional is applied to all

electronic systems in the ground state, despite the external potential [103, 104].

Elp] = Ty[p] + f v()p(rdr + EXS[p], ©)

where the quantities of the ground-state energy are as follows, the electron-charge density
is defined as p, the kinetic energies T;[p], and the energy functional for a given potential v(r).
The electron-energy functional incorporates the effects of Pauli exchange, Coulomb repulsion,
and additional correlation contributions beyond the non-interacting kinetic energy [104-106]. By
reformulating the interacting many-electron problem in terms of the electron density and
introducing a non-interacting reference system, the Kohn—Sham formalism provides a practical
and computationally tractable route to determining ground-state properties while retaining the

essential physics of electron interactions. The ground-state energy is redefined as [106]

Elp] = [ v@rp@dr +2 222 grar + Gp] 6)

The first part of the second integral, the classical piece, corresponds to Coulomb energy,

and the second refers to a unique functional of p, where [106]

Glp] = Ts[p]l + Exclp] (7

As previously stated, the functional comprises the kinetic energy of a non-interacting
electron system together with the exchange and correlation energies, E,.[p], of an interacting
system that yields the same electron density p(r). Kohn-Sham theory alone is insufficient to

formulate the functional. The strategy here will be to use an extension of the earlier discussed
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Hartree product, the Hartree-Fock approximation, to where the Hartree product is replaced by a
Slater determinant to enforce antisymmetry and incorporate exchange effects [107], and the
Thomas-Fermi to eliminate the wavefunction entirely and formulate the problem directly in
terms of the electron density, introducing a local approximation to the kinetic energy functional
[108]. Using the local density to approximate the exchange-correlation functional is defined as
the local density approximation (LDA) [109-111]. Among the many functionals, LDA is not as
accurate as its successors involving gradient corrections. This works well for simple metals and
systems with relatively homogeneous densities, but only as it overshoots the number of electron-
electron interactions. The generalized gradient approximation (GGA) uses a more complex and,
therefore, slower set of equations that delivers a greater precision [112]. By accounting for the
local inhomogeneity and rate of change of the electron distribution through the density gradient,
GGA effectively softens the overbinding of molecules and atoms seen in LDA [113]. This makes
GGA functionals, such as the Perdew—Burke—Ernzerhof (PBE) functional, more accurate at
describing the electronic properties of a wider variety of materials, including semiconductors,
oxides, and surfaces. However, like LDA, it also underestimates band gaps and struggles with
strongly correlated systems [114]. To address the issues presented, hybrid functionals, such as
HSEO06, attempt to resolve them by combining GGA and Hartree-Fock (HF) calculations [115,
116]. The inclusion of screened exact exchange in HSE06 significantly improves band-gap
predictions over semi-local DFT functionals while maintaining a reasonable computational cost

[117].

3.1.1.1 Hybrid Functionals (HSE06). In practical implementations of Kohn-Sham DFT,
the exchange-correlation energy is described using approximate functionals. Consequently,

semi-local functionals such as LDA and GGA often underestimate band gaps and cannot
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accurately describe many excited-state properties. One prominent hybrid functional for solids
was proposed by Heyd, Scuseria, and Ernzerhof (HSE) where the correlation energies, E,.[n],

are defined as [117]
Exe [,0] = aEglc-IF'SR +(1- a)E)IC’BE + Eé)BE (8)

Correlates PBE rationale utilizing part of the exact exchange energy proposed by Perdew,

which takes the form [114]
Exclpl = aEf" + (1 — a)ELPP + EZPF 9

where a is the mixing parameter and the HSE formalism, in contrast to Perdew, splits terms into
short- and long-range components. Furthermore, the long-range term contributions are rather too

small to consider, and calculating all Coulomb interactions in a hybrid functional is impractical.

As a result, HSE-type hybrid functionals provide a balanced and reliable description of
electronic structure and are particularly successful in predicting band gaps. Nevertheless, exact
exchange requires summations over all occupied bands and k-points and remains more
computationally intensive than semi-local approaches, thereby demanding substantial high-
performance computing resources [118, 119].

3.1.1.2 Wannier Functions. The free-electron gas has served as the foundational model
for describing electrons in solids, since the electronic states of periodic systems are often
conveniently represented using plane waves. An alternative perspective emphasizes that the
nature of a solid is fundamentally a collection of atoms. Furthermore, it is natural to seek a
description of the electronic structure that begins with atomic-like wave functions [120]. Wannier

functions are spatially localized orbitals centered around atoms or chemical bonds.
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The solution to the Kohn-Sham equations is constructed from the Bloch functions [121]
- R,r)el R 10
lnljnq (T) - \/_N 4 Wn( ’ r)e ( )

where wy,i (1) denotes the Wannier function, which depends on the relative distance of
r — R, the exponential is a pure phase factor, and N is the number of lattice sites. If one should

happen to know the Bloch functions, Wannier functions can be recovered as
wy, (R, 1) =L21/) (r)e iR (11)
n \/N - nq

This localization makes them valuable for analyzing chemical bonding, constructing

tight-binding models, and efficiently interpolating DFT-derived band structures [122].

3.1.1.3 GW Approximation. An alternative approach for calculating electronic band
structures and excitation energies is based on Green's function formalism. Unlike density
functional theory (DFT), which relies on approximate exchange-correlation functionals and is
fundamentally a ground-state theory, Green's function methods provide a framework for
describing electronic excitations in interacting many-body systems. The GW approximation,
based on many-body perturbation theory, improves the DFT electronic structure by replacing the
exchange-correlation potential with a dynamic self-energy that accounts for electron-electron
interactions [123]. Experimentally, the electronic structure and quasiparticle excitation energies
of a material can be investigated using photoemission spectroscopy. By measuring the kinetic
energies of the emitted electrons, their binding energies and quasiparticle energy levels can be

determined. With the one-particle Green’s function,

G (r1,t1;rz,t2,) = —i(yy |T[1/) (7”1,t1)1/ﬂL (rz,tz,)] |l/)0> (12)
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where a time-ordered operator, T, acts on a product of Heisenberg field operators, 1, to yield an
order where time decreases from left to right [124]. This equation originates in the question of
what the amplitude must be for a particle (or hole) at a point 1y to propagate to 5. For this, we
obtain the ground state energy, the one-electron excitation spectrum, and an expectation value of
a one-particle operator within the ground state. In the case of a two-particle system, our Green
function would be defined as [125]

G(1,2,3,4) = —i X =i{iho| T (DP T (29T (D)][o) (13)
where the numerical labels G(1,2,3,4) are shorthand for the full set of space, time, and spin
coordinates associated with the field operators. The equation of motion for G generates higher-

order Green’s functions; to make it feasible, we use the Dyson equation [126]

G=GO+GozG (14)

where G, is a direct propagation from two points without exchange-correlation interactions, and
the latter accounts for all possible exchange-correlation interactions from those two points.
Similar Dyson-like equations exist for higher-order propagators like the Bethe-Salpeter equation,

which is related to the two-body Green’s function [127].

TN
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Figure 2: Dyson Equation representation of interacting Green's function. Note. Reprinted from
[128].

Figure 2 shows a Feynman diagram interpretation of the foundational Dyson equation.

The double line represents the probability amplitude of a particle (or hole) traveling from point
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7, to propagate to 7, as it interacts with its surrounding electronic environment; this is known as
the interacting Green’s function. This full propagator is mathematically composed of a non-
interacting Green’s function (the single line) bare trajectory of a particle moving between those
two points completely alone, plus a self-energy building block Z, that neatly condenses all

complex correlation energies and many-body Coulomb collisions into a single, unified operator.

Because all the interaction effects are contained in the summation, GW, in a quantum

fashion, uses four Dyson-like equations derived by Hedin to express the self-energy [129].

Z =iGW (15)

In practice, the formal structure of the GW approximation must be translated into a
computational framework suitable for realistic materials. The self-energy is evaluated generally
in reciprocal space and the frequency domain. Quasiparticle energies are obtained by
perturbatively correcting the Kohn—Sham eigenvalues via a matrix element of the difference
between the GW self-energy and the exchange—correlation potential [130]. Through this
procedure, GW provides corrected band structures and excitation energies that explain many-
body exchange—correlation effects beyond mean-field theory.

3.1.1.4 Bethe-Salpeter Equation (BSE). The Bethe—Salpeter Equation (BSE) can be
viewed as a Dyson-like equation formulated for higher-order propagators. Whereas the Dyson
equation relates the interacting and non-interacting one-particle Green’s functions through the
self-energy, the BSE introduces a two-particle correlation function, something like Eq. 11, which

is defined as [131]

G(1,2,1',2") = (N,0|T[y (DY) 2Dyt (DI|N,0) (16)
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Governing the correlated propagation of electron—hole pairs [132]. The motion of the

two-particle Green’s function obeys the BSE [131]
L(1,2;1,2") =G(1,2")G(2,1") + f G(1,3)G(3,1)K(3,4";3',4)L(4,2;4,2")d(3,3',4,4") (17)

where L(1,2;1',2")is the two-particle correlation function, and K (3,4'; 3/, 4) is an electron-hole
interaction kernel. This kernel plays a role analogous to the self-energy in the one-particle Dyson
equation, but now at the level of two-body correlations. Consequently, the BSE incorporates
excitonic effects and yields an accurate description of neutral excitations and optical response in

interacting many-body systems.

Excitonic levels
from poles of BSE
7,
Conduction N+1 N-1 N \_/
bands A
GW L Interacting
corrected ! electron hole
gap Optlcal pair
! gap
R PR
Valence
bands
DFT GW BSE
Neutral excitations as a Neutral excitations as a Real two-body propagator
combination of single. combination of single. and many-body problem.
X Wrong band structure v GW corrected band v GW corrected band
structure structure
X Noninteracting electron- X Noninteracting electron- V' Interacting electron-
hole pair hole pair hole pair

Figure 3: Optical spectra comparison between DFT, GW, and BSE. Note: Reprinted from
“Bethe-Salpeter equation in ABINIT,” by ABINIT Group, 2026, ABINIT Documentation.
https://docs.abinit.org/theory/bse/.

Figure 3 illustrates the conceptual differences between DFT, GW, and BSE. In standard
DFT, the electronic structure is described using Kohn—Sham single-particle energies, which often

underestimate the band gap. The GW approximation improves upon DFT by replacing the
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exchange—correlation potential with a quasiparticle self-energy that accounts for the screened
Coulomb interaction between an added electron or hole and the surrounding electrons. This
generally provides more accurate quasiparticle band gaps. Using these corrected GW energies, the
Bethe—Salpeter equation (BSE) accounts for electron—-hole interactions to describe excitonic

effects and calculate optical excitation spectra.

3.1.2 Quantum Theory of Atoms in Molecules (QTAIM)

Through the Hohenberg-Kohn formalism, the total energy of a system is treated as a
functional of its electron density, as previously established in the DFT subsection. Within this
framework, Riess and Miinch [133] provide a generalized parametrization of atomic near-
transferability across different systems using a subdomain approach .The theory of atoms in
molecules is based on generalizing a subsystem to the total system [134]. In other words, “are
there atoms in molecules?”” The generalization of a subsystem to the total system is only possible

if [134]

Vpfi=0 (18)

where the subsystem is bounded by a surface (1 is the unit vector normal to the surface) through
which the flux in the gradient vector field of the charge density, Vp, is equal to zero. Thus, these
gradient paths will render the interatomic surface boundary [135]. The Quantum Theory of
Atoms in Molecules (QTAIM) uses topological analysis based on gradient paths to define
chemical bonds, predict their multiplicity, and determine the boundaries of atoms within

molecules [136].

QTAIM can be used to characterize the nature of a chemical bond via the adimensional

ratio (|V},|/Gp) at the bond critical point b, where V and G are the potential and the definite
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kinetic energies, respectively [137]. Espinosa et al. [138] stated that for ||V}, |/G,>2 the

interaction between two atoms is of a shared shell (i.e., covalent bonding), whereas for

|Vy|/Gp>1 is of a closed shell.

3.1.3 Electron Localization Function (ELF) analysis

The Electron Localization Function (ELF) is used to understand and visualize the
atomic shell structure, especially the pair electron localization [139]. It was originally described
by Becke and Edgecombe [140] as n(¥) = 1/(1 + x(#)?), where y(#) is the ELF kernel and 0 <
n(7) < 1. The case of n(#) = 1 corresponds to perfect localization, whereas n(#) = 0.5 is the

ELF for the electron gas.

In chemical bonding analysis, ELF provides a real-space description of how electrons are
localized around atoms and between bonded atoms. High ELF values are typically associated with
localized electron pairs, such as lone pairs, core electrons, or covalent bonding regions. In contrast,
low ELF values indicate delocalized or depleted electron-density regions. Therefore, ELF is
particularly useful for distinguishing between different bonding environments, including covalent,
ionic, and metallic-like interactions. When combined with QTAIM analysis, ELF offers a more
complete interpretation of bonding, charge localization, and the role of dopant atoms in modifying

the electronic structure of the material.

3.2 Computational Modeling

3.2.1 Vienna Ab initio Simulation Package code

As DFT has become a powerful and widely used tool for studying material properties, a

robust range of codes has emerged, including CASTEP, Quantum Espresso, Vienna Ab initio
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Simulation Package (VASP), CRYSTAL, and Gaussian. Firstly, developed in 1986, CASTEP
uses the plane-wave pseudopotential method to describe the behavior of electrons and nuclei in
any situation [141]. The plane-wave pseudopotential method expands valence-electron
wavefunctions in a simple plane-wave basis set while replacing the strong ionic potential and
tightly bound core electrons with a smoother pseudopotential [142]. This approach reduces the
number of basic functions needed, making DFT calculations efficient while retaining most of its
accuracy regarding electron behavior. Furthermore, CASTEP offers a direct method for
measuring physical properties such as structure, vibrations, and spectra. In contrast, experiments
use indirect methods (x-ray or electron diffraction, neutron scattering) or probes (STM and

AFM, ion scattering) to study such properties [143, 144].

Quantum Espresso is an open-source DFT code that owes its popularity to its
numerous features regarding electronic-structure simulations [145, 146]. Furthermore, Quantum
Espresso is more learner-friendly than the other software presented. However, Quantum
Espresso has lagged in code development and requires immediate attention to maintain its large

user base.

VASP is the most popular plane-wave pseudopotential method due to its high accuracy
and excellent performance on high-performance computing clusters. The accuracy of DFT
calculations depends on the choice of exchange-correlation functional [147]. VASP uses LDA
for basic calculations, where, in the limit of uniform density, the exchange-correlation energy
equals the exact energy of the uniform electron gas at that density. GGA 1is best for bulk
materials and standard calculations. Accurate band gaps and systems with localized electrons are
best for hybrid functionals. The VASP calculations presented here use GGA with the PBE

functional for the band structure and density of states (DOS). This was also obtained using the
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HSEO06 hybrid functional. The kinetic energy cutoff for all calculations is 600 eV, which ensures

the integrity of our results. The energy convergence criteria were set at 10° eV, and the geometry

optimization criteria at 10 eV/A per atom.
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Figure 4: VASP-code schematic
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3.3 Nano Powder Characterization

The following section examines the primary analytical instrumentation utilized for material
characterization, with an emphasis on Thermogravimetric Analysis (TGA), X-Ray Diffraction

(XRD), and Scanning Electron Microscopy (SEM).

3.3.1 Thermogravimetric Analyzer (TGA)

The thermogravimetric analysis was performed using the TA Instruments SDT Q600
TGA/DSC. The furnace features a horizontal dual-beam design that supports both a sample and a
reference cup. The ceramic beams contain embedded thermocouples to measure sample,
reference, and differential temperatures over the range from ambient to 1,500°C. The system
uses a horizontal purge gas flow through the furnace and across the sample and can detect weight
changes as small as 0.1 pg with a temperature sensitivity of 0.001°C. The TGA is used to study

temperature-induced phenomena such as phase transitions and combustion.

Figure 5: TA Instruments SDT Q600 TGA/DSC
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For pure LT and its dopant configurations, all tests were performed in ambient air without
additional purge gases, with a sample mass of 12 mg and a heating rate of 20.0°C/min from
ambient temperature to 1100.00°C. For pure BN and the BN-Ag composites, tests were
conducted either in ambient air or argon with a flow rate of 100 ml/min, with a sample mass of

12 mg and a heating rate of 20.0°C/min from room temperature to 1000.00°C.

3.3.2 X-Ray Diffraction (XRD)

XRD is an experimental characterization technique that determines the atomic and
molecular structure of a crystalline material by analyzing the diffraction patterns produced when
X-rays interact with the material [148]. The geometrical interpretation of XRD follows Bragg’s

law [149]
nl = 2dsinf (19)

n denotes the integer order of reflection, A is the wavelength of the incident radiation, d
represents the interplanar spacing of the scattering lattice planes, and 0 is the angle of incidence.

An X-Ray diffractogram displays characterization peaks coherent with Scherrer’s equation [150]

S K
~ Bcosb

(20)

where D is the crystallite size, K is the dimensionless shape factor, 4 is the wavelength of the
incident X-rays, 8 the position of the XRD peak in radians, and 6 the Bragg angle. All XRD
analyses were performed using the Bruker D-2 Phaser. Data were collected with an angular step
size of 0.02°, and the samples were rotated at 15 rpm during measurement to enhance particle

statistics and improve signal averaging.
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Figure 6: Bruker D2 Phaser 2nd Gen X-ray powder diffractometer

3.3.3 Scanning Electron Microscope (SEM)

The particle size distribution and surface morphology of the nanoparticles were
characterized using Scanning Electron Microscopy (SEM). This technique provides high-
resolution imaging of surface morphology at the nanoscale using a focused electron beam. The
microscope is equipped with a motorized specimen stage to enable precise sample positioning
and controlled imaging conditions. SEM analyses were performed using a JEOL JSM-7100F
microscope; measurements were conducted at accelerating voltages typically ranging from 5 to
30 kV. Depending on the conductivity and dimensions of the sample. When necessary, samples

were sputter-coated with gold using the JEOL Smart coater.
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Figure 7: (a) JEOL JSM-7100F scanning electron microscope and (b) JEOL Smart coater

3.4 Additional Laboratory Equipment

This section provides a general overview of the additional laboratory equipment used in

the experiments.

3.4.1 High-Energy Ball Mill

For powders of the materials to be mixed, a high-energy mill is used to vigorously shake
the vial, colliding the powder mixture with the balls inside. Some parameters that have an effect

on the powder, such as the type of grinding medium, milling time, type of mill, etc. [151]
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Figure 8: High Energy 3D Ball Mill- MSK-SFM-3

The MSK-SFM-3 ball mill was used for mixing the wet media during sample preparation.
As shown in Figure 8, the jar is supported by a disk that allows the media to shake and rotate at
high frequencies. To minimize contamination, zirconium oxide balls were used as the milling
media due to their high abrasion resistance [152]. A 4:1 ball-to-powder ratio (BPR) was used as
only small-batch samples were prepared. The total milling time per mixing media is 5 minutes,
as longer milling times will lead to undesirable phases and agglomeration due to temperature

effects [153].

3.4.2 Hydrothermal Autoclave Reactor

Hydrothermal autoclave reactors are engineered to facilitate hydrothermal and
solvothermal reactions under conditions of elevated pressure and temperature. The term

"hydrothermal" specifically refers to the behavior of aqueous solutions under these extreme
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parameters [154]. This synthesis method allows for precise control over a wide range of
morphologies, enabling the chemical functionalization of desirable properties within 2D
materials [155]. In this study, specifically through coupling with Ag to produce a nanocomposite.
As illustrated in Figure 9, the autoclave assembly consists of two primary components: an outer

high-quality stainless-steel jacket and an inner Polytetrafluoroethylene (PTFE) liner.

For Ag/h-BN nanocomposite synthesis, the hydrothermal autoclave reactor was set to a

safe operating temperature of 160°C.

Figure 9: Hydrothermal Autoclave reactor (a) stainless-steel jacket and (b) PTFE vessel.

3.4.3 OSSILA Four- Probe Machine

The sheet resistance of the pellet was measured using the four-point probe method with
an OSSILA four-point probe system, as displayed in Figure 10. This method was chosen to
monitor changes in electrical resistance as an indicator of chemically resistive reactions in

response to exposure of the BN/Ag pellet to gas.
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Figure 10: OSSILA four- probe machine

3.4.4 Spark Plasma Sintering (SPS) Machine

Spark Plasma Sintering (SPS) rapidly consolidates powder using direct electrical current
under low atmospheric pressure. SPS enhances the mechanical, thermal, and electrical properties
of the powder [156]. To minimize porosity, prevent oxidation, and maximize mechanical
strength, the #-BN-30wt.% Ag powder was consolidated via spark plasma sintering at 700°C and

50 MPa under a nitrogen atmosphere.
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Figure 11: Spark Plasma Sintering System

32



CHAPTER IV

UNDOPED AND ER-DOPED LITHIUM TANTALATE

This chapter presents a comprehensive computational and experimental study of undoped
and Er**-doped LT. The theoretical parametrization, material synthesis, and key findings are

discussed in detail. The data presented here have been previously published in [157].

4.1 Calculation Parameters

The following discussion outlines the specific parameters used to simulate the electronic
structures and optical response functions for pure LT and Er**-doped LT.
4.1.1 Supercell modeling

Figure 12 shows the DFT-optimized LT 2x2x1 supercell in a triclinic form (space group
R3c) with 24 Li, 24 Ta, and 72 O atoms (120 atoms in total). Each Li and Ta atom is coordinated
with six oxygens in an octahedral symmetry. This supercell is used for both the LT and 4.167 %

Er**-doped LT configurations.
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(b)

Figure 12: (a) The side view of the LiTaOs3 (LT) optimized 2 %2 x1 supercell and (b) its top view.
Atoms are colored as follows: Li, green; Ta, blue; O, red. The thin lines denote the unit cell
boundaries. Note. Reprinted from [157].

4.1.2 Density Functional Theory Parameters

DFT electronic structure calculations, optimal geometries, and the dielectric functions were
obtained for the LT host and its Er’**-doped counterparts using the periodic code VASP and the
projector augmented-wave (PAW) pseudopotentials. The Kohn-Sham equations were solved with
the GGA PBE functional and the HSE06 hybrid functional to obtain the corrected band structure

and DOS.

The kinetic energy cutoff for all calculations is 600 eV, which ensures the integrity of our
results. The energy convergence criteria were set at 10 eV, and the geometry optimization criteria

at 10 eV/A per atom. The Brillouin zone was sampled using the I'-centered 6xX6x6 grid.
4.2 Sample Preparation

4.2.1 Tantalum Oxide (Taz0s) preparation
Commercially sold Tantalum Oxide (Ta20s) consists of a heterogeneous mixture of
micro- and nanometer-sized particles. To improve sample homogeneity, TaxOs was converted via

chemical precipitation to obtain particles predominantly in the nanometer size range. This top-

down process is described in Ref. [158], where Ta2Os is first dissolved in an HF solution to form
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Tantalum Fluoride (TaF). This is later neutralized, leading to the precipitation of tantalum oxide

precursors that, upon washing and drying, yield nanoscale Ta2Os particles.
Ta,05 + 10 HF - 2TaFs + 5H,0 (21)
2TaFs + 10NH,OH - Ta,05 + 5H,0 + 10NH,F (22)

In this method, a single batch consists of 0.28 g of Ta2Os dissolved in 5 mL of 48% HF in
a water bath at 75°C for 8 hours. Afterward, it was neutralized by a 30% solution of Ammonium
Hydroxide (NH4OH), washed three times with deionized water, centrifuged, and dried at 100°C
for 12 hours. The powder characterization of Ta2Os nanoparticles is discussed later in this

chapter.

4.2.2 Pure and Erbium-doped Lithium Tantalate (LT) preparation

To synthesize pure and Er**-doped LT nanoparticles, the prepared Ta20s nanoparticles
were mixed with a stochiometric amount of lithium hydroxide (LiOH) and varying

concentrations (0.5—-10 mol.%) of erbium oxide (Er203).
pure LT — Ta,05 + 2LiOH — 2LiTa0O; + H,0 (23)
Er — doped LT — LiTaO; + (0.5 — 10 mol. %)Er,05 — LiTaO; — (0.5 — 10 mol. %)Er (24)

For pure LT, 0.55 g of Ta2Os and 0.057g of LiOH are mixed in acetone with zirconia balls

in a high-energy ball mill for 5 minutes. The resulting mixture was subsequently air-dried and

then heat-treated in an oven at 650°C for 4 hours.

For a 0.5g mixture in the 0.5 mol% Er**-doped LT case, 0.449 g of Ta20s, 0.049 g of
LiOH, and 0.002 g of Er203 are mixed in acetone with zirconia balls in a high-energy ball mill

for 5 minutes. The resulting mixture was subsequently air-dried and then heat-treated in an oven
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at 650°C for 4 hours. For all doping configurations, the required dopant concentrations were
adjusted accordingly.
4.3 Results and Discussion
4.3.1 Tantalum Oxide powder characterization
As previously noted, commercially available Tantalum Oxide (Ta20s) consists of a
heterogeneous mixture of micro- and nanometer-sized particles. SEM and XRD characterizations

were conducted to verify the total conversion of the Ta2Os precursor and the uniformity of the

resulting nanostructure.
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Figure 13:Top. SEM analysis of (a) commercially sold Ta:0s and (c) transformed Ta20s
nanoparticles. Bottom. XRD analysis of (b) commercially sold Ta20s and (d) transformed Ta>Os
nanoparticles.
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Figure 13 (left) illustrates the XRD peaks of the as-received Ta20Os and their
corresponding SEM images. The powder exhibits a predominantly micron-sized morphology and
distinctive characterization peaks corresponding to well-crystallized powder. Figure 13 (right)
depicts a significant reduction in scale, with an average particle size below 100 nm. The XRD
analysis of the transformed Ta2Os shows a higher peak count and an amorphous hump,
confirming a reduction in crystallite size and successful nanoparticle synthesis.

4.3.2 DSC/TGA analysis

The DSC/TGA thermogram is a graphical representation of the decomposition of a
material as temperature changes over time. Thermal events appear in the thermogram as a series
of peaks corresponding to energy release (exothermic processes) and troughs corresponding to
energy absorption (endothermic processes). The interplay of these thermal phenomena offers

insight into the material’s structural characteristics and stability.
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Figure 14: DSC/TGA analysis of (a) pure LiOH- Ta20s and b) LiOH- Ta20s-3 mol% Er203.
Note. Reprinted from [157].

For pure LT, Figure 14a displays a slight endothermic event accompanied by a weight
loss of 9.7%, attributed to the evaporation of remnant solvents and water from the transformed
Ta20s. An initial exothermic reaction of 132.5 J/g occurs at 548°C with a corresponding weight
loss of 1.24 %, which is attributed to the reaction between LiOH and Ta2Os. This result is

significant, as it indicates that LT formation can be achieved at temperatures as low as 650°C.
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Recrystallization is a thermally induced process in which the emergence of strain-free grains

replaces deformed grains without altering the chemical composition of the material. This

transformation is driven by a reduction in the internal energy of a material and is often

accompanied by a rejection/release of heat from the material, which occurs around 790°C.

For LT-3 mol% Er**-doped, Figure 8b shows an endothermic reaction with a

corresponding weight loss of 6.9%. An initial exothermic reaction of 121.9 J/g occurs at a

reduced temperature of 524°C, with a corresponding weight loss of 0.46%, followed by

recrystallization at 796°C. Overall, both DSC analyses indicate that the addition of Er** does not

alter the thermal behavior of the material and that all LT compositions can be annealed at 650°C.

4.3.3 XRD and SEM analysis of Pure and Erbium-doped Lithium Tantalate
One of the primary objectives is to obtain LT nanoparticles; accordingly, XRD and SEM

analyses were conducted to study the morphology and crystallographic structure of the prepared

material.
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Figure 15: XRD analysis of (a) pure LT and (b, c, d) various configurations of Er**-doped LT

and (e) SEM analysis of 3 mol.% Er’*-LT. Note. Reprinted from [157].

39



Figure 15 (left) shows the XRD peaks for LT and for erbium-doped samples at three
concentrations (0.5, 3, and 10 mol%). At higher Er** concentrations, additional peaks
corresponding to Er203 appear around 20 = 30°, indicating the presence of excess Er20s.
Nevertheless, erbium incorporation does not significantly alter the overall crystallographic
structure of LT, regardless of whether Er*" occupies lithium or tantalum lattice sites. Figure 15
(right) further confirms that the resulting material retains its nanoscale morphology.

4.3.4 Pure and Er**-doped LT band structure and DOS

In the previous chapter, the discussion primarily focused on how to calculate electronic
band structures and obtain their corresponding/corrected band gaps through different codes.
Moreover, it is also important to provide a brief overview of the fundamental concepts
underlying electronic band structures, as they form the basis for understanding the electronic

properties of materials.

A solid might be thought of as a compilation of independent atoms brought together and
bonded to form the ordered arrangement that a crystal lattice carries. At large distances, each
atom behaves as an isolated system with discrete energy levels. However, as atoms get closer,
electrons are perturbed by the periodic potential of their neighboring atoms. From the standpoint
of the Schrodinger equation, this perturbation can cause the discrete atomic states to potentially
split and broaden into a continuum of allowed energies. As previously mentioned, in the Kohn-
Sham framework, this effect is captured by the effective periodic potential and solved in terms of
Bloch functions, where the atomic orbitals evolve into energy bands. The lower-energy bonding
states become occupied, forming the valence band, while higher-energy, unoccupied states form

the conduction band [159]. The energy difference between the highest occupied and lowest
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unoccupied molecular orbital defines the band gap, which is key when determining the electrical

conductivity of a material . Implementing dopants serves to reduce the bandgap.
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Figure 16: Electronic band structure with orbital projections using the Brillouin zone path and
the corresponding total and projected DOS per orbital using the PBE calculations for all
configurations of LT. (a) LT, (b) LT: Er** (4.167% Er*") with Er to substitute Li, and (c) with
Er3* to substitute Ta. (d), (e), and (f) show the corresponding HSE06 calculations for (a), (b),
and (c), respectively. Note. Reprinted from [157]. In this dissertation, the ion notation is written
as X*" to be consistent with standard chemical notation, whereas the original published figure
used X*.

41



Figure 16 presents the calculated electronic band structure and density of states (DOS)
for LT and Er**-doped LT using both the GGA and HSE06 (hybrid) functionals. For pure LT,
both calculations show similar profiles with lithium-derived states primarily contributing to the
valence band and tantalum-derived states dominating the conduction band. However, the hybrid

functional yields a significantly larger band gap of 5.11 eV than the 3.70 eV obtained with GGA.

The density of states (DOS) describes the number of available electronic states at each
energy level and provides the true electronic structure of a material [160]. For pure LT, the DOS
indicates that the O-p orbitals dominate at the valence band top, whereas the conduction band is
dominated by Ta-pd orbitals. The small overlap between Li and O orbitals, compared to the
stronger Ta—O hybridization, suggests that Li—O bonds are weaker than Ta—O bonds. This is

consistent with the larger Li—O interatomic distances relative to those of Ta-O.

For both LT: Er** configurations using GGA, the DOS and band structure reveal Er’**-4f
bands near the Fermi level. When Er’* replaces a Li site, the Er**-4f bands span approximately
0.2 eV, with an associated band gap of 3.42 eV. In contrast, hybrid functional calculations show a
clear splitting of these f-states, which shift away from the Fermi level and appear at lower
energies between -0.8 eV and -1.95 eV. As well as an unoccupied band around 3.8 eV. When Er**
replaces a Ta site, the Er’*-4f bands span the valence band top, with an associated band gap of

3.05 eV. In contrast, hybrid functional calculations show a clear splitting of these f-states at 1.76

eV, -2.83 eV, and -4.38 eV relative to the Fermi energy.

4.3.5 Pure LT and Er3+-d0ped optical properties

The ultimate basis for understanding the dielectric behavior lies in the electrical nature of

matter. The main effect of incoming light is to make electrons oscillate where their response is
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caused by the neighboring electrons within a lattice. This is explained by the frequency-

dependent dielectric function [161]
¢(w) = &(w) +ig(w) (22)

Where eg(w) and ¢&;(w) are its real and imaginary parts, respectively, and w is the
photon energy. This stems from a formulation of Maxwell's equations that describes not only the
interaction of light with solids but also tracks the interactions between electrons and phonons
[126]. External charges control the system, while internal charges respond. In the presence of an
external field, Coulomb forces rearrange charges within a material in an attempt to achieve

electrostatic equilibrium [162]
E(r)= p(r)=0 (23)

where in a perfect conductor, the electric field and charge density vanish everywhere in the

interior. The total charge density has two components [163]:
,D(T) = Pext T Ppol (24)

A spatially varying polarization, p,,;, defined by the internal current that flows due to the

external charges, p,,:. This changes Gauss’s law to [163]
V-E(r,t) =4mp(r,t) = AT [Pexc (1, £) — ppol(rw t)]
The rearrangement of terms defines the electric displacement as

D=E+4nP = ¢E (25)
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Where ¢ is the dielectric constant, a constant of proportionality between displacement and
dielectric fields, which gives rise to the frequency-dependent dielectric function. The refractive

index, n, and the extinction coefficient, k, are closely related to the dielectric function [164].

1
+ [e + €712
n(w) = er(w) E—'R &l (26)
1
—& + |eg + €
The reflectivity depends on both 7 and k& and is given by [165]
n—1)% + k?
= (; (28)
(n+1)2 + k2

Building on this framework, we have investigated the microscopic origins of optical
phenomena that arise as light travels through solid materials. Experimentally measurable
quantities, such as the optical absorption coefficient and the imaginary part of the dielectric
function, can be used to determine the dispersion of a material and the real part of the dielectric

function through the Kramers—Kronig relations [166].

Figure 17 shows the optical properties are calculated using GGA for LT and Er**-doped
LT with Er** substituting Li and Ta atoms. Figure 10a. denotes &, for all configurations of LT and
their corresponding transitions from the valence to the conduction bands. For pure LT, the onset
value is 3.6 eV, which corresponds to the electronic bandgap shown in Figure 16a. The dielectric

constant (£(0)), which is related to an integral overall dissipative process, is 4.9. Pure LT has a
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refractive index n(0) of 2.24 and a reflectivity of 15%. All values increase with the

implementation of Er** atoms.
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Figure 17: a) The imaginary part of dielectric functions e1 for LT and its Er** doped
counterparts for Er substituting Li (Er’* — Li) and Ta (Er’* — Ta), and b) the real part e, c)
the refractive index n, and d) the reflectivity R. Note. Reprinted from [157]. In this dissertation,
the ion notation is written as X" to be consistent with standard chemical notation, whereas the

original published figure used X*.

In both cases, the imaginary part of the dielectric function for Er**-doped LT exhibits
distinct peak characteristics within the fundamental bandgap region. These spectral features
correspond to electronic transitions within the Er** 4f manifold (intraband f-f transitions) and to
interband transitions involving Er’* 4f orbitals with states at the valence band maximum and
conduction band minimum, consistent with previous findings. Intraband transitions within the
same band, as for transitions from the valence to the conduction band, are referred to as

interband transitions. Furthermore, for Er** substituting at the Li site, the DOS shown in Figure
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16b indicates the presence of additional vacancies, leading to higher values of the optical

coefficients.

The dielectric constant of the doped configurations is higher than that of pure LT,
supporting the conclusion that Er**-doped LT is a superior dielectric material. The refractive
index and reflectivity of Er**-doped LT are larger than those of pure LT for energies below

approximately 0.9 eV, which correspond to infrared and longer wavelengths.
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Figure 18: The DFT calculated Er3*-4 f DOS using the HSE06 functional for Er’*- doped LT
when (left) Er substitutes a Li site and (right) at a Ta site. Note. Reprinted from [157].

Figure 18. shows DFT calculated Er**-4 f DOS using the HSE06 functional for Er**-
doped LT when (left) Er**substitutes a Li site and (right) at a Ta site. The HSE06 reveals that
both doping configurations feature Er**-4f states spanning above and below the Fermi level,
indicating that they are partially filled. In the case of LT: Er**, when Er*" replaces a Li site,
minor hybridization of the Er-4f with the host conduction band occurs due to the splitting of

these f-bands about -0.8 eV, -1.95 eV, and 3.80 eV relative to the Fermi level. The significant
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mixing of the Er’*-4f states is from the LT: Er** configuration when Er** replaces a Ta site. The
broadening of the Er**-4f states below the Fermi energy agrees with the broadening of the
imaginary part of the dielectric function, which allows for more f—f transitions to occur. The
identified Er** f-f transitions from the HSE06 calculations correspond to the following
wavelengths: 559 nm, 668 nm, and 1462 nm.
4.3.6 Pure and Erbium-doped photoluminescence analysis

Intuitively, physically recognizable effects are the consequence of a series of interacting
microscopic events. To experimentally study the electronic excitation of a material, one performs
photoemission analysis. Based on the previously calculated dielectric coefficients, Er**-doped LT

is classified as a superior dielectric and is expected to be active at infrared wavelengths.

— LT:0.5% mole Er,0,
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Figure 19: (a) The fluorescence emission spectra for LT: Er’* under 0.5, 3, and 10 mol% of
Er203 with the Er’* transition assignments in the visible region and (b) the near IR. Note.
Reprinted from [157].
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As shown in Figure 19, the 3 mol% Er**-doped LT configuration exhibited the strongest
photoluminescence emissions at 521-540 nm, 540-566 nm, and 645-689 nm, all of which fall
within the visible spectrum. In contrast, within the 1454—1462 nm infrared region, the 0.5 mol%
Er**-doped LT configuration exhibited slightly higher emission intensities than the 3 mol% Er**-
doped LT configuration. The 10 mol% Er**-doped LT configuration shows weak emission in the
visible and infrared regions compared with other doping configurations due to concentration
quenching, in which rare-earth luminescence decreases with increasing dopant concentration

[167-169]. Lastly, our computational and experimental results agree.

All these peaks are assigned to Er** f-f transitions. Neutral erbium has an electronic
configuration of [Xe]4f '26s 2, and Er** has an electron configuration of [Xe]4f !! as it loses three
electrons. With 11 electrons within the 4f subshell and an angular momentum quantum number
(1) assignment of 3, each f-electron can have a magnetic quantum number (mi) assignment of the
following: -3, -2, -1, 0, 1, 2, and 3. In accordance with Hund’s rules, which help determine the
total spin (S), total spatial angular quantum momentum (L), and the total angular momentum of
the ground state (J), the first and second postulates state that among the many-electron states
arising from the same configuration, the ground state will have the largest total spin. Thus, the
ground state must be the one with the highest angular momentum quantum number for this to be

true [170].

Furthermore, to maximize L, mi is maximized when mi assignments 1, 2, and 3 are
summed together to a value of L = 6, corresponding to a state I. As previously mentioned, Er**
has an electron configuration of [Xe]4f'' and has three unpaired electrons. Moreover, the shell is

more than half full, so the ground state is represented as J = L + S. With an L of 6 and an S value
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of 3/2 (three unpaired electrons), then J is equivalent to 15/2. Lastly, the spectroscopic notation

for the initial “I15/2 state serves as the starting point for these electronic excitations.
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CHAPTER V

Pr**/Er**-CO-DOPED LITHIUM TANTALATE

This chapter presents a comprehensive computational and experimental study of Pr**-
and Pr’"/Er**-co-doped LT. The theoretical parametrization, material synthesis, and key findings

are discussed in detail. The data presented here have been previously published in [171].

5.1 Calculation Parameters

5.1.1 Supercell modeling
The supercell in Figure 20 shows the DFT-optimized LT 2x2x1 supercell in a triclinic

form (space group R3c) with 24 Li, 24 Ta, and 72 O atoms (120 atoms in total). In the doped
configurations, the Er’" and Pr** atoms occupy either the Li or the Ta site, whereas, for the
Pr**/Er**-co-doped configuration, both dopants occupy Li sites. The supercells were optimized

using the lanthanides’ 4f orbitals in the core.
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LT LT: 4.167% Er*3, 4.167% Pr*? (Er3, Pr3-Li)

Figure 20: Left. The LiTaOs3 (LT) unit cell. Right. The 2x2x1 supercell of the LT: 4.167% Er’",
4.167% Pr3* with Pr’*and Er’*at the Li site (Er’*, Pr’*— Li). Atoms are colors as follows: Li,
green; Ta, blue; Pr3*, yellow,; Er**, magenta, O, red. The thin black lines denote the supercell

boundaries. Note. Reprinted from [171]. In this dissertation, the ion notation is written as X** to
be consistent with standard chemical notation, whereas the original published figure used X*.

5.1.2 Computational Parameters

DFT electronic structure calculations, optimal geometries, and the dielectric functions were
obtained for the LT host and its Er**- and Pr**-doped and co-doped counterparts using the periodic
code VASP and the projector augmented-wave (PAW) pseudopotentials. The Kohn-Sham
equations were solved using the PBE functional within GGA and the HSE06 hybrid functional to

obtain the corrected band structure and DOS.

The kinetic energy cutoff for all calculations is 600 eV, which ensures the integrity of our
results. The energy convergence criteria were set at 10 eV, and the geometry optimization criteria
at 10* eV/A per atom. The Brillouin zone was sampled using the I'-centered 6xX6x6 grid. QTAIM
and ELF are calculated using the Critic2 code, which reads VASP output. Figure 21a. shows the
QTAIM molecular graph for the LT:4.176% Er**, 4.176% Pr**, which is a collection of density
trajectories originating at the (3, -1) bond critical points and connecting the electron density critical

point maxima (3, -3) with other maxima. Figure 21b. shows the negative of the Laplacian of the
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electron density at the (001) plane at the Pr** c-axis location, and Figure 21c. shows the contour
plot of electron density along the plane defined by Er** and two nearby O atoms, as well as the
atomic basins and the trajectories. The atomic basins are regions of space traversed by density and

bounded by zero-flux surfaces.
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Figure 21 (a) The molecular graph of the electron density for the optimized LT-4.176% Er’*,
4.176% Pr3* supercell using VMD and critic2. Only the (3, -1) bond critical points are shown.
Atoms are colors as follows: Ta, blue; O, red; Li, green; Er’*, purple; Pr’*, orange. Small gray
spheres show bond critical points. (b) The negative of the Laplacian of the electron density
—V2p(¥) at the (0 0 1) plane, which includes the Pr’* atom, whereas the remaining peaks are
from oxygens generated via AIM-UC. (c) The contour plot of the electron density along the plane
defined by Er’* and two nearby O atoms. Blue and gray circles represent (3, +3) and (3, -1)
critical points, respectively. The trajectories are blue and red for the Er’* and O basins,
respectively. Note. Reprinted from [171].
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5.2 Sample Preparation

Similarly to Er**-doped LT, to prepare Pr’**-doped LT nanoparticles, the as-prepared
Ta20s nanoparticles were mixed with a stochiometric amount of lithium hydroxide (LiOH) and

4.167 mol% of Praseodymium Oxide (Pr203).
Pr —doped LT - LiTa0O5; + 4.167 mol% Pr,0; — LiTa0O5; — 4.167 mol% Pr (29)
As for the Er**-Pr*® co-doped configuration,
Pr—,Er — codoped LT — LiTa0O5; + 4.167 mol% Pr,05 + 4.167 mol% Er,05 (30)

All doping configurations were mixed in acetone with zirconia balls in a high-energy ball

mill for 5 minutes. The resulting mixture was subsequently air-dried and then heat-treated in an

oven at 650°C for 4 hours.

5.3 Results and Discussion

5.3.1 Pr¥*-doped and Pr3*/Er3*- co-doped LT powder characterization

LiTa0.-4.167 mol.% Pr,0, LiTa0,-4.167 mol.% Pr,0,, Er,0,

(a) 650°C for 4hr (b) 650°C for dhr
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Figure 22: XRD analysis for (a) 4.167 mol% Pr3*-doped and (b) 4.167 mol% Pr3*-, Er**- co-
doped LT nanoparticles.
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Figure 22 (left) shows the XRD peaks of 4.167 mol% Pr**-doped LT nanoparticles. In
this configuration, additional peaks corresponding to Pr2Os emerge around 20 = 30°, indicating
the presence of excess Pr20s. Similarly to the XRD analysis for Er**-doped LT, the incorporation
of Pr** does not significantly modify the overall crystallographic structure of LT, regardless of
whether Pr** occupies lithium or tantalum lattice sites. Higher-intensity peaks are present around
20 = 30° in the co-doped configuration, as both Pr2O3 and Er203 exhibit characteristic peaks, and
their high intensities clearly demonstrate the nanocrystalline structure of Pr’**-doped and

Pr**/Er**-co-doped LT powders.

5.3.2 Pr¥*-doped and Pr**/Er**-co-doped LT Electronic bands and DOS

Figure 23 shows the electronic band structure with orbital projections, along with the
corresponding total and orbital-projected DOS per orbital using the PBE functional. For all
configurations, the valence band is dominated by the presence of O-p orbitals and the conduction
band of Ta-pd orbitals. Hybridization between O-p and Ta-d orbitals indicates shared electronic

states, signifying covalent bonding between Ta and O.

For Pr** replacing a Li site, the electronic bands show a band gap of 3.96 eV and the
presence of Pr** 4f bands at the bottom of the conduction band. This is not the case for Pr**
replacing a Ta site, as the bands are split above the Fermi level, yielding dual bandgaps of 1.29
eV and 1.65 eV. The intraband f—f transitions are favored when the 4f bands are partially
occupied as the fragmented network will not allow complete transitions, which is not in the case
for Pr** replacing a Ta site. For figure 21 (e-h), with 8.334% mol Er*" configurations, similarly
to 4.167% mol Er** configurations in figure 14(b & c), the Er’* bands are present in the
conduction band when Er** replaces Li and in the valence band when Er** replaces a Ta site.

However, in contrast to the behavior observed for Er** substitution at the Li site, increasing the
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Er** doping concentration does not reduce the bandgap, when Er*" replaces Ta. This is attributed
to the positioning of the Er’* 4f states near the valence band maximum and the local structural
distortions around the Er—O octahedra, which broaden the f-manifold without introducing
significant band-tail states within the gap. In the Pr**/ Er**-co-doped configuration (with both
ions occupying Li sites), hybridization occurs between the Er** 4f and Pr* 4f orbitals. This
hybridization produces a broadened, more interactive f-manifold, resulting in significantly
stronger intraband f—f optical transitions, as evidenced by the enhanced peaks in the imaginary
part of the dielectric function. Consequently, the co-doped system exhibits improved optical

properties compared with the singly doped cases.
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Figure 23. Electronic band structure with orbital projections (a, c, e, g, and i) and
corresponding total and projected DOS per orbital (b, d, f, h, and j) using the PBE calculations
for the following LT doped configurations (a) and (b) LT: 4.167% Pr** with Pr3* at the Li site

(Pr’*— Li), (c) and (d) LT: 4.167% Pr3* with Pr’* at the Ta site (Pr’**— Ta), (e) and (f) LT:
8.334% Er’* with Er**at the Li site (Er**— Li), (g) and (h) LT: 8.334% Er** with Er’*at the Ta
site (Er3*— Ta), and (i) and (j) LT: 4.167% Er’*, 4.167% Pr3*with Pr’*and Er’*at the Li site
(Er’*, Pr’*— Li). Note. Reprinted from [171]. In this dissertation, the ion notation is written as

X" to be consistent with standard chemical notation, whereas the original published figure used
X5,
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Figure 24: Electronic band structure with orbital projections (a, c, e, g, and i) and
corresponding total and projected DOS per orbital (b, d, f, h, and j) using the HSE06
calculations for the following LT doped configurations (a) and (b) LT: 4.167% Pr** with Pr’* at
the Li site (Pr*" — Li), (c) and (d) LT: 4.167% Pr3* with Pr’*" at the Ta site (Pr*" — Ta), (e)
and (f) LT: 8.334% Er’* with Er** at the Li site (Er’* — Li), (g) and (h) LT: 4.167% Er’*,
4.167% Pr3* with Pr3* and Er*" at the Li site (Er’* — Ta). Note. Reprinted from [171]. In this
dissertation, the ion notation is written as X*" to be consistent with standard chemical notation,
whereas the original published figure used X*.

Figure 24 presents the HSE06 calculations for all configurations but 8.334% mol Er**
case, in which Er’* replaces a Ta site, as the electronic information is computationally too

expensive to obtain. As expected, the HSE06 functional yields larger band gaps compared to
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standard DFT functionals. In the case of Pr’* configurations, the splitting of the Pr**-4f levels
induces a subdivided energy gap structure. This behavior contrasts with the Er**-doped
configurations, where the Er*" 4f states remain more localized and are positioned below the
conduction band. Although HSE06 calculations are more computationally demanding, they
provide more reliable band gaps and a better description of the positions of the lanthanide 4f

orbitals.

5.3.3 Optical properties of Pr’*-doped and Pr**/Er**co-doped LT.

Figure 25 shows the optical properties for all the LT configurations presented. For the
imaginary part of the dielectric function, &;, energies within 0.0-0.5 eV correspond to Er** and
Pr** intraband f-f transitions. The absorption intensities in this region decrease in the following
order: Pr**/Er**-co-doped LT > 4.167% mol Pr**-doped LT at a Li site >8.334% mol. Er**-doped
LT at Ta site > 8.334% mol. Er**-doped LT at Li site > 4.167% mol. Er**-doped LT at Li site
>4.167% mol. Er**-doped LT at Ta site. Pr**-doped configurations exhibit stronger absorption
intensities than Er’**-doped configurations, which is attributed to the higher number of vacancies

present in the Pr’* structures.
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Figure 25. a) The frequency-dependent imaginary part of dielectric functions i1 for LT and its
Er* and Pr’* doped and co-doped counterparts for Er’* and Pr’* at the Li site (Er’*, Pr’*™ —
Li) and the Ta site (Er**, Pr’* — Ta), b) the real part er, ¢) the refractive index n, and d) the
reflectivity R. Note. Reprinted from [171]. In this dissertation, the ion notation is written as X>*
to be consistent with standard chemical notation, whereas the original published figure used X*.

The dielectric constant, €5 (0), static refractive index, n(0), and the static reflectivity
R(0) show a similar trend to &;. These variations in the dielectric constant indicate that both the
co-doped configuration and the LT:4.167% Pr** (Pr**—Ta) are better dielectrics than all other
doped configurations here. Due to high absorption coefficients in &;, high refractive indices are
foreseen and proven. Specifically, the static refractive indexes are correlated with f—f intraband
transitions; a higher n(0) value indicates a narrower energy gap between the two 4f bands.

Furthermore, variations in the static reflectivity R(0), demonstrate that doping and co-doping
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alter the optical behavior of a material. Notably, LT:4.167% Pr*" (Pr**—Li) has a high R(0)

value, which speaks of the mirror nature in the IR range.

5.3.4 QTAIM and ELF analysis of Pr’*-doped and Pr3'/Er3*-co-doped LT.

As previously mentioned, QTAIM uses topological analysis of the gradient paths to

define chemical bonds, predict their multiplicities, and determine atomic boundaries within

molecules. Table 1 shows the calculated QTAIM properties for the metal-O bond critical points

for pure and all doping configurations of LT.

Table 1: QTAIM parameters at the Li—O, Ta—0, and X-O for X = Er**, Pr’* bond critical points
(3, -1) and their corresponding interatomic distances for LT, LT:4.167% Er** and LT:8.334%
Er**with Er’* located in the Li or the Ta site, and the LT: 4.167% Pr3*and LT: 4.167% Er’*,

4.167% Pr3*, with the dopant atoms in the Li site. Only the QTAIM properties, which correspond

to the smaller metal-bond critical point-oxygen distances, are shown for the doped
configurations. Note. Reprinted from [171]. In this dissertation, the ion notation is written as X>*

to be consistent with standard chemical notation, whereas the original published table used X*.

Configuration Distances QTAIM properties
(A) (a.u.)
Li-0 o) | Vi) | (H/P)E) | AVI/O) ()
(Ta—0O)
[X-0], X = Er*",
Pr’*

LT 2.021 0.024 0.162 0.315 0.787

2.312 0.012 0.076 0.370 0.690

(1.929) (0.154) (0.557) (-0.518) (1.361)

(2.066) (0.109) (0.403) (-0.345) (1.271)
LT:4.167% Er’** 2.001 0.025 0.200 0.415 0.736
(Er**> Li) (1.927) (0.155) (0.453) (-0.583) (1.443)

[2.207] [0.076] [0.300] [-0.189] [1.162]
LT: 4.167% Er** 1.968 0.028 0.174 0.252 0.807
(Er**> Ta) (1.925) (0.156) (0.484) (-0.573) (1.426)

[2.165] [0.085] [0.300] [-0.259] [1.227]
LT:8.334% Er’** 2.009 0.025 0.060 -0.050 1.078
(Er**> Li) (1.932) (0.151) (0.573) (-0.498) (1.344)

[2.156] [0.086] [0.339] [-0.227] [1.187]
LT:8.334% Er’** 1.907 0.032 0.037 -0.196 1.408
(Er**- Ta) (1.880) (0.174) (0.618) (-0.601) (1.404)

[2.150] [0.088] [0.307] [-0.275] [1.239]
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(Table 1 cont.)

LT: 4.167% Pr* 1.996 0.027 0.164 0.284 0.801
(Pr**> Li) (1.853) (0.156) (0.582) | (-0.527) (1.353)
[2.2301 [0.0881 [0.283] [-0.3061 [1.2781
LT: 4.167% Er>", 1.991 0.027 0.026 -0.176 1.420
4.167% Pr** (1.936) (0.151) (0.549) | (-0.501) (1.358)
(Er*". Pr’* > Li)
Err'—0 [2.225] [0.0731 [0.306] [-0.1511 [1.1231
Pr**-O [2.243] [0.0861 [0.2701 [-0.2961 [1.2741

The first column denotes the atomic distances per metal-O bond, the second the electron
density (p(73), the Laplacian electron density (V2p(73,), indicates whether the electron density is
locally present), the total electron energy density ratio on the fourth column, and lastly, the Virial
ratio presented in chapter 3. For all configurations, |V,|/G, < 2, and V2p,(#) > 0, which
indicates the interaction between two atoms is of a shared shell. Moreover, the Li—O electron
density and its Laplacian at the Li—O bond critical point are smaller than their Ta—O counterparts,
indicating weaker Li—O bonding. In agreement with the DOS presented in figure 14, where the
small overlap between Li and O orbitals, compared to the stronger Ta—O hybridization, suggests
that Li—O bonds are weaker than Ta—O bonds. Although the electronic bands suggested strong
covalent Ta—O bonding, the Ta—O is an incipient covalent (1< |V},|/Gp < 2, H,, < 0) for all

configurations within the QTAIM analysis.

For the LT:8.334% Er*"-doped and the co-doped Pr**/Er**configuration, the shortest Li—
O interaction appears incipient covalent due to the increased coupling between these two atoms’
sp orbitals, whereas longer Li—O distances correspond to closed shell interactions along the
valence in the electronic bands from figure 21. Furthermore, Er**—O and Pr**—O exhibit incipient
covalent bonding, with the Pr**—O distance larger than the Er**—O distance (1< |V,|/G), <

2,H, < 0).
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Figure 26: ELF contour maps for the LT: 4.167% Er**, 4.167% Pr*" unit cell (a) at the plane
(001) passing through the Er** atom and (b) the Pr’*atom. (c) ELF at the plane defined by
Pri*and the new nearest O atoms. Red, strong localization (ELF =1),; Green free electron gas
(ELF = 1/2); Blue, no localization (ELF = (). Note. Reprinted from [171].

Figure 26 shows the ELF contour maps for the LT: 4.167% Er**, 4.167% Pr>" unit cell at
various planes. Because the ELF maps for the other configurations are similar, they are not
reported here. The localized electron density is concentrated around the Ta, Er**, and Pr** atoms,
whereas no significant ELF is observed around Li. The ELF values approach zero in the regions
between the metal cations and oxygen anions, indicating the absence of strong covalent bonding
between these atoms. Moreover, the ELF around the Ta, Er**, and Pr’* atoms is distorted due to

limited orbital overlap, consistent with our QTAIM findings.
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5.3.5 Pr’*-doped and Pr**/Er**-co-doped LT photoluminescence analysis

As shown in Figure 27, both LT configurations exhibit their strongest visible emissions at

600—650 nm. For LT: 4.167 mol% Pr203 configuration, the configuration also exhibits strong

infrared emission at 1100—1140 nm. In contrast, the co-doped LT: 4.167 mol% Pr203, 4.167

mol% of Er203 configuration displays weak emissions 400—550 nm within the visible range

alongside stronger emissions for 1050—1130 nm, 1150—1250 nm in the infrared region.
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Figure 27: The fluorescence emission spectra for (a) LT: 4.167 mol% of Pr203 and (b) co-doped
LT: 4.167 mol% Pr203, 4.167 mol% of Er20s in the visible region and the near IR.
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CHAPTER VI

BORON-NITRIDE SILVER (Ag/defect ~-BN) NANOCOMPOSITE

6.1 Calculation Parameters

6.1.1 Supercell modeling
Figure 28 (a) and (b) shows the DFT-optimized pristine 2-BN 4x4x1 supercell with 16 B

and 16 N atoms (32 atoms in total). Each boron atom is coordinated with three nitrogen atoms in
a hexagonal lattice. In the Ag-decorated #-BN (Ag/h-BN) supercell, the Ag atom sits atop the

vacancy (at either the B or N site).
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Figure 28. (a)Top view of the DFT h-BN monolayer, (b) its side view, (c) Side view of the
optimized defect h-BN monolayer with Ag atop of N defect with the absorbed CO. (d) its top
view. Atoms are colored as follows: B, green; N, gray; C, brown; O, red; Ag, gray.
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6.1.2 Parameters for 1-BN-related calculations

Electronic structure calculations, optimal geometries, and the dielectric functions were
obtained for the pristine #-BN, defect 4-BN (vacancy on B or N site), double vacancy /#-BN
(adjacent vacancies on B and N sites), Ag decorated 4#-BN defect sites, and Ag decorated #-BN
defect sites with and without CO. GW Approximation calculations were performed using
quasiparticle energies by improving upon DFT electronic structure results. Maximally localized
Wannier functions were subsequently generated using WannierTools for band interpolation.
Furthermore, BSE calculations were performed to accurately describe neutral excitations and

optical response across all #-BN configurations.

The kinetic energy cutoff for all calculations is 550 eV, which ensures the integrity of our
results. The energy convergence criteria were set at 10 eV, and the geometry optimization criteria

at 10* eV/A per atom. The Brillouin zone was sampled using the I'-centered 6X6X 1 grid.

6.2 Sample Preparation

6.2.1 Ag/ h-BN preparation

The following synthetic route is mentioned in Ref.[172]. Boron nitride and silver nitrate
were introduced into a 50 mL Teflon-lined stainless-steel autoclave containing 30 mL of N, N-
dimethylformamide (DMF). Subsequently, 0.1 mmol of polyvinylpyrrolidone (PVP) was added
to the solution. The autoclave was sealed and maintained at 160°C for 8 hours. After the
reaction, the autoclave was allowed to cool to room temperature. The resulting product was
collected and washed three times with deionized water and ethanol. Finally, the washed
product was dried at 80°C for 12 hours to obtain the final material. The synthetic route yielded
an Ag sample with an 80% metal weight. Subsequently, a second sample with 30% Ag by weight

was synthesized using the same method for comparative analysis, aiming to evaluate the impact
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of silver content on the conductivity of #-BN and to determine the optimal composition for gas
sensing applications.

The synthesized material is denoted Ag/A-BN. Incorporation of Ag during synthesis may
introduce lattice perturbations and defect sites in 2-BN [126, 173, 174]. However, the presence

and concentration of such defects were not experimentally verified in this work.

6.2.2 Ag/h-BN pellet preparation

To fabricate the gas-sensing ceramic pellet, the synthesized Ag/A-BN powder was loaded
into a cylindrical steel die and dry-pressed. A punch was placed above the powder, and the die
assembly was inserted into a manual hydraulic press. A compressive force of up to 8 tons was
applied and held for 1 minute, forming a solid pellet suitable for gas-sensing measurements. The

resulting pellet had a diameter of 10 mm and a thickness of 1.52 mm.

6.3 Results and Discussion

6.3.1 Ag/defect h-BN Electronic bands and Density of States (DOS)

Figure 29 presents the calculated electronic band structure and density of states (DOS)
for both pristine and defect 2-BN monolayers. For all configurations, the valence band top is
dominated by N-sp orbitals, whereas the conduction band bottom is primarily composed of B-sp

orbitals.
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Figure 29: Wannier interpolated GoWy calculations for the electronic band structure with orbital
projections and the corresponding total and projected DOS per orbital from the GoWo
calculations for (a) pristine h-BN, (b) defect h-BN on N site, (c) defect h-BN on B site, and (d)
defect h-BN on B and N sites.

For pristine #-BN, the calculated bandgap is 7.08 eV. This value agrees with reports in
the literature, where measured #-BN bandgap energies widely range from 3.6 to 7.1 eV [175].
Because /-BN possesses a bandgap significantly larger than 2 eV, it is considered an insulating
material [176]. The DOS of pristine #-BN illustrates a clear hybridization of B and N orbitals.
Specifically, N atom contributions dominate the top of the valence band, whereas the overlap at

the bottom of the conduction band is minimal, with B atom contributions being dominant.

Figure 29 (b)—(d) shows the calculated band structures for point-defective #-BN at

isolated and adjacent sites. It is evident that the introduction of vacancies significantly alters the

67



electronic bands of #-BN. For defect #-BN with an N vacancy, new states near the Fermi level
appear, leading to the reduction in the band gap. These new states near the Fermi level arise from
the breaking of the bond between B and N, thus leaving two unbonded B atoms. Furthermore, a
dual-band gap is observed between the Fermi level and the bottom of the conduction band, with
a magnitude of 1.65 eV, alongside a 3.60 eV bandgap extending from the Fermi level to the top
of the valence band. As for the defect #-BN with a B vacancy, the bandgap decreases from 7.08
eV to 4.54 eV. The B vacancy introduces a new level but remains localized near the top of the
valence band, leaving three N atoms unbonded due to its hexagonal nature. Lastly, adjacent B
and N vacancies exhibit a dual-band gap between the Fermi and the bottom of the conduction
band with a magnitude of 2.42 eV alongside a 1.02 eV bandgap extending from the Fermi to the
top of the valence band. Even though the introduction of vacancies reduces the bandgap by
creating new states, this does not imply the material is more conductive, as the fragmented

network will not allow complete transitions.

Figure 30 presents a comparative analysis of the calculated electronic band structures and
corresponding density of states (DOS) for Ag-decorated defect #-BN, both isolated and in the

presence of CO. This comparison highlights the electronic modifications induced by the gas.
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Figure 30: Wannier interpolated GoWo calculations for the electronic band structure with orbital
projections and the corresponding total and projected DOS per orbital from the GoWo
calculations for (a) Ag decorated h-BN defect at N site, (b) Ag decorated h-BN defect at B site,
(c) Ag decorated h-BN defect at N site with CO, and (d) Ag decorated h-BN defect at B site with
CO.

Similarly to the defect #-BN at the N site, Ag decorated #-BN defect at the N site exhibits
a dual-band gap of 3.46 eV gap that separates the mid-gap states from the bottom of the
conduction band, while a 1.78 eV gap extends from the Fermi level to the top of the valence
band. New states within the Fermi level emerge from the breaking of the bond between B and N,
thus leaving two unbonded B atoms, as demonstrated in Figure 28(c). Following Ag decoration,
the DOS reveals a localized hybridization between the Ag-sp and B-sp orbitals. This localization
implies a weak electronic interaction between the B and N atoms, suggesting that introducing

vacancies at an N site is not energetically favorable. Rather than a simple narrowing of the
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bandgap, this electronic reconfiguration yields new absorption energies, which arise directly
from the orbital hybridization within these newly emerged localized states, as shown from the

DOS.

Upon exposure to CO, Figure 30(c) shows minimal orbital hybridization near the Fermi
level and the emergence of large dual-band gaps measuring 3.31 eV and 1.79 eV. Furthermore,
the CO molecule only weakly perturbs the system; its electronic states remain highly localized
around 3.3 eV, indicating a weak interaction with the Ag-decorated defect #2-BN at the N site
lattice. In the case of the Ag-decorated #-BN with a B-site defect, this configuration is optimal
for gas-sensing applications when in contact with CO: (1) the strong orbital hybridization in the
conduction band suggests strong biding energy, and (2) the strategic implementation of lattice
defects evidently enhances the optoelectronic properties of the host material by reducing the

bandgap to 2.55 eV.

6.3.2 Adsorption energy and band-structure connection

The adsorption-energy results show that CO interacts very differently with the two Ag-
decorated vacancy sites in 4-BN. For Ag@Vn, the CO adsorption energy is approximately 0 eV,
indicating a very weak or physisorption-like interaction. This agrees with the electronic structure:
the system maintains a relatively large band gap of about 3.31 eV, Ag remains essentially closed

shell d1°, and there is minimal hybridization near the Fermi level.

In contrast, for Ag@Vs, CO adsorption is much stronger, with an adsorption energy of
about —1.0 eV. This stronger binding is reflected directly in the band structure by a reduced gap of
about 2.55 eV and the appearance/shift of defect-derived states closer to the Fermi level.

Therefore, the stronger adsorption at the B-vacancy site is not simply due to Ag d-state donation,
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but is mainly defect-controlled, with Ag acting as a structural mediator that enables stronger CO—

defect interaction.

6.3.3 Optical properties of Ag/h-BN

As previously stated, the experimentally measurable quantities, imaginary part of the
dielectric function (¢;), can be used to determine the dispersion of a material. For pristine 4-BN,
in the first panel of Figure 31, strong peaks are present in the 5—6 eV range, indicating absorption
in the UV range. The introduction of point defects creates defect-induced states near the Fermi
level. Consequently, new absorption peaks emerge near the Fermi level for defect-engineered /-
BN at both the N and B sites, as well as a distinct low-energy peak near 0.3 eV for defect #-BN

at the B site.
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Figure 31:The imaginary part of the dielectric function for all configurations of h-BN with and
without the presence of CO.
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For Ag-decorated defect #-BN (second panel), stronger absorption peaks are present in
the UV range upon the incorporation of vacancies at B and N sites. Furthermore, the emergence
of new absorption peaks for the B-site defect and the combined B- and N-site defects denotes
hybridization between the Ag and 4#-BN lattices. This hybridization is important as it
demonstrates a strong interaction between the BN substrate and Ag. Lastly, when exposed to CO,
the interaction between Ag and C atoms further modifies ¢; at absorption energies along the
Fermi level. Defect 4-BN at the B site shows higher absorption peaks than any other
configuration, indicating a superior optical sensitivity and stronger binding to the C atom.
Although point defects cannot be completely isolated or controlled experimentally, the
calculations presented serve as proof that the introduction of specific lattice defects and noble
metals, such as Ag, successfully enhance the electro-optical properties of #-BN for gas-sensing
applications.

6.3.4 Ag/h-BN powder characterization

One of the primary objectives is to obtain Ag/A-BN nanocomposite; accordingly, XRD

and SEM analyses were conducted to study the morphology and crystallographic structure of the

prepared material.

Figure 32 (a) and (b) illustrate the XRD patterns and corresponding crystallographic
structures for pristine #-BN and silver nitrate (AgNO3) precursors. Both samples exhibit
amorphous humps alongside high-intensity counts, indicating the presence of nanoparticles.
Precursors have characterization peaks present at 17°, 26°, 41°, 54°, and 75° for BN and 30°,
40°, 48°, and 69° within the 20 range for AgNOs. Figure 32(c) presents the XRD profiles of the
as-prepared Ag/defect #-BN nanocomposite at 30-wt.% and 80-wt.% of Ag; both compositions

showcase a dominant presence of Ag and a high count, reinstating the presence of nanosized

72



particles. Notably, the characteristic peaks of the BN matrix are more prevalent in the 30-wt.%

Ag configurations in comparison to the 80-wt.% Ag.
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Figure 32: XRD analysis for (a) h-BN precursor, (b) AgNO3 precursor, and (c) different
configurations of Ag/h-BN nanocomposite; SEM analysis of (d) h-BN-80wt.% Ag powder & (e)
h-BN precursor.

Figure 32 also displays the SEM analysis for (d) #-BN-80wt.% Ag nanocomposite and (e)
BN precursor. The BN precursor observed at 40,000x magnification (scale bar = 100nm) exhibits
a homogeneous, flat, disk-shaped nanoparticle morphology with a smooth surface. This uniform
structure indicates a good particle dispersion and provides a large specific surface area, making

BN an ideal substrate for future surface modifications. As-prepared Ag/h-BN powder, observed
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at 40,000x magnification, displays a consistent distribution of silver nanoparticles that appear as
brighter regions due to their conductivity. The silver forms a homogeneous layer across the #-BN

surface, resulting in a consistent particle size distribution.

Figure 33: SEM analysis h-BN-30wt.% Ag pellet sintered pellet at (a) 1um and (b) 10 um scale

Figure 33 revealed smooth surfaces and tightly bonded grains with minimal porosity across
different magnifications, indicating a well-sintered pellet. Furthermore, SEM analysis shows
varying degrees of neck formation among particles; however, this is too small a scale to raise
concerns about the contact between the 4-point probe machine and the sample. Cracks are not

visible within the sample, suggesting no thermal stress was present.
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6.3.5 DSC/TGA analysis
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Figure 34:DSC/TGA analysis of h-BN-80wt.% Ag powder in (top) air and in (bottom) argon.

The oxidation behavior of the 2-BN-80wt.% Ag powder in air was evaluated using
thermogravimetric analysis (TGA). As shown in Figure 34(a), the TGA analysis reveals an initial
exothermic reaction of 50.72 J/g at 280°C, corresponding to a weight loss of 0.6837%. This
slight initial mass reduction is likely attributed to the evaporation of trapped solvents and early-
stage thermal decomposition. Notably, oxidation of the Ag/A-BN powder begins at a relatively
high temperature of 500°C, as evidenced by a 2% weight gain as the temperature increases.
Conversely, in an argon atmosphere, the Ag/h-BN powder shows no oxidation, underscoring the

critical importance of sintering in a noble-gas environment.
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6.3.6 Conductivity testing of Ag/h-BN with CO exposure.

All resistance measurements were performed in a laboratory setting at room temperature,
50%—52% relative humidity, and under a 1000 ppm CO gas flow. The flow rate was maintained

at 100 mL/min using a calibrated flowmeter.

Figures 35 and 36 illustrate variations in electrical resistance that indicate chemically
resistive reactions in the Ag/h-BN pellets during gas exposure. Measurements were conducted
using a four-point probe system. Each test began with a 60-second baseline reading in the
absence of gas, followed by a 60-second gas-exposure phase. The duration of subsequent cyclic
readings varied with the specific recovery response of each specimen.

3.2x10%* 1 O BN/80% Ag no CO exposure
O BN/80% Ag with CO exposure

2.8x10* 4 277

2.4x10* -

Conductivity (S/m)

2.0x10*
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Figure 35: Conductivity results for h-BN-80wt.% Ag pellet under CO exposure.

For the 4-BN-80wt.% Ag pellet, shows a high-baseline conductivity of 2.77+10* S/m
with an immediate 30% decrease to 1.92x10* S/m when exposed to CO. Subsequent exposure

cycles are omitted from Figure 35 because the pellet failed to recover. This lack of recovery is
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attributed to complete saturation, which prevents the natural desorption of CO molecules from
the Ag atoms. Thermal activation may be required for cyclic testing of the Ag to release the

bound CO molecules and recover its baseline conductivity.

O BN-30% Ag pellet with no CO exposure
O BN-30% Ag pellet with CO exposure
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Figure 36: Conductivity results for h-BN-30wt.% Ag pellet under CO exposure.

As for the h--BN-30wt.% Ag pellet, figure 36, a high-baseline conductivity of 2.10x10*
S/m, which immediately decreases by 24% to 1.60 X 10* S/m when exposed to CO. Following
approximately 3 minutes of purging (no gas exposure), the specimen demonstrated a 90%
recovery. A subsequent CO exposure induced an immediate 30% drop when the pellet was
exposed to CO gas for a second time. Upon removing the target gas after this second cycle, the
material stabilized at a new, shifted baseline conductivity of 1.6x10* S/m. Even though the
testing is preliminary and future work might alter the composition of the material, the results

presented indicate the potential of #-BN as a gas sensor.
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CHAPTER VII

CONCLUSION

Infrastructure degradation results from local material failures and environmental factors.
This problem is particularly prevalent in urban areas, where a growing population demands more
accessible housing, utilities, and transportation. Developing quasi-real-time crack detection
techniques that accurately assess the type, depth, and location of degradation is of great
importance. The proposed research focuses on candidate materials for use in enhanced crack and
gas detection technologies, which could significantly improve the safety, efficiency, and cost-

effectiveness of infrastructure maintenance.

In Chapter 4, nanoparticles of (0.5, 3, 10 mol%) Er**-doped LT were synthesized using a
technique that firstly transforms commercially available tantalum oxide particles into nanoscale
particles. These particles were characterized by XRD to ensure the proper implementation of
Er’** to its host. XRD showed no peak shifts between the host LT and its doped counterparts. The
DSC analysis showed a lower reaction initiation temperature for configuration 3 mol. % Er’*-
doped LT, which could be attributed to the creation of additional reaction hotspots in the system.
The 3 mol. % Er**-doped LT configuration shows stronger visible photoluminescence emission
compared to the system containing 0.5% and 10% Er*". However, the system with 0.5 mol.%
Er** demonstrates improved near-IR emission than both 3% and 10% Er**-doped LT. Thus, the

0.5-3 mol% Er**-doped LT are strong candidates for an IR laser detector. The calculated
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electronic and optical properties on LT and Er**-doped LT, using GGA, calculations showed that
the location of the Er**- 4f bands depend on the metal site that Er occupies in lattice. The optical
properties calculations show peaks that verify the presence of intraband transitions. The
electronic structure is also calculated using the hybrid functional HSE06, which accurately
locates the individual 4f orbitals in energy, thereby enabling interband transition assignments. All

computational calculations presented agree with the experimental work performed.

In Chapter 5, DFT calculations were used to investigate the electronic and optical
properties of Pr**-doped and Er**-/Pr**-co-doped LT. The PBE band structure and DOS results
showed that the O 2p orbitals dominate the valence band, while Ta d states dominate the
conduction band. The rare-earth 4f states strongly depend on the dopant type and substitutional
site. For Pr**- substituting at the Li site, the Pr** 4f states appear near the conduction-band
minimum, whereas Pr**- substitution at the Ta site produces split bands above the Fermi level
and a dual-gap structure. In the Er**-/Pr**-co-doped configuration, hybridization between Er**-4f
and Pr**-4f states broadens the f-manifold and enhances intraband f-f optical transitions. HSE06
calculations provided a more reliable description of the band-gap magnitude and the energetic
position of the 4f states. QTAIM and ELF analyses further clarified the nature of the metal -
oxygen interactions, revealing weak Li—O bonding and incipient covalent character in the Ta—-O,
Er-0O, and Pr-O interactions. Experimentally, the photoluminescence spectra showed strong
visible emissions near 600-650 nm and infrared emissions in the 1050—1250 nm range,
demonstrating that rare-earth doping and co-doping can tune the optical response of LT. These
results highlight the structural and optical tunability of LT and support its potential use as a rare-

earth-modified NIR sensing material.
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In Chapter 6, Ag-decorated defect #2-BN nanocomposites were synthesized and
characterized to evaluate their potential for CO gas sensing. XRD and SEM analyses confirmed
the formation of Ag/A-BN nanocomposites and showed that Ag nanoparticles were distributed on
the h-BN surface. First-principles calculations, including DFT, GoWo, and BSE, were used to
investigate pristine #-BN, vacancy-defective 2-BN, Ag-decorated defective #-BN, and CO-
adsorbed Ag-decorated #-BN configurations. Pristine #-BN showed strong B-N orbital
hybridization, with N states dominating the valence-band edge and B states contributing
primarily near the conduction-band edge. Vacancy defects significantly modified the electronic
structure, and Ag decoration further altered the electronic and optical response. CO adsorption
was found to be strongly defect-dependent: CO binds strongly at Ag-decorated B-vacancy sites,
while the interaction at Ag-decorated N-vacancy sites is weak. The Ag-decorated B-vacancy
configuration also produced stronger low-energy optical absorption, indicating enhanced optical
sensitivity to CO. Experimentally, conductivity measurements showed that the 2-BN-30 wt.%
Ag pellet exhibited repeatable response, rapid detection, and recovery during purging, whereas
the 7-BN-80 wt.% Ag pellet showed stronger saturation and poor recovery. These results
indicate that moderate Ag loading improves CO-sensing performance, while excessive Ag

content hinders reversibility.
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