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ABSTRACT

Upconversion Luminescence and Optical Temperature
Sensing of Er’*/Yb**/W* Doped BaBi:Nb:0y

Ferroelectric Ceramic

The host material doped with various trivalent rare earth ions (RE**) shows upconversion
luminescence in which lower energy NIR radiation is converted into high energy visible
radiation. This phenomenon can be stimulated using an inexpensive laser source. The
upconversion luminescent materials have wide applications in the fields of solid-state lasers,
white light-emitting diodes, biological imaging systems, infrared detectors, and diverse
medical diagnostic techniques. Ferroelectric materials possess advantageous properties that

make them well-suited as host materials for luminescence.

This thesis investigates the simultaneous effects of doping the BaBi2Nb20O9 (BBN) system
with Er**, Er*'/Yb*, and Er**/Yb*/W®" on its structural, upconversion luminescence,
temperature sensing, dielectric, ferroelectric and energy storage properties. In the Er** doped
BaBi2Nb209 system, the symmetry (orthorhombic geometry) and phase group (Fmmm) of
prepared samples are confirmed from XRD analysis. The Raman spectra are recorded under
the excitation of 785 nm, and four intense modes at 164, 225, 560, and 860 cm™' are
identified for undoped BaBi2Nb20s. The modes suppressed in undoped BaBizNb209
ceramics can be easily observed in Er*" doped compositions. However, in Er** doped BaBi>-
xErxNb209 composition, some less intense modes near 370, 389, 419, 437, 691, 730, and
771 cm™ have been observed that might be associated with the degree of the structural
disorder. The light upconversion luminescence (UCL) spectra are traced under 980 nm
excitation. For an Er’" content x = 0.04, the highest UCL emission intensity is obtained;
beyond this content, the quenching concentration occurs. The sensitivity of the optimized
prepared ceramic (BaBi2xNb2ErxO9: x = 0.04) is measured using the FIR technique. The
absolute sensitivity (Sa) comes out to be 0.99% K-! at 483 K, and the relative sensitivity
(Sr) is approximately 0.40% K! at 300 K. Furthermore, the ferroelectric properties of Er**

doped BBN ferroelectric ceramic degrades as compared to undoped BBN ceramic.
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Further, in Er**/Yb*" co-doped BaBiz-x-yNb2ErxYbyOo ferroelectric ceramic, the Er** content
is fixed at an optimized value (x = 0.04), and Yb*" is varied from y = 0.00 to 0.12 at A-site
of the perovskite structure. The SEM images of prepared ceramics resemble plate-like
formations and comprise non-uniform grains with irregular orientation. An increase in grain
size with Yb** content up to y = 0.10 was found to promote upconversion luminescence.
Two bright green bands at 535 nm and 557 nm and a detectable red spectrum near 672 nm
were observed in UCL spectra, corresponding to an excitation wavelength of 980 nm. The
effective energy transfer process from Yb** to Er’* ions is supported by decay time
measurements, which increase with increasing Er**/Yb** content because of the non-
radiative transition at higher doping concentrations. The pump power dependence upon the
UCL intensity for an optimum Yb** content y = 0.10 reveals that green and red UC emissions
involve two photons. Er**/Yb** co-doped BaBi2-0.04-yNb2Er0.04YbyOo ceramic system with y
=0.06 and 0.10 exhibit a Sa 0f 0.69% K™ and 0.58% K' at maximum absolute temperature
(Ta) = 523 K and 463 K, respectively, and S: of 1.10% and 1.01% at maximum relative
temperature (Tr) = 303 K.

Moreover, the structural and electrical properties are investigated after exploring the optical
properties of Er**/Yb*" co-doped BaBiz2x-yNb2EryYbyOo ferroelectric ceramic. FTIR spectra
showed characteristic peaks of the Aurivillius phase at 619 cm™ and 822 cm™'. Four Raman
modes are visible in undoped BBN, whereas 12 modes have been observed in doped BBN
compositions. Temperature-dependent dielectric tests reveal significant dispersion below
and above the maximum temperature (Tm), and the dielectric constant (¢') decreases with
increasing frequency. The dielectric loss (¢") curves are diffused, and variations in the
maxima with frequency have been detected, demonstrating the relaxor behavior of all
produced BBN compositions. The thinner PE loops were achieved under applied electric
fields between 75 kV/ecm and 100 kV/cm. The remnant polarization (Pr) and maximum
polarization (Pm) were used to calculate the energy storage parameters (W, Wrec, 1) of each
ceramic composition. The energy storage parameters improve as the applied electric field
increases. It can be concluded that the efficiency (1) of undoped, Er** doped, and Er’**/Yb**
co-doped BaBi2x-yNb2ErxYbyOy ceramics increased with doping concentrations. In contrast,
the energy storage density (W) and recoverable energy storage density (Wrec) of Er** doped
and Er**/Yb*" co-doped BBN ceramic are comparable with undoped BBN.
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Lastly, the effect of transition metal ion (W®") in the tri-doped BaBi2-0.04-0.10Nb2-
zEr0.04Ybo.10W-0y ferroelectric ceramic on the structural, upconversion luminescence,
temperature sensing, ferroelectric and energy storage density characteristics are discussed.
The Er*" and Yb*" concentrations are fixed at the optimized values, and the transition metal
ion W6 varies from z = 0.01 to z = 0.04. The UCL emission intensity increases with the
incorporation of W ions and increases up to z = 0.02. Time decay analysis is conducted
for the green and red emission bands, corresponding to transitions from 2Hi1/2 to *Iis52 and
4S312 to *Iisi2 energy levels, respectively. The Sa of the Er**/Yb**/W®" tri-doped BBN system
yields a result of 0.91% K! at a temperature of 573 K, which is higher than the Er**/Yb**
co-doped BBN system and comparable with the Er** doped BBN system. The S: achieved
for the Er**/Yb*/W®" tri-doped BBN system is 1.32% at 303 K, the highest among the
three BBN systems. The PE loops have improved and reached their maximum Pm value at
9.719 pC/em? for z=0.02. The W, Wree, and 1) for undoped BBN ceramics are 0.662 J/cm?,
0.518 J/cm?®, and 78.25% and for tri-doped BBN ceramics are 0.874 J/cm?, 0.792 J/cm?,
and 90.53%.

In conclusion, the synthesized BaBi2Nb20Os (BBN) ceramic demonstrates promising
properties for multifunctional applications, including optical sensors, energy storage

devices, and tunable light sources.
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Chapter 1. Introduction

CHAPTER

Introduction

s This chapter offers a comprehensive overview of luminescence, including an
introduction to its fundamental principles and its types. This chapter primarily
centers on the phenomenon of photoluminescence, mainly upconversion (UC)
photoluminescence.

s The relevant UC processes and advancements in materials doped with lanthanide
and non-lanthanide dopants are discussed. The significance of the host lattice, its
energy storage behavior, and performance with various rare earth ion dopants are
examined.

L)

» The optical temperature sensing method of fluorescence intensity ratio (FIR) and
the importance of ferroelectric host materials replaced with rare earth ions are
discussed.
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Chapter 1: Introduction

1.1 LUMINESCENCE

Luminescence

PRI Tribol:
h Tr

> Electr

v
v

> Ther

Figure 1.1: Luminescence based on modes of excitations.

The radiative photon emission from a material due to an excitation is known as
luminescence. Since thermal excitations do not start the radiative emission, this is often
called cold body radiation. Various excitation mechanisms may produce luminescence, and
there are several kinds of luminescence based on the modes of excitation (Figure 1.1).
Photoluminescence refers to the emission of light resulting from the absorption of photons.
When crystals form, they exhibit a captivating luminescence known as
crystalloluminescence. Electroluminescence generates light when an electric current passes
through a substance. The enchanting display of light during chemical reactions
characterizes chemiluminescence. Bioluminescence is a fascinating natural phenomenon in
which  living  organisms  produce  light through  chemical reactions.
Electrochemiluminescence occurs when an electric current triggers a chemical reaction in
a solution, leading to light emission. Mechanoluminescence results when a material is
subjected to mechanical stress or deformation. This is further categorized as
triboluminescence, which emerges when materials are rubbed or crushed;

fractoluminescence, which illuminates during material breakage; and piezoluminescence,
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Chapter 1. Introduction

which shines under pressure. Sonoluminescence occurs when light emitted from a liquid is
stimulated by sound waves. Radioluminescence occurs when ionizing radiation bombards
a substance, and in thermoluminescence, light emerges due to high-energy radiation
exposure. This thesis focuses on photoluminescence; hence, it is essential to specify the
different forms of photoluminescence. It is further categorized into two distinct
components: fluorescence and phosphorescence. Depending upon the conversion of light,
photoluminescence is divided into two processes: downconversion photoluminescence and

upconversion photoluminescence.

1.1.1 Fluorescence and Phosphorescence

Fluorescence is a kind of photoluminescence that occurs when there is a transition from the
singlet (S1) to singlet (So) electronic states, as shown in Figure 1.2. The average lifespan
under this scenario is around 10 to 10® seconds. The phosphorescence is sometimes
referred to as delayed fluorescence. The phenomenon occurs when an electron is stimulated
to a higher energy level (S1), transits to the triplet (T1), and then falls to singlet (So) energy
levels, as shown in Figure 1.2. The phosphorescence duration is prolonged and may range

from milliseconds to minutes, depending on the luminescent materials used.
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Figure 1.2: Schematics of fluorescence and phosphorescence.
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Chapter 1: Introduction

1.1.2 Downconversion and Upconversion Luminescence

Downconversion photoluminescence refers to a process in which a material absorbs
photons of higher energy (shorter wavelength) and emits lower energy photons (longer
wavelength). In practical applications, downconversion photoluminescence is often utilized
in technologies like phosphors in light-emitting diodes (LEDs). In this case, higher-energy
photons from the LED source are absorbed by the phosphor material, and the material then
emits lower-energy photons, effectively converting some of the energy to a different, more
desirable wavelength. This process can enhance the color quality and efficiency of the
emitted light. On the other hand, upconversion photoluminescence is a process in which a
material absorbs photons of lower energy (longer wavelength) and then emits photons of
higher energy (shorter wavelength). It is a nonlinear mechanism involving the sequential
absorption of photons. In practical applications, upconversion photoluminescence is of
interest in various technologies, including certain types of solar cells and biomedical
imaging. The schematics of upconversion and downconversion photoluminescence are
given in Figure 1.3. This thesis primarily focuses on upconversion luminescence (UCL);

therefore, the various UCL mechanisms are discussed in the next section.

E, t N E, t !
. RN : 1
' ! i
i —_— i ]
: ! E, — !
I 1 ! 1
| : i -
1 1 1 :
i | | i
1 1 1 I
| : | |
1 1 1 I
| | i ’
! 1 H i
E, : i E, H 2
[Downconversion] [ Upconversion ]

Figure 1.3: Schematics of downconversion and upconversion luminescence.
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1.1.3 Upconversion Luminescence Mechanism

The upconversion luminescence phenomenon was first observed by F. Auzel in 1966 [1].
The lanthanide-doped luminous materials can undergo this process and are called
upconverters. The lanthanide elements are crucial in initiating the upconversion process in

these materials. The various UCL mechanisms are:

1.1.3.1  Excited State Absorption Process

The mechanism of excited state absorption (ESA) was initially proposed by N.
Bloembergen [2]. The ion in its lowest energy state (Eo) absorbs energy from a photon and
becomes stimulated to an intermediate energy level (E1) via a process called ground state
absorption (GSA) (Figure 1.4). The ion undergoes further excitation by absorbing an
additional photon, resulting in a higher energy emission level (E2) via the process of excited
state absorption (ESA). Ultimately, the ion originating from the highly energized state (Ez)
transitions to the lowest energy level (Eo), resulting in up-conversion emission. ESA is a
process that uses a single optically active ion to increase the population of a higher emitting

level via resonant energy absorption.

EZ
0-0 NIR Photon
ESA Absorption
hv, 0— UC Photon
W Emission
El
hv,
GsA O
hv,

ik !

Ton1

Eo

Figure 1.4: Schematics of excited state absorption process.
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1.1.3.2  Energy Transfer Process

Ton 2
EZA
NIR Photon
Absorption
Energy
o Transfer
s Fas UC Ph
0 oton
hv, Emission
: M
hv T/W\' ooooo......., NON Radiative
/\M/ﬂi 3 % Relaxation
E E
%" Ton1 Ion 2 0A
Sensitizer Activator

Figure 1.5: Schematics of energy transfer process.

In the energy transfer process (ET), two neighboring ions are necessary, one serving as a
sensitizer and the other as an activator, as shown in Figure 1.5. The first photon absorption
stimulates the sensitizer ion (ion 1) from its ground state (Eos) to a higher energy metastable
state (E1s). Before undergoing non-radiative relaxation to Eos, the sensitizer transmits its
energy to the activator ion (ion 2) in the ground state (Eoa), promoting the ion 2 to Eia.
Once the sensitizer and activator reach their metastable states, Eis and Eia, respectively,
another energy transfer takes place in the metastable state. This energy transfer causes the
activator ion 2 to move to its higher excited state, Eza, while the sensitizer ion returns to
Eos. The UC emission will occur from the higher energy state E2a via a radiative transition
to the ground state (Eoa). The average distance between the sensitizer and activators is a

crucial component that significantly impacts the upconversion efficiency in ET [3-6].

1.1.3.3  Cooperative Process
The cooperative process has three ion centers, having two identical ions (ion 1 and ion 3).
In Figure 1.6, when the excitation photons are absorbed, ions 1 and 3 can get excited and

enter the metastable state (Eis). Both ion 1 and ion 3 may concurrently and cooperatively
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00 NIR Photon

Absorption
Ion 2
Energy

Transfer

............. , Non Radiative
N\M Relaxation

Eon E
0s Ion 1 Ion 2 0A ~os Ion 3

Sensitizer Activator Sensitizer

Figure 1.6: Schematics of cooperative process.

interact with ion 2, transferring the absorbed energy to stimulate ion 2 from its ground state
(Eoa) to a higher state (E1a). The ion in the E1a state undergoes relaxation to the Eoa state
by producing an upconverted photon. In this context, ions 1 and 3 function as sensitizers,
meaning they absorb the energy from the incoming NIR photon and transmit it to ion 2. Ion
2, in turn, functions as an activator, resulting in the production of an upconverted photon.
The cooperative process is less efficient than ESA or ET due to the involvement of quasi-

virtual pair levels during transitions [4, 6, 7].

1.1.3.4  Cross Relaxation Process

Figure 1.7 depicts the cross-relaxation (CR) process, which takes place when ion 1 imparts
a portion of its energy to ion 2 through the following cycle: E2 (ion 1) + Eo (ion 2) — Ei
(ion 1) + E1 (ion 2). Ion 1 or ion 2 may have identical or distinct properties, and ion 2 may
also exist in its higher energy form. The efficiency of the charge recombination of the CR
process relies heavily on the concentration of dopants since the interaction between ions
forms the CR loop. The “concentration quenching mechanism” phenomenon in emission
1s mostly caused by cross-relaxation. However, it is feasible to intentionally use it to

manipulate the color of UC emission or initiate a potent photon avalanche process [6, 7].
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Figure 1.7: Schematics of cross-relaxation process.

1.1.3.5 Photon Avalanche Process

Photon avalanche upconversion was first noticed in infrared quantum counters doped with
Pr** [8]. Only a small amount is detectable when the UC luminescence is below a certain
threshold. However, when it exceeds, the intensity of UC luminescence rises significantly
[9]. The photon avalanche is a loop control mechanism that utilizes ESA and efficient CR
for photon excitation (Figure 1.8). The pump photons resonate solely with the transition
from the E\ to E2 level of ion 2. Non-resonant ground state absorption occurs at the E1 level
of ion 2. Due to the resonance between the pump photons and the E1 — Ex transition, ESA
can elevate ion 2 to the Ez level. A successful CR process occurs between ions 1 and 2; the
energy possessed by ion 1 is transferred to ion 2 to populate the metastable state Ei of ion
2. The iterative process begins with a single ion 2 and concludes with two ions 2 in the
same metastable state (E1). Therefore, two ions in the E1 metastable state generate four ions
via successive iterations, and this progression continues. The avalanche effect happens
when the amount of energy stored in state Ei exceeds the amount of energy lost. The
avalanche effect amplifies the number of ion 2 in the metastable state Ei, resulting in

population amplification, which leads to up-conversion from the emitting level Ez [5, 7].
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Figure 1.8: Schematics of photon avalanche process.

1.2 SELECTION OF HOST MATERIALS

The host materials offer a suitable lattice structure that creates the appropriate conditions
for the dopants and customizes the luminescent characteristics of the materials. The choice
of suitable host material is a crucial component that promotes the development of novel
and exceptionally effective luminescent materials. Researchers have explored various
inorganic host matrices, such as halides, oxides, silicates, nitrides, sulphides, and
phosphates [10, 11]. The careful choice of host matrices is essential for obtaining optimal
luminescence. The chosen host should have a low cut-off frequency, enhancing its optical

efficiency and adaptability. Additional crucial factors significantly influencing

luminescence characteristics include excellent thermal and chemical stability, a broad
transparency range, a high refractive index, easy solubility, and minimal toxicity levels.
The halides are intriguing due to their low phonon frequency and higher toxicity [5]. The

phonon frequencies of some complex hosts and certain traditional hosts are often employed

to create luminescent materials.
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1.2.1 Ferroelectric Host Materials

Ferroelectric materials are a class of materials that exhibit a spontaneous electric
polarization that can be reversed by applying an external electric field. This unique property
distinguishes them from other dielectric materials. These materials allow structural
alteration due to the presence of foreign dopants. They also exhibit reduced phonon energy
and higher solubilities of both lanthanide and non-lanthanide ions [10-12]. This thesis
primarily concentrates on a specific category of ferroelectrics known as bismuth layered

structure ferroelectric (BLSF), which is briefly addressed in the next section.

1.2.1.1 Bismuth Layered Structure Ferroelectric

Aurivillius developed a class of compounds with a bismuth-layered structure in 1949 [13],
and initially, PbBi2Nb209 was discovered to be ferroelectric [14, 15]. Later on, numerous
compositions of lead-free BLSFs were found to display ferroelectric properties. These
compositions were distinguished by their elevated Curie temperature, reduced dielectric
constant, reliable anisotropic electromechanical coupling factor, and minimal temperature
coefficient of the resonant frequency. Their exceptional temperature stability, slow rate of
aging, and improved fatigue properties were highly appealing from an application aspect.
The features of these compositions have sparked growing interest in their development for
high-temperature piezoelectric applications.

The BLSFs are characterized by the formula (Am-1BmO3m+1)>. The compound (Am-
1BmO3m+1)? represents a perovskite block with m octahedral layers stacked inside (Bi202)**
layers. A represents trivalent, divalent, monovalent cations, or a mixture, such as Bi**, Na*,
Pb?*, Ba?*, etc., while B denotes hexavalent, pentavalent, or tetravalent ions, such as W®",

Ta>*, Nb>", Ti*" [16-20]. Here are several examples of BLSF with various values of m:
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(i) Bi2WOs (m = 1) [21], (ii) BaBi2Nb20y (m = 2) [22], (iii) Bi«Ti3012 (m = 3) [23], (iv)

BaBisTisO15 (m = 4) [24, 25].

1.2.1.2  Energy Storage Density Properties in Ferroelectrics

Scientific and technological advancements have significantly increased life expectancy and
improved quality of life. However, these positive outcomes come hand in hand with two
interconnected challenges: overpopulation and energy scarcity. The widespread use of
electrical energy has contributed to issues like air pollution and global warming, while
traditional fossil fuels are nearly depleted. However, only focusing on energy conservation
without considering the emission of lead would cause more harm to the environment.
Consequently, lead-free systems have emerged as the primary approach to address the
energy problem while preventing secondary lead contamination efficiently. Currently, the
primary types of energy storage devices consist of batteries, dielectric capacitors,
electrochemical capacitors, fuel cells, etc. Dielectric capacitors have become essential
components in pulse power equipment because of their rapid charge-discharge speeds
(about nanoseconds) and remarkably high power density (up to 10® watts per kilogram).
Scientists have created many energy storage materials for dielectric capacitors, including
polymers, ceramic polymer composites, glass, glass ceramics, and ceramics. Dielectric
ceramics have moderate breakdown field strength, little dielectric loss, and anti-fatigue
properties compared to other dielectric materials. For high-temperature applications,
dielectric ceramics are distinguished by their remarkable thermal stability. The diverse
characteristics of dielectric ceramics provide great potential for using energy storage
capacitors in aviation, oil drilling, electromagnetic pulse warfare, and other applications

[26, 27].
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Based on the polarization variation with the electric field, energy storage dielectric
materials may be classified into two distinct categories: nonlinear dielectrics and linear
dielectrics [28]. The dielectric constant of linear dielectrics remains constant regardless of
the electric field. The polarization strength is directly proportional to the electric field
strength. Meanwhile, nonlinear dielectric materials have a pattern of polarization where
they first grow to their maximum value (Pm) during the charging process. This occurs when
the electric field reaches its breakdown electric field (Eb). Subsequently, during the
discharging process, when the electric field reduces to zero, the polarization lowers to a
non-zero residual polarization (Pr), often referred to as the PE hysteresis loop. A schematic
diagram of nonlinear dielectrics is given in Figure 1.9. The total energy stored throughout
the charging process equals the combined value of the purple and the shaded region (Figure
1.9). The energy storage density (W) in a system is determined by calculating the integral

area of the P-E loop to the polarization (P) and is denoted by Eq. (1.1) [26]:
W= ['™EdP (1.1)
The energy that may be released is the recoverable energy storage density (Wrec).

The area under the vertical lines shows Wrec and can be defined by Eq. (1.2) [27]:

P

Weee = [, ™ EdP (1.2)
5 »,
(@)
=2
5 3
g 2 /
o o
(4]
B P ‘{\'g\
o v O

Electric Field (kV/cm)

Figure 1.9: Schematic diagram of nonlinear dielectrics.
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The energy that remains unreleased is defined as the loss energy density (Wioss).

The energy storage efficiency (1)) of the dielectric material can be expressed by Eq. (1.3)

126, 27]:
Wrec _ Wrec
n= W Wrec + Wioss (13)

There are different types of nonlinear dielectrics, such as (1) ferroelectric, (2)
relaxor ferroelectrics, (3) anti-ferroelectrics, and (4) anti-relaxor ferroelectric. Figure
1.10(a-d) represents types of nonlinear dielectric. The red and pink regions represent the
Wiee and Wiess, respectively. Ferroelectrics have a substantial maximum polarization and a
low breakdown strength. However, their significant residual polarization reduces the
recoverable energy storage and efficiency. On the other hand, relaxor ferroelectrics and
antiferroelectrics exhibit greater saturation polarizations and lower residual polarizations,
making them suitable for applications requiring significant energy storage. Anit-relaxor
ferroelectrics include relaxors with antiferroelectrics, resulting in a material that exhibits

both a beam-waisted hysteresis loop and a significant polarization [26-28].

(a) (b)

£

Relaxor ferroelectrics
1

Ferroelectrics

(c) (d)

Anti-ferroelectrics Kr;axor ferroelectrics

Figure 1.10: Types of non-linear dielectrics (a) Ferroelectric (b) Relaxor ferroelectric (¢) Anti-

ferroelectric (d) Anti-relaxor ferroelectric.
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This thesis comprehensively investigates a relaxor ferroelectric material,
BaBi2Nb20o, that belongs to the BLSF family. BaBi2Nb20Og is chosen as a host material for
upconversion because it is chemically and thermally stable, has lower phonon energy (860
cm™), and allows modifications in its crystal structure with additional dopants.
Furthermore, its inherent electrical properties make it a suitable material for further
investigation. According to the general BLSF formula, the perovskite layer is (BiNb207)*
where the A-site is occupied by bismuth ions and the B-site by niobium ions, and the

number of octahedral layers is m = 2.

1.2.1.3 Recent Studies on BLSF
Table 1.1 provides brief details of recent studies on BLSF materials, and it can be seen that

the BLSF is a potential host material for multifunctional applications.

Table 1.1: Recent studies on different BLSF doped with different dopants.

Host Material Dopant Work Presented Year Ref.

BaBi,NbyOy Er/Yb Strong UC green emission of powdered BBN 2017 [29]

Nay 5Bis.sTi4015 K/Er Green upconversion emission and a good 2019 [30]
electrical performance

CaBi4Ti4015 Tm/Yb A strong blue light and a weaker red UC emission 2020 [31]
band along with maximum sensitivity 0.016 K-!
at 503 K

SrBi;NbyOg Er Two green emission band and maximum 2022 [32]
sensitivity of 0.0086 K™! at 443 K

SrBi;Nb2Og Er/Yb Theoretical and experimental analysis of 2022 [33]
photoluminescence and electrical properties

BisTi302- Sm Microstructure, electrical, photoluminescence and 2022 [34]

xNag sBi2.sNb,Og photochromic properties of the ceramics

Ba,NaNbsO;s Er/Yb Up-conversion luminescence, temperature 2022 [35]

sensing and energy storage performance of
transparent glass ceramic

Nayg sBizsTax09 Er/Yb Relative sensitivity of 5.99% K! at cryogenic 2023 [36]
temperature of 153 K. After irradiation with
commercial laser of 405 nm for 30 s, the relative
sensitivity is increased to 6.81% K!
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1.3 SELECTION OF SUITABLE DOPANTS

Inorganic upconversion phosphors consist of a crystalline host and a dopant, often
lanthanide ions, which are present in low concentrations. The dopant acts as a luminous
core, while the host lattice and crystal structure serve as a framework to put these cores in
the most favorable location. The precise spacing between rare earth ions and their spatial
arrangement are crucial factors in sensitive luminescence. When stimulated by NIR, several

host materials infused with lanthanide ions can generate visible light [37, 38].

1.3.1 Lanthanide Dopants

The observed luminescence behavior is mainly attributed to the lanthanide elements. To
fully grasp the performance of various lanthanide elements, it is crucial to have a deep
understanding of their energy level structure. The elements referred to as “rare earth
elements” are part of the 6™ period and 3™ group of the periodic table. They have atomic
numbers ranging from 57 to 71. These elements have an incompletely filled 4f shell and
are protected by the nearby 5s and 5p® orbitals. As a result, their energy levels are
minimally influenced by the surrounding environment and remain relatively constant in
doped systems, regardless of the host matrices. The neutrally charged lanthanide elements
have the electronic configuration [Xe]5d6s?4f® (n = 0 to 14). The 4f orbital is occupied
successively from 0 to 14 as the elemental series progresses from Lanthanum to Lutetium.
When introduced into specific host matrices, lanthanide elements are most stable in the
triply ionized state, where their electronic configuration is [Xe]4{" [39].

The energy level of a material is denoted by total spin angular momentum (S), total

orbital angular momentum (L), and total angular momentum (J). Energy level splitting
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occurs as a result of three distinct types of interaction occurring within the host lattice

(Figure 1.11), which are elaborated in the following sections:

I

II.

I11.

IVv.

Electronic interaction: The transition from 4{" to 4{"!5d is due to the 4f™! and 5d
electrons, typically observed in divalent lanthanides [40, 41]. The energy difference
between these energy levels is quite significant (> 10* cm); therefore, the
possibility of this interaction is extremely low.

Coulombic interaction: The next strongest interaction is the Coulombic
interaction, which arises due to the electrostatic repulsion between electrons
occupying the 4f orbitals of the lanthanide element. This repulsion causes the
energy levels of the free ion to split into several levels, characterized by 'L
energy levels. The split levels exhibit a degeneracy of (2L+1)(2S+1) fold. The
splitting of the *>*'L term levels is around 10* cm™ and is particularly noticeable
compared to other types of interactions [42, 43].

Spin-orbit interaction: In accordance with the Russel-Saunders scheme, the
combined effect of the strong Coulombic contact results in the coupling of the L
and S to produce J. Due to the spin-orbit interaction, the Coulomb-split levels
further split into a manifold of (2J+1) levels. These levels are denoted as 25*!L;
levels. The splitting order is approximately 10° cm™! [42, 43].

Crystal field interaction: The Stark splitting of >>*'Ly levels is induced by the
interaction between the ion and its surrounding crystal field, further dividing the
energy manifolds. The crystal-field interaction modifies the (2J+1) degeneracy by
(J+1/2) for ions possessing an odd n configuration. However, for ions with an even
n configuration, the degeneracy remains unchanged at (2J+1), denoted as 25*'Ly,.

In this instance, energy levels are split by 10> cm™.

16

Ankita Banwal



Chapter 1. Introduction

Electronic
Interaction
4fr15d | | |
— A4 | Coulombic 1 |
: Interaction : :
1 1 1
1 1 Spin-Orbit 1
: ey ~— :Interaction :
1 H'E 1 1
| "; | I Crystal Field
: in ) = : Interaction
1 Y 1 & 1
af 1 (25+1) 1 > I
1 . D S E
1 — ~
. s el =)
1 1 —
| N | (ZS+1)LJ,p
1 1 1

Figure 1.11: Types of energy level splitting due to various interactions within the host.

The optical transitions shown by rare-earth ions are categorized according to their

outer electronic configuration:

i.

ii.

iii.

f-f transition: The phenomenon occurs inside the 4f orbitals of the same lanthanide
ion. This transition is prohibited due to the electric dipole process since both states
have the same parity. This phenomenon occurs due to the merging of states, which
is generated by the contact between the lanthanide ions and either the crystal field
or the lattice vibrations. This interaction relaxes the selection rules, enabling electric
dipole transitions [44].

f-d transition: The 4f" — 4f"!5d transition refers to the process in which an
electron is elevated from the 4f orbital to the 5d orbital. The reported transitions for
(Ce*, Pr**, Tb*, Yb*") rare-earth ions are spin-permitted and exhibit greater
strength and larger spectral range than f-f transitions [44].

Charge transfer transition: This excitation involves the participation of two or
more molecules, where a portion of charge is transferred from one molecule to
another. However, these transitions have large energies and are only seen in certain

lanthanides [44].
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1.3.2 Non-Lanthenide Dopants

In order to refine the luminescent characteristics of materials doped with a lanthanide, it is
possible to alter the external environment of the emission centers. Including some non-
lanthanide elements has shown encouraging outcomes in effectively altering the local
crystal field around the rare-earth ions. Several non-lanthanide elements, including Li",
Mg?*, Zn**, Mo*", Bi**, and W%, have been shown to enhance the luminescent properties

[44-47].

1.4 OPTICAL TEMPERATURE SENSING

Lanthanide-doped materials are gaining attention for temperature sensing applications due
to the temperature-dependent nature of their emission intensity. One notable advantage of
these sensors is their ability to operate without physical contact. This feature proves
particularly beneficial in various scenarios where traditional temperature sensors face
limitations. Temperature sensing in RE-doped materials is often achieved by analyzing
decay time and fluorescence intensity ratio (FIR). Fluorescence lifetime decay requires
pulsed excitation and the measurement of temperature-dependent fluorescence decay
curves originating from two higher stimulated energy levels. Using the FIR approach, two
energy levels near each other are merged into a single lower level to monitor temperature.
As the population of each energy level is proportional to the emission intensity of thermally
coupled levels (TCLs), their temperature-dependent ratio is unaffected by the intensity of
the source. A well-established theory of thermally coupled fluorescence states that
thermally coupled levels emit fluorescence, with the population of these levels being
directly proportional to the total population. On average, FIR techniques are more effective

than lifetime-based approaches [48, 49].
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1.4.1 Fluorescence Intensity Ratio

The fluorescence intensity ratio (FIR) technique utilizes two thermally coupled levels of
rare-earth ions within the material. A crucial criterion for its effectiveness is that the energy
separation between these adjacent levels must be sufficiently large (> 200 cm™) to prevent
the overlap of two emissions. Simultaneously, it needs to be small enough (<2000 cm™) to
ensure the population of the upper level is within the temperature range of interest [50].
Trivalent rare earth ions are appealing for temperature sensing, given their abundant energy
levels distributed across a broad wavelength range from ultraviolet to infrared [51, 52].
This thesis focuses on the electronic states of Er*" ions, specifically the 2Hi12 and *S3»
states. These states are thermally linked, and their populations follow the Boltzmann
distribution. In Figure 1.12, the intensity In is associated with the transition from 2Hi1/2 to
1152, and the intensity Is is related to the transition from *S3/2 to *I15/2 of two green emission
bands. The FIR of the green emissions may be determined by neglecting the effects of self-
absorption of emission and considering the thermalization of the population at the levels.
This relationship is provided by Eq. (1.4) [53]:

—-AE

FIR=®_N (®*Hi1/2) _ AHEHOH®H
KgT

Is N (*S3/2) AsgsOsws

(1.4)

—AE
exp— =C ex
p KgT p

-

2I-|11/2 -

r }—AE=E2—E1

S3 —t

hv

P N P

4
I15/2

Figure 1.12: Diagrammatical illustration of optical temperature sensing of TCL of Er’* ions.
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where N(*H11/2) and N(*S3/2) are the population number of H and S levels, respectively. The
o values correspond to the detection system’s response at the emission angular frequency
o, A is the impulsive radiative rate, g is TCL degeneracy, AE is the energy gap, Ks is the
Boltzmann constant, T is the absolute temperature, and C is the exponential coefficient. To
effectively measure temperature sensitivity (Sa) using the FIR method, it is crucial to
comprehend the rate at which the fluorescence intensity ratio (In/Is) varies in response to a

certain temperature change (T) and is given by Eq. (1.5) [53]:

s, = d(FIR) AE C( AE

—AE
o= FIR 0 = KBTZ) exps (1.5)

Collins et al. and Brites et al. propose that the calculation of relative sensitivity (Sr)
is a more valuable method for comparing the effectiveness of various temperature sensors
and is presented by Eq. (1.6) [53, 54]:

_ 1 d(FIR) _ AE
' " FIR dT = KgT?2 (1.6)

Eq. (1.6) states that the relative sensitivity is determined by the percentage change
in FIR values resulting from a 1 K temperature shift. The sensitivity relies upon the
variation in energy between the thermally connected levels. The accuracy of the calculated
sensitivity becomes satisfactory if the theoretical energy gap (AEw) roughly corresponds to
the energy gap observed via experimentation (AEex). Error (9) is a crucial metric used to

assess the level of agreement between the AEw and AEex. It is mathematically represented

by Eq. (1.7):
_ |AEth_ AEex|
§ = —ho=men X 100% (1.7)

The uncertainty in temperature measurement is the smallest temperature that can be
measured. Baker et al. and Brite et al. proposed a method for estimating 8T with 5a/A as

device precision (Eq. 1.8) [55, 56]:
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8T =—=2 (1.8)

The precision of every measurement is determined by its repeatability and
reproducibility. A negligible difference in repeated measurements under the same
circumstances indicates high repeatability. Using the same equipment and maintaining
consistent geometrical dimensions of the sample, excitation source, and detector is
advisable throughout the tests. The time allocated for sample temperature stabilization and
data capture are crucial during calibration experiments. The repeatability can be expressed
by Eq. (1.9) [55, 56]:

(AAV_ASp)
Apy

R =1—max

(1.9)

where Aay is the mean value of FIR and Asp is the specific value of FIR at each temperature.

A minimum of 10-20 consecutive cycles is required for statistical significance.

1.4.2 Factors Affecting FIR

The factors significantly influence the suitability of a material for temperature sensing:
i.  Cost-effectiveness and availability of materials.
ii. = The operational temperature range of the material and instrument should be
comparable.
iii.  AE should be more than 200 cm™ to prevent overlap of TCLs and less than 2000
cm’! to maintain the population of the upper level.
iv.  Typically, detectors need fluorescence transitions between 6000 to 25000 cm™'.
v.  Radiative transitions should have a greater impact than non-radiative transitions.
vi.  The excitation sources should be matched and miniaturized for seamless integration

of the sensing material onto the optical fiber tip.
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1.5 APPLICATIONS

Upconversion materials are used in bio-imaging applications, particularly for deep-tissue
imaging. The ability to convert low-energy NIR light to higher-energy visible or ultraviolet
light allows for enhanced penetration into biological tissues. In medicine, upconversion
luminescence is employed for both imaging and therapeutic purposes. It can be used for
imaging-guided drug delivery and therapy. Upconversion materials are explored to
improve the efficiency of solar cells. By converting low-energy photons into higher-energy
photons, they can harvest a broader spectrum of sunlight, increasing energy conversion
efficiency. Upconversion materials find applications in security inks and anti-
counterfeiting technologies. Their unique emission properties can be employed to create
invisible or hard-to-replicate markings.

Upconversion materials are utilized in sensing applications like temperature sensing
and environmental monitoring. The response of upconversion luminescence to changes in
temperature or the presence of specific substances makes them valuable in sensor
technologies. In medical applications, such as surgical therapy, non-contact temperature
sensors can accurately measure ambient temperatures without direct contact with the
patient. Additionally, in industrial settings, these sensors can remotely assess the
temperatures of concealed objects in challenging environments, such as high-pressure
nuclear power plants and coal fields. Upconversion materials are being explored for
applications in data storage. The ability to switch between different luminescent states
under different excitation conditions can be harnessed for data encoding. Upconversion
materials are explored for potential applications in display technologies, including color

display and light-emitting devices.
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1.6 THESIS OBJECTIVES

The following are the key objectives of the thesis:

X/
L X4

X/
L X4

X/
L X4

X/
L X4

X/
L X4

To study the effect of the Er’" ions in BaBi:Nb2Qo ferroelectric ceramic on the
upconversion luminescence, optical temperature sensing, and ferroelectric properties.
To investigate the impact of Yb*" ions on upconversion luminescence spectra and
optical temperature sensing properties in optimized Er’" doped BaBi2NbxOo
ferroelectric ceramic.

To discuss the dielectric, ferroelectric, and energy storage properties of Er**/Yb>" co-
doped BaBi2Nb20y ferroelectric ceramic.

To explore the effect of W' ions in Er**/Yb*"/W®" tri-doped BaBi2Nb2Oy ferroelectric
ceramic on upconversion luminescence, temperature sensing, and ferroelectric
performance.

To examine the energy storage density, recoverable energy storage density, and
efficiency of undoped, Er** doped, Er**/Yb*" co-doped, and Er**/Yb*/W** tri-doped

BaBi2Nb20y ferroelectric ceramic.

1.7 THESIS ORGANIZATION

Chapter 1 thoroughly examines several forms of photoluminescence and their

classifications. The significance of choosing BaBi2Nb20y ferroelectric materials as a host

material is being addressed. The energy storage characteristics of ferroelectric material are

examined in detail. This chapter emphasizes the significance of rare earth ions in

upconversion luminescence. A brief discussion is given on the applications of upconversion

luminescent materials in several domains. Furthermore, this chapter offers concise

information on the thesis’s objectives and briefly details the thesis layout.
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Chapter 2 outlines the synthesis process and various characterization techniques in
detail. The solid-state method is used to synthesize the BaBi2Nb20y¢ ceramic. Furthermore,
the characterization procedures that are employed to analyze the synthesized ceramic are
detailed in this chapter. The structural analysis is studied using X-ray diffraction (XRD),
scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), and
Raman spectroscopy. The photoluminescence properties are discussed using upconversion
luminescence (UCL) spectra, pump power analysis, and time-resolved fluorescence
spectroscopy. The fluorescence intensity ratio (FIR) technique studies the temperature-
dependent UCL spectra. The ferroelectric properties are explored by polarization vs electric
field (PE) loops. The temperature-dependent dielectric studies reveal the dielectric
constants of prepared ceramics. The strategies mentioned above are thoroughly explained
in this chapter.

Chapter 3 investigates the synthesis and characterization of Er’*" doped BaBio-
xErxNb209 ceramic composition. The structural analysis of BaBi2Nb20O¢ ceramic is
performed by X-ray diffraction and Raman spectroscopy. PE hysteresis loops have
measured ferroelectric properties at room temperature. The UCL spectra and time-resolved
photoluminescence were obtained under the excitation of 980 nm. The FIR technique is
used to study the temperature sensing behavior of optimized Er** doped BaBi2Nb2Oo
ferroelectric ceramic.

Chapter 4 discusses the preparation of Er’**/Yb*" co-doped BaBiz2Nb20y ceramic
by keeping the Er** content constant at optimized value and varying the Yb** concentration.
The XRD and SEM studies comprehensively describe the pure perovskite phase formation
and the dense microstructure. This chapter focuses on the UCL properties of Er**/Yb** co-

doped BaBi2Nb209 ceramic. The pump power variation on UCL spectra gives information
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about the number of photons involved in the UC process. The time decay analysis is
conducted for all the Er**/Yb*" co-doped BaBi2Nb2O9 under the stimulation of 980 nm
wavelength. Furthermore, the effect of tuning Yb*" concentration in optical temperature
sensing is addressed in this chapter.

Chapter 5 addresses the structural, dielectric, ferroelectric, and energy storage
properties of undoped, Er’** doped, and Er**/Yb** co-doped BaBi2Nb2Oo ceramic. FTIR and
Raman spectra provide information about the various vibrational modes of BaBi2Nb20y
ceramic. FTIR and Raman spectra provide insights into the many vibrational modes shown
by BaBi2Nb209 ceramic. An in-depth analysis is provided on the shifts of FTIR and Raman
bands caused by dopant ions. The temperature-dependent dielectric studies are performed
at various frequencies (1 kHz to 1 MHz). The ferroelectric properties are explored by
polarization versus electric fields (PE) loops at various applied electric fields. The energy
storage performance of undoped, Er** doped, and Er**/Yb** co-doped BaBi2Nb209¢ ceramic
is investigated using PE loops parameters. Additionally, the temperature-dependent energy
storage parameters are also discussed in this chapter.

Chapter 6 focuses on the controlled variation of W®* ions in BaBi2Nb20y ceramic
while maintaining Er** and Yb®" ions at optimized levels. The objective is to investigate
the influence of W*" ions on the structural, UCL, sensing, and ferroelectric properties of
the material. The chapter discusses the effects of different doping configurations, including
undoped, singly Er** doped, Er**/Yb*" co-doped, and Er**/Yb**/W°* tri-doped BaBi2Nb20o
ceramics, on their optical and electrical characteristics. XRD spectra analyze the structural
changes induced by tri-doping in the host material. The UCL spectra are examined to
determine the optimal W% content for enhanced luminescence efficiency. Time decay

analysis is conducted for the green and red emission bands, corresponding to transitions
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from 2Hi12 to *Iis2 and *S3/2 to “Iis2 energy levels, respectively. Moreover, the optimized

WS content is employed for optical temperature sensing in the 303 K to 623 K temperature

range. The ferroelectric behavior of the ceramics is investigated using PE loops, while the

energy storage performance is assessed through PE loop parameters.

Chapter 7 serves as a comprehensive summary of the research findings presented

in this thesis. It highlights the outcomes of the analysis performed in each chapter.

Additionally, the chapter delineates the future scope of this research, identifying potential

avenues for further exploration and development.
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CHAPTER

Synthesis and Characterization Details

s This chapter provides specific information on the synthesis of undoped and doped
BaBi:Nb:0y ferroelectric ceramic compositions using the solid-state reaction
method.

¢ The experimental methodologies used in the current thesis are outlined, and their
operational principles and apparatus are concisely explained.

X/

¢ This chapter also discusses many experimental approaches for analyzing the
structure, microstructure, ferroelectric, and luminescence properties and measures
associated with luminescence thermometry and ferroelectric properties.
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2.1 SYNTHESIS PROCESS

Most inorganic powder-based bulk ceramics are synthesized using the solid-state reaction
process. The selection of this process is based on its ability to be replicated, its cost-
effectiveness, and its capacity to easily generate a substantial amount of powder. The initial
precursor materials are heated to high temperatures and undergo a simple chemical
reaction. Under normal conditions, the reaction will not take place until the temperature of
the reaction reaches a minimum of two-thirds of the melting point of the reactants, and this
rate increases dramatically as the temperature rises [1]. To overcome the lattice energy and
enable a cation or anion to penetrate another site for the solid-state reaction to continue,
temperatures ranging from 500°C to 2000°C are necessary. The reaction might take a long
time to complete, but it can be sped up by raising the temperature since the diffusion rate
increases. Furthermore, reactions are often placed in solid form since solids are seldom
heated to their melting point.

The preparation of BaBi2Nb20y ceramic is carried out using a solid-state method.
Raw high-purity powders purchased from Sigma Aldrich and Alfa Aesar were weighed in
stoichiometric amounts and mixed in a mortar pestle with ethanol for 8 hours. The mixed
raw powders were kept at a temperature of 950°C for 3 hours for calcination. The calcined
powder samples were then given a circular disc shape of 10 mm diameter after rigorously
mixing with 5 wt% polyvinyl alcohol (PVA). The circular discs were sintered in a high-
temperature furnace at 1050°C in two steps, first with intermittent heat treatment at 500°C
for 1 hour for removal of the PVA binder, and then the temperature was raised to 1050°C
for a dwell time of 3 hours. The schematic description of the synthesis method is

represented in Figure 2.1.
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Figure 2.1: Steps involved in the synthesis of ceramic using solid-state method.

2.1.1 Selection of Raw Materials

The solid-state reaction technique generally employs inorganic oxides and carbonates as
the primary raw ingredients for ceramic production. The selected raw materials comprise
high-grade powders with excellent purity and low moisture content. Smaller particle sizes
are recommended to increase reactivity and avoid agglomeration. Table 2.1 includes the
initial raw materials for producing undoped and doped BaBi2Nb209 compositions.

Table 2.1: Details of precursor powders used for preparing undoped and doped BaBi:Nb20y ceramic.

Precursors Brand Purity (%) Molecular Weight (g/mol) Density (g/cc)
BaCO; Sigma Aldrich 99.00 197.34 4.29
Bi,03 Alfa Aesar 99.00 465.96 8.90
Nb,O:s Sigma Aldrich 99.90 265.81 4.47
ErO3 Alfa Aesar 99.99 382.56 8.64
YDb,0; Sigma Aldrich 99.90 394.08 9.20
WOs Alfa Aesar 99.80 231.85 7.16
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2.1.2 Calculations, Weighing, and Mixing of Precursor Powders

Egs. (2.1 - 2.4) represent the synthesis reaction for undoped, Er** doped, Er**/Yb** doped,

and Er¥*/Yb*"/W%" doped BaBi2Nb2Qy ferroelectric ceramic, respectively.

BaCO; + Bi,0; + Nb,05 — BaBi,Nb,04 + CO, 1 (2.1)
BaCO; + 221‘31203 + Nb, O + gErzo3 — BaBi,_yNb,Er,0q + CO, 1 (2.2)
BaCO; + 2"2“y Bi,03 + Nb,O5 + - Er,05 + > Yb, 053 — BaBip_,_yNb,Er, Yby0g +

€O, 1 (2.3)
BaCO; + =Y Bi,03 + ==Nb,05 + > Er,0; + £Yb,0; + ZW0, -

BaBi,_y_yNb,_,Er,Yb,W,09 + CO, T (2.4)

Table 2.2 describes elements present in the precursors to synthesize undoped and
doped BaBi:Nb20y ceramic compositions. The precursor powders were weighed in a
stoichiometric amount using Eqs. (2.1 - 2.4). For example, the calculation for 10 g of
Er**/Yb** co-doped BaBizx-yNb2ErxYbyO9 ceramic (x = 0.04 and y = 0.02) is demonstrated.
The total mass of the product can be calculated by:

Ag, + (2 —x—y)Agi + 2ANp + XAgr + YAyp + 9Ag = Mass of Product (g/mol) (2.5)

Table 2.2: Details of elements present in the precursors.

Element Symbol Atomic Number Atomic Mass (g/mol) Stable Oxidation State
Barium Ba 56 137.327 +2
Bismuth Bi 83 208.98 +3
Niobium Nb 41 92.906 +5
Erbium Er 68 167.259 +3
Ytterbium Yb 70 173.04 +3
Tungsten W 74 183.84 +6
Oxygen 0) 8 15.999 )
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After substituting the values of the atomic mass of each element in Eq. (2.5) using
Table 2.2, the mass of the product comes out to be 882.73 g/mol. Now, the molecular
weight (MW) value obtained from Table 2.1 is used to calculate the mass of precursors in

grams and is represented in Egs. (2.6 - 2.10).

, a 1x197.34 (&
BaCO; = (~-2 o IR0 )y 1 g = (X—(ml)> x10g=22356g (2.6

Mass of Product 882.73 (miol)

, ; 1.94 x 465.96 (2
Bi,0; = (= ofmol X MWg 203) x 10 g = ( - (m°l)> x10g=51203g  (2.7)

Mass of Product 2 X 882.73 (ﬁ)

no. of mol Xx MWnp, 0,

_8
Nb05 = ( )x10g= <L’”(ml) x10g=3.0112g  (2.8)

Mass of Product 882.73 (miol)

g

0.04 X 382.56 | —=
Er0g = (Moo Ere03) 5 10 g = < 38256 (g ) x10g =00866g  (2.9)

Mass of Product 2 X 882.73 (ﬁ)

8
Yb,0, = (no. of mol x MWYbZOB) %10 g = (0.02 X 394.08 (m01)> x10g=00446g (2.10)

Mass of Product 2 X 882.73 (%)

In this manner, the calculations for all the compositions of BaBi2Nb20O9 ceramic are
carried out. After this, the precursors are weighed using the Shimadzu weighing balance.
Then, the weighed powder is mixed in agate grey mortar-pestle for 8 hours with ethanol as
solvent. During this phase, it is crucial to exercise caution to prevent contamination while
crushing and mixing the agglomerates. Additionally, measures should be taken to minimize

any spillage that might lead to the combined powder loss.

2.1.3 Calcination of Mixed Precursor Powder

Calcination is a chemical process in which a compound undergoes a reaction, creating
either a partial or complete component phase. The uniformly mixed raw materials are
subjected to high temperatures to commence the chemical reaction and eliminate any

carbonates and sulphates. It can remove volatile substances, such as water or certain gases,
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from a material. The production of the compound occurs when the components decompose
and diffuse among the grains at temperatures lower than the melting points of the raw
elements. After homogeneously mixing the raw powders, they are treated at 950°C for 3
hours for calcination. A high-temperature muffle furnace with a precision of +1°C is used,

as displayed in Figure 2.2.

Heating Rods

Temperature
Controller

Ammeter

Indicator
ON/OFF Button

Figure 2.2: Temperature-controlled, high-temperature furnace for calcination of the prepared sample.

2.1.4 Formation of Pellets

The pellets of calcined powders are made by adding polyvinyl alcohol (PVA), which acts
as a binder. The PVA is prepared by dissolving 5 g of PVA powder in 100 ml of distilled
water. The distilled water is heated, and the PV A powder is gradually added. As the mixture
is heated, it gradually reduces in volume, and when it reaches half of the original volume,
the resulting solution becomes sticky. This indicates that the PVA has successfully

dissolved in the water Figure 2.3(a). The prepared PVA solution is added drop by drop to
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calcined powder and thoroughly ground with calcined powder using a mortar and pestle.
The powder gradually dries up during mixing, producing fine calcined powder. The fine
powder is placed into a dieset to form a circular shape with a diameter of 10 mm and a
thickness of 1 mm. Subsequently, the dieset is introduced into a manual hydraulic press,

which undergoes compression under a pressure of 5 MPa, as shown in Figure 2.3(b).

(a) (b)

Manual
Hydraullic
Press Dieset Kit

Powder inside the
Dieset assembly

DI water and
PVA solution

)

: Magne

PVA Powder

tic Stirrer

Figure 2.3: (a) Preparation of PVA in distilled water (b) Apparatus for pellet making.

2.1.5 Sintering

The sintering involves subjecting the powdered substance to high temperatures below its
melting point but sufficiently enough to promote particle bonds. The heat applied during
sintering encourages the particles to move and merge with adjacent particles. This
movement and bonding process helps to minimize the total surface area of the particles.
Since the particles seek a lower energy state, reducing the surface area reduces the overall
energy associated with the system. This energy reduction is the driving force that promotes
the formation of a denser ceramic structure during the sintering process. As the particles
undergo sintering, the average size of the grains grows [2]. This growth is a key mechanism
for minimizing the overall energy, as larger grains mean fewer grain boundaries and,

consequently, a reduced surface area. The reduction in solid-gas interfaces is a
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manifestation of this process, ultimately resulting in the creation of well-defined grains
with clear boundaries during the sintering operation. Before sintering, the material has
internal strains due to grinding and shaping. When sintering begins, the high temperature
helps reduce these strains through atomic diffusion. As the temperature rises, atoms move
more freely, increasing contact between grains. This enhanced contact, especially on the
grain surfaces, allows atoms to pack closely together in all directions. This process, known
as densification, leads to a more compact and solid ceramic structure. In simpler terms,
sintering at higher temperatures helps align and pack atoms tightly, reducing internal strains
and improving the density and properties of the material [3].

The prepared pellets are subjected to a two-step heat treatment process at 1050°C.
In the initial step, the temperature is raised to 500°C and maintained for 1 hour to eliminate
PVA. Following this, the temperature is further increased to 1050°C for an additional 2
hours to facilitate the sintering of the pellets. Figure 2.4 provides a visual representation

of this sequential process.

uy,
Sintering Sto:ace
— 1000 +
< " N\G
Py Holding Time 2 Hour %
s 750+ ’)&,
2 K
— PVA Removal °¢,
9 50071 s
E '\Q _ . - %'o@
b b\’g Holding Time ’b,o
o 5016 1 Hour %
0 } } 4 } t
2 4 6 8 10
Time (Hour)

Figure 2.4: Two-step sintering process.
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2.1.6 Density Measurements

The density and porosity of the material affect its electrical characteristics. The existence
of crystal defects, such as vacancies, the method of solid-state solution generation, and the
porosity of ceramic materials may be inferred from density measurements of samples. The

lattice parameters from XRD spectra give the theoretical density (pwm) using Eq. (2.11) [4]:

Pth = (%) g/cc (2.11)
where Z = atomic number, M = molecular weight, N = Avogadro’s number, and V = unit
cell volume. The experimental density (pex) is evaluated using Shimadzu specific gravity
measurement kit, as displayed in Figure 2.5(a). An overview of the procedure for
ascertaining the density of synthesized ceramics is shown in Figure 2.5(b). The pex is

calculated by Archimedes’ technique using Eq. (2.12):

pex = (-2—) g/cc (2.12)

m,; —msy
where mi is the mass of the pellet, m2 is the mass of the pellet suspended in air, and m3 is
the mass of the pellet immersed in distilled water. The porosity of the ceramic is calculated

using Eq. (2.13):

P (%) = (22=2=x) x 100 (2.13)
Pth
(a) Specific Gravity Measurement Kit (b) "‘éeilgh“‘g
alance
m, = Mass of the pellet
= Pellet
Pellet slot to measure
mass of pellet
. m, = Mass of the pellet
Stand for 3 . . Lo
Beaker Beaker ; > suspended in air L Pellet in air
® @n
: ¢ . m; = Mas.s of_ tr?e pellet | pelietinbi
” Pellet slot to measure immersed in distilled water Water
mass of pellet in air

Figure 2.5: (a) Specific gravity kit for density measurement (b) Procedure for density measurement.
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2.2 CHARACTERIZATION DETAILS

To investigate the physical properties and internal structure of materials using external
methods in material science, characterization is a crucial part of the testing and analysis
process. Various characterization methods were utilized to analyze the structural, electrical,
and luminescent characteristics of the samples generated in this investigation, briefly

discussed in the subsequent section.

2.2.1 X-ray Diffraction

X-ray diffraction (XRD) is a powerful analytical technique used to study the
crystallographic structure of materials. It relies on the principle of X-ray diffraction, where
X-rays are scattered by the periodic arrangement of atoms in a crystal lattice. This
scattering pattern provides valuable information about the atomic arrangement, crystal
orientation, and other structural characteristics of the material under investigation. The
foundation of X-ray diffraction is Bragg’s law, which describes the relation between the
angles of incidence and the resulting constructive interference of X-rays scattered by
crystal lattice planes, as depicted in Figure 2.6(a). This law is expressed in Eq. (2.14) [5]:

2d sin® = nA (2.14)

Figure 2.6: (a) Bragg’s law reflection.
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where d is the spacing between crystal lattice planes, 0 is the angle of incidence, n is an
integer representing the order of diffraction, and A is the wavelength of the X-rays. Figure
2.6(b) shows the schematic diagram for generating X-rays in an X-ray tube consisting of
anode and cathode. The X-rays are produced using a vacuum tube. The X-rays fall under
the category of electromagnetic waves, and their wavelengths vary between 0.1 A and 100
A. Since all crystals are the same size, electromagnetic waves with wavelengths between
half an inch and two and a half inches are used while diffracting from them. X-ray
production involves accelerating electrons and directing them towards a target material.
The tungsten filament releases high-energy electrons that rapidly move toward the anode
with a strong accelerating force ranging from 30 kV to 60 kV. These highly energetic
electrons dislodge electrons from the inner shell upon collision with copper metal.
Consequently, electrons from the L and M shells transition to the K shell to occupy the
unoccupied electron sites. The process produces CuKa and CuKp radiations, which have
wavelengths of 1.54 A (from L to K) and 1.39 A (from M to K) correspondingly. A nickel
filter gets monochromatic radiation with a wavelength of 1.54 A. This filter efficiently

removes the CuKp radiation, which has a 1.39 A wavelength [6].

(b) Evacuated Envelope
Copper Tungsten
Target Heated Tungsten
Electrons Filament Cathode
-
- Voltage
+ -
High Voltage
Source

X-Ray Beam

Figure 2.6: (b) Setup for the generation of X-rays.
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Figure 2.6: (c) Bruker D-8 advance X-ray diffractometer.

In the present study, the XRD analysis of all the undoped and doped BaBi2Nb209
ceramics is performed using a Bruker D-8 Advance diffractometer with CuKa radiation (A
=1.5405 A). The XRD measurements were conducted within the 10° to 70° angular range,
with a step size of 0.02°. This facility is available in the Department of Applied Physics,

Delhi Technological University, New Delhi, India, as shown in Figure 2.6(c).

2.2.1.1 Rietveld Refinement

Rietveld refinement is a powerful method in X-ray and neutron diffraction analysis for
determining the crystal structure of a material with high precision. Named after its creator,
Hugo Rietveld, this technique allows researchers to refine crystal structures by fitting
calculated diffraction patterns to experimental data [7]. Rietveld refinement may be used
to quantitatively analyze the structural modifications in the material caused by thermal
treatment, doping, compression, and strain using the observed experimental data. This

approach is a refining technique based on the least-square fitting principle for the whole
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profile structure. The XRD data is subjected to a calculated profile fit and then compared
to the empirically acquired data to determine the optimal alignment between the calculated
and experimental patterns. The assessment of proper fitting is often determined by the

weighted profile R-value (Rwp) given in Eq. (2.15):

1
¥iWj [yi(observed) — yi(calculated)]Z)E

pr - ( ¥i W; [yi(observed)]?

(2.15)

where yi is the intensity, and Wi is the weighted factor. Rwp should be lower during the
refinement process. To get the most accurate fit, the value of Rwp should approach the

expected profile R-value (Rexp) using Eq. (2.16):

1
— (N-P)? 2
Rexp = (Z%\IWi [yi(observed)]z) (2.16)

where N is total observation, and P is total parameters. The goodness of fit (%) is calculated

by Eq. (2.17):
2 _ Rwp
= —= 2.17
X = Rew (2.17)
RBragg _ Yhkl Ihki (observed) — Iy (calculated)| (2.18)

Yhxi [Ihk (observed)|

Another important R factor is Bragg’s factor (Rsragg), defined in Eq. (2.18), where
Inki 1s the intensity of spectra. A lower value of the Raragg indicates a more accurate match
between the experimental and observed data. TOPAZ software is used for Rietveld
refinement in which a comprehensive input file is created, including all relevant details
about the instrument, including the computed model peak locations, peak intensities, and
background information. The necessary parameters are given either fixed or refined
throughout the refining process. Each output file generated throughout the refining process
serves as the input file for the subsequent refinement step. The technique is iterated several

times to get the most optimal refined values of structural parameters and R factors.
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2.2.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a technique used to visualize the surface
morphology and topography of a wide range of materials at high magnification. SEM
provides detailed, three-dimensional images by scanning a focused beam of electrons
across the sample surface and detecting the secondary electrons emitted from the sample.
Electrons are primarily released from the cathode ray by thermionic emission, with an
energy range of 0.1 - 30 keV. This emission may be achieved using thorium oxide-coated
tungsten filaments, lanthanum hexa-boride (LaBs), or a field emission gun (FEG). The
electrons accelerate towards the condensing lens and then converge onto the specimen via
the objective lens, forming a highly concentrated beam with a small focal spot size. A
scanning coil is used to move the focused beam over the surface of the object. Upon the
collision of the electron beam with the sample’s surface, many signals of different kinds
are produced. The signals mainly consist of secondary and backscattered electrons, which

are used to recreate the surface shape of the examined material [8, 9]. The detector

Electron Gun
+—— Electron Beam

Anode

l—— Magnetic Lens

[ ﬁ‘ <+<—— Scanning Coil

Secondary

Electron Detector Back Scattered

Electron Detector

Stage

Figure 2.7: Schematic diagram of scanning electron microscope.
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quantifies the produced electrons and transforms them into a two-dimensional
representation by amplifying the signal. Figure 2.7 displays a schematic representation of

a SEM.

2.2.3 Fourier Transform Infrared Spectroscopy

Figure 2.8: (a) FTIR setup facility present at CFMRL, Department of Applied Physics, Delhi
Technological University, Delhi.

Fourier transform infrared spectroscopy (FTIR) may be used to examine the vibrational
characteristics of functional groups in organic and semi-organic compounds [10]. The
compounds are subjected to electromagnetic radiation in the 400 cm™ to 4000 cm™ range.
The FTIR instrument used is available in the Department of Applied Physics, Delhi
Technological University, from a brand named Elmer Perkins, as seen in Figure 2.8(a).
The vibrational energy levels of the molecules undergo alteration upon absorption of
infrared light. The vibrations appear in two separate modes: stretching and bending. The
assimilated energy enables modifications in various energy states. This approach is
essential for detecting organic compounds with strong dipoles and polar chemical
interactions, such as NH, OH, CH, etc [11, 12]. The FTIR spectroscopy method has several

advantages, such as its superior scanning speed compared to various dispersive techniques
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and its versatility in analyzing solids, liquids, and gases. This approach relies on the
intermolecular linkages among the constituents of the sample. The molecular bonds are
determined by the component atoms. When the sample is subjected to infrared (IR) light,
its molecules absorb energy and transition to higher energy levels. Upon reverting to their
original (de-excited) states, these molecules release radiation corresponding to the energy
gap between the excited and de-excited states. The incoming light consists of several
wavelengths, and each substance can absorb a certain infrared (IR) wavelength,
contributing to its unique spectral signature [13]. Infrared spectroscopy is a technique used
to detect and analyze molecules that exhibit specific vibrations or rotations at distinct
frequencies, which correspond to various energy levels. The resonant frequencies are
affected by several characteristics, including atomic masses, molecular potential energy
surfaces, and vibronic coupling. Consequently, a correlation between different types of
binding and vibration frequencies emerges. Diatomic molecules possess a solitary bond
capable of stretching, whereas complex compounds have several bonds that may stretch
and undergo conjugate vibrations. This interaction produces chemically related infrared

absorption frequencies. IR spectroscopy is like a fingerprint because each functional group

. Transmittance

FFT Computer Interferogram

Figure 2.8: (b) Steps involved in FTIR spectroscopy.
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has a unique vibrational energy. These absorbed wavelengths may be quantified using
FTIR spectroscopy to identify and bind materials. The graph may display infrared light
transmittance or absorption on the y-axis and wavenumber on the x-axis. The graph may
have numerous peaks depending on the substance. Thorough analysis and comparison of
these peaks with IR signatures for different materials and bonds help identify functional
groups in the sample. Figure 2.8(b) is a schematic showing the several processes involved
in FTIR spectroscopy. The interferometer setup involves directing the source’s infrared
radiation toward the beam splitter using a collimator. The beam splitter then divides the
incoming beam into two distinct ones. The mirrors of the interferometer receive both
beams; one of these mirrors is always in motion. Because of the route discrepancy that this
motion creates, the incident beam’s wavelengths are modulated at various frequencies.

After passing through the mirrors, the rays merge to create an intricate interferogram.

2.2.4 Raman Spectroscopy

Raman spectroscopy is a highly precise and reliable method for determining phase purity
and material composition based on vibrational, rotational, and low-frequency modes. In
contrast to the elastic Rayleigh scattering, the Raman effect in solids occurs due to the
medium’s bond vibrations (phonons) interacting with the incoming light, leading to an
inelastic scattering process. Raman scattering involves the creation of electron-hole pairs
via electron-radiation interaction between the lattice and the incoming optical photon with
a frequency i and a wave vector ki. A phonon is created or destroyed when an electron
and a hole recombine via electron lattice contact. The energy of the dispersed light is
reduced when phonons are formed and increased when they are destroyed. The wave vector

conservation will be represented by Eq. (2.19) [14]:
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wi=ws + o ki=k; + k (2.19)
where s and ks are the scattered photon frequency and energy. If ws < i, then Stokes
scattering occurs, whereas for anti-Stoke, ®s > ®i. The Raman spectrum is acquired by
quantifying the difference in energy between the scattered light and the incoming laser light
(i — ws), known as the Raman shift. To investigate the Raman shifts, the sample is exposed
to a laser beam source that emits light in the ultraviolet (UV), visible, or near-infrared range
of wavelengths. The sample’s molecular vibrations induce light scattering, which is then
captured using a lens and filtered by a spectrophotometer to isolate the Raman signals. This
is necessary since the strength of the Raman signal is lower than that of the Rayleigh signal.

A detector is used to capture and interpret these emissions, as depicted in Figure 2.9(a).

(a) Laser Source
Laser Filter
I
Lens
Slit
S - =) e ) — 3
Sample Notch Filter I Grating

Figure 2.9: (a) Schematic showing Raman spectroscopy.

The current investigation included the acquisition of Raman spectra using a
Renishaw Invia-type Raman microscope, which was accessible at the central facility
(USIC) located at the University of Delhi, as seen in Figure 2.9(b). The Renishaw Raman
spectrometer is equipped with an argon ion laser with a wavelength of 785 nm. The laser

had a spot size of 1 um? and a power of 1.0 mW.
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Figure 2.9: (b) Invia Raman spectrometer available at USIC, Delhi University, Delhi.

2.2.5 Upconversion Luminescence Spectroscopy

Upconversion luminescence refers to a process in which a material absorbs two or more
lower-energy photons (typically in the infrared range) and emits a single higher-energy
photon (usually in the visible or ultraviolet spectrum) [15]. A laser light source having a
maximum power of 2 W under the wavelength of 980 nm is used to analyze the UCL

emission spectra of Er**, Er¥'/Yb**, and Er’**/Yb*"/W®" doped BaBi2Nb2O9 ceramics. A

(a ) Upiuwnw{versinn
flaorescence ‘

Figure 2.10: (a) Upconversion luminescence spectroscopy using 980 nm laser present at USIC, Delhi

University, Delhi.
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monochromator from Acton, the SP2300, with a resolution of 1 nm and triple turret grating,
was used to record the UC emission spectra, as shown in Figure 2.10(a). The emission
spectrum was recorded using a photomultiplier tube. Figure 2.10(b) shows a schematic of
the methodical setup for capturing the UC emission spectra. The basic idea is that the light
beam arrives at a converging lens after reflecting off a front-coated mirror and continuing
along a route perpendicular to its original path. The sample is then focused by the laser
beam, which is held at an adjustable height on a converging lens to reduce light dispersion
caused by reflections in the mirror. The emitted light from the sample reaches the detector
directly since the detector (PMT) is parallel to the sample. The necessary spectrum was

captured once a computer received the PMT output.

(b) 980 nm Laser Source
Laser Beam Front Coated Mirror
Converging Lens
Monochromator S
3 attached
H with PMT

i Sample
Laser Jack Stand

Figure 2.10: (b) Methodical setup for upconversion luminescence spectroscopy.

2.2.5.1 Time-Resolved Spectroscopy

Time-resolved spectroscopy is characterized by its ability to capture events that unfold in
extremely short intervals, ranging from femtoseconds (10°!° seconds) to milliseconds (107
seconds) or longer [16]. The choice of technique depends on the timescale of the

phenomenon under investigation. Pulsed or modulated stimulation is used to excite the
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sample of interest in a typical time-resolved spectroscopy experiment, and the total
luminescence evolution is tracked as a function of time after the pulse emission. The decay
profiles may be captured by connecting the PMT’s output channel to a digital storage
oscilloscope (DSO). For various emission levels, the decay profiles provide vital
information. The collected data is fitted using different exponential functions to determine

the decay durations for various emission levels.

2.2.5.2  Optical Temperature Sensing

The study examines the sensing capability of the synthesized ceramics at different
temperatures by analyzing the fluorescence intensity ratio (FIR) between two thermally
linked energy levels of the rare earth ion incorporated into the host material. Figure 2.10(c)
displays the setup for conducting temperature-dependent UCL measurements. The
sensitivity (S) is determined by the FIR values of the thermally connected levels, as

specified by the formula given in Eq. (2.20) [17]:

d(FIR)
dT

S = (2.20)

(c) 980 nm Laser Source

Laser Beam XFront Coated Mirror Multimeter

iConverging Lens
Monochromator
attached

with PMT

u)

Intensity (2.

Thermocouple

Laser Jack

Figure 2.10: (¢) Diagrammatic arrangement showing the steps for tracing temperature-dependent

upconversion luminescence spectra.
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2.2.6 Ferroelectric Measurements
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Figure 2.11: (a) Sawyer Tower circuit diagram.

A ferroelectric material has inherent electric polarization that may be altered or reoriented
by introducing an electric field. The presence of hysteresis between the polarization and
the applied field is regarded as a distinctive feature of ferroelectricity. If the dipoles inside
the bulk material are originally randomly orientated, the observed polarization will be zero.
However, the observed polarization increases when the electric field strength grows until
all the dipoles are uniformly switched to the same state. At this point, the polarization
becomes saturated and no longer depends on the strength of the electric field. Subsequently,
as the electric field diminishes to zero, several dipoles persist in their altered condition,
leading to residual polarization. Decreasing the field in the negative direction eventually
reverses the dipoles, transitioning them from their initial position (either up or down) to the
opposite state. The negative remnant polarization is the outcome of restoring the field to
zero. The Sawyer Tower circuit is often used to test the P-E hysteresis loops, as
demonstrated in Figure 2.11(a) [18].

A sine wave voltage applied between a ferroelectric sample and an integrating

capacitor (Co) is the standard procedure for measuring the P-E hysteresis loop. A big
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integrating capacitance is necessary for the circuit. Thus, the polarization of the
ferroelectric sample and the charge flow is proportional to the voltage across the integrating
capacitor. This allows the Co to integrate the switching polarization current (ips) flowing
through the sample. For each given sample, the voltage across the integrator capacitor will
indicate the degree of polarization. Following the instructions in Figure 2.11(a), set the
oscilloscope to x-y mode and connect the circuit to the X and Y inputs. Co is greater than
Cr, and its value is selected so Vy can be measured precisely and with high precision. From
the following relations, the values of the polarization and coercive fields can be computed

using Egs. (2.21) and (2.22):

_ CoVy
p== 2.21)
E. = Vx 2.22
C

t

where Vx and Vy are the voltages at the X and Y terminals of an oscilloscope, A is the area,
and t is the thickness of the sample. The present study performed the ferroelectric
measurement using a PE loop tracer by Marine India Pvt. Ltd., available at the

Computational and Functional Material Research Lab (CFMRL) in the Department of

Applied Physics, Delhi Technological University, as shown in Figure 2.11(b).

= = - - _— _
-2 ——— 2 ZrEiear e : L2 e

Figure 2.11: (b) PE loop tracer from Marine India available at CFMRL, Department of Applied
Physics, Delhi Technological University, Delhi.
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2.2.7 Dielectric Measurements

Figure 2.12: Impedance analyzer and furnace for dielectric measurements available at the Department

of Applied Physics, Delhi Technological University, Delhi.

This method is used to evaluate variations in parameters like real and imaginary
permittivity (¢' and €") and the loss factor (tand) with respect to changes in either frequency
or temperature. The measurement is performed on sintered ceramic pellet electroded with
silver paste on the parallel surface of the pellet. The distance between these electrodes is
the thickness of the pellet (d). The geometric capacitance Co can be determined using the
following Eq. (2.23):

Co=— (2.23)
where ¢ is the permittivity of free space (8.854 x 10712 F/m) and A is the area of electrodes.
When a ceramic pellet is placed in the measuring cell, the capacitance of the capacitor
increases by a factor &' called the dielectric constant of the material. The formula for the
modified capacitance (C) of a parallel plate capacitor with a dielectric material inserted
between the plates is given in Eq. (2.24):

E'gA

C=222= ' (2.24)
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The measurements of the imaginary component of dielectric (¢") of the samples are

performed using Eq. (2.25):

e" = €' tané (2.25)

In this thesis, the dielectric measurement was performed using Keysight Impedance

Analyzer E4990A, as shown in Figure 2.12. The dielectric constant is measured under

various temperatures ranging from 1 kHz to 1 MHz.

2.3

SUMMARY

The forthcoming chapters will utilize these diverse strategies to characterize and evaluate

the results.
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CHAPTER

Upconversion Luminescence and Optical Temperature

Sensing Properties of Er’* Doped BaBi;Nb:0y
Ferroelectric Ceramic

X/
L X4

X/
L X4

X/
L X4

This chapter discusses the structural, optical, ferroelectrical, and sensing analysis
of a series of BaBi2xNb:ErQ9 ceramic compositions with different Er’*
concentrations (x = 0-8 mol %) by a conventional solid-state reaction method.

The upconversion (UC) light emission under 980 nm excitation with different pump
powers and luminescence-based temperature sensing ability of BaBi2xNb2Er:Oy
composition have been examined.

For an optimum content of x = 0.04, two strong UC green emission bands were
observed at 549 nm via *S32 — *Lis2 transition and 527 nm via *Hi12 — 11522
transitions, and a weak red emission appears at 657 nm attributed to the *Fo;2 —
*I15/2 transition.

The maximum value for remnant polarization and coercive field of doped BaBi:-
xNb2Er:O9 ceramic for (x = 0.08) Er** concentration comes out to be 2.9524
uC/em? and 49.8980 kV/cm.

Temperature sensing evaluated by the change in the fluorescence intensity ratio
(It/Is) indicates the highest sensitivity to be 0.99% K at 483 K for an optimum
concentration of Er’* at x = 0.04 in BaBi2xNb2Er-Q9 composition and is useful for
non-contact optical thermometry.
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3.1 INTRODUCTION

Trivalent rare-earth (RE*") ions doped with different host materials excited by cheap laser
sources exhibit upconversion (UC) photoluminescence, which can change lower energy
near-infrared radiation (NIR) into higher energy visible radiation [1-10]. Current research
focuses on the fluorescence intensity ratio (FIR) technique as a non-contact probe for
temperature sensing as it is insensitive to electromagnetic interference and spatial recording
of temperature fluctuations at a sub-micron scale with high sensitivity and accuracy. For
optical temperature sensing, a large number of oxide host materials have exhibited a
reasonably high sensitivity over an extensive temperature range with decent thermal
stability and a quick response speed. Recently, good linearity and high sensitivity (0.0139
K') have been attained in Er*'/Yb** co-doped SrMoOs ceramic composition [11].
Enhanced luminescence thermometry in Y20s3 is achieved by Lojpur et al. when co-doped
with Er** and Yb*" [1]. Similarly, La2Ti207 ferroelectric ceramic doped with Er** exhibits
increased temperature sensitivity for optical thermometry, and Li**/Er*" doped BaTiOs3
ceramics indicates the possibility for non-contact localized probing of ferroelectric
transition temperature [3, 12]. Furthermore, in Sr2-xSnO4:Sm** multifunctional ceramic,
thermoluminescence, photochromism reaction, photoluminescence, and photo-stimulated
luminescence are testified for potential applications in optical storage technology and high-
sensitivity optical switches [10].

From the last two decades, ferroelectric materials have been widely used as
luminescent host materials with extensively wide applications in luminescent thermometry,
biological imaging systems, white light-emitting diodes, solid-state lasers, infrared

detectors, various medical diagnoses, etc. [13-16]. The ferroelectric materials meet the need
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for good host material for luminescence, including decent thermal stability, significant
radiative transition, lower values of leakage current, and high sensitivity over an extensive
temperature range [17-19]. In the group of ferroelectrics, bismuth layered structure
ferroelectric (BLSF) are better candidates for upconversion luminescence as they are lead-
free ferroelectric materials, which make them more advantageous due to their non-toxicity
[20, 21] and also minimize the degradation of P-E hysteresis characteristics associated with
lead base ferroelectrics because BLSFs show good fatigue endurance even after 10'! - 10'2
cycles [22-25]. Their environmental and health concerns and multiple properties, such as
pyroelectric, piezoelectric, and integrated electro-optic behavior combined with functional
luminescence properties, make them smart materials.

Recent literature has found that doping ferroelectric materials with suitable dopants
enhance and improve their multifunctional properties [26-29]. The PL properties of the
ferroelectric materials doped with RE** ions are intently due to the crystal field revealed by
the phase structure (crystal symmetry) and point defects in the lattice. The ferroelectric has
an ABOs structure with vacancies that frequently affect the ferroelectric and luminescence
properties [30]. Er** and Yb** were established to be the most effective dopants for
improving ferroelectric, piezoelectric, and upconversion emission [31, 32]. For instance,
Bokolia et al. revealed enhancement in the dielectric, ferroelectric, and PL properties of
BisTisO12 when doped with Er** [13]. Bayart et al. investigated LaTiO7 doped with Er** for
temperature sensing applications [3], NaBisTi4O15 doped with Er** showed improved
dielectric, luminescent, and piezoelectric properties in Hui et al. study [33]. Recently, Li et
al. developed a new Er’* doped NaosBiosTiO3—xKo.sNaosNbOs photochromic (PC)
ceramic and investigated PC reaction and tunable luminescence contrast with electric

poling field and related with the ergodicity of ceramics [8].
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In recent years, barium bismuth niobium oxide (BBN), which is a relaxor
ferroelectric (RF) and member of BLSF, has fascinated researchers due to its possible uses
in high-temperature piezo sensor devices and non-volatile random access memory
(NVRAM). BBN is also a good host for UC because it is chemically and thermally stable,
has lower phonon energy (860 cm™), and allows modifications in its crystal structure with
additional dopants [4]. Being an aurivillius family member, the BLSFs have the established
formula (Am-1BmO3m+1)*"(Bi202)**, where m denotes the number of octahedral layers
present in perovskites block (Am-1BmOsm+1)* piled between rigid (Bi202)*" layers. A
symbolizes trivalent, divalent, monovalent cations or a combination like Bi**, Na*, Pb**,
Ba?", etc., while B indicates hexavalent, pentavalent, or tetravalent ions such as W®", Ta>",
Nb**, Ti* [4, 6, 34-36]. Some of the BLSF examples with different values of m are (i)
Bi2WOs (m = 1) [33], (ii) BaBi2Nb209 (m = 2) [4, 22, 25, 37], (iii) BisTizO012 (m = 3) [2,
14], (iv) BaBi4Ti4015 (m = 4) [38, 39] etc. Studies on strong upconversion luminescence in
Er**/Yb** doped BaBi2Nb209 powders are reported by Facanha et al. [4]. Recently, novel
white light emission has been reported by modulating Li* and Tm>" ions content in
BaBi2Nb2Oo: Li*/Tm**/Yb*'/Er*" phosphors for its possible use in solid-state lighting
technology [7]. Moreover, recent developments on strong upconversion luminescence,
good thermal and chemical durability, lower phonon energy, and tuning of the optical
properties reported in BBN host material motivate us to examine the usefulness of Er’*
doped BaBi2Nb20y ceramics for thermometric application and understand its influence on
structural and electrical properties.

Hence, in this chapter, Er** is chosen as a dopant because it is the most useful dopant
for upconversion emission, and in addition to this, its metastable energy levels (*Io2 and

“11112) can be easily occupied by using cheap and low power laser operating at 980 nm [40,
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41]. BaBi2xNb2ErxOo is systematically doped with Er** ions, and the effect of substituting
smaller Er’* ions for Bi*" ions has been investigated using X-ray diffraction (XRD) and
Raman spectroscopy. A substantial enhancement in the UC emission is seen for an
optimum Er** concentration, and the effect of increasing Er*" substitution on electrical and
ferroelectric properties has been explored. The FIR technique has been utilized for
exploring the thermally coupled electronic states (*Hi12 and “S32) of Er’* ions, and the
usefulness of the optimized configuration for temperature sensing is investigated over a

wide temperature range (300-623 K).

3.2 SYNTHESIS AND CHARACTERIZATION DETAILS

SOLID-STATE METHOD

Qﬂ

Weighing ' Calcination 7 Mixing PVA —
of raw ) ) at 950°C - ) with calcined
i for3h powder

| L@ 3
materials @ Mixing of raw materials . g‘—’

4 Sintering s T Palletisation
at 1050°C in hydraulic ,ﬁ =
. for3h press @ \ = Making of pellets
Prepared sintered pellets in die-set kit

Figure 3.1: Schematic representation of the synthesis process (solid-state method).

The ceramic composition BaBi2xErxNb2Oo with different concentrations of Er** as x =
0.00, 0.02, 0.04, 0.06, 0.08 is processed by conventional solid-state reaction method. The
schematic representation of the synthesis process is given in Figure 3.1. Raw high-purity
powders were purchased from Sigma Aldrich, i.e., Nb2Os, BaCOs, Bi2Os, and Er203,
weighed in stoichiometric amounts, and mixed in a mortar pestle with ethanol for 8 hours.

The mixed raw powders were kept at a temperature of 950°C for 3 hours for calcination.
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The calcined powder samples were then given a circular disc shape of 10 mm diameter
after rigorously mixing with 5 wt% polyvinyl alcohol (PVA). The circular discs were
sintered in a high-temperature furnace at 1050°C in two steps, first with intermittent heat
treatment at 500°C for 1 hour for removal of the PVA binder, and then the temperature was
raised to 1050°C for a dwell time of 3 hours. Eq. (3.1) and Eq. (3.2) represent the synthesis

reaction for [22]:

Undoped BBN —

BaCO; + Bi, 05 + Nb,05 — BaBi,Nb,04 + CO, T (3.1)
Er** doped BBN —

BaCO; + ZZ;XBiZO3 + Nb,05 + §Er203 — BaBi,_4Nb,Er,04 + CO, 1 (3.2)

The phase formation of synthesized samples was analyzed using XRD spectra
collected using Bruker D-8 advance X-ray diffractometer with Cu-Ka radiation in the 26
range 10° to 80°. The sintered pellet density is calculated using Archimedes’ Principle.
Using the Invia Raman spectrometer model having an argon-ion laser, Raman spectra were
recorded at 785 nm. The prepared pellets were electroded by applying the silver paste on
the faces of pellets and were baked in the furnace for 10 minutes at 500°C so that the silver
paste sticks entirely to the pellets. The Marine India Electricals Ltd. automated loop tracer
is used to measure the P-E hysteresis loop on an electroded ceramic surface at 50 Hz
frequency. The UCL spectra were recorded using HORIBA PTI Quanta-master (8450-11)
under 980 nm excitation wavelength. For lifetime decay measurement, the pulsed laser was
operated in modulation mode at its maximum power capability of 2W/cm? for 30 min. A
manually constructed heater equipped with a thermocouple, multiplier, and variable-

voltage control were utilized to conduct the sensing, resolution, and stability analyses.
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3.3 RESULTS AND DISCUSSION

3.3.1 Structural Analysis

The X-ray diffraction (XRD) spectra of ceramic composition BaBi2xErxNb209 with
different Er** concentrations (x = 0-8 mol %) sintered at 1050°C for 3 hours are displayed
in Figure 3.2(a). The observed XRD peaks depict good accord, as reported in the JCPDF
file no. 00-012-0403 with no secondary peaks, implying good solubility of Er** ions in the
host lattice with no structural changes. The observed Bragg’s reflection confirmed the
formation of single-phase BBN corresponding to orthorhombic geometry with the Fmmm
space group. The refinement index and lattice parameters obtained from profile fit between
observed and calculated XRD patterns using TOPAS software for composition BaBiz-
xErxNb209 are reported in Table 3.1. All the experimental data is best fitted with calculated
data with the goodness of fit (GoF) = 1. The highest peak intensity associated with the

(115) plane of BaBi2xErxNb209 represents the BLSF with m = 2, and the result agrees with
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Figure 3.2: (a) XRD pattern of BaBi2xNb2ErxQy with varying Er** concentration (x = 0.00, 0.02, 0.04,
0.06, 0.08) (b) Shifting of strongest XRD peak (115 planes) of BaBi>xNb:ErxOy ceramic [22].
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Table 3.1: Refinement index and lattice parameters for BaBi>xNb2ErxO9 compositions with varying
Er** content (x = 0.0, 0.02, 0.04, 0.06, 0.08) [22].

Refinement Index Lattice Parameters

BaBi2-xNb2ErxO9 R R o
wp 3

Rexp %) GoF Bragg ® A b@A) cd)) V@AY (g/em) c/a
x=0.00 10.76  11.00 1.02 13.606 5.5394 25.5751 5.5571 787.2782 7.2277 1.003
x=10.02 11.97 12.69 1.06 8.499 5.5540 25.5769 5.5580 789.5367 7.1012  1.001
x =0.04 11.57 12.18 1.05 9.931 5.5526 25.6098  5.5623 790.9644 7.0718 1.001
x =0.06 12.38 13.56 1.10 9.450 5.5482 25.5732 5.5599 788.8676 6.8776  1.002
x =0.08 13.19 13.89 1.12 10.713 55485 25.5642 5.5579 788.3490 6.8080 1.002

the former explanations that the strong intensity diffraction peak corresponds to the (112m
+ 1) plane for BLSF materials in the Aurivillius phase [42, 43]. By using Archimedes’
principle, the sintered pellet density (p) is found to be 7.22 g/cm®, which has more than
98% accuracy. The density of the Er** doped BaBi2-«<ErxNb20o composition decreases with
increasing Er’" concentration (Table 3.1). This decrement in density is due to the larger
ionic radius of Bi** (= 1.17 A) compared to the ionic radius of Er** (= 0.100 A) [4]. The
shift in the diffraction peak of the {115} family is displaced towards the lower values of

20, as shown in Figure 3.2(b). Eq. (3.3) explains the tension within the lattice as [22]:

ozi[%—l] (3.3)

2v | Sing;

where E is the modulus of elasticity, v denotes Poison’s coefficient, 0n is the shifted 26
value over the reference angle, and i is the reference angle. According to Eq. (3.3), the
positive value of ¢ represents compression among the lattice, and a negative value means
the stretching within the lattice after substituting the dopant. Since E and v are constants, it
may be concluded that after substituting the value of 8i=28.69 and 6, = 28.60, the value of
o <0, which is due to the stretching in the crystalline lattice, generated by the introduction

of dopants. This is confirmed by the increase in cell volume with increasing Er**
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concentration, causing stretching in the cell (Table 3.1). It can also be explained by the
constrained character of the 6s* lone-pair of Bi*" ions in the host lattice, which causes the
expansion of unit cell volume and shifting of the peaks towards lower 26 [25]. Although
there is a variation in the ionic radius of Er** and Bi*", the cell volume and lattice parameters
(a, b, ¢) do not change much from undoped BaBi2Nb209. This could be attributed to the
creation of cationic vacancies, which preserve the electroneutrality of the lattice and

minimize the deformation of the crystal [13, 28].

3.3.2 Raman Spectroscopy

The Raman spectra observed for undoped and Er**-substituted BaBi2-xErxNb209 ceramic
composition in the 100-1000 cm™ frequency range are given in Figure 3.3(a). The spectra
were recorded under the excitation of laser source 785 nm at room temperature. Of all the
theoretically predicted 12 Raman modes, only four strong and sharp modes at 164, 225,
560, and 860 cm™! are identified for undoped BaBi:Nb2Qv, per the reported literature [4,
44, 45]. This is because of the possible overlapping of identical symmetrical vibrations and
broadening of the bands or low intensity of vibration mode, whereas 10 distinct modes are
detected in Er’* doped BaBixNb20¢ ceramics. The modes suppressed in undoped
BaBi2Nb2Oy ceramics can be easily observed in Er** doped compositions. However, in Er**
doped BaBi2xErxNb209 composition, some less intense modes near 370, 389, 419, 437,
691, 730, and 771 cm™! have been observed that might be associated with the degree of the
structural disorder which has been described in materials belonging to the same family [13].
So, there is a good accord in the theoretically predicted and experimentally observed
Raman modes. Figure 3.3(b) depicts the Raman shift as the function of Er** concentration,

and the observed frequency shifts with their band assignments are tabulated in Table 3.2.
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Figure 3.3: (a) Raman spectra of BaBi:xNb:ErQy with different Er** concentrations under the

excitation of 785 nm (b) Compositional dependence of Raman modes [22].

The Raman spectra show the distinct modes corresponding to 164, 225, 560, and
860 cm™'. The low-frequency Raman modes below 200 cm™ correspond to Ba®* ions
vibrations at the A-site in the perovskite layer, whereas the high-frequency Raman modes
above 200 cm™! are correlated with the internal vibrational modes of the NbOs octahedron.
The mode positioned at 164 cm™! is attributed to displacements of Bi*" ions of the pseudo-
perovskite structure at the A-site. The presence of mode at 164 cm™ with significant

broadening with increasing Er’" substitution suggests changes in the orthorhombical
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distortion. The A1z mode at 225 cm™ is because of the torsion bending in the O-Nb-O
arrangement of the NbOs group, and a slight shift to 227 cm™! is observed with rising Er**
substitution. The high-frequency mode observed at 560 cm™ arising from B2z mode is
related to the opposite excursion of the apical oxygen atoms in NbOs octahedral, whereas
the strong vibration mode near 860 cm™ could be assigned Aig character and is owing to
symmetrical stretching of Nb-O of the NbOs group along the stacking z-axis [4, 43, 46].
The mode at 560 cm™ depicts a gradual downshift to frequency 546 cm™ and is found to
be weakened and broadened with increasing Er** content, implying a decrease in the
compressive stress due to substitution of Er’* at Bi-sites and thereby suggesting relaxation
in structural distortion. In contrast, the 860 cm™ mode relates to the symmetrical stretch of
Nb-O vibrations of the NbOs octahedron, shows an upshift to 862 cm™, and suggests a
reduction of the interaction of Bi** with NbO¢ octahedron and hence leading to relaxation

of structural deformation.

Table 3.2: Raman band assignment for BaBi:Nb20y [22].

Raman Shift (cm™) Band Assignments References
164 Vibration of Bi*" ion 4]

225 Torsion bending of O-Nb-O bond [4, 44]
370 Vibration due to Bi-O; force constant [43, 44]
389 Vibration due to Bi-Oj; force constant [43]

419 Vibration due to Bi-O; force constant [43]

437 Vibration due to Bi-O; force constant [43]

560 Opposite excursion of apical oxygen atom [4, 44, 45]
691 Symmetric bending vibration of NbOg octahedron [43]

730 Symmetric bending vibration of NbOg octahedron [43]

771 Symmetric bending vibration of NbOs octahedron [43]

860 Symmetrical stretching of Nb-Og group [42, 45]
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The modes positioned at 389 and 419 cm™! are assigned to B1 mode, whereas 370
and 437 cm’! bands from B2 mode are completely dominated by the Bi-O3 force constant,
suggesting an insignificant contribution from Ba and Nb atoms [44]. The 691-771 cm’!
arise from T2g symmetry and reflect symmetric bending vibrations of the NbOs octahedron.
The modes observed at 730 and 771 cm™! for x = 0.02 evolve prominently with increasing
Er** content, although with lower intensity and significant broadening and clearly suggest
changes in the structural distortion in the system and corroborate well with the XRD

investigation and are observed to influence ferroelectric properties.

3.3.3 Ferroelectric Properties

The polarizations vs electric field (PE) loops of BaBi2xErxNb209 ceramic compositions (x
= 0-8 mol %) measured at 50 Hz at an applied electric field + 80 kV/cm is shown in Figure
3.4. The measured coercive field (2Ec) and remnant polarization (2P:) with different Er**

concentrations are recorded in Table 3.3. The values of 2Pr and 2E. range from 2.49-3.39
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Figure 3.4: Polarization vs electric field curve of BaBi>«Nb:EriOy ceramics with different Er3*

concentrations at room temperature at 50 Hz frequency [22].
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pnC/ecm? and 45.5-49.8 kV/cm, respectively, and agree with reported results on
polycrystalline BaBi2Nb209 ceramics [47]. The Pr of BaBi2xErxNb20y ceramic decreases,
and Ec increases with increasing Er’*" concentration. It is reported that the measurement of
good-quality hysteresis loops and remnant polarization is affected by the presence of lattice
strain, defects, density, and grain size in the lattice [48]. Compared with undoped
BaBi2Nb2Qv, the observed decrease in Pr in Er** substituted composition could be attributed
to structural distortion in the lattice owing to the incorporation of RE** ion with smaller
ionic radius and also low density of ceramics as confirmed by XRD analysis and agrees

with earlier reports on other BLSF materials [13].

Table 3.3: Variation of electrical conductivity and P-E loop parameters for different Er3*
concentrations in BaBiz«Nb2ErxOv ceramic composition (x = 0.00, 0.02, 0.04, 0.06, 0.08) [22].

BaBiz2.x Nb2Er:Ov Gac (Qlem™?) 2P: (nC/cm?) 2E. (kV/cm)
x=0.00 3.92 x 1012 3.4944 48.7756
x=0.02 1.04 x 10712 2.7668 48.0788
x=0.04 8.62 x 10713 2.6384 48.9556
x=0.06 5.02 x 10713 2.2677 45.8468
x =0.08 2.75 x 10714 2.9524 49.8980

However, in comparison to previously reported unsaturated hysteresis loops in
BaBi2Nb20y ceramics [49, 50], it is noted that an improved hysteresis loop with a tendency
to show saturation is observed at the applied electric field. However, complete P-E loop
saturation was not achieved even at such a high applied field due to the least attainable
sample thickness and the instrument’s limitations in applying a higher electric field.
Besides, the observed increase in Ec values with increasing Er** content is because of
changing oxygen vacancies produced due to inherent bismuth loss. These oxygen vacancies

tend to migrate and accumulate at the electrode interface and low energy domain
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boundaries at high electric fields, thus hindering polarization switching due to domain
pinning and increasing the coercive field [13, 28]. Moreover, with increasing Er**
substitution, the oxygen vacancies owing to bismuth loss are seen to be reduced, which can
be corroborated by the observed decrease in the room temperature dc conductivity (cdc)
values (from 3.92 x 1012 t0 2.75 x 101 Q! cm™) obtained for varying Er** content (x = 0-
8 mol %) as shown in Table 3.3. The maximum value for Pr and Ec of doped BaBi»-
xErxNb209 ceramic is 2.9524 uC/cm? and 49.8980 kV/cm for the ceramic composition at x
=0.08. The upconversion luminescence properties of the ferroelectric materials doped with
RE’" ions are intently due to the change in crystal field, which is revealed by the phase
structure (crystal symmetry) and point defects in the lattice and also possibly sensitive to
external stimulus such as electric field polarization [8, 30]. In this chapter, the observed
decrease in P: in Er** substituted composition could be attributed to structural distortion in
the lattice, suggesting alterations in the ligand field environment of luminescent ions in the
crystal lattice. As a result, significant modification of the green and red emission
luminescence intensity is observed with a change in ferroelectric properties, which is

discussed in the next section.

3.3.4 Upconversion Luminescence Spectroscopy

Figure 3.5(a) shows strong upconverted light emission spectra of BaBi2xErxNb209
ceramics composition under 980 nm excitation at a pump power of 50mW with excitation
source density 3.25 W/cm?. Two green upconverted emissions are observed at 527 nm and
549 nm, allocated to the 2Hi12 — *I1s2 and *S32 — 11512 transitions, respectively. Another
weak band corresponds to the red emission band, which is visible to the naked eye at 657

nm and is attributed to the “Fo» — 15,2 transition. The obtained UC spectra align well with
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previous studies on Er’* doped host materials [51, 52]. It has been observed that with
increasing Er** content, the intensity of red and green emission rises and attains a maximum
at x = 0.04, and after that, the intensity starts decreasing with increasing Er*" concentration,
as presented in Figure 3.5(b). It is caused by the quenching effect, which becomes
appreciable when the concentration of dopant reaches a particular value where the distance
between the nearest Er’* ions is insignificant that they can quickly transfer energy from one
ion to another and contribute to non-radiative emission [53, 54]. This results in radiative
emission quenching and decreases the light emission intensity. The critical concentration
for quenching is obtained at x = 0.04. Eq. (3.4) represents the Blasse formula used for

evaluating the critical distance between the Er** ions [22, 55]:

2L
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Figure 3.5: (a) Upconversion emission spectra of BaBi>-xNb2ErxQs with varying Er** concentrations
under 980 nm excitation wavelength (b) Deviation of red and green emission intensity with varying

Er’* content [22].

1

=2 f25f 6

where V denotes the volume of the unit cell and is equal to 790.96 cm?®, X is critical

concentration, Z is the no. of host cation, and its value is 4 for BaBi2Nb20Oo, substituting all
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these values in the above equation, Rc is valued to be 21.12 A. The mechanism of
upconversion luminescence is described by different mechanisms, which include cross-
relaxation (CR), excited-state absorption (ESA), energy transfer (ET), ground-state
absorption (GSA), and multi-phonon relaxation (MPR) [56]. When a laser of wavelength
980 nm illuminated on Er’* doped BaBi2xErxNb20o ceramic compositions, the ground level
(“Tis2) Er’" ions absorb the energy and excited to higher energy level (*li12) by GSA as
shown in Figure 3.5(c). The Er’" may absorb one or two photons via the ESA and ET
mechanism at the “I112 metastable level of Er** ions, followed by further excitation to a
higher *F72 level. Hence, the population at the *F7/2 level is maintained by two mechanisms,
i.e., ESA and ET, which are followed by non-radiative decay transitions to lower energy
levels 211112, *S312, and *Fos2 through MPR. The Er’* ions at levels 2Hi1/2 and *S3/2 produce
green emission of wavelength 527 nm and 549 nm, respectively, and ions at levels “Fo
produce red emission of wavelength 657 nm. The green emission intensity is stronger than
the red emission intensity because the energy difference between 2Hi1/2 and *S3)2 levels is

smaller (approximately 800 cm™) as compared to the energy gap between *S3/2 and “Fo
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Figure 3.5: (c) Energy level diagram of Er** for UC mechanism (d) Intensity ratio of green and red

emission (Is4o/Iss7) against Er’* concentration in BaBi2xNb:2ErxOv ceramic [22].
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levels (approximately 3000 cm™) [56]. Thereby, the MPR transition rate from the level
2Hi12 — *S32 is faster than the transition *S32 — “Fo and results in the largest Er**
population, which leads to strong green upconversion luminescence intensity [13, 56]. The
intensity ratio of the green emission band to the red emission band (Is49/I657) is decreasing

at x > (0.04 and is described by the CR process [56], as shown in Figure 3.5(d).

3.3.5 Pump Power Dependence on UCL

To examine the nature of photons included in the UC mechanism, the optimum amount of
Er** ion in BaBi2xErxNb209 composition at x = 0.04 is examined at different pump powers
ranging from 450 mW to 950 mW with excitation source density 29.3 W/cm? to 61.8
W/cm?, as depicted in Figure 3.6(a). It is observed that the upconverted light intensities
obtained through the transitions *Hi12 — *I1s2, *S32 — *lis2, and *Fo — *I152 increased
by increasing the excitation power (P). Eq. (3.5) estimates the no. of photons included in
the UC mechanism [22]:

Iyp « P™ (3.5)

where n denotes the no. of photons needed for the upconversion operation, P signifies the
excitation power, and Iup stands for the upconversion luminescence intensity. The linear fit
of logarithmic plots of intensity versus excitation power (Ln (I) vs. Ln (P)) is given in
Figure 3.6(b). From the linear fit of experimental data for UC emission bands at 527, 549,
and 657 nm, the slope (n) value is found to be ~ 1.73, 2.34, and 1.53. Thus, a two-photon
mechanism is confirmed for transitions corresponding to red and green emission in the UC
process. The deviation in the n values corresponding to green and red UC emission bands
rounded to the theoretical value of 2 due to the involvement of several mechanisms, such

as ESA, ET, non-radiative relaxations, etc. [29].

Ankita Banwal 73



Chapter 3: Upconversion Luminescence and Optical...

BaBi, Nb,Er,0, (x = 0.04) 16.04 (b)
—_— — 450 mW =
= ——500 mW = 15.51
© —— 600 mW s n=153
~— — 750 mW = 15.0
> —— 800 mW =
"'ﬁ — 850 mW 2 1454
c _ggg mw 9 n =234
‘g m £ 140
- c A\ 527 nm
4 =
Foo —l1s = 135{n=173 < 549 nm
) 7 O 657 nm
T T T 13.0 T T T T
500 550 600 650 700 6.0 6.2 6.4 6.6 6.8
Wavelength (nm) Ln (Power (mW))

Figure 3.6: (a) UCL spectra with different pump powers ranging from 450 to 950 mW (b) Log-log plot
of power and UC intensity [22].

3.3.6 Time-Resolved Spectroscopy

The time-resolved measurements were performed and examined for green emission
transition (*S32 — *I1512) at 549 nm under the excitation of 980 nm using a pulsed laser. In
Figure 3.7(a-c), the detectable time decay profiles of BaBi2-xErxNb209 (x = 0.02, 0.04,
0.06) ceramic has been reported. The curve is fitted by tri exponential function expressed

as Eq. (3.6) [22, 57]:
I(t) =1, + A exp (— é) + A, exp (— é) + Azexp (— é) (3.6)

where Io is the intensity at t = 0, A1, A2, A3, and 11, 12, T3 are the fitting parameters. The

average lifetime is calculated by Eq. (3.7) [22]:

A T3 +A,T3+A5TE (3 7)
A1T1 +A2T2 +A3T3 )

<T>=
The estimated lifetime of the green emission (549 nm) for the various
concentrations of Er’* is represented in Figure 3.7(d). The estimated fluorescence lifetime

of green emission transition (*S32 — “I152) in BaBi2xErxNb20y ceramic increases from

15.33 us to 20.90 us for Er** content x = 0.02 to 0.04. This increase in lifetime confirms
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the energy transfer mechanism between Er*" ions and confirms the involvement of the ET
process in the upconversion process depicted in Figure 3.5(c). Subsequently, on further
increasing Er** content (x = 0.06), the lifetime decreases to 15.05 ps, indicating increased

probability for non-radiative transitions along with cross-relaxation processes within Er**

[11,55].
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Figure 3.7: Time-resolved photoluminescence decay profile of BaBi>xNb:Er«Qs ceramic with Er3*
content at (a) x =0.02 (b) x=0.04 (c) x=0.06 (d) Variation of a lifetime with different Er** concentration
[22].

3.3.7 Optical Temperature Sensing

The fluorescence intensity ratio (FIR) technique is utilized for non-contact temperature

measurement because it is a simple technique, easy to access, and independent of excitation
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intensity fluctuations [42]. To show the optical temperature sensing application in
optimized Er** doped BaBi2-«<ErxNb209 composition, the FIR analysis is carried out by
comparing the emission intensities of two green UC emission bands (In and Is) arise due
to thermally interacting levels *Hi1/2 and *S32 of Er** ions. This procedure examines the
intensity ratio of two thermally coupled levels (TCLs) with external temperature. This
approach extensively investigates temperature sensing in RE*" doped materials [32, 42,
58]. Figure 3.8(a) depicts the variation in UC spectra for optimized Er** doped BaBi2-

xErxNb209 (x = 0.04) ceramic composition for temperatures ranging from 303-623 K. The
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Figure 3.8: (a) UC emission spectra recorded at various temperatures (303-623 K) for optimum
composition BaBi:xNb:EriQy (x = 0.04) (b) Temperature dependence of FIR for BaBi:xNb:ErxOy
ceramic (¢) Ln(FIR) vs inverse of temperature (d) Variation of absolute sensitivity and relative

sensitivity with temperature [22].
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electrons follow Boltzmann’s distribution law in electronic levels 2Hi12 and *S32 because
these levels occur in thermal equilibrium; therefore, the fluorescence intensity ratio (In/Is)

of 2H112 — “Iis2 and *S32 — 1152 transition can be expressed by Eq. (3.8) [22]:

FIR = £ = Cexp (— ﬂ) (3.8)

s KgT
where Kz is the Boltzmann’s constant, T denotes absolute temperature, AE represents the
energy difference between Hii2 and “S3»2 levels, C is a pre-exponential coefficient that
depends on the degeneracy factor of coupled levels and the comparative transition
probability, Is and Iu are integrated intensity for *S32 — *I152 and *Hi12 — *115/2 transition.
The calculated value of FIR changes from 0.73 to 3.3 in the 303-623 K temperature range,
as displayed in Figure 3.8(b). The increasing temperature reduces the intensity ratio of the

upconversion spectra [42]. In the linear form, Eq. (3.9) can be written as [22]:
AE\ (1
Ln(FIR) = — (K—B) () +Lnc (3.9)

Figure 3.8(c) represents the linear fit of Ln(FIR) against absolute temperature
inverse (1/T), which gives the intercept Ln(C) and slope AE/Ks. From experimentally fitted
data, the slope and intercept values are -951.2173 £ 16.327 and 2.8627 + 0.0411,
respectively, for Er'* doped BaBi2-«ErxNb209 composition at x = 0.04. The values of AE
and C from experimentally fitting the data using Eq. (3.9) are evaluated to be 661.129 cm’
"and 17.5, respectively. The absolute sensitivity (Sa) is calculated using the FIR parameters
for optical temperature sensing. Sa is the degree to which the FIR deviates with a

temperature variation, as represented by Eq. (3.10) [22, 59]:

g _ 4FR) _ d<c exp(_$)> —c AE \ ([ AE )
=S = cew (- 5) () (3.10)
Sy ==X S, = (KA;) (.11)
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Another important factor for optical thermometry is relative sensitivity (Sr), which
is the ratio of absolute sensitivity to the FIR value and is given in Eq. (3.11) [22]. Figure
3.8(d) exhibits the absolute and relative sensor sensitivity. It is noticed that the material
sensitivity rises with a temperature rise, achieves the highest value, and then reduces
marginally. The sensitivity surges from 0.78% K! to 0.95% K! with a temperature rise
from 300 to 623 K in optimized Er’* doped BaBi2«ErxNb20o (x = 0.04) ceramic
composition. The maximum values of Sa and S: obtained are 0.99% K- and 0.40% K! at
483 K and 300 K, respectively. Table 3.4 compares the thermometric parameters to
determine the sensitivity of various optical sensor materials. The resolution (6T) and
repeatability (R) are the important parameters in temperature sensing and can be deduced

using Eq. (3.12) and Eq. (3.13) [22, 60]:

8T == x= (3.12)

R = 1 — Max -2=ose) (3.13)

Av

where Aav and Asp are the average and specific values of FIR in the 16 cycles between 303

and 623 K, and 0A/A is the instrumental accuracy parameter. The plots associated with

Table 3.4: Sensitivity of various Er’* doped host materials in different temperature ranges [22].

Host Material C AE Temp. Tmax Sa Sr References
(em™) Range (K) (K) (K" (K"
StMoO4: Er3*/Yb** 20.36 704 93-1773 473 0.0139 0.0042 [11]
BiaTiz012: Er** 12.49 591 293 -523 415 0.0082 0.0054 [29]
BaMoOs: Er3* - 655 303 - 463 463 0.0227 0.0044 [30]
NaosBiosTOs: Er¥*/YD3*  4.71 574 163 -613 400 0.0031 0.0055 [59]
LayTi207: Er3*/Yb¥* - 760 333-553 483 0.0057 0.0063 [61]
BaBixNb20o: Er** 17.5 661 300 - 623 483 0.00996 0.0040 This work
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Figure 3.9: (a) Temperature resolution (b) Repeatability test for temperature sensing between 303-623

K temperature range [22].

resolution and repeatability are represented in Figure 3.9(a, b), respectively. The
resolution varies from 0.3 to 1.2 K in the 303-623 K temperature range. The repeatability
test shows a negligible change in FIR values during the heating and cooling cycle. Thus,
BaBi2xErxNb209 composition at x = 0.04 has good sensitivity, repeatability, and decent

resolution for temperature sensor applications from 300-623 K.

3.4 SUMMARY

Er** substituted BaBi2-<ErxNb20o ceramic composition is effectively synthesized by the
solid-state reaction method. The evolution of a single-phase BaBi2Nb20v unit cell having
orthorhombic geometry is confirmed by X-ray diffraction. Structural deformation with Er**
doping has been detected by Raman spectroscopy and XRD. Shifts in the Raman modes
indicate reduced interaction of Bi** ions with NbOs octahedrons, leading to relaxation of
structural distortion with increasing Er** content. Raman and XRD analysis demonstrate
that ferroelectric properties degrade with increasing Er*" substitution due to relaxation in a

structural deformation. However, increasing Er’" substitution exhibits significant
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improvement in DC electrical conductivity owing to suppression of oxygen vacancy
concentration. Strong upconversion luminescence is obtained for green emission at 549 and
527 nm through *S32 — *lisi2, “Hi12 — “Lise2 transitions, and less intense red emission
spectra appear at 657 nm via “Fo2 — *I152 transition under the excitation of 980 nm for an
optimal Er** concentration. The luminescence quenching is effective beyond a certain Er**
concentration of x = 0.04. The estimated fluorescence lifetime of green emission of Er**
ion increases from 15.33 to 20.90 us for Er** content x = 0.02 to 0.04, suggesting radiative
emission due to energy transfer within Er*" ions. The pump power dependence of
upconversion luminescence intensity of emission bands confirms that upconversion is a
two-photon mechanism. The FIR of the two green spectra was calculated and linearly
increased with temperature ranging from 300-623 K. This is due to the thermal excitation
and quasi-thermal equilibrium processes between “Hi12 and *S3/2. The FIR technique shows
a maximum sensitivity of 0.99% K- at 483 K for an optimized Er** substituted BaBi2-
xNb2ErxO9 ceramic composition (x = 0.04) for optical temperature sensing applications
with good repeatability and temperature resolution.

Following a comprehensive analysis of the single Er*" doped BaBiz-xErxNb20g
ferroelectric ceramic, it is imperative to address the concerns associated with this system.
Incorporating Er** doping enhanced upconversion luminescence and sensing capabilities,
but the ferroelectric characteristics degraded. Therefore, it is crucial to explore the effect
of Yb** ions along with Er** ions in BaBi2Nb2Oy ferroelectric ceramic, which will be the

primary focus area of the next chapter.

80 Ankita Banwal



Chapter 3: Upconversion Luminescence and Optical...

3.5

[9]

[10]

[11]

REFERENCES

V. Lojpur, G. Nikolic, and M. D. Dramic¢anin, “Luminescence thermometry below
room temperature via up-conversion emission of Y203:Yb*", Er** nanophosphors,”
Journal of Applied Physics, vol. 115, 203106, 2014.

R. Bokolia, O. P. Thakur, V. K. Rai, S. K. Sharma, and K. Sreenivas, “Electrical
properties and light upconversion effects in Bi3.79Er0.03Ybo.1sTi3xWxO12
ferroelectric ceramics,” Ceramics International, vol. 42, no. 5, pp. 5718-5730,
2016.

A. Bayart, F. Szczepanski, J. F. Blach, J. Rousseau, A. Katelnikovas, and S. Saitzek,
“Upconversion luminescence properties and thermal quenching mechanisms in the
layered perovskite LaioEro1Ti2O7 towards an application as optical temperature
sensor,” Journal of Alloys and Compounds, vol. 744, pp. 516-527, 2018.

M. X. Faganha, J. P. C. do Nascimento, M. S. Silva, M. Filho, A. L. B. Marques,
A. G. Pinheiro, and A. S. B. Sombra, “Up-conversion emission of Er**/Yb*" co-
doped BaBi12Nb20y (BBN) phosphors,” Journal of Luminescence, vol. 183, pp. 102-
107,2017.

Q. Cao, D. Peng, H. Zou, J. Li, X. Wang, and X. Yao, “Up-conversion luminescence
of Er** and Yb** co-doped CaBi2Ta209 multifunctional ferroelectrics,” Journal of
advanced dielectrics, vol. 4, no. 3, 1450018, 2014.

T. Wei, C. Z. Zhao, Q. J. Zhou, Z. P. Li, Y. Q. Wang, and L. S. Zhang, “Bright
green upconversion emission and enhanced ferroelectric polarization in Sri-
1.5xErxBi2Nb20v,” Optical Materials, vol. 36, pp. 1209-1212, 2014.

M. X. Facanha, F. F. do Carmo, J. P. C. do Nascimento, T. O. Sales, W. Q. Santos,
A. S. G. Neto, C. J. da Silva, and A. S. B. Sombra, “A novel white-light emitting
BaBi:Nb2Oo:  Li"/Tm*"/Er**/Yb®"  upconversion phosphor,”  Journal —of
Luminescence, vol. 204, pp. 539-547, 2018.

K. Li, L. Luo, Y. Zhang, W. Li, and Y. Hou, “Tunable luminescence contrast in
photochromic ceramics (1-x)Nao.sBiosTiO3—xNao.sKosNbO3:0.002 Er by an
electric field poling,” ACS Applied Material and Interfaces, vol. 10, pp. 41525-
41534, 2018.

R. Sahu and P. Kumar, “Microstructural, dielectric and ferroelectric properties of
Sro.8Bi2.15Ta209 ceramics synthesized by microwave processing technique,” Phase
Transitions, vol. 93, no. 1, pp. 91-99, 2020.

J. Tang, P. Du, W. Li, G. Yuan, Z. Liu, and L. Luo, “The integration of diverse
fluorescence performances of Sr>xSnO4:xSm** ceramics with an infinite
luminescence modulation ratio,” Chemical Engineering Journal, vol. 410, 128287,
2021.

A. Shandilya, R. S. Yadav, A. K. Gupta, and K. Sreenivas, “Temperature-dependent
light upconversion and thermometric properties of Er**/Yb*" co-doped StMoO4
sintered ceramics,” Journal of Materials Science, vol. 56, pp. 12716-12731, 2021.

Ankita Banwal 81



Chapter 3: Upconversion Luminescence and Optical...

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

J.Li, E. Sun, L. Tang, Y. Zhou, L. Li, J. Miao, Z. Zhang, and W. Cao, “Non-contact
localized probing of ferroelectric phase transitions in Li*/ Er**: BaTiO3 ceramics
using fluorescence abnormalities,” Applied Physics Letters, vol. 116, no. 4, 2020.
R. Bokolia, O. P. Thakur, V. K. Rai, S. K. Sharma, and K. Sreenivas, “Dielectric,
ferroelectric and photoluminescence properties of Er’" doped BisTizOn
ferroelectric ceramics,” Ceramics International, vol. 41, no. 4, pp. 6055-6066,
2015.

Z. Peng, Q. Chen, Y. Chen, D. Xiao, and J. Zhu, “Microstructure and electrical
properties in W/Nb co-doped Aurivillius phase BisTi3012 piezoelectric ceramics,”
Materials Research Bulletin, vol. 59, pp. 125-130, 2014.

P. Banerjee and A. Franco, “Role of higher valent substituent on the dielectric and
optical properties of Sro.sBi22Nb209 ceramics,” Materials Chemistry and Physics,
vol. 225, pp. 213-218, 2019.

C.Ma, W. Zhou, Z. Gan, X. Wang, W. Tan, Z. Zhang, and Z. Zhai, “Upconversion
photoluminescence modulation by electric field poling in Er** doped (Bao.ssCao.15)
(Zro.1Tio.9)Os3 piezoelectric ceramics,” Journal of Alloys and Compounds, vol. 794,
pp. 325-332, 2019.

D. Dhak, P. Dhak, T. Ghorai, S. K. Biswas, and P. Pramanik, “Preparation of nano-
sized ABi2Nb20y (A = Ca?", Sr**, Ba®") ferroelectric ceramics by soluble Nb(V)
tartarate precursor and their dielectric characteristics after sintering,” Journal of
Materials Science: Materials in Electronics, vol. 19, no. 5, pp. 448-456, 2008.

C. Karthik and K. B. R. Varma, “Dielectric and AC conductivity behavior of
BaBi2Nb20y ceramics,” Journal of Physics and Chemistry of Solids, vol. 67, no. 12,
pp. 2437-2441, 2006.

M. P. Dasaria, K. S. Rao, P. M. Krishna, and G. G. Krishna, “Barium strontium
bismuth niobate layered perovskites: Dielectric, impedance and electrical modulus
characteristics,” Acta Physica Polonica A, vol. 119, no. 3, pp. 387-394, 2011.
Z.Yao,R. Chu, Z. Xu, J. Hao, W. Li, and G. L1, “Processing and enhanced electrical
properties of Sr1x(Ko.sBio.s)xBi2Nb20y lead-free piezoelectric ceramics,” Ceramics
International, vol. 42, no. 9, pp. 10619-10623, 2016.

Z. Yao, R. Chu, Z. Xu, J. Hao, and G. Li, “Enhanced electrical properties of (Li,
Ce) co-doped Sr(Nao.sBios)BisaTisO1s high temperature piezoceramics,” RSC
Advances, vol. 6, no. 40, pp. 33387-33392, 2016.

A. Banwal and R. Bokolia, “Enhanced upconversion luminescence and optical
temperature sensing performance in Er** doped BaBi2Nb20y ferroelectric ceramic,”
Ceramics International, vol. 48, no. 2, pp. 2230-2240, 2022.

T. Mazon, M. A. Zaghete, M. Cilense, and J. A. Varela, “Effect of the excess of
bismuth on the morphology and properties of the BaBi2Nb2Og thin films,” Ceramics
International, vol. 35, no. 8, pp. 3143-3146, 2009.

82

Ankita Banwal


https://link.springer.com/journal/10854
https://link.springer.com/journal/10854

Chapter 3: Upconversion Luminescence and Optical...

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Z. Zhou, Y. Li, S. Hui, and X. Dongand, “Effect of tungsten doping in bismuth-
layered Nao.sBi2.sNb20o high temperature piezoceramics,” Applied Physics Letters,
vol. 104, no. 1, 012904, 2014.

A. Banwal and R. Bokolia, “Efficient tunable temperature sensitivity in thermally
coupled levels of Er**/Yb** co-doped BaBi2Nb20y ferroelectric ceramic,” Journal
of Luminescence, vol. 263, 120071, 2023.

X. Wu, K. W. Kwok, and F. Li, “Upconversion fluorescence studies of sol-gel-
derived Er-doped KNN ceramics,” Journal of Alloys and Compounds, vol. 580, pp.
88-92, 2013.

Y. Zhang, X. Wang, H. Ye, Y. Li, and X. Yao, “xLiNbOs-(1-x)(K, Na)NbO3
ceramics: A new class of phosphors with tunable upconversion luminescence by
external electric field and excellent optical temperature sensing property,” Journal
of Alloys and Compounds, vol. 770, pp. 214-221, 2019.

L. Sun, C. Feng, L. Chen, and S. Huang, “Dielectric and piezoelectric properties of
SrBi2xSmxNb209 (x = 0, 0.05, 0.1, 0.2, 0.3, and 0.4) ceramics,” Journal of the
American Ceramic Society, vol. 90, no. 12, pp. 3875-3881, 2007.

R. Bokolia, M. Mondal, V. K. Rai, and K. Sreenivas, “Enhanced infrared-to-visible
up-conversion emission and temperature sensitivity in (Er**, Yb**, and W®) tri-
doped Bi4Ti3012 ferroelectric oxide,” Journal of Applied Physics, vol. 121, no. 8§,
2017.

C. Liu, Q. Wang, X. Wu, B. Sa, H. Sun, L. Luo, C. Lin, X. Zheng, T. Lin, and Z.
Sun, “Boosting upconversion photoluminescence and multielectrical properties via
Er-doping-modulated vacancy control in Bao.ssCao.15Ti0.9Z10.103,” ACS Omega, vol.
4, pp. 11004-11013, 2019.

A. K. Soni, A. Kumari, and V. K. Rai, “Optical investigation in shuttle like
BaMoO4:Er**-Yb*" phosphor in display and temperature sensing,” Sensors and
Actuators B Chemical, vol. 216, pp. 64-71, 2015.

X. Li, X. Wang, H. Zhong, L. Cheng, S. Xu, J. Sun, J. Zhang, X. Li, L. Tong, and
B. Chen, “Effects of Er** concentration on down-/up-conversion luminescence and
temperature sensing properties in NaGdTiO4: Er**/Yb** phosphors,” Ceramics
International, vol. 42, no. 13, pp. 14710-14715, 2016.

X. Hui, D. Peng, H. Zou, J. Li, Q. Cao, Y. Li, X. Wang, and X. Yao, “A new
multifunctional Aurivillius oxide NaosErosBi4Ti4O15: Up-conversion luminescent,
dielectric, and piezoelectric properties,” Ceramics International, vol. 40, no. 8, Part
A, pp. 12477-12483, 2014.

A. Banwal and R. Bokolia, “Preparation and characterisations of Yb>* substituted
BaBi2yNb2YbyO9 ferroelectric ceramic,” Materials Today: Proceedings, vol. 62,
part 6, pp. 3782-3785, 2022.

Z. Chen, L. Sheng, X. Li, P. Zheng, W. F. Bai, L. Li, F. Wen, W. Wu, L. Zheng,
and J. Cui, “Enhanced piezoelectric properties and electrical resistivity in W/Cr co-

Ankita Banwal 83



Chapter 3: Upconversion Luminescence and Optical...

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

doped CaBi2Nb2O9¢ high-temperature piezoelectric  ceramics,” Ceramics
International, vol. 45, no. 5, pp. 6004-6011, 2019.

H. Zou, Y. Yu, J. Li, Q. Cao, X. Wang, and J. Hou, “Photoluminescence, enhanced
ferroelectric, and dielectric properties of Pr**-doped SrBi2Nb20¢ multifunctional
ceramics,” Materials Research Bulletin, vol. 69, pp. 112-115, 2015.

A. Banwal and R. Bokolia, “Effect of Er** ion doping on structural, ferroelectric
and up/down conversion luminescence in BaBi2Nb20y ceramic,” Materials Today:
Proceedings, vol. 47, part 14, pp. 4692-4695, 2021.

S. Kojima, R. Imaizumi, S. Hamazaki, and M. Takashige, “Raman scattering study
of bismuth layer-structure ferroelectrics,” Japanese Journal of Applied Physics, vol.
33,n0. 9, pp. 5559-5564, 1994.

J. D. Bobi¢, M. M. V. Petrovi¢, and B. D. Stojanovi¢, “Aurivillius BaBi4Ti4O15
based compounds: Structure, synthesis and properties,” Processing and Application
of Ceramics, vol. 7, no. 3, pp. 97-110, 2013.

S. F. L. Luis, U. R. R. Mendoza, E. Lalla, and V. Lavin, “Chemical temperature
sensor based on the Er** green upconverted emission in a fluorotellurite glass,”
Sensors and Actuators B, vol. 158, no. 1, pp. 208-213, 2011.

M. K. Mahata, T. Koppe, T. Mondal, C. B. Sewitz, K. Kumar, V. K. Rai, H.
Hofsass, and U. Vetter, “Incorporation of Zn>" ions into BaTiO3:Er’**/Yb**
nanophosphor: An effective way to enhance upconversion, defect luminescence
and temperature sensing,” Physical Chemistry Chemical Physics, vol. 17, no. 32,
pp. 20741-20753, 2015.

L. Mukhopadhyay, V. K. Rai, R. Bokolia, and K. Sreenivas, “980 nm excited
Er¥*/Yb**/Li*/Ba®": NaZnPO4 upconverting phosphors in optical thermometry,”
Journal of Luminescence, vol. 187, pp. 368-377, 2017.

R. Ramaraghavulu and S. Buddhudu, “Structural and dielectric properties of
BaBi2Nb209 ferroelectric ceramic powders by a solid state reaction method,”
Ferroelectrics, vol. 460, no. 1, pp. 57-67, 2014.

H. C. Gupta, Archana, and V. Luthra, “Lattice vibrations of ABi2Nb20Oy crystals (A
= Ca, Sr, Ba),” Vibrational Spectroscopy, vol. 56, pp. 235-240, 2011.

Y. G. Abreu, A. P. Barranco, Y. Gagou, J. Belhadi, and P. S. Grégoire, “Vibrational
analysis on two-layer Aurivillius phase SrixBaxBi2Nb2O9 using Raman
spectroscopy,” Vibrational Spectroscopy, vol. 77, pp. 1-4, 2015.

M. A. Basheer, G. Prasad, G. S. Kumar, and N. V. Prasad, “Dielectric studies on
Sm-modified two-layered BLSF ceramics,” Bulletin of Materials Science, vol. 42,
no. 3, pp. 1-11, 2019.

W. Qi, Y. Wang, J. Wu, Z. Hu, C. Jia, G. Viola, H. Zhang, and H. Yan, “Relaxor
behavior and photocatalytic properties of BaBi2Nb209”, Journal of the American
Ceramic Society, vol. 103, no. 1, pp. 28-34, 2020.

84

Ankita Banwal



Chapter 3: Upconversion Luminescence and Optical...

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Y. Zhang, J. Roscow, R. Lewis, H. Khanbareh, V. Y. Topolov, M. Xie, and C. R.
Bowen, “Understanding the effect of porosity on the polarisation-field response of
ferroelectric materials,” Acta Materialia, vol. 154, pp. 100-112, 2018.

H. Zhang, H. Yan, and M. J. Reece, “Microstructure and electrical properties of
Aurivillius phase (CaBi2Nb209)1-x(BaBi2Nb209)x solid solution,” Journal of
Applied Physics, vol. 108, no. 1, 014109, 2010.

B. S. Babu, S. N. Babu, G. Prasad, G. S. Kumar, and N. V. Prasad, “Structural,
electrical and photoluminescence properties of Er**-doped BisaTi3012-SrBisaTi4O15
inter-growth ceramics,” Frontiers of Materials Science, vol. 13, no. 1, pp. 99-106,
2019.

N. A. Lomanova, “Synthesis and thermal properties of nano-and macro-crystalline
ceramic materials based on BisFeTi301s5,” Refractories and Industrial Ceramics,
vol. 59, no. 3, pp. 301-305, 2018.

L. Yu, J. Hao, Z. Xu, W. Li, R. Chu, and G. Li, “Strong photoluminescence and
good electrical properties in Eu-modified SrBi2Nb20O9 multifunctional ceramics,”
Ceramics International, vol. 42, no. 13, pp. 14849-14854, 2016.

M. Chen, “Study on the structure and luminescence quenching of Pr doped
NaosBi45Ti4O1s  multifunctional ceramics,” Journal of Materials Science:
Materials in Electronics, vol. 30, no. 23, pp. 20393-20399, 2019.

Z.Zhang, J. Li, L. Liu, J. Sun, J. Hao, and W. Li, “Upconversion luminescence and
electrical properties of (K, Er) co-modified NaosBissTi4O1s high-temperature
piezoceramics,” Physica B: Condensed Matter, vol. 580, 411920, 2020.

W.Lv, Y. lJia, Q. Zhao, W. Lii, M. Jiao, B. Shao, and H. You, “Synthesis, structure,
and luminescence properties of K2Ba7Sii16040:Eu?* for white light emitting diodes,”
The Journal of Physical Chemistry C, vol. 118, pp. 4649-4655, 2014.

F. Liu, X. Jiang, C. Chen, X. Nie, X. Huang, Y. Chen, H. Hu, and C. Su, “Structural,
electrical and photoluminescence properties of Er**-doped SrBisTisO15-BisTizO12
inter-growth ceramics,” Journal of Materials Science, vol. 13, no. 1, pp. 99-106,
2019.

A. Shandilya, R. S. Yadav, A. K. Gupta, and K. Sreenivas, “Effects of Yb*" ion
doping on lattice distortion, optical absorption and light upconversion in Er**/Yb**
co-doped StMoOs ceramics,” Materials Chemistry and Physics, vol. 264, no. 2,
124441, 2021.

J. Li, J. Sun, J. Liu, X. Li, J. Zhang, Y. Tian, S. Fu, L. Cheng, H. Zhong, H. Xia,
and B. Chen, “Pumping-route-dependent concentration quenching and temperature
effect of green up- and down-conversion luminescence in Er**/Yb** co-doped
Gd2(WOa4)3 phosphors,” Materials Research Bulletin, vol. 48, no. 6, pp. 2159-2165,
2013.

P. Du, L. Luo, W. Li, and Q. Yue, “Upconversion emission in Er-doped and Er/Yb-
codoped ferroelectric Nao.sBiosTiO3 and its temperature sensing application,”
Journal of Applied Physics, vol. 116, no. 1, pp. 1-7, 2014.

Ankita Banwal 85



Chapter 3: Upconversion Luminescence and Optical...

[60]

[61]

L.J. Li, Y. Tong, J. Chen, Y. H. Chen, G. A. Ashraf, L. P. Chen, T. Pang, and H.
Guo, “Up-conversion and temperature sensing properties of Na2GdMg2(VOa4)3:
Yb**, Er** phosphors,” Journal of the American Ceramic Society, vol. 105, pp. 384-
391, 2021.

Y. Liu, G. Bai, E. Pan, Y. Hua, L. Chen, and S. Xu, “Upconversion fluorescence
property of Er**/Yb*" co-doped lanthanum titanate microcrystals for optical
thermometry,” Journal of Alloys and Compounds, vol. 822, 153449, 2020.

86

Ankita Banwal



Chapter 4. Upconversion Luminescence and Optical...

CHAPTER

Upconversion Luminescence and Optical Temperature
Sensing Properties of Er’*/Yb’>* Co-Doped BaBi:Nb;0y

Ferroelectric Ceramic

X/
L X4

B3

*

X/
L X4

This chapter discusses the upconversion luminescence and temperature sensing
behavior of Er**/Yb*" co-doped ferroelectric ceramic BaBi2-0.04-xNb2Er0.04Yb,O9
prepared by the solid-state method.

The optimized Er** content (x = 0.04) is doped with varying Yb>* content (y = 0.00),
0.02, 0.04, 0.06, 0.08, 0.10, and 0.12) at the A-site of BaBi:Nb20y ferroelectric

ceramic.

Upconversion luminescence (UCL) spectra revealed two prominent green emission
bands near 535 nm and 557 nm and a notable red band at 672 nm, corresponding
to a 980 nm excitation wavelength.

Decay time measurements support the effective energy transfer from Yb’" to Er’*
ions. The average lifetime increases with increasing Er’*/Yb’" doping
concentration up to the optimal concentration (y = 0.10).

The absolute sensitivity, Sa (0.69% K and 0.58% K') and relative sensitivity, Sr
(1.1% K and 1.01% K') have been recorded for Er’*/Yb*" co-doped BaBi:2-0.04-
yINb2Er0.04YbyO9 ceramic at y = 0.06 and 0.10, respectively, suggesting it is a viable
non-contact sensor ceramic whose sensitivity can be tuned by varying dopant
concentrations.
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4.1 INTRODUCTION

Chapter 3 describes the substitution of Er** ions with Bi*" ions in the A-site of perovskite
structure that has affected the luminescence and sensing properties of BaBi2Nb2Oo ceramic.
The upconversion luminescence improved with Er** doping up to an optimum Er** content
(x = 0.04); after that, the PL emission intensity degrades. This happens due to the critical
distance between the dopant ions, resulting in non-radiative transitions [1-5]. Also, the
luminescence efficiency is limited in Er** due to the lower cross-sectional absorption of the
“T112 level. Keeping these observations in mind, the BaBizx-yNb2ErxYbyOo system is co-
doped with Yb*" ions at the A-site along with optimized Er** content (x = 0.04) for the
efficient transfer of energy between them. Yb** is selected as the co-dopant because it
functions as a sensitizer to increase the absorption cross-section and thereby enhance the
efficacy of the upconversion [6-10]. Some of the examples of Er’" and Yb** co-doped
systems are given as follows: Luo et al. studied Er**/Yb*" co-doped BazNaNbsOis glass
ceramics for UC luminescence, thermal sensing, and energy storage performance [11].
Er**/Yb** co-doped tungsten tellurite glass was used to make a temperature sensor with an
absolute sensibility of around 28.72 x 10* K at 690 K and decent green emission
luminescence [12]. Swami et al. studied the luminescence intensity ratio of Yb**/Er** co-
doped La>TiO7 ceramics and reported an absolute sensitivity value of around 0.0029 K at
498 K [13]. In addition, Peng et al. fabricated Yb**/Er** co-doped BNT across a wide
temperature range and determined a sensitivity of approximately 0.0049 K™!' at 363 K [14].
Therefore, in this chapter, bismuth ions in the A-site in BaBi2Nb2O9 ceramic are replaced
with the optimized Er** concentration and varying Yb** content to study the effect of Yb**

ions on the optical and sensing properties of the prepared ceramic.
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This chapter is organized as follows: Section 4.2 offers information about the
synthesis and characterization details of the prepared sample. The results of various
characterizations are discussed in section 4.3. In subsection 4.3.1, the structural and
microstructural studies were performed using XRD spectra and SEM micrographs.
Subsection 4.3.2 discusses the upconversion luminescence spectra under the 980 nm laser
wavelength excitation. The optimized ceramic is excited at various pump powers to
examine the number of photons involved in the UC process (subsection 4.3.3). The time-
resolved spectroscopy is given in subsection 4.3.4 for all the dopant concentrations. In
subsection 4.3.5, the optical temperature sensitivity of ceramic is analyzed over a wide
temperature range in thermally coupled levels (*Hi12 and *S3.2) using the fluorescence
intensity ratio (FIR) approach. The findings and implications of this analysis are

summarized in section 4.4.

4.2 SYNTHESIS AND CHARACTERIZATION DETAILS

The solid-state approach synthesized the ceramics with the configuration BaBi2-0.04-
yNb2E10.04YbyO9 (y = 0.02, 0.04, 0.06, 0.08, 0.10, and 0.12). The initial precursors (BaCOs3,
Bi203, Nb20s, Er203, and Yb203) were obtained from Sigma Aldrich and had the greatest
possible purity level (99.99%). The precursors were measured and weighed according to
their stoichiometric proportions. The raw powders were manually crushed using a pestle
and mortar in ethanol for 8 hours before being sent to a regulated high-temperature furnace
that operated at 950°C for 3 hours. After being calcined, the granules were combined with
polyvinyl alcohol (PVA), which was used to form the pellets in a circular shape. The round
pellets of 10 mm in diameter were constructed by applying a pressure of approximately 5

MPa for 1 minute in a manual hydraulic press. After the pellets were made, they were
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sintered in two stages: firstly, they rose to 500°C/h to eliminate the PVA, then reached
about 1050°C and were held there for 2 hours. Cu-Ka radiations are used in conjunction
with a sophisticated X-ray diffractometer manufactured by Bruker to investigate the phase
structure of the sample. The upconversion luminescence (UCL) spectra were acquired with
the help of the HORIBA PTI Quanta-master under the wavelength of 980 nm laser. The
SEM micrographs from the cracked pallet sample were obtained using a ZEISS scanning
electron microscope. The thermally dependent UCL emitting spectra were studied by
positioning the synthesized material on the heaters while using a thermocouple to measure
the temperature. The handcrafted heater that was controlled by variable voltage and coupled
with a thermocouple and multimeter was used for the thermal sensing, resolution, and

stability studies that were carried out.

4.3 RESULTS AND DISCUSSION

4.3.1 Structural and Microstructural Analysis

The XRD pattern of the prepared composition BaBi2-0.04-yNb2Er0.04YbyO9 (y = 0.00, 0.02,
0.04, 0.06, 0.08, 0.10, and 0.12) was exhibited in Figure 4.1(a) after being sintered at a
temperature of 1050°C for 3 hours. The detected XRD peaks show a good correlation, as
stated in the JCPDF file no. 00-012-0403, and the lack of secondary peaks imply that the
dopants are fully soluble in the host lattice without causing structural modifications or other
drastic changes. The detected Bragg reflections showed that the prepared ceramic had a
single phase with an orthorhombic geometry and belonged to the phase group Fmmm. Also,
the maximum peak intensity of the (115) plane in BaBi2-0.04-yNb2Er0.04aYbyOy ceramic
reflects the BLSF with m = 2, according to previous reports, the (112m + 1) plane relates

to the high-intensity diffraction pattern for BLSF materials in the Aurivillius phase [15-
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Figure 4.1: (a) XRD spectra of BaBiz-0.04-yNbzEr0.04YbyOs (y = 0.00, 0.02, 0.04, 0.06, 0.08, 0.10, and 0.12)

ceramic (b) Peak displacement of (115) plane for various dopant concentrations [20].

18]. The ionic radii of Er** and Yb>" are similar to one another such that the ions Yb*" (1.22
A) and Er** (1.25 A) may favor occupying A-sites (Bi**) rather than B-sites (Nb>"). This is
because their effective ionic radii are the same as A site ions [19]. The density of sintered
pellets was calculated using Archimedes’ principle and recorded in Table 4.1. It was found
that the density of the sintered pellets decreases with increasing dopant concentration. The
tension within the host lattice due to the insertion of dopants causes the shifting of

diffraction peaks slightly from their mean position and is given by Eq. (4.1) [20]:

zi[m_l] 4.1)

2v | sing;
where v represents Poison’s coefficient, E is the modulus of elasticity, 0n is the displaced
value of 20, and 0i is the reference angle. Eq. (4.1) states that a positive ¢ indicates lattice
compression, whereas a negative ¢ suggests lattice expansion after dopant substitution.
Figure 4.1(b) represents the shifting of peaks to slightly lower 26 angles. Here, 6n < 0i (E
and v are constants), therefore, ¢ comes out to be negative. This implies the expansion

within the crystal lattice, which can also be verified from the increased cell volume
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Table 4.1: Refinement and lattice parameters for BaBiz-0.04.yNb2Er00.04YbyO9 compositions with
constant Er** content and varying Yb** content [20].

BaBi2-0.04-yNb2Er0.04YbyO9

Parameters

y=000 y=002 y=004 y=006 y=008 y=0.10 y=0.12
Rewp 1076 1039 10013 1001  7.07 727 10.21
Ry 1284 1493 1353 1446  8.64 9.19 14.87
GoF 1.02 1.46 1.35 1.44 1.07 1.08 1.45
a (&) 55439 55448 55450 55454 55479 5.5488  5.5497
b (A) 55536 55551 55552 55561 55601  5.5612  5.5600
¢ (A) 255975 255980 255980  25.5991 256178  25.6200  25.6219
V (A% 788111  788.467 788.537 788728 790229  790.581  790.597
o t:(‘)‘;ﬁ:}‘;“;g;;) 1.00174  1.00185  1.00183  1.00192  1.00219 1.00223  1.00185
Experimental

. 3 7.00919  6.83796  6.72015  6.77289  6.47426  6.76007  6.0106
Density, p (g/cm”)

Theoretical Density,
po (g/em’)

Porosity
(1-po/p) x 100%

5.82447  5.88589  5.81015  5.9373 5.79818  5.94532  5.24095

16.90 13.92 13.54 12.33 10.44 12.05 12.80

Average Grain Size 139+ 1.54 + 1.67 1.78 £ 1.89 + 1.92 + 145+
(um) 0.0278 0.0125 0.1365 0.0889 0.1129 0.1761 0.0295

parameters of the doped BaBi2Nb209 ceramic, as shown in Table 4.1. This can also be
explained by the constrained character of the 6s? lone-pair of Bi*" ions in the host lattice,
which causes the expansion of unit cell volume and shifting of the peaks towards lower 26
[10, 19]. The increased cell volume parameters (a, b, c) suggest the increased interplanar
spacing, which decreases the 20 values. Although the ionic radius of Er’*, Yb**, and Bi**
varies, the cell volume and lattice parameters of undoped BaBizNb20Oy do not vary
significantly. This could be ascribed to the formation of cationic vacancies, which maintain
the lattice’s electroneutrality and minimize crystal deformation [5].

The scanning electron microscopy images (SEls) of the BaBi2-0.04-yNb2Er0.04YbyOo

ceramics are shown in Figure 4.2(a-g). These sintered ceramics possess a compact
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microstructure. These plate-like structures are composed of irregularly aligned non-
uniform grains. This is consistent with the standard properties of BLSFs. In Table 4.1, the
reduction in porosity suggests that as the dopant concentration rises, the ceramic becomes
denser. ImageJ software performs the necessary calculations to estimate the average
particle size. In Figure 4.2(h), the average grain size increases up to the optimum dopant
concentration (y = 0.10), and then there is a subsequent reduction in the average grain size.
This grain size variation may result from a rise in the electron charge distribution on the
interface of Er’*'/Yb?". This increase in electron charge density slows grain boundary

diffusion and inhibits grain development, resulting in smaller grain sizes [21, 22].

BaBi, 4, ,Nb,Er,Yb,0,

Dopant Concentration (y,

Figure 4.2: (a-g) SEM micrographs of BaBiz-0.04-yNb2Er0.04YbyO9 with y = 0.00 to 0.12 sintered at 1050°C

(h) Variation of particle size with all dopant concentrations [20].

4.3.2 Upconversion Luminescence Spectroscopy

To evaluate the effect of Yb** on the upconversion luminescence, the UC spectra for the
ceramic BaBi2-0.04-yNb2Er0.04YbyOo with constant Er** content and variable Yb** content (y
=0.02,0.04,0.06, 0.08, 0.10, and 0.12) were measured. The UCL measurements were done

under the illumination of 980 nm excitation, with a pumping power of 50 mW and an
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Figure 4.3: (a) UC emission spectra of BaBiz-0.04.yNb2Ero.04YbyOo for various Yb** concentrations under
980 nm excitation (b) Variation of intensity vs different concentrations of Yb*" (¢) Schematic depiction

of the energy pathways of Er**/Yb*" ions (d) CIE plot [20].

excitation source density of 3.25 W/cm?, and are shown in Figure 4.3(a). The transitions
from 2Hi12 to *I152 and *S32 to *115/2 are responsible for the two strong green emission bands
at 535 nm and 557 nm. Also, there is a notable red emission peak at 672 nm when the ions
migrate from level “Fos2 to level *I1sp. The two partial bands near 672 nm are related to the
split of the *Fon energy level by the crystal field that occurs due to the action of
upconversion luminescence. Considering this, the collected UCL spectra of the prepared
ceramic show a fair degree of consistency with previously published results [7, 8]. The

changing UCL intensity as a function of dopants is illustrated in Figure 4.3(b). Initially,
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there is a rise in UCL intensity, and after reaching critical intensity at y = 0.10, it degrades
with further insertion of dopants. This results from the concentration quenching effect,
which occurs when dopant ions are so near to one another that energy transfer becomes
easier, resulting in non-radiative emissions [1, 16]. Furthermore, the distances between

dopant ions may be calculated using the Blasse formula, as shown in Eq. (4.2) [20].

(4.2)

Here, the amount for quenching is Xc (0.04 + y), where V = 790.58 cm? is the
volume of a unit cell in BaBi2Nb2Oy ferroelectric ceramic, and Z = 4 shows the number of
host cations. The Rc was calculated to be 13.92 A. It was observed that in the absence of
Yb** ions, the Re value is 21.12 A, whereas the Rc value is reduced in the presence of Yb**
ions. This implies that the energy is efficiently transferring from Yb** to Er*" ions. Notably,
the upconversion emission process is often characterized by three processes, including ET
(energy transfer), ESA (excited state absorption), and GSA (ground state absorption), along
with CR and MPR (cross-relaxation processes and multi-phonon relaxation) [23, 24]. In
Figure 4.3(c), the schematic diagram of upconversion luminescence is portrayed using
these processes. The 980 nm laser is illuminated on Yb** ions, and it absorbs energy via
GSA and transfers it to a higher level at *I112 via ET1 and *F7,2 through ET2. The Er** ions
may also absorb photons through GSA. Thus, level *111/2 is prepared for the ESA to reach
a higher energy level, i.e., “F7». Therefore, level *F72 is overpopulated by two processes,
namely ET and ESA. The ions fall non-radiatively to levels %1112, *S3/2, and *Fo2 via MPR.
From these levels, the ions transit to the lower level *F1s.2, resulting in two green emission
bands and one red emission band at 535 nm, 557 nm, and 672 nm, respectively. Another

decay channel created by the cross-relaxation tracks (CR1 and CR2) is responsible for the
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increased red emission when the Yb®" content increases. Besides, emission spectrum data
from prepared ceramics were used to get the CIE chromaticity coordinates (X, y) for dopant
concentrations. The predicted CIE points, which are sited in the green region and then

become bright green as dopant concentrations rise, are shown in Figure 4.3(d).
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Figure 4.4: (a) UCL emission spectra with different pump power ranging from 21 to 537 mW (b) Plot
of Ln(power) vs Ln(UC intensity) [20].

4.3.3 Pump Power Dependence on UCL

To learn more about how UCL works, transitions of levels 2Hi12, *S32, and *Fo to level
“T152 in BaBi2-0.04-yNb2Er0.04YbyOo (y = 0.10) ceramic at distinct pump powers range from
21 mW to 453 mW with an excitation source density of 1.37 W/cm? to 29.51 W/cm?, as
depicted in Figure 4.4(a). It has been found that the UCL gets stronger as the pump power
goes up. The relation between pump power and intensity is given in Eq. (4.3) [20, 25, 26]:
Iyp o P (4.3)
where n is the number of low-energy photons required for the UCL to proceed, P is the
pump power, and Iup refers to the intensity of UC luminescence. Figure 4.4(b) depicts the
log-log curve of the intensity versus the excitation pump power. The magnitude of n for the

green band near 535 and 557 nm and the red emissions band at 672 nm is determined by
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the slope of the logarithmic plot, and it comes out to be 1.46, 1.52, and 1.25, respectively.
Therefore, the red and green UC bands are produced by the emission of two low-energy
photons. The n values of both colors have been rounded to 2 because various upconversion

processes are involved [11, 13].

4.3.4 Time-Resolved Spectroscopy

A pulsed laser source was used to analyze the lifetime decay of BaBi2-0.04-yNb2Er0.04YbyO9
(y = 0.04, 0.08, 0.10, and 0.12) ceramic for 557 nm transition from 2S3. to *Iis2 energy
level under 980 nm excitation wavelength. Figure 4.5(a-d) depicts the decay overview of
BaBi2-0.04-yNb2Er0.04YbyOy ceramics. The curves were fitted using Eq. (4.4) (tri exponential

decay fit) [20]:

t t t
IO = 1o+ Arexp (=) +Asexp (=) + Asexp (- ) (4.4)
where lo corresponds to the intensity at the time t = 0, A1, A2, A3 are the fitting factors, and
1, T2, and 13 are luminescence decay times. The average lifetime is evaluated using Eq.

(4.5) [20]:

A1T%+A2T% +A3T§

<tT>=
A1T1+A2T2+A3T3

(4.5)

Figure 4.5(e) depicts the predicted lifespan of Er** doped and Er**/Yb*" doped
BaBi2-0.04-yNb2Er0.04YbyO9 ceramics. The calculated lifetime of BaBi2-0.04-yNb2Er0.04YbyOo
ceramic varies from 28.74 us to 40.11 ps for the co-doped system. An increase in lifespan
suggests effective energy transmission in dopant ions, leading to non-radiative transition at
a higher doping content [20]. However, the time decay in Er** doped ceramic is 41.29 ps
greater than co-doped ceramic. Thus, the efficiency of energy transfer (ET) in co-doped

BaBi2-0.04-yNb2Er0.04YbyO9 ceramic can be calculated by Eq. (4.6) [20]:
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n=1--—

Tp

(4.6)

where Ta is the mean lifetime for Er**/Yb*" co-doped ceramic and 1» is the average lifetime

for Er** doped ceramic [20]. The efficiency of the energy transfer process is influenced by

32% by adding Yb*" to the host lattice at a minimum Yb** concentration.
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Figure 4.5: (a-d) Time decay profile of BaBi2-0.04.yNb2Ero.04YbyOs composition with an exponential fit

(e) Variation of lifetime of BaBi2-0.04yNb2Ero.04YbyOo ceramic with Yb3* concentrations [20].
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4.3.5 Optical Temperature Sensing

In order to evaluate the possibility of using the present synthesized ceramic in optical
temperature measurements, the Fluorescence Intensity Ratio (FIR) approach is applied. For
non-contact temperature measurements, the FIR is a basic approach that does not depend
on variations in excitation intensity. This method was employed widely for temperature
sensing in several host materials treated with RE** [27-29]. The sensing behavior in BaBi»-
0.04-yNb2Er0.04YbyOo system is investigated by varying Yb>" concentrations (y = 0.06 and
0.10). This FIR technique compares the UC intensity of two thermocouple energy levels
(green emission bands) during transitions 2Hi12 to *I15/2 and *S3/2 to *Iis/2. Figure 4.6(a, b)
represents the temperature-dependent UCL spectra for the BaBi2-0.04-yNb2Er0.04YbyOo (y =
0.06 and 0.10) at temperatures ranging from 303 to 573 K. It can be seen that in both the
co-doped systems (y = 0.06 and 0.10), the UC emission intensity decreases with increasing
temperatures. However, the FIR values follow the increasing trend, as demonstrated in

Figure 4.6(c). The mathematical expression of FIR is given by Eq. (4.7) [20]:

I _ _ AE
FIR=1{!=C exp ( KBT) (4.7)

where In and Is represent the integrated intensity of the green band at 535 nm and 557 nm,
respectively, AE denotes the energy gap of levels *S32 and *Hi12, and C is the constant
depending upon the transitions and degeneracy factor of thermally coupled levels (TCLs).
To calculate constant (C) and energy gap (AE), Eq. (4.7) can be put in linear form, as shown

in Eq. (4.8):
Ln(FIR) = — (i—i) () +Lnc (4.8)

The curve of In(FIR) and the negative of temperature are illustrated in Figure

4.6(d). The slope of this graph analyzes the value of AE/Kg and the In C intercept. For y =
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0.06 and 0.10, AE/Ks is -1015.67 and -925.38, while C is 2.545 and 2.260, respectively.

These FIR characteristics define the optical thermometric sensitivity of the fabricated

ceramic BaBi2-0.04-yNb2Er0.04YbyOs. The external temperature influences the population

redistribution ability (PRA) of thermally coupled levels *S32 and ?Hiiz and can be

expressed by Eq. (4.9) [20]:

PRA =

C

ol

(4.9)
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Figure 4.6: (a-b) Temperature-dependent UC emission pattern of BaBiz-0.04yNb2Ero.04YbyQs at y = 0.06
and 0.10 (c¢) Variation of FIR vs temperature at y = 0.06 and 0.10 (d) Plot of Ln(FIR) vs negative

temperature [20].
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Figure 4.6: (¢) PRA values of thermally coupled levels (*H112 and *S312) at y = 0.06 and 0.10 (f-g) Sa and
Sr as a function of temperature for BaBiz-0.04yNb2Ero.0sYbyO9 ceramic at y = 0.06 and 0.10 with

operating temperature range (shaded region) [20].
The PRA values for BaBi2-0.04-yNb2Er0.04YbyOo (y = 0.06 and 0.10) ceramics are

given in Figure 4.6(e). It scems that the population of these thermally coupled levels

increases with temperature. The absolute sensitivity (Sa) of a material is defined by Eq.

(4.10) as the variation rate of FIR with temperature [20].

d(FIR) d<cexp(_$)> AE\ [ AE
So="ar = ——ar = e (—n) (o) (4.10)

By multiplying the absolute sensitivity with the negative FIR, the relative

sensitivity (Sr) can be calculated, as employed in Eq. (4.11) [20, 30, 31]:

1 AE
Sy ==X S, = (—KBTZ) (4.11)
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The Sa and Sr for BaBi2-0.04-yNb2Er0.04YbyO9 (y = 0.06 and 0.10) are displayed in
Figure 4.6(f, g). In both cases, the absolute sensitivity increases with temperature up to the
maximum Ta. For y = 0.06 and 0.10, Sa is 0.69% K! and 0.58% K! at Ta 523 K and 463
K, respectively. To check the operating temperature range for sensing application (denoted
by the shaded region in Figure 4.6(f, g)), the Sa values are extrapolated using Eq. (4.9),
where the Sa is higher than half of its maximum value (Shaif). It has been found that the
sensitivity of lower dopant concentrations (y = 0.06) shows higher sensitivity than the
optimal dopant concentrations (y = 0.10), and the extrapolated data reveals the gradual
decrease in the case of y = 0.06 whereas, in y = 0.10 the absolute sensitivity decreases
exponentially. The operational temperature region is extended to a wider temperature range
iny =0.06 compared to y = 0.10, as shown in Figure 4.6(f, g). These observations suggest
that the sensing characteristics of the BaBi2-0.04-yNb2Er0.04YbyOo9 ceramic can be tuned by
altering the dopant concentration. The material sensitivity is suitable if the theoretically
calculated AEm and the experimentally matched AEex are substantially comparable. The
experimental value for AEex may be derived from Figure 4.6(d), and the deconvolution of
UC spectra using the Viogt fit yields the theoretical value for AEw, shown in Figure 4.7(a,
b). According to Eq. (4.12), the inaccuracy (8) in BaBi2-0.04-yNb2Ero.04YbyO9 ceramic at y

=0.06 and 0.10 equals 2.89% and 4.01%, respectively [20].

_ IAEg—AEgyl
- AEth

5 *100% (4.12)

A sensor’s repeatability (R) and resolution (8T) are essential to determine its
efficacy. The mathematical expression of these parameters is stated in Egs. (4.13 and 4.14)

[20, 32]:

R = 1 — Max 2Av_2sp) (4.13)

Apav
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8T == x= (4.14)

r

where da/A is the device’s precision, Aav and Asp are the mean and specific parameters of
FIR with 17 cycles within temperature 303-573 K. The repeatability and resolution of the
produced ceramic are shown in Figure 4.8(a, b), respectively. Figure 4.8(a) displays no
discernible shift in the FIR values of both concentrations anywhere in the temperature

range from 303 K to 573 K. In Figure 4.8(b), the resolution improves from 2.74 to 9.72

e Commulative Fit

: -O-y=0.06 : =
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Figure 4.7: (a-b) Deconvolution of temperature-dependent UC spectra by Voigt fit for BaBiz-o.04-
yNb2Er0.0sYbyOs at y = 0.06 and 0.10 [20].
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Figure 4.8: (a) Reliability test of BaBi2-0.04-yNb2Ero.04YbyO¢ ceramic in the temperature range 303-573
K with a stabilization period of 2 min (b) Resolution of temperature between 303 K and 573 K [20].
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and 3.13 to 10.45 for y = 0.06 and 0.10, respectively. Table 4.2 compares the sensitivity of

prepared BaBi2-0.04-yNb2Er0.04YbyOo ceramic to that of currently published Er**/Yb** co-

doped host materials. This chapter demonstrates the ability of non-contact temperature

sensors to function throughout a broad and high-temperature range, with a maximum

temperature of 523 K, while maintaining excellent sensitivity. Consequently, it may

concluded that the ceramic BaBi2-0.04-yNb2Er0.04YbyOo is a competent sensor material that

has the potential to be further investigated for use in the applications area of optical

temperature sensors.

Table 4.2: Temperature sensing parameters of various Er**/Yb*" co-doped host materials in the

different temperature ranges [20].

Host Material AE Temp. Ta Sa Sr Tr References
(em’) Range(®) (K) (K) (K) K

BaTiOs: Er/Yb 600 125-430 410 0.19% - - [2]
CaBi2Ta209: Er/Yb 1181 153-603 590 039%% - - [3]

Nao sBiosTiOs3: Er/Yb 706.68  173-553 493 035% - - [8]

La20s: Er/Yb 566 303-600 303 091% - - [9]
Ba:NaNbsO1s: Er/Yb 735.5 298-573 373 0.68%  0.90% 298 [11]
La,Ti2O7: Er/Yb 683 93-773 493 0.29%  041% 300 [13]
BNT-SBT: Er/Yb - 303-573 363 0.49% - - [14]
Nao.sBi2.sTa209: Er/Yb - 153-483 483 0.78% 5.99% 153 [26]
La,Ti2O7: Er/Yb 760 333-553 525 0.57%  0.63% 333 [27]
BaGd.0s4: Er/Yb 873.94  298-573 573 0.42% - - [28]

Nao 5Ero.sBisaTi4O15 500.1 175-500 380 0.17% - - [31]
Sro.7sBao.2sNb20s: Er/Yb - 310-470 410 0.54%  0.85% 310 [33]
(Bio-sEr0.1Ybo.4)Ta7019 660.65  303-693 475 0.162% 1.04% 303 [34]
BaBi2-0.04-yNb2Er0.04YbyO9 (y=0.06) 705 303-573 523 0.69% 1.10% 303 This work
BaBi2-0.04-yNb2Er0.04YbyOo (y=0.10) 645 303-573 463 0.58% 1.01% 303 This work
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4.4 SUMMARY

The co-doped Er**/Yb*" ferroelectric ceramic BaBi2-0.04-yNb2Ero.04YbyOo (y = 0.00, 0.02,
0.04, 0.06, 0.08, 0.10, and 0.12) produced by the solid-state reaction technique at 1050°C
have been studied for upconversion luminescence and temperature sensing applications.
The XRD investigation confirmed the ceramic’s orthorhombic geometry. The
microstructure seen by SEM resembles plate-like formations and comprises non-uniform
grains with irregular orientation. An increase in grain size with Yb** content up to y = 0.10
was found to promote upconversion luminescence. Two bright green bands at 535 and 557
nm and a detectable red spectrum near 672 nm were observed in upconversion
luminescence (UCL) spectra, corresponding to an excitation wavelength of 980 nm. The
effective energy transfer process from Yb®" to Er’" ions is supported by decay time
measurements, which increase with increasing Er**/Yb®" content because of the non-
radiative transition at higher doping concentrations. The pump power dependence upon the
UC luminescence intensity for an optimum Yb*" content y = 0.10 reveals that green and
red UC emissions involve two photons. Er*/Yb** co-doped BaBi2-0.04-yNb2Er0.04YbyOo
ceramic system with y = 0.06 and 0.10 exhibit a maximum absolute sensitivity (Sa) of
0.69% K and 0.58% K! at T. = 523 K and 463 K, respectively, and maximum relative
sensitivity (Sr) of 1.10% and 1.01% at Tr = 303 K, suggesting a viable contactless
temperature sensor with tunable sensitivity.

After a thorough analysis of upconversion luminescence and optical temperature
sensing properties of Er**/Yb*" co-doped BaBi2Nb20y ferroelectric system, it was found
that the produced ceramic is significantly affected by the presence of Yb*" ions. Therefore,

to delve further into the impact of co-doping on dielectric and ferroelectric behavior, the
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next chapter thoroughly investigates the ferroelectric relaxor properties of the co-doped

system, which has not been addressed in the current chapter.
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CHAPTER

Structural, Dielectric, Ferroelectric, and Energy
Storage Density Properties of Undoped, Er’* Doped,
and Er*/Yb** Co-Doped BaBi:Nb;Oy Ferroelectric
Ceramic

X/
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This chapter gives detailed insight into the structural, dielectric, ferroelectric, and
energy storage density performance of undoped, Er’* doped, and Er**/Yb*" co-
doped BaBi:Nb:0y ferroelectric ceramic.

FTIR and Raman spectroscopy provide details of various vibrational modes of the
prepared BBN compositions.

Temperature-dependent dielectric studies show considerable dispersion below and
above maximum temperature (Tw), and the dielectric constant (') decreases with
an increase in frequency. The dielectric loss (¢") curves are quite diffused, and shifts
in the maxima with frequency have been observed, thus validating the relaxor
behavior of all the prepared BBN compositions.

The slimmer PE curves were obtained under moderate electric fields ranging from
75 kV/em to 100 kV/em. The energy storage efficiency (1) obtained for undoped,
Er’* doped, and Er3*/YD’" co-doped BBN ceramics are 78.25%, 83.39%, and
90.87%, respectively.

W, Wree, and n showed decent temperature stability in the temperature range
varying from 303 K to 415 K, suggesting that the prepared material may help
develop advanced electronic equipment for energy storage applications.
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5.1 INTRODUCTION

Chapter 4 explores the impact of Er** and Yb>" ions on the upconversion luminescence
and optical temperature sensing properties of BaBi2Nb20o ceramic. The co-doping of Yb**
ions with the optimum Er** concentration (x = 0.04) enhanced the upconversion
luminescence. Additionally, the temperature-dependent upconversion luminescence
spectra were used to calculate the optical temperature sensing of the prepared material using
the fluorescence intensity ratio (FIR) method. The effect of altering the Yb*" ions on
sensing characteristics was investigated. It was observed that Sa is 0.69% and 0.58% K!
for Er**/Yb®" co-doped BaBi2-0.04-yNb2Ero.04YbyOo ceramic at y = 0.06 and 0.10,
respectively. However, the previous chapter did not cover the dielectric and ferroelectric
behavior of Yb*" ions with Er*" ions on the A-site of BaBi2Nb20Oy ceramic. Therefore, this
chapter comprehensively analyzes the dielectric and ferroelectric properties of the undoped
and doped BaBi2Nb20y system. It also gives information on the energy storage density
performance of undoped, Er’** doped, and Er**/Yb** co-doped BaBi2Nb20y systems.
Ferroelectric ceramics based on lead, such as lead zirconate titanate and lead
titanate, are well recognized for their piezoelectric properties and find widespread
application in the fields of sensing, actuator, detector, and energy storage applications [1-
10]. Peng et al. obtained a noticeable energy storage density in the Pbo.sBao2ZrO3 thin film.
Even though lead-based materials are good at storing energy, they also cause a lot of
damage to the planet when they disintegrate [11]. To achieve good energy storage in
ferroelectrics, the following things should be checked: larger maximum polarization (Pm),
lesser remnant polarization (Pr), and higher breakdown strength (BDS). Investigations are

being conducted on alternative lead-free formulations, including barium titanate, bismuth
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perovskites, alkaline niobates, bismuth layered structured ferroelectrics (BLSFs), etc. [12-
15]. The basic ferroelectric materials have larger Pm and Pr [16]. However, a relaxor
ferroelectric has larger Pm and lesser Pr; consequently, BaBi2Nb2Oo relaxor ferroelectric
(BLSF) is chosen. Literature studies revealed that due to the overconsumption of fossil
fuels, there is a demand for developing green and sustainable energy like hydropower, wind
or solar power, and many more. However, storing these kinds of energy is also challenging
[17-21]. In the last decade, ferroelectric-based capacitors have been used in energy storage
applications because they have a rapid charge rate (less than a microsecond) and more
extended charge-discharge periods than conventional cells to produce intense power pulses
[22, 23]. In addition, these capacitors exhibit improved energy storage capabilities at higher
temperatures. Few investigations have been conducted on using ferroelectric-based
materials as energy storage devices. In one study, Huang et al. discussed the consequences
of different RE ions on BaTiOs ceramic to examine its performance in energy storage
applications [24]. The energy storage properties of Bao.sNao.sTiO3 ceramic doped with
NaNbOs3; were explored by Wan et al. [25]. Also, in other reports, a relaxor ceramic
Bio.sNao.sTiO3-Sro.7Bi02TiO3 and  BiosNaosTiO3-BaTiO3-SrTios7sNbo.1Os  were
investigated for their potential application in energy storage devices [1, 21]. Figure 5.1
depicts the schematic representation to enhance the energy storage parameters.

This chapter is arranged in the following way: Methods for synthesis and
characterization are detailed in Section 5.2. Section 5.3 contains the results and discussions,
which are further subdivided. Subsection 5.3.1 gives information about the typical FTIR
bands and their shifting using FTIR spectra. Subsection 5.3.2 provides information about
the Raman bands utilizing a laser source under the excitation of 785 nm. The temperature-

dependent dielectric studies are discussed in subsection 5.3.3 at frequencies ranging from
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Figure 5.1: Diagrammatic illustration of the basic strategy for improving energy storage density

parameters.

1 kHz to 1 MHz. Subsection 5.3.4 describes the polarization versus electric field loops of
undoped, Er** doped, and Er**/Yb** co-doped BBN systems under various applied electric
fields. The energy storage density properties were discussed using the PE loop parameters
for various applied fields ranging from 75 kV/cm to 100 kV/cm. The summary of the

chapter is provided in section 5.4.

5.2 SYNTHESIS AND CHARACTERIZATION DETAILS

The solid-state procedure is utilized to prepare the ceramics with the configuration of
BaBi2-xyNb2ErkYbyO9 (BBN) doped with Er** and Yb*". The initial precursors (BaCOs,
Bi203, Nb20s, Er203, and Yb203) were bought from Sigma Aldrich and Alfa Aesar. The
raw powders were measured stoichiometrically, followed by mixing in ethanol for 5 hours
in a mortar pestle before heat treating at 950°C for 3 hours. The high-temperature cured
calcined powder was added to the solution of PVA (polyvinyl alcohol) prepared in distilled
water. After thoroughly mixing PV A, the powder is pressed in circular discs in a manual

pelletizer. These pressed pellets (diameter = 10 mm, thickness = 1 mm) were heated at
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1050°C in a high-temperature furnace for 3 hours. For the electrical measurements, these
pellets were polished by rubbing with sandpaper to ensure good adhesion of the silver paste.
The air-drying silver paste is used to prevent breaking while handling delicate pellets. The
temperature-dependent dielectric studies were performed by an impedance analyzer from
Keysight Impedance Analyzer E4990A for frequencies ranging from 1 kHz to 1 MHz. A
high-end automated loop tracer measured the polarization against the applied electric field
at room temperature under 20 Hz. The Perkin Elmer spectrum-II was used to acquire the
FTIR spectra. The Raman spectra were attained with the Invia Raman spectrometer
equipped with a laser source emitting light at a wavelength of 785 nm. The sample coding
for all the Er**/Yb** co-doped BBN ceramics is recorded in Table 5.1.

Table 5.1: Coding of the prepared compositions of BaBiz-x-yNb2ErxYbyOy ceramic.

Compositions Sample Code Er*t (x) Yb* (y)
BaBis.x,Nb,Er, Yb,0s BBNEO0Y0 0.00 0.00
BaBi 9sNb2Er0.04Yb0.0009 BBNE4Y0 0.04 0.00
BaBi; 94Nb2Er(,04Yb0.0209 BBNE4Y2 0.04 0.02
BaBi; 92Nb2Er0.04Yb0.0409 BBNE4Y4 0.04 0.04
BaBi, 9oNb2Er0,04Yb0.0609 BBNE4Y6 0.04 0.06
BaBi, gsNb2Er0.04Ybo.0sO09 BBNE4Y8 0.04 0.08
BaBi, ssNb2Er.04Ybo.1009 BBNE4Y10 0.04 0.10
BaBi; 84Nb2Er(.04Ybo.1209 BBNE4Y12 0.04 0.12

5.3 RESULTS AND DISCUSSION

The structural and microstructural analysis of undoped and doped BBN composition has
already been explained in Section 4.3.1 of Chapter 4. It has been observed that the XRD
pattern matches well with JCPDF (00-012-0403), having orthorhombic geometry with the

Fmmm phase group.
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5.3.1 Fourier Transform Infrared Spectroscopy
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Figure 5.2: (a) FTIR spectra obtained for all the compositions of prepared BBN ceramic (b) Shifting of
FTIR modes (619 cm™ and 822 cm™).

The Fourier transform infrared spectra of all the Er*" and Yb*" doped and undoped BBN
are depicted in Figure 5.2(a). A broad and intense band can be seen at 619 and 822 cm™,
the distinctive peaks of the Aurivillius phase [26, 27]. The stretching of the NbOs bond
causes the frequency band at positions 619 and 822 cm’!, and the degree to which this
stretching occurs is extremely dependent on dopant concentration. The compositional
dependency of dopants on the band positions is shown in Figure 5.2(b), and curves seem
to be shifted towards higher values. The observed frequency shift may be ascribed to
changing conditions near the NbOs bond. It means that the dopant ions affect the lattice
structure, and this distortion causes the shifting of the FTIR bands. Therefore, it may be
assumed that the FTIR spectra exhibit significant vulnerability to changes in the host

material’s local structure by dopants [26].
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5.3.2 Raman Spectroscopy
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Figure 5.3: (a) Deconvoluted Raman spectra of BaBiz-xyNb2ErxYbyOs (x =0.00, y = 0.00) ceramic under

the excitation of 785 nm laser source (b) Raman spectra of all the compositions of BBN (c¢) Dependency

of dopant concentrations on various Raman modes.

The Raman spectra of all the compositions of BBN were acquired using a laser source with

a wavelength of 785 nm in the frequency range of 100-1000 cm™'. The deconvoluted Raman

plot of undoped BBN composition is provided in Figure 5.3(a). The four significant peaks

were obtained and positioned at 156, 215, 550, and 854 cm™'. The spectra detected for all

the prepared compositions are reported in Figure 5.3(b). According to the literature survey,
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there are 12 Raman modes, out of which only four Raman bands (156, 215, 550, and 854
cm) are detectable in the case of undoped BBN ferroelectric ceramic [27-29]. The
occurrence of these bands might be due to the coinciding of the same symmetrical
vibrations or expansions of the vibration modes or the weakening of the vibrational mode’s
intensity. However, in Er**/Yb*" BBN compositions, almost 12 experimental modes can be
observed, verified from deconvoluted Raman spectra (Figure 5.3(a)). These modes are
effectively reduced in undoped BBN ceramic, but they may be rapidly noticed in the case
of Er**/Yb*" doped BBN compositions. These suppressed modes are positioned at 289, 358,
379, 443, 681, 720, and 765 cm’!. These modes might potentially be linked to the level of
structural disorder present in materials belonging to the same family [17, 27, 30]. As a
result, the theoretically expected and experimentally observed Raman modes have a decent
correlation. Figure 5.3(c) displays the Raman shift as a dependent variable of the dopant
concentration, while Table 5.2 presents a comprehensive compilation of the observed

frequency shifts with their corresponding band allocations.

Table 5.2: Assignment of various observed Raman bands in synthesized BaBi:Nb20s compositions.

Raman Bands Position (cm™) Band Assignments References
156 Vibration of Bi*" ion [17]
215 Torsion Bending of O-Nb-O bond [17]
289 Vibration due to Bi-O; force constant [27]
358 Vibration due to Bi-Os force constant [27]
379 Vibration due to Bi-O; force constant [27]
443 Vibration due to Bi-O; force constant [27]
550 Opposite excursion of apical oxygen atom [27]
681 Symmetric bending vibration of NbOs octahedron  [28]
720 Symmetric bending vibration of NbOg octahedron  [27]
765 Symmetric bending vibration of NbOg octahedron  [27]
854 Symmetrical stretching of Nb-Og group [17]
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The Raman spectra show four modes at 156, 215, 550, and 854 cm™ frequencies.
The Raman mode seen at a lower frequency (beneath 200 cm™') is related to the vibrational
motions of Ba®" ions present at the A-site. The higher frequency bands (beyond 200 cm™)
result from the inner vibration of the NbO¢ octahedron. The observed mode with a
frequency of 155 cm™ has been ascribed to the vibrations of Bi*" ions located on the A-site
within the pseudo-perovskite structure. The A1z mode at a frequency of 215 cm™ in the
NbOs group is due to the torsional bending of the O-Nb-O configuration. With the
replacement of Bi** ions by dopant ions (Er**/Yb>"), a little shift within the range of 215 to
217 em! is recorded. The intense vibration mode at around 854 cm’! may be attributed to
the A1g symmetry because of the symmetrical elongation of the Nb-O bonds in the NbOe
in the z-axis of the crystal lattice [17, 27, 31]. The counter-directional movement in the
apical oxygen atoms inside the NbOgs octahedral structure, which arises from the B2g mode,
results in the Raman mode centered at 550 cm™. This mode exhibits a progressive decrease
from 550 cm™! to 539 cm’!, and it has been determined that introducing dopants results in
its attenuation. This observation implies that introducing Er**/Yb*" at Bi-sites decreases
compressive stress, indicating a relaxation in structural deformation. The band at 854 cm™!
is due to the symmetrical stretching of Nb-O vibrations inside the NbO¢ octahedron,
exhibiting a slight decrease in frequency to 852 cm™.

The bond length analysis of Nb-O at 854 cm' Raman band is crucial for
investigating the impact of dopants on it. Badger’s rule is the widely used expression that
connects bond lengths to force constants in diatomic and polyatomic compounds [32]. The

general form of this rule is expressed in Eq. (5.1) [33]:

k_é = (ai]- - di]‘)_l (R - dll) (51)
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Here, k stands for the force constant, R for the bond length, and aij and dij are
constants for certain bonds between atoms in rows i and j of the periodic table. However,
Badger’s rule does not effectively account for the correlation between the Nb-O bond and
force constants in niobate reference compounds. This is because k''* does not follow a
linear relation with R but shows a minor curvature [32, 33]. Herschbach had a similar issue
while attempting to fit cubic and quartic anharmonic force constants to internuclear
distances for diatomic molecules [34]. Herschbach utilized an exponential fit to address the
slight curvature in the data accurately. Thus, following Herschbach’s treatment, the current
work utilizes a comparable method to correlate Nb-O stretching frequencies with their
corresponding bond lengths. The exponential function used is represented in Eq. (5.2) [35]:
v = A exp(BR) (5.2)
where v is the Nb-O stretching frequency, R is the Nb-O bond length in Angstroms, and A
and B are fitting parameters. The fitting parameters are determined from an exponential
least squares fit of the crystallographic and the obtained Raman data from several niobium
oxide reference compounds (Table 1 [32]). Then, Eq. (5.2) takes the form of Eq. (5.3) [32]:

v = 25922 exp(—1.9168 R) (5.3)

Table 5.3: Bond length of Nb-O at 854 cm™ Raman band for all the composition of BaBi:Nb2Oo.

Sample Band Position (cm™) Bond Length (&)
BBNEOYO 854.00 1.7805
BBNE4Y0 855.00 1.7799
BBNE4Y2 848.00 1.7842
BBNE4Y4 854.25 1.7803
BBNE4Y6 852.80 1.7812
BBNE4Y8 854.90 1.7799
BBNE4Y10 854.00 1.705
BBBNE4Y12 852.00 1.7817
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Using Eq. (5.3), the bond length of all the compositions of BBN is evaluated for the
Raman band positioned near 854 cm™ and is tabulated in Table 5.3. The variation in bond

length shows structural relaxation due to dopant introduction, which can also be

corroborated by XRD and FTIR spectra.

5.3.3 Dielectric Measurements

The dielectric constant (¢') and dielectric loss (¢") at various frequencies (1 kHz - 1 MHz)
for different BBN compositions are represented in Figure 5.4(a-d) and Figure 5.5(a-d),
respectively. The dielectric constant exhibits a wide anomaly around a temperature (Tm)
associated with a diffuse ferroelectric phase transition, followed by a relaxation of the
permittivity, consistent with previous findings [36-38]. There is a significant dielectric
dispersion below and above the temperature Tm, displacement of Tm with increasing
frequency, and a decrease in the value of €' with increasing frequency. The €" curves are
quite diffused, and shifts in the maxima with frequency have been observed. These
observations validate the relaxor behavior of all the prepared BBN compositions.
Additionally, in contrast to the Curie-Weiss law, which governs the dielectric permittivity
of a typical ferroelectric material, a modified Curie-Weiss law is applied to relaxor
ferroelectrics to define the variation in the reciprocal of the dielectric constant at high
temperature and the diffuseness of the phase transition. It is given by Eq. (5.4) [38, 39]:

21 =% (T = T,)Y (5.4)

!
g ey

where €'m is the highest value of the dielectric constant, C is the Curie-like constant, and vy
is the degree of diffuseness. The value of vy lies between 1 and 2. For normal ferroelectrics,
the value is 1; for relaxors, it is 2 [40]. Figure 5.6(a-d) shows a linear relationship between

the plot of In(1/¢' - 1/e'm) and In(T - Tm) at 500 kHz for all prepared BBN compositions.
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Figure 5.4: Dielectric constant (¢') at various frequencies (1 kHz - 1 MHz) between the temperature

range 303K to 673K for (a) BBNE0Y0 (b) BENE4Y0 (c) BBNE4Y4 (d) BBNE4Y10 compositions.
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Figure 5.5: Dielectric loss (¢") at various frequencies (1 kHz - 1 MHz) between the temperature range

303K to 673K for (a) BBNEOYO0 (b) BBNE4Y0 (c) BBNE4Y4 (d) BBNE4Y10 compositions.
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The slope (y) comes out to be 1.747, 1.727, 1.891, and 1.721 for BBNE0OYO,

BBNE4Y0, BBNE4Y4, and BBNE4Y10, respectively. Thus proving the relaxor-type

behavior of BBN ceramic. The dielectric measurement parameters at 500 kHz of all BBN

compositions are tabulated in Table 5.4.

Table 5.4: Variation in dielectric measurement parameters at 500 kHz of all BBN compositions.

Sample €'303K €'m Tm (K) Y

BBNEOY0 175.94 343.26 503 1.747
BBNE4Y0 172.42 341.21 500 1.727
BBNE4Y4 196.94 353.22 489 1.891
BBNE4Y10 186.67 347.84 484 1.721
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5.3.4 PE Loops and Energy Storage Analysis

The polarization versus electric field curves (PE loops) of undoped and doped compositions
of BBN ceramic are represented in Figure 5.7(a-h) for various applied electric fields
ranging from 75 kV/cm to 100 kV/cm. The PE loops are traced at room temperature at a
20 Hz frequency. The slimmer PE loops result in low remnant polarization of BaBi2Nb20y
ceramic. In Table 5.5, it is seen that the PE loop parameters decrease with increasing dopant
concentration. The Pm and P: values obtained for undoped BBN are 5.162 uC/cm? to 6.831
uC/cm? and 1.158 puC/cm? to 1.485 uC/cm? between the electric field range 75 kV/cm to
100 kV/cm, respectively. In doped BBN compositions, the obtained Pm and P: values
increase with increasing electric field but are smaller than the undoped BBN. The decrease
in Pm and Pr values may be elucidated by incorporating external ions into the host lattice,
replacing bismuth ions, and forming oxygen vacancies. When subjected to a strong electric
field, the oxygen vacancies migrate toward the domain wall, impeding the domain-flipping
process. Nevertheless, the estimation of high-quality PE loops is subjected to several

factors, including lattice strain, defects, grain size, density, and minimum sample thickness.
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Figure 5.7: (a-h) PE hysteresis loops of all the compositions with varying applied electric fields ranging
from 75 kV/cm to 100 kV/cm.

122 Ankita Banwal



Chapter 5: Structural, Dielectric, Ferroelectric...

Table 5.5: Energy storage parameters of all BBN ceramic compositions.

Enie Compositions
(kV/cm) Parameters
BBNEOY0 BBNE4Y0 BBNE4Y2 BBNE4Y4 BBNE4Y6 BBNE4Y8 BBNE4Y10 BBNE4Y12
P: (uC/em?) 1.158 0.711 0.324 0.380 0.425 0.365 0.654 0.624
Pm (uC/cm?)  5.162 3.780 3.278 4315 4.060 3.955 4.424 4.038
75 W (J/em®) 0.387 0.283 0.245 0.323 0.304 0.296 0.331 0.302
Wreee (J/em®)  0.300 0.230 0.221 0.295 0.273 0.269 0.282 0.256
1 (%) 77.59 81.18 90.09 91.19 89.51 90.77 85.21 84.54
P. (nC/em?) 1.172 0.738 0.464 0.395 0.490 0.465 0.713 0.680
Pm (uC/cm?)  5.786 4.059 3.532 4.539 4.209 4.598 4.689 4.458
80 W (J/em’) 0.463 0.324 0.282 0.363 0.337 0.368 0.375 0.356
Wiee Jlem®)  0.369 0.265 0.245 0.331 0.297 0.331 0.318 0.302
1 (%) 79.76 81.80 86.86 91.28 88.35 89.88 84.79 84.72
P: (uC/cm?) 1.314 0.684 0.438 0.434 0.511 0.497 0.728 0.670
Pm (uC/cm?)  6.308 4.296 3.782 4.689 4.410 4.719 4.811 4.767
85 W (J/em®) 0.536 0.365 0.321 0.398 0.374 0.401 0.409 0.405
Wiee J/em®)  0.424 0.307 0.284 0.361 0.331 0.358 0.347 0.348
1 (%) 79.16 84.07 88.39 90.73 88.41 89.46 84.86 85.93
P (uC/ecm?) 1.403 0.754 0.507 0.448 0.602 0.492 0.744 0.782
Pn (uC/em?)  6.426 4.348 4.094 4.900 4.682 4.882 5.014 5.110
90 W (J/em®) 0.578 0.391 0.368 0.441 0.421 0.439 0.451 0.459
Weee (J/em®)  0.452 0.323 0.323 0.401 0.367 0.395 0.384 0.389
1n (%) 78.16 82.65 87.60 90.85 87.13 89.97 85.14 84.68
P: (uC/em?) 1.395 0.743 0.540 0.459 0.640 0.560 0.790 0.792
Pm (uC/cm?)  6.768 4.535 4.471 5.102 4.818 5.080 5.221 5.348
95 W (J/em®) 0.643 43.09 0.425 0.485 0.457 0.483 0.496 0.508
Wreee J/em®)  0.510 0.360 0.374 0.441 0.397 0.429 0.421 0.432
1 (%) 79.38 0.836 87.99 90.99 86.71 88.95 84.86 85.18
P. (nC/em?) 1.485 0.781 0.638 0.463 0.636 0.566 0.780 0.802
Pm (uC/cm?)  6.831 4.708 4.712 5.080 4.949 5.288 5.359 5.474
100 W (J/em®) 0.683 0.471 0.471 0.508 0.495 0.529 0.536 0.547
Wiee Jlem®)  0.534 0.392 0.407 0.461 0.431 0.472 0.457 0.467
1 (%) 78.25 83.39 86.45 90.87 87.14 89.28 85.44 85.34
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The P, Pm, and applied electric field values were used to calculate the energy
storage parameters: energy density (W), recoverable energy density (Wrec), and efficiency

(). Egs. (5.5 - 5.7) give the mathematical expression for the energy storage parameters

[41, 42];

W= ['™EdP (5.5)
W,oo = flfrm EdP (5.6)
n =T X 100% (5.7)

Based on these expressions, it can be said that ceramic materials with a high energy
density and efficiency should have a high maximum polarization, a low remnant
polarization, and high BDS simultaneously. Table 5.5 tabulates the W, Wrec, and 1 values
for all the applied electric fields. The energy storage parameters improved with increasing
electric field for all the compositions, as shown in Figure 5.8(a-c). The n varies from
77.59% to 79.76% for undoped BBN ceramic within the electric field range. However, 1
increases with the rise in the applied electric field for doped BBN compositions. The

highest value for 1 is obtained for BBNE4Y4 prepared composition and equals 91.28% at
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Figure 5.8: (a-c) Energy storage parameters of all the prepared compositions of BBN with varying

applied electric fields ranging from 75 kV/em to 100 kV/em.
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Figure 5.9: Weibull distribution function for BBNE4Y4 prepared composition.
80 kV/cm. The Weibull distribution function for BBNE4Y4 prepared composition is shown
in Figure 5.9. Determining the maximum electric fields and energy storage capabilities for
the practical application of energy storage ceramics relies on the vital parameter known as
the breakdown strength (BDS). BDS can be expressed by the Weibull distribution function
given in Eq. (5.8) and (5.9) [20, 22]:

X; = Ln(E;) (5.8)

Y, = Ln (—Ln (1 - (ﬁ))) (5.9)

where Ei is the BDS of the sample, i is the sequence of the sample, and n is the number of
samples. To validate the experimental data, the Weibull shape parameter (f) is an essential
factor that can be calculated from the linearly fitted Xi and Yi slope. The Weibull
distribution model is appropriate for analyzing breakdown outcomes when the value of 8
exceeds 1 [24].

The temperature stability of prepared ceramic (BBNE4Y4) is studied between a
wide temperature range (303 K - 415 K), as shown in Figure 5.10(a). It has been observed

that the W, Wrec, and n of synthesized composition do not vary much with increasing
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temperature under 80 kV/cm applied electric field, as depicted in Figure 5.10(b). This is

because of the transition of extensive diffusive phases in nonergodic and ergodic states of

relaxor materials [22]. The W, Wrec increases with increasing temperature, and 1 remains

constant. The change in W, Wre, and 1 is 0.03%. A comparison of energy storage

parameters of different host materials is given in Table 5.6.
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Figure 5.10: (a) Temperature stability analysis of BBNE4Y4 (Er* = 0.04 and Yb*" = 0.04) at various
temperature ranges (303 K - 415 K) (b) Variation of energy storage density parameters of the

BBNE4Y4.

Table 5.6: Comparison of energy storage parameters of various ferroelectric ceramics.

Host Material

Emax (kV/em) Wree (J/em®) 1 (%) Reference

Big sNag sTi03-BaTiO3-SrTig g75Nbo 103
0.98(0.94Big sNay sTi03-0.06BaTiO3)-0.02BiA10;
(Nao3sKo.12Bio3sLa0.12) TiO3

BaBi;Nb0y:ZrO,

Nay sBigsTiO3:Ho

BaBi:Nb,Oo (Er** = 0.00, Yb** = 0.00)
BaBi;Nb,0o (Er** = 0.04, Yb* = 0.00)

BaBi>:Nb,Og (Er** = 0.04, Yb** = 0.04)

105

95

90

114

100

100

100

1.17

0.69

0.72

0.014

0.534

0.392

0.461

91

78.25

83.39

90.87

(1]
2

[

[3]

[32]

[33]

This work
This work

This work
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5.4 SUMMARY

The structural, dielectric, ferroelectric, and energy storage properties of undoped BaBizx-
yNb2ErkYbyO9 (BBN), Er** doped BBN, and Er**/Yb** co-doped BBN ferroelectric
ceramics have been investigated using the solid-state method. FTIR spectra showed
characteristic peaks of the Aurivillius phase at 619 cm™ and 822 cm™!. Four Raman modes
are visible in undoped BBN, whereas 12 modes have been observed in doped BBN
compositions. Herschbach’s exponential function approach is utilized to calculate the bond
length of Nb-O at 840 cm™' Raman band to establish a correlation between the stretching
frequencies of Nb-O and the corresponding bond lengths. Temperature-dependent
dielectric tests reveal significant dispersion below and above the maximum temperature
(Tm), and the dielectric constant (¢') decreases with increasing frequency. The dielectric
loss (¢") curves are diffused, and variations in the maxima with frequency have been
detected, demonstrating the relaxor behavior of all produced BBN compositions. The
thinner PE loops were achieved under applied electric fields between 75 kV/cm and 100
kV/ecm. The remnant polarization (Pr) and maximum polarization (Pm) were used to
calculate the energy storage parameters (W, Wrec, 1) of each ceramic composition. The
energy storage parameters improve as the applied electric field increases. The energy
density (W), recoverable energy storage density (Wrec), and energy storage efficiency (1)
for undoped, Er** doped, and Er*'/Yb*" co-doped BBN ceramics were approximately
(0.683 J/cm?, 0.534 J/cm?, and 78.25%), (0.471 J/cm?, 0.392 J/cm?, and 83.39%) and (0.508
J/em?, 0.461 J/cm?, and 90.87%), respectively. The W, Wrec, 1| showed decent temperature
stability between 303 K and 415 K. The change in energy storage density parameters is

only 0.03%. It can be concluded that the 1 of undoped, Er** doped, and Er**/Yb** co-doped
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BaBi2x-yNb2ErxYbyOo ceramics increased with doping concentrations. In contrast, the W
and Wrec of Er*" doped and Er**/Yb** co-doped BBN ceramic are comparable with undoped
BBN. The dielectric constant at room temperature (€'303x), degree of diffuseness (y), and
energy storage efficiency (n) are superior in BBNE4Y4 compared to other BBN
compositions, making this concentration the best among others. Therefore, all the above
observations suggest that the prepared material may be helpful in the development of
sophisticated electronic apparatus for applications involving energy storage.

Following an extensive examination of the dielectric and ferroelectric
characteristics of the BaBi2Nb20y system doped with Er** and Yb** ions, it was determined
that the resulting ceramic exhibited relaxor characteristics, thinner PE loops, and improved
energy storage efficiency. The next chapter explores the impact of transition metal ions

(W) to enhance the overall properties of the prepared BBN compositions.
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CHAPTER

Upconversion Luminescence, Optical Temperature

Sensing, Ferroelectric, and Energy Storage Properties
of EF*/Yb>'/W*" Tri-Doped BaBi,Nb:0y Ferroelectric

Ceramic

X/
L X4

X/
L X4

X/
L X4

X/
L X4

X/
L X4

This chapter gives insight into the upconversion, sensing, and ferroelectric
properties of BaBi2-0.04-0.10ND2-zEr0.04Ybo.10W-09 ceramic doped with transition
metal ion, W%, and an optimized concentration of Er** and Yb>".

The UCL intensity improves with W** concentration and reaches a maximum at (z
= 0.02), the quenching effect occurs after this concentration.

The time-resolved fluorescence analysis was done for green and red emissions, and
it was observed that the decay time values increased for higher dopant
concentrations, suggesting a non-radiative transition at higher dopant
concentrations.

The FIR technique measured the absolute sensitivity (Sa) with a value of 0.91% K/
at 573 K.

The PE loops improved with W*" doping and attained the maximum polarization
(Pm) value (9.719 uC/cm?) for z = 0.02.

The recorded energy density (W), recoverable energy storage density (Wrec), and
energy storage efficiency () for undoped and tri-doped BBN ceramics were (0.662
Jlem3, 0.518 J/em?, and 78.25%) and (0.874 J/cm®, 0.792 J/em?, and 90.53%),
respectively. Therefore, the prepared material has the potential to develop
advanced electronic devices for a wide range of applications.
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6.1 INTRODUCTION

Chapter 5 explores the impact of Er** and Yb*" ions on the dielectric, ferroelectric, and
energy storage properties of BaBi2Nb2O¢ ceramic. The PE loops were traced under
moderate applied electric fields ranging from 75 kV/cm to 100 kV/cm. The energy storage
properties of the Er’*/Yb’* doped BBN system were also investigated for the
aforementioned applied electric fields. It has been observed that the energy storage
variables (W, Wre, 1) improve as the applied electric field increases. Although the
efficiency is enhanced in the Er**/Yb** co-doped BBN system, the undoped system has
greater recoverable energy storage than the doped system. Also, in Chapter 4, the UCL
emission intensity has increased in the Er**/Yb*" co-doped BaBi2Nb209 system, but the
optical temperature sensitivity has lowered in the co-doped system. Therefore, this chapter
aims to enhance the optical, electrical, and sensing properties of the BBN compositions by
systematically replacing the B-site ions (Nb>") with the transition metal ions (W®").
Previous studies have investigated host materials consisting of fluoride and
ferroelectric oxide, focusing on three dopants [1-4]. Among these dopants, the addition of
a transition metal such as tungsten, molybdenum, or manganese has been extensively
studied [5, 6]. These dopants have been found to effectively modify the local environment
around the rare earth (RE) ion. Implementing this approach was expected to induce a
portion of the parity-prohibited intra-4f transitions of RE ions, leading to a modification of
the local Coulombic field. This alteration could facilitate the mingling of f-states with
higher electronic configurations [7]. For instance, Pandey et al. reported the frequency
upconversion property of yellow light-emitting Ho>"/Yb?" embedded tungsten tellurite

(TeO2-WO3) glass [1]. Babu et al. studied the blue-green cooperative upconverted
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luminescence and radiative energy transfer in Yb-doped tungsten tellurite glass [2]. The
enhanced piezoelectric properties have been explored in transition metal ion-doped KNN
ceramic [3]. In BiooEuo.1FeOs thin films, the effect of transition metal ions on structural
and electrical properties is discussed [4]. Bobic et al. investigated BaBi4TiaxWxO15 doped
with W®" and revealed that the remnant polarization increases with W®" doping [5]. In
tungsten-doped SrBi2Ta209 ferroelectric ceramic, the dielectric constant of the samples
increases with tungsten doping at their respective Curie temperatures [6]. In another study,
the introduction of W®" in Bi2.93Ce0.07TiNb1-xWxOo ceramic enhanced the octahedral tilt
angle along the “a” axis, which resulted in an optimal piezoelectric property [7]. These
studies indicate that adding a third dopant not only enhances the electrical characteristics
but also improves the optical properties of the material. Consequently, this chapter presents
a comprehensive analysis of the tri-doped BBN system to enhance its optical, electrical,
and sensing properties.

This chapter is organized as follows: Section 6.2 presents a comprehensive
discussion of the characterization and synthesis procedures. Section 6.3 details the results
and discussions. In subsection 6.3.1, the focus is on structural analysis, elucidated through
XRD spectra. Subsection 6.3.2 delves into the upconversion luminescence (UCL) spectra
of the prepared sample, while subsection 6.3.3 provides insights into the variation of UCL
spectra with different pump powers. Subsection 6.3.4 offers a detailed analysis of time-
resolved photoluminescence. Non-invasive temperature sensing is addressed in subsection
6.3.5. Furthermore, subsection 6.3.6 provides information about the PE loops and energy
storage properties of the prepared ceramic. The chapter concludes with a concise summary

in section 6.4.
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6.2 SYNTHESIS AND CHARACTERIZATION DETAILS

The ceramic BaBi2-0.04-0.10Nb2-2Er0.04Ybo.10WzO09 (BBN) is manufactured by a simple solid-
state method. The Er*" (x = 0.04) and Yb*" (y = 0.10) were fixed at optimized
concentrations, and W®" was varied during the process (z = 0.01 to 0.04). The precursors
used were BaCOs3, Bi203, Nb2Os, Er20s, Yb203, and WO3, having the highest purity
(99.99%) from Sigma Aldrich and Alfa Aesar. These initial precursors were measured in
stoichiometric proportions and homogenized with a mortar and pestle for 5 hours, using
ethanol as the solvent. The automated high-temperature furnace is used for the calcination
of the sample at 950°C with a hold time of 3 hours. Then, a binder of PVA is mixed with
calcined powder to prepare the pellets. The pellets were fabricated using a hydraulic press
at a pressure of 5 MPa with a diameter of 10 mm and a thickness of approximately 1 mm.
These pellets were again put into the same furnace for sintering at 1050°C for 3 hours for
the densification of the sample. Following the sintering process, some pellets remained
unaltered, while others were reduced in thickness to 0.20 mm to facilitate PE
measurements. These fragile pellets were coated with air-drying silver paste on both sides
to avoid breaking.

The investigation of the phase of the material was conducted through the analysis
of XRD spectra utilizing Cu-Ka radiations by the use of a Bruker high-quality X-ray
diffractometer. The refinement and lattice parameters are calculated by TOPAZ software.
The polarization measurement in response to the applied electric field is conducted using a
sophisticated automated loop tracer. The experiment was conducted at ambient temperature
with a frequency of 50 Hz. The HORIBA quanta master instrument was used to facilitate

UCL spectra using laser source light at 980 nm. For the lifetime decay measurement, a
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pulsed laser was operated in modulation mode at its maximum power capability of 2W/cm?
for 30 minutes. The synthesized material was placed on the heaters to analyze the
temperature-dependent UCL emission spectra while the temperature was measured with a
thermocouple. A manually constructed heater equipped with a thermocouple, multimeter,
and variable-voltage control was utilized to conduct the sensing, resolution, and stability
analyses. The sample coding for various compositions of BaBizx-yNb2-ErxYbyW:O9
ceramic is recorded in Table 6.1.

Table 6.1: Abbreviation used for various compositions of BaBiz-xyNb2-:ErxYbyW:Q9 ceramic.

Compositions Sample Code Er¥t (x) Yb* (y) W (z)
BaBiyx.yNbyEryYbyW,O9 BBNEOYOWO 0.00 0.00 0.00
BaBi;.96Nb2,Er0.04Ybo.00Wo0.0009  BBNE4YOWO 0.04 0.00 0.00
BaBi, gsNby,Er0.04Ybo.10W0.0009  BBNE4Y10WO0 0.04 0.10 0.00
BaBii 8sNb1.99E10.04Yb0.10W0.0109  BBNE4Y10W1 0.04 0.10 0.01
BaBi) gsNbj 9sEro.04Ybo.10Wo0.0209  BBNE4Y10W2 0.04 0.10 0.02
BaBii 8sNb1.97E10.04Yb0.10W0.0309  BBNE4Y10W3 0.04 0.10 0.03
BaBi; 36Nb1.96Er0.04Ybo.10W0.0409  BBNE4Y10W4 0.04 0.10 0.04

6.3 RESULTS AND DISCUSSION

6.3.1 Structural Analysis

The spectra of XRD for undoped, Er** doped, Er**/Yb*" co-doped, and Er**/Yb**/W®" tri-
doped BBN ceramic are represented in Figure 6.1. The XRD peaks resemble the JCPDS
file number 00-012-0403, associated with an orthorhombic crystal structure and classified
within the Fmmm phase group. The absence of secondary peaks in the XRD patterns
provides evidence for extensive incorporation of the dopant within the host lattice. The

prominent XRD peak corresponds to the (115) plane, attributed to the BLSFs having n = 2.
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From the previous findings, it can be confirmed that the (112n+1) plane is associated with
an intense XRD peak in the BLSF materials of the Aurivillus family. The density of the
prepared sintered pellet is evaluated by the Archimedes method (Table 6.2). The measured
density is comparable with the reported density in the JCPDS file with 95% accuracy. The
A-site Bi*" ions are replaced by Er*" and Yb*" ions at an optimized concentration, whereas
WS ions systematically replace the B-site ion Nb>*. The explanation for this replacement
is based on the fact that they have equal charge valency and nearly comparable radii. The
resulting change in lattice parameters is shown in Table 6.2, indicating a minor shift in the
parameters, which implies the maintenance of electroneutrality inside the lattice,
preventing lattice deformation. Also, the increment in lattice cell volume can be explained
by the lone pair character of Bi** ions. In the BaBi2Nb2Opo structure, this phenomenon might
be attributed to the restricted nature of the 6s* lone pair of Bi*" inside the host. This
restricted lone pair in Bi** induces a minor deformation in the surrounding lattice structure,

which expands the unit cell volume [8-10].

BaBi,Nb,0y:Er**/Yb"/We*

A A A N,

gy BBNE4Y10W3
= ) —
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(/2]

c BBNE4Y10W0
(V]

P}

S | BBNEAYOWD
— - L A M A

I

10 20 30 40 50 60 70 80
2 0 (Degree)

Figure 6.1: XRD spectra of all the doped and undoped BBN ceramics compositions.
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Table 6.2: Refinement parameters, lattice parameters, and experimental density of all the BBN
ceramic.

Refinement Parameters

Compositions

Rp Rwp Rexp R Braggs Gof (%)
BBNEOYOWO0 12.84 11.00 10.76 13.606 1.02
BBNE4Y0W0 13.59 12.18 11.57 9.391 1.05
BBNE4Y10W0 11.76 12.98 10.22 9.651 1.06
BBNE4Y10W1 10.56 9.22 8.52 9.971 1.08
BBNE4Y10W2 10.93 9.38 8.66 11.566 1.08
BBNE4Y10W3 10.37 8.74 8.32 12.757 1.05
BBNE4Y10W4 11.02 9.57 8.82 8.886 1.08

Lattice Parameters and Experimental Density

a () b (A) c(A) V (A% Density (g/cm?)
BBNEOYOWO0 5.5394 25.5751 5.5571 787.294 7.0091
BBNE4Y0OW0 5.5526 25.609 5.5623 790.982 6.8724
BBNE4Y10W0 5.5488 25.620 5.5612 790.581 6.7600
BBNE4Y10W1 5.5675 25.6679 5.5637 795.095 6.1919
BBNE4Y10W2 5.5640 25.6734 5.5630 794.672 6.2246
BBNE4Y10W3 5.5631 25.6771 5.5658 795.063 6.3253
BBNE4Y10W4 5.5627 25.6625 5.5577 793.394 6.6633

6.3.2 Upconversion Luminescence Spectroscopy

The upconversion luminescence (UCL) spectra of W®" doped BBN compositions for
different W% concentrations (z = 0.01, 0.02, 0.03, and 0.04) are shown in Figure 6.2(a).
The spectra are acquired using an irradiation of 980 nm excitation wavelength with a source
density of 3.25 W/cm?. At 535 nm and 546 nm, two distinct green emission bands were
detected due to the transitions from “Hii2 to “Iis2 and *S3.2 to *11sn2, respectively. The red

band at 673 nm through the transition from *Fo. to *Ii52 can be visible.
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Figure 6.2: (a) UCL spectra of all the compositions of tri-doped BBN ceramics (b) Variation of UCL
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The crystal field causes the “Fo/2 energy level of the Er** ion to be split into sublevels
via upconversion luminescence [11]. Figure 6.2(b) demonstrates that the emission
intensity reaches its maximum value at a concentration of z = 0.02. Subsequently, the
emission intensity decreases due to the occurrence of the concentration quenching effect.
In this effect, the proximity of the dopant ions becomes sufficiently close, leading to their
involvement in non-radiative transitions, hence causing a deterioration in the intensity of
photoluminescence. The calculation of the interionic distance between dopant ions can be

accomplished by the Blasse equation represented in Eq. (6.1) [11, 12]:

(6.1)

where V represents the volume of the unit cell, Z denotes the number of host cations, and
Xc (xty+z) refers to the optimal concentration at which quenching occurs. By substituting
the given values into Eq. (6.1), the value of Rc comes out to be 13.34 A. Figure 6.2(c)
depicts the energy level diagram illustrating the potential pathways for the UCL. The Yb**
ions are subjected to illumination from a 980 nm laser, which results in energy absorption
by GSA. This energy is then transferred to a higher energy level at *I11/2 through ET1 and
to “F72 level through ET2. Photons may potentially be absorbed by Er’" ions via GSA.
Therefore, the level “I112 is produced by the ESA process to transition to a higher energy
level, namely the *F72 level. Consequently, the level *F7» experiences an excessive
population due to distinct processes, ET1, ET2, and ESA. The ions undergo a non-radiative
process known as multiphonon relaxation (MPR), resulting in their transition to energy
levels 211112, *S32, and “Fop. Ions emit a single red band at 672 nm and two green bands at
535 and 556 nm due to their transition to the lower energy level. The red emission band

may be attributed to an additional decay path facilitated via cross-relaxation channels CR1
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and CR2. The CIE chromaticity coordinates (x, y) for all tri-doped BBN compositions were
also calculated from the emission spectra. It has been observed that at z= 0.01 and 0.04,
the spectra exhibit in a brighter green region, whereas for z = 0.02 and 0.03, they manifest
in a deeper green region, as depicted in Figure 6.2(d). Furthermore, the enhancement in
UCL emission intensity by the incorporation of W% ions in the host lattice is displayed in
Figure 6.2(e). The local electric field surrounding the Er** ions changes, increasing the
chance of electronic-dipole (ED) transitions, which causes this intensity spike. Consistent
with earlier observations, the results show that changes in the crystal field influence the UC

emissions of Er** ions linked to the intra-4f electronic dipole transitions [13].

6.3.3 Pump Power Dependence on UCL
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Figure 6.3: (a) Dependency of varying pump power on UCL spectra (b) Ln(Intensity) vs Ln(Power).

To get a deeper understanding of the mechanisms behind UCL, the transitions involving
the levels 2Hii2, *S3»2, and “Fo to level *Iis2 in the BBNE4Y10W2 composition were
investigated. The distinct pump powers range from 89 mW to 389 mW with an excitation
source density of 5.79 W/cm? to 25.34 W/cm?, as depicted in Figure 6.3(a). It has been
observed that as the pump power increases, the UCL intensity also increases. Eq. (6.2)

illustrates the correlation between pump power and UCL emission intensity [14, 15].
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Iyp « P™ (6.2)
where P represents the pump power, n signifies the low-energy photons necessary for the
UCL, and Iur denotes the luminescence intensity of the UCL. The curve of the Ln(Intensity)
against the Ln(Power) is given in Figure 6.3(b). The value of n can be obtained from the
slope of the graph. The n equals 1.64, 1.59, and 1.61 for emission bands at 535 nm, 556
nm, and 673 nm, respectively. The fact that n is rounded to 2 means that two photons are
involved in UCL. The disparity from n = 2 might be due to the impact of distinct UC

mechanisms [12].

6.3.4 Time-Resolved Spectroscopy

The laser source in the modulation mode under the excitation of 980 nm wavelength is used
to study the time-resolved photoluminescence spectra of green band and red band through
transition *S3/2 to *I1s2 and “Fon2 to *I152 energy levels, respectively. The time decay profile
of the green band at 556 nm for the tri-doped BBN system is given in Figure 6.4(a-d). The

curve is fitted using decay exponential fit given by Eq. (6.3):

I(t) = Io + XA exp(— i) (i=123) (6.3)
where Ai (1 = 1, 2, 3) is the fitting coefficient, i (1 = 1, 2, 3) is the decay time of
luminescence, and lo is the intensity at the initial time. The mean lifetime is calculated using

Eq. (6.4):

2
AiTi

AjTy

<t>=Y24 (1=1,2,3) (6.4)

The average lifetime for optimized BBNE4Y10W2 composition is 30 ps, which
supports the high emission UCL intensity. After this, the average lifetime increases,

possibly due to the non-radiative transitions at higher dopant concentrations. The
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comparison of the time decay profile of Er** doped, Er**/Yb*" co-doped, and Er**/Yb**/W¢*
tri-doped BBN for the green emission band is depicted in Figure 6.5(a-c). It has been
observed that the average lifetime of the green emission band at 556 nm is decreasing from

single-doped BBN to tri-doped BBN, which prompts that the tri-doped system has a larger
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radiative transition probability of the emitting level than the single-doped BBN system [16,

17]. Further, the time-resolved spectroscopy for the red emission band at 672 nm through

the transition of ions from *Fos to *Iis2 is shown in Figure 6.6(a-d). The average decay

time for red emission is increasing with increasing W®* concentration.
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Figure 6.7(a-c) represents the average lifetime of the red emission band for Er**
doped, Er**/Yb*" co-doped, and Er**/Yb**/W** tri-doped BBN ceramic. It can be seen that
the lifetime is reduced in the co-doped and tri-doped systems, which is due to the effective
radiative transition probabilities in these BBN compositions. Also, the presence of Yb**

ions prevents the clustering of Er** ions, thereby increasing the optical properties [17].

6.3.5 Optical Temperature Sensing

The well-known method for contactless temperature sensitivity is the fluorescence intensity
ratio (FIR) technique. This method is compatible with checking the capabilities of materials
to be used as optical temperature sensors. The sensitivity of optimized BBNE4Y10W2 is
calculated for the applicability of ceramic to be used as a potential sensor material. Figure
6.8(a) depicts the temperature-dependent UC spectra of BBNE4Y10W2. In this method,
the ratio of the integral intensity of two green emission bands through transitions “H11/2 to

“T1s12 and *S3.2 to *11522 is utilized (Figure 6.8(b)), as given in Eq. (6.5) [12]:

FIR = 2 = Cexp (— £) (6.5)

s KgT
where In and Is are the symbolic representation for intensities via transitions “Hi12 to *Iis.2
and *S3» to “Iisn, respectively, AE is the difference between thermally coupled energy
levels, C is the coefficient of exponential, Ks is the Boltzmann constant, and T is the
temperature at which spectra is traced. Eq. (6.5) can be re-written in linear form to AE and
C and is given in Eq. (6.6) [12]:

Ln(FIR) = — (f{—i) (%) +LnC (6.6)

The Ln(FIR) slope against the temperature inverse gives us the value of AE/Ks and

LnC to be 1158.53 and 2.97, respectively, provided in Figure 6.8(c). These parameters
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determine the optical temperature sensitivity of the produced ceramic BBNE4Y10W2. Eq.
(6.7) may determine the absolute sensitivity of the material by plotting its changing FIR

value against temperature [12]:

d(FIR) d<cexp(_$>> AE\ [ AE
Se="g =~ =Cexn (-2) (1) 6.7

To acquire the relative sensitivity (Sr) of the material, the absolute sensitivity (Sa)

is divided by FIR as employed in Eq. (6.8) [12]:

1 AE
S, =—xS§, = ( ) ,
' FIR a KgT? (6.8)
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The curve of Sr and Sa is shown in Figure 6.8(d). The maximum S, obtained at 573

K is 0.91% K! whereas Sris 1.32% K! at 297 K. Sa values are extrapolated up to Shair (Sa

is more than half of the highest value) using Eq. (6.7). When the experimentally observed

AEex and the theoretically calculated AEw are nearly the same; the material sensitivity is

considered suitable. The AEex is calculated from the slope of Figure 6.8(c), and the

deconvoluted emission spectra give AEw by the Viogt fit, as illustrated in Figure 6.9. The

inaccuracy is approximately 3.0%, calculated using Eq. (6.9) [18]:

_ IAEg—AEgyl

) X 100% (6.9)
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Figure 6.9: Deconvoluted curve of BBNE4Y10W2 sample using Voigt fit for AEw calculation.
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Figure 6.10: (a) Repeatability test of BBNE4Y10W2 for 17 cycles with stabilization time of 2 minutes
(b) Resolution of temperature from 303 K to 573 K.

148

Ankita Banwal



Chapter 6. Upconversion Luminescence, Optical...

The repeatability (R) and resolution (6T) of a sensing material are critical in

determining its effectiveness. These parameters can be presented by Egs. (6.10-6.11) [18]:

Rzl_w (6.10)
Apv
=Ly
8T = - x 2 (6.11)

where Aav and Asp are FIR’s mean and specific values in the temperature range 303-573 K
for 17 cycles, and da/A denotes the device’s accuracy. Figure 6.10(a) shows negligible
change in the FIR values across the entire temperature range. The temperature resolution
has improved from 2.67 K to 8.78 K, as depicted in Figure 6.10(b). Table 6.3 compares
the sensitivity of the Er** doped, Er**/Yb*" co-doped, and Er**/Yb*/W®" tri-doped BBN
systems with other doped ferroelectric systems. Hence, it can be deduced that the prepared
ceramic is a proficient material for sensing and has the potential to be extensively studied

for its suitability in optical temperature sensor applications.

Table 6.3: Comparison of the sensitivity of various doped ferroelectric ceramics.

. AE Temp. -1 -1
Host Material (cm?) Range (K) Ta(K) Sa(K) S (K') Tr(K) Ref
La,T1,07:Er/Yb 683 93-773 493 0.29%  0.41% 300 [9]
NaysBiosTiO3:Er/Yb 706.6  173-553 493 0.35% - - [10]

BaBi:Nb,Oo:Er/Yb (y = 0.06) 705 303-573 523 0.69%  1.10% 303 [12]

BaBi:Nb,Oo:Er/Yb (y=0.10) 645  303-573 463 0.58% 1.01% 303 [12]

NaosBizsTa:00: Er/Yb - 153-483 483 0.78% 5.99% 153 [15]
CaBi,Ta,05:Er/Yb 1181 153-603 590  0.39% - - [19]
NaosErosBisTisOs 500.1  175-500 380  0.17% - - [20]
BaTiOs:Er/Yb 600 125-430 410 0.19% - - 21]
BNT-SBT:Er/Yb - 303-573 363 049% - - [22]
Ba;NaNbsO,5:Er/Yb 7355 298-573 373 0.68% 090% 298  [23]
BaBi;Nb;Oo:Er 661  303-623 483 099%  0.40% 303 [24]
BaBi;Nb0s:Er/Yb/W 773 303-573 573 091%  132% 303 VTV‘(;‘rsk
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6.3.6 PE Loops and Energy Storage Analysis
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Figure 6.11: (a) PE loops of tri-doped BBN compositions at 50 Hz (b) Comparison of PE loops of
BBNEOYOWO0, BBNE4YOW0, BBNE4Y10W0, and BBNE4Y10W2 ceramic.

The polarization versus electric field (PE) curves of undoped and tri-doped compositions
of BBN ceramic are represented in Figure 6.11(a) at an applied electric field of 100 kV/cm.
The PE hysteresis loops are traced at room temperature at 50 Hz. It has been observed that
after doping with W®" ions, the PE loop acquires thinner shapes. The maximum polarization
(Pm) obtained for undoped BBN is 6.831 uC/cm? and 9.719 pC/cm? for BBNE4Y10W2
composition at 100 kV/cm. In tri-doped BBN compositions, the Pm increases, whereas the
remnant polarization (2Pr) decreases, as depicted in Table 6.4. These observations imply
that with W6" ions on the B-site of the perovskite structure, the slimming tendency of a
BBN is increasing with an increase in Pm. The nano-polar regions align effectively due to
the maintenance of the oxygen vacancies, which tend to migrate toward the domain wall
when subjected to a strong electric field, helping the domain-flipping process.
Nevertheless, the estimation of high-quality hysteresis loops is subjected to several factors,
including lattice strain, defects, grain size, density, and minimum sample thickness. Figure
6.11(b) compares undoped, Er** doped, Er**/Yb** co-doped, and Er**/Yb*"/W®" tri-doped

BBN ceramic. It is concluded that the tri-doped BBN ceramic has higher Pm values,
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whereas, in the case of singly-doped and co-doped BBN compositions, the Pm values are
lesser than the undoped BBN ceramic. This indicates that the transition metal ions on the
B-site play a crucial role in enhancing the polarization of the sample.

Moreover, the PE loops are beneficial for analyzing the energy storage density of
the ceramic. The Pr, Pm, and applied electric field values were used to calculate the energy
storage parameters: energy density (W), recoverable energy density (Wrec), and efficiency

(n). The mathematical expression is given by Egs. (6.12-6.14) [25, 26]:

W= ['™EdP (6.12)
Weee = [2™ EdP (6.13)
N = 2ree » 100% (6.14)

Based on these expressions, it can be said that ceramic materials with a high energy
density and efficiency should have a high maximum polarization, a low remnant
polarization, and high BDS simultaneously [27, 28]. Table 6.4 tabulates the energy storage
parameters W, Wrec, and 1 values for all the compositions of BBN. Figure 6.12(a) reveals
the energy storage density parameters of undoped and tri-doped BBN compositions. It has
been found that the W, Wrec, and n values of tri-doped BBN compositions are higher than

those of undoped BBN. The efficiency lies between 85% and 90%, which is better for a

Table 6.4: PE and energy storage parameters of BBN ceramic composition.

Composition 2P: (uC/ecm?)  Pm (uC/cm?) W (J/em?) Weee Jlem’) 1 (%)
BBNEOYOWO 2.971 6.831 0.662 0.518 78.25
BBNE4YOWO 1.562 4.708 0.471 0.392 83.39
BBNE4Y10W0  1.560 5.359 0.536 0.457 85.44
BBNE4Y10W1 1.397 7.650 0.742 0.674 90.86
BBNE4Y10W2  1.839 9.719 0.874 0.792 90.53
BBNE4Y10W3 1.765 8.087 0.808 0.720 89.08
BBNE4Y10W4  1.530 6.415 0.577 0.508 88.07
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Figure 6.12: (a) Energy storage parameters of tri-doped BBN compositions (b) Comparison of energy

storage parameters of BBNEOYOW0, BBNE4Y0OW0, BBNE4Y10W0, and BBNE4Y10W2 ceramic.

potential energy storage material. Also, a comparison of energy storage parameters for
undoped, Er** doped, Er**/Yb*" co-doped, and Er**/Yb**/W®" tri-doped BBN is given in
Figure 6.12(b). It is evident that the Er** doped and Er**/Yb** co-doped BBN systems
exhibit lower W and Wi values, but the 1 value is larger compared to the undoped BBN.
In Er**/Yb*"/WS" tri-doped BBN, the presence of WS ions significantly improve the W,
Wree, and 1 as compared to undoped BBN. However, in order to have a high-quality energy
storage material, it is crucial to possess a higher Wrec. A detailed comparison of all the

energy storage variables of doped ferroelectric ceramics is tabulated in Table 6.5.

Table 6.5: Comparison of energy storage parameters of various ferroelectric ceramics.

Host Material Emax (kV/em) Wree (J/em®) (%) Ref.
Nay sBigsTiO3:Ho** 114 0.68 - [26]
Big.sNag sTi03-BaTi03-SrTi0.375Nbo.103 105 1.17 91 [29]
0.98(0.94BiysNagsT103-0.06BaTiO3)-0.02BiAl0; 95 0.69 - [30]
(Nag38Ko.12Big38La0.12)TiO3 90 0.72 93 [31]
BaBi,NbyOy:ZrO, - 0.014 - [32]
BaBi,Nb,Oq (Er** = 0.00, Yb*" = 0.00, W¢" =0.00) 100 0.518 78.25  This work
BaBi:Nb,Oo (Er** = 0.04, Yb*" = 0.00, W¢* = 0.00) 100 0.392 83.39  This work
BaBi>:Nb,Og (Er** = 0.04, YH** = 0.10, W =0.00) 100 0.457 85.44  This work
BaBi,Nb,Og (Er** = 0.04, Yb*" = 0.10, Wé* = 0.02) 100 0.792 90.53  This work
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6.4 SUMMARY

The solid-state method is used to produce the relaxor ferroelectric ceramic BaBi2-0.04-
0.10Nb2-2Er0.04Ybo.10W-O9 (BBN) which is doped with the transition metal ion, W®', at a
constant concentration of Er*" and Yb**. The X-ray diffraction (XRD) spectra revealed the
presence of a perovskite phase in each ceramic sample, which exhibited an orthorhombic
crystal structure. The UCL spectrum displayed two distinct green bands and one red band.
The UCL intensity exhibits enhancement with an increasing concentration of W®" ions,
peaking at z = 0.02. Beyond this concentration, a quenching effect occurs. The presence of
two photons was verified by observing the changes in UCL spectra caused by variations in
pump power. The time-resolved fluorescence analysis was conducted to examine the
emission of green and red light. The results indicated that the time decay increases as the
dopant concentration increases, indicating the presence of non-radiative transitions at
higher dopant concentrations. The FIR approach quantified the absolute sensitivity,
yielding a result of 0.91% K! at a temperature of 573 K. The slim PE loops were achieved
with an applied electric field of 100 kV/cm. It has been verified that by doping with W¢",
the PE loops are enhancing and reaching their maximum Pm value at 9.719 nC/cm? for z =
0.02. Furthermore, the energy storage characteristics (W, Wrec, ) have shown substantial
enhancement compared to undoped BBN ceramic. The recorded energy density (W),
recoverable energy storage density (Wrec), and energy storage efficiency (1) for undoped
and tri-doped BBN ceramics were (0.662 J/cm?®, 0.518 J/cm® and 78.25%) and (0.874
J/em3, 0.792 J/ecm?® and 90.53%), respectively. These enhancements imply that the created
material may be beneficial in developing sophisticated electronic devices for versatile

applications.
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Furthermore, the next chapter serves as the culmination of the research done in the

thesis and provides an outlook on potential future developments.
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CHAPTER

Conclusion and Future Scope

s This chapter presents a concise overview of the research carried out in this thesis.

s Furthermore, the concrete conclusion derived from the presented results is also
briefly discussed.

% Subsequently, this chapter outlines the possible future areas of research that might
be explored to improve the current study.
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7.1 CONCLUSION

In summary, this thesis has meticulously examined the impact of doping with Er’",
Er**/Yb*, and Er**/Yb**/W®" in BaBi2Nb209 ceramic, shedding light on its structural,
photoluminescence, sensing, and ferroelectric properties. The outcomes of this
investigation offer significant contributions to understanding the influence of rare earth and
transition metal ion doping on the material’s characteristics. A systematic exploration of
each doping scenario has been undertaken throughout the chapters, providing a nuanced
perspective on the structural modifications and performance enhancements. As the research
landscape evolves, these findings serve as a foundation for future studies exploring
advanced functional materials and tailored properties. The outcomes of this work are not
only relevant to the academic community but also hold potential implications for practical
applications in areas such as advanced optoelectronic devices, security instruments, non-
contact sensors, etc.

Chapter 1 provides a comprehensive overview of photoluminescence materials and
ferroelectric materials. The examination delves into the fundamental characteristics and
properties of these materials, offering insights into their unique features and potential
applications. Furthermore, this chapter focuses on the critical role of rare earth ions in
modulating host material properties through precise control of dopant concentrations. A
brief discussion is given on the applications of upconversion luminescent materials in
several domains. Furthermore, this chapter offers concise information on the objectives of
the thesis and briefly details the thesis layout.

Chapter 2 addresses the synthesis process and several characterization approaches

in depth. The solid-state technique is utilized to produce the BaBi2Nb2O9 ceramic.
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Furthermore, this chapter describes the characterization processes used to examine the
properties of the synthesized ceramics. The structural analysis is carried out using XRD,
SEM, FTIR, and Raman spectroscopy. Photoluminescence characteristics are investigated
employing upconversion luminescence (UCL) spectra, pump power analysis, and time-
resolved fluorescence spectroscopy. The fluorescence intensity ratio (FIR) approach
investigates temperature-dependent UCL spectra. PE loops are used to investigate
ferroelectric characteristics at room temperature. Temperature-dependent dielectric
experiments disclose dielectric constants of the produced ceramics. This chapter provides
a full explanation of the strategies mentioned above.

Chapter 3 investigates the synthesis and characterization of Er** substituted BaBi2-
«ErxNb209 ceramic composition. The XRD spectra indicate the excellent solubility of Er**
ions, as there are no extra peaks in the XRD spectra. Increasing Er’" content caused the
stretching in the unit cell of the host material, which is due to the constraint 6s lone pair
character of the Bi*" ions. Two green and one weak red band are observed via *S32 — L1522,
2Hi12 — “lisn, and *Fo, — *11552 transitions, respectively. The highest emission intensity is
obtained for Er’* content x = 0.04. The fluorescence intensity ratio technique showed a
maximum absolute sensitivity of 0.99% K! at 483 K for optimized Er** content. The PE
loops are measured at room temperature for all the Er** doped BaBi2xErxNb209¢ ceramic
composition, and it is observed that the remnant polarization degraded with Er** doping.

Chapter 4 discusses the structural, upconversion photoluminescence, and sensing
properties of Er¥*/Yb*" co-doped BaBi2-0.04-yNb2Er0.04YbyOo ceramic. The Er’* content is
fixed at an optimized concentration x = 0.04, and Yb** is varied during the synthesis
process. The efficiency of UCL emission intensity increases with Yb** concentration, and

the highest intensity is obtained for y = 0.10 dopant content. The presence of Yb>" ions
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results in a noticeable red emission band at 672 nm because of the efficient energy transfer
from Yb*" ions to Er** ions. The sensitivity of the material was determined for two different
dopant concentrations (y = 0.06 and y = 0.10), and it was found that the sensitivity of the
material can be tuned by altering dopant concentrations. The sensitivity of the material
calculated for y = 0.06 is 0.69% K at 523 K, and for y = 0.10 is 0.58% K! at 463 K.

Chapter 5 examines the structural, dielectric, ferroelectric, and energy storage
properties of undoped, Er’*" doped, and Er**/Yb** co-doped BaBizxyNb2ErxYbyOo
ceramics. FTIR spectra showed characteristic peaks of the Aurivillius phase at 619 cm’!
and 822 cm’!. Four Raman modes are visible in undoped BBN, whereas 12 modes have
been observed in doped BBN compositions. Temperature-dependent dielectric tests reveal
significant dispersion below and above the maximum temperature (Tm), and the dielectric
constant (¢') decreases with increasing frequency. The dielectric loss (") curves are
diffused, and variations in the maxima with frequency have been detected, demonstrating
the relaxor behavior of all produced BBN compositions. The thinner PE loops are achieved
under applied electric fields between 75 kV/cm and 100 kV/cm. The remnant polarization
(Pr) and maximum polarization (Pm) are used to calculate the energy storage parameters
(W, Wree, 1) of each ceramic composition. The energy storage parameters improve as the
applied electric field increases. It can be concluded that the 1 of undoped, Er** doped, and
Er**/Yb** co-doped BaBi2-x-yNb2ErxYbyOo ceramics increased with doping concentrations.
In contrast, the W and Wi of Er** doped and Er**/Yb*" co-doped BBN ceramic are
comparable with undoped BBN.

Chapter 6 discusses the structural, upconversion photoluminescence, sensing,
ferroelectric, and energy storage density characteristics of BaBi2-0.04-0.10Nba2-

2Er0.04Ybo.10W-O9 (BBN), which is doped with the transition metal ion, W®", at a constant
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concentration of Er** (x = 0.04) and Yb** (y=0.10). The UCL emission intensity increases
with the incorporation of W®" ions and increases up to z = 0.02, and then concentration-
quenching occurs. Time decay analysis is conducted for the green and red emission bands,
corresponding to transitions from 2Hiiz to “lisz and “S3z to “lisn energy levels,
respectively. The absolute sensitivity (Sa) of the Er**/Yb*/W®" tri-doped BBN system
yields a result of 0.91% K! at a temperature of 573 K, which is higher than the Er**/Yb**
co-doped BBN system and comparable with the Er** doped BBN system. The PE loops
have shown improvements and reached their maximum Pm value at 9.719 uC/cm? for z =
0.02. The W, Wre, and 1 for undoped is 0.662 J/cm®, 0.518 J/ecm?, and 78.25%,
respectively, and 0.874 J/cm?, 0.792 J/cm?, and 90.53%, respectively, for the tri-doped

BBN ceramics.

7.2 FUTURE SCOPE

The primary objective of this thesis is to investigate the structural, photoluminescence,

sensing, and ferroelectric properties of Er** doped, Er**/Yb*" co-doped, and Er**/Yb*/W®*

tri-doped BaBi2Nb20y ceramic. However, some objectives can be explored as potential
future elements.

1.  The dielectric measurements from below the room temperature to high temperature
need to be investigated for undoped, Er’* doped, Er*’/Yb*" co-doped, and
Er’/Yb* /WS tri-doped BaBiaNb2Oy ferroelectric ceramic because these
measurements help in designing and optimizing electrical devices.

2. The absolute sensitivity of thermally coupled levels (TCL) of dopant ions has been
measured in this thesis; however, more investigation is required to explore the

sensitivity of non-TCL of dopant ions.
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Studying the potential impact of electric field-induced piezoelectric strain on light
upconversion luminescence will be intriguing.

Fabrication and characterization of BaBi2Nb2Oo-based thin films to explore the
potential of the material to be used as energy harvesting devices.

A detailed comparative analysis of upconversion and ferroelectric properties of
BaBi2Nb20o-based thin films and ceramics may be explored to check the versatility

of the material.
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Ceramics thesized by a conventional solid-state reaction method. The upconversion (UC) light emission under 980 nm

f]ermele“r_lcs excitation with different pump powers and luminescence-based temperature sensing ability of BaBiy.,NbyEr,Og
pconversion

composition have been examined. The formation of a Bi-layered perovskite phase of BaBisNbyOg is confirmed
having an orthorhombic geometry and Fmmm space group. Shifts in the Raman modes indicate reduced inter-
action of Bi** ions with NbOg octahedron leading to relaxation of structural distortion with increasing Er>*
content. The maximum value for remnant polarization and coercive field of doped BaBiy.,NboEr,Og ceramic for
(x = 0.08) Erbium concentration comes out to be 2.9524 pC/cm2 and 49.8980 kV/cm. For an optimum content of
x = 0.04, two strong UC green emission bands were observed at 549 nm via 4S3 /2 — 411 5/2 transition and 527 nm
via 2Hyq /2 > 4115/2 transitions, and a weak red emission appears at 657 nm attributed to the 4F9/2 - 4115/2
transition. Pump power dependence suggests that UC emission is a two-photon mechanism for red and green
emission bands. Temperature sensing evaluated by the change in the fluorescence intensity ratio (Isa7/Is4g) in-
dicates the highest sensitivity to be 0.00996 K! at 483 K for an optimum concentration of Er** at x = 0.04 in
BaBiy.xNboEr,O9 composition and is useful for non-contact optical thermometry.

Raman spectra
Optical temperature sensor

1. Introduction

Trivalent rare-earth (RE3+) ions doped different host materials
excited by cheap laser sources exhibit upconversion (UC) photo-
luminescence which can change lower energy near-infrared radiation
(NIR) into higher energy visible radiation [1-10]. Current research fo-
cuses on the fluorescence intensity ratio (FIR) technique as a
non-contact probe for temperature sensing as it is insensitive to elec-
tromagnetic interference and spatial recording of temperature fluctua-
tions at a sub-micron scale with high sensitivity and accuracy. For
optical temperature sensing, a large number of oxide host materials have
exhibited a reasonably high sensitivity over an extensive temperature
range with decent thermal stability and a quick response speed.
Recently, good linearity and high sensitivity (0.0139 K'!) is attained in
Ert/yb3t co-doped SrMoO4 ceramic composition [11]. Also, when
co-doped with Er®*, Yb®" enhanced luminescence thermometry in Y,03
is achieved by Lojpur et al. [1]. Similarly, advances are reported for
ferroelectric host materials, LayTipO7 doped with Er®* exhibits increased
temperature sensitivity for optical thermometry and novel effects,

* Corresponding author.

indicating the possibility for non-contact localized probing of ferro-
electric transition temperature in Li3>*/Er>* doped BaTiO5 ceramics has
been demonstrated [3,12]. Furthermore, in Srz_,(Sr104:Sm3+ multifunc-
tional ceramic, thermoluminescence, photochromism reaction, photo-
luminescence, and photo-stimulated luminescence are testified for
potential applications in optical storage technology and high sensitivity
optical switches [10].

From the last two decades, ferroelectric materials have been widely
used as luminescent host materials with extensively wide applications in
luminescent thermometry, biological imaging system, white light-
emitting diodes, solid-state lasers, infrared detectors, various medical
diagnoses, etc. [13-16]. The ferroelectric materials meet the need for
good host material for luminescence, including decent thermal stability,
significant radiative transition, lower values of leakage current, and
high sensitivity over an extensive temperature range [17-19]. In the
group of ferroelectrics, Bismuth Layered Structure Ferroelectric (BLSF)
are better candidates for upconversion luminescence as they are
lead-free ferroelectric materials, which make them more advantageous
due to their non-toxicity [20,21] and also minimize the degradation of
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Fig. 1. (a) XRD spectra of the ceramic composition BaBi, ,NbyEr,Og with varying Er®* concentration (x = 0, 0.02, 0.04, 0.06, 0.08). (b) Shifting of strongest XRD

peak (115 planes) of BaBis ,Nb,Er,Og ceramics.

P-E hysteresis characteristics associated with lead base ferroelectrics
because BLSFs show good fatigue endurance even after 10*! - 102 cycles
[22-25]. Their environmental and health concerns, along with multiple
properties such as pyroelectric, piezoelectric, and integrated
electro-optic behaviour combined with functional luminescence prop-
erties make them smart materials.

In recent literature, it has been found that doping ferroelectric ma-
terials with suitable dopants enhance and improve their multifunctional
properties [25-29]. The luminescence properties of the ferroelectric
materials doped with RE>* ions are intently due to the crystal field,
which is revealed by the phase structure (crystal symmetry) and point
defects in the lattice. The ferroelectric has an ABOjs structure, usually
have vacancies that frequently affect the ferroelectric and luminescence
properties [8,30]. Er** and Yb®' were established to be the most
effective dopants to improve ferroelectric, piezoelectric, and upcon-
version emission [31,32]. For instance, Bokolia et al. revealed
enhancement in the dielectric, ferroelectric, and PL properties of
Bi3Ti4O12 when doped with Er** [13]. Bayart et al. investigated LaTiO;
doped with Er®" for temperature sensing applications [3], NaBisTi4O15
doped with Er** showed improved dielectric, luminescent, and piezo-
electric properties in Hui et al. study [33]. Recently, Kaixuan Li et al.;
developed a new Erd* doped Nag sBig 5TiO3_xKo.sNagsNbO3 photo-
chromic (PC) ceramic and investigated PC reaction and tunable lumi-
nescence contrast with electric poling field and related with the
ergodicity of ceramics [8].

In current years, Barium Bismuth Niobium Oxide (BBN), which is a
relaxor ferroelectric (RF) and member of BLSF, has fascinated re-
searchers due to its possible uses in high-temperature piezo sensor de-
vices and Non-Volatile Random Access Memory (NVRAM). BBN is also a
good host for UC because it is chemically and thermally stable, has lower
phonon energy (860 cm™1), and allows modifications in its crystal
structure with additional dopants [4]. Being an aurivillius family
member, the BLSFs have the established formula
(Am,lBm03m+1)2'(Bi202)2+, where m denotes the number of octahedral
layers present in perovskites block (Am_le03m+1)2‘ piled between rigid
(Bizoz)z+ layers. A symbolizes trivalent, divalent, monovalent cations or
a combination like Bi®*, Na™, Pb?*, Ba®, etc., while B indicates hex-
avalent, pentavalent, or tetravalent ions such as W6+, Ta®", Nb>™, Ti*t
[4,6,33-36]. Some of the BLSF examples with different values of m are,
(i) BisWOg (m = 1) [33], (ii) BaBisNbyOg (m = 2) [4,22,37], (iii)
BisTi3015 (m = 3) [2,14], (iv) BaBisTizO15 (m = 4) [38,39] etc. Studies
on strong Upconversion Luminescence in Ert/yb3t doped BaBisNby0g
powders are reported by Facanha et al. [4]. Recently, novel white light
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emission has been reported by modulating Li* and Tm>" ions content in
BaBisNbyOg: Lit/Tm3*/Yb3*/Er®* phosphors for its possible use in
solid-state lighting technology [7]. Moreover, recent developments on
strong upconversion luminescence, good thermal and chemical dura-
bility, lower phonon energy, and tuning of the optical properties re-
ported in BBN host material motivate us to examine the usefulness of
Er*t doped BaBi;NbyOg ceramics for thermometric application and
understand its influence on structural and electrical properties.

Hence in our proposed research, we chose Er®* as a dopant because it
is the most useful dopant for upconversion emission, and in addition to
this, its metastable energy levels (419 /2 and 4111 ,2) can be easily occupied
by using cheap and low power laser operating at 980 nm [12,40,41]. In
the present work, we systematically doped Er>* in BBN and see how the
substitution of Bi®* ions with smaller Er®* ions in the BaBisNbyOg
compound influences its structural properties and examining the results
using X-ray Diffraction (XRD) and Raman spectroscopy. A substantial
enhancement in the UC light emission is seen for an optimal Er>" con-
centration, and the effect of increasing Er®" substitution on electrical
and ferroelectric properties has been explored. The FIR technique has
been utilized for exploring the thermally coupled electronic states
(2H11 ,2 and 483 /2) of Er®" ions for non-contact optical thermometry and
the usefulness of the optimized configuration for temperature sensing is
investigated over a temperature range (300-623 K).

2. Experimental details

The ceramic composition BaBiy  Er,NbyOg with different concen-
tration of Er®" as x = 0.00, 0.02, 0.04, 0.06, 0.08 is processed by
traditional solid-state diffusion method. Raw powders of high purity
were purchased from Sigma Aldrich, i.e., NbyOs, BaCOs, BizOs, and
Ery03, weighed in stoichiometric amount, and finally mixed in a mortar
pestle with ethanol for 8 h. The blended raw powders were kept at a
temperature of 950 °C for 3 h for calcination. The calcined powder
samples were then given a circular disc shape of 10 mm diameter after
rigorously mixing with 5 wt% polyvinyl alcohol (PVA). The circular
discs were sintered in a high-temperature furnace at 1050 °C in two
steps, first with intermittent heat treatment at 500 °C for 1 h for removal
of the PVA binder, and then the temperature was raised to 1050 °C for a
dwell time of 3 h. Eq. (1) and Eq. (2) represents the synthesis reaction
for:

Undoped BBN -

BaC03 + Bi203 -+ Nb205 —>BaBisz209 + COZT (1)
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Refinement index and lattice parameters for BaBi,_Nb,Er,Os compositions with different varying Er®* content (x = 0.0, 0.02, 0.04, 0.06, 0.08).

Sample Refinement Index Lattice Parameters
Rexp Rup (%) GoF R Bragg a (A) b (A) c(A) V (A3 Density (g/cm3) Orthorhombic distortion (c/a)
BBN: 0.0 Er®+ 10.76 11.00 1.02 13.606 5.5394 25.5751 5.5571 787.2782 7.2277 1.003
BBN: 0.02 Er®+ 11.97 12.69 1.06 8.499 5.5530 25.5769 5.5580 789.5367 7.1012 1.001
BBN: 0.04 Er®* 11.57 12.18 1.05 9.931 5.5526 25.6098 5.5623 790.9644 7.0718 1.001
BBN: 0.06 Er®* 12.38 13.56 1.10 9.450 5.5482 25.5732 5.5599 788.8676 6.8776 1.002
BBN: 0.08 Er3+ 13.19 13.89 1.12 10.713 5.5485 25.5642 5.5579 788.3490 6.8080 1.002

Er®* Doped BBN -

2—x

BaC03 +

Bi, 05 + Nb,Os + %Er203—>BaBi2,be2ErXOg +COt (@)

The phase formation of synthesized samples was analysed using X-
Ray Diffraction (XRD) spectra collected using Bruker D-8 Advance X-Ray
diffractometer with Cu-Ka radiation in the 20 range 10°-80°. The sin-
tered pellets density is calculated by Archimedes’ Principle. Using the

Invia Raman spectrometer model having argon-ion laser, Raman spectra
were recorded at 785 nm. The prepared pellets were electroded by
applying the silver paste on the faces of pellets and were baked in the
furnace for 10 min at 500 °C so that the silver paste stick entirely to the
pellets. The Marine India Electricals Ltd. automated loop tracer is used
to measure the P-E hysteresis loop on an electroded ceramic surface at
50 Hz frequency. The upconversion luminescence (UC) spectra were
recorded using HORIBA PTI Quanta-master (8450-11) under 980 nm
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Fig. 2. (a) Raman spectra of BaBi, ,Nb,Er,Og ceramics with different Erbium content under the excitation of 785 nm. (b) Compositional dependence of

Raman modes.
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excitation wavelength. Time decay measurements were recorded at
room temperature using a pulsed 980 nm laser excitation source. In the
300-623 K temperature range, the temperature-dependent UC emission
spectra were collected using a thermocouple by situating the sample on
the heater.

3. Results and discussion
3.1. XRD analysis

The X-ray diffraction (XRD) spectra of ceramic composition BaBis.
«EryNbyOg with different Erbium concentrations (x = 0-8 mol %) sin-
tered at 1050 °C for 3 h are displayed in Fig. 1(a). The observed XRD
peaks depict good accord, as reported in the JCPDF file no. 00-012-0403
with no secondary peaks, implying good solubility of Erbium ions in the
host lattice with no structural changes or minor changes. The observed
Bragg’s reflection confirmed the formation of single-phase BBN corre-
sponding to orthorhombic geometry with the Fmmm space group.

The refinement index and lattice parameters obtained from profile fit
between observed and calculated XRD patterns using TOPAS software
for composition BaBijEr,NbyOg are reported in Table 1. All the
experimental data is best fitted with calculated data with the goodness of
fit (GoF) = 1 approximately. The highest peak intensity associated with
the (115) plane of BaBiy ,Er,NbyOg represents the BLSF with m = 2, and
the result agrees with the former explanations that the strong intensity
diffraction peak corresponds to the (112m + 1) plane for BLSF materials
in the Aurivillius phase [2,13,42,43]. By using the Archimedes’ Princi-
ple, the sintered pellet density (p) is found to be 7.22 g/cm?®, which has
more than 98% accuracy. The density of the Ert doped BaBig.,.
Er,NbyOg composition decreases with increasing Er®" concentration
(Table 1). This decrement in density is due to the larger ionic radius of
bismuth (~ 1.17 A) compared to the ionic radius of Erbium (~ 0.100 10\)
[4]. The shift in the diffraction peak of the {115} family is displaced
towards the lower values of 26, as shown in Fig. 1(b). Eq. (3) explains the
tension within the lattice as [4]:

Sin6,
{m _1}

SinG;
where E is the modulus of elasticity, v denotes Poison’s coefficient, 0, is
shifted 26 value over reference angle, and 6; is the reference angle. Ac-
cording to Eq. (3), the positive value of ¢ represents compression among
the lattice, and a negative value means the stretching within the lattice
after substituting dopant. Since E and v are constants, so it may be
concluded that after substituting the value of 6; = 28.69 and 6,, = 28.60,
the value 6 < 0 which is due to the stretching in the crystalline lattice,
generated by the introduction of dopants. This is confirmed by the in-
crease in cell volume with increasing Erbium concentration, causing
stretching in the cell (Table 1). Although there is a variation in the ionic
radius of Er** and Bi3+, the cell volume and lattice parameters (a, b, c)
do not change much from undoped BaBi;Nb,Og. This could be attributed
to the creation of cationic vacancies, which preserve the electro-
neutrality of lattice and minimize the deformation of the crystal [13,28].

5 E
29

3)

3.2. Raman spectroscopy

The Raman spectra observed for pure and Erbium-substituted BaBis.
«Nb,EryOg ceramic composition in the 100-1000 cm ™ frequency range
are given in Fig. 2(a). The spectra were recorded under the excitation of
laser source 785 nm at room temperature. Of all the theoretically pre-
dicted 12 Raman modes, only four strong and sharp modes at 164, 225,
560, and 860 cm™! were identified for undoped BaBisNb,Oo, as per the
reported literature [4,44,45]. It is because of the possible overlapping of
the identical symmetrical vibrations and broadening of the bands or low
intensity of vibration mode, whereas 10 distinct modes are detected in
Er®" doped BaBi;NbyOg ceramics. The modes which are suppressed in
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Table 2
Raman Band assignment for BaBioNb,Og.
Raman shift Band assignments References
(em™)
164 Vibration of Bi** ion at A-site of pseudo peroskite [4]
225 Torsion Bending of O-Nb-O bond [4,44]
370 Vibration due to Bi-O bond [43,44]
389 Vibration due to Bi-O bond [43]
419 Vibration due to Bi-O bond [43]
437 Vibration due to Bi-O bond [43]
560 Opposite excursion of apical oxygen atom of NbOg [4,44,45]
octahedron
691 Symmetric bending vibration of NbOg octahedron [43]
730 Symmetric bending vibration of NbOg octahedron ~ [43]
771 Symmetric bending vibration of NbOg octahedron [43]
861 Symmetrical stretching of Nb-Og group [42,45]

undoped BaBisNbyOg ceramics can be easily observed in Er’t doped
compositions. However, in doped Er’* doped BaBij.,NboEr,Og compo-
sition, some less intense modes near 370, 389, 419, 437, 691, 730, 771
cm ! have been observed that might be associated with the degree of the
structural disorder which has been described in materials belonging to
the same family [13]. So there is a good accord in the theoretical pre-
dicted and experimentally observed Raman modes. Fig. 2(b) depicts the
Raman shift as the function of Erbium concentration, and the observed
frequency shifts with their band assignments are tabulated in Table 2.

The Raman spectra show the distinct modes corresponding to 164,
225, 560, 860 cm L. The low-frequency Raman modes below 200 cm ™!
correspond to Ba2" ions vibrations at the A-site in the perovskite layer,
whereas the high-frequency Raman modes above 200 cm™! are corre-
lated with the internal vibrational modes of NbOg octahedron. The mode
positioned at 164 cm ™ is attributed to displacements of Bismuth ions of
the pseudo-perovskite structure at the A-site. The presence of mode at
164 cm ™! with significant broadening with increasing Er>" substitution
suggests changes in the orthorhombical distortion. The A;¢ mode at 225
em ! is because of the torsion bending in the O-Nb-O arrangement of
the NbOg group, and a slight shift to 227 cm™! is observed with rising
Er®* substitution. The high-frequency mode observed at 560 cm™!
arising from By mode is related to opposite excursion of the apical
oxygen atoms in NbOg octahedral, whereas the strong vibration mode
near 860 cm ™! could be assigned A1g character and is owing to sym-
metrical stretching of Nb-O of the NbOg group along the stacking z-axis
[4,43,46]. The mode at 560 cm ! depicts a gradual downshift to fre-
quency 546 cm™! and is found to be weakened and broadened with
increasing Er®" content implying a decrease in the compressive stress
due to substitution of Er>" at Bi-sites and thereby suggesting relaxation
in structural distortion. In contrast, 860 cm ™! mode relates to the sym-
metrical stretch of Nb-O vibrations of the NbOg octahedron shows an
upshift to 862 ecm™! and suggests that NbOg octahedron linked to Bi
layer shrinks due to substitution of Er>* ions resulting in a reduction of
the interaction of Bi®* with NbOg octahedron and hence leading to
relaxation of structural deformation.

The modes positioned at 389 and 419 cm ™! are assigned to B; mode,
whereas 370 ecm ™! and 437 cm™! bands from B, mode are completely
dominated by the Bi-Ogs force constant, suggesting an insignificant
contribution from Ba and Nb atoms [44]. The 691-771 cm ! arise from
Tag symmetry and reflect symmetric bending vibrations of NbOg octa-
hedron. The modes observed at 730 and 771 cm™! for x = 0.02 evolve
prominently with increasing Er®* content although with lower intensity
and significant broadening and clearly suggests changes in the structural
distortion in the system and corroborates well with the XRD investiga-
tion and are observed to influence ferroelectric properties.

3.3. Ferroelectric properties

The ferroelectric hysteresis (P-E) loops of BaBis.,NbyEr,Og ceramic
compositions (x = 0-8 mol %) measured at 50 Hz at an applied electric
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Fig. 3. Polarization vs. electric field curve of BaBi, ,NbyEr,Og ceramics with
varying Erbium concentration at room temperature at 50 Hz frequency.
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Table 3

Variation of electrical conductivity and P-E loop parameters for different Er>*
concentration in BaBis. ,Nb,Er,Og ceramic composition (x = 0.00, 0.02, 0.04,
0.06, 0.08).

BaBij., NbyEr,Og G4c (chm~lem™1) 2P, (uC/cm?) 2E, (kV/cm)
x = 0.00 3.92 x 10712 3.4944 48.7756
x =0.02 1.04 x 10712 2.7668 48.0788
x = 0.04 8.62 x 10713 2.6384 48.9556
x = 0.06 5.02 x 10713 2.2677 45.8468
x =0.08 2.75 x 10714 2.9524 49.8980

field + 80 kV/cm is shown in Fig. 3. The measured coercive field (2E.)
and remnant polarization (2P,) with different Er®* concentrations are
recorded in Table 3. The values of 2P, and 2E, range from 2.49 to 3.39
pC/cm? and 45.5-49.8 kV/cm respectively and agree with reported re-
sults on polycrystalline BaBioNb,Og ceramics [47]. The remnant polar-
ization of BaBiy,NbyEr,Og ceramic decreases with increasing Er*t
concentration, whereas the coercive field (E.) is found to increase. It is
reported that measurement of good quality hysteresis loops and remnant
polarization is affected by the presence of lattice strain, defects, density,
and grain size in the lattice [48]. Compared with undoped BaBioNb2Oo,
the observed decrease in remnant polarization in Er®" substituted
composition could be attributed to structural distortion in the lattice
owing to the incorporation of RE ion with smaller ionic radius and also
low density of ceramics as confirmed by XRD analysis and agree with
earlier reports on other BLSF materials [13]. However, in comparison to
previously reported unsaturated hysteresis loops in BaBisNbyOg ce-
ramics [43,47,49,50], it is noted that an improved hysteresis loop with a
tendency to show saturation is observed at the applied electric field.
However, complete P-E loop saturation was not achieved even at such a
high applied field due to the least attainable sample thickness and the
limitations of the instrument to apply a higher electric field. Besides, the
observed increase in coercive field (E.) values with increasing Erdt
content could be due to changing oxygen vacancies produced on account
of inherent bismuth loss. These oxygen vacancies tend to migrate and
accumulate at the electrode interface and low energy domain bound-
aries at high electric fields, thus hindering polarization switching due to
domain pinning and resulting in an increase in the coercive field [13,
28]. Moreover, with increasing Er>* substitution, the oxygen vacancies
owing to bismuth loss are seen to be reduced, which can be corroborated
with the observed decrease in the room temperature dc conductivity
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(04c) values (from 3.92 x 10 2t02.75 x 107 Q! em™ 1) obtained for
varying Er®" content (x = 0-8 mol %) as shown in Table 3. The
maximum value for remnant polarization and coercive field of doped
BaBiy xNbyEr,Og ceramic is 2.9524 uC/cm2 and 49.8980 kV/cm for the
ceramic composition at x = 0.08. The Up-conversion luminescence
properties of the ferroelectric materials doped with RE®* ions are
intently due to the change in crystal field, which is revealed by the phase
structure (crystal symmetry) and point defects in the lattice and also
possibly sensitive to external stimulus such as electric field polarization
[8,30]. In the present study, the observed decrease in ferroelctric
properties in Er®" substituted composition could be attributed to
structural distortion in the lattice suggesting alterations in the ligand
field environment of luminescent ions in the crystal lattice. As a result,
significant modification of the green and red emission luminescence
intensity is observed with change in Er content which is discussed in the
next section.

3.4. Upconversion analysis

Fig. 4(a) shows strong upconverted light emission spectra of BaBiy.
+«NboEr,Og ceramics composition under 980 nm excitation at a pump
power of 50 mW with excitation source density 3.25 W/cm?2. Two green
upconverted emissions are observed at 527 nm and 549 nm, which are
allocated to the 2Hj; /2 = 4115/2 and 483 /o — 4115 /2 transitions, respec-
tively. Another weak band corresponds to the red emission band, visible
to naked eyes at 657 nm, attributed to the 4F9/2 - 4115/2 transition. The
obtained UC spectra show good accord with previous studies on Erbium-
doped host materials [4,13,51,52]. It has been observed that with
increasing Er>* content, the intensity of red and green emission rises and
attains a maximum at x = 0.04, and after that, the intensity starts
decreasing with increasing Erbium concentration, as presented in Fig. 4
(b). It is caused by the quenching effect, which becomes appreciable
when the concentration of dopant reaches a particular value where the
distance between nearest Erbium ions is insignificant that they can
quickly transfer energy from one ion to another and contribute to
non-radiative emission [53,54]. This results in radiative emission
quenching and decreases the light emission intensity. The critical con-
centration for quenching is obtained at x = 0.04. Eq. (4) represents the
Blasse formula used for evaluating the critical distance between the Er®*
ions [13,26,55]:

3V 13
4nX .7

R{zz{ @

where V denotes the volume of the unit cell and is equal to 790.96 cm?,
X_ is critical concentration, Z is the no. of host cation, and its value is 4
for BaBiaNb,Oo, substituting all these values in the above equation, R is
valued to be 21.12 A. The mechanism of upconversion luminescence is
described by different mechanisms, which include: cross-relaxation
(CR), excited-state absorption (ESA), energy transfer (ET), ground-
state absorption (GSA), and multi phonon relaxation (MPR) [4,54,56].
When laser of wavelength 980 nm illuminated on Er®" doped
BaBiy ,NboEr,Og ceramic compositions, the ground level (4115/2) Erdt
ions absorb the energy and excited to higher energy level (*I;1 2) by GSA
as shown in Fig. 4(c). The Er>* may absorb one or two photons via ESA
and ET mechanism at the 4111 /2 metastable level of Er’t ions, followed
by further excitation to a higher *F;,, level. Hence, the population at
4F7/2 level is maintained by two mechanisms, i.e., ESA and ET, which is
followed by non-radiative decay transitions to lower energy levels I, /2
453 /2, and 4F9/2 through MPR. The Erbium ions at levels °Hy; s2and 453 /2
produce green emission of wavelength 527 nm and 549 nm, respec-
tively, and ions at level *Fg/5 produce red emission of wavelength 657
nm. The green emission intensity is stronger than the red emission in-
tensity owing to the fact that the energy difference between 2Hj; /5 and
S35 levels is smaller (800 cm ™! approximately) as compared to the
energy gap between Sz, and *Fo 5 levels (3000 cm ™! approximately)
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Fig. 4. (a) Upconversion emission spectra of BaBi,.
«Nb>Er,Og with varying Erbium concentration at 980
nm wavelength. (b) Deviation of red and green
emission intensity with varying Erbium content. (c)
Energy level diagram of Erbium ions for UC mecha-
nism. (d) Intensity ratio of green and red emission
(Is40/lgs7) against Erbium concentration in BaBi,.
«NbyEr,Og ceramics. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 5. Time resolved photoluminescence decay profile of BaBi, ,NbyEr,Og ceramics with Erbium content (a) x = 0.02, (b) x = 0.04, (c) x = 0.06 and (d) Variation of

lifetime with the Erbium concentration.

[56]. Thereby, the MPR transition rate from the level °Hy; /2= 453 /2 s
faster than the transition 453/2 — 4F9/2 and results in the largest Erdt
population, which leads to strong green upconversion luminescence
intensity [13,56]. The intensity ratio of the green emission band to the
red emission band (Is49/Iss7) is decreasing at x > 0.04 and is described
by the CR process [56], as shown in Fig. 4(d).

3.4.1. Time decay measurements

The time resolved measurements were performed and examined for
green emission transition (453 /2 — 411 5/2) at 549 nm under the excitation
of 980 nm using a pulsed laser. In Fig. 5(a—c), the detectable time decay
profiles of BaBij NbyEr,Og (x = 0.02, 0.04, 0.06) ceramic has been
reported. The curve is fitted by tri exponential function expressed as Eq.

(5) [29,571:
t t
—E> + Aj exp( — 17_3>

where Ij is the intensity at t = 0, Aj, Ay, As, and 11, T, T3 are the fitting
parameters. The average lifetime is calculated by Eq. (6) [29]:

)=+ A exp(—%) + A, exp( (5)
1

- AIT% + A2T% + A}T%

<T>=
AT+ ATy + AsT

(6)
The estimated lifetime of the green emission (549 nm) for the various
concentration of Erbium is represented in Fig. 5(d). The estimated
fluorescence lifetime of green emission transition (4S3/2 - 4115/2) in
BaBiy ,NboEr,Og ceramic increases from 15.33 ps to 20.90 ps for Erbium
content x = 0.02 to 0.04. This increase in lifetime confirms the energy
transfer mechanism between Er®* ions and confirms the involvement of
the ET process in the upconversion process depicted in Fig. 4(c). Sub-
sequently, on further increasing Erbium content (x = 0.06), the lifetime
decreases to 15.05 ps indicating increased probability for non-radiative
transitions and cross-relaxation processes within Er’t [11,55].

3.4.2. Pump power dependence on upconversion luminescence
To examine the nature of photons included in the UC mechanism, the
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Fig. 6. Log plot of pump power dependence of UC intensity under 980 nm for
BaBis.,NbyEr,Og (x = 0.04).

optimum amount of Er®" jon in BaBiy ,NbsEr,Og9 composition at x =
0.04 is examined at different pump powers ranging from 450 mW to 950
mW with excitation source density 29.3 W/cm? to 61.8 W/cm?. It is
observed that the upconverted light intensities obtained through the
transitions 2Hy; o 4115/2, 453/2 - s /2, and 4F9/2 - s /o increased
by increasing the excitation power (P). Eq. (7) estimates the no. of
photons included in the UC mechanism:

Typ(P)xP" 7
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Fig. 7. (a) Upconversion emission spectra recorded at various temperature (303-623 K) for optimum composition BaBi, ,NbEr,Og (x = 0.04). (b) Temperature
dependence of Fluorescence Intensity ratio (Isz7/Is49) for BaBis  NbyEr,Og ceramic composition. (¢) Ln (FIR) vs. Temperature. (d) Variation of sensitivity and relative

sensitivity with temperature for optimum composition BaBis ,NbyEr,Oo.

where n denotes the no. of photons needed for the upconversion oper-
ation, P signifies the excitation power, and Iyp stands for the upcon-
version luminescence intensity. The linear fit of logarithmic plots of
intensity versus excitation power (In (I) versus In (P)) is given in Fig. 6,
and from the linear fit of experimental data for UC emission bands at
527, 549, and 657 nm, the value of slope (n) is found to be ~ 1.73, 2.34,
and 1.53. Thus, a two-photon mechanism is confirmed for transitions
corresponding to red and green emission in the UC process. The devia-
tion in the slope (n) values corresponding to green and red UC emission
bands rounded to the theoretical value of 2 is due to the involvement of
several mechanisms such as excited state absorption (ESA), efficient
energy transfer (ET), and non-radiative relaxations, etc. [29].

3.5. Noninvasive temperature sensing

The Fluorescence Intensity Ratio (FIR) technique is utilized for non-
contact temperature measurement because it is a simple technique, easy
to access, and independent from excitation intensity fluctuations [42].
To show the optical temperature sensing application in optimized Er>*
doped BaBij.xNbyEr,Og composition, the FIR analysis is carried out by
comparing the emission intensities of two green UC emission bands (Isay
and Is49) arise due to thermally interacting levels 2H11 ,2 and 483/2 of
Erbium ions. This procedure examines the intensity ratio of two ther-
mally coupled levels (TCLs) with external temperature. This approach
extensively investigates temperature sensing in rare-earth doped mate-
rials [32,42,58]. Fig. 7(a) depicts the variation in UC spectra for opti-
mized Er®* doped BaBiy ,NbsEr,Og (x = 0.04) ceramic composition for
temperature ranging from 303 to 623 K. The electrons follow Boltz-
mann’s distribution law in electronic levels 2Hjp ,2 and 453/2 because
these levels occur in thermal equilibrium, therefore, fluorescence in-
tensity ratio (Iy/Is) of °Hy; /2= I 5/2and 483 2 — N 5/2 transition can be
expressed by Eq. (8) [30,55-571:
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I
FIR :I—H =C exp ®

AE

t=c el i)
where K is the Boltzmann’s constant, T denotes absolute temperature,
AE represents the energy difference between °Hy; ,2and 453 /2 levels, Cis
a pre-exponential coefficient that depends on the degeneracy factor of
coupled levels and the comparative transition probability, Is and Iy are
integrated intensity for 483 o — 411 5,2 and 2H11 /2= 411 5/2 transition. The
calculated value of FIR changes from 0.73 to 3.3 in the 303-623 K
temperature range, as displayed in Fig. 7(b). The increasing temperature
reduces the intensity ratio of the upconversion spectra [42]. In the linear
form, Eq. (9) can be written as:

Ln(FIR) = — (i—f) G) +LnC

Fig. 7(c) represents the linear fit of Ln (FIR) against absolute tem-
perature inverse (1/T), which gives the intercept Ln(C) and slope AE/Kg.
From experimentally fitted data, the slope and intercept value is
—951.2173 + 16.327 and 2.8627 + 0.0411, respectively, for Er>* doped
BaBiy ,NboEr,Og composition at x = 0.04. The values of energy gap (AE)
and pre-exponential coefficient (C) from experimentally fitting the data
using Eq. (9) are evaluated to be 661.129 cm ™! and 17.5, respectively.
For optical temperature sensing, the sensor sensitivity (S) is calculated
using the FIR parameters. Sensor sensitivity is the degree to which the
FIR deviates with a temperature variation, as represented by Eq. (10)

[59]:
) (&)
KsT/) \KpT?

©)

AE

).

T

ar dT

S (10)
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Table 4
Temperature sensing in different erbium-doped host materials in the different temperature ranges.
Host Material AE Temperature Range Tmax Maximum Sensitivity (S,) Relative Sensitivity (S, References
BisTiz0;2: Er** 591 cm ™! 293 K-523 K 415K 0.0082 K 0.0054 K [29]
BaMoO,: Er®*" 655 cm ™ 303 K-463 K 463K 0.0227 K 0.0044 K1 [30]
Nag 5BigsTOs: Er®*/yb%" 574 cm™! 163 K-613 K 400 K 0.0031 K 0.0055 K* [59]
SrMoOy: Er**/Yb3" 704 cm™? 93 K-773 K 473K 0.0139 K 0.0042 K [11]
La,Tiy0,: Er®*/Yb3* 760 cm ™ ? 333 K-553 K 483 K 0.0057 K 0.0063 K* [61]
BaBiyNb,Og: Er’* 661 cm™? 300 K-623 K 483K 0.00996 K! 0.0040 K* Present work
35
4 623 K
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Fig. 8. (a) Temperature resolution and (b) Repeatability test for temperature sensing between 303 K and 623 K temperature range.

(11

Sretative = *S Absolute =

AE

FIR <ﬁ)

Another important factor for optical thermometry is relative sensi-
tivity (S;) which is the ratio of absolute sensitivity to the FIR value and is
given in Eq. (11) [11]. Fig. 7(d) exhibits the absolute sensor sensitivity
(S,) and relative sensor sensitivity (S;). It is noticed that the material
sensitivity rises with a temperature rise and then achieves the highest
value and then reduces marginally. The sensitivity surges from 0.00786
K to 0.00959 K! with a temperature rise from 300 K to 623 K in
optimized Erst doped BaBiy.,NbyEr,Og (x = 0.04) ceramic composition.
The maximal sensitivity value S, = 0.00996 K'! is observed at 483 K, and
the relative sensitivity value is as high as S, = 0.0040 K~! at 300 K.
Table 4 represents the comparison of thermometric parameters to
determine the sensitivity of various optical sensor materials. The reso-
lution (8T) and repeatability (R) are the important parameters in the
temperature sensing and can be deduced using Eq. (12) and Eq. (13)
[60]:

1 SA
8T = *— 12)
SRclalivc A
A vera —-A ific
R :17M3.X( average specif ) (13)

average

where Aaverage and Agpecific is the average and specific value of FIR in the
16 cycles between 303 K and 623 K and 22 is the instrumental accuracy
parameter. The associated plots for resolution and repeatability are
represented in Fig. 8(a) and (b), respectively. The resolution varies from
0.3 K to 1.2 K in the temperature range 303 K-623 K. The repeatability
test shows a negligible change in FIR values during the heating and
cooling cycle. Thus, BaBiy ,NboEr,Og composition at x = 0.04 has good
sensitivity, repeatability, and decent resolution for temperature sensor
applications in the temperature range 300 K-623 K.

4. Conclusion

Er3* substituted BaBiy ,NbsEr,Og ceramic composition is effectively
synthesized by the solid-state diffusion method. The evolution of a
single-phase BaBisNb20g unit cell having orthorhombic geometry is
confirmed by X-Ray diffraction. Structural deformation with Erbium
doping has been detected by Raman spectroscopy and XRD. Shifts in the
Raman modes indicate reduced interaction of Bi®* ions with NbOg oc-
tahedron leading to relaxation of structural distortion with increasing
Er®" content. As demonstrated through Raman and XRD analysis,
ferroelectric properties degrade with increasing Er substitution due to
relaxation in a structural deformation. However, increasing Er>* sub-
stitution exhibits significant improvement in dc electrical conductivity
owing to suppression of oxygen vacancy concentration. Strong upcon-
version luminescence is obtained for green emission at 549 nm and 527
nm through 433/2 - 4[15/2, 2H11/2 - 4115/2 transitions, and less intense
red emission spectra appear at 657 nm via 4F9 /2 — 411 5/2 transition under
the excitation of 980 nm for an optimal Er®* concentration (x = 0.04).
The luminescence quenching is found to be effective beyond a certain
Er®" concentration of x = 0.04. The estimated fluorescence lifetime of
green emission of Er®t ion increases from 15.33 ps to 20.90 ps for
Erbium content x = 0.02 to 0.04, suggests radiative emission due to
energy transfer within Er3+ ions. The pump power dependence of
upconversion luminescence intensity of emission bands confirms that
upconversion is a two-photon mechanism. The FIR of the two green
spectra was calculated and found linearly increasing with temperature
ranging from 300 to 623 K. This is due to the thermal excitation and
quasithermal equilibrium processes between %Hi, ,2 and 454 /2. The FIR
technique shows a maximum sensitivity of 0.00996 K~! at 483 K for an
optimized Er®" substituted BaBiy.,NbyEr,Og ceramic composition (x =
0.04) for optical temperature sensing applications with good repeat-
ability and temperature resolution.
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ARTICLE INFO ABSTRACT

Keywords: Er’*/Yb®* co-doped ferroelectric ceramic BaBiy.g.04.,NbErg,04Yb,Og (y = 0.00, 0.02, 0.04, 0.06, 0.08, 0.10, and
Thermal sensing 0.12) are prepared by solid-state method and investigated for their structural and upconversion luminescence
Time decay

properties. High-resolution X-ray pattern investigation confirmed the ceramic’s orthorhombic structure.
Microstructure of sintered ceramic surface resembles plate-like structures and consists of non-uniform grains that
are randomly oriented. Upconversion luminescence (UCL) spectra revealed two prominent green emission bands

Pump power
Upconversion luminescence

Ceramic
SEM near 535 and 557 nm and a notable red band at 672 nm, corresponding to a 980 nm excitation wavelength.
XRD Decay time measurements support the effective energy transfer from Yb®" to Er®* ions. The average lifetime

increases with increasing Er*t/Yb3t doping concentration up to the optimal concentration (y = 0.10). Pump
power dependence demonstrates that two photons are required to generate green and red UC illumination. The
absolute sensitivity, S, (0.69% K ! and 0.58% K’l) and relative sensitivity, S; (1.1% K !and 1.01% K’l) have
been recorded for the first time on Er®*/Yb3* co-doped BaBiy.0.04.yNb2Erg,04YbyOg ceramic at y = 0.06 and 0.10,
respectively, suggesting it is a viable non-contact sensor ceramic whose sensitivity can be tuned by varying

dopant concentrations.

1. Introduction

The ongoing investigations on trivalent rare earth (RE>") ion-doped
ferroelectrics at nanoscale dimensions have attracted considerable in-
terest [1-5]. The nanomaterials doped with optically active centres have
enhanced structural, electrical, and sensor capabilities as well as better
optical features. By taking advantage, near-infrared to visible upcon-
version luminescence in nanomaterials has lately received considerable
interest for a variety of potential applications [6,7]. Most of these po-
tential applications involve infrared quantum counter detectors, 3D
displays, biological medicine, optic fibre communications, optical data
storage, and others [2]. Furthermore, the need for low-cost and sus-
tainable materials that can perform several functions led researchers to
consider multifunctional and hybrid materials. Ferroelectrics are a
non-toxic and environmentally benign alternative to lead-based ce-
ramics, making them a superior replacement option. The selection of
this material as a host is particularly promising because of its low
phonon energy, which is important for decreasing radiative transitions
to facilitate an efficient upconversion process [8-10]. Layered bismuth
structure ferroelectric (BLSF) materials are steadily gaining prominence

* Corresponding author.
E-mail address: renukabokolia@dtu.ac.in (R. Bokolia).
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due to their favourable chemical and thermic immovability, excellent
radiation shifts, decreased phonon power, and increased sensing capa-
bility over a broad thermal limit. The ferroelectrics (BLSF) are a unique
class of ferroelectrics that follow a standard formula (BigOz)2+
(An_anOgnH)Z'. The quasi perovskite layer, designated by the formula
Ap.1BnOsn 1, is surrounded by two bismuth oxide layers, (Bix0,)*"; nis
the total octahedral sheets present within the perovskite unit. A is used
to indicate ions with tripled, dual, or single valence ions (such as sr2t,
Bi®*, or Ba?"), while B is used to represent ions with a higher valence
(such as Nb®*, Ta®>*, Ti**, or Wo™) [11-14].

According to the findings of the literature study, the electrical, op-
tical, and sensing properties of BLSF materials were enhanced after
being suitably doped with RE ions. Because of developments in the in-
dustry and technological advancements, temperature sensing has
received significant attention in recent years. The necessity for a non-
contact temperature sensor becomes apparent in areas such as elec-
trical transformers in power plants, oil refineries, and coal mines where
typical temperature measuring instruments are prohibited. It is chal-
lenging for today’s researchers working in the field of RE-doped mate-
rials to create high-temperature sensing material with a significant level
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Fig. 1. Schematic diagram of the synthesis process.
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Fig. 2. (a) XRD spectra of BaBis.g.04.,Nb2Erg 04YbyOg (y = 0.00, 0.02, 0.04, 0.06, 0.08, 0.10, and 0.12) ceramic. (b) Peak displacement of (115) plane for various

dopant concentrations.

of sensitivity. For instance, Luo et al. studied Er®*/Yb*t co-doped
BasNaNbsO;5 glass ceramics for UC luminescence, thermal sensing,
and energy storage performance [15]. Also, in a previous report,
Er®*/Yb®t co-doped tungsten tellurite glass was used to make a tem-
perature sensor with an absolute sensibility of around 28.72 x 10 4K}
at 690 K along with decent green emission luminescence [16]. Swami
et al. studied the luminescence intensity ratio of Yb>"/Er** co-doped
LasTiO7 ceramics and reported an absolute sensitivity value of around
0.0029 K! at 498 K [17]. In addition, Peng et al. fabricated Yb%*/Er*
co-doped BNT across a wide temperature range and determined a

sensitivity of approximately 0.0049 K~! at 363 K [18].

During our research, we concluded that the best dopants for us to use
would be Er®" and Yb®*. This choice was made because Er*" is the most
prevalent and efficient activator for producing upconversion lumines-
cence due to its extensive and long-lived intermediate energy levels.
Er’t acts as a luminescence upconversion activator. It is simpler to
achieve the migration of electrons inside the 4f-4f energy level and
generate a rich emission band in Er*" because it has more unpaired 4f-
layer orbital electrons than Sc>t, Y3, La®*, and Lu®*. When Er®" is put
in an environment with a different matrix or ligand, there is a chance
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Table 1

Lattice parameters for BaBis.g.04.yNb2Er0g 04YbyOg compositions with constant Er** content (0.04) and varying Yb>" content (y = 0.00, 0.02, 0.04, 0.06, 0.08, 0.10 and
0.12).

Parameters BaBij.0.04.yNb2Erg,04YbyOg

y = 0.00 y = 0.02 y =0.04 y = 0.06 y =0.08 y =0.10 y=0.12
a (A) 5.5439 5.5448 5.5450 5.5454 5.5479 5.5488 5.5497
b (A) 5.5536 5.5551 5.5552 5.5561 5.5601 5.5612 5.5600
c(A) 25.5975 25.5980 25.5989 25.5991 25.6178 25.6200 25.6219
V (A% 788.111 788.467 788.537 788.728 790.229 790.581 790.597
Orthorhombic distortion (b/a) 1.00174 1.00185 1.00183 1.00192 1.00219 1.00223 1.00185
Experimental Density, p (g/cm®) 7.00919 6.83796 6.72015 6.77289 6.47426 6.76007 6.0106
Theoretical density, po (g/cm®) 5.82447 5.88589 5.81015 5.9373 5.79818 5.94532 5.24095
Porosity (1-po/p) x 100% 16.90 13.92 13.54 12.33 10.44 12.05 12.80
Average grain size (pm) 1.39 + 0.0278 1.54 + 0.0125 1.67 + 0.1365 1.78 + 0.0889 1.89 + 0.1129 1.92 + 0.1761 1.45 + 0.0295

BaBi, 4 94,Nb,Er; o, Yb O,

7

NN

R

]
0.00 0.02 0.04 0.06 0.08 0.10 0.12

Dopant Concentration (y)

ol

Fig. 3. (a-g) SEM micrographs of BaBis.q.04.,Nb2Erg.04Yb,O9 with y = 0.00 to 0.12 sintered at 1050 °C for 3 h. (h) Variation of particle size with all dopant

concentrations.

that the crystal symmetry and crystal field of the matrix around Er®*
may change. This will, in turn, affect the photoluminescence emission
[19]. In most cases, the Yb3* ion is utilized as a sensitizer to raise the
absorption cross-section to improve the upconversion efficiency.
Therefore, we systematically replaced the bismuth ions in our host
material BaBipNbyOg with erbium and ytterbium ions, and then we
utilized X-ray powder diffraction to examine the resultant compound’s
configuration. For the UC emission investigations, a wavelength of 980
nm was selected as the excitation wavelength. Additionally, the pump
power dependency on UC intensity was analyzed to determine the
involvement of the number of photons in the UC process. The temper-
ature sensing characteristics of a single Er®t doped BaBi3NbyOg ceramic
system has been reported in our previous work [20]. The intense green
emission occurs at x = 0.04 which is the optimum concentrationof Er>*
in BaBisNboOg ceramic [20]. The decent sensitivity and upconversion
luminescence behaviour of Er®* doped BaBisNbyOg ceramic has moti-
vated us to investigate it thoroughly, so we co-doped BaBioNbyOg with
Yb3* by keeping the Er®* constant at optimum concentration (x = 0.04)
throughout the synthesis. Also, as far as the author’s knowledge, there is
no study on the sensing behaviour of Er®*/Yb®" co-doped BaBizNbyOg
host matrix system over a wide temperature range in thermally coupled
levels (®Hip ,2 and 4S3/2). In light of this, we investigated the

fluorescence intensity ratio (FIR) approach for temperature sensing ca-
pabilities in the 303-573 K range to establish the applicability of the
ceramic design suited for optoelectronic devices.

2. Synthesis and characterization descriptions

The solid-state approach synthesized the ceramics with the config-
uration BaBi2_0‘04_be2Er0‘04Yby09 (}' = 0.02, 0.04, 0.06, 0.08, 0.].0, and
0.12). Fig. 1 depicts a schematic representation of the fabrication of the
ceramic. The initial precursors (BaCOs, Bi2O3, Nb2Os, EryO3, and YbyO3)
were obtained from Sigma Aldrich and had the greatest possible purity
level (99.99%). The precursors were measured and weighed according
to their stoichiometric proportions. The raw powders were manually
crushed using a pestle and mortar in ethanol for 8 h before being sent to
a regulated high-temperature furnace that operated at 950 °C for 3 h.
After being calcined, the granules were combined with polyvinyl alcohol
(PVA), which was used to form the pellets in a circular shape. The round
pellets of 10 mm in diameter were constructed by applying a pressure of
approximately 5 MPa for 1 min in a manual hydraulic press. After the
pellets were made, they were sintered in two stages: firstly, rise to
500 °C/h to eliminate the PVA, then reach about 1050 °C and held there
for 2 h. Cu-Ka radiations are used in conjunction with a sophisticated X-
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concentrations of Yb®*. (c) Schematic depiction of the energy pathways of Er>*/Yb%* ions doped in BaBis.0.04yNb2Er,04Yb,O9 under the excitation of 980 nm. (d)
CIE plOt of BaBiz_oA04_be2Er0A04Yby09 for ()' = 002, 004, 006, 008, 010, and 0.12).

ray diffractometer manufactured by Bruker to investigate the phase
structure of the sample. The upconversion luminescence (UCL) spectra
were acquired with the help of the HORIBA PTI Quanta-master under
the wavelength of 980 nm laser. The SEM micrographs from the cracked
pallet sample were obtained using a ZEISS scanning electron micro-
scope. The thermally dependent UCL emitting spectra were studied by
positioning the synthesized material on the heaters while using a ther-
mocouple to measure the temperature. The handcrafted heater that was
controlled by variable voltage and coupled with a thermocouple and
multimeter was used for the thermal sensing, resolution, and stability
studies that were carried out.

3. Results and analysis
3.1. Structural and microstructural analysis

The XRD pattern of the prepared composition BaBij.q.04-,Nb2Erg 4.
YbyOg (y = 0.00, 0.02, 0.04, 0.06, 0.08, 0.10, and 0.12) was exhibited in
Fig. 2(a) after being sintered at a temperature of 1050 °C for 3 h. The
detected XRD peaks show a good correlation, as stated in the JCPDF file
no. 00-012-0403, and the lack of secondary peaks implies that the
dopants are fully soluble in the host lattice without causing structural
modifications or other drastic changes. The detected Bragg reflections
showed that the prepared ceramic had a single phase with an

orthorhombic geometry and belonged to the phase group Fmmm. Also,
the maximum peak intensity of the (115) plane in BaBizg 4.
yNb2Erg 04YbyOg ceramic reflects the BLSF with m = 2, according to
previous reports, the (112 m + 1) plane relates to the high-intensity
diffraction pattern for BLSF materials in the Aurivillius phase [21,22].
The ionic radii of Er** and Yb®" are similar to one another such that the
ions Yb3* (1.22 f\) and Er®* (1.25 f\) may favor occupying A-sites Bi*H)
rather than B-sites (Nb°T). This is because their effective ionic radii are
the same as A site ions [6]. The density of sintered pellets was calculated
using Archimedes’ principle and recorded in Table 1. It was found that
the density of the sintered pellets decreases with increasing dopant
concentration. The tension within the host lattice due to the insertion of
dopants causes the shifting of diffraction peaks slightly from their mean
position and is given by Eq. (1) [20]:

E i n
{Sm 0, 1}

=20 [Sine, M

where v represents Poison’s coefficient, E is the modulus of elasticity, 6,
is the displaced value of 26, and 6; is the reference angle. Eq. (1) states
that a positive ¢ indicates lattice compression, whereas a negative ¢
suggests lattice expansion after dopant substitution. Fig. 2(b) represents
the shifting of peaks to slightly lower 20 angles. In our case, 6, < 6; (E
and v are constants). Therefore, 6 comes out to be negative. This implies
the expansion within the crystal lattice, which can also be verified from
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Fig. 5. (a) UCL emission spectra with different pump power ranging from 21
mW to 537 mW. (b) The plot of Ln(power) vs. Ln(UC intensity).

the increased cell volume parameters of the doped BaBisNbyOg ceramic,
as shown in Table 1. This can also be explained by the constrained
character of 6s% lone-pair of Bi®* ions in the host lattice which causes the
expansion of unit cell volume and shifting of the peaks towards lower 26
[6,8]. The increased cell volume parameters (a, b, c) suggest the
increased interplanar spacing, which decreases the 20 values. Although
the ionic radius of Er®*, Yb®", and Bi®" varies, the cell volume and
lattice parameters (a, b, ¢) of undoped BaBisNbyOg do not vary signifi-
cantly. This could be ascribed to the formation of cationic vacancies,
which maintain the lattice’s electroneutrality and minimize crystal
deformation [5].

The scanning electron microscopy images (SEIs) of the BaBis.g o4.
yNboErg 04YbyOg ceramics are shown in Fig. 3(a—g). These sintered ce-
ramics possess a compact microstructure. These plate-like structures are
composed of irregularly aligned non-uniform grains. This is consistent
with the standard properties of BLSFs. In Table 1, the reduction in
porosity suggests that as the dopant concentration rises, the ceramic
becomes denser. ImagelJ software performs the necessary calculations to
estimate the average particle size. In Fig. 3(h), the average grain size
increases up to the optimum dopant concentration (y = 0.10), and then
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there is a subsequent reduction in the average grain size. This grain size
variation may result from a rise in the electron charge distribution on the
interface of Er®*/Yb3*. Thie increase in electron charge density slows
grain boundary diffusion and inhibits grain development, resulting in
smaller grain sizes [23,24].

3.2. Upconversion luminescence analysis

To evaluate the effect of Yb®>* on the upconversion luminescence, the
UC spectra for the ceramic BaBiy.o 04.yNb2Erg 04Yb,QOg with constant
Er>* content and variable Yb3* content (y = 0.02, 0.04, 0.06, 0.08, 0.10,
and 0.12) were measured. The UCL measurements were done under the
illumination of 980 nm excitation, with a pumping power of 50 mW and
an excitation source density of 3.25 W/cm?, and are shown in Fig. 4(a).
The transitions from 2Hi; ,2 to 4115/2 and 453/2 to 4115/2 are responsible
for the two strong green emission bands at 535 nm and 557 nm. Also,
there is a notable red emission peak at 670 nm when the ions migrate
from level 4F9/2 to level 4115/2. The two partial bands near 672 nm are
related to the split of the *Fg/5 energy level by the crystal field that
occurs due to the action of upconversion luminescence. Considering this,
the collected UCL spectra of the prepared ceramic show a fair degree of
consistency with previously published results [25,26]. The changing
UCL intensity as a function of dopants is illustrated in Fig. 4(b). Initially,
there is a rise in UCL intensity, and after reaching critical intensity aty =
0.10, it degrades with further insertion of dopants. This results from the
concentration quenching effect, which occurs when dopant ions are so
near to one another that energy transfer becomes easier, resulting in
non-radiative emissions [1,21]. Furthermore, the distances between
dopant ions may be calculated using the Blasse formula, as shown in Eq.
(2) [23].

3V r @

R.~2
|:47I:XCZ

Here, the amount for quenching is X (0.04+y), where V = 790.58
cm? is the volume of a unit cell in BaBi;Nb,Og ferroelectric ceramic, and
Z = 4 shows the number of host cations. The R, was calculated to be
13.92 A. It was observed that in the absence of Yb*" ions, the R, value is
21.12 A, whereas the R, value is reduced in the presence of Yb3* ions.
This implies that the energy is efficiently transferring from Yb>* to Er*
ions. Notably, the upconversion emission process is often characterized
by three processes, including ET (energy transfer), ESA (excited state
absorption), and GSA (ground state absorption), along with CR and MPR
(cross-relaxation processes and multi-phonon relaxation) [27-29]. In
Fig. 4(c), the schematic diagram of upconversion luminescence is por-
trayed using these processes. The 980 nm laser is illuminated on Yb>*
ions, and it absorbs energy via GSA and transfers it to a higher level at
4111/2 via ET1 and 4F7/2 through ET2. The Er®" ions may also absorb
photons through GSA. Thus, level *I;1 5 is prepared for the ESA to reach
a higher energy level, i.e., *F;/5. Thus, level *Fy, is overpopulated by
two processes, namely ET and ESA. The ions fall non-radiatively to levels
I, /25 4S5 /2, and “Fy /2 via MPR. From these levels, the ions transit to the
lower level 4F15/2, resulting in two green emission bands and one red
emission band at 535 nm, 557 nm, and 672 nm, respectively. Another
decay channel created by the cross-relaxation tracks (CR1 and CR2) is
responsible for the increased red emission when the Yb>* content in-
creases. Besides, emission spectrum data from prepared ceramics were
used to get the CIE chromaticity coordinates (x, y) for dopant concen-
trations (y = 0.02, 0.04, 0.06, 0.08, 0.10, and 0.12). The predicted CIE
points, which are sited in the green region and then become bright green
as dopant concentrations rise, are shown in Fig. 4(d).

3.3. Pump power dependency

To learn more about how upconversion luminescence works, we
looked at transitions of levels 2Hu /2 483/2, and 4F9/2 to level 4115/2 in
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lifetime of BaBiz.0.04-,Nb2Er¢.04Yb,O9 ceramic with varying concentrations of Yb3+,

BaBis.0.04/Nb2Erg.04YbyOg (y = 0.10) ceramic at six different pump
powers (21, 108, 203, 285, 364, and 453 mW) as displayed in Fig. 5(a).
It has been found that the UCL gets stronger as the pump power goes up.
The relation between pump power and intensity demonstrates in Eq. (3)
[30,31]:

IUP «P" (3)

where n is the number of low-energy photons required for the UCL to

proceed, P is the pump power, and Iyp refers to the intensity of UC
luminescence. Fig. 5(b) depicts the log-log curve of the intensity vs. the
excitation pump power. The magnitude of n for the green band near 535
and 557 nm and the red emissions band at 672 nm may be determined
by the slope of the logarithmic plot. These values are 1.46, 1.52, and
1.25, respectively. In this research, the red and green UC bands are
produced by the emission of two low-energy photons, which then pro-
duce radiation with higher energy that has a wavelength of 535, 557,
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temperature for BaBis.q.04.,Nb2Erg 04Yb,Og ceramic at y = 0.06. (g) 0.10 with operating temperature range (shaded region).
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and 672 nm. The n values of both colors have been rounded to 2 because
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various upconversion processes are involved [15,17].

3.4. Time-resolved spectroscopy

A pulsed laser source was used to analyze the lifetime decay of BaBis.
0,04_be2Er0,04ng09 (y =0.04, 0.08, 0.10, and 0.12) ceramic for 557 nm
transition from “Ss/y to 4115/2 energy level under 980 nm excitation
wavelength. Fig. 6(a-d) depicts the decay overview of BaBis.g o4-
yNb2Erg 04YbyOg ceramics. The curves were fitted using Eq. (4) (tri
exponential decay fit):

where [ corresponds to the intensity at the time t = 0 and Aj, Ay, Az are
the fitting factors. Also, 71, T2, and 3 are luminescence decay times. The

_ AIT% + AZT% + A3T§

<T>=—/——
AITI + Asz + A3T3

equation used to determine the mean lifespan is shown below in Eq. (5):

(%)

Fig. 6(e) depicts the predicted lifespan of Er>* doped and Er**/yb>*

doped BaBiz 0.04.yNb2Erg 04Yb,Og ceramics. The calculated lifetime of
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BaBis.0.04/Nb2Er¢,04Yb,O9 at y = 0.06 and 0.10.

BaBi5.0.04-y/Nb2Erg,04YbyOg ceramic varies from 28.74 ps to 40.11 ps for
the co-doped system. An increase in lifespan suggests effective energy
transmission in dopant ions, leading to non-radiative transition at a
higher doping content [20]. However, the time decay in Er’* doped
ceramic is 41.29 ps greater than co-doped ceramic. Thus, the efficiency
of energy transfer (ET) in co-doped BaBi3.g.04.yNb2Erg 04Yb,Og ceramic
can be calculated by Eq. (6):

Ta
=1-= 6
n o ©
where T, is the mean lifetime for Er>*/Yb3* co-doped ceramic and Ty, is
the average lifetime for Er>* doped ceramic [20]. The efficiency of the
energy transfer process is influenced by 32% by adding Yb" to the host
lattice at a minimum Yb®" concentration.

3.5. Contactless temperature sensing performance

In order to evaluate the possibility of using the present synthesized
ceramic in optical temperature measurements, Fluorescence Intensity
Ratio (FIR) approach is applied. For non-contact temperature mea-
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surements, the FIR is a basic approach that does not depend on varia-
tions in excitation intensity. This method was employed widely for
temperature sensing in several host materials treated with RE3* [31,32].
We selected the co-doped ceramic compositions with y = 0.06 and 0.10
in BaBis.0.04.yNb2Erg 04Yb,Og system to investigate the sensing behav-
iour with varying Yb>* concentrations. This FIR technique compares the
UC intensity of two thermocouple energy levels (green emission bands)
during transitions ’Hy4 /2 to 4115/2 and 4S3 /2 to 4115 /2. Fig. 7(a, b) rep-
resents the time-dependent UCL spectra for the BaBis.g.04yNb2Ero o4
Yb,Og (y = 0.06 and 0.10) at temperatures ranging from 303 to 573 K. It
can be seen that in both the co-doped systems (y = 0.06 and 0.10), the
UC emission intensity decreases with increasing temperatures. But the
FIR values follow the increasing trend, as demonstrated in Fig. 7(c). The
mathematical expression of FIR is given by Eq. (7) [33,34]:

Iy AE
FIR=-"=C i
. exp< KBT) 7)

where Iy and Ig represent the integrated intensity of the green band at
535 nm and 557 nm, respectively, AE denotes the energy gap of levels
453/2 and %Hy; ,2, and C is the constant depending upon the transitions
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Table 2

Temperature sensing parameters of various Er®*/Yb®" co-doped host materials in the different temperature ranges.
Host material AE (cm™ 1) Temperature range (K) T, (K) S. (K™ S (K T; (K) Published year References
CaBi;Tay09:Er/Yb 1181 153-603 590 0.39% - - 2014 [3]
Nao sEro sBisTisO1s 500.1 175-500 380 0.17% - - 2014 [11]
La,03:Er/Yb 566 303-600 303 0.91% - - 2014 [27]
BaTiO3:Er/Yb 600 125-430 410 0.19% - - 2015 [2]
Nag sBio sTiO3:Er/Yb 706.68 173-553 493 0.35% - - 2015 [26]
La,TiO07:Er/Yb 683 93-773 493 0.29% 0.41% 300 2023 [17]
BNT-SBT:Er/Yb - 303-573 363 0.49% - - 2022 [18]
La,TipO7:Er/Yb 760 333-553 525 0.57% 0.63% 333 2020 [32]
NagsBis sTa:00: Er/Yb - 153-483 483 0.78% 5.99% 153 2023 [31]
Sro.75Bag.2sNby0g: Er/Yb - 310-470 410 0.54% 0.85% 310 2023 [37]1
(Big.sErg.1Ybg 4)Ta;019 660.65 303-693 475 0.162% 1.04% 303 2021 [38]
BaGd,04:Er/Yb 873.94 298-573 573 0.42% - - 2023 [32]
Ba,NaNbsO;5:Er/Yb 735.5 298-573 373 0.68% 0.90% 298 2022 [15]
BaBiy.0.04.yNb2Erg 04YbyOg (y = 0.06) 705 303-573 523 0.69% 1.10% 303 - This work
BaBis.0.04.,NbsEr,04Yb, 00 (y = 0.10) 645 303-573 463 0.58% 1.01% 303 - This work

and degeneracy factor of thermally coupled levels (TCLs). To calculate
constant (C) and energy gap (AE), Eq. (7) can be put in linear form, as
shown in Eq. (8):

Ln(FIR) = — (i—f) (%) +LnC

The curve of In(FIR) and the negative of temperature are illustrated
in Fig. 7(d). The slope of this graph analyzes the value of AE/Kg and the
In C intercept. For y = 0.06 and 0.10, AE/Kp is —1015.67 and —925.38,
while Cis 2.545 and 2.260, respectively. These FIR characteristics define
the optical thermometric sensitivity of the fabricated ceramic BaBis.g o4-
yNboErg 04YbyOg. The external temperature influences the population
redistribution ability (PRA) of thermally coupled levels 483 /o and °Hy; /2
and can be expressed by Eq. (9) [18]:

C
C +exp (ﬁ)
The PRA values for BaBis..04/Nb2Er¢04YbyOg (y = 0.06 and 0.10)
ceramics are given in Fig. 7(e). It seems that the population of these

thermally coupled levels increases with temperature. The absolute
sensitivity (S,) of a material is defined by Eq. (10) as the variation rate of

FIR with temperature [18].
AE AE
KpT ) \KsT?

aery _ I(Cew(-25))
dr dT

By multiplying the absolute sensitivity by the negative FIR, we get

the relative sensitivity (S;), employed by Eq. (11) [35]:

(8)

PRA = 9

S. = =C exp< — (10)

1 AE
- % S‘,A = —
FIR KpT?

The S, and S; for BaBis.g.04./Nb2Erq.04YbyOg (y = 0.06 and 0.10) are
displayed in Fig. 7(f, g). In both cases, the absolute sensitivity increases
with temperature up to the maximum T,. For y = 0.06 and 0.10, S, is
0.69% K ! and 0.58% K ! at T, 523 K and 463 K, respectively. To check
the operating temperature range for sensing application (denoted by the
shaded region in Fig. 7(f, g)), the S, values are extrapolated using Eq.
(9), where the S, is higher than half of its maximum value (Spq). It has
been found that the sensitivity of lower dopant concentrations (y = 0.06)
shows higher sensitivity than the optimal dopant concentrations (y =
0.10), and also the extrapolated data reveals the gradual decrease in the
case of y = 0.06 whereas, in y = 0.10 the absolute sensitivity decreases
exponentially. The operational temperature region is extended to a
wider temperature range in y = 0.06 compared to y = 0.10, as shown in
Fig. 7(f, g). These observations suggest that the sensing characteristics of
the BaBiz.0.04.yNb2Erg 04YbyOg ceramic can be tuned by altering the
dopant concentration. The material sensitivity is suitable if the theo-
retically calculated AEy and the experimentally matched AEe, are

S, 1D

10

substantially comparable. The experimental value for AE¢; may be
derived from Fig. 7(d), and the deconvolution of UC spectra using the
Viogt fit yields the theoretical value for AEy, shown in Fig. 8(a, b).
According to Eq. (12), the inaccuracy (8) in BaBis..04.yNb2Erg 04Yb,Og
ceramic at y = 0.06 and 0.10 equals 2.89% and 4.01%, respectively.

IAEy, — AEl

o
AEy

* 100% (12)
A sensor’s repeatability (R) and resolution (8T) are essential to
determine its efficacy. The mathematical expression of these parameters

is stated in Egs. (13) and (14) [36]:

1 max(AAV — Asp)

R=
Ay

13

ST:S% « a4

>

where 6,/A is the device’s precision, Aay and Agp are the mean and
specific parameters of FIR with 17 cycles within temperature 303-573 K.
The repeatability and resolution of the produced ceramic are shown in
Fig. 9(a, b), respectively. Fig. 9(a) displays no discernible shift in the FIR
values of both concentrations anywhere in the temperature range from
303 K to 573 K. In Fig. 9(b), the resolution improves from 2.74 to 9.72
and 3.13 to 10.45 for y = 0.06 and 0.10, respectively. Table 2 compares
the sensitivity of prepared BaBis.q.04.,Nb2Erg 04YbyOg ceramic to that of
currently published Er3+/Yb3+—codoped host materials. Our work
demonstrates the ability of non-contact temperature sensors to function
throughout a broad and high-temperature range, with a maximum
temperature of 523 K, while maintaining excellent sensitivity. Conse-
quently, we may conclude that the ceramic BaBi2.9.04.yNb2Erg.04Yb,Og is
a competent sensor material that has the potential to be further inves-
tigated for use in the applications area of optical temperature sensors.

4. Conclusion

The co-doped Er**/Yb>" ferroelectric ceramic BaBis.g.04,,Nb2Ero,04.
YbyOg (y = 0.00, 0.02, 0.04, 0.06, 0.08, 0.10, and 0.12) is produced by
the solid-state reaction technique at 1050 °C have been studied for
upconversion luminescence and temperature sensing applications. The
XRD investigation confirmed the ceramic’s orthorhombic geometry. The
microstructure seen by SEM resembles plate-like formations and com-
prises non-uniform grains with irregular orientation. An increase in
grain size with Yb>! content up to y = 0.10 was found to promote
upconversion luminescence. Two bright green bands at 535 and 557 nm
and a detectable red spectrum nearby 672 nm were observed in
upconversion luminescence (UCL) spectra, corresponding to an excita-
tion wavelength of 980 nm. The effective energy transfer process from
Yb3* to Er** ions is supported by decay time measurements, which
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increases with increasing Er’*/Yb" content because of the non-
radiative transition at higher doping concentration. The pump power
dependence upon the UC luminescence intensity for an optimum Yb®*
content y = 0.10 reveals that green and red UC emissions involve two
photons. Er®/Yb*" co-doped BaBiz.g,04yNbsErg 04Yb,Og ceramic sys-
tem with y = 0.06 and 0.10 exhibit a maximum absolute sensitivity (S,)
0f 0.69% K~ ! and 0.58% K at T, = 523 K and 463 K, respectively, and
maximum relative sensitivity (S;) of 1.10% and 1.01% at T, = 303 K,
suggesting a viable contactless temperature sensor with tunable
sensitivity.
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Abstract

In this paper, undoped BaBi,_,_ Nb,Er,Yb, Oy (BBN), Er’* doped BBN, and a series of Er’*/Yb’* co-doped BBN ferro-
electric ceramic is synthesized by the solid-state method to study the structural, dielectric, ferroelectric, and energy storage
behavior of the prepared ceramic. XRD spectra revealed orthorhombic geometry and Fmmm phase group of each prepared
ceramic. SEM micrograph shows dense microstructures similar to square-shaped structures. Two FTIR bands at 619 and
822 cm™! are observed, displaying the characteristic peaks of the Aurivillius phase. Four Raman bands are detected for
undoped BBN, while twelve are visible in Er**/Yb** doped BBN compositions. Further, this work utilizes a comparable
method to correlate Nb—O stretching frequencies with their corresponding bond lengths using Herschbach’s exponential
function. Temperature-dependent dielectric studies show considerable dispersion below and above maximum temperature
(T,,), and the dielectric constant (¢') decreases with an increase in frequency. The dielectric loss (¢”) curves are quite dif-
fused, and shifts in the maxima with frequency have been observed, thus validating the relaxor behavior of all the prepared
BBN compositions. The slimmer PE curves were obtained under moderate electric fields ranging from 75 to 100 kV/cm. The
energy storage parameters (W, W, n) are improved with increasing applied electric field. The energy storage efficiency (n)
obtained for undoped, Er’t doped, and Er3t/Yb3t co-doped BBN ceramics are 78.25%, 83.39%, and 90.87%, respectively.
The energy storage parameters revealed good temperature stability from 303 to 415 K, indicating that the synthesized mate-
rial might aid in developing modern electronic equipment for energy storage applications.

Keywords Raman spectra - PE loops - Relaxor - Ceramic - Slim loops - Energy storage density

1 Introduction

Numerous applications, including mobile electronics, elec-
tric vehicles, and intermittent power technologies, imme-
diately need high-energy storage materials. Ferroelectric
ceramics based on lead, such as lead zirconate titanate and
lead titanate, are well recognized for their piezoelectric prop-
erties and find widespread application in the fields of sens-
ing, actuator, detector, and energy storage applications [1-3].
Peng et al. obtained a noticeable energy storage density in
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the Pb, sBa, ,ZrOj, thin film. Even though lead-based mate-
rials are good at storing energy, they also cause a lot of
damage to the planet when they disintegrate [4]. To achieve
good energy storage in ferroelectrics, the following things
should be checked: larger maximum polarization (P,,), lesser
remnant polarization (P,), and higher breakdown strength
(BDS). Investigations are being conducted on alternative
lead-free formulations, including barium titanate, bismuth
perovskites, alkaline niobates, bismuth layered structured
ferroelectrics (BLSFs), etc. [5—8]. The basic ferroelectric
materials have larger P, and P, [9]. However, a relaxor fer-
roelectric has larger P,,, and lesser P,; consequently, we chose
BaBi,Nb,0, relaxor ferroelectric, also a BLSF. BLSFs are
advantageous substitutes for lead-based ceramics due to their
non-toxic nature and ecologically beneficial characteristics,
hence establishing their superiority as a replacement choice
[10-12]. There is significant attention around lead-free
BLSF materials because of their desirable characteristics,
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including a low dielectric constant, fatigue-free properties, P aopet)
high transition temperatures, anisotropy in electromechani- 7 N ¢

cal coupling factors, and great temperature stability [13—15]. 1 1 s e Pt

BLSFs have favorable chemical and thermal stability, decent
radiative transitions, less phonon energy, and increased sen-
sitivity over a wide temperature range. The BLSF is a unique
category of ferroelectric materials that adhere to a defined
chemical composition denoted as (Bi,0,)** (A, B, 03,1
The quasi-perovskite layer, represented as A, B, 05, is
encompassed by two layers of bismuth oxide (Bi,0,)**. The
number of octahedral layers inside the perovskite block is
indicated by n. The ions such as Na*, Ba>*, Bi**, or Sr**
having single, dual, or triple valance ions are denoted by
A, while B signifies ions such as Nb>*, Ta’*, Ti**, or Wo*
[16-19].

Literature studies revealed that due to the overcon-
sumption of fossil fuels, there is a demand for developing
green and sustainable energy like hydropower, wind or
solar power, and many more. However, storing these kinds
of energy is also challenging [20, 21]. In the last decade,
ferroelectric-based capacitors have been used in energy
storage applications because they have a rapid charge rate
(less than a microsecond) and more extended charge—dis-
charge periods than conventional cells to produce intense
power pulses [22, 23]. In addition, these capacitors exhibit
improved energy storage capabilities at higher tempera-
tures. Few investigations have been conducted on using
ferroelectric-based materials as energy storage devices.
In one study, Huang et al. discussed the consequences of
different RE ions on BaTiO; ceramic to examine its per-
formance in energy storage applications [24]. The energy
storage properties of Ba, ;Na; sTiO; ceramic doped with
NaNbO; were explored by Wan et al. [25]. Also, in other
reports, a relaxor ceramic Bij sNa,, sTiO5—Sr ;,Bi, ,TiO; and
Bi, sNa, sTiO;-BaTiO;—S1Ti g75Nb, ;O; were investigated
for their potential application in energy storage devices [1,
21]. The aforementioned studies served as a source of inspi-
ration for our investigation into the energy storage potential
of BaBiNb,0, ceramic material co-doped with Er**/Yb**.
As far as the author is aware, no previous study has yet been
carried out on this material.

In our latest study, we doped BaBi,Nb,Oy with Er**/
Yb3* and observed increased upconversion luminescence
and decent thermal sensitivity (0.0069 K~ at 523 K [26].
However, the ferroelectric properties were not discussed,
so we co-doped BaBi,Nb,0O, with Er** and Yb** to inves-
tigate the ferroelectric properties. This study aims to check
the versatility of the co-doped BaBi,Nb,O, ceramic for
energy storage applications. In this paper, the P-E param-
eters obtained from P-E loops calculate energy density (W),
rectifiable energy density (W,,.), and efficiency of the energy
density (n). Figure 1 depicts the schematic representation of
the basic approach to enhance the energy storage parameter.
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Fig. 1 Diagrammatic illustration of the basic strategy for improving
energy storage density parameters

2 Synthesis and characterization
description

The solid-state procedure is utilized to prepare the ceram-
ics with the configuration of BaBi,_,_/Nb,Er,Yb,Oq
(abbreviated BBN) doped with Er** and Yb*. The initial
precursors (BaCOj;, Bi,O;, Nb,Os, Er,O; and Yb,0;) were
bought from Sigma Aldrich (99.99%). The raw powders
were measured stoichiometrically, followed by mixing
in ethanol for 5 h in a mortar pestle before heat treat-
ing at 950 °C for 3 h. The high-temperature cured cal-
cined powder was added to the solution of PVA (polyvinyl
alcohol) prepared in distilled water. After the complete
mixing of PVA, the powder is pressed in circular shaped
discs in a manual pelletizer. These pressed pellets (diam-
eter = 10 mm, thickness =1 mm) were heated at 1050 °C
in a high-temperature furnace for a duration of 3 h. For
the electrical measurements, these pellets were polished
by rubbing with sandpaper to ensure good adhesion of the
silver paste. The air-drying silver paste is used to prevent
breaking while handling delicate pellets. The polarization
against the applied electric field is measured by a high-
end automated loop tracer. This measurement was done at
room temperature under 20 Hz frequency. The phase of the
material was investigated by examining the XRD spectra
that use Cu-Ka radiations with a high-quality X-ray dif-
fractometer produced by Bruker. The scanned images of
the broken pellets were visualized from Zeiss SEM. The
average particle size was measured using software named
Image]. The Perkin Elmer spectrum-II was used to acquire
the FTIR spectra. The Raman spectra were acquired with
the Invia Raman spectrometer equipped with a laser source
emitting light at a wavelength of 785 nm. The tempera-
ture-dependent dielectric studies were performed by an
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Table1 Coding of the prepared compositions  of

BaBi,_,_yNb,Er, Yb 04 ceramic

co-doped

Compositions Sample code  Er** (x)  Yb* (y)
BaBi,__,Nb,Er,Yb,O, BBNEOYO 0.00 0.00
BaBi; gsNb,Er; 04 Yby 0Oy ~ BBNE4Y0 0.04 0.00
BaBi,; ¢4Nb,Er; 0, Yby o0y  BBNE4Y2 0.04 0.02
BaBi, g,Nb,Er; 0, Yby 0,0y  BBNE4Y4 0.04 0.04
BaBi; goNb,Er) 04 Yby 0609y  BBNE4Y6 0.04 0.06
BaBi, 4sNb,Er) 0, Yb)0s0y  BBNE4Y8 0.04 0.08
BaBi 4sNb,Er; 4, Yb, 0y  BBNE4Y10 0.04 0.10
BaBi, ¢4Nb,Er; 4, Yb, .0y  BBNE4Y12 0.04 0.12
o A BiNbO,
= -~ £ 35 =~ =8 = & X B,
g g | 28§ &5z 8¢
=) - e o o2 )
= A LT AA A<
BBNE4Y12
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Fig.2 XRD spectra of all the compositions of doped and undoped
BBN ceramics (* depicts Bi,O; and A: BiNbO, phase)

impedance analyzer from Keysight for different frequen-
cies ranging from 1 kHz to 1 MHz. The sample coding for
all the Er**/Yb* co-doped BBN ceramics is recorded in
Table 1.

3 Outcomes and evaluations
3.1 XRD and SEM analysis

The X-ray diffraction profile of sintered Er**/Yb** co-doped
BBN ceramic is provided in Fig. 2 for all the composi-
tions. The XRD peaks are similar to JCPDF file number
00-012-0403, having orthorhombic geometry and Fmmm
phase group. At lower dopant concentrations (y < 0.04), the
absence of additional peaks in the XRD spectra serves as a
confirmation of the complete solubility of the dopant inside
the host lattice. However, at higher dopant concentrations
(y>0.04), there are minor additional peaks, which might be
due to unreacted Bi,O (#00-002-0542) and BiNbO, (#00-
016-0486) (represented by * and A). The refinement index
and lattice parameters obtained from profile fit between
observed and calculated XRD patterns using TOPAS soft-
ware for all compositions of BBN are reported in Table 2. It
can be seen that the goodness of fit (GoF) lies between 1 and
2, which shows the close matching of experimental and theo-
retical data. Furthermore, it is worth noting that the (115)
plane in the BBN ceramic exhibits the most intense peak,
which may be attributed to the BLSF of m=2. Based on pre-
vious observations, it has been shown that the (112 m+ 1)
plane has a significant correlation with the high-intensity
XRD peak in BLSF materials belonging to the Aurivillius
phase [27]. The density of the synthesized pellets has been
estimated via the Archimedes technique (Table 2). It has
been found that the experimental density matches the theo-
retical density as reported in the JCPDF card with an accu-
racy of > 95%. The choice of Er**/Yb?* doping ions to sub-
stitute A-site Bi’* ions is based on the fact that doping ions
and Bi** ions have the same charge valency and virtually
identical radii [26]. The lattice parameters of doped BBN
showed little variation compared to undoped BBN. Never-
theless, Table 2 reveals a slight increase in the cell volume,
which can be explained by the 6s> lone pair character of Bi**

Table 2 Refinement parameters, lattice parameters, experimental density, and grain size of all the compositions of BBN

Samples Refinement parameters  Lattice parameters
Rep R, GoF a (A) b (A) c (A) \% (A3) Orthorhombic ~ Exp. density, Average grain size (um)
distortion (b/a) p (g/cm3)

BBNEOYO 10.76  12.84 1.02 55439 5.5536 255975 788.111 1.00174 7.00919 1.39+0.0278
BBNE4YO 11.57 13,59 1.05 55441 55550 255976 788341 1.00196 6.87240 1.42+0.014
BBNE4Y2 1039 1493 146 55448 5.5551 255980 788.467 1.00185 6.83796 1.54+0.0125
BBNE4Y4 10.13 13,53  1.35 55450 5.5552 25.5989  788.537 1.00183 6.72015 1.67+0.1365
BBNE4Y6 10.01 1446 144 55454 55561 255991 788.728 1.00192 6.77289 1.78 +0.0889
BBNE4Y8 7.07 8.64 1.07 55479 55601 25.6178 790.229 1.00219 6.47426 1.89+0.1129
BBNE4Y10 7.27 9.19 1.08 55488 5.5612 25.6200 790.581 1.00223 6.76007 1.92+0.1761
BBNE4Y12 1021 14.87 145 5.5497 55600 25.6219 790.597 1.00185 6.01060 1.45+0.0295
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ions. When Bi*" ions are substituted with Er**/Yb** ions
having smaller ionic radii than Bi**, the size of Bi** ions is
dependent upon the extent of the 6s lone-pair character. In
our BaBi,Nb,0, system, the volume increases with dopant
substitution, possibly due to the constrained character of the
6s? lone pair of Bi** in the host lattice. The lone-pair nature
of Bi** causes slight distortion in the host lattice, thereby
increasing the cell volume [6, 17, 26].

The SEM images of all the prepared compositions of
BBN are represented in Fig. 3a—h. The pellets (sintered at
1050 °C) of all the compositions have dense microstruc-
tures similar to square-shaped structures. The grains in
BLSF materials exhibit non-uniformity and arbitrary orien-
tation that is characteristic of such materials [18, 28]. The
grain size was estimated using software named ImagelJ. The
mean particle size is shown in Table 2. It has been observed
that the size increases with dopant concentration up to
BBNE4Y 10 composition after it decreases. This difference
in grain size may be attributed to the increase in the electron
charge density on the surface of grains due to increasing
dopant concentration, resulting in the slowing down of grain
boundary diffusion and the inhibition of grain expansion,
causing the reduction of grain size [29, 30].

3.2 IR spectroscopy

The Fourier transform infrared spectra of all the Er** and
Yb>* doped and undoped BBN are depicted in Fig. 4a. A
broad and intense band can be seen at 619 and 822 cm™,
which are the distinctive peaks of the Aurivillius phase [28,

31]. The stretching of the NbO, bond causes the frequency
band at positions 619 and 822 cm™!, and the degree to which
this stretching occurs is extremely dependent on dopant con-
centration. The compositional dependency of dopants on the
band positions is seen in Fig. 4b, and curves seem to be
shifted towards higher values. The observed frequency shift
may be ascribed to changing conditions near the NbOg4 bond.
The changing condition near the NbO4 bond means that the
dopant ions affect the lattice structure, and this distortion
causes the shifting of the FTIR bands. Therefore, it may be
assumed that the FTIR spectra exhibit significant vulner-
ability to changes in the local structure of the host material
by introducing dopants [28].

3.3 Raman spectra analysis

The Raman spectra of undoped and Er’**/Yb3* doped
BaBi,Nb,0O, ferroelectric ceramics were acquired using a
laser source with a wavelength of 785 nm in the frequency
range of 100-1000 cm™'. The deconvoluted Raman plot
of undoped BBN composition is provided in Fig. 5a. The
four major peaks were obtained and positioned at 156 cm™!,
215 cm™!, 550 cm™', and 854 cm™!. The spectra detected
for all the prepared compositions are reported in Fig. 5b.
According to the literature survey, there are 12 Raman
modes, out of which only four Raman bands (156 cm™!,
215 cm™!, 550 cm™!, and 854 cm‘l) are detectable in the

LS BBNEAY4

Fig.3 a-h Scanning image micrographs of prepared undoped and doped BBN ceramics (Inset—histogram to evaluate the average grain size of

the particle)
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Fig.4 a FTIR spectra obtained at room temperature for all the compositions of prepared BBN ceramic. b Shifting of FTIR modes (619 and

822 cm™!) due to the insertion of dopants into the host material

case of undoped BBN ferroelectric ceramic [31-33]. The
occurrence of these bands might be due to the coinciding
of the same symmetrical vibrations or expansions of the
vibration modes or the weakening of the vibrational mode’s
intensity. However, in Er**/Yb>* BBN compositions, almost
12 experimental modes can be observed, which can be veri-
fied from deconvoluted Raman spectra (Fig. 5a). These
modes are effectively reduced in undoped BBN ceramic,
but they may be rapidly noticed in the case of Er**/Yb**
doped BBN compositions. These suppressed modes are
positioned at 289 em~!, 358 em™!, 379 ecm™!, 443 cm™!,
681 cm™!, 720 cm™!, and 765 cm™!. These modes might
potentially be linked to the level of structural disorder pre-
sent in materials belonging to the same family [15, 17, 27,
31]. As a result, the theoretically expected and experimen-
tally observed Raman modes have a decent correlation. Fig-
ure Sc displays the Raman shift as a dependent variable of
the dopant concentration, while Table 3 presents a compre-
hensive compilation of the observed frequency shifts with
their corresponding band allocations.

The Raman spectra show four modes corresponding
to the frequencies of 156 cm™!, 215 ecm™!, 550 cm™!, and
854 cm~!. The Raman mode seen at a lower frequency
(beneath 200 cm™") is related to the vibrational motions of
Ba”" ions present at the A-site. The higher frequency bands
(beyond 200 cm™!) result from the inner vibration of the
NbOg octahedron. The observed mode with a frequency of
155 cm™! has been ascribed to the vibrations of Bi** ions
located on the A-site within the pseudo-perovskite structure.
The A, mode at a frequency of 215 cm™! in the NbO group
is due to the torsional bending of the O—Nb-O configuration.

With the replacement of Bi** ions by dopant ions (Er**/
Yb3+), a little shift within the range of 215-217 cm™!
is recorded. The strong vibration mode seen at around
854 cm™! may be attributed to the A, symmetry because of
the symmetrical elongation of the Nb—O bonds in the NbO¢
in the z-axis of the crystal lattice [17, 31, 34]. The counter-
directional movement in the apical oxygen atoms inside the
NbOg octahedral structure, which arises from the B2g mode,
results in the Raman mode centered at 550 cm™. This mode
exhibits a progressive decrease from 550 to 539 cm™, and it
has been determined that the introduction of dopants results
in its attenuation. This observation implies that the introduc-
tion of Er’*/Yb** at Bi-sites leads to a decrease in compres-
sive stress, indicating a relaxation in structural deformation.
Meanwhile, the band at 854 cm™" is due to the symmetrical
stretching of Nb—O inside the NbOg octahedron, exhibiting
a slight decrease in frequency to 852 cm™'.

The bond length analysis of Nb—O at 854 cm™! Raman
band is crucial for investigating the impact of dopants on it.
Badger’s rule is the widely used expression that connects
bond lengths to force constants in diatomic and polyatomic
compounds [35]. The general form of this rule is expressed
in Eq. (1) [36]:

K5 = (3 —dy) T (R— ) (1

Here, k stands for the force constant, R for the bond
length, and a;; and d;; are constants for certain bonds between
atoms in rows i and j of the periodic table. However, Badg-
er’s rule does not effectively account for the correlation
between the Nb—O bond and force constants in niobate
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Fig.5 a Deconvoluted Raman spectra of BaBi, ,  Nb,Er,Y-
byO9 (x=0.00, y=0.00) ceramic under the excitation of 785 nm
laser source. b Raman spectra of all the compositions of prepared

reference compounds. This is because k™3 does not follow
a linear relation with R but shows a minor curvature [35,
36]. Herschbach had a similar issue while attempting to fit
cubic and quartic anharmonic force constants to internuclear
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BaBi, ,_ Nb,Er,Yb Oy ceramics. ¢ Dependency of dopant concen-
trations on various Raman modes

distances for diatomic molecules [37]. Herschbach utilized
an exponential fit to address the small curvature in the data
accurately. Thus, following Herschbach’s treatment, the
current work utilizes a comparable method to correlate
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Table 3 Assignment of various

. Raman bands position Band assignments References

observe.d Raman.bands in (em™")

synthesized BaBi,Nb,O,

compositions 156 Vibration of Bi2* ion [17]
215 Torsion Bending of O-Nb-O bond [17]
289 Vibration due to Bi-O; force constant [31]
358 Vibration due to Bi-O; force constant [31]
379 Vibration due to Bi-O; force constant [31]
443 Vibration due to Bi-O; force constant [31]
550 Opposite excursion of apical oxygen atom [31]
681 Symmetric bending vibration of NbOg octahedron [32]
720 Symmetric bending vibration of NbOg octahedron [31]
765 Symmetric bending vibration of NbOg octahedron [31]
854 Symmetrical stretching of Nb-O¢ group [17]

Table 4 Bond length of Nb—O at 854 cm™' Raman band for all the
composition of BaBi,Nb,O,

Sample Band position (cm™) Bond length (10\)
BBNEOYO0 854.00 1.7805
BBNE4Y0 855.00 1.7799
BBNE4Y2 848.00 1.7842
BBNE4Y4 854.25 1.7803
BBNE4Y6 852.80 1.7812
BBNE4Y8 854.90 1.7799
BBNE4Y10 854.00 1.705
BBBNE4Y12 852.00 1.7817

Nb-O stretching frequencies with their corresponding bond
lengths. The exponential function used is represented in
Eq. (2) [38]:

v = A exp(BR) )

where v is the Nb—O stretching frequency, R is the Nb—O
bond length in Angstroms, and A and B are fitting param-
eters. The fitting parameters are determined from an expo-
nential least squares fit of the crystallographic and the
obtained Raman data from several niobium oxide reference
compounds (Table 1 [35]). Then, Eq. (2) takes the form as
shown in Eq. (3) [35]:

v = 25922 exp(—1.9168 R) ?3)

Using Eq. (3), the bond length of all the compositions
of BBN is evaluated for the Raman band positioned near
854 cm™! and is tabulated in Table 4. The variation in bond
length shows that there is structural relaxation due to dopant

introduction and can also be corroborated by XRD and FTIR
spectra.

3.4 Dielectric studies

The dielectric constant (¢') and dielectric loss (¢”) at various
frequencies (1 kHz—1 MHz) for different BBN compositions
are represented in Figs. 6a—d and 7a—d, respectively. The die-
lectric constant exhibits a wide anomaly around a temperature
(T, associated with a diffuse ferroelectric phase transition,
followed by a relaxation of the permittivity, consistent with
previous findings [39—41]. There is a significant dielectric dis-
persion below and above the temperature T, displacement of
T,, with increasing frequency, and a decrease in the value of
€' with increasing frequency. The £¢” curves are quite diffused,
and shifts in the maxima with frequency have been observed.
These observations validate the relaxor behavior of all the
prepared BBN compositions. Additionally, in contrast to the
Curie—Weiss law, which governs the dielectric permittivity of
a typical ferroelectric material, a modified Curie—Weiss law is
applied to relaxor ferroelectrics to define the variation in the
reciprocal of the dielectric constant at high temperature and
the diffuseness of the phase transition. It is given by Eq. (4)
[41,42]:

§—$=é(T—Tm)Y )
where €', is the highest value of the dielectric constant, C is
the Curie-like constant, and vy is the degree of diffuseness.
The value of y lies between 1 and 2. For normal ferroelec-
trics, the value is 1; for relaxors, it is 2 [43]. Figure 8a—d
shows a linear relationship between the plot of In(1/e" — 1/
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Fig.6 Dielectric constant (¢') at various frequencies (1 kHz—1 MHz) between the temperature range 303—-673 K for a BBNEOYO, b BBNE4YO,

¢ BBNE4Y4 and d BBNE4Y 10 compositions

¢’ and In(T — T,,)) at 500 kHz for all prepared BBN com-
positions. The slope (y) comes out to be 1.747, 1.727,
1.891, and 1.721 for BBNEOYO, BBNE4Y0, BBNE4Y4,
and BBNE4Y10, respectively. Thus proving the relaxor-
type behavior of BBN ceramic. The dielectric measurement
parameters at 500 kHz of all BBN compositions are tabu-
lated in Table 5.

3.5 Polarization verus electric field loops
and energy storage parameter analysis

The polarization versus electric field curves (PE loops) of
undoped and doped compositions of BBN ceramic are rep-
resented in Fig. 9a—h for various applied electric fields rang-
ing from 75 to 100 kV/cm. The PE loops are traced at room
temperature at a 20 Hz frequency. The slimmer PE loops
result in low remnant polarization of BaBi,Nb,O4 (BBN)
ceramic. In Table 6, it is seen that the PE loop parameters
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decrease with increasing dopant concentration. The P
and P, are obtained for undoped BBN (5.162-6.831 uC/
cm?) and (1.158-1.485 uC/cm?) between the electric field
range 75-100 kV/cm, respectively. In doped BBN composi-
tions, the obtained P, and P, values increase with increas-
ing electric field but are smaller than the undoped BBN.
The decrease in P, and P, values may be elucidated by the
incorporation of external ions into the host lattice, which
results in the replacement of bismuth ions and the formation
of oxygen vacancies. The oxygen vacancies tend to migrate
toward the domain wall when subjected to a strong electric
field, hence impeding the process of domain flipping. Never-
theless, the estimation of high-quality PE loops is subjected
to several factors, including lattice strain, defects, grain
size, density, and minimum sample thickness. The P, P,
and applied electric field values were used to calculate the
energy storage parameters: energy density (W), recoverable
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Fig. 7 Dielectric loss (¢”) at various frequencies (1 kHz—1 MHz) between the temperature range 303—673 K for a BBNEOYO, b BBNE4YO, ¢

BBNE4Y4 and d BBNE4Y 10 compositions

energy density (W), and efficiency (n). Equations (5-7)

give the mathematical expression [44, 45]:

Pm
W= { EdP )
Pm
Wrec = P EdP (6)
WICC
n=3 X 100% (7)

Based on these expressions, it can be said that ceramic
materials with a high energy density and efficiency should
have a high maximum polarization, a low remnant polariza-
tion, and high BDS simultaneously. Table 6 tabulates the
energy storage parameters W, W, and 1 values for all the

applied electric fields (75-100 kV/cm). The energy stor-
age parameters improved with increasing electric field for
all the compositions, as shown in Fig. 10a—c. For undoped
BBN ceramic, the ) varies from 77.59 to 79.76% within the
electric field range. However, for doped BBN compositions,
the overall efficiency increased within the aforementioned
applied electric field. The highest value for n is obtained
for BBNE4Y4 prepared composition and equals 91.28% at
80 kV/cm. The Weibull distribution function for BBNE4Y4
prepared composition is shown in Fig. 11. The determination
of the maximum electric fields and energy storage capabili-
ties for the practical application of energy storage ceramics
relies on the important parameter known as the breakdown
strength (BDS). BDS can be expressed by the Weibull dis-
tribution function given in Egs. (8) and (9) [20, 22]:

X; =Ln(E) ®)
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e (a1 (7))

where E; is the BDS of the sample, i is the sequence of the
sample, and n is the number of samples. To validate the
experimental data, the Weibull shape parameter (f) is an

Table 5 Variation in dielectric measurement parameters at 500 kHz
of all BBN compositions

Sample £303x e T, (K) Y

BBNEOYO 175.94 343.26 503 1.747
BBNE4YO0 172.42 341.21 500 1.727
BBNE4Y4 196.94 353.22 489 1.891
BBNE4Y10 186.67 347.84 484 1.721

@ Springer

important factor that can be calculated from the slope of the
linearly fitted X; and Y;. The Weibull distribution model is
appropriate for analyzing breakdown outcomes when the
value of f exceeds 1 [24].

The temperature stability of prepared ceramic
(BBNE4Y4) is studied between a wide temperature range
(303-415 K), as shown in Fig. 12a. It has been observed
that the energy storage density parameters (W, W, n) of
synthesized composition do not vary much with increas-
ing temperature under 80 kV/cm applied electric field,
as depicted in Fig. 12b. It is because of the transition
of extensive diffusive phase in nonergodic and ergodic
states of relaxor materials [22]. The W, W, increases
with increasing temperature, and 1 remains constant. The
change in W, W, and 1 is 0.03%. A comparison of energy

rec?
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Fig. 9 a-h PE loops of all the compositions with varying applied electric fields ranging from 75 to 100 kV/cm

storage parameters of different host materials is given in
Table 7.

4 Conclusion

The structural, dielectric, ferroelectric, and energy stor-
age properties of undoped BaBi,_,_,Nb,Er, Yb, Oy (BBN),
Er’* doped BBN, and Er**/Yb** co-doped BBN ferroelec-
tric ceramics have been investigated using the solid-state
method. XRD analysis confirmed the orthorhombic geom-
etry and Fmmm phase group for all prepared ceramics. SEM
micrographs revealed dense microstructures with square-
shaped features. FTIR spectra showed characteristic peaks
of the Aurivillius phase at 619 and 822 cm™'. In undoped
BBN, four Raman modes are visible, whereas in doped BBN
compositions, 12 modes have been observed. To calculate

the bond length of Nb-O at 840 c¢m~! Raman band, Hersch-
bach’s exponential function approach is utilized to establish
a correlation between the stretching frequencies of Nb—O
and the corresponding bond lengths. Temperature-dependent
dielectric tests reveal significant dispersion below and above
the maximum temperature (T,,), and the dielectric constant
(¢') decreases with increasing frequency. The dielectric loss
(¢”) values are diffused, and variations in the maxima with
frequency have been detected, demonstrating the relaxor
behavior of all produced BBN compositions. The thinner
PE loops were achieved under applied electric fields between
75 and 100 kV/cm. The remnant polarization (P,) and maxi-
mum polarization (P,,) were used to calculate the energy
storage parameters (W, W, 1) of each ceramic composi-
tion. The energy storage parameters improve as the applied
electric field increases. The energy density (W), recoverable
energy storage density (W), and energy storage efficiency
(1) for undoped, Er** doped, and Er**/Yb** co-doped BBN

@ Springer
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Table 6 Energy storage parameters of Er**/Yb** doped BaBi,_,_,Nb,Er, Yb, Oy ceramic composition

Epax Parameters Compositions
(kV/em) BBNEOYO BBNE4YO BBNE4Y2 BBNE4Y4 BBNE4Y6 BBNE4Y8 BBNE4Y10 BBNE4Y12
75 P, (uC/em?) 1.158 0.711 0.324 0.380 0.425 0.365 0.654 0.624
P, (uC/em?) 5.162 3.780 3.278 4315 4.060 3.955 4.424 4.038
W (J/em?) 0.387 0.283 0.245 0.323 0.304 0.296 0.331 0.302
Wiee (J/em®) 0.300 0.230 0.221 0.295 0.273 0.269 0.282 0.256
n (%) 77.59 81.18 90.09 91.19 89.51 90.77 85.21 84.54
80 P, (uC/ecm?) 1.172 0.738 0.464 0.395 0.490 0.465 0.713 0.680
P, (uC/ecm?) 5.786 4.059 3.532 4.539 4.209 4.598 4.689 4.458
W (J/em?) 0.463 0.324 0.282 0.363 0.337 0.368 0.375 0.356
Wiee (J/em®) 0.369 0.265 0.245 0.331 0.297 0.331 0.318 0.302
n (%) 79.76 81.80 86.86 91.28 88.35 89.88 84.79 84.72
85 P, (uC/ecm?) 1.314 0.684 0.438 0.434 0.511 0.497 0.728 0.670
P, (uC/ecm?) 6.308 4.296 3.782 4.689 4.410 4.719 4811 4.767
W (J/em?) 0.536 0.365 0.321 0.398 0.374 0.401 0.409 0.405
Wiee (J/em®) 0.424 0.307 0.284 0.361 0.331 0.358 0.347 0.348
n (%) 79.16 84.07 88.39 90.73 88.41 89.46 84.86 85.93
90 P. (uC/cm?) 1.403 0.754 0.507 0.448 0.602 0.492 0.744 0.782
P, (uC/cm?) 6.426 4.348 4.094 4.900 4.682 4.882 5.014 5.110
W (J/cm?) 0.578 0.391 0.368 0.441 0.421 0.439 0.451 0.459
Wiee (J/em®) 0.452 0.323 0.323 0.401 0.367 0.395 0.384 0.389
n (%) 78.16 82.65 87.60 90.85 87.13 89.97 85.14 84.68
95 P, (uClem?) 1.395 0.743 0.540 0.459 0.640 0.560 0.790 0.792
P, (uClem?) 6.768 4.535 4.477 5.102 4.818 5.080 5.221 5.348
W (J/em?) 0.643 43.09 0.425 0.485 0.457 0.483 0.496 0.508
Wiee (J/em?) 0.510 0.360 0.374 0.441 0.397 0.429 0.421 0.432
n (%) 79.38 0.836 87.99 90.99 86.71 88.95 84.86 85.18
100 P, (uClem?) 1.485 0.781 0.638 0.463 0.636 0.566 0.780 0.802
P, (uClem?) 6.831 4.708 4.712 5.080 4.949 5.288 5.359 5.474
W (J/em?) 0.683 0.471 0.471 0.508 0.495 0.529 0.536 0.547
Wiee (J/em?) 0.534 0.392 0.407 0.461 0.431 0.472 0.457 0.467
n (%) 78.25 83.39 86.45 90.87 87.14 89.28 85.44 85.34
0.60 95
[0 90 kviem I [_190 kviem . [_]90kvicm
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Fig. 10 a—c Energy storage parameters of all the prepared compositions of BBN with varying applied electric fields ranging from 75 to 100 kV/
cm
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ceramics were approximately (0.683 J/cm?®, 0.534 J/cm?,
and 78.25%), (0.471 J/cm?, 0.392 J/cm®, and 83.39%) and
(0.508 J/em?, 0.461 J/cm?, and 90.87%), respectively. The W,
W,..» N showed decent temperature stability between 303 and
415 K. The change in energy storage density parameters is
only 0.03%. It can be concluded that the n of undoped, Er**
doped, and Er**/Yb** co-doped BaBi,_,_ Nb,Er,Yb Oy
ceramics increased with doping concentrations. In contrast,
the W and W, of Er** doped and Er**/Yb** co-doped BBN
ceramic are comparable with undoped BBN. The dielectric
constant at room temperature (€';43 k), degree of diffuse-
ness (y), and energy storage efficiency (n) are superior in
BBNE4Y4 compared to other BBN compositions, making
this concentration the best among others. Therefore, all the
above observations suggest that the prepared material may
be helpful in the development of sophisticated electronic
apparatus for applications involving energy storage.
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Fig. 12 a Temperature stability analysis of BBNE4Y4 (Er**=0.04 and Yb*" =0.04) at various temperature ranges (303-415 K). b Variation of

energy storage density parameters of the aforementioned ceramic

Table 7 Comparison of energy Host material E o &Vicm) W (J/em® 10 (%) References

storage parameters of various

ferroelectric ceramics B, sNa, s TiO5-BaTiO;SrTi ¢;5sNb, 05 105 1.17 91 [1]
0.98(0.94Bi, sNa, s TiO;-0.06BaTi0;)-0.02BiAIO; 95 0.69 - [2]
(Nay 35Ky 1Big 35l 12) TiO5 90 0.72 93 [11]
Nay sBij sTiO;:Ho™* 114 0.68 - [44]
BaBi,Nb,0,:Z10, - 0.014 - [45]
BaBi,Nb,0, (Er** =0.00, Yb** =0.00) 100 0.534 78.25  This work
BaBi,Nb,O, (Er** =0.04, Yb** =0.00) 100 0.392 83.39  This work
BaBi,Nb,O, (Er** =0.04, Yb** =0.04) 100 0.461 90.87  This work
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