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Abstract

This is a study report of rare earth Holmium ion additive Barium Strontium Sodium
Niobate (Ba(i.6-3/2x)Sr24NasNbigOsy : xHo*") tungsten bronze structured ferro-
electrics nanomaterial by conventional solid state reaction routes using Barium
Carbonate (BaCOs), Strontium carbonate (SrC0Os;), Sodium Carbonate (Na,COs)
99.90% NICE, and Niobium Oxide (Nb;05) and Holmium oxide (Ho0203) 99.99%
Sigma-Aldrich as starting materials under normal stoichiometric ratio synthesis ap-
proach. The X-ray diffraction (XRD), the scanning electron spectroscopy (SEM),
energy dispersive x-ray spectroscopy (EDS) and Fourier transform- infrared spec-
troscopy (FTIR) were used to study the structure, surface morphology/ microstruc-
ture, elemental composition/mapping and finger print functional groups identifi-
cation respectively. The XRD pattern revealed Tetragonal Tungsten Bronze struc-
tured crystallite phase that best match with the JCPDS card number -00-039-1453
having space group of p4bm and lattice parameters of a = 12.33 A4, b = 12.33 A
and c = 3.93 A. The average crystallite size of the synthesized sample obtained
at the prominent peak (311) for position/20=32.320 is 67.52 nm. The SEM images
showed that surface microstructures have random and nearly uniform distribution
of nanoparticles with different shapes and size on the surface. It is also nearly non-
porous surface microstructure that is promising for enhancing optical properties
having more particles on the surface. EDS analysis confirmed the presence of all the
constituent elements with their proportional ratios of Wt.% and At %. EDS experi-
mental results best fit with theoretically calculated values. For the pure metal oxide
the FTIR results showed the bond vibration mode at wavenumber of 540.60 cm™!,
having only single collective metal oxide intense peak without impurities. When
Ho3* or (ions) with concentration of 0.05 and 0.10 % added additional peaks was

observed at 429.92 cm~! and 415.77 cm ™! respectively; confirming the existence of



Ho-O bond vibration modes.

This dissertation work also aimed to report a study on the UV-Vis and Photolu-
minescence behaviors of rare earth holmium additive barium strontium sodium
niobate ferroelectrics nanomaterials, produced by conventional high temperature
solid-state reaction methods. The investigation included, UV-Vis, PL to examine the
absorption and emission respectively. The UV-Vis revealed that the maximum ab-
sorption occurred at wavelength of 205 nm having highest intensity value obtained
for the amount of 0.03 Ho*" and diminished in both directions. The PL result dis-
played the maximum emission spectra (322.8 a.u.) centered at wavelength of 572
nm for the excitation wavelength of 285 nm for 0.03 Ho®>". Moreover, the synthe-
sized nanomaterial is highly promising for optoelectronic applications as the re-
sults obtained from characterized parameters clearly indicated.

Calcium magnesium silicate was synthesized via sol-gel route using calcium car-
bonate (CaCO;3), magnesim carbonate (M ¢gCO;) and Stenotaphrum secundatum
grass extract (in place of tetraethylorthosilicate - TEOS) as a starting materials. The
x-ray diffraction (XRD), Fourier Transform Infra-Red Spectroscopy (FTIR), UV Vis-
ible (UV-Vis), Photoluminescence’s (PLs) as well as scanning electron microscopy
(SEM) and energy dispersive x-ray spectroscopy (EDX) were used to study the phase
composition, functional groups identification, absorption spectra determination,
examining excitation and emission spectra, surface morphology /microstructure
and elemental composition analysis or mapping of the calcined product. The XRD
analysis shows that the synthesized samples have tetragonal Calcium Magnesium
Silicate - akermanite structure. FTIR confirmed the existence of the functional
groups by (Si—0—Si,5i—0,0—-Ca—0,0—Mg—0, Si04, Ca®>", M g*") symmetric
stretch, asymmetric stretch, vibrational mode and bending mode in the synthesized
samples. UV-Vis revealed the occurrences of maximum absorption at wavelength
of 280 nm and it increases in intensity with increasing its Nb>* concentration. PL
also shows maximum emission at excitation wavelength of 280 nm at wavelength of
564 nm with emission intensity of 866 a.u. for concentration of 1.0 % N°*. In PL

analysis, we observe the intensity of emission increasing with increasing concen-



tration of Nbv>". SEM images shows that surface microstructures have porous, flux

structures and EDX analysis confirmed the presence of all the constituent elements.



ACRONYMS
TB - Tungsten Bronze
TTB- Tetragonal Tungsten Bronze
TTBs- Tetragonal Tungsten Bronze structure
PT - Lead Titanate
PZT- Titanate Zirconate of Lead
MPB- Morphotropic Phase Boundary
TC - Transition Temperature
PBN- Lead Barium Niobate
PLZT- Lead Lanthanium Zirconate Titanate
SBN - Strontium Barium Niobate
VO - Oxygen Vacancy
XRD - X-Ray Diffraction
SEM - Scaning Elecron Microscopy
EDS/EDX- Energy Dispersive X-Ray Spectroscopy
FTIR - Fourier Transform Infrared Spectroscopy
TEM - Transition Electron Microscope
EELS - Electron Energy Loss Spectroscopy
TGA - Thermogravitrometric Analysis
PL - Photoluminescence
UV-VIS - Ultra-Violet Vissible Spectroscopy

BSNN:xH- Ba(1.6_3/2)()ST2.4NCL2Nb10030 . .THO3+
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INTRODUCTION

1.1 Motivation

Ferroelectric ceramics with tungsten bronze structure

Ferroelectricity a revolutionary century of discovery: A century after the dis-
covery of ferroelectricity, we look at the physics that makes ferroelectrics materials
so useful and the research that got us here. Ferroelectrics play very important roles
in the field of electronic materials due to their wide applications in piezoelectric,
pyroelectric, optoelectric and nonlinear optic devices. Pb-free ferroelectric mate-
rials have attracted the increasing scientific and commercial interests due to the
serious environmental concerns [1-4]

Ferroelectrics are a very important family of functional materials, and they
have received attention from a variety of fields, including material science, con-
densed matter physics and electrical engineering [1, 5-11]. Applications of ferro-
electric materials are primarily governed by their polarization response to external
stimuli. Due to the nature of domains, ferroelectrics exhibit hysteresis phenomena
with respect to an external electric field. Classic ferroelectrics have a single P-E hys-
teresis loop, which represents field-controlled transitions between two equivalent
ferroelectric states with different polarization directions [12]. Switchable polariza-
tions under an electric field allow ferroelectrics to be used in memory and logic
devices [13].

TUNGSTEN BRONZE oxides compose the largest dielectric family just next

to the perovskites. Tungsten-bronze compounds have been considered as candi-
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Figure 1.1: [001] Projection of the prototype tetragonal tungsten bronze structure

illustrating the interstices described by the corner sharing octahedral [19]

dates to replace lead-based compounds. It is not very surprising that crystals with
the tungsten- bronze structure are ferroelectric. As shown in Figure 1.1, the tung-
sten bronze structure is composed of ten distorted octahedral sharing corners in
such a way that three different interstices (Al, A2, and C) are available for cation
occupying in the general formula (A1)5(A42)4(C)4(B1)2(B2)sO3 [14]. The full-filled
tungsten bronzes such as K3Li, NbsO15 have attracted much attention for the non-
linear optic applications,[15, 16] whereas the nonfilled tungsten bronzes have been
well studied due to their unique ferroelectric and piezoelectric characteristics [17,
18].

The octahedra of TB are linked by corners and are thus bonded in a way sim-
ilar to the perovskites [20]. The unit cell is one octahedron tall in the c direction;
and since there are ten octahedra in the cell, the axis is approximately./10 times

an octahedron width. Thus v/10 a/c~1. The deviation from this value is a measure
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of the distortions of the NbOgz octahedra and can be related [21] to the value of the
spontaneous polarization P and the transition temperature 7.

A-sites are occupied by mono to trivalent cations, B-sites are occupied by
tetra-hexavalent ions and C-sites are often empty, are complex and disordered. It
has been found very useful for many device applications. The properties of these
types of materials can be tailored by making suitable modifications/substitutions
at A, B or Csites. TB formula consists of A1, A2, C and B is 15, 12, 9 and 6-fold Oxy-
gen coordinated sites in the crystal [22].

Recently, M,R,Ti,M{Osy and M;RTisM;03, (M = Ba and Sr, R = Bi, La, Nd,
and Sm, M’ = Ta and Nb) ceramics with filled tungsten bronze structure have re-
ceived much scientific attention on their interesting dielectric and ferroelectric
characteristics [23-26]. At room temperature, the filled tungsten bronze tantanates
are usually paraelectric, whereas the filled tungsten bronze niobates are all ferro-
electrics. M;RTi3Nb;O3, were usually considered as relaxor ferroelectrics due to
the cross distribution of M and R ions in A1l site (tetragonal), and M, R>T'i,NbgOs3
tended to indicate the normal ferroelectric nature due to their ordered structure in
which M and R ions properly occupy the A2 (pentagonal) and Al (tetragonal) sites,
respectively [27, 28]. However, recent investigations found that BayLasT'i,NbgOs3
[29-33] and SryLasTisNbsOsy [34, 35] etc. indicated the relaxor behavior, whereas
SryNdsTisNbsOso [36] presented a diffuse ferroelectric phase transition followed
by two low-temperature dielectric relaxations. Stennett et. al. and Levinet. al.
reported the important effects of the ionic radius of rare-earth ion in Al site
on the dielectric behavior in BayMTisNbsO15(M = Bi, La, Nd, Sm,Gd) [30] and
Bay(LayNdy—yTiaNbsOy5 [31] ceramics. Meanwhile, the same autor’s who re-
searched on (Ba,Sr_,)4Nd2Ti4,NbsOs [36] indicated that the ferroelectric transi-
tion in M, R>Ti,NbsO30 was not only affected by the ionic radius of rare-earth ion
but also by the ionic radius of alkali ion. Moreover, the radius difference between
Al- and A2-site cations dominated the dielectric nature of M, RyT'i4 NbsO3, tungsten
bronzes. Compounds with larger radius difference between Al- and A2-site cations

tend to be normal ferroelectric, whereas compounds with smaller radius difference
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between Al- and A2-site cations tend to be relaxor ferroelectric.

It was also found that some of the oxides with distorted perovskite structure
have complex but stable structure at room temperature with many interesting prop-
erties useful for devices. Out of them some materials with tungsten bronze (TB)
structure have been found more favourable for high dielectric constant [37], elec-
tro optic [38], pyroelectric [39], piezoelectric [40], nonlinear optic [5], acousto-optic
[41], photo-refractive [42] etc. devices. Most of the TB structure belongs to tetrago-
nal or orthorhombic structure with small distortion of multiple perovskites. Some
tungsten bronze ferroelectric ceramics are found to be stable at room temperature
with diffuse phase transition and relaxor behavior. Also, structural flexibility and
chemical versatility of these materials make them more suitable for device applica-
tions.

Currently, inorganic phosphor materials have drawn out a lot of attention because
of their multiple applications, for instance, in cathode-ray tubes, photodiodes,
lamps, and x-ray detectors, bio-detectors, color display, radiation dosimetry and
dye removal [43-47]. Among the inorganic phosphor materials, silicate based be-
came a lot of attention drawn materials for wide and multi-dimensional practical
applications due to their unique features such as visible light transparency, good
chemical resistance, high temperature strength, low thermal expansion, excellent
conductivity, well known chemical and thermal stability, low cost and easy prepa-

ration [48, 49].

1.2 Statement of the problem

It has been a very important issue to search Lead (Pb)-free ferroelectric new
materials because of the increasing environmental concerns, and the tungsten
bronze family might provide the great potential for this challenge due to the various
possibility of structural tailoring. More and more attentions are being paid to the ce-
ramics with tungsten bronze (TB) structure [14-18] by many researchers, because
of their potential technological superiority. Many TTBs display broad, frequency-

dependent relaxor dielectric behavior rather than sharper frequency-independent
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normal ferroelectric anomalies, but the exact reasons that favor a particular type of
dielectric response for a given composition remain unclear.

Recently, M, RyTi,MO3y and M5 RT'i3 MO39 (M =Ba and Sr, R = Bi, La, Nd, and
Sm, M = Ta and Nb) ceramics with filled tungsten bronze structure have received
much scientific attention on their interesting dielectric and ferroelectric character-
istics [23, 24, 26].

The flexibility of the structure of TB- oxides opens new rooms for non-lead
based ferroelectric nanomaterials. In a look for lead-free novel materials for the
development of new nanomaterials, TTBs are among attractive candidates. The
various positive ion sites in the TTB structure permit for a wide range of chemi-
cal compositions, compositional flexibility and consequently for opening the pos-
sibility of controlling the main characteristics features of TTBs [50-53]. Taking into
account the preliminary research outputs reported so far, the current studies re-
volve across the potential application of nanomaterials for imparting photolumi-
nescence (PL) in materials [54, 55]. In addition, rare earth based crystals which
follow the guest-host phenomenon to independently optimize the luminescence
and crystal properties of the system has given due attention. It was also consid-
ered and focused as a central point in the system [56]. Rare earth oxides under the
wide energy bandgap semiconductor have also drawn special attention due to their
tunable electronic and optical characteristics features [57]. As a result of these re-
markable features, the prepared ferroelectric nanomaterials and their characteris-
tic photoluminescence response with various concentrations at different excitation
wavelengths are in need of clear explanation. Again, the detailed mechanisms that
tune the luminescence of nanomaterials of ferroelectrics types are not yet fully un-
derstood.

In the synthesis of silicate based phosphor materials, tetraethyl-orthosilicate (TEOS)
is a primary precursor. Due to its high scarcity in most developing countries and
difficulty to import it as well make the challenge magnified. This has been also a
bottleneck for the growth of researches focusing on silicate based inorganic phos-

phor materials in such countries. Therefore, a new mechanism should be designed
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to alleviate this problem [58, 59]. Stenotaphrum secundatum grass is reported to
be reach in silica [60] and it is widely available in almost all countries in the world.
However, whether the extract of this grass can be used as a precursor for the syn-
thesis of silicate based inorganic phosphors instead of TEOS is not really examined.
Under this context, this statement of problem expected to answer the following ba-

sic research questions:

e What are the effects of the concentration of Holmium ions in the synthesized
Barium Strontium Sodium Niobates with rare earth Holmium additive Ferro-

electric Tungsten Bronze structure new material?

e How one determines the role of micro-structure/Elemental composition (SEM/EDS)
and dopants/substitutes in ferroelectric Barium Strontium Sodium Niobates
tungsten bronze structured with rare earth Holmium ion additive of different

Concentrations?

e What are the characterization instruments and parameters used to deter-
mine Ferroelectric Tungsten Bronze structures system phase (XRD), func-
tional group (FTIR), absorption (Uv-Vis) and photoluminescence (PL) values

in tuning and controlling the properties for efficient device applications?

e What are the characterization instruments and parameters used to determine
Calcium Magnesium Silicate crystal structures phase (XRD), functional group
(FTIR), absorption (Uv-Vis) and photoluminescence (PL) values in tuning and

controlling the properties for efficient device applications?

1.3 Objectives

1.3.1 General Objective

e To synthesis and Characterize Tungsten Bronze Structured Barium Stron-
tium Sodium Niobate Ferroelectric and Calcium Magnesium Silicate Phos-

phor nanomaterials for Device Applications.
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1.3.2 Specific Objectives

e To synthesis Bai._3/2:)5r2.4NaaNbi1gO3 : xHo*" for(x=0.00- 0.10 %)samples

using solid state reaction techniques.

¢ To identify the crystal structure and crystallite size of the prepared samples
Ba(l.ﬁ_g/gm)ST’QANCLQNblOOgO : xHo*t or (BSNN:xH) for (x=0.00- 0.10 %) USing
XRD.

¢ To determine surface Morphology, element types and composion of prepared

samples (BSNN:xH) for (x=0.00- 0.10 %) using SEM/EDS.

¢ To determine absoption capacity of the powder solution samples (BSNN:xH)

for (x=0.00- 0.10 %) using UV-Vis spectrometer.

¢ To identify the finger print functional groups (4000-400 cm-1) of the system
(BSNN:xH) for (x=0.00- 0.10 %) using FTIR.

¢ To determine the photoluminescence property of the Ba1.6_3/22)572.4NaaNb1oO30 :

rHo*" with different concentration (x=0.00-0.10 %) using PL.
e To synthesis (Cay M gSi,O7 : xNb°+) samples using Sol-gel route techniques.

¢ To determine the crystal structure and crystallite size of the prepared samples

(CayM gSis07 : xNHT) for (x=0.02, 0.04, 0.06 and 0.10 %) using XRD.

¢ To determine surface Morphology, element types and composion of prepared
samples (CayMgSiyO; : xzNb7T) for (x=0.02, 0.04, 0.06 and 0.10 %) using
SEM/EDS.

e To determine absoption property of the powder samples (CayM gSi2O-
rNb>) for (x=0.02, 0.04, 0.06 and 0.10 %) using UV-Vis spectrometer.

e To determine the photoluminescence property of the (CayMgSi,O7 : xNVT)
with different concentration (x=0.02, 0.04, 0.06 and 0.10 %) using PL.
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1.4 Significance and Scope of the study

This research output would benefits experts to design efficient nanomateri-
als for device applications from Barium Strontium Sodium Niobates with rare earth
additive(s) ferroelectric with Tungsten Bronze structure. The phosphor nanomate-
rials are very useful economical utility in medicine for treating damaged bones.It
may serve as base for further study on the same topic, and to realize technological
application in industrial scale production of ceramic materials with optimized effi-
ciency. Meanwhile, the study is also delimited to synthesis and characterization of
Barium Strontium Sodium Niobates with rare earth additive(s) ferroelectric Tung-

sten Bronze structure system experimentally.

1.5 Thesis Layout

Chapter 2 deals with the brief overview on Ferroelectrics and ferroelectrics
nano-materials properties in general and TBs materials in particular. The mech-
anism of ferroelectrics, tetragonal tungsten bronze structured ferroelectrics and
the different dopants effects, vacancies and sites occupation are discussed. In
chapter 3, the different experimental techniques used for synthesis and charac-
terization are discussed in detail. The main results of this study in chapters 4,
5, 6 and 7 are discussed. Chapter 4 deals with Synthesis and Characterization of
Bag 6-3/20)9m2.4NaaNbigOso : v H o** Ferroelectric nanomaterials by Solid state re-
action routes for Device Applications. Investigation of Barium Strontium Sodium
Niobate Ferroelectric nanomaterial with Holmium ion additive for Optoelectronic
Application is covered in chapter 5. Green Synthesis of Niobium doped Calcium
Magnesium Silicate Phosphor Using Stenotaphrum Secundatum Grass Extract dis-
cussed in chapter 6 and Finally, the summary conclusion and future directions are

included in chapter 7.



A Brief overview of Tungsten Bronze Structured

Ferroelectrics

2.1 Ferroelectrics Materials

A ferroelectric material is one which exhibits spontaneous polarization in
the absence of electric field, which may be switched in direction by application
of electric field. Ferroelectric shows electrical properties like magnetic properties
in ferromagnetic materials. Barium titanate, lead titanate (PT), titanate zirconate
of lead (PZT), etc. are widely used and scrutinized as ferroelectric materials [61].
For instance, Safari presented a review of the basic concepts on ferroelectricity and
various materials which possess electric and magnetic properties [62]. Ferroelec-
tric materials have unique dielectric, pyroelectric, piezoelectric and electro-optic
properties. These properties have various applications in capacitors, dielectric res-
onators, sensors, transducers, actuators, and ferroelectric non-volatile memories,
dielectric memories, optical waveguides, displays, micro electro mechanical sys-
tems (MEMS), miniaturized mechanical and electro-mechanical elements [63-67].
Based on their distinctive properties, ferroelectric materials have been used to pro-
duce active elements of various devices [68, 69]. Thus the main focus on ferroelec-
tric materials as compared to non-ferroelectric materials is due to their compact

size and high dielectric constant.

10
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2.2 Ferroelectrics Tungsten Bronzes

Pb-free ferroelectric materials have attracted increasing scientific and com-
mercial interests due to serious environmental concerns. The structural flexibility
of tungsten bronze oxides offers more opportunities for exploiting new Pb-free fer-
roelectric materials. The tetragonal tungsten bronze structure is composed of ten
distorted octahedral sharing corners in such a way that three different interstices (2
tetragonal Al, 4 pentagonal A2, and 4 triangle C) are available for cations in the gen-
eral formula (A1)2(A2)4(C)4(B1)2(B2sO05 [70]. In recent years, a number of Pb-free
ferroelectrics with tetragonal tungsten bronze structures have been determined [19,
30, 31, 71, 72]. For M4RyTi4NbsOs, and MsRTi3Nb;O5, (M= Ba, Sr; R = rare earth),
their phase transition nature and ferroelectric properties strongly depend on the
cation occupation and the difference in the radius between the A2 and Al cations
(19, 71]. M,R>TisNbsOsy (M= Ba, Sr; R = Nd*, Sm?t, Fu?t) tends to exhibit nor-
mal ferroelectric phase transitions due to its ordered structure. M?* occupies the
pentagonal A2 site, and R** is in the tetragonal A1 sites [30, 31, 72-77]. For compo-
sitions with larger R cations, a relaxor nature is observed in Ba,Bi,Ti4NbsO3o and
BayLasTi,NbgOsg [30, 62]. For MsRTi3Nb;O5y (M= Ba, Sr; R = rare earth), relaxor fer-
roelectric behavior is generally observed, and it is ascribed to the cross distribution
of M?*" and R** cations at Al (tetragonal) sites [78, 79]. A detailed structural study
indicated that the relaxor nature is always associated with in-commensurate super-
lattice modulation. The decrease in the R cation size increases the driving force for
commensurate superlattice modulation, which dominates the normal ferroelectric
nature [19, 30, 31, 71].

More recently, the filled tungsten bronze ferroelectrics M, R>Ti,NbsO30 and
MsRTi3Nb;0Os0 (M = Ba, Sr; R = rare earth) have received much scientific attention
due to their unique and interesting ferroelectric properties [27, 28, 31, 32, 36, 71, 73,
78, 80-82]. The ferroelectricity in these materials is believed to come from the off-
center displacements of B-site ions both along c-axis and in ab plane, and the fer-

roelectric ordering may affected by (1) oxygen octahedral tilting, (2) A-site cations
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Figure 2.1: Tetragonal tungsten bronze (TTB) structure (space group P4/mbm)
viewed along [001] (top) and [100] (bottom). Oxygen octahedral contains B1-
cations (red) and B2-cations (green), respectively, with the unit cell indicated by

blue dashed lines [83].

occupation, and (3) B-site cations occupation.

2.3 Structure Stability and General Formula of Filled Tungsten

Bronzes

The structure stability of filled tungsten bronze can be discussed by the toler-
ance factor. Wakiya et al.[84] have suggested the tolerance factors for 12-fold coor-
dination A1l site and 15-fold coordination A2 site given by the following equations:

Ta2 + 70

tyg = ——— 2.1
A \/§(TB—I—7"O) &
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T42 + T0

tag = (2.2)
V32 = 12V/3(rg +10)
+— 2tA2;_ tAl (2.3)

Where, r4, 5, and ro are the ionic radii of the A— and B— site ions and the O~
ion, respectively. The combination of these tolerance factors denoted as following
gives a general measure to determine the structure stability of tungsten bronzes.
The compositions with a ¢ around 1.00 can form a stable tungsten bronze structure,
whereas the stable tungsten bronze structure cannot be expected in the composi-

tions with a ¢ far away from 1.00.

2.4 Ferroelectric Properties of Tungsten Bronze Morphotropic

Phase Boundary (MPB) Systems

On a binary phase diagram, a MPB appears as a nearly vertical line separat-
ing two distinct ferroelectric phases. This phase boundary generally occurs at a
nearly constant composition over a wide temperature range up to the ferroelec-
tric phase transition temperature, Tc; an example is for the bronze MPB system,
Pb(_»Ba, Nb,Og (PBN), which possesses both orthorhombic and tetragonal struc-
tures near x = 0.37 [14, 85-87]. Poled ceramics or single crystals of such MPB fer-
roelectrics can show an enhancement of numerous physical properties because of
the proximity in free energy of an alternate ferroelectric structure.

Crystal compositions in other ferroelectric families can also possess MPB re-
gions, with perhaps the best known of these being perovskite PZT and PLZT. "How-
ever, compositions in the tungsten bronze family have a number of potential ad-

vantages over the perovskites, particularly for optical device applications.

2.5 The Lead Barium Niobate (PBN) System

The lead barium niobate (PBN) solid solution is arguably the most studied
and developed MPB system in the tungsten bronze family. In addition to sintered

ceramics, PBN has also been developed in the form of hot-pressed, grain-oriented
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ceramics [88-90] and as bulk single crystals using the Czochralski growth methods
[52, 90]. The latter have been especially useful for determining the directionally
dependent ferroelectric properties in this system, revealing the unusual behavior
which can occur for compositions near the morphotropic boundary. For example,
near morphotropic tetragonal Pby ¢ Bag.4Nb2Og (PBN:60) has single crystal dielectric
constants of ¢;; = 1900 along the a axis and ¢33 = 500 along the c axis [91]. Sponta-
neous polarization in poled crystals is also large, in the range of 70.C'/cm? at room
temperature based on recent measurements. The large spontaneous polarization
and large dielectric constants available in morphotropic PBN are especially signifi-

cant for optical applications.

2.6 The Strontium Barium Niobate (SBN) System

In Sr,Ban_,NbOg (SBN) ceramic, the A site was partially filled with Sr**
and Ba?T cations in five of the six available positions (1/6 is vacant) while the C
site is left empty. The electrical properties of SBN are strongly dependent on the
Sr/Ba concentration ratio [5, 41, 42]. Moreover, the cation occupants affect the
physical and chemical properties of SBN. SBN exhibits ferroelectric properties in
the range of 0.25 < = < 0.75. Modification of the SBN ceramic is viable in order
to obtain the properties required for electro-optic devices or pyroelectric IR detec-
tor applications. However, modification of the Sr/ Ba ratio involves a very precise
control of microstructure and composition, especially in the addition of dopants.
It was reported that the modified material exhibited twice the pyroelectric coeffi-
cient and four times the dielectric constant compared to that of unmodified SBN
[92]. Addition of a small amount of rare earth elements may result in the reduction
of the Curie temperature, Tc, (temperature at which the material undergoes phase
changes from ferroelectric to paraelectric phase) and enhancement of the pyroelec-
tric coefficient to twice the value of the undoped SBN [93]. Doping also improves
the dielectric properties of the material at room temperature and produces a more
stable material [94]. Doping SBN with rare earth ions is far more effective technique

to modify the physical properties of SBN compared to varying the Sr/Ba ratios. Pre-
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viously, it has been shown that the S 53 Bao.47)Nb2Os (SBN:53) ceramic exhibited
optimal electrical properties in terms of dielectric constant, remnant polarization

and pyroelectric coefficient, compared to the rest of the Sr/Ba composition [39].

2.7 The Role of Oxygen (0) Vacancies.

Additional work is required to understand the role of cation vacancies in
TTB-structured ceramics but the influence of O-vacancies (VO ) on the incommen-
surate/commensurate modulation is comparatively clear. The dielectric constant
and loss vs temperature data for Ba,RFE;Ti5sNbsO29 (RE = La, Nd) in compari-
son with BasNd,Ti,NbsOs3 indicates that; the deficit of B site positive charge in
BayRE>Ti5s NbsOq9 is compensated by oxygen vacancies (VO ). ForBayRE>Ti5NbsOs90,
relaxor behavior is anticipated based on the ionic radius of La, as before and consis-
tent with BayLayTi4NbgOs9. However, BasNdT15NbsOq9 is a relaxor rather than a
normal ferroelectric and differs primarily with Ba,Nd,T'i4NbsO3 in that the former
composition has all positions filled within the oxygen sublattice. To explain the dif-
ference in behavior, it is important to view the incommensurate to commensurate
transition as essentially a change in tilt configuration of the oxygen sublattice; it is

strongly influenced by oxygen stoichiometry.

2.8 The Role of A1-Site Vacancies

Figure 2.2 shows the relative permittivity versus temperature plots for
BaysRE«.67H(1.33Nb10030 (RE = La, Nd, Sm, Gd, Y) ceramics, originally described
by Gardner and Morrison [83] which illustrate that compositions with RE ion size
< 1.274 (Nd) show ferroelectric behavior consistent with the observations of Levin
et al [31] and Stennett et al.[30] where as those with La (1.32 A) exhibit a relaxation

at low temperature.
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Figure 2.2: Relative permittivity and loss (tand) at 1 MHz versus temperature plot
for (a) BasRE(.67)H1.33Nb10O30, RE = La, Nd, Sm, Gd, Dy, Y) ceramics, and (b) fre-
quency dependent data for BasLag 670133y Nb19Osp, according to Gardner and Mor-

rison [83].

2.9 The Role of Dopants/Substitutes

Doped tungsten bronze ferroelectric crystals show outstanding potential for
photorefractive applications. To date, it has been achieved an improvement of
two orders of magnitude in speed while maintaining high coupling in the desired
spectral range. Using these improved bronze crystals, several new device concepts
based on phase conjugation, image processing and laser beam manipulation are

being explored in various laboratories in the U.S.

2.10 Calcium magnesium silicate (CMS) phosphor:

Calcium magnesium silicate (CMS) phosphor, with chemical formula Cay M ¢Si,0+,
has recently drawn too much interest due to its unique structure features with an
extraordinary physical and chemical stability. It has been also extensively discussed
in biological and medical areas of application [44]. Silicate with akermanite struc-
ture is becoming a possible and attractive bio-ceramics for tissue engineering ap-
plications [45, 95]. For instance akermanite calcium magnesium silicate has an ex-

traordinary biocompatibity and excellent bioactivity properties. By now it is be-
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coming a promising bio-ceramic bone tissue engineering materials in medical ap-

plications or a probable bone material [48, 96].

2.11 Synthesis

Generally bulk materials are considered into two categories i.e. single crys-
tal and ceramics. Single crystal: is solid in which entire sample in form of crystal
lattice and uninterrupted at the edges without grain boundaries. These single crys-
tals are fabricated by hydrothermal synthesis, sublimation or Czochralski process
depending on physical characteristics of the crystal [97]. Polycrystalline (ceramic):
materials are generally synthesized by double step processing method by using ox-
ides and carbonates as starting material. In these process two steps is involved (1)
Calcination (2) Sintering. In calcination process sample formed with desired phase
composition and phase formation in sintering process includes dense microstruc-
ture having high enactment of electrical properties.

Solid state synthesis, as the name implies, uses solid state materials such as
metal oxide powders. The synthesis is governed by diffusion of ions across grain
boundaries in order to synthesize the desired product. This requires grinding of the
reagents in a ball mill over long periods of time (> 24hrs) [98] and use of a high
temperature sintering step in order to increase diffusion of ions. However, repeated
grinding and firing is sometimes required before the product is obtained at high pu-
rity [98]. Fine grain powders of reactive reagents are desirable in order to increase
the surface area. Occasionally, organic solvents are used in the reaction to create
slurry [98, 99]; this can help decompose a certain species, or aid diffusion of ions.
The resulting slurry (if organic solvents are used) is then dried in a vacuum oven
and then the powder is pressed into a pellet. Pelletizing the powder is done to have
the grain boundaries as close as physically possible [100] before heating or applying
high pressure while heating. Pelletizing will aid in diffusion of ions as well. Depend-
ing on the temperature needed for the synthesis and the reagents used, different
heating vessels can be used. Typically, a material with a high melting temperature

and low reactivity is used such as Pt, Al,O3, ZrOs, 0rY,03 [101]. This will ensure
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that you do not get any reaction with the boat as high temperatures can increase
reactivity. The atmosphere in which the heating takes place is crucial as well. Some
synthesis require no special atmosphere and can take place in an unspecialized fur-
nace; however, some require an H,/Ar atmosphere to prevent oxidation of certain
species and require a tube furnace. Because of the use of such high temperatures,
the product that is formed is the most thermodynamically stable product. This can
be a hinderance depending on what the desired product is.

Sol-gel Symthesis Methods: The sol-gel process may be described as: ”For-

mation of an oxide network through polycondensation reactions of a molecular pre-
cursor in a liquid.” A sol is a stable dispersion of colloidal particles or polymers in
a solvent. The particles may be amorphous or crystalline. An aerosol is particles in
a gas phase, while a sol is particles in a liquid, A gel consists of a three dimensional
continuous network, which encloses a liquid phase, In a colloidal gel, the network
is built from agglomeration of colloidal particles. In a polymer gel the particles have
a polymeric sub-structure made by aggregates of sub-colloidal particles. Generally,
the sol particles may interact by van der Waals forces or hydrogen bonds.
A gel may also be formed from linking polymer chains. In most gel systems used
for materials synthesis, the interactions are of a covalent nature and the gel process
is irreversible. The gelation process may be reversible if other interactions are in-
volved.

1. Synthesis and Characterization Flow chart:(Solid State Reaction)
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Figure 2.3: Synthesis and Characterization Flow chart:(Solid State Reaction

2. Synthesis and Characterization Flow chart:(Sol-gel Process)
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Figure 2.4: Synthesis and Characterization Flow chart:(Sol-gel Process

X-Ray diffraction (XRD)

X-Ray diffraction is an incredibly useful technique for determining the crys-
talline structure of a material. Provided you have a powder sample, sample prepara-
tion is very simple as well. X-Ray light, typically from a Cuk, source of A = 1.54054,
is used to interact with the periodically spaced atoms within a crystalline lattice.
The X-Rays are generated upon impact by electrons on a copper target. The use of
X-Ray light is important as it has a small enough wavelength to interact and diffract
off of the crystalline lattices which are on the same size scale. The X-Ray light in-
teracts with an electron cloud of an atom, via the electromagnetic force. This in-
teraction is more intense with higher electron density, which is why X-Ray images
only show the bone density and not the flesh of a human because Calcium has
many more electrons than Carbon and Hydrogen. X-Rays interact with atoms with
a higher atomic number, Z, than they do with those of lower atomic number: this

means that refinement of parameters relating to atoms of low atomic number-such
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Figure 2.5: Bragg diffraction from two parallel planes [103].

as O%" is necessary.

It is well-known that X-ray is one kind of electromagnetic radiation with a
wavelength of 14, which is in the region between gamma-rays and ultraviolet. X-
ray diffraction is one of the most popular non-destructive experimental techniques
for probing the crystalline structure at the atomic level.

A crystal lattice is a regular three-dimensional distribution of atoms in space.
These are arranged to form a series of parallel planes separated by a distance d,
which varies according to the structural and physical information of the material.
Figure 2.4 illustrates the schematic diagram of Bragg diffraction from two parallel
planes. When a monochromatic X-ray with the wavelength of A interacts with a
crystal sample at an angle, 6 the diffraction from parallel planes of atoms occurs ac-

cording to Bragg’s law [92] [102].

Ideally, the sample analyzed with XRD should contain a large number of small
crystals which are randomly oriented. The X-rays are therefore diffracted from dif-
ferent (hkl)- planes simultaneously according to Bragg’s law as shown below [104].

In this study, samples prepared by solid state reaction methods were charac-
terized by powder X-ray diffraction using a Phillips XPERT-PRO diffractometer (Fig-
ure 2.5) fitted with CuK, radiation between 20 = 10° and 80°. For the cubic struc-

ture, the unit cell lattice parameters (a) were calculated by the least square fitting
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method from the d-spacing and the Miller indices, hkl values using [104]. More-
over, the crystallite size (L) of all samples were estimated using the conventional

Scherer equation described below [105],

0.9
~ [cosh

Where ) is the x-ray wavelength,  is the area value of the full width at half maxima

(2.4)

(FWHM) of the peak, and 6 is the angle corresponding to the peak [103].

The XRD patterns include peak position and intensity of the diffracted beam, which
provides a variety of information about the films. Angles are used to calculate the
interplanar atomic spacing. Until now, over 80,000 materials have been enrolled
in the International Powder Diffraction File (PDF) database as the Joint Committee
for Powder Diffraction Standards (JCPDS) [106, 107]. Once the XRD patterns are
provided and compared with the standard data, the results of the crystal, phase
composition, grain size, and lattice strain can be easily calculated. All in all, X-
ray diffraction is a powerful tool and indispensable to materials science. The raw
powders should weigh in stoichiometric amounts and mixed in an agate mortar
for 30 minutes. This powder may calcine in air at 1300°C' for 6 hours. The ob-
tained powder could ground and mixed with polyvinyl alcohol (PVA) as a binder.
Then, cylindrical pellet could be obtained by pressing at 20 kN (12 mm diameter,
2 mm thickness). For Example the identification of the crystalline structure of the
BasCaTi(1.94)Zn0.06) N bsO30 powder was performed by X-ray diffraction (XRD) using
a 0/20 diffractometer fitted with a fast detector (Bruker D8, CuK,;, Link eye detec-
tor) at room temperature (293K, 0.0150 step, 10 — 120° 26 range, scanning speed of
19 min~1). The lattice parameters, atomic positions, occupation rate, and thermal
agitation factor were refined by the rietveld method using the Jana 2006 software
[108].

So barium strontium sodium niobates ferroelectrics tungsten bronze struc-
tured powders were characterized by X-ray powder diffraction (XRD). By XRD anal-
ysis, we can also determine; lattice parameters of ceramics.

Scanning Electron Microscope (SEM)

The scanning electron microscope (SEM) is a type of electron microscope that
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Figure 2.6: Phillips XPERT-PRO diffractometer.

capable of producing high resolution image of sample surface. When the electron
beam is focused on the sample surface, the surface is scanned which leads to certain
phenomena. When beam of electrons strikes the surface of the sample and inter-
acts with the atom of the sample, signals in the form of secondary electrons, back
scattered electrons and characteristic X-rays are generated that contains informa-
tion about the samples surface topography, composition, etc [105]. Electron backs
scattering penetrate to the sample and interact with neighbor atom. This cause sec-
ondary electron emission from the atom in the sample and X-ray irradiation [109,
110], penetration depth of the electron beam depends on the acceleration voltage
of incoming electron and the surface sensitivity of the method. In addition to the
above secondary electron emission, some of the electron can remain in the sample
while other electrons are released to the field and they can be caught by detector
and image on screen. The electrons with the atoms that make up the sample pro-
ducing signals that contain information about the samples surface topography. The
degree of topographical information depends on location of the detector relative to
the surface of the sample. SEM was used to examine the surface morphology of the

samples. In general, electrons generated in an emitter impacts are accelerated by
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Figure 2.7: The electron interaction with the sample [111].

electromagnetic field and impact the sample emitting various types of electrons de-

pending on the penetration depth (R), which can be expressed by equation:

27.6A(Ey)'67
1 2T6A(Fy)

p20.889 (25)
where, A is mass number (gmole™), Ey is energy of accelerated electrons that im-
pacts the sample (keV'), p is density of the material (gcrn—3), and Z is atomic number.
EDX was used to provide information of elemental composition, atomic distribu-
tion (mapping), and semi-quantitative analysis. In EDS energy dispersion spectra
these lines correspond to the peak energy positions usually within the range of 1
keV to 20 keV. Area under the peak can give information about amount of the ele-

ment in a sample.

The SEM can produce very high-resolution images of a sample in its primary detec-
tion mode, which is secondary electron imaging. Characteristic X-rays are emitted
as the electron beam removes an inner shell electron from the sample, causing a

higher energy electron to fill the shell and release energy. These X-rays can be used
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Figure 2.8: JEOL JSM-6610 Scanning electron microscope.

to identify and quantitatively determinate the elements in samples by a technique
known as energy dispersive X-ray spectroscopy. Back scattering electrons are pro-
duced by elastic interactions of beam electrons with nuclei of atoms in the speci-
men [105, 112]. Since heavy atoms with a high atomic number are stronger scatter-
ers than light ones, images with back scattering electrons contain compositional in-
formation thus the distribution of different elements in the sample can be get from
back scattering electrons images. SEM characterization method has some advan-
tage as easy and fast preparation as well as operation of the instrument. The main
disadvantage of this method is the sample should be conducting, the resolution
is limited to the micro range and the analysis of the sample can be provided only
for the surface of material not for the bulk. In the present study, SEM techniques
employed using JSM-6610 instrument, the measurement performed to identify the
morphology of all samples in the form of powder. Before taking measurements,
both samples are coated with platinum in Magnetron Sputter Coater.

Fourier Transform Infrared Spectroscopy (FTIR)

The Fourier-transform infrared (FTIR) spectroscopy spectrum has been widely used

for the identification of organic and inorganic compounds. (FTIR) is also an essen-
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tial characterization technique to identify the compositional elements of the ma-
terial and to analyze the chemical bonding and functional groups present in the
material. Fourier transform infrared (FT-IR) spectroscopy is a simple and non-
destructive powerful tool for the identification of types of chemical bonds in the
compounds by producing infrared absorption spectra [113, 114]. It is also used for
identification of the structure of samples as well as identification of unknown mate-
rials using the frequencies of the vibration modes. In FI-IR analysis, absorption of
IR radiation occurs when a photon transfers to a molecule and excites it to a higher
energy state. The excited states result in the vibrations of molecular bonds, i.e.,
stretching, bending, twisting, rocking, wagging, and out-of-plane deformation, oc-
curring at varying wavenumbers (or frequencies) in the IR region of the light spec-
trum [115]. Energies of bond vibrations between atoms are recorded. Different vi-
bration modes and bond types give rise to different energies. The wavenumber of
each IR absorbance peak is determined by the intrinsic physical and chemical prop-
erties of the corresponding molecule in its particular functional group. In this work,
FT-IR spectroscopy measurements are accomplished using transmittance method
with potassium Bromide (KBr) as IR window in the wave number region of 400 -
4000 cm-1. A small amount of powder sample is mixed with KBr and ground in a
mortar with a pestle for 5minutes. The mixture is then pressed in a standard hy-
draulic press to form a transparent pellet through which the beam of the spectrom-
eter can pass. Before each measurement, the instrument Shimadzu IR Prestige-21
spectrometers arranged to run with a pellet of pure KBr only (no sample is added)
kept in pellet holder to establish the background, which is then automatically sub-
tracted from the sample spectrum. This technique is helped to eliminate the instru-

ment influence during measurements.

Transmission Electron Microscope (TEM)
Transmission electron microscopy (TEM) is used for more detailed characteriza-
tions with resolutions down to the atomic level, thus assisting in revealing the crys-

tal structure, crystal orientation, and structural defects. TEM apparatus requires
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Figure 2.9: Shimadzu IR Prestige-21 FT-IR spectrometer.

electron source, condenser system, specimen, and imaging system. In TEM, an
electron beam is generated by the source and is focused toward the specimen us-
ing condenser lenses, aperture, and objective lenses, whereas projective lenses are
used to guide the transmitted beam through a thin sample slice onto a fluorescent
screen (Figure 2.9).

The acceleration voltages of electrons should be in the order of a few hundred kV,
and the sample thickness should be < 100 nm to ensure that the electron beam
can be transmitted through the specimen. Therefore, sample preparation for TEM
measurements is a critical task that is carried out by focused ion beam (FIB) in SEM.
TEM resolution can be improved down to the atomic level when functioning in the
high-resolution mode (HRTEM). In this mode, image contrast is created through
the interference between the transmitted and diffracted electron waves. Therefore,
the HRTEM image can be considered as an interference pattern of diffracted and
incident electron waves in the image plane, providing information on local varia-
tions in the crystal structure, lattice defects such as stacking faults and dislocations,
and growth directions [116]. One of the advantages of SEM and TEM is that these

imaging techniques produce a wide range of signals from specimens, as shown in
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Figure 2.10: Schematic of the TEM setup.

Figure 2.10. Some of these signals, such as characteristic X-rays, are used to provide
chemical information and details about specimen composition. The characteristic
X-rays or Auger electrons are generated when the incident electrons transfer some
of their energy to an atom in the specimen and one of its electrons is ejected leav-
ing a hole in the inner shell. This hole is recombined by an electron from an outer
shell, whereby the atom returns to the ground state. The energy produced as a re-
sult of this process can be released as a characteristic X-ray (Figure 2.10), or can
be transferred to an electron in an outer shell, which is subsequently ejected as an
Auger electron. Chemical compositions of a specimen can be determined using
these characteristic X-rays. This characterization technique is called energy dis-
persed X-ray spectroscopy (EDS).

In addition, electron energy losses during inner and outer shell transitions are use-
ful for detecting the elemental compositions of the specimen. Therefore, electron

energy loss spectroscopy (EELS) is used as a complementary technique to EDS for
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[116].

identifying chemical compositions [116].

Thermogravimetric analysis (TGA):

Thermogravimetric analysis is one of the members of the family of thermal analy-
sis techniques used to characterize a wide variety of materials. TGA is a technique
used for measuring changes in the mass of a sample as a function of temperature or
time that occur in response to programmed temperature changes [104] estimation
of product lifetimes. The changes in the mass can be caused by a variety processes
such as decomposition, sublimation, vaporization, adsorption, desorption, oxida-
tion, and reduction. The resulting curve is called thermogram. The thermogram
provides information about the thermal stability and composition of the original
sample, the composition astability of intermediates and the waste composition.
Each material has its corresponding thermo-gram allowing identification [104].
TGA characterization was performed in order to identify the change in the sam-
ple weight loss as a function of temperature. The thermal analysis of samples can
be performed using DTG-60H instrument Figure 2.12 below by heating them from

room temperature to designed value with a heating and cooling rate of 15°C' per
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Figure 2.13: DTG-60H, TG/DTA Simultaneous Measuring Instrument.

minute in air or oxygen/Hydrogen/Argon atmosphere depending up on nature of
samples interactions.

UV-Vis Spectroscopy

In order to investigate optical absorption properties of the samples within the range
of 350 - 700 nm, the Shimadzu UV-3600 spectrometer equipped with an integra-
tion sphere will be used. Optical transmission spectra measurements of samples
were performed using an Ultraviolet-Visible-Infrared (UV-Vis-IR) spectrophotome-
ter (U-4100, Hitachi Corp.). It is possible to construct a non-destructive system that
satisfies various analyses. The measurement region permits measurement from 175
up to 2600 nm. The spectrophotometer is useful to characterize the absorption,
transmission, and reflectivity of all kinds of technologically important materials.
The application, such as pigments, coatings, windows, and filters, usually requires
recording at least a portion of the optical spectrum for evaluation of the optical or
electronic properties of materials. Transmission spectroscopy is mainly interrelated
to absorption spectroscopy. Here, light passes through the sample such as solid,
liquid, and gas sampling and compared to the light that has not. The output result

depends on the path length or sample thickness, the absorption coefficient of the
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Figure 2.14: Optical system of U-4100 UV-Vis-IR spectrophotometer.

sample, the reflectivity of the sample, the angle of incidence, the polarization of the
incident radiation, and, for particulate s matter, on particle size and orientation.
Figure 2.13 shows the optical system of the U-4100 UV-Vis-IR spectrophotometer
[116].

An incident light beam from a tungsten lamp (UV, visible, and IR) and deuterium
lamp (deep UV) is split into a monochromatic and then reaches a sample, part
of the beam is reflected and part of the beam is transmitted through the medium
which is measured by the photomultiplier and recorded by the computer, and the
rest of the beam will be absorbed. Absorption of photons arises due to the transition
of the electrons from the lower to the higher energy levels. The absorption coeffi-
cient decides the absorption ability of matter. The absorption coefficient « for a
uniform medium can be defined in terms of the intensity change of a monochro-
matic light beam in the unit distance that the beam traveled in the medium.

Photoluminescence (PL)
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Figure 2.15: PL spectroscopy experimental set-up.

The different luminescent characteristics of as-deposited nanostructures after the
annealing process were measured by photoluminescence (PL) measurement, which
was performed with an iHR320 Micro-PL/Raman spectroscope (Horiba Ltd.). A He-
Cd laser with a wavelength of 325 nm at a power of 20 mW can be used as an ex-
citation light source. The basic scheme of PL spectroscopy experimental set-up is
illustrated in Figure 14 [117].

Photoluminescence is an important technique for measuring the purity and crys-
talline quality of semiconductors. Several variations of photoluminescence exist,
including photoluminescence excitation (PLE). Time-resolved photoluminescence
(TRPL) is a method where the sample is excited with a light pulse and then the decay
in photoluminescence concerning time is measured [118]. This technique is useful
in measuring the minority carrier lifetime of semiconductors. A variety of material
properties can be obtained by PL. measurement, which will be listed as follows:

(1) Band-gap determination;

(2) Impurity levels and defect detection;

(3) Recombination mechanisms;

(4) Material optical quality.
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The results of the PL spectrum covering the whole visible region varied from 300 to
1000 nm. The PL spectrum has exhibited a sharp peak of ultraviolet (UV) emission
and a broad peak of deep-level emission (DLE), respectively. The UV emission is re-
lated to the crystalline quality, which corresponds to the exciton emission from the
near conduction band to the valence band. However, the DLEs in the visible region

are due to intrinsic defects in the crystal structure.



Materials and Methods

This chapter is specific for the experiment of the work, which describes the

chemicals that were used, instrument and the procedures for the synthesis and

analysis of the work. Materials were synthesized by solid state reactions and Sol-

Gel synthesis method.

3.1 List of chemicals

The raw materials (chemicals) that are used in the study are listed in the follow-

ing table.
Table 3.1: Reactants expected to use in the synthesis of materials
S.N | Reactants | Supplier and Grade Drying Temperature | Source
1 BaCOs3 NICE, > 99.99% 450°C Ba?t ion
2 SrCO3 NICE, > 99.99% 450°C Sr*t ion
3 NayCO;3 | NICE,> 99.99% 450°C Na'tion
4 NbyOs SIGMA-ALDRICH, > 99.99% | 550°C N>t jon
5 Ho,04 SIGMA-ALDRICH, > 99.99% | 550°C Nb** ion
6 CaCOs3 NICE, > 99.99% 450°C Ca** ion
7 MgCOs4 NICE, > 99.99% 450°C Mg** ion
3.1.1 Apparatus

e Furnace: - (Programable up to 1100 °C with the heating rate of 5°C'/min.)

35
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Crucibles:- (Platinium coated crucibles withstand up to 2200 °C)

A gray-black Agate mortar and pestle:- (a 6-inch in diameter mortar)
Magnetic Stirrer (For stirring the solution of CMS Phosphor)

Oven (For drying the CMS during stirring)

Filter Paper(For filtering of the grass extract solution)

3.1.2 Advanced Instruments

3.2

XRD:- (Phillips XPERT-PRO Model): by making use of CuK, radiation (A =
1.54064) at 40.0 KV, 30 mA) over (260 = 10 to 80°) range

SEM/EDS:-((OXFORD INSTRUMENTS;( The Business of Science) model
SS230862, ZEISS)

UV-Vis. Spectroscopy:- (the powder in solution form using de-ionized water

solvent)
FTIR:- (Shimadzu IR Prestige-21 FTIR Spectrometer)

PL:- (Cary Eclipse serial number My1849002 model fluorescence spectropho-

tometer)

Synthesis

All of the materials were prepared by conventional high temperature solid-state

reaction synthesis methods using carbonates and oxide powders listed in Table 3.1

as precursors. Standard Solid state reactions from the normal stoichiometric mix-

tures of BaCO3, SrCO3, NayCOs, HosO3, and NbyO5 (> 99.99%) purity from NICE

and Sigma-Aldrich Campoanies were used.

Stochiometric Equations:

1. [16 — (?)X/Q)]BCLCOg + 2457"003 + NCLQCOg + (X/2)HOQOg + 5Nb205 = Ba[l_ﬁ_(gx/g)}
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SrosHox NaaNbigOsg + [5 — (3X/2)]CO,
2. 8CaCO5 + 4M gCO3 + 85105 x HyO + 2NbyO54Ca2— ) M gNbx:Si207 + 12C0,(T
) + 8HO(T) +50,(1)

The solid state reaction occurs at high temperature (1100°C') and all CO, burned
out. The desired product with normal stoichiometric equation obtained at the end
of this process. The diffusion of ions also occurred during the grinding and solid
state reaction process (equation 1). But the sol-Gel process occurred at 600° with

magnetic stirring and filtered with fiter paper (equation 2)

3.3 Characterization methods

The structure and phase formation of Ba; —3/2x)S72.4H 0, N az N b;o0O30 nanocom-
posites were identified by using XRD Phillips XPERT-PRO Model: X-ray powder
diffractometer using CuK, radiation (A = 1.54064) at 40.0 KV, 30 mA) and the data
were collected over the range (26 = 10 to 80°). SEM/EDS results were obtained from
(OXFORD INSTRUMENTS ;( The Business of Science) model SS230862, ZEISS. The
images obtained from scanning electron microscopy (SEM) showed morphology
and microstructure clearly with high quality images. The elemental composition
and mapping of the powder samples were measured using energy dispersive x-ray
spectroscopy (EDS). EDS spectroscopy was used as complementary and a stan-
dard procedures for determining and quantifying elemental composition of sam-
ple area as small as a few nanometers to micrometers. Chemical bonds present
in Baq .¢-3/2x)572.4H0,NasNbigO3y were identified by FTIR spectra analysis with
the help of Shimadzu IR Prestige-21 FT-IR Spectrometer. We use FTIR transmit-
tance spectroscopy for investigating the functional group (4000 to 400 ¢ ') of the
Ba1.6-3/2x)ST2.4H 0, NasNb, O3 ferroelectric nanomaterial samples by direct use of
as- prepared powder sample. Ultra Violet-Visible Spectroscopy (the powder in solu-
tion form using de-ionized water solvent) was used to measure the absorption. The
solution of 100 ppm was centrifuge and used for UV-Vis spectroscopy analysis. Pho-

toluminescence emission spectra of the samples (in solution form) were measured
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by Cary Eclipse serial number My1849002 model fluorescence spectrophotometer
with slits of emission and excitation lights of 10 nm and 600 nm per minute scan-

ning rates.



Synthesis and Characterization of
(Ba(1.6_3/2)(>ST2_4NCL2N[)10030 : SCH03+) Ferroelectric
nanomaterials by Solid state reaction routes for Device

Applications

4.1 Introduction

The recent history of the world of condensed matter and material physics has
shown that it is entering a new era. Extraordinary advances in instrumentation al-
low access to the world of atoms and molecules on an unprecedented scale. Pow-
erful new experimental tools, from atomic probe microscopes to spectroscopies,
are opening new windows for imaging and manipulating materials at the atomic
scale. Applications range from the nanofabrication of electronic devices to explor-
ing the mysteries of superconductivity. These changes are far-reaching. Many pre-
viously inaccessible research areas have yielded to new and unexpected advances
in atomic-scale synthesis, characterization, imaging and visualization [119, 120].
In the last three decades, the production of nanostructured materials has attracted
much attention due to their great diversity, excellent, interesting and unique prop-
erties and various possible applications [121-124]. Holmium oxide (H0,03) is one of
the most attractive rare earth oxides due to its special, excellent and unique optical
and electrical properties, as well as several applications in wavelength calibration
devices and pyrolysis catalysts, as well as improved optical properties for transition

temperature control of ferroelectric nanomaterials when used as an additive [125-

39
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126].
A ferroelectric material is a material that has a spontaneous polarization in the ab-
sence of an electric field that can be reversed by applying an electric field. Ferroelec-
tric materials have unique dielectric, pyroelectric, piezoelectric and electro-optical
properties [127]. These properties have several applications in capacitors, dielec-
tric resonators, sensors, transducers, actuators, and ferroelectric nonvolatile mem-
ories, dielectric memories, optical waveguides, displays, microelectromechanical
systems (MEMS), miniature mechanical and electromechanical elements [64-67,
128, 129]. Based on their special properties, ferroelectric materials have been used
to produce active elements of various devices [68, 69].
The structure of Tetragonal Tungsten Bronze (TTB) consists of corner-sharing oc-
tahedra that are joined to form triangle, square and pentagonal areas. A structure
is called a filled TTB if all square and pentagonal sites are filled; a classic example
of this is Bas NaNb;O15 (BNN), where the octahedra are filled with Nb, the square
sites with Na, and the pentagonal sites with Ba [70, 130, 131]. Ferroelectric tetrago-
nal tungsten bronzes (TTB) are the second largest group of ferroelectric oxides after
perovskites [5]. The crystal structure of TTB is similar to the perovskite structure in
that it consists of corner-sharing BOg octahedra; however, the unit cell of the pro-
totype TTB is approximately 10 times larger than the perovskite cell [127]. In a filled
TTB, the triangular channels are empty, while the square and pentagonal channels
are fully occupied, and the general formula can be written asA2, A1, B1003.[132]
TUNGSTEN BRONZE OXIDES form the largest family of dielectrics next to per-
ovskites. Tungsten-bronze compounds were considered as best candidates to re-
place lead-based compounds. It is not particularly surprising that crystals with
a tungsten-bronze structure are ferroelectric. Filled tungsten bronze materials
such as K3Li,Nb;0O15 have attracted much attention in nonlinear optical appli-
cations,[15, 16] while unfilled tungsten bronzes have been well studied for their
unique ferroelectric and piezoelectric properties [17, 18]. Recently, ceramics filled
with tungsten bronze structure M, RyTi,M{O3y and MsRTi3M.0O3, (M = Ba and Sr,
R =Bj, La, Nd and Sm..., M’ = Ta and Nb) have attracted much scientific attention
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due to their interesting dielectric and ferroelectric properties [23-26]. At room tem-
perature, the filled tungsten bronze tantanates are usually paraelectric, whereas the
filled tungsten bronze niobates are all ferroelectrics. Some materials with tungsten
bronze (TB) structure have been found more favourable for high dielectric con-
stant [37], electro optic [38], pyroelectric [39], piezoelectric [40], nonlinear optic
[5], acousto-optic [41], photo-refractive [42] etc. devices. Most of the TB structure
belongs to tetragonal or orthorhombic structure with small distortion of multiple
perovskites. Some tungsten bronze ferroelectric ceramics are found to be stable at
room temperature with diffuse phase transition and relaxor behavior. Also, struc-
tural flexibility and chemical versatility of these materials make them more suitable
for device applications.

The tetragonal tungsten bronze structure has been discussed by Magneli and
Blomberg [133, 134] Wadsley [135], Francombe [86] and by Jamieson et al.[70]. The
structural flexibility of tungsten bronze oxides offers more opportunities for exploit-
ing new Pb-free ferroelectric materials. The tetragonal tungsten bronze structure is
composed of ten distorted octahedral sharing corners in such a way that three dif-
ferent interstices (2 tetragonal Al, 4 pentagonal A2, and 4 triangle C) are available
for cations in the general formula (A1)2(A2)4(C)4(B1)2(B2)sOs0 [70].

One of the most effective ways in the synthesis of composite materials com-
posed of ferroelectric material and ferromagnetic phases that allow a wide range of
ferroelectric/piezoelectric and magnetic properties are that the material pairs with
both good ferroelectric and good ferromagnetic properties [136-140]. Such a crys-
tal structure with a large number of cationic and anionic sites allow synthesis of
various compounds and doping, resulting in excellent control and great progress
functional properties of the synthesized material [77, 141-143].

Again, the high toxicity of lead-based chemical compounds and the high pres-
sure level of the process, which causes serious environmental problems, direct the
attention of researchers to lead-free material. A promising way to solve this prob-
lem is to develop lead-free electro-ceramics to reduce lead contamination. Tung-

sten bronze compound is one of them. Recently, due to increasing demand, several
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studies have focused on the availability of high-quality lead-free materials [144, 145]

The nobility of our work is that we use a new design in addition to rare earth ions
addition to set and control the transition temperature of our system close to oper-
ating or room temperature. As recently reported work showed by adding impurities
such as La, Nd, Sm, Dy, and Y ions,[83] showed the possibility to control the tran-
sition temperature of ferroelectric materials. However, Ho"?-doped nanomaterials
had unique properties, for instance, ferroelectric measurements show that the fer-
roelectric Curie temperature 7 increases with decreasing ionic radius (R) size, thus
showing a direct relationship between 7> and the tetragonality/ionic radius of R
[146]. For smaller rare earth ions, the 7 is above ambient and the noncentric space
group P4bm is appropriate.

In the synthesis of rare earth ion (Ho*") additive tungsten bronze structured fer-
roelectric nanomaterials via conventional high temperature solid state reactions
methods, we used carbonates and oxides as precursors. All raw materials were
mixed by normal stoichiometric equation ratios. Digital electronic balance was
used to measure the mass of each powder samples with the desired significant dig-
its. Then the powder was grinded using Grey Black Agate Mortar and pestle, size
6 inch in diameter for 3 hr. before furnace. The grinded samples were placed in
a high standard platinum crucible and subsequently fired at 1100 °C for 4 hour at
the heating rate of 5 °C per minute. Finally this sufficient time of grinding results
complete interactions and diffusion process which have an outcome of fine powder
taken to furnace. To make it very confined and refined powder with miniaturized
nanosize, we had also grinded the powder after furnace for additional 2 hrs. Then
pure white powders obtained become ready for characterization.

In this thesis, we reported the synthesis and characterization of Holmium ion
additive Barium Strontium Sodium Niobate via solid state reaction route. The struc-
tural analysis was studied using X-ray diffractometer (XRD). The surface morphol-
ogy and microstructure was examined by SEM. The elemental composition identi-
fication and mapping have done by EDS. The absorption properties were analyzed

by UV-Vis spectroscopy near UV. The different stretching modes were also analyzed
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using Fourier transform infrared spectroscopy (FTIR).

4.2 Experimental Techniques

4.2.1 Synthesis

Rare earth metal Holmium (Ho3") ion doped Barium Strontium Sodium Niobate
tungsten bronze structured ferroelectrics (Bag ¢_3/2x)Sm2.4NasNb1gO30 : xHo*™)
powder nanomaterials which was synthesized via high temperature solid state reac-
tion route using calcium carbonate (CaCO3) 99.90%, Strontium carbonate (SrCO;)
99.99%, Sodium oxide (Na20) 99.99%, Holmium Oxide (H0,03) 99.99% and Nio-
bium Oxide (Nb,05) 99.99% taking as a starting materials were successfully synthe-
sized and characterized according to their stoichiometric ratio for various values of
dopants concentration (x), (x= 0.00, 0.01, 0.03, 0.05, 0.07, 0.10, % Ho*"). Then the
powder was milled thoroughly for 3 hour using Grey Black Agate Mortar and pestle,
size 6 inch in diameter. Then all the grinded samples were placed in a platinum
crucible and subsequently fired at 1100 °C' for 4 hour at the heating rate of 5 °C
per minute. Finally, pure white powders were obtained after cooling down the pro-

grammable furnace.

The chemical reaction process is given as follows:

[16—(3X/2)]Ba003 + 24STC03 + NCLQCO3 + (X/Z)H0203 + 5NbQO5 =
Ba[m,(gx/g)}Sr2.4H0XNa2Nb10030 +[5- (3X/2)]COQ

(4.1)

The solid state reaction occurs at high temperature (1100°C') and all CO, burned
out. The desired product with normal stoichiometric equation obtained at the end

of this process. The diffusion of ions also occurred during the grinding and solid
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state reaction process.

4.2.2 Characterization

The structure and phase formation of (Ba ¢-3/2x)Sr24NasNb1gOs30 : vH 03)
nanocomposites were identified by using XRD Phillips XPERT-PRO Model: X-ray
powder diffractometer using Cu K, radiation (A=1.5406 A) at 40.0 KV, 30 mA) and the
data were collected over the range (26 = 10 to 80°). SEM/EDS results were obtained
from (OXFORD INSTRUMENTS ;( The Business of Science) model SS230862, ZEISS.
The images obtained from scanning electron microscopy (SEM) showed morphol-
ogy and microstructure clearly with high quality images. The elemental composi-
tion and mapping of the powder samples were measured using energy dispersive x-
ray spectroscopy (EDS). EDS spectroscopy was used as complementary and a stan-
dard procedures for determining and quantifying elemental composition of sam-
ple area as small as a few nanometers to micrometers. Chemical bonds present in
(Baq.6-3/2x)S12.4NasNbigOs : xHo*") were identified by FTIR spectra analysis with
the help of Shimadzu IR Prestige-21 FT-IR Spectrometer. We use FTIR transmit-
tance spectroscopy for investigating the functional group (4000 to 400 cm " of the
(Ba(1.6-3/2x)57m2.4NaaNb1gOso : v H 03*) ferroelectric nanomaterial samples by direct

use of as- prepared powder sample.

4.3 Results and discussion

4.3.1 XRD analysis

The XRD of (Ba ¢-3/2x)S12.4Naa Nb1oOso : ©Ho®t) nanomaterials were identified
by using XRD Phillips XPERT-PRO Model: X-ray powder diffractometer using CuK «
radiation (\=1.5406 A) at 40.0 KV, 30 mA) with Bragg’s angle (26) range from 10°-
80° with scanning rate of 0.033 °C' per second as shown in figure 4.1. The smooth
and sharp peaks can confirm the crystalline nature of the samples in the XRD pat-

tern, and all the samples are pure tetragonal tungsten bronze structures ferroelec-
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Figure 4.1: XRD pattern of Holmium ion doped Barium Strontium Sodium Niobate
Tungsten Bronze Structured Ferroelectrics nanomaterials for (x= 0.03 % Ho*") with

JCPDS card match.

tric nanomaterials.

The typical XRD patterns of (Ba1.6-3/2x)5r24NaaNbigOsy : xHo*"), tungsten
bronze structured ferroelectric nanomaterial is shown in Figure 4.1 [147]. The
respective plane’s diffraction lines were compared with the standard JCPDS card
number 00-039-1453 [148] for confirmation. Using the sharp peak (311) in Bragg’s
formula gives the values of inter-planar spacing [149, 150]. The value of the lattice
parameters is calculated using [146, 151]. a = d(nu)+/(h? + k2 + [2) . Where dj, is the
inter-planar spaciong of hkl planes and is calculated by Bragg’s law, here the high-

est is obtained in (311). The calculated values of our TTBs structured crystal lattice
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parameters are, « = b = 12.334 and ¢ = 3.934, having Group space of P4bm.

The significant effect of the dopants was also clearly observed from the XRD
pattern. The experimental results showed the highest intensity (1845 a.u.) of the
XRD pattern optimum value obtained for x=0.05 % Ho*" ion concentration without
phase change (TTBs). The results were in good agreement with recent reports of
rare earth ions doped system [133] . Smooth and sharp XRD pattern peaks were also
obtained for all different amounts of dopants concentrations consistently without
phase change. It was consistent for entire x=0.01-0.10 % Ho®" ions variation in con-
centrations. The prominent peak with maximum intensity (1845 a.u.) was found
for x=0.05 % Ho®" ions concentration at angle (20=32.3342°) (as seen in Figure 4.1.).
As Magneli and Blomberg [133] reported similar results that were obtained and
checked with JCPDS standard card number for tetragonal tungsten bronze structure
phase. The result obtained from our sample was also in good agreement with others
recently reported works and standard card number (JCPDS 00-039-1453) that was
confirmed from the XRD patterns match.

There is slight shift of peaks to lower angle from the benchmark (x=0.00) to
dopants having concentrations of 0.01, 0.03 and 0.05 % Ho*". Then again it slightly
shifts to higher angle for the increment of concentrations ranges of x= 0.07 to
x=0.10. This is due to ionic radius difference of Holmium ion which substitute some
amount of the Barium ion which have different ionic radius (Ho**: 1.02 and Ba*":
1.42 see Table 4.1) that in turn expected to improve the ferroelectrics property of
the system since it depends on the ionic radii difference of A1 and A2 site atoms. In
addition to distortion of ions, the difference between ionic radii has also a positive
impact on the polarization process of the materials at nanolevel (See Figure 4.2. b
and d and Table 4.1). The significant effect of the dopants was also clearly observed
from the XRD pattern.

For prominent peak (311), using Debye-Scherer formula, the average crystallite
size (D) of the (Ba(1.6-3/2x)Sr2.4NaaNbigOso : ©Ho*") ferroelectrics tungsten bronze

structured crystal is calculated as (122.154) nm. Debye-Scherer formula is repre-
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Figure 4.2: XRD pattern of Holmium ion doped Barium Strontium Sodium Niobate
Tungsten Bronze Structured Ferroelectrics nanomaterials for a) x=0.03 % Ho** XRD

pattern with miller indices, b) XRD pattern of (Ba 6—3/2x)S72.4NasNb1gOso : ©H0*™)

80

for x= 0.00- 0.10 %) c) XRD pattern with JCPDS card match, d) XRD pattern of

(Ba(l.ﬁ_g/gx)ST2.4Na2Nb10030 : $H03+) zoomed (b)
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sented as follows:

KA
~ fBeosb

(4.2)

Table 4.1: Ionic Radius of elements: (CN=8, Alkali, Rare Earth and Transition) met-

als.( Source: Shannon Radii)

Atomic Number | Name Symbol | Ionic Radius A
56 Barium, Ba Ba*t:1.42
38 Strontium, Sr Sr2t: 1.26
11 Sodium, Na Na't:1.26
39 Yttrium, Y Y3+:1.019
67 Holmium, Ho Ho*t:1.02
57 Lanthanum, | La La*t: 1.16
60 Neodymium, | Nd Nd3t:1.109
62 Samarium, Sm Sm3*t:1.079
63 Europium, Eu Eu?t:1.25
66 Dysprosium, | Dy Dy3+:1.027
41 Niobium, Nb Nb**: 0.74

It has been shown that morphology and particle size have a great impact on the
properties of nanostructured materials [152, 153]. The analysis of concentration
of Holmium ion versus crystallite size showed that an increment of dopants con-
centration from 0.00 to 0.03% reduces the crystalline size of the system. However,
the crystallite size increases for an increment of dopant concentration from 0.03 to
0.07% and remains constant for an increment of dopant concentration from 0.07
to 0.10%. The smallest crystallite size was obtained at Holmium ion concentration
value of 0.03% and its value 60.13 nm. XRD pattern (Figure 4.2. c) of the powder cal-
cined at a temperature of 1100 °C showed also the presence of tetragonal tungsten

bronze structured (Ba 6-3/2x)ST2.4NasNbioOso : xHo*") ferroelectrics phase, that
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Figure 4.3: (Crystalline Size vs Concentration) of Holmium ion doped Barium Stron-
tium Sodium Niobate Tungsten Bronze structured ferroelectrics nanomaterials for

(x=0.00 - 0.10 % Ho").

was in good agreement with JCPDS card number, (JCPDS 00-039-1453) [60].

Figure 4.4 Showed that by varying the concentration of Holmium ions, the position,
distance, full width at half maximum and intensity of the XRD patterns changes for
top three prominent peaks. On increasing the concentration, the position and dis-
tance do not vary significantly, they are stable. For the first three prominent peaks
the average position is on 20 = 32, 29, 27 degree for peakl, peak2, peak3 respec-
tively. Except at the beginning from 0.00 to 0.01, 0.03, 0.05, 0.07 and 0.10; where
we observed slight decrease for all the three peaks, they attain the same value for

all amounts of concentrations. The distance attains also stable values for the three
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Figure 4.4: Holmium ion doped Barium Strontium Sodium Niobate Tungsten

Bronze structured ferroelectrics nanomaterials.

peaks for increasing concentrations except at the beginning where we observe slight
increase. For the case of FWHM as we increase concentration non uniform variation
was observed. For the intensity, we obtained the optimum value for the concentra-

tion of 0.05% Ho*" and fluctuating values for others.

The TTB structure has general formula (A1)2(A2)4(B1)2(B2)s(C)4(X )30 (Where X
= fluorine or more commonly oxygen and A, B, C are metal cations) and consists of
square Al-site, perovskite-like, units linked by B1-site BOg units, which together de-
marcate a large pentagonal tunnel, the A2-site (see Figure 4.5). A1- and A2-sites are
crystallo-graphically distinct but both are occupied by larger cations [80]. Figure 5

showed the crystal structure of tetragonal tungsten bronze compound with formula
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Figure 4.5: Crystal Structure of Tetragonal Tungsten Bronze Structure using VESTA
(A) and XCRYSDEN (B).

(A1)2(A2)4(B1)2(B2)s(C)4(X )30 (where X = oxygen and A, B, C are metal cations)
constructed by using the XCRYSDEN and VESTA (visualization for electronic struc-

tural analysis) software’s respectively.
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Table 4.2:

XRD pattern data with different dopant concentration of

(B@(1.6—3/2X)S7”2.4Na2Nb10030

rHo*"): tungsten bronze structured nanomate-

rials (For the three strongest peaks).

S.N | Quantity 0.00 0.01 0.03 0.05 0.07 0.10

1 Crystallite Size (D) nm | 66.68 61.09 60.13 66.82 75.18 75.24

2 Interplanar Dis. (d) A | 2.75313 | 2.76898 | 2.76729 | 2.76649 | 2.76104 | 2.76002
2.9829 | 3.00148 | 2.99962 | 2.99866 | 2.99217 | 2.99111
3.17526 | 3.19776 | 3.19519 | 3.19519 | 3.18652 | 3.18523

3 260 (Degree) 32.4954 | 32.3043 | 32.3246 | 32.3342 | 32.3998 | 32.4121
29.9309 | 29.7416 | 29.7604 | 29.7702 | 29.8363 | 29.8471
28.0794 | 27.8778 | 27.9007 | 27.9130 | 27.9782 | 27.9897

4 Intensity (Counts) 1541 1830 1813 1845 1664 1669
1162 1415 1372 1371 1251 1278
931 1027 1023 1009 927 917

5 FWHM 0.21580 | 0.22340 | 0.21820 | 0.21090 | 0.22130 | 0.22350
0.19100 | 0.18780 | 0.18820 | 0.18770 | 0.19160 | 0.19190
0.20940 | 0.22290 | 0.22490 | 0.21780 | 0.22350 | 0.21840

Note:

- Average Lattice Parameter: a=12.33 A,b=12.33 Aand c=3.93 A

- Average Volume of the unit cell: = 597.474°

- Average Density = 5.16

- Space Group = P4bm

4.3.2 Scanning electron microscopy (SEM)

The images obtained from scanning electron microscopy (SEM) showed mor-

phology and microstructures as shown in Figure 4.6 & Figure 4.7. We used SEM

to examine the morphology of samples, since the luminescence characteristics of

nanoparticles depend on the morphology of the particles such as size, shape, size
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Figure 4.6: SEM image of (Ba(l,g_g/QX)Sr2.4Na2Nb10030 : ZISHO3+)Z x=0.00 % Ho** for

(A=5 um, B=200 nm) dimension.

distribution, and defects so on. The scanning of SEM was performed in the ranges
of (5 © m to 200 nm) dimension and 1000 to 50,000 times magnifications to see
all aspects that demonstrate the clear morphology of (Ba1.6-3/2x)572.4Nas Nb1oOsy :
rHo*") TTBs (See Figure 4.6 & 4.7). From the SEM image result, it was observed
that the surface morphology of the particles distributions were nearly non-uniform
and random for large dimensions and separate particles with different shape, size
and size distributions are observed in nanometer dimensions. And they were ag-
gregated tightly with each other. It was also clearly observed that the surface is less
porous with different size and shape. It looks suitable and promising for different
optical properties like a good absorption having more charge carriers available on

the dense surface.

The surface morphology of two different dimensions (5 ym,and 200 nm) were
presented in figure 4.6 A,B. The first image has uniform distribution of the homo-
geneous particles of the compound where as the second image clearly showed that

separate particles with different shape, size and distributions.

Therefore we expect it will be promising surface structure for enhanced opti-

cal properties since all particles are distributed uniformly on the surface and there
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Figure 4.7: SEM image of (Ba(lhﬁ_g/gx)ST2.4NCL2Nb10030 : .THO?H—): A, D. G, x=0.00 %
Ho** . B,E, Hx=0.05% Ho*" and C, E 1x=0.10 % Ho*" for 2um, 1 pm & 500 nm top

down respectively.
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were less porosity on the surface. The second zoomed image confirmed that, it’s
possibility of forming nanoparticles from the (Ba ¢-3/2x)Sr2.4Nas Nb1gOso : ©H0o*)
system with separate particles (200nm & 500nm, (see Figure 4.6 & 4.7).

Figure 4.7 with different dimensions and magnifications showed the possible
types of the surface morphology of our system with and without dopants in com-
parison (x=0.00 %, 0.05 % and 0.10 %). Figure 4.7 also showed the clear difference
in surface morphology having the same dimension and maginification but with and
without dopants; signifying the effects of dopants with different concentrations. For
instance Figure 4.7 C,EI with excess concentration (0.10%) showed different surface
morphology with more porosity that may not be promising to have better surface

particles distribution.

4.3.3 Energy dispersive x-ray spectroscopy (EDS)

The EDS spectra confirms the standard stoichiometric combination of nanocom-
posite system of (Bag ¢_3/2x)Sm24NasNbigO30 : xHo*") as shown in Figure 4.8
and Table 4.3. The elemental composition and mapping of the powder samples
were measured using energy dispersive x-ray spectroscopy (EDS). Since EDS spec-
troscopy is complementary and standard procedures for determining and quanti-
fying elemental composition of sample area as small as a few nanometers to mi-
crometers; we have used it to identify all constitute elements of the as-prepared
samples. The existence of Holmium (Ho*") ion in the corresponding EDS map-
ping was clearly observed especially when we add more dopants (0.10 %). As
we expected apart from Barium (Ba), Strontium (Sr), Sodium (Na), Niobium (Nb)
and oxygen (0) in (Bage-3/2x)Sr2.4NasNbioO30 : xHo*"), there were no other
emission observed in the EDS mapping of the Barium Strontium Sodium Nio-
bate doped with Holmium ion (see Figure 4.8). The existence of Ba, Sr, Na, Nb,
O and Ho, intense peaks are present which preliminarily indicates the formation
of (Ba(i.6-3/2x)5724NaaNb1gOsy = vH 03") Tetragonal Tungsten Bronze Structured

nanomaterial as shown in (Figure 4.8).
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Figure 4.8 revealed and confirmed that all the constitute elements are available
within expected range of proportion in accordance with our standard stoichiomet-
ric equation (see Figure 4.8 & table 4.3). Moreover, it further confirmed that there
were no impurities added during our samples preparation. The EDS Layered im-
age confirmed also that all the components (barium, strontium, sodium, oxygen
and niobium and dopant holmium) of the TTBs are available in the nanocomposite
materials. This also another way of confirming the quality synthesis procedures was

used with uniform distribution of nanoparticles within the system of our samples.

Figure 4.9 is the Energy Dispersive X-ray Spectroscopy (EDS) result of the as pre-
pared (Ba 6-3/2x)S12.4Nas NbioOs : Ho*t) nanocomposite. The results further re-
vealed that the experimental values of each constitute elements percentage molec-
ular weight (Wt%) and atomic (At%) are in good agreement with the theoretically
calculated values from the standard stochiometric equations (See Figure 4.9 & Ta-
ble 4.3). Again this showed our advanced measutring instruments i.e. both EDS and
digital electronic balace are well calibrated. The coincided experimental and the-
oretical molecular and atomic percentage values again confirmed that during the
experiment all carbonates and oxides of our samples burned out well at 1100 °C

temperature for 4 hrs duration in the furnace.

Figure 4.10 showed comparative analysis of our samples with and without
dopants. Figure 4.10 A left sides color and black is the composite nanomaterial
without dopants while the right sides are the separate constitute all five elements
(Barium Strontium Sodium Niobium and Oxygen) only with different colors. Again
it confirmed that only the expected elements were found without any additional im-
purities. Figure 4.10 B showed the same but in this case the dopant element avail-
ability was indicated clearly both in the left and right side images. This is another
way of confirming we successfully added the dopant Holmium ion in our system in

good proportion as also indicated with detail numerical figure in table 4.3 below.
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Figure 4.8: EDS Spectrum of (Ba1.6-3/2x)ST24NasNb1gOsy : xHo*"): A) x= 0.00 %
Ho** B)x=0.05% Ho** & C) x=0.00 % Ho3".
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Ha Kal,2

Figure 4.10: EDS Mapping of Barium Strontium Sodium Niobium Oxygen &
Holmium (Ba(i.6-3/2x)572.4NasNbigOsg : Ho*) @ A) x= 0.00 % Ho*t , B) x= 0.05
% Ho*>" (Map sum Spectrum).
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Table 4.3: Constitute Elements Composing from EDS.

Conc.(%) | Elnts | wt%(Exp’) | At%(Exp’) | wt%(Theo.) | At%(Theo.)
0 24.59 64.61 25.46 65.22
Na 2.13 3.96 2.44 4.35
x=0.00 Sr 10.96 5.26 11.16 5.22
Nb 48.98 22.16 49.29 21.74
Ba 13.34 4.08 11.66 3.48
Ho 0 0 0 0
TOTAL | 100 100 100 100
0 25.53 64.48 25.46 65.22
Na 2.31 4.13 2.44 4.35
x=0.05 Sr 11.1 5.2 11.16 5.22
Nb 48.55 21.45 49.29 21.74
Ba 12.51 3.74 11.66 3.37
Ho 0 0 0.44 0.107
TOTAL | 100 100 100 100
0 28.75 69.46 25.46 65.12
Na 2.02 3.39 2.44 4.35
x=0.10 Sr 10.52 4.64 11.16 5.22
Nb 44.6 18.56 49.29 21.74
Ba 13.72 13.86 11.29 3.26
Ho 0.38 0.09 0.88 0.22
TOTAL | 100 100 100 100

In figure 4.11 we clearly observed that the color morphology of the system

was changed as we added more and more concentrations of dopants with fixed in-

terval ratios. The right side last images clearly indicated by red color showed more

Holmium ions were present in the system relative to pure (0.00%) and 0.05 % Ho*"

doped as presented in figure 4.10.
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Figure 4.11: EDS Maping of Barium Strontium Sodium Niobium Oxygen &
Holmium (Ba(1_6_3/gx)ST2.4NCL2Nb10030 : IITH03+): For x= 0.10 % Ho**t (Map sum

Specrum).

4.3.4 Fourier transforms infrared spectroscopy (FTIR)

The Fourier transform infra-red spectroscopy (FTIR) spectrum has been widely
used for the identification of organic and inorganic compounds. The FTIR spectra
were recorded in the range of (4000 cm-1 to 400 cm-1) to obtain the figure print re-
sults. (FTIR) is also an essential characterization technique to identify the composi-
tional elements of the material and to analyze the chemical bonding and functional

groups present in the material.

FTIR spectra (Figure 4.12 A, B) of our samples calcined at 1100°C showed col-
lective metal - oxygen band vibration modes at 540.60 cm ™! for (x= 0.00% Ho>")
without dopant or pure host nanocomposite. But we observe additional band vi-
bration modes at 429.92 for (x= 0.05% Ho*") cm ™! with slight variation in wavenum-
ber that may be due to ionic radius difference of the Barium, other metal ions and

Barium substituted Holmium ions, having an additional peaks which indicates the
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Figure 4.12: FTIR Spectra of (Ba(i.6-3/2x)ST24NasNbigOsy : xHo*t): A) x=0.00 %
Ho*), B) x=0.05 % Ho**).

existence of Ho - O, stretching band vibration modes since it was observed when we
add the dopant ion only.

The FTIR results on Figure 4.12.B and Figure 4.13 indicated that in terms of two
frequencies vibrations and stretching v, at (500-600 cm 1), v, at (400-450) cm-1. We
observed also as concentrations of dopants vary from 0.05 % to 1.0% we obtained
more intense peaks with slight shift of the position to lower wavenumber position,
except this we observed similar results for all dopants concentrations values con-
sistently. The FTIR results also confirmed that our samples spectrum of holmium
ion doped barium strontium sodium niobate powders calcined at 1100 °C in (Fig-
ure 4.12 B and Figure 4.13) absence of external impurities, which is also in a good
agreement with literature values that in turn confirming our nanocomposite sam-

ples are pure i.e. without any impurities or defects [125].
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Figure 4.14: UV-Vis absorption spectra of (Ba ¢-3/2x)S712.4Naa NbigOso : Ho*t) fer-

roelectric materials.

4.3.5 UV-Vis Spectroscopy

Figure: 4.14. Showed the typical UV-Vis spectra of (Ba(i.6-3/2x)572.4Nas Nb1oOsy :
rHo3") ferroelectric nanomaterial near UV. Figure 4.14 also displays that the ab-
sorption edges of all kinds of (Ba(i.6-3/2x)Sr2.4NasNb1gOsy : ©Ho*t) ferroelectric
nanomaterial are at the same wavelength region of approximately 205 nm. From
this we observed that Ho?>" doping has significant effects on the peaks (intensity):
when we vary the dopants concentration from 0.00% to 0.10% the absorption inten-
sity become increasing with increasing concentration from 0.00-0.03% Ho*" ions,
and then it tends to decrease when we keep on increasing from 0.05-0.10 % Ho*"
ions concentration. Moreover, we observed the optimum absorption intensity ob-
tained at x=0.03 % Ho*" ions concentration and no peaks at two extremes (0.00 &

0.10 % Ho*t) ions concentrations.
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The band-gap energy (E) can be calculated by the following equation [155]

1240

E
A

(4.3)

where ) is the wavelength in nanometers [156]. The calculated band-gap energy (E)
corresponding to the 205 nm light wave is ~ 6.05 eV.

Doping and coating nanostructured materials with rare earths can be an effec-
tive way to enhance many interesting properties. Because rare earths act as good
luminescence centers due to their narrow and intense emission lines arising from
4f internal transitions [157] , moreover, rare earths are very reactive and tend to
form oxides very easily [158]. Among the rare earths, Holmium was selected as a
promising element because it fluoresces in the visible and near-infrared regions and
is promising for communication window and solid-state lasers [159].

The effects of Holmium ion doping revealed in our experiments are: i) from the
XRD analysis the highest intensity was obtained at 0.05% Ho3* with (1845 a.u). The
crystallinity of the system was also confirmed by the lattice parameters a= 12.33 A,
b=12.33 A and c=3.93 A. The average density = 5.16, average Volume of the unit cel1
= 597.47 A’ , the average dislocation density = 2.19 x 10~*/nm? and space group =
P4bm that confirmed Tetragonal Tungsten Bronze structured nanomaterials [146].
The SEM result further confirmed that by excess concentration (0.10 % Ho*") the
surface morphology changed to non-uniform and more porous (see Figure 7: C, F
& I). The FTIR results revealed also the dopant enhance the absorption in near In-
frared region with 0.05% Ho?". The UV-Vis showed also optimum value obtained at
wavelength of 205 nm with concentration of 0.03 % Ho?" that in turn signified the
effect of Holmium dopant where no absorption peaks were observed at two extreme

concentrations (0.00 & 0.10 % Ho1).
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Table 4.4: Comparative Analysis of Currently reported work VS Previously reported

related work.

S.N | Current Work

Previously reported Work

1 Successful Synthesis of Ba(; _3/2x)

ST2,4NCL2Nb10030 : $H03+

More emphasis given for computational

2 Addition of rare earth ion Ho?t without

affecting the crystal Structure phase

Doping La, Sm, Dy*3, Yy +3
reported|71, 83]

3 Identified crystallite phase with TTBs Succe-

ssfully with the unit cell average size 67.52 nm

Rarely reported the experimental

results [160].

4 Producing suitable and less porous and nearly
uniformly distributed particles obtained

from SEM images.

With different quality and

porosity and Particle distributions

5 All constituent components elements demonst-

rated in EDS mapping,demonstrated in

EDS mapping, with best match of Experimental

results and theoretical calculated values

6 Promising absorption properties near UV region

observed at wavelength of 205 nm

(0.03 % Ho3+) having optimum value.

With different quality and

porosity and Particle distributions Exper-
imentally it was rare to avoid impurities
and defects

Rare earth ion doped had similar result
with sufficient ionic radius difference

on Al and A2 site ions.[83]

4.4 CONCLUSION

XRD analysis of Holmium doped Barium Strontium Sodium Niobate ferro-

electrics nanomaterials revealed Tetragonal Tungsten Bronze structured nanoma-

terial successfully synthesized through conventional high temperature synthesis

route. The identified crystal phase has an average crystallite size 0f 67.52 nm, having

space group of p4bm and lattice parameters of a= 12.334 , b=12.33 4 and c=3.93 A.

The XRD pattern obtained showed also a best match with JCPDS card number-00-

039-1453. Further analysis of XRD result indicated the highest intensity value (1845

a.u.) was obtained for the concentration of 0.05 % Ho*" ions. SEM and EDS analy-

sis of surface morphology and elemental compositions of Holmium doped Barium
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Strontium Sodium Niobate ferroelectrics Tetragonal Tungsten Bronze structured
nanomaterial showed clear and best quality surface morphology, microstructure
and elemental mapping. The SEM images have also shown separate nanoparticles
with different shapes, size and size distributions with random distributions. More-
over the micro level dimension showed relatively uniform distribution of particles
and less porosity of the surface. The surface morphology is promising for enhancing
optical properties of the system because of its homogeneous surface microstruc-
ture having dense nanoparticles distributions. The EDS results confirmed that all
the constitute elements are found in correct proportion to the standard stoichio-
metric ratios. In addition it confirmed that there were no impurities added during
the synthesis and characterization which in turn confirming high quality synthe-
sis procedures were employed. The experimental and theoretical molecular weight
and atomic percentage coincidence also indicating that the composites made in
best quality and proportion synthesis approach. The FTIR analysis result indicated
also the collective metal oxide single peak for the bond vibration at wave number of
540.60 cm ! as expected since in the finger print of FTIR values of metal oxides were
commonly found 400 - 600 cm-1 and the Holmium oxygen bond vibration modes at
(0.05% Ho*"), 415.77 (0.10 % Ho>") 429.92 em~! which was not seen for the system

without dopant.



Investigation of Barium Strontium Sodium Niobate
Ferroelectric nano-material with Holmium ion additive

for Optoelectronic Application

5.1 Introduction

Due to their unique ferroelectric properties associated with morphologies, fer-
roelectric nanostructures have been the subject of much research recently. Spe-
cific property variations in phase transition or Curie temperature (7 ), dielectric
constants, coercive fields, spontaneous polarization levels, and piezoelectric re-
sponse levels are endowed with characteristic low dimension ferroelectric mate-
rials. Furthermore, reductions in dimensions and size can promote the creation
of single domain structures, which can dramatically enhance ferroelectric proper-
ties. Consequently, there is a lot of promise for ferroelectric nanostructure in non-
volatile memory, sensors, microelectromechanical systems, FE-PV devices, non-
linear optics, and nanogenerators. While there are still obstacles standing in the
way of the actual use of nanodevices, significant advancements have been made
in the research of nanostructured ferroelectrics in recent years (including synthe-
sis, characteristics, and applications), although barriers to the practical application
of nanodevices remain. Therefore, it is essential to provide experimental results
of this promising novel nanostructure form [161, 162]. The Tetragonal Tung-
sten Bronze (TTB) structures recently received considerable attention because of

their compositional flexibility and largely due to the structural freedom for modi-

68
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fication and tailoring of their physical properties [5, 163]. The chemical formulae
(A1)2(A2)4CyB19O3p and (A1)(A2)4B19030 where Al, A2, C and B were 15, 12, 9 and
6-fold oxygen-coordinated points in the crystal, which were correlated to K,1W O3,
Na,W O3 compounds are called tungsten bronze structure (TBs) compounds. The
first one represents a filled bronze structure, where all sites A, B and C is occupied
(e.g., K¢LiyNb19O3p). The 2nd formula represents bronze that is either filled (all A
sites occupied, e.g., BasNasNb1oO(30)) or partially filled (5/6 of the A sites occupied,
e.g., PbsNb1oO(s0)) [134, 160]. TB materials exhibit either tetragonal or orthorhom-
bic symmetry. The quadrangular TBs was explained by Magneli and Blomberg [133,
134], Wadsley [135], Francombe [86] and by Jamieson et al.[70]. TTBs consists of
ten distorted octahedral common angles, so that 3 various spaces (two Tetragonal
Al, four Pentagonal A2, and four Triangular C) are available for cations of the gen-
eral formula (A1),(A2)4(C)4(B1)2(B2)sO3 [70]. The flexibility of the structure of TB-
oxides opens new rooms for non-lead based ferroelectric nanomaterials. In a look
for lead-free novel materials for the development of new nanomaterials, TTBs are
among attractive candidates. The various positive ion sites in the TTB structure per-
mit for a wide range of chemical compositions, compositional flexibility and con-
sequently opening the possibility of controlling the main characteristics features
of TTBs [50-53]. High toxicity of lead containing compounds and high process
pressures, which cause serious environmental contaminations, have focused and
attracted the attention of many researchers on Pb-free electro-ceramics that reduce
lead pollution. Among them the tungsten bronzes are the frontier candidates. Due
to the increasing interest and demand, many studies have recently focused on the
production of good quality lead-free ferroelectrics nanomaterials [144, 145].

To improve many interesting properties in nanostructured materials, recently
doping them with rare earths ion is considered as an effective way. As a matter of
fact the rare earths act as excellent luminescence centers because of their narrow
and intense emission line due to internal 4f transitions [157], and they are also very
reactive and tend to form oxides very easily [158]. They were chosen as a promising

elements because of their fluoresce in the visible and near-infrared regions. They
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are also highly promising for communication window and solid-state lasers appli-
cations [159]. Among them one is holmium ions Ho3*. Taking into account the pre-
liminary research outputs reported so far, the current studies revolve across the po-
tential application of nanomaterials for imparting photoluminescence (PL) in ma-
terials [54, 55]. In addition, rare earth based crystals which follow the guest-host
phenomenon to independently optimize the luminescence and crystal properties
of the system has given due attention. It was also considered and focused as a cen-
tral pointin the system [56]. Rare earth oxides under the wide energy bandgap semi-
conductor have also drawn special attention due to their tunable electronic and op-
tical characteristics features [57]. As a result of these remarkable features, the pre-
pared ferroelectric nanomaterials and their characteristic photoluminescence re-
sponse with various concentrations at different excitation wavelengths are in need
of clear explanation. Again, the detailed mechanisms that tune the luminescence
of nanomaterials of ferroelectrics types are not yet fully understood.
Demonstrating aforementioned gaps, this article presented the study analysis
of UV-Vis and PL properties of Ho** doped barium strontium sodium niobate fer-
roelectrics prepared using solid state reaction methods for optoelectronic applica-
tions. Structural Phase identification was studied using XRD diffractometer. Ab-
sorption spectra were investigated by Ultraviolet-Visible spectroscopy, the emis-
sion and excitation spectra were analyzed by PL, the different non-centrosymmetric

bond vibration was studied by FT- IR.

5.2 Experiment

5.2.1 Synthesis

Ferroelectric nanomaterials with a tungsten bronze structure (Ba 6-3/2x)572.4Naa Nb1gOsp
rHo*") or (BSNN: xH) via a conventional solid state high temperature reaction
methods using carbonates (99.99%) and Oxides (99.99%) from Sigma-Aldrich com-
panies as precursors according to their normal stoichiometric ratio (X =0.00 - 0.10

% Ho") was successfully synthesized. Mass of each sample was measured using
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digital electronic balance. A gray-black Agate mortar and pestle of a six-inch in di-

ameter mortar was used to ground the powder for 3 hours before being placed in

a furnace. Then the ground powder was added in platinum coated crucibles and

heated at 1100 °C for 4 h at a heating rate of 5 °C' per minute using programmable

furnace. Meanwhile to realize a complete reactions and diffusion processes to takes

place, considerably sufficient time was given for further grinding. Again to make ita

very refined and miniaturized (nano-sized) powder, the powder was ground for an-

other 2 hours after the furnace. The resulting pure white powders were then made

to be ready for characterization and further analysis.

Table 5.1: The stoichiometric equation of the nanocomposite

Quant. | Raw matr. Product
BaCOj3 SrCO; NayCOs3 Ho,05 NbyOs BSNN : xHO

x=0.01 312.77439 | 354.3048 105.98654 1.889185 1329.0388 | 1884.48428
Req.Qnt | 4.1493367 | 4.70028861 | 1.40604171 | 0.02506236 | 17.631333 | 75.3793712
x=0.03 | 306.85437 | 354.3048 105.98654 5.667555 1329.039 1883.79242
Req.Qnt | 4.0722954 | 4.70201489 | 1.406558107 | 0.0752147 | 17.637809 | 75.3516968
x=0.05 | 300.93435 | 354.3048 105.98654 9.445925 1329.0388 | 1882.32322
Req.Qnt | 3.9968474 | 4.70568492 | 1.40765596 | 0.12545567 | 17.651575 | 75.2929288
x=0.07 | 295.01433 | 354.3048 105.98654 13.224295 | 1329.0388 | 1882.1496
Req.Qnt | 3.9185824 | 4.706119 1.40778581 | 0.17565414 | 17.653204 | 75.285984
x=0.10 | 286.1343 | 354.3048 105.98654 18.89185 1329.0388 | 1880.91749
Req.Qnt | 3.8031214 | 4.70920178 | 1.408707992 | 0.25109887 | 17.664767 | 75.2366996
Total 19.94018 | 23.523309 | 7.0367496 | 0.6524857 | 88.23869
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5.2.2 Characterization

The x-ray diffraction pattern was obtained from x-ray powder diffractometer
(Phillips XPERT-PRO Model): by making use of Cu- K o radiation (\=1.5406 A) at 40.0
KV, 30 mA) over (20 = 10 to 80 °) range. Ultra Violet-Visible Spectroscopy (the powder
in solution form using de-ionized water solvent) was used to measure the absorp-
tion. The solution of 100 ppm was centrifuge and used for UV-Vis spectroscopy
analysis. Photoluminescence emission spectra of the samples (in solution form)
were measured by Cary Eclipse serial number My1849002 model fluorescence spec-
trophotometer with slits of emission and excitation lights of 10 nm and 600 nm per
minute scanning rates. Shimadzu IR Prestige-21 FTIR Spectrometer were used to
record the FT-IR spectra of the as synthesized sample powders for investigating fin-

ger print functional groups.

5.3 Results and Discussions

5.3.1 XRD Analysis

In order to determine the phase structure, powder XRD analysis has been carried
out. The smooth and sharp peaks can confirm the crystalline nature of the samples
in the XRD pattern, and all the samples are pure tetragonal tungsten bronze struc-
tures ferroelectric nanomaterials (Fig.5.1).

Powder X-ray Diffraction analysis has been used in order to determine phase
structure of as prepared powder samples. The typical XRD patterns of BSNN: xH,
TBs ferroelectric nanomaterial is shown in Figure 5.2. A.

Smooth, sharp and uniform peaks in the XRD pattern were obtained for all types
of dopant concentration and without dopant. It was also consistent with all con-
centration values of x = 0.01 - 0.10 Ho*". The peak having maximum intensity of
(1845.00 a.u.) which is obtained for a concentration of 0.05%Ho3+ at the position of
(20 =32.33 Degree) (see Table 5.1). A positive impact of the additive holmium cation

and its vital role were also observed in the XRD pattern results. As reported by Mag-
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Figure 5.1: XRD pattern of Holmium ion doped Barium Strontium Sodium Niobate:

Tungsten Bronze Structured Ferroelectrics nanomaterials for (x= 0.03 % Ho>").
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Figure 5.2: XRD pattern of BSNN: xH for A) x= 0.00-0.10 % Ho*" with miller indices,
B) JCPDS Card Match.
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neli and Blomberg [133], the same outcomes were obtained and verified against the
JCPDS of the TTB structural phase. Recently reported XRD pattern matching that
has a direct match and nice agreement with the JCPDS 00-039-1453 card number
has also a good match with the obtained results.

The mean crystallite size (D) of the crystal is determined to be (67.5) nm for the
strongest peak (311), using the Debye-Scherer formula for the BSNN: xH ferroelec-

tric nanomaterial, The Debye-Scherer formula is also given by:

KA
~ fBeosb

(5.1)

where ) is the wavelength of the incident x-ray beam (\ = 1.5406 A), « is Scherer’s
constant with a value of 0.94, 6 = the corresponding Braggs diffraction angle and,
= FWHM (full width half maximum) of the peaks [152].

It was well known that particle size and morphology have a huge influence on
the behaviors of nanocomposite materials [122, 154]. In determination of holmium
ion concentration as a function of crystallite size, it was indicated that increasing
the impurity concentration from the reference (0.00 - 0.03) decreases the size of
BSNN: xH. Meanwhile, size of crystallite increased as the impurity content increases
from 0.03 - 0.07. The least crystallite size obtained for concentration of the promi-
nent peak having 0.03% Ho?*" is 60.10nm. The XRD pattern (Figure 5.2. B) from the
analysis of the calcined powder also showed a tetragonal tungsten bronze structure
ferroelectric phase, that was in nice agreement with the card number (JCPDS 00-

039-1453) was obtained [70].

5.3.2 UV-Vis.Spectroscopy

Figure 5.3 Displayed typical UV-Vis spectra of BSNN: xH ferroelectric nanoma-
terial near Ultra violet. It further shows that all BSNN: xH ferroelectric nanomate-
rials have absorption edges in the same wavelength range around 205 nm. Again,
Ho*" doping results in having a significant effect on the peaks intensity. As dop-

ing concentrations vary from 0.00 - 0.03% the absorption increased with increasing
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Figure 5.3: Spectra of UV-Vis absorption for BSNN: xH ferroelectric nanomaterials.

concentration. Then it became decreasing as we continue to increase the concen-

tration of Ho®*" from 0.05 to 0.10%. (See Figure 5. 3)

Moreover, the experimental result also revealed that the optimum absorption
obtained for the value x=0.03 % Ho*" concentration. Meanwhile at the two extreme
x values (for x=0.00 & x=0.10 %) there were no observable absorption peaks.(See fig-
ure 5. 4)

The mathematical formula used to calculate the band gap (F) was given by a for-
mula [155]:
D=— (5.2)

where ) is the wavelength [156]. For the approximately determined band-gap (F)
corresponding to a 205 nm is ~ 6.05 eV.

As shown in Figure 5.5, the UV-Vis result obtained for x = 0.03% ions concentra-
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Figure 5.4: Spectra of UV-Vis absorption of BSNN: xH (for x = A) 0.00, B) 0.01, C)
0.03, D) 0.05, E) 0.07 & F) 0.10 % Ho".

tion with different solvent to solute ratio has different absorption intensity values.
We prepare 50 ppm and 100 ppm solutions and test the intensity of the absorption.
Even though the absorption occurred at the same wavelength of around 205 nm
there was a significant difference for the two different solutes to solvent ratios. The

more concentrated showed intense absorption spectra (see Figure 5. 5)

5.3.3 Scaning Electron Microscpe (SEM)

SEM is implemented to analyze the surface micro-structure of the synthesized
sample powders: size, shape, and size-distribution, because the luminescent prop-
erties of nanoparticles are based on the morphology of the particles. The images
obtained by scanning electron microscope (SEM) show the morphology and mi-
crostructures as shown in Figure 5.6 and 5.7. We used SEM to study the morphology
of the samples because the luminescent properties of nanoparticles 97.83 nm (SEM
image, Image] software) depend on the morphology of the particles; such as size,

shape, size distribution.
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Figure 5.5: Spectra of UV-Vis absorption of BSNN: xH A) for 50 ppm, B) for 100 ppm.
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Figure 5.6: SEM image of (BSNN:xH): for x= 0.00 % Ho>" of (200 nm) dimension.
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Moreover, SEM images obtained show the detail morphology and microstructures
of the samples (figure 5.6). SEM scanning was also performed from 5 xm to 500 nm
at 2000 to 20,000x magnification to see all detail surfaces microstructures showing
the different morphologies. An obtained SEM image result again showed that the
surface morphology of the particle distributions was random but with nearly ho-
mogeneous size-distributions with different particles size and agglomerate. With
large dimensions in zoomed images, we saw more clearly various shapes, sizes &
sizes distribution of the particles. =~ Again it was observed that the surface is less
porous as proved by SEM images. In other side these confirmed that it is an ideal
and promising for various optoelectronic properties such as better absorption as a
result of more charge carriers being densely distributed on the surface (see figure 5.
7).

The top-to-bottom arranged surface microstructures of three different dimen-
sions (2um, 1 ym and 500 nm) for x=0.00 at left and for x=0.05 at the right are shown
in Figure 5.7. The images display nearly homogeneous distribution of agglomer-
ate particles in the composite, where the zoomed image clearly indicated that the

particles only have difference in shape, size and size distribution.
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Figure 5.7: SEM Image of BSNN: xH ; A, C and E for x = 0.00 % Ho*" in the left and B
,D and F for x = 0.05 % Ho?" in the right for 2;m, 1z m and 500nm dimensions top

down respectively.
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EDS:
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Figure 5.8: EDX Maping of BSNN: xH: For x= 0.05 % Ho>".

5.3.4 Energy Dispersive X-Ray Spectroscopy (EDX)

(EDX) was implemented to measure composition and mapping of as prepared
powder samples elements. It is known that the EDX is a complementary and high
standard method to determine and quantify the elemental constitutes of a sample
surface ranging a few nanometers to micrometers. It was also applied to differen-
tiate all the constituents and quantified them. EDX spectra also confirm the stan-
dard stoichiometric composition of the BSNN: xH nanocomposite system which
was used in the analysis as shown in Figure 5.8 in set.

The presence of additive ions (Ho*") in EDX spectrum was clearly observed and
has been significantly quantified by numerical values. As we expected, no emis-
sions other than Barium, Strontium, Sodium, Niobium and Oxygen were observed
in BSNN: xH nanocomposite (figure 5.8). The presence of these Ba, Sr, Na, Nb, O
and Ho, strong patterns peaks, which in turn assure BSNN: xH tetragonal tungsten
bronze structure nanomaterial was formed and it was consistent with XRD results.

Figure 5.9 also shows and confirms that all components are found in the desired

amounts accordingly with the normal stoichiometric equation. Besides, it was as-
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Figure 5.9: EDX Maping of (BSNN: xH): X = 0.05 % Ho*" (Map sum Specrum).

sured that no additional impurities included in the process of sample preparation.
EDX layered image has confirmed that the nanocomposite materials contain all
components. The proportional distribution of particles in the sample containing
only the designed quantity showed also another way of validating the quality of syn-
thesis methods. Figure 5.10 is the (EDX) result of the prepared BSNN: xH nanocom-
posite for 0.05 % Ho** including molecular and atomic weight percentage. The out-
comes still confirmed that the experimental results of (Wt %) and (At %) of each el-
ement were consistent with the calculated ones which was obtained using the stan-
dard stoichiometric equations (see Figure 5.10). This again proved that advanced
measuring equipment; the EDX and the electronic scale (digital) were used after
fine calibration. The experimental results confirmed also in performing an experi-
ment carbonates and oxides burned out completely in a furnace at 1100 °C during
the 4 hours solid state reaction process.

Figure 5.10 also shows the comparative analysis of the experimentally obtained
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Figure 5.10: EDS Maping of Barium Strontium Sodium Niobium Oxygen and
Holmium (BSNN: xH): For x= 0.05 % Ho*" Wt/At % , (Map sum Specrum).

results of the samples with the theoretically calculated results. On the other side, all
five elements and additive ion are separately identified by various colors. Moreover,
itwas checked and assured the required and desired elements obtained without any
inclusion of defects. This is another way to ensure that we have added an optimum

and selective amount of holmium ion to the system.

5.3.5 Fourier Transfor Infrared Spectroscopy (FTIR)

For detection of organic to inorganic substances FT-IR has been widely used.
(FT-IR) is also an important characteristic technique for identifying the compo-
nents of a material and analyzing the existing bonds and functional groups of the
nanomaterial. Figure 5.11 presentation of the comparative analysis of the FT-IR re-
sults of the as prepared samples. It clearly showed the effect of defects which has
a significant impact on the nanocomposite materials. It has also displayed the
existence of expected frequencies range for the pure or doped barium-strontium
sodium niobate without and with impurity respectively. FT-IR spectra of the sam-

ples calcined at 1,100 °C  (Figure 5.11) indicated all metal - oxygen vibrational
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Figure 5.11: FT-IR Spectra of BSNN: xH: A=0.00, B=0.05 % Ho*". C=0.10 % Ho>".

mode at a wave number 540.60 cm~! with no impurities. But at 429.92 for (0.05)
and 415.77 for (0.10) cm™~! there were new wavenumber that varies slightly with ions
concentration, t his may be due to the variation in ionic radii of barium to barium-
substituted holmium ions since they have additional peaks indicating presence of
Ho-O, vibrational modes of the band. At x = 0.00, the FT-IR result shows only one
metal-oxygen bond vibrational stretching peak, and at x=0.05, 0.10%, it showed ad-
ditional intense peaks with increasing impurity concentration at different (A1, A2)
sites.

The scanned FT-IR results ensure that the pure (x= 0.00) Spectra of BSNN: xH
without additive at 1,100°C and powders doped with holmium ions, as seen in (Fig-
ure 5.9), are in nice agreement with the literature values [125] i.e., FT-IR result in Fig.
8 also showed that the two-frequency vibration and stretching v1 (500-600 cm™1),
v2 (400-450) cm~! for Al and A2 sites ions. All samples with different doping con-

centrations showed consistent FT-IR results, except that strong peaks occurred at
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larger amount of doping. Figure 5.9 analyses of all the synthesized samples with-
out and with additives ions for comparison using single plot to show the difference
clearly. The image showed that the necessary components of the elements contain-
ing the metal-oxygen bond vibration at two frequencies were identified as expected.
Addition of a significant and varying amount of additives slightly altered bond elon-

gation.

5.3.6 Photoluminescence (PL)

When the single ion doped BSNN: xH TTBs ferroelectric nanomaterials admitted
to excite at 285 nm, the spectra of emission was obtained at 572 nm wavelength due
to the radiative emission transition from F orbital to the various H orbitals. Particu-
larly the emission peaks at 572 nm (yellow) is ascribed to 4F;/, — 6H,3/, transitions.
This is also ascribed to the electric dipole transitions [164, 165].

The second prominent emission band at 531 nm excited at 265 nm and matching
to bright green arising from 5D, — 7TFj; transitions confirming the high probability of
electric dipole transition. The other most prominent emission band at 686 nm (red)
excited at 285 nm is also ascribed to 4f — 4f transitions from 5D, — 7F;. (Fig.11)
[125].

Comparative emission spectra for Ho3* doped intensities of 0.00% and 0.03%
are displayed in Figure 5.12. These intensities were stimulated at 265 nm and 285
nm and 305 nm and 325 nm. In both instances, the intensities are measured at the
same wavelength for 0.00% and 0.03% without shift. These studies also showed that
when the dopant concentration changes from 0.00% to 0.03%, the intensities for
two pair wavelengths of excitation double. Dopants have a major impact on system
intensities that can be adjusted. The maximum intensity (322.8 a.u.) was noted at
285 nm when 0.03% Ho?" was used as the excitation wavelength. This optimal pho-
toluminescence property intensity, in turn, is a sign of a prospective polarization
that would improve the system’s ferroelectric property. Selecting the appropriate
excitation wavelength is essential for examining the luminescence characteristics

of rare earth ion amalgamated oxide. The spectra shown in Figure 12 exhibit emis-
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Figure 5.12: Photoluminescence spectra of 0.03 % Ho*" doped BSNN: xH excited

from 265 nm to 325 nm wavelength ranges.
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sion, with the highest intensity at x=0.03% Ho>" content with a sharp red shift, cul-
minating at 572 nm attributed to the 4F,,, — 6H,3/, (yellow) transition and at 652
nm accounted to the 4F,, — 6H;,/, (red) transition. According to the AL = 2,
AJ = 2 golden rules, the yellow emission, attributed to the 4Fy/,, — 6H,3/, transi-
tion, is a forced electric dipole (ED) transition. It was discovered that this transition
is hypersensitive and that the immediate environment typically influences it [166,
167]. Additionally, the discussion included the relationship between the Ho** dop-
ing content and emission hierarchy. The intensity of the light emission appears to
increase as the fraction of Ho*" ions increases up to 0.3 mol % and diminishes at 0.5
mol %. The observed decrement is ascribed to the quenching with dopant contents
via resonant energy transfer (RET) between Ho®" - Ho" ions, thus clarifying self-
quenching phenomenon and cross relaxation mechanism [168]. The strong green
emission band at 531 nm, which originates from 5D, — 7Fj transitions, is the sec-
ond conspicuous emission band that is excited at 265 nm, suggesting a high likeli-
hood of an electric dipole transition. There is also an explanation for the other most
noticeable emission band at 686 nm (red) stimulated at 285 nm: 4f — 4 f transitions
from 5D, — TF;. (Figure 5.13) [169].

The pure (or undoped) ferroelectrics nanomaterials have shown also a good
photoluminescence property. Meanwhile by adding dopants the emission spectra
has been enhanced in intensity and also make a shift towards red, particularly for
the concentration of 0.03 which was excited at 285 nm wavelength clearly observed
as shown in (figure 5. 13).

The excitation at (285nm) given in Figure 5.13 has maximum emission intensity
(322.8 a.u) for the sample which has 0.03 % Ho*" concentration. In relative com-
parison the emission spectrum that was excited at 305 nm wavelength has the least
intensity (190 a.u).

The effects of the holmium ion concentrations were also clearly observed with
significant change in both absorption and PL intensities. The previous results of Uv-
vis displays highest intensity at 205 nm near (UV) for the concentration of 0.03 %, it

was also consistent with the highest intensity obtained at 686 nm from PL spectra
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for the same concentration value of 0.03 % Ho*".  Figure 5.14 displays photolu-
minescence spectra of different concentration which was excited at wavelength of
285 nm. It shows almost the same wavelength of 572 nm for all concentrations ex-
cept for x = 0.03 that has unique spectra that centered at wavelength of 686 nm with
red shift. As we vary the concentrations from 0.00 to 0.03 their intensity increases in
different scale. But for keeping increases from 0.03 to 0.05 it decreases, then it tends

to increase for 0.07 finally it decreases as we still increase to 0.10 %. (See Figure 5.14)
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5.4 Conclusion

The Tetragonal Tungsten Bronze structure was identified from the XRD result
of the (BSNN: xH) ferroelectric nanomaterial prepared through the conventional
solid-state reaction methods. The results of UV-Vis analysis showed that a good
absorbance was occurred at 205 nm for a concentration of 0.03 Ho*". In addition,
it showed that for the pure ferroelectric phase (x = 0.00 % Ho*"), no absorption is
observed. Again at a relatively excessive amount of dopant (x = 0.10 Ho*") there is
no absorption. On the other hand, the EDX result with visible mapping, confirmed
that all the elements that made up the compound were found in good ratio with
standard stoichiometric proportions. Both pure and doped ferroelectric nanoma-
terials showed sharp and smooth photoluminescence peaks for various excitation
wavelengths ranging from 265 nm - 325 nm. An intense PL spectra having a highest
intensity of (322.8 a.u) for x=0.03 Ho*" was obtained at the excitation wavelength of
285 nm with its emission spectra centered at 686 nm. In increasing of the concen-
tration from the reference x = 0.00 Ho*" to 0.03 Ho*", the PL experiment showed an
increasing intensity with a unique red shift obtained for the concentration of 0.03
Ho*" with emission spectra of 686 nm that was excited at 285 nm. The experiment
also revealed a significant effect of the holmium ion dopant optimum value which
appeared at a specific point (0.03 Ho*") uniquely in relation to lower and higher
dopant concentrations. Moreover, the results indicated that the synthesized nano-
material is highly promising for optoelectronic applications inline to the character-

ized parameters values.



Green Synthesis of Niobium doped Calcium Magnesium
Silicate Phosphor Using Stenotaphrum Secundatum

Grass Extract

6.1 Introduction

Currently, inorganic phosphor materials have drawn out a lot of attention be-
cause of their multiple applications, for instance, in cathode-ray tubes, photodi-
odes, lamps, and x-ray detectors, bio-detectors, color display, radiation dosimetry
and dye removal [43-47]. Among the inorganic phosphor materials, silicate based
became a lot of attention drawn materials for wide and multi-dimensional practical
applications due to their unique features such as visible light transparency, good
chemical resistance, high temperature strength, low thermal expansion, excellent
conductivity, well known chemical and thermal stability, low cost and easy prepa-
ration [48, 49].

Calcium magnesium silicate (CMS) phosphor, with chemical formula (Cas M gSi,O7 :
zNb>"), has recently drawn too much interest due to its unique structure features
with an extraordinary physical and chemical stability. It has been also extensively
discussed in biological and medical areas of application [44]. Silicate with aker-
manite structure is becoming a possible and attractive bio-ceramics for tissue engi-
neering applications [45, 95]. For instance akermanite calcium magnesium silicate
has an extraordinary biocompatibity and excellent bioactivity properties. By now it

is becoming a promising bio-ceramic bone tissue engineering materials in medical

91
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applications or a probable bone material [48, 96].

In the synthesis of silicate based phosphor materials, tetraethyl-orthosilicate
(TEOS) is a primary precursor. Due to its high scarcity in most developing countries
and difficulty to import it as well make the challenge magnified. This has been also
a bottleneck for the growth of researches focusing on silicate based inorganic phos-
phor materials in such countries. Therefore, a new mechanism should be designed
to alleviate this problem [58, 59]. Stenotaphrum secundatum grass is reported to
be reach in silica [60] and it is widely available in almost all countries in the world.
However, whether the extract of this grass can be used as a precursor for the syn-
thesis of silicate based inorganic phosphors instead of TEOS is not really examined.
The use of Stenotaphrum secundatum grass extract instead of TEOS has a double
advantage in that it is also environmentally friendly.

In the synthesis of silicate based phosphor materials, tetraethyl-orthosilicate
(TEOS) is a primary precursor. Due to its high scarcity in most developing coun-
tries and difficulty to import it as well make the challenge magnified. This has been
also a bottleneck for the growth of researches focusing on silicate based inorganic
phosphor materials in such countries. Therefore, a new mechanism should be de-
signed to alleviate this problem [58, 59]. Stenotaphrum secundatum grass is re-
ported to be reach in silica [60] and it is widely available in almost all countries in
the world. However, whether the extract of this grass can be used as a precursor for
the synthesis of silicate based inorganic phosphors instead of TEOS is not really ex-
amined. The use of Stenotaphrum secundatum grass extract instead of TEOS has a
double advantage in that it is also environmentally friendly. In our present work, we
reported the synthesis and characterization of niobium ion doped calcium magne-
sium silicate phosphor prepared via sol-gel methods. The structural analysis, opti-
cal properties, surface morphology and elemental mapping were studied by char-
acterization of x-ray diffractometer, UV-Visible spectrometer, photoluminescence
fluorescence spectrophotometer, scanning electron microscope and energy disper-
sive x-ray spectroscopy analysis, respectively. The different symmetric and asym-

metric stretching and vibrational and bending peaks modes were analyzed using



6.2 Experiment 93

Fourier transform infrared spectroscopy.
6.2 Experiment

6.2.1 Synthesis

Stenotaphrum secundatum grass was obtained and chopped in to pieces. The
grass sample was dried for about one month. The dried sample was then converted
to fine powder by grinding mortar and pestle which was precleared with deionized
water and ethanol. The fine powder was then added to ten ml of de-ionized wa-
ter and maintained under magnetic stirring for 30 minutes. Finally the solution
was filtered using filter paper and the final stenotaphrum secundatum grass extract
was stored. Niobium doped Calcium magnesium silicate (Cay M gSi,0O; : £ Nb)
was then synthesized via sol-gel route using calcium carbonate (CaCos), Magnesim
carbonate (M gCos) and Stenotaphrum secundatum grass extract as a starting ma-
terials according to their stoichiometric ratio for various amounts of x (x = 0.2, 0.4,
0.6 and 1.0 % N»°")) Some amount of the powder samples (0.2, 1.0 % Nb*") were
grinned thoroughly for 2 hrs using C'155 mortar and pestle (Diameter 100 mm, TNB
6EL, England) and the other kept as bulk sample for comparison. The milled sam-
ple was put in an alumina crucible and subsequently fired at 500 °C for one hour.
Finally, pure white powder was obtained after cooling down the programmable fur-
nace.

The chemical reaction of the process is given as follows:
8CaCO34+4M gCO3+48Si02% HyO+2NbyO54C 42— ) M gN b Si2074+12C 04 (1) +8H,O(1
) +505(T)

6.2.2 Characterization

The XRD pattern has been obtained from DRAWELL (XRD-7000 Model: x-ray
powder diffractometer using Cu — K« radiation (A = 1.54064) at 30 KV, 25 mA and
the data were collected over the range of (26 = 10 to 80°). FTIR spectra were recorded

with the help of Agilent Technologies: Agilent-MicronLa FTIR transmittance a2m
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Spectroscopy for examining the functional group (4000 to 400 cm 1) of phosphor by
direct use of as- prepared powder sample. The emission and excitation spectra of
the samples were measured by Cary Eclipse serial number My1849002 model flu-
orescence spectrophotometer with slits of emission and excitation lights of 10 nm
and 600 nm per minute scanning rates. SEM/EDX (OXFORD INSTRUMENTS; The
Business of Science) model was used to identify the surface morphology and exam-
ine the elemental mapping and composition of the prepared (Ca; M gSi,0;7 : xNV*T)
phosphor and UV-Vis (the powder was made to solution using di-methyl-sulfoxide
(DMSO) solvent keeping the standard proportion of 85:15 solutes to solvent ratio

and centrifuge) was used for UV-Vis spectroscopy analysis.

6.3 Results and discussion

6.3.1 XRD analysis

To identify the phase structure, powder XRD analysis has been carried out. The
typical XRD patterns of our sample phosphors were shown in Figure 6.1. (a, b, ¢ ,d).
The XRD pattern of the diffraction peaks of the synthesized samples (Cay M ¢gSi2O7 :
xNb>") Phosphors were matched to the reported results and it was consistent with
the standard XRD pattern reported by joint committee on powder diffraction stan-
dard (JCPDS) No 77-1149 [170] and (COD card No. 96-900-6941) [171].

Fig.6.1: (c, d) were zooming image of (a, b) patterns respectively to show ex-
act position and shifts of the phosphors for different No™> dopants concentrations.
Furthermore we observed the effects of dopants in the bulk and milled samples.
The XRD pattern analysis shows that the position of peaks slightly shifts to a higher
degree position (20= 29.355 to 29.869 0) as the concentration of dopant, increase
from 0.2 % to 0.4 %. However, no such slight shift was observed for the dopant
concentration between 0.4 % and 1.0 %. This indicates that the effect of dopants
concentration is dominant at low concentration of the dopants. The summary of
the first top 3 positions of peaks and intensities is given in Table 6.1.

Using Debye Scherer formula for prominent peak at (211), the average crystallite
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Figure 6.1: XRD pattern of Niobium doped Calcium Magnesium Silicate Phosphors:

bulk (a, ¢), and milled (b, d).
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size (D) of the (CayMgSi,O; : xNbH>") phosphor was calculated as (186) nm. The
formula is represented as follows:

KA
"~ Bcos©

(6.1)

Where, « is the Debye-Scherer constant having value 0.94, ) is wavelength of the in-
cident x-ray (A=1.5406 A), £ = FWHM (Full Width Half Maximum) of the peaks and
© corresponding to Braggs diffraction angle.

XRD pattern (Fig 6.1. a, b) of the powder calcined at a temperature of 500 °C' con-
firms also the existence of akermanite (Cay M gSi207) as the main phase, and mer-
winite (CayM gSi,0s)( and diopside (Cas M gSi,Og) as the secondary phases. With
the increment of the calcination temperature the diopside phase completely disap-
peared and the intensity of the merwinite peaks reduced gradually. Finally it exists
in tetragonal crystal system [171].

As shown in Figure 6.1. (a, b) and Table 1. For the bulk samples as concentration
of dopant (Nb°") increases from 0.4 % at peak position of 29.80 0 to 0.6 % at 29.70
0, the intensity increases from 3354 to 3673 (a.u.). But for the milled one when the
concentration of dopant vary from (0.2 %) at 29.65 0 to (1.0 %) at 29.35 0, the inten-
sity decreases from 4859 (a.u) to 4464 (a.u). Therefore from our findings, there is

significant effect of dopant concentration on the bulk and milled size samples.

6.3.2 Scanning electron microscopy (SEM)

We used SEM to examine the morphology of samples, since the lumines-
cence characteristics of phosphor particles depend on the morphology of the par-
ticles such as size, shape, size distribution, and defects so on. The scanning of
SEM was performed in the ranges of 1 to 10 micrometer dimension and 1000 to
10,000 times magnifications to see all aspects that demonstrate the morphology
of (CayMgSiyO; : xNb**) phosphor. (See Fig. 6.2.) (a=0.4, b=0.6 % (NV") -
bulk and C =0.2, d=1.0 % (Nb°") - milled). From the SEM image result, it was ob-

served that the surface morphology of the particles distributions was not uniform
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Table 6.1: XRD pattern of top 3 Peaks position (2 ©) and intensities with different

dopant (N»°") concentration of Calcium Magnesium silicate Phosphor.

S.N | Concentration of (N0°") (%) | Position (2 ©) in (Deg.) | Intensity (a.u.) | Type
1 0.2 29.65 4859 Milled
26.80 1289
43.10 785
1.0 29.35 4464 Milled
26.50 1288
43.40 918
2 0.4 29.80 3354 Bulk
26.90 1137
47.90 683
0.6 29.70 3673 Bulk
26.80 911
47.70 653

and they were aggregated tightly with each other. Again from the SEM image, it
was observed that as prepared samples consists of particles with different size dis-
tribution. For milled samples we found relatively uniform distribution of particles
on the surface in comparison to bulk (see Fig. 6.2.). It also clearly observed that
the surface is rough with different size and shape. At micro level the particles do
not separated rather they are in mixed solid solution. Besides it was observed that,
there were some large aggregates; it was present as a result of high temperature heat
treatment.

SEM images at low magnification (See Fig. 6.2) clearly show significant high
magnitude porosity in the bulk powder samples as compared to the grinned ones.
When the magnifications become higher, the samples seem to have dense and flux
microstructure surface morphology, but still having porosity with different relative

density.
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Figure 6.2: SEM Image of Niobium doped Calcium magnisium Silicate Phosphor :
(a=0.4, b=0.6 % (Nv*") - bulk and C =0.2, d=1.0 % (Nb°") - milled).
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Figure 6.3: EDX Spectra peaks of Niobium doped Calcium magnisium Silicate phos-
phor (Bulk).

6.3.3 Energy dispersive x-ray spectroscopy (EDX): Bulk CMS

The elemental composition and mapping of the powder samples were measured
using energy dispersive x-ray spectroscopy (EDX). Since EDX spectroscopy is com-
plementary and a standard procedures for determining and quantifying elemental
composition of sample area as small as a few nanometers to micrometers, we used
it to identify all constitute elements of the as-prepared samples. The existence of
niobium or (Nb°T) ion in the corresponding EDX mapping was clearly observed.
As expected apart from calcium (Ca), Magnesium (Mg), silicon (Si), niobium (Nb)
and oxygen (O) in (CayMgSi,0; : xNbH°'), there was no other emission observed
in the EDX mapping of the phosphor (see Fig. 6.4). The existence of Ca, Mg, Si, O
and Nb, intense peaks are present which preliminarily indicates the formation of

(CayM gSiy07 : xNb>+) phosphor as shown in (Fig.6.3).

The EDX Layered image confirms that all the components (calcium, magnesium,
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Figure 6.4: EDX Maping of Niobium doped Calcium magnisium Silicate phosphor

(Map sum Specrum).

silicate, oxygen and dopant niobium) of the CMS are available in the phosphor. For
the bulk system the EDX image shows the elemental compositions maps containing
Ca, Mg, O, Si and Nb with different amount and proportion as expected. But very
small amount of Si is found in the milled CMS, since it was used as catalyst for the

solid state reaction in order to avoid sticking of particles with the container walls.

6.3.4 Energy dispersive x-ray spectroscopy (EDX): Milled CMS

For milled sample of Niobium doped Calcium Magnesium silicate phosphor, the

silica components reduced and different composition in comparison to bulk was
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Figure 6.5: EDX Map sum Spectra peaks of Niobium doped Calcium magnisium

Silicate phosphor (Milled).

observed from the EDX layered images as expected since silica was used as cata-
lyst for the reaction. The sum spectrum of the image shows different percentage

amounts and weights of the elements.

6.3.5 Fourier transforms infrared Spectroscopy (FTIR)

The Fourier Transform Infra-Red Spectroscopy (FTIR) spectrum has been widely
used for the identification of organic and inorganic compounds. The FTIR spec-
trum has been shown in (Fig. 6.7 A) grass extracted silicate (TEOS Substitute) and
(Fig. 6.7 B) CMS: 1.0% (Nb°+) phosphor. The FTIR spectra were recorded in the
range of (4000 cm ! to 400 cm 1) to obtain the figure print results. At 928.82 cm ! al-
located a result of (Si — O — Si) asymmetric stretch, 824.83 cm™! (Si — O) symmetric
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Silicate phosphor (Milled).
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Figure 6.7: FTIR Spectra: A. (Green synthesized TEOS Substitute-Bulk), B. 1.0%
Nb5+ doped Calcium Magnesium Silicate phosphor- -milled..

stretch, 587.77 cm~' and 438.91 cm-1 (Si— O — Si) vibration mode and 1360.12 cm ™!,
68 6.81 cm ™! and 646.91 cm ™! allocated to existence of SiO4 group (see Fig. 6.7A).
(Fig.6.7 B) show Calcium Magnesium Silicate phosphor;- At 842.92 cm ™! allocated to
Si— O symmetric stretch, 586.52 and 482.82 cm ! were Si — O — Si vibrational mode,
1300.61 cm ™! Si0, group existence, 415.80 cm™" O — Ca — O bending modes, 490.49
em~! O — Mg — O bending mode, 1024.89 cm ™! symmetric stretching of Si — O — Si
, 1641.10 cm~! Mg*? vibrational bond, 1500 ¢m ™! big vibration of carbonate and
737.90 cm~! Ca™ bending peak.

As concentrations of dopant vary from 0.2 % to 1.0 % the intensity became highly
enhanced and slightly shifted to new position. This might be due to the shift in
the wave number position following the variation in the dopant concentration. The
FTIR spectrum of calcium magnesium silicate powders calcined at 500 °C'in (Fig.6.7
B) is in a good agreement with what is reported in literature [171]. (Fig.6.7 A) Grass

extracts FTIR spectra at bulk confirms the presence of TEOS substitute silica groups.
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Figure 6.8: Shows UV-Vis absorption spectra of 0.2% and 1.0% Nb°*: doped Calcium

Magnesium Silicate phosphor.

6.3.6 UV-Visible Spectroscopy (UV-Vis)

Typical UV-Vis spectra of (Cay M gSi,07 : xNb>T) phosphor was shown by Fig.6.8.
The result showed also the peak absorption occurs at wavelength of 280 nm for 1.0
% and at wavelength of 278 nm for 0.2 % that were excited at wavelength of 280 nm.
From the results we observed that Nb°* doping has significant effects on the peaks
intensity: when we vary the dopants concentration from 0.2 % to 1.0 % the intensity

become doubled (See Fig.6.8).

6.3.7 Photoluminescence (PL)

We examine the excitation and emission spectra of milled 0.2 % and 1.0 % Nb**

doped (CayMgSi,O7) phosphor excited from 260 nm-360 nm wavelength ranges.
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Figure 6.9: Photoluminescence spectra of 0.2% Nb5+ and 1.0% Nb** doped Cal-

cium Magnesium Silicate phosphor: (A = Excitation, B = Emission).

We obtained visible emission from blue to red region at different wavelength hav-
ing various intensity (121 to 834) a.u. (See Fig. 6.9 (A, B). The excitation at (280
nm) spectrum of (Cay M gSi,O7 : xNb>T) phosphor monitored at 564 nm emission
given in Fig. 6.9 (B) has maximum emission intensity of 866 (a.u.). The spectrum of
(CayMgSisO; : xNHT) phosphor has also exhibited a broad band in the UV region
centered at about 280 nm. For excitation at wavelength of (280 nm), as we increase
the concentration of No°* from 0.2 % to 1.0 %, the emission intensity highly en-
hanced from (305 a.u. to 866 a.u.) See Fig.6.9 B. From the UV-Vis absorption and PL
analysis, effects of the niobium ion dopant concentration were remains consistent
in both analyses, since the previous results of Uv-vis i.e. as concentration of the
dopant increases the intensity highly enhanced at the same wavelength of 280 nm
for both absorption and excitation of Uv-Vis and PL results at the respective wave-

length.
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6.4 Conclusion

A novel luminescent phosphor of (Cay M gSi,O; : xNb®>T) was successfully syn-
thesized via sol gel methods using stenotaphrum secundatum grass extract as TEOS
substitute and its optical properties were investigated. XRD pattern showed tetrag-
onal akermanite crystal structure. FTIR confirms the existence of functional groups
in the phosphor and it has also demonstrated stenotaphrum secundatum grass ex-
tract is a good source of silica. SEM image indicated the surface morphology is
rough and aggregated having porous structure. The EDX spectra confirmed the ex-
istence of present elements in (CayMgSi,O; : xNb>T) phosphor. The EDX results
also revealed that there were relatively uniform distributions of particles in the sys-
tem. The excitation spectra indicated the phosphor can be effectively excited by
ultraviolet (UV) light, making it attractive as conversion phosphor for LED appli-
cations. The (CayMgSi,O7 : xNb>T) phosphor exhibits bright emission excited at
wavelength of 280 nm. Photoluminescence measurements showed that the phos-
phor exhibited emission peak with good intensity (866 a.u.) at wavelength of 564
nm, corresponding to nearly green emission, indicating that it has favorable prop-
erties for application as near ultraviolet LED conversion phosphor. The concentra-
tion of niobium ion showed a significant effect on the intensity of absorptions and

photoluminescence.
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7.1 Summary and Conclusion

With a broad goal of expanding the utilization of ferroelectric nanomaterials for
device applications, this thesis focused on the synthesis of conventional tetragonal
tungsten bronze structured ferroelectric nanomaterials through solid state reaction
and their characterization. Various solid solutions based
(Bag.6-3/2x)S12.4NaaNbi1gO3 : xHo*") were synthesized and showed a tetragonal
tungsten bronze structured phase. Testing procedures for the nanomaterials were
developed to enable quantitative and quantitative determination of their morphol-
ogy and compositional/mapping in addition to their UV-Vis and PL properties.

XRD analysis of Holmium doped Barium Strontium Sodium Niobate ferro-
electrics nanomaterials revealed Tetragonal Tungsten Bronze structured nanoma-
terial successfully synthesized through conventional high temperature synthesis
route. The identified crystal phase has an average crystallite size of 67.52 nm, having
space group of p4bm and lattice parameters ofa=12.33 4,b=12.33 Aand c=3.93 A.
The XRD pattern obtained showed also a best match with JCPDS card number-00-
039-1453. Further analysis of XRD result indicated the highest intensity value (1845
a.u.) was obtained for the concentration of 0.05 % Ho3* ions. SEM and EDS analy-
sis of surface morphology and elemental compositions of Holmium doped Barium
Strontium Sodium Niobate ferroelectrics Tetragonal Tungsten Bronze structured
nanomaterial showed clear and best quality surface morphology, microstructure

and elemental mapping. The SEM images have also shown separate nanoparticles
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with different shapes, size and size distributions with random distributions. More-
over the micro level dimension showed relatively uniform distribution of particles
and less porosity of the surface. The surface morphology is promising for enhancing
optical properties of the system because of its homogeneous surface microstruc-
ture having dense nanoparticles distributions. The EDS results confirmed that all
the constitute elements are found in correct proportion to the standard stoichio-
metric ratios. In addition it confirmed that there were no impurities added during
the synthesis and characterization which in turn confirming high quality synthe-
sis procedures were employed. The experimental and theoretical molecular weight
and atomic percentage coincidence also indicating that the composites made in
best quality and proportion synthesis approach. The FTIR analysis result indicated
also the collective metal oxide single peak for the bond vibration at wave number of
540.60 cm~! as expected since in the finger print of FTIR values of metal oxides were
commonly found 400 - 600 cm~! and the Holmium oxygen bond vibration modes at
(0.05% Ho®"), 415.77 (0.10 % Ho*") 429.92 cm~! which was not seen for the system
without dopant.

The results of UV-Vis analysis showed that a good absorbance was occurred at
205 nm for a concentration of 0.03 Ho*"). In addition, it showed that for the pure
ferroelectric phase (x = 0.00 % Ho*")), no absorption is observed. Again at a rela-
tively excessive amount of dopant (x = 0.10 Ho*")) there is no absorption. On the
other hand, the EDX result with visible mapping, confirmed that all the elements
that made up the compound were found in good ratio with standard stoichiometric
proportions. Both pure and doped ferroelectric nanomaterials showed sharp and
smooth photoluminescence peaks for various excitation wavelengths ranging from
265 nm - 325 nm. An intense PL spectra having a highest intensity of (322.8 a.u) for
x=0.03 Ho*") was obtained at the excitation wavelength of 285 nm with its emission
spectra centered at 686 nm. In increasing of the concentration from the reference x
=0.00 Ho*") t0 0.03 Ho*"), the PL experiment showed an increasing intensity with a
unique red shift obtained for the concentration of 0.03 H0*") with emission spectra

of 686 nm that was excited at 285 nm. The experiment also revealed a significant ef-
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fect of the holmium ion dopant optimum value which appeared at a specific point
(0.03 Ho*")) uniquely in relation to lower and higher dopant concentrations. More-
over, the results indicated that the synthesized nanomaterial is highly promising for
optoelectronic applications inline to the characterized parameters values.

A novel luminescent phosphor of (Cay M gSi,O; : NbT) was successfully syn-
thesized via sol gel methods using stenotaphrum secundatum grass extract as TEOS
substitute and its optical properties were investigated. XRD pattern showed tetrag-
onal akermanite crystal structure. FTIR confirms the existence of functional groups
in the phosphor and it has also demonstrated stenotaphrum secundatum grass ex-
tract is a good source of silica. SEM image indicated the surface morphology is
rough and aggregated having porous structure. The EDX spectra confirmed the ex-
istence of present elements in (CayMgSi,O7 : xNb>T) phosphor. The EDX results
also revealed that there were relatively uniform distributions of particles in the sys-
tem. The excitation spectra indicated the phosphor can be effectively excited by
ultraviolet (UV) light, making it attractive as conversion phosphor for LED appli-
cations. The (CayMgSi,O7 : NbT) phosphor exhibits bright emission excited at
wavelength of 280 nm. Photoluminescence measurements showed that the phos-
phor exhibited emission peak with good intensity (866 a.u.) at wavelength of 564
nm, corresponding to nearly green emission, indicating that it has favorable prop-

erties for application as near ultraviolet LED conversion phosphor.
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7.2 Future Directions

The approaches used to synthesize and characterize the tetragonal tungsten
bronze structured ferroelectrics nanomaterials in this thesis could be applied to
synthesize advanced ceramic nanomaterials for device and optoelectronics appli-
cations. Based on the experimentally tested and observed data, there were signif-
icant enhancements of the optical absorption and emission of stoichiometrically
synthesized ferroelectric nanomaterias of (Bag ¢-3/2x)Sm24NaaNb1gOz0 : ©Ho*")
with optimum Ho**. Considering the normal ferroelectric nature of
(Bag.6-3/2x)S12.4NasNbigO30 : xHo*") and the availability of their crystals, investi-
gations of this material may yield interesting properties in future with dual advan-
tages in it are also lead free ferroelecris materials.

Many potential directions could also be explored for other co-doped tetragonal
tungsten broze ferroelectric nanomaterials for further improvements of the proper-
ties and enhancing the magnitudes of the main ferroelecric propertis and its transi-
tion temperature. Other possibilities include investigation of alternate tetragonally
enhanced ferroelectrics such as (Ba.6-3/2x)ST2.4NasNbioO3 : xHo*") co-doped
with Fu?t/TH*" /Dy*t and Y** ions, using rare earth ions substituents with Met-
als = Sr, Ba, etc.

As phase II of the project we plan to measure the piezoelectric, pyroelectric and
ferroelectric properties of the nanomaterials in near future whenever we get any
fund. Again it was intended to do the analysis of dielectric measurements, dielec-
tric loss tangent and impedance analysis of the prepared nanomaterials at low and
high frequency ranges. We plan to find and determine the transition temperature
of the nanomaterials. Through hysteresis loop analysis and dc-resistivity measure-
ment we intended to test its conductivity. Finally the effect of co-doping on their

ferroelecric and dielectric properties will be determined.
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