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STRUCTURAL AND OPTOELECTRONIC STUDIES OF 

Er3+/Yb3+ CO-DOPED SrBi2Nb2O9 FERROELECTRIC CERAMIC 

Abdul Basith, Shobhangna Singh 

ABSTRACT 

A series of SrBi2-x-yNb2ErxYbyO9 ferroelectric ceramics (x= 0.03, y= 0.01, 0.03,0.06, 

0.09, and 0.12) has been prepared by the solid-state reaction method. The precursors 

SrCO3, Bi2O3, and Nb2O5 were used for undoped SrBi2Nb2O9 (SBN) while Er2O3, and 

Yb2O3 were used as dopants. Calcination of powder at 950⁰C for 3 hours and then 

pellets were sintered for 3 hours at 1050⁰C. The formation of pure phase SBN has been 

confirmed by XRD spectra corresponding to orthorhombic geometry having phase 

group A21am. The highest intensity plane was observed at (115) for all SBN 

compositions, conceding the bismuth layered structure with n = 2. Evaluation of lattice 

parameters from XRD shows the increase in orthorhombic distortion i.e., b/a value as 

the concentration of Yb3+ increases. The lattice parameters and unit cell volume 

increase as the content of Yb3+ rises. SEM study reveals the randomly oriented plate-

like structure of SBN. Their average particle sizes range from 1.12μm to 2.23μm to 

the concentrations x=0.03 and y=0.03. After a further rise in Yb3+ concentration, the 

average particle size decreases as the internal structure of the lattice is disrupted. The 

FTIR characteristic bands are found at wavenumber 540cm-1, 602cm-1, and 812cm-1. 

In PL spectra, two green emission bands (524nm and 549nm) and one weak red band 

(660 nm) are acquired using a 488nm excitation wavelength. The highest PL intensity 

is found at x=0.03, y=0.03 after this concentration the intensity degrades because of 

the concentration quenching effect. The excitation spectra are obtained at the emission 

wavelength of 549nm with maximum excitation obtained at 488nm. The UCL spectra 

excited by 980nm laser, show two UCL bands at 524nm and 549nm in the green region 

and a single red band at 660nm. The green band dominates for initial concentration up 

to x = 0.03, y = 0.03 after which red emission dominates as the concentration of Yb3+
 

increases. The findings suggest the tunability of green light into red light of Yb3+ doped 

Er3+ - SBN ferroelectric ceramic. Pump power analysis shows that the two photons 

contribute to green and red UC emissions. The time decay analysis of SBN 

composition showed that the average decay time of Er3+ is 70μs and that of Yb3+ is 

37μs. The diffuse reflectance spectra revealed the band gaps of the ceramic samples 

ranging from values 2.7eV to 3.1eV. 
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CHAPTER-1: INTRODUCTION 

 

1.1  WHAT IS FERROELECTRIC CERAMIC? 

Ferroelectric ceramics, an intriguing class of materials offers a unique combination of 

structural and electrical characteristics. Because they have potential applications in a 

wide range of technological domains, they have become a cornerstone for research 

across multiple fields [1]. Core Properties: 

 

 Spontaneous Polarization: The defining characteristic of a ferroelectric ceramic is 

its spontaneous electric polarization. This means that when not subjected to any 

external electric field, the material exhibits a permanent electric dipole moment 

within its crystal structure. This arises from the displacement of positive and 

negative ions within the unit cell of the material. 

 

 Domain Structure: The polarised areas, often referred to as ferroelectric domains, 

are usually randomly orientated in bulk ferroelectric ceramics. Nonetheless, the 

alignment of these domains may be affected by an external electric field, changing 

the material's total polarization.  

 

 Hysteresis Loop: Hysteresis Loop: A ferroelectric ceramic exhibits a characteristic 

hysteresis loop in the presence of an alternating electric field. The relationship 

between the electric field subjected and the degree of polarisation generated within 

the material is illustrated by this loop. The energy lost throughout the cycle is 

represented by the region that the loop encloses. 

 

1.2 TYPES OF FERROELECTRIC CERAMICS 

 Perovskites: This is a widely studied family of ferroelectric ceramics with a general 

formula ABO3, where A and B are cations (positively charged ions) and O 

represents oxygen anions. Examples include lead zirconate titanate (PZT), 

Strontium Bismuth Niobate (SBN), and barium titanate (BaTiO3). 

 Non-Perovskites: Besides perovskites, other materials like lithium niobate 

(LiNbO3) and sodium niobate (NaNbO3) also exhibit ferroelectric behavior. 

1.3 WHY FERROELECTRIC MATERIAL AS HOST MATERIAL? 

Materials that exhibit spontaneous polarisation, also known as remanent polarisation, 

and reversible behavior in the presence of an electric field, are known as ferroelectric 

materials. Due to the unique characteristics, they possess, ferroelectric materials have 

attracted a lot of interest. These include significant dielectric constant, high fatigue 

resistance, large Curie temperature, and piezoelectric effects. Ferroelectric materials 

often exhibit piezoelectric properties, which means they can produce an electric charge 

in response to mechanical stress. They also exhibit nonlinear optical properties, 

making them useful in applications where nonlinear effects are exploited, such as in 

frequency conversion processes. Up-conversion luminescence involves nonlinear 



 

processes, and the unique optical properties of ferroelectric materials may contribute 

to enhancing the efficiency of these processes. The electronic structure of ferroelectric 

materials can be tuned, allowing for control over the energy bandgap. Ferroelectric 

materials are often stable and durable, with good thermal and chemical resistance. 

Bismuth-layered structured ferroelectrics (BLSF) and ferroelectric perovskites have 

been instances of multifunctional oxide materials that have been explored as potential 

hosts for the integration of luminescent and functional piezoelectric characteristics. 

Due to its (i) low phonon energy, (ii) capability for modifying the crystal structure 

using dopants, and (iii) ability to add optical functionality to their functional 

piezoelectric capabilities, rare earth-doped ferroelectric host materials continue to be 

of interest. In addition to investigating whether luminescent properties could react to 

external stimuli including electric fields, mechanical strain, and temperature, their 

intriguing coupling effects are of relevance for the development of smart materials. 

1.4 APPLICATIONS OF FERROELECTRIC MATERIAL 

Ferroelectric ceramics are a very interesting class of materials that exhibit a unique 

interaction between structural and electrical properties. They're a fundamental 

component of study in many scientific fields because of their intrinsic spontaneous 

polarization and the ability to control this state using electric fields [1,2]. The main 

uses of ferroelectric ceramics that are propelling progress in a variety of fields of study 

are: 

 Ferroelectric ceramics' piezoelectric nature contributes to one of their most widely 

used applications. They can transform mechanical stress or pressure into an 

electrical voltage due to this property. On the other hand, when an electric field is 

applied, the material may physically alter. Given this bidirectional nature, 

ferroelectric ceramics are beneficial for: 

 Sensors: They're appropriate to be utilized as pressure sensors in medical 

ultrasound imaging systems, automobile airbags, and microphones given their 

capacity to detect variations in pressure. Ferroelectric ceramics are also used by 

accelerometers in motion detectors, vibration sensors, and force sensors in 

robotics and touchscreens to detect motion and force accurately. 

 

 Actuators: The converse piezoelectric effect enables the creation of highly 

precise actuators. If an electric field is applied, these actuators can alter their 

shape, enabling precise micro-movements. Inkjet printer heads, car fuel 

injectors, and microfluidic devices for small-scale fluid manipulation are a few 

examples of applications. 

 

 Many ferroelectric ceramics possess an exceptionally high permittivity. Thus, for 

a given voltage, they can store a significant amount of electrical charge. 

Ferroelectric ceramics' high permittivity makes it feasible to generate Multilayer 

Ceramic Capacitors (MLCs), which are crucial parts of electronic systems that 

filter electrical noise, smooth signals, and stabilize power supply. They're an 



 

essential component in modern electronics due to their small size and effective 

operation. 

 An additionally noteworthy property of ferroelectric ceramics is the 

electrostrictive effect. These materials suffer a slight form change in the presence 

of an electric field. The electrostrictive effect causes minute yet controllable shape 

changes, which are used in tunable filters for telecommunication systems and 

microlenses for optical devices. The transmission of light and signals may be finely 

regulated due to these little changes [1-4]. 

 

 Ferroelectric materials' characteristic hysteresis loop opens the door to innovative 

memory solutions. This non-volatile memory system takes into account 

ferroelectric materials' switchable polarization state. As compared to conventional 

volatile RAM, the two polarization states offer a significant benefit in data 

retention as they represent binary data (0 or 1) that persists even after power is 

turned off.  

 

 The potential of ferroelectric ceramics is being deeply investigated in several fresh 

areas of research: 

 

 Energy Harvesting: Energy harvesting applications could benefit from 

ferroelectrics' potential to transform mechanical vibrations into electrical 

currents. This could result in the development of microdevices and sensors 

which operate on their power. 

 

 Spintronics: Devices utilizing ferroelectric ceramics along with magnetic 

materials can pave the way for spintronics. These devices exploit the spin of 

electrons for functionalities beyond conventional charge-based electronics, 

potentially leading to breakthroughs in data storage and processing. 

 

1.5 ADVANTAGES OF FERROELECTRIC CERAMICS 

Ferroelectric ceramics are the backbone of billion-dollar industries from high dielectric 

capacitors to positive temperature coefficient devices and electro-optic valves because 

they have great features such as high dielectric permittivity, outstanding piezoelectric 

response, and swappable macroscopic polarization. The following are the advantages 

of ferroelectric ceramics: 

 Piezoelectricity: They generate pressure or tension into a measurable voltage, 

making it suitable for a wide range of sensors. When it comes to sensing and 

changing physical events into electricity, ferroelectrics thrive. They exist in a wide 

range of devices, including accelerometers in motion detectors, transducers for 

ultrasound imaging, and pressure sensors in airbags and microphones. Also, this 

property is used for actuators due to the converse piezoelectric effect, they can 

change their form and function as actuators when an electric field is applied. This 

precise control over movement has applications in inkjet printer heads, vehicle fuel 



 

injectors, and microfluidic devices, enabling controlled manipulation at the micro 

level [4-6]. 

 Many ferroelectric ceramics offer a very high permittivity, which means they can 

store a lot of electrical charge in a small area. This characteristic is essential to the 

electronic component's downsizing. 

 

 They are the foundation of Multilayer Ceramic Capacitors (MLCs) due to their 

high permittivity. These fundamental parts of electronics are crucial for stabilizing 

power supply, smoothing signals, and filtering noise. Among the main benefits of 

contemporary miniaturized electronics are their small size and effective 

performance 

 

 Memory storage: Ferroelectric Random-Access Memory (FRAM) is achievable 

given the special hysteresis loop of ferroelectric materials. Unlike traditional 

RAM, this non-volatile memory technology has several advantages. For 

applications like industrial control units and embedded systems, the material's 

switchable polarization state ensures dependable data retention by representing 

data (0 or 1) even in the event of power failure [5]. 

 

 Material versatility: Ferroelectric ceramics can be made from a wide variety of 

materials, each with distinctive features. This optimizes performance by enabling 

researchers and engineers to customize the choice of materials for certain 

applications. 

 

 Processing Potential: Cost-effective and scalable manufacturing is made possible 

by the fact that many ferroelectric ceramics can be processed using conventional 

techniques like sintering. 

 

 

1.6 LIMITATIONS OF FERROELECTRIC CERAMICS 

 

Ferroelectric ceramics give an unexpected variety of advantages; however, they are 

not without disadvantages. To optimize material selection and application design, 

researchers and engineers need a thorough understanding of these disadvantages. 

Here's a closer look at the major challenges that ferroelectric ceramics deal with: 

 

 Brittleness: Under mechanical stress or impact, many ferroelectric ceramics can 

break due to their intrinsic brittleness. This may restrict its use in scenarios when 

strong mechanical qualities are necessary. 

 

 Fatigue: When ferroelectric materials are repeatedly subjected to mechanical stress 

or electric field cycling, their performance may gradually deteriorate. Fatigue is a 

problem that can result in decreased performance and device malfunction. 

 

 High-Temperature Sensitivity: Certain ferroelectric ceramics have characteristics 

that are extremely susceptible to changes in temperature. This could limit their 

range of operation in settings with large temperature fluctuations. 



 

 Lead Content: Principal Content Lead-based ferroelectric ceramics, like lead 

zirconate titanate (PZT), have been utilized traditionally and perform well. 

However, the search for lead-free substitutes has been fueled by worries about 

lead's effects on the environment and human health.  

 

 Sintering Requirements: Ferroelectric ceramics sometimes require high sintering 

temperatures, which can be energy-intensive and restrict the kinds of substrates on 

which they can be placed. Integration with some electronic components may be 

hampered as a result.  

 

 High Coercive Field: In certain ferroelectric ceramics, a high coercive field the 

electric field intensity necessary to change the polarization state may be necessary. 

This may result in higher power usage and restricted functionality of the gadget. 

 

 Leakage Current: Certain ferroelectric materials can experience leakage current, 

which is a little current flow even when not subjected to an electric field. This may 

result in energy loss and might impair the functionality of the gadget [5-7]. 

 

 

1.7 ADDRESSING THE LIMITATIONS 

 

Scholars are currently active in efforts to surmount these constraints: 

 

 Material Development: The goal is to create ferroelectric ceramics devoid of lead 

that have better characteristics, such as lower coercive fields, greater operating 

temperatures, and lower leakage currents. 

 

 Composite Materials: Ferroelectric ceramics can be combined with other materials 

to create composite materials that have the potential to improve mechanical 

characteristics and reduce brittleness. 

 

 Thin Film Technologies: New developments in thin film deposition methods 

enable integration with a larger variety of substrates by permitting the formation 

of 56xferroelectric films at lower temperatures. 

 

 

1.8 LUMINESCENCE 

 

The term “luminescence” was introduced by Wiedemann in the year 1888. It should 

not be confused with incandescence, as these two are completely different. 

Incandescence is the process where heat energy converts into light energy. For 

example, when an iron bar is heated at a high temperature and the temperature rises it 

starts glowing from red to white [6-7]. Whereas, Luminescence refers to the emission 

of light by a substance that is not due to heat. It’s a cold body radiation emitted in the 

form of photons without any externally applied heat. Instead of heat, other external 



 

exciters such as photons, chemical reactions, subatomic motions, electrons, stress, etc. 

are used. Luminescence includes the visible region (380nm-780nm), and ultraviolet 

and infrared region of the emission spectrum. The human eye is active in the range of 

380nm-780nm and is most responsive around 555nm. So, commercial phosphors are 

used to emit light in this band of wavelengths. 

 

                          
                                           Fig.1-Types of Luminescence 

 

 

1.9 LUMINESCENCE BASED ON TIME DECAY 

 

Luminescence is classified based on its lifetime or luminescent duration. 

Luminescence when the lifetime is shorter than 10-8s is called fluorescence, while 

longer luminescence is known as phosphorescence.  

                           
Fig.2-Fluorescence and phosphorescence 

 

 Fluorescence: Fluorescence is a phenomenon where a substance absorbs light at a 

specific wavelength and promptly re-emits light or photons at a longer wavelength 

i.e., low energy. This process occurs due to the temporary excitation of electrons 

to higher energy levels, followed by their rapid return to lower energy levels. In 

quantum theory, when a substance emits light during fluorescence, the transitions 



 

occur from a specific excited state called the singlet state. In this state, the 

electron's spin direction remains the same. The emitted light, known as 

fluorescence, usually occurs within nanoseconds after the absorption of the 

excitation light.  

 

 Phosphorescence: Process in which a substance absorbs and stores energy, 

typically from light, and then emits that energy as light over an extended period. 

Transitions from the triplet excited state are not allowed according to the selection 

rules in quantum theory. As a result, the electron in the triplet state takes a relatively 

long time until its spin flips back. 

 

 

1.10 PHOTOLUMINESCENCE 

 

When a molecule absorbs a photon, one of its electrons grows excited and jumps to a 

higher energy electronic excited state. The high-energy electron eventually returns to 

its less excited state, resulting in photoluminescence (PL), an optical phenomenon 

characterized by the emission of two or more photons of a longer wavelength, i.e., low 

energy in the visible region. It is a process where light is emitted from any matter upon 

excitation by photons. The method includes various routes to re-radiate the photons, 

such as light emission, energy transfer, and absorption. Among the mentioned routes, 

absorption occurs between ground and excited energy levels, while energy transfer 

occurs only between excited energy levels. Luminescence is only observed when there 

is absorption of photons. Photon absorption either occurs at the luminescent center or 

at any other place in the host lattice. If absorption takes place at the luminescent center, 

there is direct emission. But if it is at any other site in the host lattice, energy transfer 

occurs to the luminescent center so that emission can occur [5-10]. At last, 

Photoluminescence is the emission of light which is caused by the irradiation of 

material with other light. 

 

                        
         Fig.3-Photoluminescene 

 



 

1.11 TYPES OF PHOTOLUMINESCENCE 

 

Types of photoluminescence based on the energy of the photon emitted during 

photoluminescence two types of photoluminescence are:  

 

 Down-conversion luminescence: Down-conversion luminescence is the process 

where materials absorb higher-energy photons, and the emitted photons have lower 

energy. It’s observed in many types of phosphors and fluorescent materials. Here 

a material absorbs photons with higher energy, typically in the ultraviolet or visible 

range, and then re-emits photons with lower energy, generally in the visible or 

infrared range. This shift to lower energy is a result of electronic transitions within 

the material [9,10].   

 

  Upconversion luminescence (UCL): In contrast, upconversion leads to the 

conversion of lower-energy photons into higher-energy photons. This process is 

often achieved through the use of rare-earth ions in certain materials. It’s 

interesting because it allows the harnessing of low-energy light, such as infrared 

radiation, and converting it into higher-energy visible or ultraviolet light. In 

upconversion, the material absorbs two or more lower-energy photons and 

combines their energy to emit a single photon with high energy.   

 

 

1.12 BASIC REQUIREMENTS FOR UCL 

 

 Host selection: Generally, the host materials are oxides, nitrides and oxynitrides, 

sulfides, selenides, halides, or silicates of zinc, cadmium, manganese, aluminium, 

silicon, or various rare-earth metals. The two types of lead-free piezoelectric 

materials are inorganic and organic materials. The selected host should have small 

phonon energy, high thermal and chemical stability, and low toxicity i.e., lead-free. 

 

 Choice of dopants: The choice of dopants for up-conversion luminescence is a 

critical factor in designing materials that efficiently convert lower-energy photons 

into higher-energy photons. Various dopant ions, particularly rare-earth ions are 

excellent dopants for up-conversion because of their high luminescence efficiency 

and cost-effective synthesis. The specific choice of dopants depends on the desired 

wavelength range for up-conversion, the application requirements, and the 

efficiency of the up-conversion process. Often, combinations of dopants are 

utilized to achieve optimal performance, leveraging their complementary 

absorption and emission characteristics [11,12]. Rare earth ions are very common 

components in many up-conversion phosphors due to their well-defined energy 

states.  

 

 Amount of dopants in host material: The concentration of doping levels should be 

optimized. Too high concentrations may lead to quenching effects, where 

interactions between dopant ions result in non-radiative energy transfer processes. 

This can reduce the overall up-conversion efficiency. It should be minimal so that 



 

the concentration quenching can be avoided. Emission intensity decreases if the 

concentration of the dopant is too high. 

 

1.13 UPCONVERSION MECHANISM 

 

Upconversion involves basic processes: ground state absorption (GSA), energy 

transfer (ET), excited state absorption (ESA), multi-phonon relaxation (MPR), and 

radiative emission.  

 

                         
Fig.4- Up Conversion mechanism 

 

The photon incident is absorbed by the ground state energy level (G). Through this 

energy absorption, electrons reach an excited energy level (E1). GSA is a simple 

process where the activator absorbs energy. If there is a simple radiative emission only 

after GSA, the luminescence will be down conversion, i.e., a lower energy photon will 

be emitted. But for upconversion, excited state absorption takes place, meaning 

another photon is absorbed by the excited state to further excite the electrons to higher 

energy levels (E2) as shown in Fig. 4(a). The radiative emission from energy level E2 

will result in emission photons having greater energy than the incident photons. The 

mechanism of upconversion is not as simple as it seems, as many non-radiative 

emissions are involved, which seems to cause a loss of energy. This non-radiative 

emission includes multi-phonon relaxation. When the electrons are excited to higher 

energy levels, they often reach short-lived energy levels. These energy levels are not 

stable enough to cause a radiative de-excitation directly to the ground state, which is 

crucial to observe an upconversion luminescence. So, these higher excited energy 

levels reach much more stable excited states by MPR. It is the de-excitation of 

electrons in the host lattice by losing energy in the form of phonons or lattice 

vibrations[13].  

There is another mechanism of upconversion when sequential absorption of incident  

photons take place, intending two or more incident photons are absorbed 

simultaneously. In this case, a sensitizer ion is used, which helps in populating the 

metastable state of the activator ion as shown in Fig. 4(b). A sensitizer ion absorbs a 

photon, then electrons reach an excited state, and it relaxes and reaches the ground 

state by giving away the energy absorbed to the activator ion. This helps in the 

overpopulation of metastable state (E2) in activator ion, which radiatively de-excites 

and releases photons of higher energy (anti-stokes shift). This energy transfer acts as 



 

a catalyst to the upconversion process and also increases the intensity of luminescence 

observed. The most commonly used sensitizer is ytterbium to activator ion erbium[14]. 

It should be noted that GSA and ESA only occur when incident photons have energy 

comparable to the energy difference between G, E1, and E2, and energy transfer takes 

place when the energy difference of S0 and S1 of the sensitizer ion should be 

comparable to the energy difference between E1 and E2. 

 

1.14  IMPORTANCE OF RARE-EARTH DOPANTS 

 

Rare earth dopants are crucial for the modification and enhancement of the properties 

of materials, especially in solid-state physics and materials science. The term "rare 

earth" refers to a group of elements in the periodic table, including lanthanides such as 

neodymium (Nd), europium (Eu), gadolinium (Gd), and others. Rare earth elements 

have distinctive electronic configurations due to the filling of 4f orbitals, providing 

them with unique magnetic and optical properties. This uniqueness makes them highly 

desirable for introducing tailored characteristics into host materials. Rare earth dopants 

are frequently utilized in semiconductor technologies. For example, neodymium-

doped yttrium aluminium garnet is widely employed as a laser material in solid-state 

lasers, owing to its unique optical properties. Some rare earth elements, such as 

gadolinium and dysprosium, exhibit strong magnetic properties. Doping magnetic 

materials with these elements can enhance or introduce magnetic functionalities, 

making them useful in applications like magnetic data storage. Rare earth dopants are 

renowned for their distinct optical characteristics. Europium, for instance, is known 

for its ability to emit red fluorescence when incorporated into phosphors, making it 

valuable in display technologies and lighting [15]. Rare earth elements are commonly 

used in the production of phosphors for various devices, including cathode-ray tubes 

(CRTs), light-emitting diodes (LEDs), and fluorescent lamps, due to their ability to 

emit specific colors of light. While rare earth dopants offer unique properties, there are 

concerns about the environmental impact of mining and processing rare earth 

elements. Efforts are underway to develop sustainable practices and alternative 

materials that reduce dependence on these elements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

CHAPTER-2: LITERATURE REVIEW 

2.1 WHY SBN AS HOST MATERIAL? 

Ferroelectric materials are materials that hold reversible and spontaneous polarization 

when subjected to an electric field. They are widely preferred in industries from high-

dielectric capacitors to positive temperature coefficient devices. They hold excellent 

properties like high dielectric constant, significant fatigue resistance, large curie 

temperature, and piezoelectric effects making them desirable materials for various 

applications like non-volatile random-access memories (NVRAM), pyroelectric 

infrared detectors, large capacitance capacitors, and optical switches, etc[16-17].  

When doped with rare earth ferroelectric materials are frequently utilized for 

luminescent host materials because they can be readily excited from near-infrared 

regions to higher energy levels using low-energy and affordable laser devices.   

Our literature review reveals that the popularity of Bismuth's layered structure 

ferroelectric (BLSF) materials is rapidly rising because of their good chemical and 

heat stability, good radiative transitions, lower phonon energy, and high-temperature 

sensitivity. BLSFs are also lead-free ceramics thereby, being non-toxic and 

environment friendly. Also, for an effective UCL, materials need to possess lower 

phonon energy to avoid or reduce the MPR process and to prolong the lifetime of the 

excited state in the material. The BLSFs with (Bi2O2)
2+(An-1BnO3n+1)

2- as a chemical 

formula are considered to be good UC luminescent arrays due to their low phonon 

energy and chemical stability. The BLSFs ceramics are the member of Aurivillius 

family with the chemical formula: (Bi2O2)
2+(An-1BnO3n+1)

2-, where A is mono-, di-, or 

trivalent element (or their combination) with coordination no. 12, say, Ba2+, Ca2+, La3+, 

Sm3+, Bi3+, Sr2+, etc., further B is a transition element suited to octahedral coordination 

possessing coordination no. 6 like Fe3+, Nb5+, Ti3+, Ta5+, W6+, and Mo6+, etc., and here, 

n shows the number of perovskite layers in between two bismuth oxide layers[15-17].  

We considered SBN as our host material as it’s a BLSF belonging to the Aurivillius 

family with n=2, which has come into limelight due to its less distortion, lower 

dielectric dissipation coefficient, and larger Curie temperature compared to other 

BLSFs. It’s a lead-free ferroelectric ceramic therefore is ecofriendly and non-toxic. It 

also possesses a characteristic high curie temperature, Tc (>900⁰C), large fatigue 

resistance, low dielectric loss, reasonable spontaneous polarization, and temperature-

insensitive significant piezoelectric coefficient and is considered for high-temperature 

application. It has great application in NVRAM and fine frequency tolerance 

resonators [16-19].  

 

2.2 CRYSTAL STRUCTURE OF SBN 

A lead-free ferroelectric component of bismuth-layered structured ferroelectric 

(BLSF) ceramics with a complicated crystal structure is strontium bismuth niobate 

(SrBi2Nb2O9, or SBN). With a 3-D network of corner-sharing octahedra, the cubic 

perovskite structure is the most prevalent structure for SBN that is currently 

understood. Oxygen ions (O2-) usually form these octahedra. These octahedra are 



 

arranged in a cubic pattern to form the unit cell of this SBN cubic perovskite structure. 

For the stable lattice, the ions of strontium, bismuth, and niobium are arranged as 

follows:  

 Strontium Ions: The centers of the oxygen octahedra in the perovskite lattice, or 

the center of the unit cell, are occupied by strontium ions (Sr2+), which are 

encircled by oxygen ions to form an octahedral coordination environment.  

 

 Bismuth Ions: Usually found at the corners of the perovskite unit cell are bismuth 

ions (Bi3+). Compared to strontium, bismuth has a higher ionic radius, which is 

accommodated by its location in the corners.  

 

 Niobium Ions: Similar to strontium, niobium ions (Nb5+) are found at the centers 

of oxygen octahedra. Niobium is essential for the ferroelectric characteristics of 

SBN. The niobium ion dislocation inside the octahedra is what causes the 

ferroelectric phase transition.  

 

 Oxygen Ions: The strontium, bismuth, and niobium ions in the lattice are bound 

together by oxygen ions (O2-), which also form the borders of the octahedra. The 

stabilization of the arrangement of crystals and subsequent development of the 

perovskite lattice is facilitated by the presence of oxygen ions [20]. 

 

2.3 WHY Er3+ AND Yb3+ AS RARE EARTH DOPANTS? 

The literature review reveals that the carefully chosen and appropriate RE ion doping 

of BLSF materials gives enhanced electrical, optical, and sensing performances. Some 

RE ions like Er3+, Eu3+, Pr3+, etc. are used as luminescence centers. Thus, by RE 

doping, also the luminescence of some ferroelectric materials can be enhanced. The 

majority of UC luminescent materials are compounds containing RE ions that can 

convert infrared radiation to visible light. Currently, RE ions with diverse energy levels 

of 4f configuration, like Ho3+, Pr3+, Tm3+, Er3+, etc. are used to achieve UCL. Er3+ 

doped ferroelectric ceramics have shown excellent optical and sensing in recent works. 

Here in the current work, we chose Er3+ as our dopant of its metastable energy level 

that can be easily and efficiently populated by a laser source operating at 980 nm and 

is convenient for UCL. Er3+ shows the most stable oxidation state as 3+; thus, it can 

substitute Bi3+ ions in the SrBi2-xNb2ErxO9 ceramic. Due to its ladder-like energy 

structure, Er3+ possesses an extended excited state lifetime, and excellent UC 

photochromic modulation properties, therefore a preferred activator for the conversion 

of infrared radiation to visible UC fluorescence and laser. We methodically substitute 

Bi3+ ions with Er3+ ions, and characterization techniques like XRD, SEM, and FTIR 

are studied for structural analysis. The excitation wavelength of 980 nm has been used 

for UC emission studies, pump power dependence on UCL intensity is evaluated for 

optimum dopant content, and time decay analysis is done [15-20]. However, the 

luminescence efficiency of the single-doped system with Er3+ is very low, mainly 

resulting from the small cross-section absorption of the 4f-4f transition. So, Yb3+, with 

a dual-energy structure, is used as an activator for sensitization. The addition of Yb3+ 

leads to an increase in the absorption cross-section near 980nm and thus UCL enhances 



 

the co-doped RE ions through energy transfer. The CR phenomenon can occur between 

Yb3+ and Er3+, which can also modulate the UCL color of the Er3+ ion. Recently, some 

literature reported that the physical properties and PL can be enhanced via (Er, Yb)3+ 

co-doping. Given the promising applications of SBN ceramics, (Er, Yb)3+ doped SBN 

ceramics are anticipated to produce such intensification outcomes [20-22]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

CHAPTER-3: SYNTHESIS 

3.1 SOLID-STATE REACTION METHOD  

Reactions between solids are often referred to as solid-state reactions. It is defined 

classically as a reaction in which both reactants and the resulting products are solid. 

But in reality, a lot of reactions are categorized as solid-state reactions even if both the 

reactants are non-solid. For instance, the rusting of iron is a solid-state reaction where 

one of the reactants is solid and the other is gaseous. Solid-state reaction research has 

become ever more significant since this method is the sole way to create many 

polycrystalline solids [22]. Solid-solid reactions are complicated and need 

several parameters to be fulfilled.  The structural analyses of the product include a 

variety of approaches as well. 

The process of fine-grain metal combinations involves mixing different metal 

combinations, forming pellets, and subjecting them to controlled temperatures for a 

specific duration. Some metal compounds, such as metal oxides or salts, require 

extreme conditions like high temperatures and pressure for initiation of reactions in a 

molten flux or rapidly condensing vapor phase. In solid-state synthesis, it is crucial to 

describe the reaction rate. Solid-state processes must be completed thoroughly as 

options for purifying produced solids are limited. The reaction rate in solid-state 

reactions depends on various factors, like structural properties, shape, and surface area 

of the reactants, diffusion rate, and thermodynamic factors associated with nucleation 

and reaction. The precursors and preparation methods employed play a significant role 

in determining the chemical and physical properties of the final products [20-24]. 

Modern solid-state techniques extend beyond variations of the ceramic process. In 

solid-state metathesis, the metal compounds' reactions are initiated by energy such as 

a flame or a ball mill, and the heat generated during product and byproduct production 

promotes these reactions. 

 

3.2 SAMPLE PREPARATION USING SOLID-STATE REACTION METHOD 

The solid-state reaction method is a fundamental technique for the synthesis of 

materials with desired properties. In this process, solid reactants are intimately mixed, 

typically through grinding or ball milling, and then subjected to controlled heating. 

The method relies on the diffusion of atoms or ions through the solid state, allowing 

the formation of the desired compound.  

Precursors SrCO3, Bi2O3, Nb2O5, Er2O3, and Yb2O3 were weighed using weighing 

balance according to the stoichiometric calculation, and then a series of SrBi2-x-

yNb2ErxYbyO9 (SBN) ferroelectric ceramic (x= 0.03, y = 0.01, 0.03, 0.06, 0.09, and 

0.12) is obtained. The naming of the samples prepared is shown in Table 1. The powder 

was hand grinded for 5 hours using a mortar pestle and then calcined at 950⁰C for 3 

hours. 



 

                      

Fig.5-Steps to synthesize SBN 

Calcined powder was again hand-grinded while mixing PVA (Polyvinyl chloride). The 

powder is now pelletized using a hydraulic press. Pellets of 10mm diameter were 

obtained and then sintered at 1050⁰C for 3hr. These sintered pellets are then used for 

different types of characterization i.e., XRD, SEM, FTIR, PL, UCL, and UV. The 

crystallographic structural analysis was studied under X-ray diffraction (XRD, Bruker 

D8 advanced X-ray diffractometer) using Cu-Kα radiation (λ=0.154nm). The XRD 

spectrum for sintered SrBi2-x-yNb2ErxYbyO9 ceramics was observed for the 2θ range 

10°- 90°. SEM. Further, to analyze the vibrational wave bands, Fourier transform 

infrared spectroscopy (FTIR) was performed on the SBN fine powder using the 

PerkinElmer spectrum-II instrument. The PL excitation and emission spectra were 

measured using a JASCO FP- 8300 PC-Spectro fluorophotometer equipped with a 

xenon lamp, at an excitation wavelength of 488nm. The UCL spectra under the 

excitation of 980nm laser to understand the upconversion mechanism of Er3+, Yb3+ co-

doped SBN is obtained. Pump power dependence on UCL emission intensity is also 

studied along with the time decay analysis of SBN composition. 

Table 1: Chemical composition and their respective sample code for the series of 

SrBi2-x-yNb2ErxYbyO9 (SBN) 

S.No. COMPOSITION SAMPLE CODE Er(x) Yb(y) 

   1 SrBi2Nb2O9 SBE0Y0     0      0 

   2 SrBi1.97Nb2Er0.03O9 SBE3Y0   0.03      0 

   3 SrBi1.96Nb2Er0.03Yb0.01O9 SBE3Y1   0.03    0.01  

   4 SrBi1.94Nb2Er0.03Yb0.03O9 SBE3Y3   0.03    0.03 

   5 SrBi1.91Nb2Er0.03Yb0.06O9 SBE3Y6   0.03    0.06 

   6 SrBi1.88Nb2Er0.03Yb0.09O9 SBE3Y9    0.03    0.09 

   7 SrBi1.85Nb2Er0.03Yb0.12O9 SBE3Y12   0.03    0.12 

 

 



 

CHAPTER -4: CHARACTERIZATION TECHNIQUES 

4.1 STRUCTURAL CHARACTERIZATION- XRD 

There are various structural characterization techniques available. Some of the most 

widely used spectroscopies are X-ray diffraction (XRD), Transmission Electron 

Microscopy (TEM), Scanned electron microscopy (SEM), and neutron magnetic 

resonance (NMR) spectroscopy.  

Here we study XRD for structural analysis, i.e., the crystallite nature of the synthesized 

material, which includes the degree of crystallinity, phase identification, lattice 

characteristics, and grain size. The X-ray powder diffraction method follows Bragg's 

law to analyze the crystal's nature. The following expression gives it:   

2𝑑 sin 𝜃 = 𝑛𝜆 

 

Fig.6-Bragg’s law 

The mechanism of X-ray diffraction is such that the X-ray targets the inner electrons 

of an atom.  After interacting with the inner electrons, the scattered X-ray interacts 

within the vicinity of the atom. The interaction results give detailed information about 

the periodicity of atom arrangement in the material. The scattered X-rays 

constructively or destructively interfere with each other. The Braggs law 

mathematically expresses constructive interference. The X-ray graph shows high 

peaks for constructive interference implying a high intensity of scattered X-rays. Using 

the Braggs law, the interplanar spacing 'd' is calculated for each peak at a particular 

angle. Each peak observed in the X-ray pattern represents a specific Miller index. Each 

compound's unique X-ray pattern is available for scientific purposes. The powder 

diffraction file (PDF) contains x-ray patterns of all the possible compounds. For 

research motives, the JCPDF file for a specific compound is downloaded, and the X-

ray results are matched to confirm the purity of phase formation. Bruker 

Diffractometer was used to obtain results for our sample. 

 

 

   



 

                                                         

Fig.7-Bruker D8 diffractometer 

 

4.2 STRUCTURAL CHARACTERIZATION-SEM 

A technique that is frequently used for structural characterization is scanning electron 

microscopy or SEM. A sample must be subjected to a high-energy electron beam for it 

to function. These electrons interact with the sample to produce a variety of signals 

that can be analyzed to determine the composition, crystallography, and surface 

morphology of the sample.  SEM can reveal the following about the material: 

 Surface Morphology: SEM excels at providing high-resolution images of a 

sample's surface, revealing details like: 

 Size and shape of particles or features 

 Texture and roughness 

 Presence of defects like cracks, pores, or inclusions 

 

 Composition: SEM can be used in conjunction with Energy Dispersive 

Spectroscopy (EDS) to identify the elemental composition of a sample's surface 

region. 

SEM is a versatile tool used across various scientific disciplines for structural analysis. 

Fig. 8 shows the working of SEM. It’s useful for Examining the microstructure of 

metals, polymers, ceramics, and composites to understand their properties and 

performance. It also helps in studying the morphology of cells, tissues, and 

microorganisms. It can be used for analyzing fracture surfaces, gunshot residue, and 

other evidence materials. In the Semiconductor industry, it's utilized for inspecting 

integrated circuits for defects [25,26]. 

In summary, SEM is a powerful technique for structural characterization, providing 

valuable insights into a sample's surface morphology, composition, and other structural 

features. 



 

                                                

           Fig.8-Scanning Electron Microscopy (SEM) 

 

4.3 CHEMICAL CHARACTERIZATION-FTIR 

Fourier transform infrared (FTIR) analytical technique identifies the chemical 

structure of organic and inorganic materials. FTIR analysis is based on the wavelength 

of infrared radiations absorbed by a material. Only radiations with specific frequencies 

are absorbed by a material; it depends on the molecular bonds as different molecular 

bonds vibrate at different frequencies. In the FTIR spectra, the wavelengths absorbed 

are indicated as dips. The FTIR spectra of each material are unique, just like DNA or 

fingerprints. So, its analysis gives us quite detailed information about the different 

molecular bonds present in the material. FTIR spectroscopy is more beneficial than 

other infrared spectroscopies as it is faster and more precise and does not harm the 

sample [25-27]. 

                                        

Fig.9-PerkinElmer Spectrum FTIR spectrometer 

 

 

 



 

4.4 OPTICAL CHARACTERIZATION-PL, UCL 

There are various optical characterization techniques. Optical characterization is used 

to measure photoluminescence, luminescent lifetime, etc. This research analyses 

visible down-conversion photoluminescence, upconversion luminescence, pump 

power dependency on UCL emission intensity, and time decay.  

Photoluminescence spectroscopy is an optical method to analyze the electronic 

configuration of a material. Fundamentally, optical characterization uses light to 

investigate a material's physical and chemical properties. Photoluminescence relies on 

photoexcitation, in which the material, when irradiated with a laser beam, causes the 

electrons to get excited and emit photons when relaxing back to the ground state via 

characteristic radiative and non-radiative phenomena. This excitation spectrum is 

particular to the energy difference between the ground and the excited states. Hence, 

beneficial to understand the properties of the material being characterized. 

Photoluminescence spectroscopy analyzes the phosphorescence and fluorescence, 

which in turn can be used to study the optoelectronic properties of many 

semiconductors, ceramics, and phosphors [25-28]. 

Upconversion luminescence (UCL) is the luminescence in which higher energy 

photons are emitted. It implies that more than one photon is absorbed to emit one 

photon. The energy of more than one incident photon combines to emit higher energy 

photons. This Upconversion emission is also called anti-stokes emission, as the lower 

wavelength photons are emitted during this process. The difference in energies of 

incident and emission photons is referred to as anti-stokes shift.  The upconversion 

mechanism involves basic processes: GSA, ESA, ET, MPR, and radiative emission. 

                                

Fig.10-Up-conversion/ down-conversion Fluorescence spectroscopy 

 

 

 



 

4.5 UV-VISIBLE SPECTROSCOPY 

                                

Fig.11-UV-Visible spectroscopy 

UV-Vis DRS stands for Ultraviolet-Visible Diffuse Reflectance Spectroscopy. This 

method is used to examine a material's ability to absorb and reflect both visible and 

ultraviolet light. Following is an overview of the salient features: 

 Ultraviolet-Visible (UV-Vis): This refers to the range of light being studied, 

encompassing both ultraviolet (shorter wavelengths) and visible (longer 

wavelengths) regions. 

 

 Diffuse Reflectance: DRS focuses on light that is reflected by the material, as 

opposed to normal transmission spectroscopy, which measures light as it passes 

through a sample. This is especially helpful for examining materials that are hard 

to form thin films of, including powders, rough surfaces, or other materials. 

Through the measurement of light reflection at various wavelengths, DRS offers data 

about: 

 Electronic band structure: The energy needed by the material’s electrons transition 

between different energy levels may be seen in the DRS spectrum. This aids in the 

determination of characteristics such as band gap, which is essential for 

comprehending conductivity and possible uses in photocatalysis or solar 

cells[22,23]. 

 

 Existence of specific elements or compounds: Certain elements or functional 

groups inside a material may be characterized by particular absorption properties 

in the UV-Vis range. 

 

 

 

 



 

CHAPTER - 5: EXPERIMENTAL RESULTS 

5.1 X-RAY DIFFRACTION(XRD) 

                  

Fig.12-(a)XRD spectra for the series of SBN ferroelectric ceramics. (b)Shifting of 

the peak for various dopant concentrations. 

Fig.12(a) illustrates the XRD pattern of pure phase SBN that underwent calcination at 

950°C for 3 hours. The XRD peaks in the 2θ range from10⁰ to 80⁰ show a good 

agreement with the standard JCPDF 00-049-0607. The high solubility of the Er3+ and 

Yb3+ ions and their successful substitution in the synthesized SBN ceramic 

compositions can be seen by the absence of additional peaks in the XRD spectra. The 

Bragg reflections obtained confirm the single-phase SBN having orthorhombic 

geometry having a phase group of A21am. The concentration of Er3+ is kept constant 

(i.e., x=0.03) while the concentration of Yb3+ is varied (i.e., y=0.01, 0.03, 0.06, 0.09, 

and 0.12). The highest intensity peak corresponds to (115) planes at an angle(2θ) of 

29⁰. The highest intensity plane was observed at (115) for all different compositions of 

SBN, conceding the BLSF with n = 2. The results agree with the reports, which 

confirms that the strongest diffraction corresponds to (112n + 1) reflection for BLSF 

compositions in the Aurivillius phase.  

 

Table 2: Lattice parameters for all compositions of SBN ferroelectric ceramics. 

  Parameters a (Å) b(Å) c (Å) V (Å3) Orthorhombic 

distortion (b/a) 

SBNE0Y0 5.505 5.513 25.0350 759.871 1.0015 

SBNE3Y0 5.513 5.520 25.0400 762.011 1.0012 

SBNE3Y1 5.515 5.525 25.0406 762.996 1.0018 

SBNE3Y3 5.510 5.535 25.0500 763.971 1.0045 

SBNE3Y6 5.503 5.542 25.0650 764.422 1.0070 

SBNE3Y9 5.507 5.543 25.0481 764.712 1.0065 

SBNE3Y12 5.503 5.542 25.0650 764.422 1.0070 

 



 

Fig. 12(b) shows the XRD pattern at the 2θ range of 28.2°~29.8°. The observed shift 

in the highest peak (115) of all specimens is quite inconspicuous with the rise in 

content of Yb3+, indicating no evident changes in the crystalline cell volume(V), as can 

be confirmed in Table 2. This phenomenon is due to the similar ionic radii and the 

same electrical valence of Bi3+(1.17Å, C.No.=8), Er3+(1.004Å, C.No.=8), and 

Yb3+(0.985Å, C.No.=8). The lattice parameters are calculated using PowderX software 

and are tabulated in Table 2. Evaluation of lattice parameters from XRD shows the 

increase in orthorhombic distortion i.e., b/a value as the concentration of Yb3+ 

increases. The lattice parameters and unit cell volume increase as the content of Yb3+ 

rises. 

 

5.2 SCANNING ELECTRON MICROSCOPE(SEM) 

 

Fig.13-SEM analysis of a series of SBN ferroelectric ceramics. 

From the analysis of SEM micrographs in Fig.13, it has been observed that the SBN 

ceramic has a randomly oriented plate-like structure, which is the typical characteristic 

of BLSF material. The average particle sizes are calculated using histograms (as in 

Fig.14) and are from 1.13μm for SBNE0Y0 to 2.23μm for SBNE3Y3. There’s a slight 

increase in grain size for Yb3+ increases up to y = 0.03. Then the grain size decreases 

with an increase in Yb3+ concentration i.e., up to 0.936μm for SBNE3Y12. That’s 

because the addition of a low concentration of Yb3+ leads to lattice distortion leading 

to the mass transfer and sintering process, thus grain size increases. When Yb3+ 

exceeds y = 0.03, the internal lattice structure is disrupted, ascribed to the stochastic 

distribution of Bi3+ and (Er, Yb)3+ in the lattice resulting in a slight reduction of grain 

size. 

 



 

 

Fig.14-SEM histograms of series of SBN ferroelectric ceramic. 

 

5.3 FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPY 

                                               

                      

Fig.15-(a) FTIR spectra for the series of SBN ferroelectric ceramic, (b) FTIR band as 

the function of dopant concentration for wavenumber 602cm-1, (c) FTIR band as the 

function of dopant concentration for wavenumber 812cm-1 



 

The FTIR spectra of prepared Er3+ and Yb3+ co-doped series of SBN ferroelectric 

ceramics are plotted in the above Fig.15(a). FTIR spectra show vibrational bands 

around 540cm-1, 602cm-1, and 812cm-1 demonstrating the stretching of the NbO6 bond 

strongly which typically depends on the dopant concentration. The compositional 

dependence of dopant concentrations on FTIR is shown in Fig.15(b) and Fig.15(c). It 

is observed that the FTIR bands are affected by the dopant insertion resulting in the 

stretching of the NbO6 bond [5-10]. 

 

5.4 PHOTOLUMINESCENCE(PL) 

    

Fig.16-(a) Excitation spectra, (b) Emission spectra for the series of SBN ferroelectric 

ceramic 

The excitation and emission PL spectra for the series of Er3+, and Yb3+ co-doped SBN 

ferroelectric are represented in Fig. 16(a) and Fig.16(b), respectively. The excitation 

spectra are obtained at the emission wavelength of 549nm with maximum excitation 

obtained at 488nm. Emission spectra are obtained at the excitation wavelength of 

488nm, with two strong green emission bands at 524nm and 549nm showing 2H11/2 to 
4I15/2 and 4S3/2 to 4I15/2 transitions, respectively while there’s one weak red emission 

band at 660nm wavelength are observed. Moreover, the Stark effect is responsible for 

the splitting of PL spectra into many components within the 540nm–549nm range. 

Initially, The PL intensity rises with increasing Yb3+ concentration up to y= 0.03, after 

which it falls due to concentration quenching, although the positions of the emission 

peaks for all stay unchanged. It occurs when the distance between dopant ions becomes 

so small that they can easily transfer their energy to each other, resulting in non-

radiative radiations. Therefore, the Er3+ and Yb3+ co-doped SBN ceramics can be used 

as green light phosphors in photonic devices [11-16]. 

 

 

 



 

5.5 UP CONVERSION LUMINESCENCE (UCL) 

               

Fig.17-UCL spectra of the series of SBN ferroelectric ceramics. 

 
Fig.18-CIE plot of the series of SBN ferroelectric ceramics except SBNE0Y0 

The UCL performance of Er3+ and Yb3+ co-doped SBN ceramics has been explored to 

achieve multifunctionality. Three absorption peaks have been observed in the range of 

500nm –700 nm. The addition of Yb3+ ions leads to a rise in the intensity of absorption 

peaks. The transitions from 2H11/2 to 4I15/2 and from 4S3/2 to 4I15/2 are responsible for the 

two green emissions bands at 524nm and 549nm, respectively. A weaker red emission 

peak at 660nm indicates that Er3+ ions are transitioning from level 4F9/2 to 4I15/2. Two 

partial bands at 660nm and 670nm are observed in Fig.17 that are due to the 4F9/2 

energy level's crystal field splitting due to UCL. Till SBNE3Y3, green band intensity 

dominates however, when the Yb3+ concentration further rises, the red band begins to 

predominate due to concentration quenching. This suggests that multiple routes have 

been taken to fill energy levels. As the dopant concentration increases the distance 

between dopant ions decreases leading to effortless energy transfer and they begin to 

contribute to non-radiative transitions. The PL intensity decreases by the radiative 

transitions. It is observed from Fig.18 that as the concentration in Yb3+ is increased, 

there’s an increase in the intensity of the red band (660 nm) by more than 10 times at 

SBNE3Y12 and that of the green band (549nm) more than 2.5 times whereas the 



 

enhancement of the UC intensity is not on par with other doping concentrations. Due 

to CR in the phosphors, the green band’s intensity, which was highest in SBNE3Y3 

gradually reduces with an increase in the concentration of Yb3+. This is due to the 

lattice phonon quenching process, which contributes to the gradual increase in the red 

band (660nm) intensity. This might be due to the increased degree of lattice distortion 

that ensued due to the optimum dopant concentration of Yb3+.     

                                    

Fig.19-Energy transfer pathways between Yb3+-Er3+ ions under 980 nm excitation 

Green and red emissions both are generated from two-photon processes. Fig.19 shows 

the UC mechanism where there is perfect resonance between the 2F7/2 to 2F5/2 transition 

of Yb3+ and the 4I15/2 to 4I11/2 transition of Er3+ offering efficient energy transfer from 

Yb3+ to Er3+. Upon 980nm laser irradiation, Yb3+ absorbs NIR photons which leads to 

the 2F7/2 to 2F5/2 upward transitions which resonantly donates the energy to the adjacent 

Er3+, with Yb3+ falling back to its 2F7/2 ground state. Due to multi-phonon relaxation 

(MPR), certain Er3+ ions that are still at the 4I11/2 energy level eventually decay to the 

long-lived 4I13/2 energy level promoting the Er3+ ions to their excited state i.e., 4I15/2 to 
4I11/2. Via energy level matching, the Er3+ ions can be populated to their higher excited 

states through resonant energy transfer from the sensitizers i.e., 4I11/2 to 4F7/2 or 4I13/2 to 
4F9/2. The excited Er3+ ions then non-radiatively relax to the 2H11/2 and 4S3/2 states. As 

the electrons return to their ground state two green emissions corresponding to 524nm 

and 549nm are produced. Alternatively, the 4F9/2 state is non-radiatively populated 

from higher energy levels transfer from 4I13/2, which after some time results in red 

emissions centered at 660nm via the 4F9/2 to 4I15/2 transition. The smaller radius Er3+, 

Yb3+ substitution for Bi3+ leads the crystal field's symmetry to weaken, which enhances 

the intensity of luminescence. The CR in the UCL process is why the red UC emission 

intensities are greater than the green ones when Yb3+ concentration increases above 

y=0.03 for the SBN ferroelectric ceramics [22-26].  



 

                                               
Fig.20- Enhancement in the green and red emission band intensities as the function 

of Yb3+ content. 

Since beyond quenching concentration (SBNE3Y3), the interatomic distance 

gradually reduces, which results in non-radiative transitions. This results in the 

reduction of UCL intensity as multipole-multipole has greater probability over the 

electric multipole interaction. Further, the activator and sensitizer have an important 

role in deciding the critical Radius (RC), which is calculated by the given formula: 

                                                  𝑹𝑪 ≈ 𝟐 [
𝟑𝑽

𝟒𝝅𝑿𝑪𝒁
]

𝟏

𝟑
                     

Where Z is the number of host cations in the unit cell, V is unit-cell volume, and XC is 

dopant concentration given by XC=(x+y), x and y are Er3+ and Yb3+ concentrations 

respectively. It is observed that for XC =0.06 (x=0.03, y=0.03), the critical distance in 

the presence of Yb3+ ion is ~18.25Å, which is smaller than the critical radius 

calculated in the absence of the Yb3+ sensitizer ion which is~ 23.00Å. When critical 

distance, RC in the presence of Yb3+ ion is smaller than the value obtained in the 

absence of Yb3+ ion efficiency of energy transfer increases as it occurs from the 

sensitizer Yb3+ to the activator Er3+ for the optimum concentration of the dopants i.e., 

XC =0.06 (x=0.03, y=0.03). Generally, when the critical distance value is less than 5Å, 

exchange interaction plays a key role in concentration quenching. Meanwhile, if the 

critical distance is larger than 5Å, then electric multipole interaction is observed to be 

predominant [27-30]. From the values obtained, it is inferred that multipole interaction 

is accountable for the quenching mechanism here. 

                                         

Fig.21-(a) Dexter plot of log (I/X) versus log(X) for 549 nm (b) Dexter plot of 

log (I/X) versus log(X) for 660 nm 



 

For further understanding, based on Dexter’s theory of sensitized luminescence in 

solids, S (fitting parameter) was calculated from Dexter’s energy transfer formula 

given by: 

                                    𝒍𝒐𝒈 [
𝑰

𝑿
] = 𝒃 − [

𝑺

𝟑
] 𝒍𝒐𝒈( 𝑿)                                                                                                                             

Where I denotes the UC intensity, X=(x+y) is the quenching concentration with x, and 

y are the Er3+ and Yb3+ concentrations respectively, and S is the fitting parameter with 

values 6,8,10 for dipole-dipole, dipole-quadrupole, quadrupole-quadrupole 

interactions respectively. To determine the S the slope of log(I/X) versus log(X) is 

obtained. For the emission at 549nm, the S value calculated is ~ 6, which indicates 

that the concentration quenching is due to dipole-dipole interaction, and for the 

emission at 660nm, the S value calculated is approximately 10 which corresponds to 

quadrupole-quadrupole interaction [10,11]. 

5.6 INFLUENCE OF PUMP POWER ON UCL 

                          

Fig.22-(a) Pump power dependency on UCL intensity of SBNE3Y3 ferroelectric 

ceramic (b) Log plot of pump power and UC intensity 
 

                

Fig.23-Pump power dependency on UCL intensity of SBNE3Y12 ferroelectric 

ceramic. 



 

The compositions SBNE3Y3 and SBNE3Y12 were studied for the transitions from 
2H11/2, 

4S3/2, and 4F9/2 to the ground state 4I15/2 using various pump powers for a better 

understanding of the UCL mechanism. The pump power ranges for SBNE3Y3, and 

SBNE3Y12 are 0.39W to 0.75W and 0.35W to 0.60W, respectively. When pump 

power increases the UCL intensity improves in all upconverted emission bands. The 

relationship between intensity and pump power is given by:  

IUCL ∝ Pn 

Where IUCL is the UCL intensity, n is the number of low-energy photons required in 

upconversion emissions, and P is for the excitation pump power.  The log intensity-log 

excitation pump power is displayed in Fig.22(b). For both green (524nm and 549nm) 

and red (660nm) emissions of SBNE3Y3, the slope of the logarithmic plot gives n, 

which equals 2.55, 2.14, and 2.59, respectively [30-34]. In our work, an increased 

energy photon of wavelengths of 524nm, 549nm, and 660nm is produced by two less-

energy photons that emit the green and red UC emission bands. The deviance in the n 

values for both the green and red emissions is approximated to the theoretical value of 

2 because of the contribution of various mechanisms (ET, ESA, and non-radiative 

transitions) in the upconverted emission bands. Two photons are involved in the 

emission process as per the Pump power analysis done. 

5.7 TIME DECAY ANALYSIS 

         

Fig.24-Time decay plots of all compositions of SBN ferroelectric ceramic at 549nm 



 

 

Fig.25-Time decay plots of all compositions of SBN ferroelectric ceramic at 660nm 

The lifetime decay measurements were performed and studied for 549nm green 

emission and 660nm red emission for all compositions of SBN ceramic under 980nm 

excitation wavelength of pulsed type laser. The time-resolved photoluminescence 

(TRPL) decay was carried out to analyze radiative and non-radiative decay processes. 

Fluorescence decay transients of SBNE3Y0, SBNE3Y1, SBNE3Y3, and SBNE3Y9 at 

549nm i.e., 4S3/2 → 4I15/2 transition and 660nm i.e., 4F9/2 → 4I15/2 are shown in Fig.24 

and Fig.25, respectively when stimulated with a Xenon pulsed laser at 980nm. The 

curves were fitted by a single exponential decay function as given below: 

𝑰(𝒕) = 𝑰𝟎 + 𝑨𝒆(−𝒕/𝝉) 

Here, I(t) represent the time variation of luminous intensity, 𝑰𝟎 is the intensity at t=0, 

A is the fitting parameter, and τ represents a component of time decay at time t. At 

room temperature, PL emission and UCL spectra were examined under the 

wavelengths 488nm and 980nm. In both emission spectra, green emission bands 

(524nm and 549nm) and red emission bands (660nm) were found. The time decay 

profile indicates an average lifetime of Er3+ ions is 70μs and for Yb3+ it is calculated 

to be 37μs [34-38]. 



 

                                       

Fig.26- Variation of decay lifetime with Yb3+ concentration 

From the analysis it is observed that the time decay values consistently decrease for 

the SBN ceramic at 549nm, starting from t=133μs for SBNE3Y0 and to t=28μs for 

SBNE3Y9. This suggests a decrease in non-radiative emission in the material. Time 

decay values at 660nm show increasing time decay values starting from t=20μs for 

SBNE3Y0 and consistently increasing to t=49μs for SBNE3Y9 suggesting an increase 

in radiative emission in the material. As the interatomic distance between the dopant 

ions reduces with increasing Yb3+ concentration, therefore the energy transfer is done 

more efficiently from Yb3+ to Er3+
. Thus, the time decay when analyzed from a 549nm 

peak, the lifetimes are higher for the undoped SBN samples. Thus, the efficiency (𝜼) 

of energy transfer (ET) in co-doped SBN ceramic can be calculated by: 

                                                    𝜼 = 𝟏 −
𝝉𝒂

𝝉𝒃
                                                                                                                                        

Here, 𝝉𝒂 represents the mean lifetime for Er3+ and Yb3+ co-doped SBN ferroelectric 

ceramic, 𝝉𝒃 represents the lifetime of Er3+ doped SBN ferroelectric ceramic. The 

efficiency of the energy transfer process is enhanced by 51.8% by the incorporation of 

Yb3+ ions into the SBN host lattice [34-38].                                                                             

Table 3: Fluorescence Time decay values for the series of SBN ferroelectric ceramic. 

 

 

 

Sample name     524nm    549nm   660nm 

SBNE3Y0      88 μs    133 μs      20 μs 

SBNE3Y1      80 μs      89 μs     21 μs 

SBNE3Y3      57 μs      93 μs     34 μs 

SBNE3Y6      51 μs      60 μs     47 μs 

SBNE3Y9      18 μs      28 μs     49 μs 

SBNE3Y12      15 μs      20 μs     52 μs 



 

5.8 UV-VISIBLE SPECTROSCOPY 

 

Fig.27-UV-visible spectra of all compositions of SBN ferroelectric ceramic. 

UV-visible spectra of all compositions of SBN ferroelectric ceramic pellets were 

performed using a Perkin Elmer II Spectrometer. The onset of fundamental absorption 

edge near 350nm was observed in the reflectance spectra of all prepared thin films and 

is found to agree with the reported value. All samples exhibited interference fringe 

patterns with an average reflectance > 70% except SBNE3Y1, which implies good 

optical quality with a little scattering and internal absorption. Due to the high 

reflectance, SBN is a promising material in optoelectronic material applications. 

Meanwhile, the increase in reflectance is attributed to a higher refractive index value 

of SBN. For SBNE3Y1, the reflectance reduces significantly as the amount of 

scattering is higher compared to other samples [36-41].  

 

Fig.28-Tauc Plots of all compositions of SBN ferroelectric ceramic represented with 

their respective bandgaps. 



 

The UV-visible spectra of all compositions of SBN were performed by the DRS 

method represented in Fig.-27. Their corresponding bandgaps were calculated by the 

Kulbeka-Munk Function as given below. 

                                                𝐹(𝑅) =
𝐾

𝑆
 

                                                   Here, K=(1-R)2, S=2R 

Here K is the molar absorption coefficient, S is the scattering factor, and R is the 

reflectance of the material, which is calculated by the formula given, 

                                           𝑅 =
𝑅(%)

100
 

The band gaps calculated for the respective samples are represented in Fig.28. The 

values of bandgap were obtained by extrapolating the linear part of (F(R)*hν)2 versus 

hν(energy) plot as shown in Fig.28(a-g). According to the observations, Bandgaps 

increase with higher doping concentration in the ferroelectric ceramic samples. The x-

axis is Energy in terms of hv, whereas the y-axis is plotted in terms of (F(R)*hν)n, 

where n value is 2 as direct bandgap and for indirect bandgap, n is ½[36-39]. 

 

 

 

 

 

 

 

 

 

 



 

CHAPTER -6: RESULTS AND CONCLUSIONS 

The ferroelectric ceramic for different compositions of SrBi2-x-yNb2ErxYbyO9 (x = 

0.00, 0.03, y = 0.00, 0.01, 0.03, 0.06, 0.09, and 0,12) has been prepared using the solid-

state method. The formation of pure phase SrBi2Nb2O9 has been confirmed by XRD 

spectra corresponding to orthorhombic geometry having phase group A21am. The high 

solubility of the Er3+ and Yb3+ ions in synthesized SBN is confirmed by the absence of 

additional peaks in the XRD spectra. The highest intensity peak corresponds to (115) 

planes at an angle(2θ) of 29⁰, conceding the BLSF with n = 2. The observed shift in 

peak (115) of all specimens is quite inconspicuous with the rise in content of Yb3+, 

indicating no evident changes in the crystalline cell volume(V). Evaluation of lattice 

parameters shows the increase in orthorhombic distortion i.e., b/a value as the 

concentration of Yb3+ increases. The lattice parameters and unit cell volume increase 

as the content of Yb3+ rises. From the analysis of SEM micrographs, the SBN ceramic 

has a randomly oriented plate-like structure. The average particle sizes range from 

1.13μm for SBNE0Y0 to 2.23μm for SBNE3Y3 and then decrease to 0.936μm for 

SBNE3Y12 as the lattice structure gets disrupted above y=0.03. FTIR spectra show 

vibrational bands around 540cm-1, 602cm-1, and 812cm-1 justifying the characteristic 

bands of ferroelectric materials. The PL excitation spectra are obtained at the emission 

wavelength of 549nm with maximum excitation obtained at 488nm. Emission spectra 

are obtained at the excitation wavelength of 488nm, with two strong green emission 

bands at 524nm and 549nm corresponding to 2H11/2 to 4I15/2 and 4S3/2 to 4I15/2 transitions, 

respectively while there is one weak red emission band at 660nm wavelength. The PL 

intensity rises with increasing Yb3+ concentration up to y= 0.03, after which it falls due 

to concentration quenching as the distance between dopant ions becomes so small that 

they can easily transfer their energy to each other, resulting in non-radiative radiations. 

The UCL spectra excited by 980nm laser reveal that the addition of Yb3+ ions leads to 

a rise in the intensity of absorption peaks, showing two UCL bands at 524nm and 

549nm in the green region and a single red band at 660nm. The green band dominates 

up to configuration SBNE3Y3 after which red emission dominates as the concentration 

of Yb3+
 increases as the distance between dopant ions decreases leading to multiple 

pathways for energy transfer. The compositions SBNE3Y3 and SBNE3Y12 were 

studied for the transitions from 2H11/2, 
4S3/2, and 4F9/2 to the ground state 4I15/2 using 

various pump powers for a better understanding of the UCL mechanism. When pump 

power increases the UCL intensity improves in all upconverted emission bands. Pump 

power dependence on UCL emission intensity shows that the two photons contribute 

to green and red UC emissions. The time decay analysis of SBN composition showed 

that the average decay time of Er3+ is 70μs and that of Yb3+ is 37μs. The efficiency of 

the energy transfer process is enhanced by 51.8% by the incorporation of Yb3+ ions 

into the SBN host lattice. The DRS revealed the band gaps of the SBN ranging from 

values 2.7eV to 3.1eV. All the findings suggest that SBN can be considered for 

achieving multifunctionality. UCL studies suggest that Er3+/Yb3+ co-doped SBN can 

be used where tunability of green light into red light is required and the efficiency of 

energy transfer can be enhanced with the incorporation of Yb3+ as the luminescent 

center. Also, UV-visible studies reveal that the bandgaps increase with higher doping 

concentration. 
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