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ABSTRACT

Structural and Optical Properties in Lanthanide

(Ln’* = Er’*/Yb**/Ho**) Doped Bio.sNao.sTiO3 Ceramics

The development of lead-free ferroelectric materials has gained considerable attention
due to their potential in energy storage, sensing, and optoelectronic applications.
Among them, bismuth sodium titanate (Bio.sNao.sTiOs, BNT) is a promising candidate
owing to its favorable ferroelectric and structural properties. The functional
performance of BNT can be significantly tailored through rare-earth doping, which

modifies its electrical, luminescent, and sensing characteristics.

This thesis outlines the effect of Er’*substituted bismuth sodium titanate ceramics with
the chemical composition Bio.s-xErxNao.sTiO3 (x =0.00, 0.01, 0.02, 0.03, 0.04, and 0.05)
were synthesized using conventional solid-state technique. The influence of Er’* ions
on structural, optical, ferroelectric, and temperature sensing properties have been
investigated. The prepared ceramic powders were initially heated at a calcination
temperature 850°C to form single phase BiosxErxNaosTiOs and finally sintered at
temperature 1050°C. Formation of pure phase composition with thombohedral crystal
structure is confirmed through X-ray diffraction studies. The typical FTIR bands near
540, 860, 910 cm™' confirmed the presence of Ti—O stretching of octahedral groups in
the perovskite structure. The decent squared shaped saturated P-E hysteresis are
obtained under an electric field of 60 <E <70 kV/cm, and the loops become slimmer at
higher Er** concentrations (x =0.04). The efficiency of energy storage density increases
with Er3" doping and an improved recoverable energy storage (Wr =2.73 J/cm?) and a
higher efficiency (n =70.77%) are obtained for Er content, x =0.04. The
photoluminescence spectra were recorded at two excitation wavelengths (488 nm and
980 nm). Two distinct green emission bands (529 nm and 550 nm) and one weak red
emission band (670 nm) were observed at both excitation wavelengths. Increasing Er**
content beyond (x >0.03) leads to significant quenching of light emission due to cross
relaxation process and non- radiative relaxations. The pump power dependency

revealed that two photons were involved in the light upconversion process. The time-
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resolved fluorescence spectroscopy confirmed the decrease in lifetime with increasing
Er** concentration. The absolute and relative sensitivity of the prepared ceramic at Er**
concentration (x =0.03) were found to be 0.47% K at 523 K and 1.1% K at 303 K,
respectively. These optical and electrical properties open the possibility of realizing

multifunctionality in the field of energy storage and opto- electronic applications.

In continuation, a series of Er**/Yb*" co-doped Bio.s-x-yErxYbyNao.sTiO3 ferroelectric
ceramic is prepared using traditional solid-state technique to investigate the structural,
optical and sensing properties. The XRD analysis confirms the rhombohedral geometry
and no extra peaks shows the solubility of the dopant ions. SEM images exhibited a
dense micro structure with well-defined grain boundaries. The FTIR vibrational bands

observed at 550cm™!

and 820cm™! depict the typical characteristics of perovskite
structure caused by the expansion of the octahedral group of Ti—O bonds. The Tauc plot
displays the energy band gaps (Eg) in a range of 2.93 eV to 2.88 eV as a function of the
Yb** concentration. The photoluminescence spectra were measured at two wavelengths
of excitation at 489 nm and 980 nm for all the BNT ceramic compositions. It has been
observed that the two intense green bands and one visible red band appeared at 530 nm,
549 nm and 662 nm, respectively. The dependency of pump power on UCL spectra is
observed with varying pump powers at 980 nm excitation. The two photons that are
involved in the UCL process are confirmed by this investigation. The time-resolved
fluorescence spectroscopy reveals that the efficiency in energy transfer between the
dopant ions increased for all the co-doped BNT ceramic compositions. The absolute

(Sab) and relative (Sr) sensitivity of BE3Y3 ceramic composition are 0.54% K ™! and
1.24% K ! at 523 K and 303 K, respectively.

Further, the Ho*"ions are systematically inserted on the A-site of Bio.s-xHoxNao.sTiO3
lead-free ferroelectric ceramic via solid-state method. The x-ray diffraction spectra
(XRD) shows the rhombohedral structure of Bio.s- xHoxNaosTiOs. Fourier transform
infrared (FTIR) spectroscopy shows two vibrational bands at 537 cm™ and 832 cm™,
due to the stretching vibrations of Ti-O bonds in the octahedral units of the perovskite
structure. The diffuse reflectance spectra (DRS) showed three bands at 454, 542, and
646 nm transit from °Is—>Gs, °Is—5F4/°S2, and °Is—°Fs, respectively. The band gap

varies and maximum for 0.03 concentration due to the local structural instability within
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the lattice by Ho*"ions. The photoluminescence (PL) emission spectra are traced under
452 nm, and one intense green band at 548 nm and two at 655 (orange) and 750 nm
(red) were observed. In upconversion luminescence (UCL) spectra, four emission
wavelengths were obtained at 490, 525, 552, and 660 nm. The orange emission band is
highly intense, whereas other color bands are relatively weak. Pump power dependence
on UCL spectra is analyzed using concentration (x =0.03). The decay profile for green
and orange bands showed an average lifetime of 12.99 us and 9.43 s, respectively. The
PE loops become slimmer, and Pr values decrease with increasing concentration. The
energy storage efficiency (M%) of the ceramic is increasing with dopant concentration
and comes out to be 90 %. The maximum absolute and relative sensitivity observed for
the BNT (x =0.03) is 0.29 % K! and 0.22 % K™ at 303 K, respectively. This study
demonstrates the novel observation of orange emission in Ho**doped Bio.sNao.sTiO3
ceramics without any sensitizers which is not usual behavior as Ho*" typically exhibits
green or red emission. This unusual luminescence highlights distinct site symmetry and
energy level interactions within the lead-free BNT matrix, validating the uniqueness of

the work.

Lastly this study presents the application of BNT, the development and characterization
of flexible piezoelectric nanocomposite films based on bismuth sodium titanate (BNT)
embedded in a polyvinylidene fluoride (PVDF) matrix for efficient mechanical energy
harvesting. BNT ceramic powder was synthesized via a conventional solid-state
reaction route and subsequently incorporated into PVDF at varying concentrations (0 —
25wt% BNT) using a drop casting method. Structural analyses confirmed the successful
formation of phase-pure thombohedral BNT and enhancement of the electroactive -
phase in PVDF upon BNT addition. Morphological evaluation using FESEM revealed
uniform dispersion of BNT up to 20wt% BNT, beyond which agglomeration was
observed. FTIR and XRD studies substantiated the P-phase promotion in the
composites, while polarization—electric field (P—E) loop measurements demonstrated
improved ferroelectric behavior with increasing BNT content, peaking at 20wt% BNT.
Notably, the piezoelectric voltage and current outputs were maximized at 20wt% BNT,
registering 25V and 12pA, respectively, under mechanical excitation. A practical

demonstration using the composite film to power LEDs confirmed its potential as a
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flexible nanogenerator. These findings highlight the suitability of BNT/PVDF
composites as promising candidates for next-generation, lead-free, wearable energy

harvesting devices.

In conclusion, Er** Er**/Yb*" and Ho*"doped Bio.sNao.sT10s ceramics were successfully
synthesized and systematically examined for their structural, ferroelectric, luminescent,
and sensing characteristics. The results confirmed phase-pure rhombohedral structures,
enhanced energy storage efficiency, and notable upconversion emissions with
composition-dependent behavior. Particularly, Er** and Er**/Yb** co-doping improved
energy storage and temperature sensitivity, while Ho** substitution revealed an unusual
orange emission, underscoring unique site symmetry effects. Furthermore, extending
the study to BNT/PVDF nanocomposites demonstrated their effectiveness as flexible,
lead-free piezoelectric generators with promising output performance. Overall, these
findings establish BNT-based materials as multifunctional candidates for future energy

storage, optoelectronic, and wearable energy-harvesting applications.
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CHAPTER -1

Introduction

R/
0'0

This chapter provides an in-depth exploration of luminescence, beginning with
its basic principles and various classifications. The discussion mainly focuses
on the concept of photoluminescence, with particular emphasis on upconversion
(UC) photoluminescence.

The wupconversion mechanisms and recent advancements in materials
incorporating both lanthanide and non-lanthanide dopants. Furthermore, it
examines the critical role of the host lattice, emphasizing its energy storage
capabilities and performance characteristics when combined with various rare-
earth ion dopants.

This section analyses the optical temperature sensing methodology employing
the fluorescence intensity ratio (FIR) approach and highlights the pivotal role
of ferroelectric host materials doped with rare-earth ions in enhancing sensing

performance.
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Chapter 1: Introduction

1.1 Luminescence

Luminescence is defined as the emission of light from a material upon excitation by
energy sources other than thermal energy, such as electrical stimulation, chemical
reactions, lattice vibrations, or mechanical pressure applied to a crystal structure. This
phenomenon arises when a material absorbs energy and subsequently re-emits it in the
form of light. The term luminescence typically refers to cold-body radiation, wherein
absorbed energy is converted into light without significant heat generation.
Luminescence is further classified based on the nature of the excitation source, as
depicted in (Figure. 1.1). The fundamental principles underlying these classifications

were first introduced by E. Wiedemann in 1888.

Photoluminescene |j¢--------4  je===——-- ->[ Electrochemiluminescence
Crystalloluminescence pf-------4  p====——-- Mechanoluminescence
Electroluminescence p-------- 1 Types of e————— ->[ Sonoluminescence

e -

i Luminescence +
[ Chemiluminescence p-------1+ = be-—=-—-- -[ Radioluminescence
_ ----------------- -’{ ThermOIuminescene

Figure 1.1: Classification of luminescence

Photoluminescence is the emission of light from a material after it absorbs photons.
When the material absorbs light energy, its electrons move to higher energy states and
then release photons as they return to their original levels. This process is widely used
to study the electronic and optical properties of semiconductors, nanomaterials, and

other luminescent substances.

Electroluminescence is the emission of light from a material when subjected to an
electric field or current, without heat or chemical reactions. It occurs mainly in
semiconductors and phosphors, where electron—hole recombination releases photons.
The emitted light’s color and intensity depend on the material’s bandgap and applied

voltage, making EL useful in LEDs, displays, and optoelectronic devices.
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Chapter 1: Introduction

Bioluminescence is the natural emission of light by living organisms through
biochemical reactions. It typically occurs when an enzyme reacts with a light-producing

molecule called luciferin in the presence of oxygen, releasing visible light.

Mechanoluminescence is the emission of light from a material when it experiences
mechanical action such as pressure, friction, or deformation. This effect occurs due to
the release of trapped energy or charge carriers within the material’s structure during
mechanical stress. It is often used in sensors, stress analysis, and smart material

applications.

Electrochemiluminescence is a light-emission process that occurs when
electrochemically generated reactive species undergo electron transfer reactions near
the electrode surface, leading to the formation of excited states that relax by photon
emission. This technique combines the high sensitivity of luminescence with the
controllability of electrochemical methods, making it highly useful in sensing,

bioimaging, and analytical applications.

Sonoluminescence is the emission of light from a liquid medium when subjected to
intense acoustic fields. It typically occurs when a sound wave of sufficiently high
amplitude passes through a liquid, leading to the formation and oscillation of gas-filled
microbubbles. During acoustic compression, these bubbles collapse rapidly and
generate extremely high local temperatures and pressures within a very short duration,

resulting in the release of light.

Radioluminescence is the emission of light from a material when it is exposed to ionizing
radiation, such as alpha, beta, or gamma rays. The radiation excites atoms in the material, and
as they return to their stable state, photons are released. This phenomenon is often used in

watch dials, emergency signs, and radiation detection systems.

This thesis emphasizes the study of photoluminescence, and it is therefore necessary to
describe its different forms in detail. Broadly, photoluminescence can be separated into
two categories: fluorescence, which involves rapid radiative emission, and
phosphorescence, which is characterized by a longer-lived emission process.

Furthermore, depending on the way incident light is converted, photoluminescence is

Megha Narwan 3
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generally classified into down-conversion, where higher-energy photons are converted
into lower-energy emission, and up-conversion, in which lower-energy photons are

combined to produce higher-energy emission.
1.1.1 Jablonski Diagram for Fluorescence and Phosphorescence

Figure 1.2 shows the Jablonski diagram, illustrating the mechanisms of fluorescence
and phosphorescence. In this diagram, the singlet ground state is represented as So,

while Si1 and S: denote the excited singlet states.

When photons with an appropriate frequency strike a phosphorescent material, the
material absorbs this energy. The first step in the diagram is the photon absorption by
the molecule, indicated by an upward straight arrow. This absorption promotes an
electron from the ground state to a higher electronic state, a process that takes place

extremely quickly, within about 107'* seconds.

Once the electron reaches the excited state, it becomes unstable and begins to lose energy
through different mechanisms, including vibrational relaxation and non-radiative
processes, shown as curved arrows between the vibrational energy levels in the diagram.
In vibrational relaxation, the absorbed energy is transferred into vibrational motion, either
within the same molecule or to nearby molecules, depending on the phase of the material.

This energy dissipation happens very rapidly, typically within 10 to 10~ seconds.

If the vibrational levels overlap significantly with the electronic states, the excited
electron can undergo a transition between vibrational levels of different electronic
states, a process known as internal conversion. This mechanism is similar to vibrational
relaxation and occurs due to the interaction between vibrational and electronic energy
states. However, because there is a relatively large energy gap between the ground state
and the first excited state, the electron’s return to the ground state through internal

conversion is comparatively slow.

When the molecule returns from the excited singlet state (S:) to the ground singlet state (So)
while emitting light, the phenomenon is called fluorescence. This radiative decay typically
occurs within picoseconds to nanoseconds (10~ to 10° seconds) and is depicted by a

straight downward arrow in the energy diagram connecting the electronic states.
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Figure. 1.2: Jablonski schematic representing fluorescence and phosphorescence processes

1.1.2 Down-Conversion and Up-Conversion Photoluminescence Processes

Down-conversion refers to the process in which an absorbed photon of higher energy is
transformed into one or more emitted photons of lower energy. In other words, the excitation
occurs at shorter wavelengths (higher frequency), while the emission appears at longer
wavelengths (lower frequency). This mechanism is particularly useful for improving the
efficiency of optoelectronic devices, as it minimizes energy loss by converting high-energy
radiation into the spectral region where the material or device has better response. In
luminescent materials, down-conversion is often associated with rare-earth ions or other
dopants that possess well-defined electronic transitions, enabling sharp emission lines with
good stability. However up-conversion is a nonlinear optical process in which two or more
low-energy photons are absorbed sequentially or simultaneously, resulting in the emission of
a single photon with higher energy. Unlike down-conversion, the excitation occurs in the
longer wavelength region, typically in the infrared, while the emitted light appears at shorter
wavelengths, such as in the visible range. This phenomenon is commonly observed in
materials doped with rare-earth ions, where intermediate energy levels facilitate the stepwise
absorption of photons. Up-conversion has attracted considerable interest due to its potential
applications in bio-imaging, solar energy conversion, security labelling, and photonic
devices. Figure 1.3 depicts the schematic diagram describing upconversion and
Downconversion photoluminescence. This thesis mainly emphasizes upconversion
luminescence (UCL); hence, the different mechanisms of UCL are outlined in the following

section.
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Figure 1.3: Representation of Downconversion and upconversion luminescence

1.1.3 Upconversion Luminescence Mechanism

Upconversion luminescence (UCL) is a process in which two or more photons of lower
energy are absorbed successively and converted into the emission of a single photon of
higher energy. This anti-Stokes type emission is characteristic of rare-earth-doped
materials, where the presence of long-lived intermediate energy states allows stepwise
excitation. As a result, incident near-infrared radiation can be converted into visible or
even ultraviolet emission, making UCL fundamentally different from conventional

Downconversion processes [1].

The main mechanisms responsible for UCL are excited state absorption (ESA), energy
transfer upconversion (ETU), photon avalanche (PA), and cooperative sensitization (CS). In
ESA, a single ion sequentially absorbs multiple photons, moving through intermediate states
until it reaches a higher excited state, followed by radiative relaxation. ETU, which is the
most efficient mechanism in many host lattices, involves interaction between sensitizer and
activator ions; for example, Yb*" ions absorb infrared photons and transfer the energy to Er**

or Tm?*" ions, thereby promoting them to higher energy levels.

The effectiveness of these mechanisms strongly depends on factors such as dopant ion
concentration, host lattice structure, phonon energy, and the excitation power density. Due to
these unique properties, UCL has become highly significant in applications including optical

imaging, solid-state lighting, laser technology, and solar energy conversion.
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1.1.3.1 Excited State Absorption Process

The schematic diagram illustrates the Excited State Absorption (ESA) mechanism in a
single ion system under near-infrared (NIR) excitation. The process begins when the
ion, initially in the ground state energy level (E:), absorbs an NIR photon and is excited
to the metastable state (E:). This primary excitation is known as Ground State

Absorption (GSA) (Figure 1.4).

From the metastable state, the ion can absorb a second NIR photon, promoting it further to
a higher excited energy level (Es). This secondary absorption is referred to as Excited State
Absorption (ESA). Once the ion reaches the higher excited state, it can relax radiatively
back to a lower level, emitting a photon of higher energy than the incident excitation. This
phenomenon is identified as upconversion (UC) emission, where the emitted photon lies in

the visible region, even though the excitation occurs in the NIR region [2].

Higher Excited E3 4
Energy Level 1-
/ NIR Photon WI
Absorption I ESA
UC Photon | m
Emission =
Metastable E o
3 -
state @
lGsa
MIR Photon I
Absorption "
Ground State E
Energy Level Single lon 1

Figure 1.4: Representation of the excited state absorption process

1.1.3.2 Energy Transfer Process

The diagram represents the Energy Transfer Upconversion (ETU) process Figure 1.5,
which involves two neighboring ions and is distinct from the single-ion Excited State

Absorption (ESA) mechanism [3].

In this case, the first ion absorbs a near-infrared (NIR) photon through Ground State
Absorption (GSA), leading to its excitation from the ground state energy level (E1) to
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the metastable state (E-). Similarly, a second ion also undergoes GSA to reach its own
metastable state. Once both ions are in the excited state, a non-radiative energy transfer
interaction occurs between them. The excited first ion transfers part of its energy to the
second ion, thereby promoting the second ion from the metastable level (E2) to a higher

excited state (Es) [4].

As a result of this cooperative interaction, the second ion reaches an elevated energy
state without directly absorbing a second photon, unlike in the ESA process. When this
excited ion relaxes radiatively back to the lower levels, it emits a photon of higher
energy compared to the excitation source. This phenomenon is observed as

upconversion luminescence (UC emission) [5].

The ETU mechanism is particularly significant in lanthanide-doped systems because of
the long-lived metastable states of rare-earth ions, which facilitate efficient energy
exchange between neighboring ions. Compared with ESA, the ETU process often
dominates in materials with high dopant concentrations, where the proximity of ions

enhances interionic interactions [6].
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Energy Level Energy A 3
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-
Metastable E (1]
state ) ry 2 5
| |
|GSA :
NIR Photon | l
Ground State Absorpeion
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Figure 1.5: Representation of the energy transfer process
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1.1.3.3 Cooperative Process

The cooperative energy transfer process involves three ion centers, where two ions (ion
1 and ion 3) are identical. As shown in Figure 1.6, upon absorption of excitation photons,
both ion 1 and ion 3 are promoted to the metastable state (E:S). These ions can then
simultaneously and cooperatively interact with ion 2, transferring their absorbed energy
to excite ion 2 from its ground state (EoA) to a higher excited state (E1A). The activator
ion in the E:A state subsequently relaxes back to the ground state (EoA), releasing an
upconverted photon. In this mechanism, ion 1 and ion 3 serve as sensitizers, absorbing
energy from incoming NIR photons and delivering it to ion 2, which acts as the activator
responsible for photon emission. Compared with excited state absorption (ESA) and
energy transfer (ET), the cooperative process generally exhibits lower efficiency because

it proceeds through a quasi-virtual pair level during the transition [7].
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Figure 1.6: Representation of the Cooperative process

1.1.3.4 Cross Relaxation Process

Figure 1.7 illustrates the cross-relaxation (CR) process, in which lon 1 transfers part of
its energy to lon 2 according to the cycle: Ez (ion 1) + Eo (ion 2) — E: (ion 1) + Ei (ion
2). The interacting ions may be identical or different, and in some cases, ion 2 can also

exist in a higher excited state [6]. The efficiency of CR strongly depends on the dopant
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concentration, as the interaction between neighbouring ions establishes the CR loop.
This mechanism is a major cause of concentration quenching in luminescence.
Nevertheless, cross-relaxation can be purposefully utilized to tune the color of

upconversion emission or to trigger an intense photon avalanche process [7].
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Figure 1.7: Representation of the Cross-relaxation process

1.1.3.5 Photon Avalanche Process

The schematic Figure 1.8 illustrates the Photon Avalanche (PA) process, a nonlinear
upconversion mechanism involving multiple ions and strong interionic interactions.
Unlike Excited State Absorption (ESA) or Energy Transfer Upconversion (ETU), the
PA process relies on a feedback loop of excitation and relaxation steps that significantly

amplify the upconversion luminescence.

Initially, the first ion is resonantly pumped from the metastable state (E:) to the higher
excited state (Es) by absorption of a photon. From this elevated level, the ion can
undergo avalanche emission, release a photon while simultaneously transfer energy
through a cross-relaxation process to a neighbouring second ion. During cross-
relaxation, the first ion relaxes back to the metastable state, while the second ion is

promoted from its ground state (E:) to the metastable state (Ez).
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The second ion, now in the excited state, can again absorb a resonant photon, undergo
further excitation, and repeat the same sequence of cross-relaxation and energy transfer.
This cyclic interaction between ions creates a positive feedback loop, resulting in a
rapid buildup of population in the excited state and the generation of strong

upconversion (UC) emission.

The photon avalanche mechanism is particularly important at high excitation intensities,
where the nonlinear response leads to a sharp increase in luminescence output. This process
is advantageous in designing highly sensitive optical devices, sensors, and advanced photonic

applications due to its strong signal amplification effect.
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Figure 1.8: Representation of the Photon avalanche process

1.2 Selection of Host Materials

The host material provides the lattice framework that supports dopant ions and governs
the luminescent properties of the system. Selecting an appropriate host is therefore a
vital step in the development of advanced and efficient luminescent materials. Over the
years, researchers have investigated a variety of inorganic hosts, including halides,
oxides, silicates, nitrides, sulphides, and phosphates [10]. The performance of

luminescent systems strongly depends on the host, making its careful selection essential
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for achieving optimal emission characteristics. An ideal host is expected to exhibit a
low cut-off phonon frequency, which reduces non-radiative losses and improves optical
efficiency, while also maintaining properties such as high thermal and chemical
stability, a wide transparency window, a relatively high refractive index, good
solubility, and low toxicity [11]. Halides are of particular interest because of their low
phonon energy, although their higher toxicity can be a drawback. Both conventional
and more complex hosts are often employed to fine-tune the phonon environment and

optimize luminescence performance.

1.2.1 Ferroelectric Host Materials

Ferroelectric host materials are an important class of functional oxides that exhibit
spontaneous electric polarization, which can be reversed under the influence of an

external electric field [12].

In the context of luminescence, ferroelectric hosts provide unique advantages. Their
internal electric fields and high dielectric constants enhance the interaction between the
dopant ions and the lattice, which can modify radiative transitions and influence the
intensity and stability of emission. Moreover, the polar nature of these lattices facilitates
better incorporation of rare-earth and transition metal ions, creating localized states that
promote efficient luminescence. The presence of intrinsic defects, such as oxygen

vacancies, further contributes to optical emission and broadens the spectral response.

Several perovskite oxides, such as barium titanate (BaTiOs), lead zirconate titanate
(Pb(Zr,T1)Os), bismuth sodium titanate (Bio.sNao.sTiO3), and potassium niobate
(KNbO:s), are widely studied as ferroelectric host matrices [13]. These materials are
capable of sustaining strong polarization fields, which directly affect the energy transfer
dynamics within the lattice. As a result, ferroelectric hosts serve as promising platforms
for the development of advanced luminescent materials with potential applications in

solid-state lighting, nonlinear optics, and optoelectronic devices [14]

1.3  Selection of Suitable Dopants

Inorganic upconversion phosphors are generally composed of a crystalline host material
combined with dopant ions, most often lanthanides, introduced in small concentrations

[15]. The dopant ions function as the main luminescent centers, while the host lattice
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provides the structural framework that positions these centers in favorable sites. The
exact spacing between rare-earth ions, along with their spatial distribution within the
lattice, plays a decisive role in determining the efficiency and sensitivity of the

luminescence process [16].

1.3.1 Lanthanide Dopants

The luminescence behavior observed in these systems arises primarily from the
presence of lanthanide ions. To properly evaluate their performance, it is essential to
understand the unique energy level structure of these elements. The rare-earth series
belongs to the 6th period and 3rd group of the periodic table, covering atomic numbers
57 to 71. These elements possess a partially filled 4f shell, which is well shielded by
the outer 5s? and 5p® orbitals [17]. Owing to this shielding effect, their energy levels
remain largely unaffected by the surrounding environment and are relatively stable
across different host lattices. In their neutral state, lanthanides have the electronic
configuration [Xe]5d6s?4f* (where n ranges from 0 to 14), with the 4f orbitals filling
progressively from lanthanum through lutetium. When incorporated into host matrices,
the lanthanide ions are generally stabilized in the trivalent state, exhibiting the

configuration [Xe]4f* [18].

The energy levels of a material are described in terms of its total spin angular
momentum (S), total orbital angular momentum (L), and total angular momentum (J).
Within the host lattice, these levels undergo splitting due to three primary types of
interactions. The nature of these interactions, illustrated in Fig. (1.11), is discussed in

detail in the following sections:-

I. Electronic interaction: Electronic interaction arises from the Coulomb repulsion
between electrons within the same ion. For lanthanide elements, this effect is
especially important for the 4f electrons, which gradually fill as the series
progresses. Since multiple electrons may occupy different 4f orbitals, their mutual
repulsion leads to a splitting of energy levels. The resulting arrangement of
electronic states is described by the total spin (S) and total orbital angular
momentum (L), following Hund’s rules. This interaction therefore determines the

basic multiplet structure of the ion, which strongly influences its optical and
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luminescent properties.The transition from the 4f" to 4f'5d configuration arises
due to the involvement of the 4f"' and 5d electrons and is generally observed in
divalent lanthanide ions. However, the energy gap between these levels is very
large (greater than 10* cm™), which makes the likelihood of such transitions

occurring extremely low [19-21].

II. Coulombic interaction: Coulombic interaction refers to the electrostatic force
between charged particles. In the context of lanthanide ions, it describes the
repulsion between electrons within the same ion or between neighbouring ions in
a lattice. For electrons in partially filled 4f orbitals, this repulsion affects the
relative energies of different electronic configurations, leading to a splitting of the
multiplet states. The magnitude of this splitting depends on the number of electrons

and their spatial arrangement within the orbitals [22].

This is the next strongest Coulombic interaction, which originates from the
electrostatic repulsion between electrons occupying the 4f orbitals of lanthanide ions.
This repulsion causes the energy levels of the free ion to split into multiple states,
which are described by the 'L notation. Each of these split states has a degeneracy
of (2L+1)(2S+1). The splitting of the >*'L levels is on the order of 10* cm™ and is

particularly significant when compared to other types of interactions [23].

III. Spin—orbit interaction: Spin—orbit interaction refers to the coupling between an
electron’s spin angular momentum and its orbital angular momentum. In
lanthanide ions, the 4f electrons are shielded by the outer 5s* and 5p¢ shells, which
reduces—but does not eliminate—the strength of this interaction [24]. The spin—
orbit effect causes each multiplet, determined by S and L, to split further into states
characterized by the total angular momentum quantum number J. The magnitude
of this splitting depends on the ion and increases with the number of 4f electrons.
This interaction is particularly important because it gives rise to the sharp, well-

defined emission lines observed in rare-earth doped materials [25].

According to the Russell-Saunders coupling scheme, the strong Coulombic interaction
leads to the coupling of the total orbital angular momentum (L) and the total spin angular

momentum (S) to form the total angular momentum (J) [26]. As a result of spin—orbit
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interaction, the levels already split by Coulombic forces undergo further splitting into a
set of (2J+1) sub-levels. These states are represented as *>*'L; levels. The magnitude of

this splitting is approximately 10°> cm™.

IV. Crystal field interaction: When lanthanide ions are introduced into a solid host
matrix, their 4f orbitals experience the influence of the surrounding lattice ions.
This is known as the crystal field interaction. Because the 4f electrons are shielded
by outer orbitals, the crystal field effect is relatively weak compared to transition
metals. Nevertheless, it lifts the degeneracy of J states and introduces further
splitting, which can be observed as slight shifts or fine structures in absorption and
emission spectra. The magnitude of this splitting depends on the symmetry and

strength of the local environment within the host lattice.

The Stark splitting of the **'L; levels is caused by the interaction between the ion and
the surrounding crystal field, which further divides the energy manifolds. This crystal-
field interaction alters the (2J+1) degeneracy of the levels; for ions with an even number
of electrons, the degeneracy is reduced to (J+1/2). In contrast, for ions with an odd
number of electrons, the degeneracy remains at (2J+1), denoted as 2>*'Ly,. In this case,

the energy levels are typically split by approximately 10> cm™ [27].
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Figure 1.9: Types of energy level splitting due to various interaction within the host
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The optical transitions exhibited by rare-earth ions are classified based on their outer

electronic configurations:

f-f transition: In rare-earth ions, f—f transitions occur between energy levels
within the 4f shell. These transitions involve electrons moving from one 4f orbital
to another, without leaving the 4f shell. Because the 4f electrons are well shielded
by the outer 5s? and 5p° orbitals, the energy levels involved in these transitions
are minimally affected by the surrounding host lattice. As a result, ff transitions
produce sharp and well-defined absorption or emission lines, which are

characteristic of the particular lanthanide ion.

Although these transitions are formally forbidden by the Laporte selection rule, they still occur

with low probability due to mixing of 4f states with higher orbitals or because of asymmetric

crystal-field effects. The narrow linewidths and high stability of f—f transitions make them

particularly useful for applications in phosphors, lasers, and optical devices [28-29].

ii.

f-d transition: f—d transitions in rare-earth ions involve the excitation of an
electron from a 4f orbital to a 5d orbital. Unlike f—f transitions, these transitions
occur between different shells and are therefore allowed by selection rules,
resulting in comparatively stronger absorption or emission bands. The 5d
orbitals are less shielded than the 4f orbitals, so their energy levels are more
sensitive to the surrounding crystal field of the host matrix. This sensitivity leads
to broader absorption or emission bands and shifts in the transition energies

depending on the local environment.

f—d transitions are typically observed in divalent or trivalent lanthanide ions and are

important in applications such as phosphors, scintillators, and UV-visible optical

materials, where strong and tunable emission is required [30].

iii.

Charge transfer transition: Charge-transfer transitions occur when an electron is
transferred between the rare-earth ion and its surrounding ligands or host lattice. In
most cases, this involves the movement of an electron from a ligand orbital, such
as an oxygen 2p orbital, to an empty 4f or 5d orbital of the lanthanide ion, or vice
versa. These transitions are typically allowed by selection rules and, as a result,

exhibit much higher intensity than the intra configurational f—f transitions.
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The energy of charge-transfer transitions depends strongly on the nature of the ligands
and the crystal field environment, often resulting in broad absorption bands in the UV
or visible region. These transitions play a key role in determining the optical and
luminescent properties of lanthanide-doped materials and are particularly important in
phosphors, scintillators, and other optoelectronic applications where efficient

absorption and energy transfer are required [31].

1.3.2 Non-Lanthanide Dopants

Non-lanthanide dopants are elements other than rare-earth ions that can be incorporated
into a host lattice to modify its optical, electrical, or structural properties. Their
luminescence typically arises from d—d or charge-transfer transitions rather than
shielded f—f transitions. Common examples include transition metal ions such as Mn*",

Cr**, and Cu*", which are often used to tune emission wavelengths, enhance intensity,

or improve energy transfer in phosphor and luminescent materials.

1.4  Applications

The unique optical response of rare-earth-doped ferroelectric ceramics, particularly
their ability to exhibit upconversion luminescence (UCL), offers a wide spectrum of
practical applications. Since BNT-based materials provide a stable perovskite host
lattice with excellent ferroelectric properties, their UCL behavior can be effectively

exploited in both fundamental research and applied technologies.

One of the most significant applications of UCL-active ceramics is in optical
thermometry. The fluorescence intensity ratio (FIR) technique, which utilizes thermally
coupled energy levels of dopant ions such as Er** or Ho**, enables precise, non-contact
temperature sensing. In the case of BNT ceramics, the strong thermal stability of the
lattice enhances the reliability of this method, making these materials suitable for

sensing in microelectronics, harsh industrial environments, and biomedical systems.

In addition, biomedical imaging and therapy represent an important domain for UCL
applications. Rare-earth-doped BNT ceramics excited under near-infrared light
generate sharp emission bands with high photostability. Such features minimize

background autofluorescence, allowing for high-contrast imaging and potential use in
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targeted photodynamic therapy. Although polymer-based hosts are often employed in
biomedical platforms, the incorporation of lead-free BNT ceramics offers a more

environmentally benign alternative with added multifunctionality.

Another critical field is renewable energy harvesting. UCL materials can be integrated
into photovoltaic devices to convert infrared light into visible emission, thereby
extending the absorption range of solar cells. The combination of ferroelectric
polarization in BNT with UCL activity provides a dual functionality: enhanced light
management and efficient charge separation, both of which contribute to improved

photovoltaic performance.

Furthermore, BNT-based UCL ceramics find relevance in optoelectronic and photonic devices.
Their emission tunability, achieved by adjusting the concentration of rare-earth dopants,
enables applications in solid-state lasers, display technologies, optical sensors, and data storage
devices. The inherent ferroelectricity of the BNT matrix further adds multifunctional

advantages, making them attractive for integrated electronic—photonic systems.

Finally, the distinct emission profiles of UCL-active ceramics are being exploited in
security and anti-counterfeiting technologies. BNT-based phosphors, when excited by
near-infrared radiation, produce characteristic emission colors that can serve as

invisible markers or authentication labels.

1.5  Thesis Objectives
This thesis aims to achieve the following key objectives:

> Prepare the undoped Bio.sNaosTi2Os3 ferroelectric ceramic by solid-state
method and optimize its calcination and sintering temperature. Examine the

formation of pure phase by X-ray diffraction spectra.

> Optimization of Er’" content in Bio.s-«ErxNaosTiOs ceramic to study the
luminescence properties. And also, to find the optimum content of Er** to

cause a quenching effect.

> Study the optical temperature sensing up to wide temperature range and
ferroelectric behaviour of Er** doped Bio.s-xErxNaosTiO3 ceramic at room

temperature.

Megha Narwan 18



Chapter 1: Introduction

> Improve the upconversion luminescence intensity by co-doping Biosx
yErYbyNaosTiOs ferroelectric ceramic with varying Yb*" and fixed optimized

Er*" content in the above host material.

> Determination of critical Yb*" content in Er/Yb** co-doped Biosx-

yErxYbyNaosTiOs ceramic leads to a quenching effect.

> Study the effect of tuning Yb*" content in optical temperature sensing of the
Er’*/Yb** co-doped Bio.sxyEr«YbyNaosTiOs ceramic in a wide temperature range.

> Synthesis of Ho*" doped Bio.sxHoxNaosTiOs ferroelectric ceramic by solid-state
method.

> The temperature-dependent upconversion luminescence of doped Bios-

xHoxNao.sTiO3 ferroelectric ceramic to study the optical temperature behaviour.

> Synthesis of BNT-PVDF thin film with different concentrations for energy

harvesting applications.

1.6  Thesis Organization

Chapter 1 provides a comprehensive overview of different types of photoluminescence and
their classification. It highlights the importance of selecting BNT ferroelectric materials as
suitable host matrices. The role of rare-earth ions in upconversion luminescence is
emphasized, and a brief overview is presented on the applications of upconversion
luminescent materials across various fields. Additionally, this chapter outlines the main

objectives of the thesis and provides a concise description of the overall thesis structure.

Chapter 2 describes the synthesis procedure and the characterization techniques employed
in this work. The BNT ceramic was prepared using the solid-state reaction method. The
chapter further details the methods used to analyze the synthesized ceramic. Structural
characteristics were examined through X-ray diffraction (XRD), scanning electron
microscopy (SEM), and Fourier-transform infrared spectroscopy (FTIR). The
photoluminescence behavior was investigated using upconversion luminescence (UCL)
spectra, pump power—dependent measurements, and time-resolved fluorescence
spectroscopy. Temperature-dependent UCL studies were carried out using the fluorescence
intensity ratio (FIR) method. In addition, the ferroelectric properties of the samples were

evaluated from polarization—electric field (P—E) hysteresis loops.
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Chapter 3 focuses on the preparation and characterization of Er**-doped BiosNaosTiOs3
(BNT) ceramic composites. The structural features of the material were examined using X-
ray diffraction (XRD) and scanning electron microscopy (SEM). Ferroelectric properties at
room temperature were studied through polarization—electric field (P-E) hysteresis loop
measurements. Upconversion luminescence (UCL) spectra, along with time-resolved
photoluminescence, were recorded under 980 nm excitation. Furthermore, the temperature
sensing characteristics of the optimized Er**-doped BiosNaosTiOs (BNT) ferroelectric

ceramic were investigated using the fluorescence intensity ratio (FIR) method.

Chapter 4 presents the preparation of Er**/Yb*" co-doped BiosNaosTiO3 ceramics, where
the Er*" concentration was kept at its optimized value while varying the Yb*" content.
Structural and microstructural features were examined through X-ray diffraction (XRD) and
scanning electron microscopy (SEM), confirming the formation of a pure perovskite phase
with a dense morphology. Fourier-transform infrared spectroscopy (FTIR) was employed to
analyze the vibrational modes of the BNT lattice. Particular emphasis in this chapter is placed
on the upconversion luminescence (UCL) behavior of the Er**/Yb*" co-doped Bio.sNaosTiO3
ceramic. The dependence of UCL spectra on pump power provided insight into the number
of photons involved in the upconversion process, while time-resolved decay measurements

were carried out for all co-doped samples under 980 nm excitation.

Chapter 5 investigates the synthesis of Ho** ions doped in Bio.sNao.sTiOs ceramics prepared
by the solid-state method. Structural analysis confirmed the rhombohedral perovskite phase,
while FTIR revealed Ti—O vibrational modes. Optical investigations showed absorption and
emission transitions characteristic of Ho**, with an unusual dominant orange luminescence,
alongside green and red bands. The optimized composition (x = 0.03) exhibited notable band
gap variation, efficient upconversion behavior, and average lifetimes of ~13 ps (green) and
~9 us (orange). Ferroelectric studies indicated reduced remnant polarization but enhanced
energy storage efficiency, reaching 90%. Temperature-sensing performance was also
significant, with maximum sensitivity observed at 303 K. The distinct orange emission
without sensitizers highlights unique energy-level interactions in the BiosNaosTiOs host,

underlining the novelty of this work.
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Chapter 6 explores the development of flexible piezoelectric nanocomposite films by
incorporating bismuth sodium titanate (BNT) into a polyvinylidene fluoride (PVDF)
matrix for mechanical energy harvesting. Structural and morphological studies
confirmed the phase-pure nature of BNT, its uniform dispersion in PVDF, and the
enhancement of the electroactive B-phase. The composites exhibited improved
ferroelectric and piezoelectric responses, with optimal performance at 20 wt% BNT,
delivering output voltages of 25 V and currents of 12 pA. A practical test powering
LEDs demonstrated the potential of these lead-free BNT/PVDF films for wearable

energy-harvesting applications.

Chapter 7 provides an overall summary of the research findings and their broader
significance in society. It outlines the key outcomes discussed in the preceding chapters
and emphasizes their relevance. In addition, this chapter highlights the future scope of

the work, suggesting possible directions for further studies and potential applications.

1.6.1 Overview of Thesis

The arrangement of the various thesis chapters is shown in a flowchart, which is

illustrated in Fig. 1.10.
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Figure 1.10: Flowchart for the organisation of the thesis
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Synthesis and Characterization Details

X/
°

This chapter outlines the detailed procedure employed for preparing both pure
and doped Bio.sNao.sTios ferroelectric ceramics through the conventional solid-

State reaction technique.

<> The experimental procedures adopted in this thesis are described, along with a
brief explanation of the working principles and instruments involved.

K/
L X4

This chapter also covers various experimental techniques used to examine the
structural, microstructural, and Iluminescent characteristics, along with
methods employed to evaluate luminescence and ferroelectric behavior.
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2.1  Synthesis Process

Most bulk ceramics prepared from inorganic powders are commonly synthesized via
the solid-state reaction route. This method is preferred due to its reproducibility, cost
efficiency, and ability to produce large quantities of material with relative ease. In this
process, precursor materials—typically oxides or carbonates—are subjected to high
temperatures, where they undergo chemical reactions leading to the formation of the

desired ceramic phase.

Under ambient conditions, these reactions generally do not occur. Instead, a minimum
temperature equivalent to approximately two-thirds of the melting point of the least
stable component is required to initiate the process. As the temperature rises, the

reaction rate increases significantly due to enhanced atomic diffusion [1].

To overcome lattice energy barriers and allow for the migration of cations or anions
into new lattice sites—an essential step for the continuation of the solid-state reaction
temperatures in the range of 500 °C to 2000 °C are typically necessary. Although such
reactions can be slow to complete, the kinetics can be improved by further elevating

the temperature, which enhances ionic mobility.

Additionally, these reactions are usually carried out in the solid phase, as it is

uncommon to heat the reactants to their melting points in ceramic synthesis.

The synthesis of Bio.sNao.sTi03 (BNT) ceramic was carried out via the conventional solid-
state reaction technique. High-purity starting powders, procured from Sigma-Aldrich and
Alfa Aesar, were accurately weighed in stoichiometric proportions and homogenized
through ball milling in ethanol for a duration of 8 hours. The resulting mixture was then

subjected to a calcination process at 850 °C for 3 hours to facilitate phase formation.

Following calcination, the powder was blended with 5 wt% polyvinyl alcohol (PVA) as
a binder and pressed into circular pellets with a diameter of 10 mm. The green compacts
were sintered using a two-step heating protocol in a high-temperature furnace. Initially,
the samples were heated to 500 °C and held for 1 hour to ensure the complete removal
of the organic binder. Subsequently, the temperature was elevated to 1050°C and

maintained for 3 hours to achieve densification and final phase development. A
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schematic representation of the synthesis procedure is provided in Figure 2.1. The
powders were combined in the stoichiometric proportion according to the following

synthesis reaction given by Eq. 2.1.

Bi,0; + Na,CO; + TiO; — 4BiycNa,sTiO3; + 2CO, T (2.1)
~— /
-~
Raw material Welghing of th i Calcined at 950°C
Bi,0; Na,CO, m:t':::lg e raw Ball milled for 12 hrs.
Tio, Er,0, @

Solid State
Reaction Method

) SR @ W

Pale yellow pellets
after sintering

Green pellets for sintering

Sintering at 1050°C Hydraulic press for
pellets making

Figure 2.1: Schematic representation of the steps involved in the synthesis of ceramic
using solid state method

2.1.1 Selection of Raw Materials

The solid-state reaction route predominantly employs inorganic oxides and carbonates
as the primary source materials for the synthesis of ceramic systems. The raw materials
selected for this process are of high analytical grade, characterized by exceptional purity
and low moisture content to ensure reproducibility and phase stability during synthesis.
To enhance the overall reactivity and minimize the possibility of particle
agglomeration, the use of fine particle-sized powders is strongly recommended. Table
2.1 presents the list of precursor compounds utilized for the preparation of both

undoped and doped Bio.sNao.sTiO3 (BNT) compositions.
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Table 2.1: Details of precursor powders used for preparing doped and undoped

Bio.sNao.sTiOs ceramics

Precursors Supplier Purity (%) Molecular Density(g/cc)
weight (g/mol)
Bi,03 Alfa Aesar 99.00 465.96 8.90
NaxCos Sigma Aldrich 99.90 105.99 2.54
TiO, Sigma Aldrich 99.00 79.87 4.26
ErO; Alfa Aesar 99.99 382.56 8.64
Yb,03 Sigma Aldrich 99.90 394.08 9.20
Ho,O SigmaAldrich 99.90 377.86 8.8

2.1.2 Stoichiometric Weighing of Raw Materials

The starting materials were chosen carefully, considering factors such as their chemical
composition, purity, particle size, distribution, and reactivity. The required amounts of each

component were then calculated according to the chemical formula and weighed precisely.
2.1.3 Mixing of Raw Materials

The accurately weighed chemicals were Ball milled with an acetone medium. This
grinding process was done for 24 hrs until a fine, uniform powder was obtained.
Ensuring homogeneity at this stage is essential for proper phase formation and to

minimize porosity and particle agglomeration.
2.1.4 Calcination of Mixed Raw Materials

Calcination is a thermal treatment process applied to the prepared precursor powders
to induce chemical reactions, remove volatile impurities, and promote the formation
of the desired crystalline phase. he formation of the desired compound takes place as
the individual components decompose and diffuse between the grains at temperatures
below the melting points of the raw materials. After thoroughly mixing the precursor
powders to achieve uniformity, they were subjected to heat treatment at 850 °C for 3
hours for calcination. A high-temperature muffle furnace was employed for this

process, as shown in Figure 2.2.
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Figure 2.2: High temperature muffle furnace for calcination of the prepared sample

2.1.5 Formation of Pellets

Pellets from the calcined powder were prepared by incorporating polyvinyl alcohol
(PVA) as a binder. The PVA solution was prepared by dissolving 5 g of PVA powder in
100 mL of distilled water. The water was heated, and the PVA powder was gradually
added while stirring. Upon continued heating, the solution volume decreased to
approximately half, and the mixture became viscous and sticky, indicating complete
dissolution of PVA in water. The prepared PVA solution was then added dropwise to
the calcined powder, and the mixture was thoroughly ground using a mortar and pestle.
During this process, the powder gradually dried, yielding a fine, homogeneous calcined
powder. This powder was subsequently placed into a die set to form circular pellets
with a diameter of 10 mm and a thickness of 1 mm. The die set containing the powder
was then subjected to compression using a manual hydraulic press at a pressure of 5

MPa, as illustrated in Figure 2.3(a-b).
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Figure 2.3: Hydraulic press and pelletizer for making pellets

2.1.6 Sintering

Sintering is a process in which a powdered material is exposed to elevated temperatures
below its melting point, sufficient to promote bonding between particles. The applied
heat enables particle movement, allowing them to merge with neighboring particles.
This rearrangement reduces the total surface area of the particles, as they naturally seek
a lower energy state. The decrease in surface area lowers the system’s overall energy,
which drives the formation of a denser ceramic structure during sintering. As the
process progresses, the average grain size increases, which further reduces grain
boundaries and the total surface area. This reduction in solid—gas interfaces contributes

to the development of well-defined grains with distinct boundaries [2].

Prior to sintering, the material may contain internal strains resulting from grinding and
shaping. During sintering, the high temperature facilitates atomic diffusion, which
alleviates these strains. As the temperature rises, atoms move more freely, improving
contact between grains. This increased interaction, particularly at grain surfaces, allows
atoms to pack closely in all directions. This densification process produces a more
compact and solid ceramic structure. In essence, sintering at elevated temperatures
promotes atomic rearrangement, reduces internal stresses, and enhances the density and

overall properties of the material [3].

The fabricated pellets were subjected to a two-step heat treatment at 1050 °C. In the

first step, the temperature was gradually increased to 500 °C and held for 1 hour to
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remove the PVA binder. In the subsequent step, the temperature was raised to 1050 °C
and maintained for an additional 2 hours to complete the sintering of the pellets. Figure

2.4 illustrates this sequential heat treatment process.

Sintering
~ 10501
@) <
N
Q Holding Time 2 Hour
= 7501
B
g PVA Removal
) 500 + & ; |
g" =Holding :
[ I
. Time 1 Hour
s 2 ! !
0 i ! ! ! !
2 4 6 8 10
Time(Hour)

Figure 2.4: Steps involved during sintering process

2.2 Experimental and Characterization Details

A comprehensive characterization is necessary to evaluate the properties of the
synthesized ceramic powder and to enhance its suitability for use as luminous materials
in lighting applications. To achieve this, various standard analytical tools were
employed to investigate their structural, morphological, and luminescent features. The
subsequent sections of this chapter provide detailed explanations of the instruments and

experimental techniques adopted for this study.
2.2.1 X-ray Diffraction (XRD)

In 1912, it was discovered that X-rays, when directed onto a solid material, generate an
interference pattern through diffraction. This experiment not only confirmed the diffraction
of X-rays but also provided evidence of their wave-like nature. Shortly thereafter, W. L.
Bragg, extending the findings of Laue’s work, recognized that the wavelength of X-rays is

on the order of atomic dimensions—roughly a thousand times shorter than that of visible
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light. Owing to this property, X-rays are able to interact with the periodic arrangement of

atoms in a crystal lattice, making them an effective tool for probing structural details.

From his studies, Bragg proposed a mathematical relationship, now known as Bragg’s
law, which describes the condition for constructive interference. Constructive
interference occurs when the difference in path length between incident and reflected
X-rays is an integral multiple of the wavelength. When this condition is not satisfied,
destructive interference results. The resulting diffraction pattern consists of peaks that
correspond to reflections from different crystallographic planes, thereby revealing

information about the internal arrangement of atoms in the material Figure. 2.5.
Bragg’s equation can be expressed as Eq. 2.2.
2d sin® = nA (2.2)

Here, d denotes the interplanar spacing, A is the wavelength of the incident X-rays

(commonly 1.54 A), 0 is the diffraction angle, and n is the order of reflection.

Figure 2.5: (a) Bragg’s Diffraction representation from crystal planes

Bragg’s equation provides a means to calculate the interplanar spacing (ddd) between
atomic planes once the wavelength of the incident X-rays and the diffraction angle
(0\thetad) are known. By carefully adjusting the orientation of the crystal to satisfy

Bragg’s condition for different sets of planes, values of ddd for multiple planes can be
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determined. This results in a series of diffraction patterns corresponding to various
crystallographic orientations, which can then be used to deduce the unit cell dimensions
and overall crystal structure. However, reorienting a single crystal for every reflection
is impractical. To overcome this limitation, the powder diffraction method is widely

adopted [4].

In this technique, the material is ground into a fine powder consisting of numerous tiny
crystallites, each randomly oriented. When exposed to X-rays within an angular range
(0°-90°), the randomly oriented grains collectively satisfy Bragg’s law for many planes,
producing a diffraction pattern with peaks at different angles corresponding to distinct
interplanar spacings. A goniometer is employed to rotate the X-ray source and detector

over the angular range to record the intensity of diffracted beams.

In the present work, XRD measurements were carried out using a Bruker D8 Advance
diffractometer equipped with a Cu-Ka radiation source (A=1.5406 A) and a graphite
monochromator, operating at 30 kV and 30 mA. The diffraction data were collected

over the range of 15°-60°, as illustrated in Figure. 2.6.

XRD is one of the most versatile and widely applied techniques for structural analysis.
It allows the identification of crystalline phases, detection of secondary phases or
impurities, determination of lattice parameters (a,b,ca, b, ca,b,c), estimation of unit cell
volume, and evaluation of crystallite size. Furthermore, the presence of peak
broadening in the diffraction pattern provides insight into the crystallinity of the sample,

distinguishing between microcrystalline and nanocrystalline states [5].

This characterization is available within the Central facility (USIC) at University of
Delhi (DU).
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Figure 2.6: Bruker D8 Advance X-ray diffractometer

2.2.2 Scanning Electron Microscopy

A Scanning Electron Microscope (SEM) is an instrument used to examine material
surfaces by scanning them with a finely focused beam of electrons. It provides detailed
information about a sample’s surface characteristics, including its topography,
composition, and overall morphology. SEM is widely used to study both organic and
inorganic materials across the nano- to microscale. It produces high-resolution images
with magnifications reaching up to 30,000%, and in more advanced systems, up to
1,000,000%. When the electron beam interacts with atoms at different depths within the
sample, it generates various signals such as secondary electrons, backscattered
electrons, Auger electrons, and characteristic X-rays. Among these, secondary

electrons—being highly sensitive to surface features—are primarily used for image
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formation [6]. The resulting SEM images are useful for examining grain size
distribution and surface morphology. However, a limitation of conventional SEM is its
inability to clearly resolve grains smaller than approximately 50 nm, due to a resolution
limit of around 10 nm. In the present work, the surface morphology and microstructural
features of the sintered pellets at room temperature were examined through the Central
Facility (USIC), University of Delhi, using a JEOL Japan Mode: JSM 6610LV Scanning
Electron Microscope (SEM), as shown in Figure. 2.7.

Figure 2.7: JEOL Japan Mode: JSM 6610LV Scanning Electron Microscope (SEM)

2.2.3 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier-transform infrared (FTIR) spectroscopy is commonly used to identify
functional groups present in a compound. It is primarily applied to organic substances,
and in certain cases, to inorganic compounds that contain functional groups. The name
FTIR comes from the use of a Fourier transform, which is applied to the raw data to

generate an interpretable spectrum. This technique is based on measuring the absorption
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of infrared radiation by a sample and plotting it as a function of wavenumber. The
resulting absorption bands or peaks are associated with specific molecular vibrations

within the compound [7].

When infrared radiation interacts with a material, it causes the chemical bonds to
vibrate at higher energy levels. The amount of radiation absorbed depends on the energy
difference between the ground and excited vibrational states, and this absorption pattern
reflects the molecular structure of the compound. For a molecule to be detected in an
IR spectrum, a change in dipole moment must occur during vibration; molecules that

do not undergo such a change will not show IR-active bands.

Infrared spectroscopy is typically divided into three regions: the near-infrared (4000—
14,000 cm™), the mid-infrared (4004000 cm™), and the far-infrared (50400 cm™).
Among these, the mid-infrared region is the most widely used in FTIR analysis, as the
majority of organic and inorganic compounds exhibit characteristic vibrational
absorption in this range. The vibrational modes of most chemically bonded atoms fall

within this region.

An FTIR spectrometer is capable of rapid data acquisition and provides high-resolution
spectra over a wide range, typically from 400 to 4000 cm™'. The instrument operates
using an interferometer, which modulates infrared radiation from a broadband IR
source, while a detector records the intensity of the transmitted or reflected radiation.
The detected signal is then processed through a Fourier transform to generate the final
infrared spectrum. These spectra are generally presented as plots of percentage

transmittance or absorbance versus wavenumber.

FTIR spectroscopy has several advantages, such as faster scanning speed compared to
many dispersive techniques and the ability to analyze samples in solid, liquid, and
gaseous states. The technique is based on the interactions between infrared radiation
and the molecular bonds within a sample, allowing different chemical bonds to be
identified according to their characteristic vibrations. In the present study, the FTIR
spectrum was recorded using a PerkinElmer Fourier transform spectrometer in the
range of 4000400 cm™, the equipment was accessed in Department of Applied

Physics, Delhi Technological University as shown in Figure. 2.8.
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Figure. 2.8: Perkin Elmer’s Frontier FTIR spectrometer

2.2.4 Diffuse Reflectance Spectroscopy (DRS)

Figure 2.9 shows the two ways in which light can be reflected when it makes contact with a
material: specular and diffuse reflection. In the case of specular reflection, the light is reflected
from the surface at an angle equal to the angle of incidence, which provides limited
information about the internal properties of the material. Diffuse reflection, in contrast, occurs
when the incoming light interacts with different physical and chemical features within the
material’s volume. As a result of this interaction, useful information can be obtained

regarding the material’s transmission, absorption, and scattering behavior.

Reflected light

Specular reflection | | Diffuse reflection |

Figure 2.9: Phenomenon of specular and diffuse reflectance
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As a result, UV—Vis diffuse reflectance spectroscopy (DRS) is commonly employed to
examine the optical properties of solid materials. This technique measures the light that
is scattered by the sample in multiple directions. DRS can provide both qualitative and
quantitative information about a material. The spectrum, usually obtained in the visible
or near-infrared region, contains valuable details related to the electronic and
vibrational characteristics of the sample. Although reflectance measurements offer
benefits such as higher sensitivity and a better signal-to-noise ratio when compared to
transmission methods, they also introduce certain challenges. In particular, the resulting
spectra tend to be more complex, making their interpretation and data collection more

demanding [8].

In the present work, UV—Vis DRS instrument was used in the Department of Applied
Physics, Delhi Technological University for analysis of the synthesized compounds was
carried out using a Jasco UV-770 UV—Vis spectrophotometer, as shown in Figure. 2.10,
operating over the wavelength range of 190-2700 nm. Barium sulphate (BaSO4) was
used as the reference material for baseline correction. Although the instrument is based
on a single-monochromator configuration with a narrow spectral bandwidth, it provides
a much higher energy throughput than a double-monochromator system. This leads to
an enhanced signal-to-noise (S/N) ratio across the entire spectral range. The diffuse
reflectance data were subsequently converted into absorption coefficient values at

different wavelengths using Eq. 2.3.

Y2
A-R)” _k 23

F(R) - 2R S

In this case, R denotes the reflectance of the sample, & represents the absorption
coefficient, and F(R) is the associated Kubelka—Munk (K—M) function. The forbidden
band gap values were evaluated from Tauc plots using the relationship proposed by

Tauc, as shown in Eq. 2.4.
(F(R)hY) = C(hd — Ey)" 24

In this equation, Egrefers to the band gap energy, hv represents the photon energy, and
C is a proportionality constant. The nature of the electronic transition is determined by

the value of n, where n = 1/2 corresponds to a direct transition and n = 2 indicates an
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indirect transition. The Tauc plot, which graphs (ahv)? against hv, is used to determine
the band gap energy from the point at which the extrapolated linear region of the

absorption edge intersects the energy (x) axis [9].

Figure 2.10: Jasco V-770 Spectrophotometer

2.2.5 Photoluminescence Spectroscopy (PL):

Photoluminescence (PL) spectroscopy is widely used to study the optical and electrical
behavior of solid-state materials, particularly in the field of optoelectronics. It is an
important technique for investigating excitation and emission mechanisms within these
materials. Photoluminescence refers to the spontaneous emission of light from a
material after it has been optically excited. As a non-contact analytical method, PL
provides valuable information about a material’s electronic structure, including the

presence and influence of dopants [10].

The photoluminescence process involves two main stages: excitation and emission.
When a sample is exposed to light of a specific wavelength, its electrons absorb energy
and move from a lower energy level (ground state) to a higher energy level (excited
state). This initial step is known as photoluminescence excitation (PLE). After a short
time, the excited electrons return to the ground state, releasing energy in the form of

photons, which is referred to as photoluminescence or photo-emission.
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To obtain the PL emission spectrum of a material, the excitation wavelength is kept
constant while the emitted light is recorded using an emission monochromator. For
recording the PLE spectrum, the emission wavelength is fixed, and the excitation

monochromator is scanned to monitor the absorbed wavelengths [11].

Photoluminescence (PL) measurements of a sample can be performed using a
spectrofluorometer. The main components of this instrument include a light source, wavelength
selection units, a sample holder for illumination, detectors, and a system for recording corrected
spectra. A 150 W xenon arc lamp is commonly used as a continuous excitation source for the
down-conversion process. The emitted light is then directed toward a diamond-turned elliptical
mirror, which focuses it onto the entrance slit of the excitation monochromator. A quartz
window is placed between the lamp housing and the monochromator to allow proper heat

dissipation and to protect the system in the event of lamp failure.

The instrument is composed of several essential components:

1. Monochromators: Two monochromators are used—one for excitation and one

for emission—to achieve high spectral resolution across the entire range.

2. Gratings: Light is dispersed into its component wavelengths using gratings

with 1200 lines/mm, which are coated with MgF- to prevent oxidation.

3. Slits: Slits positioned at the entrance and exit of the monochromators control

the bandwidth of the incident light.

4. Shutters: Shutters are incorporated to protect the sample from photodegradation

or bleaching caused by prolonged exposure to the light source.

5. Sample compartment: The light beam is directed onto the sample, and the

emitted light is guided to the monochromator using optical fiber bundles.

6. Detectors: The system includes two detectors—a signal detector and a
reference detector. The R928P photomultiplier tube (PMT) serves as the signal
detector, while a UV-sensitive silicon photodiode functions as the reference

detector, continuously monitoring lamp output.

7. Computer control: The spectrofluorometer is operated via computer software
for fluorescence analysis. An example of this setup is the Jasco-8300

fluorescence spectrofluorometer, as shown in Figure. 2.11.
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The PL instrument used is available in the Department of Applied Physics, Delhi

Technological University.

rn__»

i

Figure 2.11: Jasco Spectrophotometer Spectrofluorometer FP-8300

2.2.6 Upconversion Luminescence Spectroscopy

Up-conversion is a process in which low-energy photons are absorbed and then re-
emitted as photons with higher energy. This effect is important for materials used in
applications such as solid-state lighting, display technologies, and solar energy
devices. In the case of phosphors excited with a 980 nm laser, near-infrared light is
absorbed and subsequently converted into higher-energy photons, typically within
the visible range [12]. The up-conversion (UC) emission spectra were recorded
using a Horiba PTI QuantaMaster system equipped with a 980 nm laser, as shown

in Figure 2.12.
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Figure 2.12: Upconversion luminescence spectroscopy Horiba PTI Quanta Master
equipped using 980 nm laser

2.2.6.1 Time-resolved photoluminescence (TRPL)

Time-resolved photoluminescence (TRPL) measures the emission of photons from a
sample as a function of time following excitation by a light pulse. Upon excitation, the
material emits photons while returning from the excited state to the ground state [13].
TRPL allows the determination of luminescence decay times, providing important
information on processes such as recombination, energy transfer, and the lifetimes of

excited states.

2.2.6.2 Optical Temperature Sensing

Optical temperature sensing operates on the principle that the optical properties of a
material vary systematically with temperature. These variations may manifest as
changes in absorption, transmission, reflection, refractive index, emission intensity, or
luminescence lifetime. By monitoring one or more of these temperature-dependent
optical parameters, the temperature of a system can be determined with high sensitivity

and precision.

In a typical optical sensing configuration, light from a stable source (such as a laser or
LED) is guided to the sensing region via an optical fiber or free-space optics. When the
sensing material is exposed to temperature fluctuations, its interaction with the incident

light is altered. This results in a measurable change in the output signal, such as a shift
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in wavelength, a change in optical power, or variation in phase. These optical variations
are then detected by a photodetector and processed to obtain the corresponding

temperature values.

In luminescence-based optical thermometry, the sensing material is excited using a
suitable wavelength, and it emits radiation whose intensity, spectral distribution, or
decay time is temperature dependent. The temperature sensitivity arises due to
thermally activated non-radiative transitions, commonly referred to as thermal
quenching. As the temperature increases, the probability of non-radiative relaxation
increases, leading to a reduction in emission intensity and lifetime. By calibrating these

changes, accurate temperature measurements can be achieved Figure 2.13 [14].

This instrument used for sensing is available in the IIT, Dhanbad.

Figure 2.13: Temperature-dependent sensing upconversion luminescence

2.2.7 P-E Hysteresis Loop

A P—E loop tracer is an instrument used to study the ferroelectric properties of a material
by plotting the variation of polarization (P) with the applied electric field (E)
Figure.2.14. When an electric field is applied, the dipoles inside the material align,
causing an increase in polarization. After removing the field, some polarization

remains, known as remanent polarization. On reversing the field, the polarization
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becomes zero at a certain point called the coercive field, and then increases in the
opposite direction. Repeating this cycle forms a hysteresis loop, which reveals
important information about the material’s switching behavior, energy loss, and domain
dynamics. This technique is widely used to evaluate materials for applications in

memories, sensors, and capacitors [15].

The P-E loop tracer employed in this study is available through the Department of
Applied Physics of Delhi Technological University.

Figure 2.14: P-E Hysteresis Loop Tracer

2.3  Summary

In the following chapters, these different methods will be used to examine and evaluate

the obtained results.
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CHAPTER - 3

Upconversion Luminescence and Temperature Sensing

Properties of Er’* Doped Bio.sNao.sTiOs Ferroelectric Ceramic

R/
L X4

This chapter presents a thorough analysis into the structural, optical, ferroelectric,
and sensing properties of BiosxErNaosTiOsceramics synthesized through a
conventional solid-state reaction route, with varying concentrations of Er** dopant.

The upconversion (UC) luminescence of BiosxErxNaosTiO3 compositions under
980 nm excitation at varying pump powers has been examined, along with their
potential for luminescence-based temperature sensing.

Under excitation wavelengths of 488 nm and 980 nm, two prominent green
emissions are observed at approximately 530 nm and 550 nm, corresponding to the
SHii2 — 115, 7832 — *11512 respectively, along with a weaker red emission around
660 nm attributed to the ‘Fo2 — *I15 transition. The luminescence intensity
increases with Er** content, reaching a maximum at a doping level of x=0.03.

The efficiency of energy storage density increases with Er’* doping and an
improved recoverable energy storage (Wr = 2.73 J/cm?) and a higher efficiency (
= 70.77%) are obtained for Er** content, x =0.03.

The absolute sensitivity measured for a wide temperature range (303 K to 523 K)
and found to be 0.0047 K at 523 K. The Bio5+Er<NaosTiOs (x =0.03) ceramic has
been observed to possess sensor capabilities, making it a promising material for
potential applications in the field of optical temperature sensors.

The results reported in this chapter have been published in Megha et. al. in Journal of
Luminescence
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3.1 Introduction

In order to keep pace with the rapid progress of contemporary technology in the present
era, it is essential to incorporate and analyze materials. Multifunctional materials have
attracted significant attention lately due to their inherent versatility. When considering
multifunctional applications, it is necessary to select dielectric and ferroelectric
materials that demonstrate an ideal combination of down and upconversion emissions.
With the increasing prominence of environmental issues, there is a pressing need to
explore alternative lead-free piezoelectric materials. The challenge arises due to
environmental issues which limits the use of lead-based materials [1, 2]. As a result,
alternative lead-free ferroelectric materials based on NaosBiosTiOs (NBT),
Ko.sNaosNbO 3 (KNN), and Bismuth layered ferroelectrics (BLSFs), etc. are being
investigated to replace the current lead-containing materials [3-5]. Bismuth sodium
titanate, Bio.sNao.sTio3 (abbreviated as BNT) is among the most widely used lead-free
piezoelectric materials. BNT is an important member of classical electrical functional
materials known for its notable characteristics, including a high dielectric constant and
curie temperature, along with a relatively large remnant polarization [6]. Hence, the
utilization of BNT can be extended to include multiple functionalities in the domains
of luminescence and ferroelectricity. BNT ceramics exhibit a lowered vibrational
energy, rendering them highly suitable for applications involving down conversion (PL)
and upconversion (UC) luminescence. Numerous works confirmed the existence of
ferroelectricity-enhanced function in rare-earth doped BNT ceramics [7]. The BNT
material doped with rare earths (RE) exhibits exceptional photoluminescence
characteristics. As an example, Wang et al. demonstrated that ceramics of Pr-doped
BNT displayed a pronounced red emission. Similarly, Chen et al. reported that BNT
ceramics doped with Er** exhibited notable upconversion emission in both green and
red wavelengths under 980 nm excitation [8, 9]. Consequently, the investigation of the
photo-luminescent characteristics of RE doped BNT material holds significant
academic interest and relevance. In recent studies, it has been observed that the
perovskite titanate doped with Er’* exhibits notable green emission with a peak
wavelength of approximately 550 nm, as well as red emission with a peak wavelength

of around 660 nm [10-13]. The significance of incorporating RE ion-doped ferroelectric

Megha Narwan 47



Chapter 3: Upconversion Luminescence and Temperature. ..

host materials is heightened due to their possession of low phonon energy, capacity for
crystal structure modifications through the introduction of dopants, and ability to
enhance their functional piezoelectric properties alongside optical functionality. The
erbium (Er*") ion is a crucial catalyst for upconversion luminescence, and has garnered
considerable interest for its extensive utilisation in upconversion lasers. These lasers
have the potential to induce robust up-conversion emission in BNT, thereby expanding

its range of applications.

The literature review indicates that pure BNT exhibits notable characteristics such as a
substantial coercive field, considerable dielectric losses, and elevated conductivity.
These properties arise from the rapid generation of oxygen vacancies caused by Bi**
volatilization. Extensive research has been conducted to enhance the piezoelectric,
ferroelectric, and electrical properties of this material by exploring various BNT-based
materials and synthesizing techniques, aiming to overcome the limitations and enhance
its storage capacity [14]. In contrast, it has been concluded that the incorporation of
rare-earth ions in BNT ceramics can enhance their performance. The rare-earth ions are
responsible for the disturbance of the long-range ferroelectric order, which also serve
as activators for the production of luminescent materials. The development of rare earth
ion doped ferroelectrics has garnered significant scientific interest due to the
widespread use of cost-effective laser diodes operating at wavelengths such as 980 nm
and 800 nm along with their intriguing applications. These applications include next-
generation lighting or displays, luminescent bioassays, UC lasers, solid-state NIR solar

cells, etc. [15-18].

In the present work, efforts have been made to determine the influence of Er*
substitution on the structural, microstructure, optical, ferroelectric and temperature
sensing characteristics of BNT ceramics, which are analysed in detail. The selection
of Er’" is based on its distinctive characteristic of possessing a metastable energy
level, specifically *Io2 and *I11/2. These energy levels can be efficiently populated
by a 980 nm laser source, making Er’* suitable for upconversion luminescence. In
contrast, trivalent erbium ions exhibit a highly stable oxidation state of 3+.
Consequently, the substitution of Bi*" ions in Bio.s-xErsNaosTiO3 ceramic is a

straightforward process and its substitution with Er®>* is crucial due to significant
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mismatch of the ionic radii at the A-site which induces structural distortion in the
host matrix. The phase formation of Er** on BNT ceramics were examined through
the utilisation of X-ray diffraction (XRD) analysis followed by FTIR analysis. To
study the photoluminescence behaviours of Er** doped BNT ceramic a laser source
of 980 nm excitation is used to collected emission spectra of the prepared ceramic.
The pump power dependency on upconversion luminescence was also studied to
examine the photons involved in the process. The time resolved photoluminescence
spectroscopy was conducted at room temperature operating at wavelength of 980
nm. Furthermore, to quantify the P-E hysteresis loop of pure and Er** doped sintered
BNT ceramics were traced at 30 Hz on Marine India Instrument (Model: 20PE1kHz
IN). This study aims to thoroughly explore the influence of varying concentrations
of Er*” on the ferroelectric, photoluminescence, energy storage density, and sensing
properties of Bio.s-xErxNao.sTiO3 ceramic. The objective is to assess the effectiveness
and practicality of the prepared ceramic for its potential in energy storage devices

and in the field of multifunctional optoelectronic devices.
3.2 Synthesis and Charactrization Details

The procurement of raw powders with a high level of purity was conducted through
Sigma Aldrich. Lead free Bio.s-xErxNao.sTiO3 (x = 0.0 -0.05) ceramics were synthesized
using Bi203, Na2COs3, TiO2 and Er203; as initial precursors without any further
purification. The synthesis procedure used is typical solid state reaction approach, as
shown in Figure 3.1. The powders were combined in the stoichiometric proportion

according to the following synthesis reaction given by Eq. (3.1).
Bi, 03 + Na,CO; + TiO; = 4BijsNay5TiO5 + 2CO, T (3.1)

Subsequently, the aforementioned powder underwent a comprehensive mixing
process using a high energy ball mill, wherein zirconia balls were employed as the
grinding medium. This procedure lasted for a duration of 12 hours, ensuring the
complete homogenization of the precursors. Following this, the resulting mixture
was then dried at 70°C in oven for 24h and finally, the dried powder was calcined

for 3h in air at 850°C.
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Figure 3.1: Pictorial depiction of synthesis process (solid-state method)

Subsequently, the aforementioned powder underwent a comprehensive mixing process
using a high energy ball mill, wherein zirconia balls were employed as the grinding
medium. This procedure lasted for a duration of 12 hours, ensuring the complete
homogenization of the precursors. Following this, the resulting mixture was then dried
at 70°C in oven for 24h and finally, the dried powder was calcined for 3h in air at 850°C.
After calcination, the powder was combined with a solution of PVA binder. The
resulting mixture was then uniaxially compressed at 5S0MPa into discs of 10mm
diameter and Imm thickness using a hydraulic press machine. Finally, the pressed

pellets were sintered in air at a temperature of 1050°C for 3 hours.

X-ray powder Diffraction (XRD) equipped with Cu-Ko radiation, A = 1.5406 A, (make:
Bruker, Model: D8 Advance) was used to examine the phase purity and crystalline
structure of the prepared ceramics sintered at 1050°C. The XRD patterns of the sintered
Bio.s-xErxNaosTiO3 (x =0.0 -0.05) ceramics were acquired in the 20 range of 10°-80°.
Further, refinement was done through TOPAZ software to determine the refined unit
cell parameters of the synthesized ceramics. Archimedes Principle was employed to

measure the density of the sintered pellets. In addition to XRD, to analyse the formation
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of perovskite structure, Fourier Transform Infrared (FTIR) Spectroscopy was done on
finely crushed sintered powders using the Perkin Elmer spectrum-II instrument. For
electrical measurement, silver paste was applied onto the sintered pellet was followed
by firing the pellets at 500°C in a muffle furnace for 30 minutes. This firing procedure
ensured the complete adherence of the silver paste to the pellets. The room temperature
polarization (P) versus electric field (E) loops were traced at a 30 Hz frequency using a
ferroelectric testing system produced by Marine India Electrical Ltd. The up-conversion
luminescence spectra were recorded at room temperature using the HORIBA PTI
Quanta-master instrument, with a continuous laser diode at an excitation wavelength of
980 nm. Time resolved florescence spectroscopy were conducted by a pulsed laser
source having wavelength of 980 nm at room temperature. The emission spectra of
photoluminescence (PL) were measured using a JASCO FP-8300 PC-
spectrofluorophotometer equipped with a xenon arc lamp, with excitation at a
wavelength of 488 nm. A cooled photo-multiplier tube was used to record the

temperature dependent UC emission spectra for LIR analysis.
3.3  Results and Discussion
3.3.1 Structural and Microstructural Analysis

Figure 3.2(a) represents the room temperature X-Ray Diffraction (XRD) patterns of a series
of modified Bios+ErNaosTiOs (x = 0.00-0.05) ceramic compositions synthesized via the
solid-state reaction method and sintered at 1050°C for 4 hrs. The observed XRD pattern in
the range from 20 = 20°-80°, matches closely with the reported reference diffraction data with
JCPDS #00-036-0340, suggesting formation of single phase of rhombohedral Bios-
xErxNaosTiOs (x = 0.00 - 0.05) with R3c space group for all the compositions [19]. Solubility
and incorporation of Er** ions in the host lattice is confirmed through the absence of any
traces of undesirable secondary phase. The acquired XRD data for all compositions were
refined using TOPAZ software and is presented in Figure 3.2(b). The calculated refined
lattice parameters and profile parameters deduced from the profile fit of the calculated and
observed XRD pattern are summarized in Table 1. The goodness of fit (y = 1.5) is close to 1,
confirming the results obtained from the refinement are reliable and rational. Figure 3.2(c)

shows the shifting of the most intense peak corresponding to the Bragg plane (110) towards
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higher diffraction angles for all the compositions with respect to Bio.sNao.sTiOs. This shifting
indicates effective incorporation of smaller Er** ions (1.22 A) in the host matrix Bios-
+ErNaosTiOs at the Bi*" site (1.32 A) [20]. A significant decrease in the lattice parameters (a,
b and ¢) and unit cell volume with increasing Er** content in the Bios«ErNaosTiO3 (x = 0.00
- 0.05) composition (Table 3.1) can be corroborated with contraction of unit cell caused by
difference in the ionic radii of Bi** ions with smaller Er** ions. Further, it can be noticed from
Table 3.1, the measured density (p) of sintered ceramics using Archimedes ‘principle, has
increased from 5.36 - 6.01 g/cm® with increasing Er** content, which is greater than 99% of

the reported theoretical density (5.99 g/cm®).
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Figure 3.2: (a) XRD spectra of BiysxEriNa0sTiO; (x=0.00, 0.01, 0.02, 0.03, 0.04, 0.05), (b)
Peak shifting of (110) plane, (c) Profile fitting using Topaz software

The microstructure and grain growth on the surface of sintered ceramics of Er** doped Bio.s-
xErxNaosTiO3 were examined using surface electron microscopy as shown in Figure 3.3(a-
f). Microstructural details reveal non-uniform distribution of grain size. The average grain
size for all the compositions were determined by Lorentz fit of the histogram plot obtained
using Image software. It can be seen from the Figure 3.3(a-f), compact microstructure with
delineated grain boundaries along with reduced porosity are obtained with average grain size

of > 2um for x =0.0 composition. However, average grain size decreases with increasing Er
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content in Bio.s»ErdNao sTiOs for x =0.01 to x=0.05 in Table 3.1, which could be attributed to

the variation in the electron charge density due to incorporation of Er** ions, which slows

down the diffusion process and inhibits the grain growth mechanism [19].

Table 3.1: Lattice and fitting parameters of XRD pattern for Biys Er\NaosTiOs; with
different concentration

Lattice Bios«Er:NaosTiO3
Parameters | x=0.00 | x=0.01 x=0.02 x=0.03 x=0.04 x=0.05
Rwp 24.35 20.26 11.83 12.01 9.08 9.53
Rexp 14.81 12.81 10.96 10.87 8.72 9.02
Rp 21.49 20.28 12.23 12.01 10.04 11.07
GoF (y) 1.64 1.58 1.08 1.10 1.04 1.00
a (A) 5.4926 5.4812 5.4764 5.4648 5.4556 5.4360
b (A) 5.4926 5.4812 5.4764 5.4648 5.4556 5.4360
C (A) 13.4972 13.4818 13.4702 13.4643 13.3483 13.3289
\% (A3) 352.6389 | 350.7760 | 349.8606 348.2274 344.0659 | 341.0889
Density 5.36879 5.85068 5.95810 6.01005 5.93988 5.98225
(g/cmd)
Grain Size 2.3246 1.4110 1.3747 1.3310 1.3002 1.2430
(um)

rain size=

2430
Particlo size (pm)
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Figure 3.3: (a-f) SEM micrographs of Biys<Er:Na0sTiO; (x=0.00, 0.01, 0.02, 0.03, 0.04,

0.05). Inset: Histograms for grain size calculation
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3.3.2 Fourier Transform Infrared (FTIR) Spectroscopy Studies

Figure 3.4 displays the Fourier-transform infrared (FTIR) spectra of Er** doped Bio.s-
xErxNao.sTiOs (BNT) samples, which were obtained at room temperature. The FTIR
spectra were recorded within the wavenumber range of 400 to 1400 cm'. The
vibrational bands detected at wavenumbers 534 and 820 cm™! correspond to the intrinsic
vibration band of BNT. The absorption bands observed in this study have been
attributed to the stretching of Ti-O bonds within octahedral groups present in the
perovskite structure [21]. The observed shift of the FTIR bands at 820 and 534 c¢cm’!
towards lower wavenumbers can be attributed to the sensitivity of host materials to the

presence of foreign ions within the host lattice [22, 23].

Big s xEr,Nag s TiO;

x = 0.00
x =0.01
x = 0.02
x =0.03
x = 0.04
x =0.05

Transmittance (%)

400 600 800 1000 1200

Wavelength (nm)

Figure 3.4: FTIR Spectra of Biyps. Er\Na0sTiO; (x=0.00, 0.01, 0.02, 0.03, 0.04, 0.05)
ferroelectric ceramic

3.3.3 Diffuse Reflectance Spectroscopy for band gap analysis

Reflectance spectra on sintered powders of Er*" modified Bios-Er:NaosTiO3 (x = 0.00 - 0.05)
ceramic compositions were recorded and are presented in Figure 3.5(a). The absorption bands
positioned at ~ 384, 488, 522, 545, 653, 795, 975 nm appears from the different energy levels
of Er** ions and are represented as *Gii2, “F7, 2Hii2, *S32, “Fon, “Ion and *T112 respectively. The
band gap energy (Eg in eV) of Er’* doped Bios«ErNaosTiOs ceramic compositions are
estimated using Kubelka-Munk (K-M) relation as expressed in the Eq. 3.2 [22]:

(1-R)? _ K

F(R) = -

2R s

(3.2)
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where, R stands for total reflectance of specimen, S for scattering coefficient, and K for
absorption coefficient, F(R) is known as the Kubelka-Munk (K-M) function. Further,
for diffused scattered light, assuming S as constant with respect to wavelength, F(R)

can be associated with the tauc plot equation and represented by Eq. (3.3) [22]:

(F(R)hv) = B(hv — E,)" (3.3)

where h is the Planck’s constant, v is the vibrational frequency and B = constant of
proportionality, Eg is the material’s optical band gap and n denotes the nature of the

electronic transition.

Figure 3.5 (b-d) shows the estimation of band gap values from the linear extrapolation
in the [F(R)hv]? versus hv plot. The obtained values for the optical band gap of Bio.s-
xErxNaosTiOs (Eg = 3.02eV) are in accordance with the reported literature [22]. The
estimated value of band gap is found to decrease from 3.02 to 2.92 eV with an increase
in Er*" content from (x = 0.01 to 0.05). The observed variation in the optical band gap
could be accredited to the local structural disorder in the lattice as well as the generated
oxygen vacancies, which arises with the introduction of smaller Er*" ions at the Bi**

sites and affects the local electron density [22].
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Figure 3.5: (a) Diffuse reflectance spectra of Biys<EryNaysTiOs3 (x=0.00, 0.03, 0.05) (b-d)
Energy band gap of Bios.«Er:Na0sTiOs; (x = 0.00, 0.03, and 0.05)
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3.3.4 Ferroelectric Hysteresis Analysis and Energy Storage density

Figure 3.6 represents the plot of polarization against an applied electric field (P-
E) hysteresis loops at room temperature (300K). The hysteresis loops of undoped
and Er*" doped BNT are traced at an applied frequency of 30 Hz under an external
applied electric field of E < 70 kV/cm. From Figure. 3.6, it can be seen that well
shaped saturated P-E loops with remnant polarization (2Pr) = 137.06 pC/cm? and
coercive field (2E¢) = 88.48 kV/cm are obtained for the undoped polycrystalline
Bio.s-xErxNao.sTiO3 (x =0.0) ceramic (Table 3.2). The values of the ferroelectric
parameters (Ec and P:r) obtained in the present study are found to be in
synchronization with the reported literature [26]. However, in the Er*" modified
Bio.s0-xErxNao.sTiO3 (x = 0.01, 0.02, 0.03, 0.04, 0.05) ceramic compositions, the
remnant polarization decreases with an increase in Er*" content and a similar trend
is seen for the variation in coercive field. It is reported in the literature that the
ferroelectric properties are influenced by compositional modifications, domain
nucleation, processing conditions and inherent lattice defects causing cationic and
oxygen vacancies [27]. The major cause of suppression in the ferroelectric
properties could be attributed to the lattice defects or strain in the material
composition due to volatilization of bismuth at high temperatures, resulting in the
formation of oxygen vacancies. The oxygen vacancies exhibit high mobility and
have a tendency to move towards the interfaces of domain walls or electrodes
under the effect of an externally applied electric field. This phenomenon hinders

the domain switching process and consequently leads to reduced P: values.

The quality of PE loops is affected by the presence of stress within the lattice,
changes in the chemical structure, or imperfections in the grain boundaries. The
observed decrease in Pr and Pmax values with Er** substitution could be attributed
to the decreasing grain size coupled with compositional disturbance caused by the
incorporation of these rare earth ions of smaller radii in the host lattice and agree

with other reported results in literature [28].

Megha Narwan 56



Chapter 3: Upconversion Luminescence and Temperature. ..

~ "]

NE 80+

o 60+

—

2 “1

= 20+ !

c AN ] ]

o s I M b !

T 207 x=0.00

N -4041 x=0.01

= x=0.02

% 60T X =0.03
-804 x=0.04

o x=0.05
_100-- L L L L L L L L L

80 —60 -40 -20 0 20 40 60 80
Electric Field (kV/cm)

Figure 3.6: PE loop of BiysEr:Na0sTiOs (x=0.00, 0.01, 0.02, 0.03, 0.04, 0.05) at room temperature

Table 3.2: Hysteresis loop parameters (2P, 2E;) and energy storage density parameters
(W, Wi, 1) estimated from the Rietveld refinement of XRD pattern for Big.so-
xEryNaysTiO; with different concentration

Bins.ErNaosTiOy | CZ/IZ;n ) (k\z,i“m) W em’) | J‘/’Z;;g) N (%)
x=0.00 137.06 88.48 60179 | 29211 | 48.54
x=0.01 96.24 6294 | 4230546 | 2547846 | 60.22
x=0.02 84.66 65.00 | 3242354 | 1309904 | 4039
x=0.03 77.06 4398 | 2368453 | 1456968 | 61.51
x=0.04 51.8 3496 | 3.665171 | 2594172 | 70.77
x=0.05 16.42 2248 | 1393319 | 0867962 | 62.29

The energy storage density of prepared Bio.sxErxNaosTiO3 ceramic compositions is
recorded in Table 3.2. The energy storage density (W), the recoverable energy storage
density (W), and efficiency of energy storage density (1) is given by Eq. (3.4, 3.5, 3.6):

W= [m=*EdP (3.4)
W, = fpimax EdP (3.5)
n= % X 100% (3.6)
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where Pmax is the maximum polarization of a particular concentration, Pr is the remnant
polarization, and E is the applied electric field. The W: of prepared ceramics showed
improved results than the previously reported work of same host material [29]. The
highest value of W: for undoped BNT ceramic was found to be approximately 6.0179
J/em?® whereas for Er'* doped BNT ceramic itis 2.5941 J/cm®. The energy storage density

of BNT ceramic increases with increased Er** doping content (48.00 % to 70.77 %).
3.3.5 Temperature independent PL spectra under 488 nm

The temperature independent down conversion PL emission spectra of Bios-
+Er:NaosTiO3 with altering Er*" concentrations. under 488 nm excitation are shown in
Figure. 3.7. The intense green emission bands at 530 nm and 550 nm are attributed to
the excited states 2Hi1/2 and #S3/2 to the ground state “I1s2. The transition from *Fos to
“T1s12 results in a weak red band at 660 nm. Also, it has been observed that the emission
intensity degrades after the optimum Er*" concentration (x > 0.03) as given in inset
Figure 3.7. The results are consistent with upconversion luminescence spectra
(discussed in Section 3.7). However, each emission band (530, 550, and 660 nm) under
the excitation of 488 nm is less intense than that of the 980 nm excitation. This is
because in the down conversion PL spectra (488 nm), the electrons undergo directly to
“Fo» energy level. The multiphonon relaxation at this level causes non-radiative

transitions, which ultimately degrade the intensity of the emission band [30].

Agxe = 488 nm

3
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Figure 3.7: PL spectra of prepared BiysxEriNaysTiO; (x=0.01, 0.02, 0.03, 0.04, 0.05) under
the excitation of 488 nm
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3.3.6 Visible light upconversion luminescence under 980 nm

Figure 3.8(a) displays the light upconversion luminescence spectra of Er** doped
Bio.s-xErxNao.sTiO3 ceramic measured at an excitation wavelength of 980 nm. The
emission spectra of Er®* ions exhibit three distinct emission bands. The first two
bands, which are characterized by two strong green emissions, are centered at peak
positions of 530 and 550 nm. These emissions are attributed to the transitions from
the 2Hi1/2 and *S3/2 energy levels to the *I1s/2 energy level. The second band, which
is a weaker red emission, is observed at a wavelength of 670 nm. This emission is
associated with the transition from the *Fo/2 energy level to the *I152 energy level
[31]. The emission intensity increases with an increase in concentration up to an
optimum Er** concentration (x < 0.03), as shown in Figure 3.8(b). This
phenomenon is called concentration-quenching. In this scenario, the position of
Er’* ions become sufficiently close, facilitating energy exchange between them
and leading to non-radiative transitions. The occurrence of non-radiative
transitions leads to a reduction in the intensity of emission. The Blasse formula,
as denoted by Eq. (3.7), can be utilized to assess the critical distance between Er
ions [23]:

1

R, ~ 2[ 3V ]5 (3.7)

41tX 7

here, V is the unit cell volume and is equal to 351.0450, no. of host cations is
denoted by Z = 3, and critical concentration xc = 0.03. These parameters give Rc
equal to 19.53 A. In Figure 3.8(c), the energy level of Er’* is portrayed. The
upconversion mechanism is commonly elucidated through the following
processes: multiphonon relaxation (MPR), excited state absorption (ESA), ground
state absorption (GSA), cross relaxation (CR), and energy transfer (ET). A photon
with lower energy is stimulated by a laser emitting at a wavelength of 980 nm, it

transitions to a higher energy level denoted as “I11/2 through a process called GSA.
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Figure 3.8: (a) UCL spectra of Bios<ErxNa0sTiOs (x=0.01, 0.02, 0.03, 0.04, 0.05) at 980 nm
exciation, (b) UCL intensity as a function of Er’* concentration, (c) Energy level diagram of Er*”,
(d) CIE plot of BiosxErxNa0.5TiOs3 (x=0.01, 0.02, 0.03, 0.04, 0.05)

From this level, the system undergoes the process of photon absorption through ESA,
resulting in its transition to the “F7/ energy level. Additionally, another photon was also
transferred to this level by ET. The aforementioned processes resulted in the occupation
of the higher energy level *F72. Non-radiative transitions occur from this particular
energy level to lower energy levels *Ii12, *S32, and “Fop. Ultimately, the electrons
undergo a transition to the ground state from these particular energy levels, leading to
the two distinct emission bands in the green region, specifically at wavelengths of
approximately 530 nm and 550 nm. Additionally, there is a comparatively less intense
emission band in the red region at 660 nm. The CIE plot of prepared ceramic is given
in Figure 3.8(d). The XY coordinates are located in the green region and it has been
observed that as the concentration of Er®* increases, there is a noticeable shift towards

a more pronounced green emission intensity.
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3.3.7 Time resolved decay time measurements

Figure 3.9(a-e), illustrates the decay curve of the emission band at 550 nm, resulting
from the excitation at 980 nm, via the transition *S32—*I1s2 for all the Er** doped BNT
ceramics. The decay time is measured by fitting the curve using a tri-exponential

function, given by Eq. (3.8):

t t t
I(t) =1, + A exp(— ;) + A, exp (— ;) + Az exp(— ;) (3.8)

where Io is the initial intensity when time, t = 0 sec, is I(t) is the luminescence intensity
at particular time t, A1, A2, As are the fitting variables and 7 is time decay at time t. The

mean life time is evaluated by Eq. (9):
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Figure 3.9: (a-e) Time decay analysis of Biys<Er:Na0sTiO; (x=0.01, 0.02, 0.03, 0.04, 0.05),
(f) Variation of lifetime with Er** concentration

The photoluminescence lifetime of green emission of Er’*" doped Bio.s-EriNao.sTiO3
ceramic decreases from 88 s to 16 us as the Er** concentration increases as shown in
Figure 3.9(f). This decrease in lifetime values of prepared ceramic occurred because of
the energy exchange between the Er’* ions at higher doping concentrations, resulting

in a non-radiative transition [32, 33].
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3.3.8 Upconversion Luminescence with varying pump powers

The dependency of pump power on upconversion luminescence is an important study
to determine the number of photons involved in the UC process. Bio.s-xErxNao.sTiO3 (x
= 0.03) is studied for upconversion luminescence spectra at various pump power
spanning from 450 to 950 mW/cm? as shown in Figure 3.10. The intensity of
upconversion luminescence seems to increase with increasing pump power. This can be

verified from the Eq. (3.10):
IycL o< P™ (3.10)

where P is pumping power, n is the amount of photons needed in the up conversion
process, and Iuci is the UCL intensity. The log of intensity is plotted against the log of

excitation pump power (inset of Figure 3.10).
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Figure 3.10: Pump Power dependency on UCL spectra of Bipsx EriNaysTiO; (x=0.03)
ferroelectric ceramic

The n value is evaluated for green and red emission bands from the slope of the
logarithmic plot. The n value for two green bands and on red band are 2.36,1.65,1.99
respectively. This confirms the involvement of two photons in the UC emission
intensity. The n value is approximated to the expected value of 2. This discrepancy is
due to the influence of multiple mechanisms (non-radiative transitions, ET, ESA) in the

emission spectra [34].
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3.3.9 Non-Intrusive temperature sensitivity

The non-contact temperature sensing performance of Bios+Er:NaosTiO3 (x = 0.03) ceramic
has been investigated by LIR (Luminescence intensity ratio) technique. This method
compares the intensities of two thermocouple (TCLs) energy levels “Hii2 and *S3» with
external temperatures. This approach has been extensively utilised for the examination of
temperature sensitivity in various host materials doped with RE. The time-dependent
upconversion luminescence spectra ranging from temperature 303K to 523K is represented
in Figure 3.11(a). The UCL intensity decreases with increasing temperature due to the result
of thermal equilibrium in TCLs. The LIR can be expressed as the ratio of intensities of two
green band emission through 2H112 — *Lis2 and *S32 — “li12 and is given by Eq. (3.11) [35]:
LIR =1

o C exp(—%) (3.11)
where AE is the energy gap between two TCLs, C is the constant, In and Is corresponds
to green emission band intensities with emission wavelengths at 529 nm and 549 nm,
respectively. The values of LIR vary from 0.28 to 1.19 in the temperature range 303K
to 523K and are depicted in Figure 3.11(b). To calculate the sensitivity of the ceramic

the Eq. 3.12 can be expressed in the linear form as [33]:

AEY (1
Ln(LIR) = — (E) (;) +LnC (3.12)
The plot of Ln(LIR) versus temperature inverse is displayed in Figure 3.11(c). The
slope gives AE/Ks value and intercept Ln C as -1040.33 + 16.19743 and 2.18446 +
0.04097, respectively. These parameters are used to calculate absolute (Sav) and relative

(Sre1) sensitivity of the ceramic demonstrated by Eq. 3.13, 3.14, respectively:

d(CExp _AE )
S, = d(;;R) _ d<T KBT) — CExp (_ %) (%) (3.13)
Sret = 1z * Sap = (533) (3.14)

Figure 3.11(d) illustrates the graphical representation of Sri and Sab plotted against
temperature. Between temperature 303-523 K, the absolute sensitivity of synthesized
material ranges from 0.32 % K to 0.47 % K!. The largest value sensitivity is obtained 0.47

Megha Narwan 63



Chapter 3: Upconversion Luminescence and Temperature. ..

% K at 523 K. To ensure the success of sensor, temperature resolution and reproducibility
of the sensor are important factors. The reproducibility test was conducted by repeatedly
alternating between two temperatures, specifically 303 K and 523 K, as depicted in Figure
3.12(a). The LIR values exhibit a small variance across the two temperatures. The calculation

of reproducibility (R) and resolution (8T) is performed using the Eq. 3.15, 3.16, respectively:

R=1—% (3.15)
8T=Slr><% (3.16)

where Asp and Am are specific and mean values of LIR between temperature 303K to
523K and 6a/A represents the measure of precision of the instrument. Figure 3.12(b)
represents, the temperature resolution increases 2.6 to 7.8 between temperatures 303K
to 523K. Table 3.3 presents a comparative analysis of the sensitivity exhibited by
various host materials doped with Er** ions. The Bio.5-<Er:Nao.sTiO3 (x = 0.03) ceramic
has been observed to possess sensor capabilities, making it a promising material for

potential applications in the field of optical temperature sensors.
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Figure 3.11: (a) Temperature dependent UCL spectra, (b) Plot of LIR and temperature,
(c) Ln(LIR) vs inverse temperature, (d) Plot of absolute (Sa») and relative sensitivity (Sra)
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Table 3.3: Sensistivity parameters of various Er3+ doped ferroelectric ceramics

. M v
S. No. | Host material Temp range | Max sensitivity a SenlSl vity Ref
K) temp (K) (K
1 NBT/BIT:Er 290-440 290 0.0020 [36]
2 NBT:Er 80-480 - 0.053 [37]
3 NBT:Er/Yb 163-613 - 0.0031 [38]
4 NBT :Er/Yb/Mo 173-553 493 0.0035 [39]
5 BBN:Er 300-623 483 0.00996 [33]
6 SBN:Er 303-443 443 0.0086 [23]
8 BNT/KNN:Er - 425 0.002 [40]
9 BNT:Er 303-523 523 0.0047 This
work
12@ 38K 84 ()
1.0 "
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Figure 3.12: (a) Repeatability test varying between two temperature (303K-523K), (b) Plot
of 6T vs temperature

3.4 Summary

In summary, the present work shows that the pure Bio.sNao.sTiO3 was synthesised by
solid state method and incorporation of Er** with varying concentration (x = 0.01, 0.02,
0.03, 0.04, 0.05) was successfully done. The structural properties were thoroughly
verified by X-Ray Diffraction and Rietveld refinement analysis. X-ray diffraction

depicts the pure phase with no extra phases and complete solubility of Er** in the host
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lattice. The shifting of peaks towards higher angles confirms by the decrement in cell
volume parameters. The typical FTIR bands at 534 and 820 cm™! confirms the stretching
in Ti-Os. The decent squared shaped saturated P-E hysteresis are obtained under an
electric field of E< 70 kV/cm, and the loops become slimmer at higher Er®*
concentrations (x. 0.04). The efficiency of energy storage density increases with Er**
doping and an improved recoverable energy storage (Wr = 2.594 J/cm3) and a higher
efficiency (n = 70.77%) are obtained for Er content, x = 0.04.The two strong green
emission spectra at 530 nm and 550 nm via transition 3S32—*I15» and the weak red
emission spectra at 660 nm by transition from *Fo2 —*I152 under the excitation of 488
nm and 980 nm. The luminescence intensity increases upto optimum value of Er** (x =
0.03) concentration. The lifetime of green emission spectra of Er** ions decreases from
88us to 16 us due to the non-radiative transition and cross relaxations of Er** ions. The
variation in pump power of upconversion luminescence confirms involvement of two
photons in the UC process. The energy band gap decreases gradually with the increase
in dopant concentration. Well saturated P-E loops were obtained for all the
concentrations of Er*" and the shape of loop becomes slimmer at Er** content x > 0.04.
The critical concentration (x = 0.03) is used for thermal sensing behaviour of Bio.sEr-
xNao.sTiO3 ceramic is evaluated in the temperature range 303 - 523 K. The absolute and
relative sensitivity of the prepared ceramic obtained 0.47% K- at 523 K and 1.1% K
at 303 K, respectively. Therefore, we can conclude that by doping Er*" in BNT based
ceramics have a potential application in optoelectronic and energy storage

multifunctional devices.

A detailed evaluation of the single Er**-doped Bio.sNao.sTiO3 ceramic reveals certain
limitations that need to be considered. While erbium incorporation improves up-
conversion luminescence and sensing performance, it simultaneously leads to a decline
in ferroelectric behavior. To overcome this drawback, it becomes essential to investigate
the combined influence of Yb** and Er** ions in BNT ceramics. In light of these
findings, the study will proceed to investigate the co-doping of Yb** and Er** ions in

BNT ceramics, which constitutes the main focus of the next chapter.
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Upconversion Luminescence and Temperature Sensing

Properties of EX*/Yb*" Co-Doped BiysNay.sTiO;3
Ferroelectric Ceramic

33

25

This chapter discusses, a series of Er**/Yb*" co-doped Bio.5-xErxYbyNao.sTiO3
ferroelectric ceramic is prepared using traditional solid-state technique to
investigate the structural, optical and sensing properties.

The photoluminescence spectra of all BNT ceramic compositions are measured
under excitation wavelengths i.e. 489 nm and 980 nm. It has been noted that the
two intense green and one visible red band were present at 530 nm, 549 nm, and
662 nm, respectively.

The dependency of pump power on UCL spectra is observed with varying pump
powers at 980 nm excitation. The two photons that are involved in the UCL
process are confirmed by this investigation.

The time-resolved fluorescence spectroscopy indicates that the efficiency of
energy transfer between the dopant ions has increased for all co-doped BNT
ceramic compositions. At 523 K and 303 K, the relative (Sr) and absolute (Sab)
sensitivity of the BE3Y3 ceramic composition are 1.24 % K and 0.54 % K/,
respectively. These findings suggest that the prepared ceramic has the capability
to be used as multifunctional material.

The results reported in this chapter have been published in Megha et. al. Applied Physics A.
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4.1 Introduction

Multifunctional materials represent a paradigm change in material science, offering
unprecedented opportunities for innovation and advancement across various fields.
Multifunctional materials can be well defined as the combination of optical, electrical,
and mechanical properties [1-2]. These materials have drawn a lot of interest due to
their potential for developing novel technologies. There are many applications of
multifunctional materials such as actuators, transducers, accelerators, sensors, and non-
volatile memories. Their preparation method, which included microwave processing,
solid state reaction, and combustion reaction, also had a significant impact on their
chemical and physical characteristics [3-4]. The need for environmental preservation
on a worldwide scale has made lead-free materials more and more popular in recent
years. New lead-free piezoelectric material needs to be improved due to growing
environmental concerns. Lead-free ferroelectric material can be doped with rare earth
ions exhibits various phenomena, like photoluminescence (PL), upconversion (UC)
emission and it can enhance the piezoelectricity of the material [5-9]. To reduce the
harmful effects of lead exposure on the environment and human health, ferroelectrics
are a practical replacement for ceramics containing lead. Ferroelectrics are known to be
superior alternative to lead-based materials in many applications since they don't harm
the environment and perform better without sacrificing functionality [10-14].
Consequently, to substitute the lead-based materials, a new lead-free piezoelectric
ceramic has to be developed. Bismuth sodium titanate (BNT), with the chemical
formula Bio.sNaosTiO3 and a perovskite structure, is one of the most prevalent utilized
lead-free piezoelectric materials. It was initially founded by Smolenskii ez al. in 1960
[15-18]. BNT ceramic demonstrates good optical and luminescence properties. It is
having strong Ferro electricity and high Curie temperature with large value of remnant
polarization and coercive field that is Pr = 38 pC/cm?, Ec = 73 kV/cm, respectively so
it has been considered as a good replacement for lead based materials like PZT [19-21].
However, BNT has a drawback due to its high conductivity, which possesses a problem
during the poling process. Hence, in order to enhance the property of BNT ceramic, a
small amount of rare-earth (RE) dopants can be incorporated, thereby improving its

overall performance [22]. Rare-earth (RE) ion-doped materials have attracted a lot of
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interest in ongoing research due to their many multifunctional applications. The
integration of rare earth ions into ferroelectric materials at the nanoscale offers unique
opportunities for tailoring their properties, which can be beneficial for various
applications, including electronics, photonics, and sensing. Dopants like Er, Yb, Ce, Eu,
La and Sm can improve piezoelectric properties and ferroelectric properties [23]. RE-
doped ceramics have been the subject of extensive research because of their numerous
uses in a variety of fields, such as optical sensors for temperature, bio imaging, and
colour displays. [24]. Many properties like piezoelectric, ferroelectric and pyro electric
properties can be enhanced by doping rare earth. RE ions such as Er** acts as an
activator of UC luminescence in green and red emission under 980 nm [25]. The choice
of a low-phonon-energy host material can optimize the energy transfer between dopant
ions, leading to improved upconversion efficiency [26-27]. Er*" is the most effective
activator for producing upconversion luminescence. The crystal symmetry and crystal
field of the matrix around Er*" may alter when Er*" is placed in an environment with a
different matrix or ligand. This will therefore have an impact on the emission of
photoluminescence. In most of the cases, Yb>" ions, are indeed commonly used as
sensitizers in various optical and optoelectronic applications, particularly in the field of
rare-earth-doped materials. This is due to their favourable properties, including a high
absorption cross-section at 980 nm and efficient energy transfer capabilities. When
paired with erbium ions (Er**), which are well-known for their emission properties in
the near-infrared region, Yb>" ions can effectively transfer energy to Er ions, thereby
enhancing the overall efficiency of the system. Yb** ions are commonly used dopant in
upconversion materials due to its unique electronic structure and energy levels, which
make it highly effective for enhancing upconversion processes. Yb>* ions serve as
sensitizer ions, absorbing lower-energy photons and transferring their energy to
activator ions, which then emit higher-energy photons through upconversion processes.
In our previous study, we saw that the UC emission intensity of Er-doped BNT ceramic
reached its maximum value when the doping concentration was 0.03. So throughout
this work, the concentration of Er*" will be fixed to be 0.03. The maximum absolute
optical temperature sensitivity (Sab) is reported for same ceramic concentration, and is
found to be 0.0047 K™! at 523 K [28]. In this paper, we thoroughly studied the Er*" and

Yb** co doped BNT ceramic for optical and sensing performance.
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4.2 Syntesis and Characterization Details

The initial precursors (Bi203, Na2COs, Er203, Yb20s, TiO2) were purchased from
Sigma Aldrich and possessed the highest purity level (99.99%) for the synthesis of Bio.s-
xyErxYbyNaosTiO3 ceramics by a traditional solid state conventional reaction
technique. Er’" and Yb*" were employed as an additional rare earth agents during the
preparation of the samples. All the powder with different concentrations was taken in
the stoichiometric ratio and was mixed by using the ball mill technique using zirconia
balls and ethanol for 12 hrs so that the powder gets mixed well, then this slurry was put
in an oven for 24 hrs at 70°C to dry it out and after that we get the slurry in powder
form, then this powder was calcined in high temperature furnace at 850°C for 3 hrs.
The calcined powder was crushed using mortar pestle then this crushed powder was
mixed thoroughly with a PVA binder for 2 hrs so that no granules were left over until
fine powder was obtained. Then, using a hydraulic press machine, this calcined powder
was pressurised at 50 MPa into a disc shape with a 10 mm diameter and 1 mm thickness
to yield pellets. Then these pellets were sintered at 1050°C for 3hours with the interval
heat treatment at 500°C for 1 hour to remove the binder from the pellets. The synthesis

technique is depicted in Figure 4.1.

The X-ray diffraction (XRD) patterns of the sintered pellet were recorded in step scan
mode (step size 26=10°- 80° and scan rate 0.04 s/step) using an X-ray diffractometer
(BRUKER, Model: D8 Advance-AXS) using Cu-Ka radiation, to identify the crystal
structure and the phase of the synthesized material. Scanning electron microscopy
images were captured to understand the surface morphology of the pellet sample using
ZEISS scanning electron microscope instrument with an airlock chamber. Sintered
pellets were crushed to make powders for Fourier Transform Infrared (FTIR)
Spectroscopy in ATR mode (Attenuated Total Reflectance) to analyze the formation of

perovskite structure using the PerkinElmer spectrum-II instrument.
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Solid State Reaction Method
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Figure 4.1: Pictorial depiction of synthesis process (solid-state method)

Using a xenon excitation source, a JASCO FP 8300 PC-spectrofluoro photometer was
used to record the emission spectra. The HORIBA PTI Quanta-master device was used
to record the upconversion luminescence spectra at ambient temperature. A continuous
laser diode was used to excite the sample at 980 nm wavelength. A pulsed laser source
with a 980 nm wavelength operating at ambient temperature was used to perform time-
resolved fluorescence spectroscopy. To ascertain the role of photon count in the UC
process, the pump power dependence on UC intensity was also examined. The cooled
photo-multiplier tube was utilised to capture the temperature-dependent UC emission

spectra for FIR analysis. The coding of samples is given in Table 4.1.
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Table 4.1: Coding of prepared undoped and doped BNT compositions

Composition Abbreviation Er (x) content | Yb (y) content
BigsxyEryYbyNag sTiO3 BEOYO0 0.00 0.00
Bio.5-0.03-yEr0.03YbyNag sTiO3 BE3YO0 0.03 0.00
Bi0.5.0.03-0.01Er0.03Ybo.01Nag s TiO3 BE3Y1 0.03 0.01
Bi.5.0.03-0.03E10.03Ybo.03Nag s TiO3 BE3Y3 0.03 0.03
Bio.5.0.03-0.05E10.03Ybo.0sNag s TiO3 BE3YS5 0.03 0.05
Bio.5.0.03-0.07E10.03Y bo.07Nag s TiO3 BE3Y7 0.03 0.07
Bio.5-0.03-0.00E10.03 Y bo.09Nag s TiO3 BE3Y9 0.03 0.09
Bio.5.0.03-0.11E10.03Ybo.11Nag s TiO3 BE3Y11 0.03 0.11
Bio.5.0.03-0.13E10.03Ybo.13Nag s TiO3 BE3Y13 0.03 0.13

4.3  Results and Discussion
4.3.1 Structural and Microstructure Analysis

Figure 4.2(a) depicts the XRD patterns of all BNT ceramics with different
concentrations of Er** (x = 0.03) and Yb*" (y = 0.00, 0.01, 0.03, 0.05, 0.07, 0.09, 0.11,
and 0.13). From XRD patterns, it was observed that each sample had a pure phase
without any contaminants from the secondary phase. The absence of any apparent
manifestations of undesired secondary phases validates the solubility and assimilation
of Er*" and Yb?" ions into the host lattice BNT. Further, this is confirmed by JCPDS
card no #00-036-0340. The result, as observed, suggests the presence of rhomobohedral
symmetry, space group R3c. From the magnification in Figure 4.2(b), the reflection
plane of greatest relative intensity (110) shifts to larger angles with the increases in the
concentration of Yb*" in the BNT structure. The shifting suggests that the host matrix
BNT at the A-site of Bi*" ions (1.32 A) has effectively substituted by the smaller Er**
and Yb*" ions (1.25 A, 1.22 A) [29]. They are bound to occupy A-sites in the crystal
lattice, as evidenced by their efficient ionic radii match those of the A-site ions. The
XRD profile fitting of BNT ceramic was carried by using TOPAS software employing
Pawley refinement based on the least squares method. The XRD patterns were analyzed
with initial parameters for the rhombohedral system of space group R3c to obtain the

best fit between the observed and calculated values as tabulated in Table 4.2. The
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refinement parameters and goodness of fit (y = 1.5) confirm the good fitting of
experimental and theoretical. Using Archimedes’ principle, the density of the sintered
pellets is determined and is recorded in Table 4.2. An analysis of the data showed that

with increasing Er**/Yb*" concentration in the host lattice, variation is seen in the

density of the sintered pellets.

— _— 8
a - 2 - T - B ~ _=| [(b)
@ § 2 ggeg § g8 T
BE3Y13 e S = = € o / \__ BE3Y13
BE3Y11 _ l . N ) / \__ BE3Y11
5 BE3Y9
@ |gE3vr BE3Y7
—~ BE3Y5
BE3Y5
2
o= [BE3Y3 l o, N /\ BE3Y3
(7))
C [BE3v1 k N N X j\ BE3Y1
Q
‘E BE3Y0 . N N - BE3Y0
BEOYD l S . R / \ BEOYO
JCPDS Card no-00-036-0340
| | | | L O | |
1 1 | T T T T T T T r T

40 50 60 70 80 3 32 33 34 35

20 30
2 Theta / Degree 2 Theta / Degree

Figure 4.2: (a) XRD patterns showing rhombohedral symmetry in all BNT compositions
(b) Peak shifting of (110) plane

For all the undoped, doped and co-doped BNT ceramic compositions, the typical
surface morphology was obtained using SEM, depicted in Figure 4.3 (a-f). All the
samples are well-sintered, grain boundaries are well-delineated, and no porosity was
observed. The grain size varies with the dopant concentrations, as in Table 4.2. It has
been observed that the Yb*" incorporation with Er** ions increases the grain size. The

dense microstructure and well-defined grain boundaries could help improve electrical

properties [30, 31].
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Figure 4.3: SEM images of BNT compositions (a) BEOY0 (b) BE3Y0 (c) BE3Y1 (d) BE3YS
(e) BE3Y9 and (f) BE3Y11. Inset: Histograms for grain size calculation

Table 4.2: Lattice and refinement parameters for all the BNT ceramic compositions

Parameters BiosxyErxYbyNaosTiOs
BEO BE3 BE3 BE3 BE3 BE3 BE3 BE3 BE3
YO0 YO0 Y1 Y3 YS Y7 Y9 Y11 Y13
Rwp 14.50 15.60 18.16 16.20 15.31 19.38 2046 21.27 22.99
Rep 1130 10.95 10.39 11.28 9.79 11.58 11.65 1044 10.64
Re 10.17 11.16 13.63 1192 15.236 14.05 1533 1592 16.81
GoF () 1.28 142 1.60 144 1.56 1.67 1.76 204 2.16
ad) 54858 54718 54878 | 54632 | 54561 54845 54651 54632 54590
b(A) 54858 54718 54878 | 54632 | 54561 54845 54651 54632 54590
cA) 6.7589 6.7399 6.7620 | 6.7240 | 6.7146 6.6801 6.7008 6.7016 6.7155
V@A) 176.1558 | 17476 | 1763672 | 17380 | 1740439 | 1740201 | 173.3256 | 1732261 | 1733210
?;:ls:g 8.12 793 820 830 7.78 834 8.14 7.66 7.17
Grm(ulllnim 232 177 261 333 390 345 329 326 334
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4.3.2 FTIR Spectroscopy

The Fourier-transform infrared (FTIR) spectra of all the BNT ceramics with different
dopant concentrations is depicted in Figure 4.4. The FTIR spectra were recorded in the
wavelength range of 400-900 cm™'. In BNT, the intrinsic vibration band is represented
by the bands observed at wavenumbers 550 and 820 cm™!. The stretching of Ti-O bonds
inside the octahedral groups seen in the perovskite structure is thought to be the cause
of the absorption bands seen in this study. The FTIR bands at 820 and 550 cm™' show
an obvious shift towards lower wavenumbers, which may be related to the host

materials' sensitivity to foreign ions inside the host substrate [32-34].
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Figure 4.4. FTIR spectra of prepared BNT ceramic compositions

4.3.3 Diffuse Reflectance Spectroscopy

The reflectance spectra (DRS) of the sintered powders of ceramic with different
compositions of BNT doped with Er** and Yb** is shown in Figure 4.5(a). The various
energy levels of Er** ions give rise to the absorption bands at about ~ 384, 488, 522,
545, 653, 795, 975 nm, which represents to various energy levels and are depicted as
4Giin, *F1n2, 2Hi2, *S312, *Fop, *1or2 and *T1112 respectively. Using Kubelka-Munk (K-M)
relation the energy band gap of Er is calculated which is represented in Eq 4.1 [35]:
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1-Rs)? K
F(R) = S5t = < (4.1)

[9)

where S denotes the scattering coefficient, K indicates the absorption coefficient, R
represents the ratio between the diffuse reflectance from the sample and reference
material. Furthermore, it can be used for diffused scattered light, where we can assume
as S as constant value with respect to the wavelength. Additionally, by using Tauc

expression we can calculate F(R) and can be written as Eq. (4.2) [36]:
(F(Rx)hv)"™ = B(hv — Ej) (4.2)

In this formula, Eg denotes the optical energy band gap of the materials, B indicates the
constant proportionality, v stands for the vibrational frequency, /# denotes the Planck's

constant, and n is the electron transition.

The value of energy band gap is determined by the linear extrapolation of the data at the
inflection point in [F(R)hv]* versus hv plot is depicted in Figure 4.5(b-f). The measured
values are consistent with the reported literature about the optical energy band gap of Bio.sx-
yErxYbyNaosTiOs (Eg = 2.9 eV) [37]. The band gap value is not varying much as the
concentration is increasing. This little variation in the Eg value is due to the addition of Yb
ions which introduces the new electronic level in the band gap and it reduces the energy band
gap. There is a red shift in the energy band gap which is related to the oxygen vacancies and
either defects due to the synthesis process involved on the reaction and one of the main reason

for this is the large difference the Yb*" and Bi** ionic radii [37].
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Figure 4.5: (a) Diffuse reflectance spectra of all the prepared BNT ceramic compositions,
the Energy band gap of (b) BEOYO (c) BE3YO0 (d) BE3Y3 (e) BE3Y7 and (f) BE3Y13
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4.3.4 Downshifting Photoluminescence spectroscopy

The photoluminescence excitation (under 549nm emission) and PL emission (under 489 nm
excitation) spectra of BNT ceramic with changing Yb*" concentration is depicted in Figure
4.6(a, b). Figure 4.6(a) shows excitation peaks of Er’* resulting from “Fs» and “F7 energy
levels to different higher energy levels and observed at 450 nm and 489 nm [38-40]. The
most intense peak was observed at 489 nm and was used as an excitation wavelength (Aexc)
to record the PL emission spectra. In Figure 4.6(a), it can be seen that the doped BNT
samples shows a broad band of low intensity around 310 nm which can only be attributed to
the charge transfer from ligand to metal [41]. The lower intensity of charge transfer band than
f-f transition ascertains the differential sensitization of erbium and ytterbium via host. Under
excitation of 489 nm, the green emission at 530 nm and 549 nm contribute to the excited state
to ground state from 2Hi1/2 and *S32to “Iis/2. The weak red band transition is from *For to *I1s.2
attributed at 662 nm. It can be seen from the Figure 4.6 (b), the relative emission intensity of
the green and red band decreases after the optimized concentration (BE3Y3) of the material.
The occurrence of non- radiative transitions due to concentration quenching leads to a
reduction in the emission intensity. These results are also consistent with the study of the
upconversion luminescence spectra [38-40]. This is because, in the downshifting
photoluminescence spectra under the excitation 489 nm, the electrons immediately acquire
the energy state “Fon. At this level, the non-radiative transition occurs due to the multiphonon

relaxation, which eventually reduces the intensity of the emission band [28].
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Figure 4.6: Downshifting photoluminescence (a) excitation spectra (b) emission spectra of
prepared BNT ceramic compositions
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4.3.5 Upconversion Luminescence (UCL) Spectroscopy

The upconversion luminescence (UCL) spectra traced at 980 nm excitation wavelength
with the pumping power of 50 mW with excitation source density of 3.25 W/cm? for
Er**-doped and series of Er**/Yb*" co-doped BNT ceramic composition is given in
Figure 4.7(a). Two green and one red emission band are observed in UCL spectra. The
one green band at 530 nm is ascribed to the transitions from the *Hi1/2 to *I15/2, and the
other intense green band at 549 nm is due to the transition from *S3/ to *I152 level. The
detectable red emission band is obtained at 662 nm due to the transition of the *Fo/2 to
the “Iis»2 level. It has been observed that the incorporation of Yb>" in the host lattice
along with fixed Er’" content can significantly increase the UCL emission intensity.
This is because of the larger cross-sectional area provided by the Yb ions for the energy
transfer process, which further increases the UC mechanism. The variation of UCL
emission intensity with dopant concentration is given in Figure 4.7(b). The highest
emission intensity is obtained for BE3Y3 BNT composition. The fall in UCL intensity
after this composition is because of the concentration-quenching effect, which occurs
owing to easy energy transfer between the dopant ions when they get closer at higher
dopant concentrations, leading to non-radiative transitions. It can also be seen that the
UCL emission intensity is still maintained at higher dopant concentrations due to the
various cross-relaxation process occurring at higher dopant concentrations. The

distance between the dopant ions can be measured by Blasse Eq. 4.3 [42]:

1
3V ]E
4TiX 2

R~ 2| (4.3)

where V denotes unit cell volume, Z represents the number of host cations, and Xc is
the critical dopant concentration (BE3Y3). After substituting all the values, Rc is 15.56
A. The energy level diagram for possible UCL mechanism is given in Figure 4.7(c).
The ions from “I1s. are excited to a higher energy level *Ii12 via GSA (ground state
absorption). Another ion from the *Fo level of Yb ions is excited to a higher energy
level *Fsp. The levels *Fsp2 and #1112 are at the same level, making easy energy transfer
between the Er and Yb ions. Now, the ions at the *I11/2 level jump to “F72 through ESA
(excited state absorption). Also, ions from level *Fs; reached the *F72 via ET (energy

transfer), thus populating this level. From the *F72 level, the ions fall non-radiatively in
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the energy levels 2Hii/2, *S32, and *Fo2 via MPR (multiphonon relaxation). Lastly, from
these levels, the ions make their transition to the lower energy level and result in three
UCL emission bands at 530 nm, 549 nm, and 662 nm through transitions *Hi1/2, *S35,

“Fon2 to *Lis2 level, respectively.
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Figure 4.7: (a) UCL spectra of Er**doped and series of Er*/Yb*" co-doped BNT ceramic
compositions (b) UC emission versus dopant concentration (c) Energy level diagram showing
possible pathways for UCL emission

4.3.6 Time decay analysis

The decay curve is obtained under the excitation at 980 nm and the emission under 549
nm with the transition of *S32—*l152 for BNT ceramics compositions is depicted in
Figure 4.8(a-e). Using tri-exponential function the decay time was measured which is

given by the Eq. (4.4):
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I(t) =1+ A exp(— i) + A, exp (— i) + A; exp(— i) (4.4)
Ty T2 T3

where A1, A2, Az are the fitting parameters, lo is the intensity at t = 0 s, is I(t) is the

intensity at time t, and 7t is decay time. The average time is calculated by Eq. 4.5:

AlT% +A2T% +A3T§
A1T1 +A2T2 +A3T3

<T>= 4.5)

The average decay time of BNT ceramic compositions varies with dopant
concentration. It can be seen that the average decay time decreases from 133.53 ps to
9.31 ps. This might be due to the rapid energy exchange between the Er’*" and Yb**
ions, resulting in a non-radiative transition [43-44]. The efficiency in energy transfer by

the incorporation of Yb>" ions can be measured using Eq. 4.6 [45]:

T2

n=1-% (4.6)

T1

11 is mean decay time for single Er**doped BNT and 12 is the mean decay time for

Er’*/Yb*" BNT ceramic.
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Figure 4.8: Time decay profile of BNT compositions (a) BE3Y0 (b) BE3Y1 (¢) BE3Y3
(d) BE3YS5 (e) BE3Y7

It has been observed that the efficiency in energy transfer between the dopant ions is
increased for all the co-doped BNT ceramic compositions and ranges from 32% to 93%

for BE3Y1 to BE3Y7 ceramic.
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4.3.7 Pump power dependency

An essential investigation to ascertain the quantity of photons engaged in the UC process
is the dependence of pump power on upconversion luminescence. Luminescence spectra
demonstrating upconversion under various pump powers density that lie in the range
29.41- 62.09 W/cm? is depicted in Figure 4.9(a). Pump power appears to be correlated
with the intensity of UCL. In this study we see that the UCL appears to intensify as pump

power is increased and this can be calculated using the Eq. 4.7 [46]:
Iyc, &« P™ (4.7

The variables P, n, and lucL represent the pumping power, photon count, and UCL
intensity, respectively, required for the upconversion process. Plot of intensity versus
excitation pump power log is shown in Figure 4.9(b). The logarithmic plot’s slope is
used to calculate the value of n for the green and red emission bands. The n values are
2.31, 1.69 for the green bands and 2.14 for the red band. This validates the contribution
of two photons to the intensity of the UC emission. Multiple mechanisms (non-radiative
transitions, ET, and ESA) have an impact on the emission spectra, which accounts for

the disparity [47].
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Figure 4.9: (a) Pump power dependency on UCL spectra of BE3Y3 ceramic compositions
(b) Ln (intensity) versus Ln (power) plot
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4.3.8 Optical temperature sensitivity

The optical temperature sensing of BE3Y3 ceramic was examined utilizing the FIR
method. It has been widely employed to investigate the temperature sensitivity of
numerous host materials doped with RE [48-49]. Figure 4.10(a) illustrates the
temperature-dependent UCL spectra, which span a temperature range of 303 K to 523
K. The intensity of the UCL diminishes as the temperature rises as a consequence of

thermal equilibrium in the TCLs. The FIR is represented by Eq. 4.8 [50-51]:
— I _ _LE
FIR = e C exp( KBT) (4.8)

where In represent the intensity of the green bands at 530 nm and Is represent the
intensity of the green bands at 550 nm, C is the exponential coefficient, and AE is the
energy difference. The FIR values are depicted in Figure 4.10(b). The linear form of
Eq. 4.7 is presented in Eq. 4.9:

Ln(FIR) = — (f{—i) (%) + LnC (4.9)

Figure 4.10(c) shows the Ln(FIR) against the inverse of temperature. The slope of this
graph gives the value of AE/Ks value and intercept Ln C, which is used for calculating
the absolute (Sab) and relative (Sr) sensitivity of the materials established using Eq. 4.10,

11, respectively:

ar ar = CExp (— %) (&) (4.10)

Sr =% Sap = () (4.11)

KpT?

The plot of S and Sab is denoted in Figure 4.10(d). The Sa and S: of BE3Y3
ceramic composition are 0.54 % K and 1.24 % K' at 523 K and 303 K,
respectively. For a practical sensor, the repeatability and resolution should be
checked. The FIR values are varied between two temperatures (303 K and 523 K)

and it was observed that the FIR value does not change abruptly confirming the
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good repeatability of the sample as shown in Figure 10(e). Taking specific (Asp)
and mean values (Am) of FIR and da/A being the accuracy of the instrument, the
mathematical expression for repeatability (R) and resolution (3T) is given in the

Eq. 4.12, 4.13, respectively [51]:

R=1_(A“"_—ASP) (4.12)
Apv
=1yl

0T = X (4.13)

Figure 4.10(f) shows that the temperature resolution increases with increasing
temperature. The comparison Table 4.3 is given for the sensitivity of various host

materials co-doped with Er**/Yb>" ions.
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Figure 4.10: (a) Temperature dependent UCL spectra (b) Plot of FIR and temperature (c)
Ln (FIR) vs T7, (d) Plot of S.» and S,
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Figure 4.10: (e) Repeatability test between 303 K and 523 K (f) Plot of 6T vs temperature

Table 4.3: Absolute sensitivity values of various Er/Yb co-doped ferroelectric ceramic

S. No. Host Temp Max sensitivity Max Ref
material range (K) temp, Tmax (K) sensitivity, Sap
(K™
1. BNT: Er 175-500 380 0.0017 [13]
2. BNT: Er/Yb 175-553 493 0.0035 [52]
3. BNTO: 153-483 483 0.0078 [41]
Er/YDb

4. NBT: Er 80-480 - 0.053 [53]
5 BNT: Er/Yb 163-613 - 0.0031 [54]
6 BBN: Er 300-623 483 0.00996 [42]
7 BNT: Er 303-523 523 0.0047 [28]
8. BNT: Er/YDb 303-523 523 0.0054 [This
work]

4.4 Summary

The structural, upconversion luminescence, and sensing properties of a series of
Er**/Yb** co-doped Bio.s-xyErxYbyNaosTiO3 ferroelectric ceramics are investigated.
The rhombohedral geometry is confirmed by the XRD analysis, and the solubility of
the dopant ions is demonstrated by the absence of any additional peaks. The dense
microstructure with well-defined boundaries were evident in the SEM images. The

typical characteristics of perovskite structure are illustrated by the FTIR vibrational
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bands at 550 cm™' and 820 cm!, which are the result of the elongation of Ti-O bonds in
octahedral groups. The Tauc plot displays the energy band gaps (Eg) in a range of 2.93
eV to 2.88 eV as a function of the dopant concentration. The photoluminescence spectra
of all BNT ceramic compositions are measured under excitation wavelengths i.e. 489
nm and 980 nm. It has been noted that the two intense green and one visible red bands
were present at 530 nm, 549 nm, and 662 nm, respectively. When excited at 980 nm,
the UCL spectra vary with different pumping powers, indicating that the process
involves two photons.The time-resolved fluorescence spectroscopy indicates that the
efficiency of energy transfer between the dopant ions has increased for all co-doped
BNT ceramic compositions. At 523 K and 303 K, the relative (Sr) and absolute (Sab)
sensitivity of the BE3Y3 ceramic composition are 1.24 % K and 0.54 % K,
respectively. These findings suggest that the prepared ceramic has the capability to be

used as multifunctional material.

A detailed examination of the upconversion luminescence and optical temperature-
sensing characteristics of the Er**/Yb** co-doped BNT ferroelectric system revealed
that the incorporation of Er**/Yb*" ions has a pronounced influence on the resulting
ceramic. In addition to Er**/Yb*" incorporation, Ho*" ions were also introduced into the

Bio.sNao.sTiOs3 lattice to further tailor its optical response in the next chapter.
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The motivation behind this study is to estimate the prepared ceramic’s energy
storage device and multifunctional optoelectronic device potential in terms of
its effectiveness and practical applications.

This work presents a new method by adding Ho’" ions to lead-free
BiosNaosTiOs (BNT) ceramics without any sensitizer, resulting in an
multiphonon and previously unreported orange emission.

In host matrix, Ho’" usually shows green or red luminescence, however the
appearance of orange emission in the BNT matrix reveals a special site
symmetry and energy level interaction in the host lattice.

This work is especially important because, by using a ferroelectric composition

free of lead, it not only investigates novel luminous behaviour in rare-earth-
doped BNT systems but also responds to the increasing need for environmentally
friendly materials.

Additionally, the study shows that Ho*" doping greatly improves the ceramics’
capacity for energy storage. Overall, this investigation provides new insights
into rare-earth ion engineering in lead-free ceramics, offering a promising route
for the development of advanced functional materials.

The results reported in this chapter have been published in Megha et. al. in Ceramics
International.
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5.1 Introduction

In this chapter, the Ho®" ions are systematically inserted on the A-site of Bio.s-
xHoxNao 5TiO3 lead-free ferroelectric ceramic via solid-state method. The x-ray
diffraction spectra (XRD) shows the rhombohedral structure of Bio.s-xHoxNao.sTiOs3.
Fourier transform infrared (FTIR) spectroscopy shows two vibrational bands at 537
cm! and 832 cm™!, due to the stretching vibrations of Ti-O bonds in the octahedral
units of the perovskite structure. The diffuse reflectance spectra (DRS) showed three
bands at 454, 542, and 646 nm transit from Is—>Gs, °Is—°F4/°S2, and °Is—°Fs,
respectively. The band gap varies and maximum for 0.03 concentration due to the
local structural instability within the lattice by Ho>" ions. The photoluminescence
(PL) emission spectra are traced under 452 nm, and one intense green band at 548
nm and two at 655 (orange) and 750 nm (red) were observed. In upconversion
luminescence (UCL) spectra, four emission wavelengths were obtained at 490, 525,
552, and 660 nm. The orange emission band is highly intense, whereas other color
bands are relatively weak. Pump power dependence on UCL spectra is analyzed
using concentration (x=0.03). The decay profile for green and orange bands showed
an average lifetime of 12.99 us and 9.43 ps, respectively. The PE loops become
slimmer, and P: values decrease with increasing concentration. The energy storage
efficiency (%) of the ceramic is increasing with dopant concentration and comes
out to be 90%. The maximum absolute and relative sensitivity observed for the BNT
(x = 0.03) is 0.29% K and 0.22% K at 303 K, respectively. This study
demonstrates the novel observation of orange emission in Ho** doped Bio.sNao.sTiO3
ceramics without any sensitizers which is not usual behaviour as Ho*" typically
exhibits green or red emission. This unusual luminescence highlights distinct site
symmetry and energy level interactions within the lead-free BNT matrix, validating

the uniqueness of the work.

The remarkable piezoelectric performance of lead-based piezoelectric ceramics,
such as Pb(Zr, Ti)Os (PZT), makes them indispensable for use in transducers,

actuators, etc. [1-3]. Despite their superior piezoelectric properties, lead-based
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piezoelectric materials have lead toxicity. Exposure to lead and the chemicals that
are derived from it is toxic to both the environment and human health. Because of
this, lead-free ferroelectric and multifunctional materials have drawn more and more
attention as environmental preservation and sustainable development gain in
popularity [4,5]. Ferroelectric materials are well known for their multifunctional
applications. The combination of magnetic, electrical, optical, and mechanical
properties is characterized by multifunctional materials. There are different
preparation methods, which include solid-state reactions, combustion reactions, and
microwave processing, which also have a substantial impact on their chemical and
physical properties. The current research focuses on lead-free titanate-based
perovskites ferroelectric and piezoelectric ceramics such as Ko.sBio.sTiO3, BaTiOs3,
Bio.sNao.sTiO3, BaZro.osTi0.9203, bismuth ferrite (BiFeOs), and alkaline niobate
perovskites (KNbO3, NaNbOs, ((K, Na)NbOs3), as well as bismuth oxide layer
structure ferroelectric materials (SrBi4Ti4O15, Bi4Ti3012, Bi3TiTaOv) [6-10]. Among
these, we chose sodium bismuth titanate Bio.sNao.sTiO3 (abbreviated as BNT) lead-
free piezoelectric material discovered in 1961 by Smolenskii et al. [11]. BNT has a
rhombohedral perovskite ABOs structure and has high curie temperature (T ~
320°C) and strong remnant polarization (Pr ~ 371 C/cm?) [12,13]. One of the
drawbacks of pure BNT is that it has a coercive field too large to be polarized and
has a low piezoelectric coefficient; as a result, its practical application is severely
limited. The primary cause of this problem is that, during the materials fabrication
process, oxygen vacancies are created to compensate for the volatile bismuth ion
(Bi*"), which results in high leakage current and large conductivity [14-16]. This
issue can be effectively resolved by using the site substitution technique to partially
replace the Bi** ion. Rare earth ions are considered the ideal substitute for Bi** due
to their identical valency and size, as well as their high melting temperature.
According to the literature studied, it has been revealed that the substitution of a
low amount of rare earth ions at the Bi** site of the host BNT-based ceramic
frequently improves the ferroelectric and piezoelectric properties [17-20].

Furthermore, the BNT has a comparatively low phonon energy, which increases the
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activator’s upconversion emission intensity and decreases the possibility of non-
radiative transitions caused by phonon vibration. BNT is, therefore, a perfect host

material for photoluminescence properties [21-23].

For the past couple of years, rare earth (RE)-doped ferroelectric materials have
gained popularity due to their multifunctional properties, including
photoluminescence, ferro/piezoelectric properties, and multiple coupling functions.
Additionally, it has been seen that the BNT-BT-based lead-free ferroelectric
triggered by the rare earth ions not only show good fluorescence capabilities with
enhanced piezoelectric properties but their photoluminescence properties can be
enhanced with electric field [24-28]. In addition, rare earth-doped BNT lead-free
ferroelectric exhibits intense upconversion emission. Up-conversion luminescence
(UCL) is a common nonlinear phenomenon that can combine two or more long-
wavelength, absorbed lower-energy photons into a single, short-wavelength, higher-
energy photon that is released [29-30]. UCL materials have an important role in
optoelectronic systems, optical temperature sensors, fingerprint detection, and solar
cells. Furthermore, temperature-sensing materials could be used in thermal sensors
and luminescent probes. Rare-earth ions are typically employed as activators in
upconversion luminescence materials due to the abundance of excited states [31-
38]. Furthermore, apart from improving the ferroelectric properties and up-
conversion emission [39]. Ho®" doped lead-free BNT ferroelectric ceramic can be
used to provide good optical temperature sensitivity via the fluorescence intensity
ratio (FIR) approach; we can also see good optical temperature sensing in the BNT
host lattice doped with Ho®" rare earth ion [40-43]. Thus, it can be considered that
Ho** doped BNT can be a decent optical sensing material. Thus, we have
synthesized BNT doped with Ho>" with varying concentrations. The impact of Ho**
dopant in BNT host lattice with different compositions on crystal structure and
phase formation was methodically examined using XRD and FTIR. The emission
spectra of the prepared ceramic were collected using the laser source of 980 nm
excitation; using this, the photoluminescence behavior of Ho** doped BNT ceramic

was studied. In order to investigate the photons involved in the process, the pump
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power dependence on upconversion luminescence was also investigated. At a
wavelength of 980 nm, time-decay was conducted at ambient temperature. The
objective of this work is to investigate in detail how different Ho" concentrations
affect the structural, microstructural, and upconversion photoluminescence
characteristics of the ceramic Bio.s-xHoxNao.sTiO3. The motivation behind this study
i1s to estimate the prepared ceramic’s energy storage device and multifunctional
optoelectronic device potential in terms of its effectiveness and practical
applications. This work presents a new method by adding Ho*" ions to lead-free
Bio.sNao.sTiOs (BNT) ceramics without any sensitizer, resulting in an multiphonon
and previously unreported orange emission. In host matrix, Ho®" usually shows
green or red luminescence, however the appearance of orange emission in the BNT
matrix reveals a special site symmetry and energy level interaction in the host
lattice. This work is especially important because, by using a ferroelectric
composition free of lead, it not only investigates novel luminous behaviour in rare-
earth-doped BNT systems but also responds to the increasing need for
environmentally friendly materials. Additionally, the study shows that Ho*" doping
greatly improves the ceramics’ capacity for energy storage. Overall, this
investigation provides new insights into rare-earth ion engineering in lead-free
ceramics, offering a promising route for the development of advanced functional

materials.
5.2 Synthesis and Characterization Details

The acquisition of highly pure level (99.99%) raw materials was carried out through
Sigma Aldrich for the synthesis process. Bi203, Na2COs3, TiO2, and Ho203 were used
as initial precursors to synthesize lead-free BiosxHoxNaosTiOs (x = 0 - 0.07)
material. The solid-state technique was used to obtain the final product; it is also
illustrated in Figure. 5.1. Firstly, the precursors were mixed in a stoichiometric
amount given by Eq. 5.1, and subsequently, the dopant Ho®" was mixed with

different concentrations using Eq. 5.2:

For undoped BNT-
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Bi, 03 + Na,CO; + TiO, — 4BiysNag sTiO3 + 2C0, 1 (5.1)

For Ho*" doped BNT-

(0.5 — x)Bi, 05 + 0.5Na,CO5 + xHo,05 + 2Ti0, — 2Biy sNaysTiO5 + 0.5C0, T (5.2)

The initial unprocessed powder was weighed in accordance with the stoichiometric
ratio and mixed for 12h by zirconia balls in a high-energy ball mill to guarantee that all
precursors were fully homogenized. The mixture was left over and dry for 24 hours at
80°C in an oven, and lastly, calcined for 3 hours at 850°C in the hot air muffle furnace.
The binder polyvinyl alcohol (PVA) was added to the powder to make pellets using a
hydraulic press machine at 50 MPa. The compacted pellets were then sintered for 3

hours at a temperature of 1050°C in the same furnace.

SOLID STATE REACTION TECHNIQUE

Tatoh . el
1..Raw precursor 2: “elglung of 3. Ball milled for 12 4: Calcined at 850°C in
Bi,03 Na,CO3, precursor in s i elkaial high temperature
TiO,, Ho,0; stoichiometric S0 furnace

ratio
¥

BN
8 7 ‘

9.Sintered | | 3 Si';'""'g of pellets at 7. Pellets of all the 6. Making of pellets in 5. Mixing PVA binder
pellets 1050°C composition Die set with calcined powder

Figure 5.1: Pictorial depiction of the synthesis process
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The structural properties were analyzed by XRD spectra using Cu-Ka radiation,
using a Bruker D-8 Advance X-ray diffractometer. The unit cell characteristics of
the ceramic were optimized using TOPAZ software. Scanning electron microscopy
was utilized to investigate the microstructure and increase of grain size of the
unpolished ceramic surface. ATR mode is used in the Perkin Elmer spectrum-II
instrument to analyze the FTIR spectra. The HORIBA PTI Quanta-master was
employed to obtain the UCL spectra at 980 nm. Time decay was carried out at
room temperature using a 980 nm pulsed laser source. The photoluminescence
(PL) emission spectra were measured using a JASCO FP-8300 PC-

spectrofluorophotometer set to 488 nm.
5.3 Results and Discussion
5.3.1 XRD and SEM

The X-ray diffraction (XRD) plot of pure Bio.sNao.sTiOs and Ho*>* modified Bio.s-
xHoxNao.5TiO3 ceramic with various dopant concentrations is illustrated in Figure.
5.2(a). It is noted that the peaks closely match the reported diffraction data with
JCPDS card no. #00-036-0340, indicating that for all the different dopant
compositions, a single phase of rhombohedral crystal structure of Bios-
xHoxNao.sTiO3 (x = 0.00 - 0.07) with an R3c space group has fully formed [44].
The lack of a secondary phase indicates the effective incorporation of Ho>" ions
onto the host cell structure at x = 0.00 - 0.05. A minor defect phase (* mark) is
present in x = 0.07; this could be the result of secondary phase development caused
by an impurity produced during the procedure of synthesis. Figure 5.2(b) shows
an expanded view of the most prominent peak migrating towards higher 2 theta
angles corresponding to the Braggs plane (110). This shift in the peak indicates
the possibility of incorporation of smaller Ho*" ions (1.18 A with coordination
number 12) within the host matrix Bio.sNao.sTiOs at the Bi*" site (1.32 A with
coordination number 12) [45]. The XRD profile fit of all the dopant concentrations
was calculated using TOPAS software implementing Pawley refinement based on
the method of least squares. By using this software, Figure 5.2(c) displayed the

best match among the measured and expected XRD of the lattice parameter and
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profile parameter deduced from the profile fit and tabulated in Table 5.1. The fit

of goodness is approximately near one, indicating that the refining results are

reliable. Table 5.1 shows that when the concentration of Ho>" increases, the unit

cell volume decreases due to size differences. This is consistent with the trend of

the (110) plane towards larger 2 theta values. The density for all the prepared

samples is estimated using Archimedes’ principle. The density of the samples

increases with the increasing dopant content, and there is good agreement in

experimentally calculated density with the theoretical density (5.99 g/cm?) that
has been published [46].
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Figure 5.2: (a) XRD plot of undoped and Ho*" doped BNT, (b) peak shifting of (110) plane,
(c) profile fitting using topaz software
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The microstructure and grain size of the sintered pellets surface of Bio.s-xNao.sTiO3
doped with Ho>" were recorded by scanning electron microscopy (SEM). Figure 5.3(a-
e) reveals the microstructure details having a non-uniform distribution of grain size.
Using Image J software, the histogram was plotted using the Lorentz fit plot to get the
average grain size, which is depicted in the insets of Figure. 5.3(a-e). The mean size of
the grain has increased from a lower dopant concentration (x = 0.00) to a higher dopant
concentration (0.07), illustrated in Figure. 5.3(f). This grain growth behavior is due to

the enhanced diffusion of foreign ions within the host during the sintering process. The

foreign ions may facilitate mass transport by either forming point defects (such as
oxygen vacancies) or altering the local lattice structure, which in turn promotes grain
boundary mobility. As a result, the grains are able to grow more easily at higher dopant

concentrations, leading to an overall increase in grain size [46].

000001 003 005 007
Ho* Concentartion (x)

Figure. 5.3: (a-e) SEM of Bips.x\HoNa0sTiO3 (x = 0.00 - 0.07). Inset: Histograms for grain
size calculation (f) variation of an average size of particles with dopant concentrations
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Table 5.1: Parameters of XRD pattern for Biyps<Ho.NaosTiO; with different concentrations

Bips<HoxNaysTiO;
Parameters
x=0.00 x=0.01 x=0.03 x=0.05 x=0.07
Ry 7.37 7.65 6.23 9.74 8.70
Rep 3.62 352 3.50 439 3.01
GoF (p) 1.04 1.17 1.78 1.22 1.89
a=b(A) 5.4967 5.4856 5.4963 54878 5.4620
c(d) 6.7180 6.7411 6.7130 6.7054 6.7151
V(A% 175.7844 175.6820 175.6321 174.8899 | 173.4991
Density (g/cm’) 5.3050 53178 5.3221 5.5431 5.7301
Crystallite Size (nm) 131.6 118.8 102.2 70.5 49.0
Strain 0.2020 0.2249 0.2409 0.2511 0.2689

5.3.2 FTIR Spectroscopy

The IR bands for BNT ceramics were plotted in Figure. 5.4(a). Four selected

compositions of Bio.sxHoxNao.sTiO3 comprising undoped BiosNaosTiOs (BNT), singly

doped with Ho>" dopant containing different contents (x = 0.01 - 0.05) were analyzed.

The 400-2000 cm™! range was used to record the FTIR spectra. The vibrational bands

detected at wave numbers 537 and 832 cm correspond to the vibration band of

Bio.sNao.sTiO3. This study suggests that the absorption bands seen are caused by the

stretching of Ti-O bonds inside the octahedral units present in the perovskite structure
[47]. The shift in the FTIR bands at 832 cm™ and 537 cm™ is due to the Ho*" ions in the
host lattice is depicted in Figure. 5.4(b) [48].
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Figure 5.4: (a) FTIR spectra of pure and Ho** doped BNT ferroelectric ceramic, (b) shift
in the FTIR bands

5.3.3 Diffuse Reflectance Spectra and Optical Band Gap

The UV-Vis DRS of Ho*" doped in Bio.s-xHoxNao.sTiO3 (x = 0.00, 0.03, 0.05, 0.07) noted
in the range 200-1000 nm is depicted in Figure. 5.5(a). The ceramic has a high
reflectivity in the visible light spectrum, ranging from 450-800 nm. The bands at 454,
542, and 646 nm appear via transition from °Is — °Gs, °Is — °F4/ °S2, and °Is — °Fs,
respectively. The optical band gap (Eg in eV) was calculated using the Kubelka-Munk
(K-M) function by Eq. 5.3 [49]:

(1-R)? _ K

F(R) - 2R S

(5.3)

The absorption coefficient is denoted by K, the scattering coefficient by S, and the total
reflectance of a specimen by R. Additionally, we assume S is constant to wavelength
for diffused light. The Tauc plot equation can be related to F(R) and can be represented
by the following Eq. 5.4 [50]:

(F(R)hv) = B(hv — Eg)" (5.4)
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where B is the energy-independent constant of proportionality, v is the vibrational
frequency of incoming light, and h stands for Planck’s constant. Eg represents the band
gap, while n indicates the electronic transition. The value of n can be 1/2 and 2 for direct
and indirect allowed transition, respectively. In Figure. 5.5(b-e), the band gap values
from a plot of [F(R)hv]? vs hv are displayed. According to the published literature, the
results obtained for the band gap of BNT (Eg = 3.00 eV) are consistent [51]. The optical
band bap value for the ceramics varies as we increase the Ho** content from (x = 0.00
to 0.07) and it can be seen maximum at 0.03 concentration. The fluctuations in the band
gap are because of the produced oxygen vacancies and the local structural instability
within the lattice, which develops when smaller Ho** ions are added to the Bi*" sites
and modify the electron density [52]. The intensity of photoluminescence is increased

when there is a reduced band gap value because more ions are excited.
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Figure 5.5: (a) DRS of pure and Ho* doped BNT, (b-¢) energy band gap of Biys.
HoNa0sTiO; (x = 0.00, 0.01, 0.03, 0.05, 0.07)
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5.3.4 Photoluminescence Spectra

At 550 nm emission, the excitation spectra are recorded for all the Ho®" doped BNT ceramics,
as displayed in Figure. 5.6(a). The spectra showed four distinct excitation peaks attributed to
the 4f-4f transition of the Ho>" ions. The excitation peaks at 418 nm, 452 nm, 469 nm, 476
nm, and 489 nm are transit from the ground state °Is to various energy states such as °Gs, °G,
3Ks, °F2, and °F3, respectively [53,54]. It has been observed from the excitation spectra that
the 452 nm has the strongest intensity, so this excitation wavelength is considered for the
evaluation of emission spectra of Ho>" doped BNT ceramic, which is given in Figure. 5.6(b).
A strong green band is visible at 548 nm via the transition of Ho*" ions from F4/°Sz to ground
state °Is. There are two relatively weak bands at 655 nm and 755 nm, which are observed via
the transition of ions from levels °Fs to °Is and °Sz to °I7. The onset of Figure. 5.6(b) displayed
the highest emission intensity corresponding to Ho®* concentration x = 0.03; after this
concentration of Ho>*, the intensity decreases because of the non-radiative transition due to
concentration quenching [55]. Figure 5.6(c) depicts the CIE graph of Ho** doped BNT

ceramic. It can be seen that the samples exhibit a green color when excited with 452 nm.
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Figure 5.6: (a) Excitation spectra of Ho*" doped BNT at 550 nm emission wavelength, (b)
emission spectra of Ho*" doped BNT at 452 nm excitation wavelength, (c) CIE plot
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5.3.5 Upconversion Luminescence Spectra

The upconversion luminescence (UCL) plot for Bio.s-xHoxNa0.sTiO3 ceramic is detected
under the excitation of 980 nm and is given in Figure. 5.7(a). The four emission
wavelengths were obtained at 490 nm, 525 nm, 551 nm, and 660 nm via transition
through energy levels °F3, °F4, °S2, and °Fs to the lower energy level °Ig, respectively
[56]. One weak blue emission band via the °F3 to °Is level, two visible green bands via
SF4/°S2 to °Is, and one highly intense orange band via the transition of ions from the °Fs
to °Is level. From PL spectra, the green emission band has higher intensity, whereas, in
the case of UCL spectra, the orange emission band dominates. This is because of the
various UCL mechanisms taking place during the UCL process, such as ground state
absorption (GSA), excited state absorption (ESA), energy transfer process (ET),
multiple phonon relaxations (MPR), and cross-relaxation (CR) which increase the
efficacy of the UCL. Figure. 5.7(b) demonstrates that the highest peak intensity for
various Ho** doping is maximum for x = 0.03. After this concentration, the UCL
intensity decreases because the dopant ions become so close to each other that they start
exchanging energy between them without any discomfort. This ease in energy transfer
between the dopant ions leads to non-radiative radiation, hence decreasing the UCL
intensity. This effect is called concentration quenching [57]. Reduction in the emission
intensity is due to the non-radiative transitions. The Blasse equation, represented as Eq.

5.5, is commonly employed to estimate the critical distance between dopant ions [58]:

1
3V ]E
4TXZ

R ~2| (5.5)

here, V = 175.632 A? (unit cell volume), Z = 3 (host cation), and xc = 0.03 (quenched
sconcentration). Putting these values, Rc comes to be 9.7686 A. The expected UCL
pathway is given where the ions in the ground state °Is absorb photons from the 980 nm
illuminating wavelength and reach the higher energy level °Is via GSA, as shown in
Figure. 5.7(c). From level °Is, it goes to higher level °F3, and some of the ions transit
back to °Is and °I7 and reach higher levels by ESA. The CR processes are taking place
to pollute the higher energy levels. From higher energy level °Fs, the ions non-
radiatively fall to the levels F4, °S2, and °Fs through the MPR process. The ions from

level °F; to °Is emit a blue band, and ions from °F4/°S: levels to ground state 5I8 emit
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two green emission bands. The ions from °Fs to °Ig result in an orange UCL band, and
ions from °S: to °I7 result in a red emission band. Figure. 5.7(d) depicts the CIE plot of
Ho*" doped BNT. It has been observed that the Ho** doped BNT ceramic showed
orange emission intensity when excited through 980 nm wavelength. The difference in
emission color between PL and UCL primarily arises from the nature of the excitation
and the resulting energy transfer mechanisms involved in each process. In PL, a single
high-energy photon excites the ion directly to a higher energy level. This leads to
efficient green emission because these transitions have high quantum efficiency and
fewer energy losses. Whereas in UCL, multiple photon absorption takes place and often
leads to non-radiative relaxations and follows different cross relaxation paths to

populate the higher excited states resulting in orange or red emission instead of green.
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Figure 5.7: (a) UCL spectra of Ho*" doped BNT ceramic at 550 nm emission wavelength,
(b) comparison of UCL intensity of various Ho*>" doped BNT ceramic, (c) energy levels of
Ho*" ions for possible UC process, (d) CIE plot
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5.3.6 Time Decay Measurements

The time-dependent UCL spectra are traced by a pulsed laser source under 980 nm. The
time decay profile for Ho** doped BNT ceramic for green and orange emission bands
is given in Figure. 5.8(a-e) and Figure. 5.9(a-e), respectively. A tri-exponential fit is
used to calculate the decay time of the doped samples, given by Eq. 5.6, where A1, Az,
and A3 are the variables, 1 is decay time, Io is the intensity at t = Os, and I(t) is the

intensity at t, and. Eq. 5.7 gives the average lifetime [50, 57]:

t t t
I(t) =1, + A exp(— E) + A, exp (— E) + Aj exp(— E) (5.6)
A TIHALTE+ARTS
< T > - A1T1+A2T2+A3T3 (5.7)

The lifetime of green bands of Ho** doped BNT ceramic ranges from 15.60 ps to 10.30
us, whereas, for orange emission bands, it varies from 6.21 ps to 12.65 ps. This implies
that in the orange emission bands, the dopant ions are quickly transferring their energy
to the neighboring ions, which results in an intense orange UCL band as compared to

green UC emission bands.
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Figure 5.8: (a-¢) Time decay of green band for Ho** doped BNT ceramics
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Figure 5.9: (a-¢) Time decay of orange band for Ho*" doped BNT ceramics

5.3.7 Pump Power Analysis

The UCL spectra for Ho*" doped Bio.s-xHoxNao.sTiO3 (x = 0.03) ceramic is tested for
various pump powers ranging from 0.30 mW to 0.81 mW. The pump power-dependent
UCL spectra are displayed in Figure. 5.10. It has been seen that with the rising power

of pumping, the intensity of UCL spectra is increasing, which agrees with the verified

Eq. 5.8 [59]:
IycL o P? (5.8)

In the above equation, the symbol P (pump power), n (no. of photons), and luct is the
emission intensity. This process helps to measure the total number of photons involved
in the UCL mechanism. The log-log plot of intensity versus the pumping power is given
in the inset of Figure. 5.10. For green bands (524 and 552 nm) and orange band (660
nm), n is approximately 2.17, 2.74, and 2.98. This confirms the involvement of two

photons or more than two photons in the UC emission intensity [60].
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Figure. 5.10: Pump power dependency on UCL spectra and log-log plot (Inset)

5.3.8 Ferroelectric Curve and Energy Storage Density

The ferroelectric behavior of Ho** doped and undoped BNT ceramics is illustrated
in Figure. 5.11(a). The polarization electric field (P-E) curves were recorded at
room temperature under an applied electric field of 50 kV/cm. The undoped BNT
ceramic exhibits a typical ferroelectric hysteresis loop, which is characteristic of
conventional ferroelectric materials. However, with increasing Ho*" doping
concentration, the shape of the hysteresis loops begins to evolve, displaying features
consistent with relaxor ferroelectric behavior with slimmer loops and reduced
remanent polarization (Pr) values. This transformation can be attributed to the
formation of oxygen vacancies induced by the incorporation of Ho*" ions into the
BNT lattice. Under an applied electric field, these oxygen vacancies migrate toward
the domain walls, inhibiting domain switching and thereby reducing the remanent
polarization. This behavior is further corroborated by XRD patterns and SEM
micrographs, which reveal an increase in average grain size with higher Ho3"

content. The increase in grain size may also contribute to the observed reduction in
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P: values [61]. The measured Pr and Pm (maximum polarization) values were further
utilized to evaluate the energy storage performance of the ceramics using the

following equations [62].

W= [ ™EdP (5.9)
Wiee = [, ™EdP (5.10)
n= WT X 100% (5.11)

Figure. 5.11(b) presents the variation in energy storage performance among the
various Ho®" doped BNT samples compared to the undoped BNT ceramic under the
same electric field (50 kV/cm). The undoped BNT exhibits the highest energy
density but the lowest efficiency. With increasing Ho** doping, a significant
improvement in energy storage efficiency is observed, reaching a maximum of 89%.
These findings suggest that achieving a lower P: and a higher Pm is crucial for
enhanced energy storage performance. Consequently, Ho>* doping in BNT ceramics
emerges as a promising strategy for optimizing materials for energy storage
applications. The performance of the PE loop and energy storage density parameters

has been summarized in Table 5.2.
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Figure 5.11: (a) PE loops for undoped and doped BNT, (b) variation of energy storage
density parameters
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Table 5.2: Summary of PE loop parameters (2P, 2E.) and energy storage density
parameters (W, Wi, n1%)

XHOXIEZ’;'“ 0, | 2Pr@Clem?) | 2E(kViem) | W@em) | Wee @lem®) | n (%)
x=0.00 46.19 50.22 1.255 0.101 8.01
x=0.01 33.54 45.80 0.687 0.184 26.77
x=0.03 8.58 39.24 0.981 0.767 78.13
x=0.05 3.30 20.84 0.521 0.439 84.17
x=0.07 1.76 16.86 0.421 0.378 89.56

5.3.9 Optical Temperature Sensing
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Figure 5.12: (a) Variation of UCL spectra with T, (b) FIR vs. temperature plot, (c) plot of
Ln(FIR) against T-!, (d) variation of S,, and S, with T

The sensing behavior of the BNT (x = 0.03) ceramic was analyzed using the
fluorescence intensity ratio (FIR) technique, which is a widely adopted approach for

assessing temperature sensitivity in various rare-earth (RE) ion-doped host materials.
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Figure. 5.12(a) presents the upconversion luminescence (UCL) spectra recorded
between 303-553 K. The UCL strength decreases as the temperature increases due to
thermal population redistribution between thermally coupled levels (TCLs). The FIR is
expressed by Eq 5.12:

5 _AE
FIR = = Cexp(-—=) (5.12)

KgT

Here, i and > represent the emission intensities at 525 and 550 nm, respectively. AE
signifies the energy gap between the TCLs, C is a pre-exponential factor, and ks is
Boltzmann’s constant. The variation of FIR with temperature is illustrated in Figure.

5.12(b). The logarithmic form of Eq. 5.12 is provided in Eq. 5.13:
AE\ (1
Ln(FIR) = — (K—B) (%) +LnC (5.13)

This linear relationship is demonstrated in Figure. 5.12(c), where the slope and
intercept of the plot correspond to AE/Ks and In C, respectively. These values are
crucial for evaluating both absolute sensitivity (Sab) and relative sensitivity (Sr) of the

material, as defined by Eq. 5.14 and 5.15:

d(CEXp -AE >
oo =t AT (2 2 @19
S, = ﬁ* S.p = (%) (5.15)

Figure. 5.12(d) illustrates the variation of Sab and S with temperature. The maximum
absolute sensitivity observed for the BNT (x = 0.03) ceramic composition is 0.29% K-
I'at 303 K, while the peak relative sensitivity reaches 0.22% K! at 303 K. To assess the
practical applicability of a sensor, it is essential to evaluate its repeatability and
resolution. The FIR values of the BNT (x = 0.03) ceramic were measured between 303-
553 K. As presented in Figure. 5.13(a), the FIR values exhibited a smooth and
consistent variation across the temperature range without any abrupt fluctuations,
indicating the good repeatability of the material. The repeatability (R) and temperature

resolution (8T) of the sensor can be quantitatively evaluated using the specific FIR
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value (Asp), mean FIR value (Am), average FIR value (Aav), and the instrumental

accuracy (0a/A). The corresponding expressions are provided in Eq. 5.16 and 5.17:

R=1- (A“’A‘—ASP) (5.16)
Av
8T == x 2 (5.17)

Figure. 5.13(b) demonstrates that the temperature resolution decreases with rising

temperature, suggesting enhanced performance near room temperatures.
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Figure. 5.13: (a) Repeatability test between 303K and 553K, (b) plot of 6T vs temperature

54  Summary

In this study, Ho’" ions were successfully incorporated into the A-site of Bios-
xHoxNaosTiO3 ceramics using the solid-state method. Structural characterization
through XRD confirmed the formation of a pure rhombohedral perovskite phase with
an R3c space group without the presence of secondary phases. FTIR analysis supported
the integrity of the perovskite structure by revealing characteristic Ti-O bond
vibrations. The optical absorption study using DRS indicated strong f—f transitions of
Ho®" ions and a slight reduction in bandgap energy, attributed to the creation of oxygen
vacancies and local structural distortions caused by Ho** doping. Photoluminescence
measurements under 452 nm excitation revealed a prominent green emission at 548 nm,

along with weaker red emissions at 655 nm and 750 nm. The UCL spectra under 980
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nm excitation exhibited multiple emission bands, with the emission at 660 nm being
significantly more intense than the green and blue emissions. The optimized
composition (x = 0.03) showed strong pump power-dependent behavior and
demonstrated efficient energy transfer processes, as evident from the calculated average
lifetimes of 12.99 ps for green and 9.43 ps for orange emissions. The PE loops become
slimmer, and Pr values decrease with increasing concentration. The energy storage
efficiency (n%) of the prepared ceramic is increasing with dopant concentration and
comes out to be around 90%. The maximum absolute sensitivity and relative sensitivity
observed for the BNT (x = 0.03) is 0.29% K™! and 0.22% K at 303 K, respectively.
These findings suggest that Ho>* doped BNT ceramics possess favorable structural and
optical properties, making them promising candidates for use in optoelectronic and
photonic applications, particularly in visible light-emitting devices and upconversion-

based technologies.

In conclusion, this chapter demonstrates that the incorporation of Ho*" ions into the
BiosxHoxNaosTiOs lattice resulted in notable improvements in luminescence, sensing
capability, and energy storage efficiency, reflecting a balanced multifunctional
response. These findings provide a clear basis for the next chapter, which will examine
the role of thin-film processing in further tailoring the structural and functional

attributes of Bio.sxNao.sTiO3 ceramics for potential use in advanced device applications.
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CHAPTER -6

Flexible BNT-PVDF Thin Films with Tunable
Composition for Energy Harvesting Application

> This chapter presents the development and characterization of flexible
piezoelectric nanocomposite films based on bismuth sodium titanate (BNT)
embedded in a polyvinylidene fluoride (PVDF) matrix for efficient mechanical
energy harvesting.

K/
L X4

BNT ceramic powder was synthesized via a conventional solid-state reaction
route and subsequently incorporated into PVDF at varying concentrations (0 —
25 wt% BNT) using a drop casting method

X/
°

Structural analyses confirmed the successful formation of phase-pure
rhombohedral BNT and enhancement of the electroactive f-phase in PVDF
upon BNT addition.

> FTIR and XRD studies substantiated the p-phase promotion in the composites,
while polarization—electric field (P-E) loop measurements demonstrated
improved ferroelectric behavior with increasing BNT content, peaking at 20
wt% BNT.

X4 A practical demonstration using the composite film to power LEDs confirmed
its potential as a flexible nanogenerator. These findings highlight the suitability
of BNT/PVDF composites as promising candidates for next-generation, lead-
free, wearable energy harvesting devices.

The results reported in this chapter have been published in Megha et. al. Ceramics
International.

Megha Narwan 129



Chapter 6: Flexible BNT-PVDF Thin Films ...

6.1 Introduction

Chapter 6 presents the development and characterization of flexible piezoelectric
nanocomposite films based on bismuth sodium titanate (BNT) embedded in a
polyvinylidene fluoride (PVDF) matrix for efficient mechanical energy harvesting.
BNT ceramic powder was synthesized via a conventional solid-state reaction route and
subsequently incorporated into PVDF at varying concentrations (0 — 25 wt% BNT)
using a drop casting method. Structural analyses confirmed the successful formation of
phase-pure rhombohedral BNT and enhancement of the electroactive B-phase in PVDF
upon BNT addition. Morphological evaluation using FESEM revealed uniform
dispersion of BNT up to 20 wt% BNT, beyond which agglomeration was observed.
FTIR and XRD studies substantiated the -phase promotion in the composites, while
polarization—electric field (P—E) loop measurements demonstrated improved
ferroelectric behavior with increasing BNT content, peaking at 20 wt% BNT. Notably,
the piezoelectric voltage and current outputs were maximized at 20 wt% BNT,
registering 25V and 12pA, respectively, under mechanical excitation. A practical
demonstration using the composite film to power LEDs confirmed its potential as a
flexible nanogenerator. These findings highlight the suitability of BNT/PVDF
composites as promising candidates for next-generation, lead-free, wearable energy

harvesting devices.

The ever-growing demand for sustainable and decentralized power sources has
catalyzed significant research into energy harvesting technologies, particularly those
capable of converting ambient mechanical energy into usable electrical energy [1-2]. In
an era characterized by rapid advancements in microelectronics, the proliferation of
wearable sensors, implantable devices, and Internet-of-Things (IoT) systems has led to
a pressing need for compact, autonomous power sources that eliminate or minimize
dependence on conventional batteries [3-4]. Conventional power storage units not only
suffer from limited life spans and high maintenance costs but also contribute
significantly to environmental degradation due to the use of toxic materials and
challenges associated with large-scale disposal. Consequently, self-powered systems

based on mechanical energy scavenging have emerged as a promising solution [5-7].
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Among the various energy harvesting technologies, piezoelectric nanogenerator stands
out to be promising due to its ability to convert mechanical deformation, such as
pressure, strain, or vibration, into electrical charge via piezoelectric material—a
property that has found application in diverse fields including structural health
monitoring, biomedical implants, smart textiles, and portable electronics [8-9]. The
piezoelectric materials are particularly well-suited for environments where continuous
motion, such as walking, engine vibration, or acoustic energy, can be harnessed to

generate consistent power [10-11].

Commercial piezoelectric devices are predominantly fabricated using lead-based
ceramics, especially lead zirconate titanate (Pb(Zr,Ti1)Os, PZT), owing to their excellent
electromechanical coupling and high piezoelectric coefficients [12-15]. However, the
widespread use of lead-based materials has become increasingly controversial due to
their toxicity and environmental hazards [16-17]. Regulations such as the Restriction
of Hazardous Substances (RoHS) directive and the Waste Electrical and Electronic
Equipment (WEEE) directive have further driven the research community to identify
and develop lead-free alternatives that can match or exceed the performance of their

toxic counterparts [ 18-20].

In this pursuit, sodium bismuth titanate (BiosNaosTiO3, BNT) have emerged as a
promising lead free ferroelectric and piezoceramic material having numerous
advantages such as high piezoelectric coefficient (~ 75 pC/N), elevated Curie
temperature, strong ferroelectric polarization, a wide operational frequency range, a
high electromechanical coupling coefficient, and low dielectric loss making it suitable
candidate to fabricate PNG [21-23]. However, despite these advantages the practical
implementation of BNT ceramic still faces challenges including high leakage currents,
elevated coercive fields, and difficulties in domain orientation, which collectively
complicate the poling process necessary to realize their full potential in flexible and
high-performance devices. To address these limitations and enhance mechanical
flexibility, recent efforts have shifted toward the development of flexible piezoelectric
composites, where ceramic particles are embedded within polymer matrices such as
polyvinylidene fluoride (PVDF), polydimethylsiloxane (PDMS), or thermoplastic
polyurethanes (TPU) [24-26]. Such composites combine the superior piezoelectric
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performance of ceramics with the flexibility, low density, and ease of processing of
polymers. Moreover, polymer-ceramic composites are highly compatible with low-
temperature fabrication techniques, enabling their integration into unconventional

substrates and wearable form factors [27-28].

These flexible systems have shown great promise in next-generation self-powered
wearable electronics, with the potential for integration into clothing, footwear, sports
gear, medical patches, and structural materials. Notably, their non-toxicity and

biocompatibility make them ideal for biomedical applications [29].

Despite the considerable progress made in recent years, key research questions remain
regarding the optimization of material composition, filler morphology, dispersion
quality, and interface engineering to enhance energy conversion efficiency and
mechanical robustness [30-32]. This paper aims to explore these aspects, focusing on
the development of high-performance, environmentally benign piezoelectric
composites based on BNT embedded within flexible polymer matrices. Through a
comprehensive review of recent advancements, fabrication methodologies, and
performance metrics, we seek to illuminate the path toward viable alternatives to

conventional lead-based piezoelectric generators.

In this study, BNT powder with the chemical formula Bio.sNaosTiOs3, is synthesised by
traditional solid state reaction method. PVDF nanocomposite films were prepared by
incorporating BNT at different weight percentages (Weight percentages of 0%, 5%,
10%, 15%, and 20% and 25% BNT). These films were subsequently used to fabricate
piezoelectric nano generator (PNG) devices. The fabricated PNG exhibited enhanced
output performance, primarily due to the increased -phase content in the PVDF film
upon the addition of BNT nanofillers which is confirmed by FTIR and P-E loop
measurements. Finally, to evaluate its practical applicability, the developed PNG was
tested for energy harvesting activities. These findings indicate that BNT-PVDF
nanocomposites can serve as promising materials for high-performance PNGs, paving
the way for their integration into next-generation flexible and wearable energy

harvesting systems.
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6.2 Experimental Details
6.2.1 Preparation of BNT Ceramic Powder

High-grade powders were obtained from Sigma-Aldrich, and lead-free Bio.sNao.sTiOs
ceramics were prepared using Bi2Os, Na.COs, and TiO: as raw materials. Solid state
reaction method is used to synthesize the pure BNT ceramic powder as depicted in
Figure 6.1. A stoichiometric mixture of the powders was obtained based on the

synthesis reaction provided in Eq. 6.1.
Bi,0; + Na,CO;3 + TiO3; — 4BipsNaysTiO3 + 2CO0, T (6.1)

A high-energy ball milling process, using zirconia balls as the grinding medium, was
employed to mix the raw powder for 12 hours. Following the ball milling process, the
mixture was dried in an oven at 70 °C for 24 hours and subsequently calcined at 850
°C for 3 hours. Finally, this calcined material was grinded again to get the fine powder

and further this powder is used to make the fabrication of the films.

SOLID STATE REACTION TECHNIQUE

i : o7
l..Raw precursor 2 Welghlng of 3 Ball milled for 12 4: Calcined at 850°C in
Bi, 0, Na,CO; precursor in frt it o high temperature
Ti0, Ho,0, stoichiometric furnace

ratio

Figure. 6.1: Schematic diagram outlining the preparation process of BNT ceramic
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6.2.2 Fabrication of PVDF- BNT Flexible Composite Films

N, N-Dimethylformamides (DMF) and Polyvinylidene fluoride (PVDF) were procured
from Alfa Aesar. Initially, 1g of PVDF powder was dispersed and dissolved in DMF
under stirring conditions at 50° C for a duration of one hour, resulting in a homogenous
clear solution. Meanwhile, varying concentrations of calcined BNT powder (Weight
percentages of 0%, 5%, 10%, 15%, and 20% and 25% BNT) were dispersed in DMF
and subjected to ultrasonication for 30 minutes at room temperature to ensure uniform
dispersion. Subsequently, the BNT solutions with different weight percentages were
gradually added to the PVDF solution and stirred magnetically at 50°C for 4 hours. To
further minimize particle agglomeration, the resulting mixture was ultrasonically
treated for an additional 10 minutes. The prepared homogeneous composite mixture
was deposited onto a glass substrate and dried at 90 °C for one hour to form flexible
BNT/PVDF films. Following the drying process, the films were soaked in deionized
(DI) water to release the standalone films. The complete synthesis of the composite
films was performed under ambient atmospheric conditions. The BNT/PVDF film
fabrication process is schematically represented in Figure. 6.2, along with pictorial
representation of the composite films that were created using varying weight

percentages of BNT ceramic powder in PVDF.

PVDF+DMF
—

Stirring for 1hour

PVDF powder

BNT+DMF -
—

Ultrasonicated

for 30minutes

Two mixtures was ~ Mixture was o formation

stirred for 4hours poured onto
the glass slide

BNT calcined powder

Figure 6.2: Schematic diagram showing the preparation of flexible BNT/PVDF composite films
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6.2.3 Fabrication of a Piezoelectric Generator Based on BNT/PVDF Composite

The flexible BNT/PVDF films synthesized via the drop-casting method were cut into a
square area of 1.5 by 1.5 centimetres pieces, both surfaces of the films were coated with
aluminium tape to act as the top and bottom electrodes during piezoelectric generator
(PEG) fabrication. Thereafter, to establish the required electrical connections for
measuring the device performance, Copper wires were subsequently connected to the
aluminium tape using silver paste. The schematic of the fabricated PEG device is shown

in Figure. 6.3.

Aluminium
Electrode

Copper Wire

Figure 6.3: A schematic illustration of the PEG device with its key components

6.2.4 Characterizations

Using a Bruker D8 Advance X-ray diffractometer with a Cu-Ka source (A = 1.54 A),
the phase purity and crystalline structure of the ceramic calcined at 850 °C and the
prepared BNT composite films at different weight percentages were analyzed. The
XRD pattern of the calcined ceramic and films were scanned in the 20 range 10° -80 °.
The surface morphology of the powder and fabricated films with different weight
percentage were analyzed using Field Emission Scanning Morphology (FESEM) using
Zeiss GeminiSEM 500 Thermal field emission type. Fourier Transform Infrared (FTIR)
spectroscopy was done on the powder as well as the fabricated films with different
weight percentage to assess the presence of the B-phase in BNT/PVDF composites
utilizing the PerkinElmer Spectrum II spectrometer. The generated voltage and current
signals from the PEG devices were analyzed using a Keithley DMM7510 digital

multimeter and a Tektronix MDOS500 digital storage oscilloscope.
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6.3  Analysis of Results

6.3.1 Study of Structural and Surface Morphological Properties of BNT Ceramic

Powder

Figure.6.4 represents the X-Ray Diffraction (XRD) pattern of pure BNT powder at
room temperature synthesised using solid state reaction technique calcined at 850°C.
The obtained XRD pattern in the range from 26 =20°- 80°, perfectly matches with the
reported standard data with JCPDS card no #00-036-0340, indicating the pure
pervoskite structure with no secondary peak emphasis the phase purity of the ceramic,
indicating that the BNT was successfully synthesized with rhombohedral with R3¢
space group [33]. The synthesized BNT ceramic powder was characterized for its
surface morphology via SEM, and the micrographs are illustrated in Figure. 6.5(a).
Using Image J software, the average particle size of the manufactured BNT ceramic
powder was determined to be 188 nm. The average particle size calculation is shown

in Figure. 6.5(b).

——BNT calcined powder]|

(110)

(204)

Intensity (a.u.)

((nzn

20 =0

20 (degree)

Figure 6.4: XRD plot representing the calcined BNT ceramic sample
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(b)

204 Average particle size = 188 nm

0 100 200 300 400
Particle size (nm)

Figure 6.5: (a) Micrograph obtained by SEM illustrating the morphology of the calcined
BNT ceramic powder (b) the corresponding size distribution of particles

6.3.2 Investigation of the Structural Behavior of PVDF and BNT/PVDF

Composite Materials

The crystallographic properties of the pure PVDF film and the BNT/PVDF composite
films were examined using X-ray diffraction (XRD), and the corresponding diffraction
patterns are presented in Figure. 6.6(a). The XRD profile of pure PVDF exhibits
characteristic peaks corresponding to both the polar B-phase and the non-polar a-phase.
Specifically, the B-phase is indicated by a distinct diffraction peak at approximately
20.1°, whereas a broad and comparatively weaker peak near 18.6° corresponds to the
a-phase [34]. These observations are consistent across all composite samples. In the
composite films, additional diffraction peaks attributed to the BNT ceramic phase are
also observed and are denoted in the diffraction patterns by asterisks (4, #), confirming

the successful incorporation of BNT particles into the PVDF matrix.
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Figure 6.6: (a) XRD spectra of PVDF and PVDF composites films containing different
amounts of BNT ceramic powder and (b) a magnified section of Fig. 6(a) with 20 ranging
from 12° to 22°.

Figure. 6.6(b) highlights a comparative view of the - and a-phase intensities across the
different compositions. With increasing BNT content from 0 to 20 wt%, the B-phase peak
intensity exhibits significant enhancement, highlighting the role of BNT in promoting
electroactive B-phase formation in PVDF. A subsequent drop in intensity is evident at 25
wt% BNT. However, when the BNT content is increased to 25 wt% BNT, a decline in the
B-phase peak intensity is observed. This reduction may be attributed to the agglomeration
of BNT particles at higher loadings, which can disrupt the uniform distribution of the

filler and hinder effective polymer—filler interaction. Such agglomeration leads to the
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formation of non-uniform domains and interfacial defects, which may restrict the chain
mobility of PVDEF, thereby suppressing further transformation into the B-phase [35].
Additionally, excessive ceramic content can lead to increased rigidity of the composite,
reducing the ability of the polymer chains to reorient under internal fields generated
during film processing. Overall, the XRD results demonstrate a synergistic enhancement
of the B-phase with BNT incorporation up to an optimal filler concentration (20 wt%
BNT), beyond which the structural integrity and phase development are adversely

affected due to filler aggregation and phase separation.

6.3.3 Comparative Analysis of the Surface Morphology of BNT, PVDF, and
BNT/PVDF Films

The surface morphology of pure PVDF and BNT/PVDF composite films containing
varying concentrations of BNT was examined using field emission scanning electron
microscopy (FESEM), and the corresponding micrographs are shown in Figure. 6.7(a-
f). The pure PVDF film exhibits a relatively smooth and homogeneous surface,
characteristic of semi-crystalline polymer structures formed under controlled

processing conditions.

In contrast, the composite films containing BNT reveal a distinct microstructural evolution
with increasing ceramic content. The presence of BNT particles is clearly seen within the
PVDF matrix in all composite samples. At lower filler concentrations, the ceramic particles
appear to be well-dispersed throughout the polymer matrix, indicating effective filler—
matrix interaction and uniform distribution. This uniformity is essential for consistent
mechanical and functional performance of the composites. As the BNT content increases,
a gradual increase in surface roughness is observed, which is attributed to the higher density
of embedded ceramic particles [36]. Despite the increase in particle loading, no significant
agglomeration is evident up to 20 wt% BNT, suggesting good compatibility between the
ceramic phase and the polymer matrix. At 25 wt% BNT, however, localized clusters begin
to form, indicating the onset of particle aggregation at higher filler concentrations. Such
clustering may affect the homogeneity of the composite and could potentially impact its
piezoelectric and mechanical behavior. Overall, the FESEM analysis confirms the

successful incorporation and distribution of BNT within the PVDF matrix, supporting the
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structural and XRD results. The uniform dispersion of BNT particles at optimal
concentrations contributes to enhanced interfacial bonding, which plays a crucial role in

tailoring the composite’s functional properties.

(a) PVDF (b) 5% BNT (c) 10% BNT

(d) 15% BNT (e) 20% BNT (f) 25% BNT

Figure 6.7: (a-f) SEM micrographs images of surface structure of PVDF and BNT/PVDF
composite films with varying content of BNT powder (5, 10, 15, 20 and 25 %) at a scale of 1 pm

6.3.4 Fourier Transform Infrared (FTIR) Spectral Analysis

To further confirm the presence and distribution of different polymorphic phases within the
PVDF and BNT/PVDF nanocomposite films, Fourier Transform Infrared (FTIR)
spectroscopy was employed. FTIR spectra were obtained at room temperature within the
wavenumber range of 500-1500 cm™, and the results are shown in Figure. 6.8. This
spectral encompasses the characteristic absorption bands associated with the o and f
crystalline phases of PVDF [37]. In the pure PVDF film, several distinct absorption peaks
are observed, indicative of its mixed-phase composition. Specifically, the absorption bands
located at approximately 531, 614, 763, and 1401 cm™ correspond to the non-polar a-phase
[38]. In contrast, the B-phase is identified by absorption peaks near 509, 600, 836, 876,
1071, 1168, and 1232 cm™, which are associated with the all-trans conformation of PVDF
chains, indicative of its polar structure. The FTIR spectra of the BNT/PVDF composite
films reveal a similar phase composition, with the intensity of the B-phase bands increasing
relative to the a-phase with the inclusion of BNT particles [39]. This behavior suggests that

BNT functions as a nucleating agent, facilitating the development of the electroactive 3-
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phase, in agreement with the XRD results. The relative enhancement of the B-phase is
particularly notable in the composite containing 20 wt% BNT, aligning with the observed
optimal concentration for structural and morphological uniformity. Furthermore, the -
phase content of the prepared samples was quantitatively evaluated using the Lambert—

Beer law given by the following equation

F(B) = kA—B x 100%
(é) A+ Ap
where Aq and Ap are absorbance at 762 cm™' and 840 cm™, ke =6.1 x 10* cm?/mol and
ks = 7.7 x 10* cm?mol represents absorption coefficients at corresponding
wavenumber. The calculated B-phase contents for pristine PVDF and PVDF/BNT
composites containing 5, 10, 15, 20, and 25 wt% BNT were found to be 60.4%, 80.1%,
81.2%, 88.0%, 95.2%, and 90.6%, respectively.
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Figure 6.8: FTIR spectra of pure PVDF and BNT/PVDF composite films containing
varying amounts of BNT ceramic

As evident from the results, the B-phase fraction in PVDF increases progressively with the
incorporation of BNT ceramic powder, reaching a maximum at 20 wt% BNT, followed by
a slight decline at 25 wt% BNT. This trend is also reflected in the FTIR spectra shown in
Figure 6.8, where the characteristic absorption peak corresponding to the B-phase at
approximately 836 cm™ becomes more prominent with increasing BNT content up to 20

wt% BNT. Compared to the pure PVDF film, all BNT/PVDF composite films exhibit
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enhanced B-phase absorption, suggesting a significant improvement in the electroactive
crystalline phase of PVDF upon BNT addition. These observations are consistent with the
XRD results, which similarly show intensified -phase features in the composite structures.
The enhancement in -phase content upon the addition of BNT can be attributed to several
interrelated mechanisms. Firstly, BNT particles act as effective nucleating agents due to
their high surface energy, which promotes the transformation of PVDF chains from the
non-polar o-phase to the all-trans B-phase configuration during film formation. The
interfacial interactions between the BNT ceramic surface and PVDF molecular chains
induce localized dipole alignment, facilitating PB-phase crystallization. Moreover, the
inclusion of ceramic fillers introduces internal stress and microstructural confinement
within the polymer matrix, which further favors the formation of the thermodynamically
less stable but electroactive B-phase. The incorporation of BNT not only enhances the 3-
phase content of PVDF through nucleation and interfacial polarization effects but also
highlights an optimal filler threshold beyond which structural uniformity and phase
conversion efficiency begin to deteriorate. This result underlines the critical role of
ceramic—polymer interactions in tailoring the crystalline behavior of PVDF for advanced

functional applications.
6.3.5 Polarization—Electric Field (P-E) Hysteresis Characterization

The ferroelectric properties of the fabricated films were evaluated by recording the P-E
hysteresis loops of pure PVDF and BNT/PVDF nanocomposites with varying BNT
concentrations. These measurements were carried out under room temperature conditions at
a constant frequency of 50 Hz, and the applied electric field of 400 kV/cm, with the results
graphically presented in Figure 6.9 For these measurements, the PVDF and BNT/PVDF
composite films were sandwiched between two conducting electrodes with an area of

approximately 35 mm and a thickness of about 1 mm to perform the P-E measurements.

As observed, pure PVDF exhibits a narrow, linear-like hysteresis loop, characteristic of
its relatively weak ferroelectric response due to the dominance of the non-polar a-phase
[40]. Upon the incorporation of BNT ceramic into the PVDF matrix, a notable
broadening of the hysteresis loops is observed, indicating enhanced polarization

behavior in the nanocomposite films [41]. An increase in remnant polarization is
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observed for PVDF and nanocomposite films as the BNT content rises, reaching a
maximum at 20 wt% BNT, after which a slight drop occurs. The data are summarized
in Table 6.1. This trend suggests that moderate BNT incorporation facilitates better
alignment of dipoles and promotes B-phase formation in PVDEF, thus enhancing its
ferroelectric properties. The optimal enhancement at 20 wt% BNT is likely due to an
effective interfacial interaction between the polymer matrix and ceramic particles,
which aids in dipolar ordering and acts as nucleation sites for B-phase crystallization.
However, further increase in BNT content beyond the optimal level appears to introduce
particle agglomeration and phase separation effects, which may disrupt the
homogeneity of the dipole alignment, thereby reducing the remnant polarization. This
decline is indicative of an upper threshold in filler content, beyond which the

ferroelectric benefit is diminished due to microstructural heterogeneity.

—— PVDF
——5wt% BNT
2 4——10 wt% BNT
——15 wt% BNT

20 wt% BNT)|
14 25 wt% BNT

Polarization (nC/cm?)

=400 =200 0 200 400

Electric Field (kV/cm)

Figure 6.9: P-E loops of pristine PVDF and composite films incorporating various
concentrations of BNT ceramics in the PVDF matrix

Table 6.1: Remnant Polarization value of PVDF and its composite films with different
concentrations of BNT

Concentration Remnant Polarization (P,) (uC/cm?)
PVDF 0.231
5wt % BNT 0.301
10 wt% BNT 0.320
15 wt% BNT 0.340
20 wt% BNT 0.628
25 wt% BNT 0.408
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6.3.6 Piezoelectric Voltage Response of PVDF and BNT/PVDF Nanocomposite Films

The piezoelectric performance of the pristine PVDF and its nanocomposites with
varying BNT concentrations was evaluated by monitoring the voltage output under
periodic mechanical tapping at 7 Hz frequency, and10 N force under ambient laboratory
conditions, as illustrated in Figure. 6.10. The recorded output signals demonstrate the
dynamic response of the samples over a time span of 5 seconds [42]. The pristine PVDF
film Figure. 6.10 (a) exhibits relatively low and irregular voltage output, with peak
amplitudes fluctuating between approximately +5.3V. This limited response is
attributed to the inherently low content of electroactive B-phase in PVDEF, which
governs the material’s piezoelectric efficiency [43]. Upon the incorporation of BNT
into the PVDF matrix, a significant enhancement in output voltage is observed. For the
nanocomposite with 5 wt% BNT Figure. 6.10 (b), the peak voltage reaches
approximately +£8.84 V, indicating improved dipole alignment due to the nucleating
effect of BNT. The enhancement becomes more pronounced at 10 wt% BNT Figure.
6.10 (c), where the output reaches peaks around £12.2 V, suggesting an optimal increase
in the polar phase content and efficient stress transfer at the polymer—ceramic interface.
The composite with 15 wt% BNT Figure.6.10 (d) shows a consistent and symmetric
voltage profile with peak amplitudes near +13 V, supporting the formation of a stable
piezoelectric network. Interestingly, the 20 wt% BNT film Figure. 6.10 (e) exhibits the
highest output, with sharp peaks exceeding £25 V, confirming that at this concentration,
the ceramic particles are well dispersed and interact effectively with the polymer chains
to maximize the piezoelectric response. However, further increase in BNT content to
25 wt% BNT Figure. 6.10 (f) results in a reduction in the output voltage £12.8 V, with
irregular and less intense peaks. This decline can be attributed to the agglomeration of
ceramic particles at higher loadings, which hinders dipole alignment and reduces the
mechanical-to-electrical energy conversion efficiency [44]. Overall, the voltage output
behavior demonstrates a strong correlation between BNT concentration and
piezoelectric performance, with 20 wt% BNT emerging as the optimum composition
for maximum energy harvesting output. The value of voltage vs time is given in Table

6.2 and the comparative study of voltage is tabulated in Table 6.3.
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Voltage vs Time
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Figure 6.10: (a-f) Output voltage response of PYDF and BNT/PVDF Nanocomposite films
at 7 Hz frequency

Table 6.2: Value of Voltage vs Time with different concentrations

Concentration Voltage
PVDF 53V

5 wt% BNT 8.84V
10 wt% BNT 122V
15wt% BNT 13V
20 wt% BNT 25V

25 wt% BNT 128V

Table 6.3: Tabulated Performance of Various Energy Harvesting Materials

S.No | Piezoelectric and filler material Output Ref
Voltage (V)
1. PVDF / Ag,COs3 2.7 [45]
2. Poly (vinylidene fluoride-hexafluoropropylene) 10 [46]
(PVDF-HFP) / BCZT
3. PVDF / BiFe(9Co00.103 (BFCO)- doped KNN 0.713 [47]
4. PVDF / (Nao.s, Ko.s) NbO3 0.98 [48]
5. PVDF / ZnO 2 [49]
6. PVDF / MAPbBr 5 [50]
7. PVDF / BNT 25 This work
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6.3.7 Piezoelectric Current Output from PVDF and BNT/PVDF Nanocomposites

The piezoelectric current responses of pristine PVDF and BNT-loaded PVDF
nanocomposite films were recorded under periodic mechanical stimuli, as illustrated in
Figure. 6.11. The transient current output was monitored over a time duration of 10
seconds for all samples to evaluate their piezoelectric energy conversion performance
[51]. The pristine PVDF sample Figure. 6.11 (a) exhibited a relatively weak and
symmetric alternating current signal, with a peak output of 5.5 pA. This low magnitude
can be attributed to the limited alignment of dipolar domains and low B-phase content
in the unmodified PVDF matrix [52]. Upon the addition of BNT ceramic filler, a
gradual improvement in current output was observed. The composite containing 5 wt%
BNT Figure. 6.11 (b) generated a current of 7.5 pA, indicating enhanced polar phase
development and improved interfacial polarization. The 10 wt% BNT film Figure. 6.11
(c) showed a further increase, reaching a peak of 8 pA, suggesting effective stress
transfer at the polymer—ceramic interface and improved piezoelectric response. With
15 wt% BNT loading Figure. 6.11 (d), the current output increased slightly to 8.5 pA,
accompanied by a higher signal frequency and stability. A significant enhancement was
noted at 20 wt% BNT Figure. 6.11(e), where the composite demonstrated the highest
current output of 12 pA. This performance peak can be attributed to the optimum filler
dispersion and strong dipolar interactions within the hybrid matrix, resulting in
enhanced charge mobility and piezoelectric activity [53]. However, further increasing
the BNT content to 25 wt% BNT Figure. 6.11(f) led to a reduction in current to 9.5 pA.
This decline is likely due to ceramic agglomeration at higher filler concentrations,
which impedes the homogeneous distribution of stress and restricts effective domain
alignment, leading to charge carrier recombination losses. Overall, the trend indicates
that the incorporation of BNT enhances the piezoelectric current response of PVDEF,
with 20 wt% BNT identified as the optimum composition for maximizing current
generation in the fabricated nanocomposites. The value of Current corresponding to

Time is collaborated in Table 6.3.

Load matching studies have been carried out across different load resistance and
maximum power of device achieved is around 17uW/cm? at 8 MQ. The corresponding

results have been presented in Figure. 6.12(a) and (b) for better illustration.
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Current vs Time
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Figure 6.11: Output Current obtained for PYDF and BNT/PVDF Nanocomposites Films
at 7 Hz frequency

Table 6.4: Value of Current vs Time with different concentrations

Concentration Current
PVDF 5.5 uA
5 wt% BNT 7.5 pA
10 wt% BNT 8 LA
15 wt% BNT 8.5 uA
20 wt% BNT 12 pA
25 wt% BNT 9.5 pA
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Figure 6.12: (a) Output voltage and current measurements of PNG devices with different
load resistance and (b) power measurement of PNG device with different load resistance
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6.3.8 Validation of Output Characteristics Using LED Illumination

To demonstrate the practical applicability of PVDF/BNT nanocomposite films based
nanogenerator, the power generated by the nanogenerator is utilized to illuminate the
LEDs. Figure 13 displays the experimental setup and corresponding circuit diagram,
demonstrating the ability of the device to power light-emitting diodes (LEDs). In this
configuration, the alternating current (AC) output from the PNG was converted into
direct current (DC) through a bridge rectifier, and the rectified output was stored in a
capacitor before being discharged to illuminate the LEDs. Upon repeated mechanical
impact, the generated voltage was sufficient to power multiple LEDs (green, blue, and
white) without any external energy source, confirming the strong piezoelectric output

of the optimized 20 wt% BNT/PVDF composite.

The clear and consistent illumination of the LEDs indicates the capability of the
nanocomposite film based PNG to deliver stable electrical output under cyclic
mechanical stress, validating its effectiveness for energy conversion in self-powered
systems. The enhanced electrical output and stability of the BNT/PVDF-based PNG
suggest its strong potential for next-generation flexible electronics, particularly where

conventional batteries are impractical or unsustainable.

Force |

Load

Capacitor
|
|

‘4B

Figure 6.13: A schematic showing the circuit diagram of PNG device used to illuminate
the LEDs with photographic image of LEDs illumination
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6.4 Summary

In summary, flexible and lead-free piezoelectric nanocomposite films were fabricated
by embedding BNT ceramic particles into a PVDF matrix using a drop-casting
technique. Structural characterization confirmed the coexistence of a- and B-phases in
PVDF, with BNT addition promoting a substantial increase in the electroactive B-phase
content, as evidenced by both XRD and FTIR analyses. The enhancement in polar phase
fractison, combined with uniform ceramic dispersion up to the optimal filler loading,
significantly improved the ferroelectric and piezoelectric responses of the composites.
The composition containing 20 wt% BNT displayed the best performance, yielding an
open-circuit voltage of 25 V and a short-circuit current of 12 pA when subjected to
mechanical excitation. The practical capability of the optimized film was demonstrated
through the successful illumination of multiple LEDs without any auxiliary power
source, confirming its suitability for real-time energy harvesting. The findings
underscore the potential of BNT/PVDF nanocomposites as high-performance,
environmentally benign materials for next-generation self-powered and wearable

electronics.
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CHAPTER -7

Conclusion, Future Scope, and Social Impact

This chapter provides an overview of the research conducted in this thesis.

X/
°

>

X3 It further presents a brief discussion of the key conclusions drawn from the
results.

7/

Finally, it identifies possible avenues for future research and examines the
societal impacts that could enhance and expand upon this study.
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7.1 Conclusion

In summary, this thesis has presented a comprehensive investigation into the effect of
doping Bio.sNao.sTiOs ceramics with Er**, Er**/Yb**, and Ho*' ions, with a particular
focus on their structural, photoluminescence, sensing, and ferroelectric behaviors. The
study has also extended to the fabrication of thin films aimed at energy-harvesting
applications, thereby demonstrating the versatility of this material system in both bulk
and thin-film forms. The results obtained from this work provide significant
contributions to the broader understanding of how rare-earth and transition-metal ion
incorporation can modify the intrinsic properties of perovskite ceramics. Through a
systematic analysis of each doping scenario, the thesis highlights the role of ionic
substitution in influencing crystallographic structure, enhancing luminescent efficiency,

improving ferroelectric responses, and tailoring functional performance.

Furthermore, the findings emphasize the potential of Bio.sNao.sTiOs-based systems as
multifunctional materials with promising applications across several emerging
technologies. These include advanced optoelectronic devices, optical security instruments,

non-contact sensing platforms, and self-powered energy-harvesting systems.

Chapter 1: Presents a detailed overview of photoluminescent and ferroelectric
materials, examining their fundamental characteristics and intrinsic properties. The
discussion highlights their distinctive features and outlines the wide range of potential
applications associated with these materials. Particular emphasis is placed on the role
of rare-earth ions in tuning the behavior of host lattices, where controlled doping
strategies are shown to significantly influence structural and functional performance.
The chapter also provides a brief account of the diverse applications of upconversion
luminescent materials across different technological fields. In addition, it outlines the
main objectives of the present research and offers a concise description of the overall

organization of the thesis

Chapter 2: Addresses a detailed account of the synthesis methodology and the
characterization approaches adopted in this study. The Bio.sNao.sTiOs ceramic was
synthesized using the conventional solid-state reaction technique, in which high-purity

raw powders were thoroughly weighed, mixed, and ground to achieve a homogeneous
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composition. The mixed powders were subjected to calcination at elevated temperatures
in a controlled furnace to promote solid-state diffusion and phase formation.
Subsequently, the calcined powders were compacted into pellets and sintered at
optimized conditions to obtain dense ceramic samples with well-defined
microstructures.To evaluate the properties of the synthesized ceramics, a range of
characterization techniques was employed. Structural information was obtained
through X-ray diffraction (XRD), while the surface morphology and grain distribution
were studied using scanning electron microscopy (SEM). Fourier-transform infrared
spectroscopy (FTIR) was used to confirm bond vibrations and chemical stability.
Optical properties were investigated through photoluminescence studies, which
included upconversion (UCL) emission spectra, pump power—dependent behavior, and
time-resolved fluorescence measurements. The fluorescence intensity ratio (FIR)
method was applied to assess the temperature-sensing capability of the material. In
addition, ferroelectric measurements were carried out at room temperature to examine
the dielectric and polarization characteristics of the ceramics.Furthermore, the
synthesized ceramic powders were incorporated into thin films with varying
concentrations using appropriate deposition techniques, and these films were evaluated
for their suitability in energy-harvesting applications. Collectively, this chapter
provides a comprehensive explanation of the synthesis procedures and experimental
strategies adopted to systematically analyze both the structural and functional

properties of the prepared materials

Chapter 3: Highlights the successful synthesis of Bio.sNao.sTiOs ceramics by the solid-
state method and the effective incorporation of Er*" ions at various concentrations
without the formation of secondary phases. Structural investigations confirmed
complete solubility of Er** in the host lattice along with slight lattice contraction. The
ceramics exhibited stable ferroelectric behavior with saturated P-E loops, while the
energy storage density and efficiency were notably enhanced, particularly at x = 0.04.
Photoluminescence studies revealed intense green and weak red emissions under dual
excitation, with maximum intensity observed at x = 0.03, accompanied by a reduction
in lifetime due to non-radiative effects. The upconversion process was confirmed to be

two-photon in nature, and a gradual decrease in band gap was noted with higher dopant
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content. The composition with x = 0.03 further demonstrated promising thermal sensing
capability in the 303—523 K range. Overall, these findings indicate that Er**-doped
Bio.sNao.sTi0s ceramics are promising multifunctional materials for applications in

optoelectronics and energy storage systems.

Chapter 4: Demonstrates that Er**/Yb** co-doped Bio.s—«—ErxYb,Nao.sTiOs ceramics
exhibit stable rhombohedral structure with complete dopant solubility, as confirmed by
XRD, SEM, and FTIR analyses. The energy band gap was found to decrease slightly
with increasing dopant concentration. Photoluminescence studies under 489 nm and
980 nm excitation revealed two strong green emissions (530 nm, 549 nm) and one red
emission (662 nm), with upconversion confirmed as a two-photon process. Time-
resolved fluorescence measurements indicated efficient energy transfer between dopant
ions. Thermal sensing evaluation showed relative and absolute sensitivities of 1.24 %
K™ and 0.54 % K, respectively. These results suggest that the co-doped ceramics are
promising multifunctional materials suitable for optoelectronic, sensing, and energy-

related applications.

Chapter 5: Provides the successful incorporation of Ho** ions into Bio.s«HoxNao.sTiOs
ceramics via the solid-state method, resulting in a pure rhombohedral perovskite
structure without secondary phases. FTIR and DRS analyses confirmed structural
integrity and revealed f—f transitions of Ho*" ions, along with a slight reduction in
bandgap energy due to oxygen vacancies and local distortions. Photoluminescence
studies under 452 nm excitation showed strong green emission at 548 nm and weaker
red emissions at 655 nm and 750 nm, while upconversion under 980 nm excitation
exhibited multiple bands with efficient energy transfer, particularly at x = 0.03.
Ferroelectric measurements indicated slimmer P—E loops with increasing dopant
content, and the energy storage efficiency reached ~90%. Thermal sensing evaluation
showed maximum relative and absolute sensitivities of 0.22 % K™ and 0.29 % K™,
respectively. Overall, Ho**-doped BNT ceramics exhibit excellent structural, optical,
and functional properties, making them promising candidates for optoelectronic and

upconversion-based applications.
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Chapter 6: Reports the fabrication of flexible, lead-free BNT/PVDF nanocomposite
films via a drop-casting method. Structural analyses confirmed the coexistence of a-
and B-phases in PVDF, with BNT incorporation enhancing the electroactive B-phase
content. Uniform dispersion of ceramic particles up to 20 wt% significantly improved
ferroelectric and piezoelectric properties. The optimized composition generated an
open-circuit voltage of 25 V and a short-circuit current of 12 pA under mechanical
excitation, successfully powering multiple LEDs without external energy. These results
highlight the potential of BNT/PVDF nanocomposites as environmentally friendly,

high-performance materials for self-powered and wearable electronic applications.
7.2  Future Scope

The central aim of this thesis was to examine the structural, photoluminescence,
sensing, and ferroelectric properties of Er**-doped, Er**/Yb** co-doped, and Ho**-doped
Bio.sNao.sTiOs ceramics. In addition, these ceramics were employed in the fabrication
of thin films intended for energy-harvesting applications. Although the present work
has made significant progress toward these objectives, several areas remain open for

further work and may serve as valuable directions for future research:

1. Dielectric characterization: A more in-depth study of the dielectric
properties is required to optimize BNT ceramic for use in energy-storage

devices, capacitors, and sensing technologies.

2. Mechanoluminescence studies: Exploring stress-induced luminescence
may provide new insights into their potential for sensing applications and

advanced optoelectronic systems.

3. Improved film fabrication: The application of advanced deposition
methods, such as spin coating or sputtering, could yield thin films with

greater uniformity and enhanced quality.

4. Nanogenerator development: Further work on PVDF-BNT-based
triboelectric and piezoelectric nanogenerators may enable their practical

deployment in powering LEDs, wearable devices, and self-powered sensors.

5. Flexible and transparent films: The design and fabrication of
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multifunctional nanocomposite films with flexibility and transparency could
extend their use in next-generation energy-harvesting and optoelectronic

devices.

6. Complex dopant systems: Investigation of quaternary dopant
combinations may uncover synergistic effects, thereby providing
opportunities to further tailor and enhance the functional properties of these

materials.
7.3  Social Impact
Rare-earth ion-doped BNT ceramics have wide-ranging applications across various
technological fields, offering notable advantages and benefits to society in multiple

areas. Moreover, their innovative functionalities and eco-friendly nature align with and

support several Sustainable Development Goals (SDG) as outlined below:-
1. Environmental Sustainability

Development of rare-earth ion-doped BNT sceramics and their PVDF composites
promotes environmentally friendly, lead-free materials for next-generation electronics,

reducing reliance on toxic lead-based systems.
2. Energy Efficiency and Carbon Reduction

Enhanced energy efficiency in optoelectronic devices, such as LEDs, lowers power

consumption and reduces carbon emissions, supporting sustainable technology development.
3. Cost Reduction and Accessibility

The improved efficiency and long lifespan of these materials help reduce operational
costs, making high-performance devices more affordable and accessible, particularly in

resource-limited regions.
4. Biomedical Applications

These materials enable the fabrication of non-toxic, sustainable biomedical devices,
including non-invasive temperature sensors and wearable health monitors, contributing

to safer healthcare technologies.
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5. Self-Powered and Remote Applications

Integration into flexible energy-harvesting systems facilitates self-powered devices,
providing practical solutions for remote and rural areas where electricity access may be

limited.
6. Advancement of Multifunctional Smart Devices

The multifunctional properties of these materials support the development of smart
electronics, optoelectronic devices, and energy-harvesting technologies, aligning with

global efforts toward green and sustainable innovations.
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In this work, Er** substituted bismuth sodium titanate ceramics with the chemical composition Big s xEr,Nag s
TiO, (x = 0.00, 0.01, 0.02, 0.03, 0.04, and 0.05) were synthesized using conventional solid state technique. The
influence of Er** ions on structural, optical, ferroelectric, and temperature sensing properties have been
investigated. The prepared ceramic powders were initially heated at a calcination temperature 850 °C to form
single phase Big s (FrNag s TiO3 and finally sintered at temperature 1050 °C. Formation of pure phase compo-
sitions with rhombohedral crystal structure is confirmed through X-ray diffraction studies. The typical FTIR
bands near 540, 860, 910 cm ™ confirmed the presence of Ti-O stretching of octahedral groups in the perovskite
structure. The decent squared shaped saturated P-E hysteresis are obtained under an electric field of 60 < E < 70
kV/cm, and the loops become slimmer at higher Er®' concentrations (x = 0.04). The efficiency of energy storage
density increases with Er** doping and an improved recoverable energy storage (Wy = 2.73 J/cm®) and a higher
cfficiency (1) = 70.77%) are obtained for Er content, x = 0.04. The photoluminescence speetra were recorded at
two excitation wavelengths (488 nm and 980 nm). 'I'wo distinct green emission bands (529 nm and 550 nm) and
one weak red emission band (670 nm) were observed at both excitation wavelengths. Increasing Er>* content
beyond (x > 0.03) leads to significant quenching of light emission due to cross relaxation process and non-
radiative relaxations. The pump power dependency revealed that two photons were involved in the light
upconversion process. The time-resolved fluorescence spectroscopy confirmed the decrease in lifetime with
increasing Er®* concentration. The absolute and relative sensitivity of the prepared ceramic at Er** concentra-
tion (x = 0.03) were found to be 0.47% K ! at 523 K and 1.1% K ! at 303 K, respectively. These optical and
electrical properties open the possibility of realizing multifunctionality in the field of energy storage and opto-
electronic applications.

1. Introduction are being investigated to replace the current lead-containing materials

[3-5]. Bismuth sodium titanate, Big sNag 5Tio 3 (abbreviated as BNT) is

In order to keep pace with the rapid progress of contemporary
technology in the present era, it is essential to incorporate and analyze
materials. Multifunctional materials have attracted significant attention
lately due to their inherent versatility. When considering multifunc-
tional applications, it is necessary to select dielectric and ferroelectric
materials that demonstrate an ideal combination of down and upcon-
version emissions. With the increasing prominence of environmental
issues, there is a pressing need to explore alternative lead-free piezo-
electric materials. The challenge arises due to environmental issues
which limits the use of lead-based materials [1,2]. As a result, alterna-
tive lead-free ferroelectric materials based on Nag5Bip5TiO3 (NBT),
Ko.5Nag sNbO 3 (KNN), and Bismuth layered ferroelectrics (BLSFs), etc.

* Corresponding author.
E-mail address: renukabokolia@dtu.ac.in (R. Bokolia).
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among the most widely used lead-free piezoelectric materials. BNT is an
important member of classical electrical functional materials known for
its notable characteristics, including a high dielectric constant and curie
temperature, along with a relatively large remnant polarization [6].
Hence, the utilisation of BNT can be extended to include multiple
functionalities in the domains of luminescence and ferroelectricity. BNT
ceramics exhibit a lowered vibrational energy, rendering them highly
suitable for applications involving down conversion (PL) and upcon-
version (UC) luminescence. Numerous works confirmed the existence of
ferroelectricity-enhanced function in rare-earth doped BNT ceramics
[7]. The BNT material doped with rare earths (RE) exhibits exceptional
photoluminescence characteristics. As an example, Wang et al.

Received 9 August 2023; Received in revised form 17 September 2023; Accepted 28 September 2023
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Abstract

In the present work, a series of Er**/Yb** co-doped Biy 5.«yEr, YbyNa, sTiO; ferroelectric ceramic is prepared using tra-
ditional solid state technique to investigate the structural, optical and sensing properties. The XRD analysis confirms the
rhombohedral geometry and no extra peaks shows the solubility of the dopant ions. SEM images exhibited a dense micro-
structure with well-defined grain boundaries. The FTIR vibrational bands observed at 550 cm™' and 820 cm™" depict the
typical characteristics of perovskite structure caused by the expansion of the octahedral group of Ti-O bonds. The Tauc
plot displays the energy band gaps (E,) in a range of 2.93 eV to0 2.88 eV as a function of the Yb**concentration. The pho-
toluminescence spectra were measured at two wavelengths of excitation at 489 nm and 980 nm for all the BNT ceramic
compositions. It has been observed that the two intense green bands and one visible red band appeared at 530 nm, 549 nm
and 662 nm, respectively. The dependency of pump power on UCL spectra is observed with varying pump powers at 980 nm
excitation. The two photons that are involved in the UCL process are confirmed by this investigation. The time-resolved
fluorescence spectroscopy reveals that the efficiency in energy transfer between the dopant ions increased for all the co-doped
BNT ceramic compositions. The absolute (S,,) and relative (S,) sensitivity of BE3Y3 ceramic composition are 0.54% K~
and 1.24% K" at 523 K and 303 K, respectively.

Keywords UCL - Sensing - Ceramic - Time decay - Diffuse reflectance spectroscopy - BNT

1 Introduction more popular in recent years. New lead-free piezoelectric

material needs to be improved due to growing environmental

Multifunctional materials represent a paradigm change in
material science, offering unprecedented opportunities for
innovation and advancement across various fields. Multi-
functional materials can be well defined as the combination
of optical, electrical, and mechanical properties [ 1, 2]. These
materials have drawn a lot of interest due to their potential
for developing novel technologies. There are many applica-
tions of multifunctional materials such as actuators, trans-
ducers, accelerators, sensors, and non-volatile memories.
Their preparation method, which included microwave pro-
cessing, solid state reaction, and combustion reaction, also
had a significant impact on their chemical and physical char-
acteristics [3, 4]. The need for environmental preservation
on a worldwide scale has made lead-free materials more and

B4 Renuka Bokolia
renukabokolia@dtu.ac.in

FMRL Department of Applied Physics, Delhi Technological
University, Delhi 110042, India

Published online: 05 November 2024

concerns. Lead-free ferroelectric material can be doped with
rare earth ions exhibits various phenomena, like photolu-
minescence (PL), upconversion (UC) emission and it can
enhance the piezoelectricity of the material [ 5-9]. To reduce
the harmful effects of lead exposure on the environment and
human health, ferroelectrics are a practical replacement for
ceramics containing lead. Ferroelectrics are known to be
superior alternative to lead-based materials in many applica-
tions since they don't harm the environment and perform bet-
ter without sacrificing functionality [10-14]. Consequently,
to substitute the lead-based materials, a new lead-free piezo-
electric ceramic has to be developed. Bismuth sodium titan-
ate (BNT), with the chemical formula Bi, sNa, sTiO; and a
perovskite structure, is one of the most prevalent utilized
lead-free piezoelectric materials. It was initially founded by
Smolenskii et al. in 1960 [15-18]. BNT ceramic demon-
strates good optical and luminescence properties. It is hav-
ing strong Ferro electricity and high Curie temperature with
large value of remnant polarization and coercive field that is

@ Springer
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ARTICLE INFO ABSTRACT

Handling editor:Dr P. Vincenzini In this study, the Ho®" ions are systematically inserted on the A-site of Big 5 ([loxNag 5TiO3 lead-free ferroelectric
ceramic via solid-state method. The x-ray diffraction spectra (XRD) shows the rhombohedral structure of Big,s
xHoxNag s TiO3. Fourier transform infrared (FTIR) spectroscopy shows two vibrational bands at 537 e¢m 1 and
832 em™, due to the stretching vibrations of Ti-O bonds in the octahedral units of the perovskite structure. The
diffuse reflectance spectra (DRS) showed three bands at 154, 542, and 646 nm transit from 5Ig—°Gg, *Is—"F4/°S),
and *Iy—7F,, respectively. The band gap varies and maximum for 0.03 concentration due to the local structural
instability within the lattice by Ho®" ions. The photoluminescence (P1.) emission spectra are traced under 452
nm, and one intense green band at 548 nm and two at 655 (orange) and 750 nm (red) were observed. In
upconversion luminescence (UCL) spectra, four emission wavelengths were obtained at 490, 525, 552, and 660
nm. The orange emission band is highly intense, whereas other color bands are relatively weak. Pump power
dependence on UCL spectra is analyzed using concentration (x = 0.03). The decay profile for green and orange
bands showed an average lifetime of 12.99 ps and 9.43 ps, respectively. The PE loops become slimmer, and P,
values decrease with increasing concentration. The energy storage efficiency (%) of the ceramic is increasing
with dopant concentration and comes out to be 90 %. The maximum absolute and relative sensitivity observed
for the BNT (x = 0.03) is 0.29 % K ' and 0.22 % K ! at 303 K, respectively. This study demonstrates the novel
observation of orange emission in Ho®' doped Big sNag s TiO3 ceramics without any sensitizers which is not usual
behavior as Ho®* typically exhibits green or red emission. This unusual luminescence highlights distinet site
symmetry and energy level interactions within the lead-free BNT matrix, validating the uniqueness of the work.

Keywords:

Upconversion luminescence
Terroelectric ceramic
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Diffuse reflectance spectroscopy
Band gap

Time decay

1. Introduction optical, and mechanical properties is characterized by multifunctional

materials. There are different preparation methods, which include

The remarkable piezoelectric performance of lead-based piezoelec-
tric ceramics, such as Pb(Zr, Ti)O3 (PZT), makes them indispensable for
use in transducers, actuators, etc. [1-3]. Despite their superior piezo-
electric properties, lead-based piezoelectric materials have lead toxicity.
Exposure to lead and the chemicals that are derived from it is toxic to
both the environment and human health. Because of this, lead-free
ferroelectric and multifunctional materials have drawn more and more
attention as environmental preservation and sustainable development
gain in popularity [4,5]. Ferroelectric materials are well known for their
multifunctional applications. The combination of magnetic, electrical,

* Corresponding author.
E-mail address: renukabokolia@dtu.ac.in (R. Bokolia).
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solid-state reactions, combustion reactions, and microwave processing,
which also have a substantial impact on their chemical and physical
properties. The current research focuses on lead-free titanate-based
perovskites ferroelectric and piezoelectric ceramics such as
Ko.5Big.5TiO3, BaTiOs, BigsNagy sTiO3, BaZrg ogTip.9203, bismuth ferrite
(BiFeO3), and alkaline niobate perovskites (KNbO3, NaNbOs3, ((K, Na)
NbO3), as well as bismuth oxide layer structure ferroelectric materials
(SrBigTisOq5, BigTizOq9, BizTiTaOg) [6-10]. Among these, we chose
sodium bismuth titanate BipsNap sTiO3 (abbreviated as BNT) lead-free
piezoelectric material discovered in 1961 by Smolenskii et al. [11].

ved 17 June 2025; Received in revised form 1 August 2025; Accepted 6 August 2025
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ABSTRACT

This study presents the development and characterization of flexible piezoelectric nanocomposite films based on
bismuth sodium titanate (BNT) embedded in a polyvinylidene fluoride (PVDF) matrix for efficient mechanical
cnergy harvesting. BNT ceramic powder was synthesized via a conventional solid-state reaction route and
subsequently incorporated into PVDF at varying concentrations (0-25 wt% BN'T) using a drop casting method.
Structural analyses confirmed the successful formation of phase-pure rhombohedral BNT and enhancement of the
electroactive p-phase in PVDF upon BNT addition. Morphological evaluation using FESEM revealed uniform
dispersion of BNT up to 20 wt% BN, beyond which agglomeration was observed. FITR and XRD studies sub-
stantiated the p-phase promotion in the composites, while polarization—electric field (P-L) loop measurements
demonstrated improved ferroelectric behavior with increasing BNT content, peaking at 20 wt% BNT. Notably,
the piezoelectric voltage and current outputs were maximized at 20 wt% BNT, registering 25V and 12 pA,
respectively, under mechanical excitation. A practical demonstration using the composite film to power LEDs
confirmed its potential as a flexible nanogenerator. These findings highlight the suitability of BNT/PVDF com-

posites as promising c

did

for next-ge:

ation, lead-free, wearable energy harvesting devices.

1. Introduction

The ever-growing demand for sustainable and decentralized power
sources has catalyzed significant research into energy harvesting tech-
nologies, particularly those capable of converting ambient mechanical
energy into useable electrical energy [1,2]. In an era characterized by
rapid advancements in microelectronics, the proliferation of wearable
sensors, implantable devices, and Internet-of-Things (IoT) systems has
led to a pressing need for compact, autonomous power sources that
eliminate or minimize dependence on conventional batteries [3,4].
Conventional power storage units not only suffer from limited life spans
and high maintenance costs but also contribute significantly to envi-
ronmental degradation due to the use of toxic materials and challenges
associated with large-scale disposal. Consequently, self-powered sys-
tems based on mechanical energy scavenging have emerged as a
promising solution [5-7].

Among the various energy harvesting technologies, piezoelectric
nanogenerator stands out to be promising due to its ability to convert

* Corresponding author.
L-mail address: renukabokolia@dtu.ac.in (R. Bokolia).
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mechanical deformation, such as pressure, strain, or vibration, into
electrical charge via piezoelectric material—a property that has found
application in diverse fields including structural health monitoring,
biomedical implants, smart textiles, and portable electronics [8,9]. The
piezoelectric materials are particularly well-suited for environments
where continuous motion, such as walking, engine vibration, or acoustic
energy, can be harnessed to generate consistent power [10,11].

Commercial piezoelectric devices are predominantly fabricated
using lead-based ceramics, especially lead zirconate titanate (Pb(Zr,Ti)
O3, PZT), owing to their excellent electromechanical coupling and high
piezoelectric coefficients [12-15]. However, the widespread use of
lead-based materials has become increasingly controversial due to their
toxicity and environmental hazards [16,17]. Regulations such as the
Restriction of Hazardous Substances (RoHS) directive and the Waste
Electrical and Electronic Equipment (WEEE) directive have further
driven the research community to identify and develop lead-free alter-
natives that can match or exceed the performance of their toxic coun-
terparts [15-20].
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Poster presented on “Fabrication and characterization of piezoelectric composite of
BNT/PVDF for multifunctional applications”

9. Attended International webinar on Empowering Diversity in Science, 16th Feb 2022, Kamla
Nehru Mahavidyalya ,Nagpur.

10. Oral Presentation on “BNT/PVDF Flexible Composite Films for Energy Harvesting
Application)” in International Conference on Nanotechnology for Sustainable Living &
Environment (ICON-NSLE 2022) (14-16th April 2022) Department of Chemical Engineering,
BITS Pilani, Pilani Campus

11. Attended “Chemical & Allied Science and their Application’s” organized by Department of
Applied Chemistry, Delhi Technological University on Friday, 20 January, 2023.

12. Attended one day national seminar on “Recent Advancements in semiconductor devices and
materials(RASDM -2023)” organized by Department of Applied Physics ,DTU on January
30,2023

13. Attended one day national seminar on “Implementation of NEP-2020 in special reference to
Innovation and Entrepreneurship” organized by Department of Applied Physics ,DTU on 24t
February,2023.

14. Attended one day national seminar on National Science Day (NSD-2023) organized by HRDC
in association with IIC and Department of Applied Physics ,DTU on 28t February,2023.

TRANING

K/
*

% In B-Tech from DRDO 06 -06- 2012 to 31-07- 2012.
% In M-Tech from DRDO 01-06-2016 to 29-07-2016.
From NPL 16-01-2017 to 31-07-2017.

K/
*




TEACHING EXPERINCE

6 months teaching experience in Meerabai Institute of Technology.

* 6 -8 months teaching experience in Bhagwan Parshuram Institute of Technology.

¢+ Teaching Assistant (2019-2024), Delhi Technological University - Undergraduate
and post- graduate labs.

PERSONAL INFORMATION

Date of birth : 05-01-1991

Nationality : Indian

Gender : Female

Marital Status : Married

Language : Hindi/English

Hobbies : Listening Music & Reading Book also cooking and Traveling
STRENGTH

7
o0

Enthusiastic and hardworking.

X4

Possess Positive attitude.

L)

A X4

Responsible towards work.

X4

Self-motivated and directed

L)

DECLARATION:-

| do hereby declare that the particulars of information and facts stated herein above Are true, correct and

Complete to the best of knowledge and belief

DATE: 28/01/2026
Place DELHI Megha Narwan
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