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Abstract

Different chemical synthesizing techniques, such as sol-gel, combustion, and solid-state
reaction routes, offer the unique possibility of generating high-purity nanophosphors with
different morphologies. In this project, we intend to do a comparative study on the structural
and photoluminescence properties of ZnsBsO13:RE** (where RE*" = Sm*', Eu®*, and Dy*")
nanophosphors using the above-mentioned techniques. Up to now, the comparative study based
on the synthesis techniques has not yet been reported. As it will be shown in the literature
survey’s section, these methods were found to drastically affect the structural and
photoluminescence characteristics of phosphor materials, which directs us to implement such
studies on highly crystalline ZnsBsO13: RE*" (where RE*" = Sm*', Eu’',and Dy*")
nanophosphors. In this work, we intend to use different characterization techniques such as X-
ray diffraction (XRD), field emission scanning electron microscopy (FE-SEM), Fourier
transform infrared spectroscopy (FT-IR), ultraviolet visible spectroscopy (UV-Vis), and
photoluminescence (PL) spectroscopy. In this study, we aim to justify the appropriate
technique that will produce the best PL properties for ZnsBsO13: RE*" (where RE*" = Sm*”,
Eu**, and Dy**) nanophosphors, which could be used as a benchmark for future researchers in
solid-state lighting systems. The incorporation of the Sm**, Eu*", and Dy*" dopants did not
change the cubic crystal structure of the Zn4sBsO13 host material, as confirmed by the XRD
results. However, they caused a slight deviation to higher 26 values, which confirms the charge

exchange between the dopants and the host.

The lowest crystallite size was obtained through the sol-gel method on the ZnsBsOi3:Sm>*
phosphor. Whereas the largest crystallite size was obtained through solid-state method. The
SEM showed dominance of the hexagonal and some irregular morphologies of the prepared
samples. The histograms obtained from the SEM data revealed that the average particle size of
the prepared phosphors ranged from 500 to 2200 nm. The largest average particle sizes of 2200
nm were obtained from ZnsBsO13:Dy*" prepared with the combustion method. However, this
method also produced the smallest average particle size of 500 nm for the ZnsBeOi3:Eu’*
phosphors. The UV-Vis showed an increase in bandgap on the ZniBsOi:3:Sm*" and
Zn4BsO13:Eu** phosphors prepared by the solid-state method, respectively. Whereas it
decreased on the ZnsBsO13: Dy** phosphor. The ZnaBsO13:Sm>" phosphor prepared with the

combustion method exhibited the highest photoluminescence emission intensity at 618 nm
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upon excitation energies at 228 nm and 352 nm wavelengths, respectively. In addition, the
Zn4Be013 prepared by the combustion method exhibited orange-red colour emission at 618 nm,
which is attributed to the *Gs, — ®Hoy, transition with the shortest lifetime decay of 244 ms
when compared to results obtained from other methods. Moreover, intense photoluminescence
emissions were also observed on the ZnsBsO13:Eu’" and Zn4BeO13:Dy** phosphors prepared
with the solid-state method, respectively. Whereas the ZnaBsO13:Sm** phosphor prepared with
the sol-gel method showed the poorest photoluminescence emission. The average lifetime
decay of ZnisBeO13: Eu*" phosphors in all methods decreased by approximately 99% when
excited at 395 nm, compared to an excitation at 246 nm. This change is observed to reduce
from 244, 323, and 463 ms to 5.47, 2.94, and 3.16 ms for combustion, sol-gel, and solid-state
methods, respectively. The prepared phosphors could be potential candidates for various LED

applications, depending on their respective colour emissions.
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Chapter I

Introduction

1.1 Materials and their Classification

Materials are classified into four main groups, namely composites, ceramics, polymers, and
metals depending on their chemical and physical characteristics. At standard conditions, they
are found in the three phases of matter: solid, liquid, and gas. Whenever monochromatic light
is directed towards a sample, it may either be absorbed, reflected, or transmitted through the
sample. Only photons of energy greater or equal to the bandgap of solids will be absorbed. The
chromaticity colour system detects and interprets the reflected and transmitted light to deduce
the emission colour of the sample. [1]Certain materials tend to emit light in response to incident
electromagnetic radiation, chemical processes, electron transitions, changes in energy sources,
and photoexcitation [2], [3], [4], [5]. The materials mentioned above are referred to as
luminescent materials due to their absorption and uncontrolled emission of light. Luminescence
is significant in our daily lives, particularly in digital colour technology. Luminescent materials
somehow replace the sunlight during the night [2], [3], [6]. The table below displays an

overview of the different types of excitation modes for various forms of luminescence.
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Tablel.1 Different types of luminescence and their corresponding sources of excitation.

Light, being a kind of electromagnetic energy, may exist in two forms, namely incandescence
and luminescence [7]. Incandescent light is formed when a substance is heated to a high
temperature until it glows, and luminescence light is produced when the same material is
activated by high-energy light sources [7], [8]. During the luminescence process, an electron
is pushed from the lower energy state (ground state) to a higher energy state (excited state) by
absorbing energy from an external light source. When an excited electron returns to its ground
state, it releases energy in the form of light. However, certain electrons in the excited state relax

non-radioactively without releasing light due to lattice phonon interactions[9], [10], [11].
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Figure 1.1 (a) Fluorescence and (b) Phosphorescence occurrences of colour [12], [13].

Luminescence can be classified in two processes: fluorescence or phosphorescence, depending
on the duration of the remission of light. In fluorescence, emission occurs concurrently with
ultraviolet (UV) radiation absorption and stops instantly when the source is removed [7], [14].
The mechanism of this process involves the UV light directed towards the sample, the
absorption process occurs, and the electron transits from the ground state to the singlet excited
state, whereby its spin does not change. The electron then immediately releases energy in the
form of light while falling back to the ground state. This process continuously occurs whenever
the material is subjected to a light source; it can typically last between 1071° and 1077 seconds.
However, in phosphorescence, the process is vice versa; the emission of light continues for
some time after a light source is removed from the material; this is called an afterglow[9], [10].
Conversely, in the phosphorescence process, a material absorbs UV energy, an electron is
excited from the ground state to the triplet excited state, and the spin multiplicity of the electron
is not maintained. The absorbed energy in the form of light is slowly released when an electron
reverses its spin and returns to the ground state. The wavelength of the incident radiation to the
material is always shorter than that of the emitted radiation in both processes; this is due to the
emitted electron relaxing to its lowest vibrational level in the excited state [7], [8], [15], [15],
[16], [17]. The average time for the emission of light after the excitation source is removed
from the material is from 10~ to 10" seconds, and this can occur for hours or even days [18].

Figure 1.1 shows the manifestation of fluorescence and phosphorescence in materials.
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1.2 Materials in the nano range

Nanomaterials are small-sized materials with at least one of their dimensions ranging from 1
to 100 nm. One nanometer is equivalent to a billionth of a meter (10 m), which is equivalent
to the length of 10 hydrogen atoms aligned. These materials are more efficient in numerous
applications due to their distinctive optical, chemical, and physical characteristics. Moreover,
they have a high surface area and a low melting point compared to bulk materials [18], [19],

[20].

Figure 1.2 Nanomaterials and their dimensions [20)].

Figure 1.2 shows the classification of nanomaterials in various dimensions: zero-dimensional
(0-D), these are in spherical shape and are confined in all directions, e.g., quantum dots, while
one-dimensional (1-D) are confined in two directions, for instance, nanorods and nanotubes.
The thickness of the two-dimensional (2-D) nanomaterials is less than 100 nm, e.g., nanofilms.
There is no quantum confinement in the three-dimensional (3-D) nanoparticles since they
extend in all dimensions, e.g., graphite [19], [21]. Nanomaterials can be fabricated through two
synthesis approaches: top-down and bottom-up. In the top-down method, a material of large
scale is broken down into smaller pieces, which are at the nanoscale level. The following:
milling and laser ablation are the physical methods applied to breaking down a material.
However, the physical interaction between the tool and the material during the syntheses might
affect the surface properties of the product material. Conversely, the bottom-up approach
requires the assembling of atoms or molecules together until they form a product on the
nanoscale. This approach is made successful by the following synthesis routes, including but

not limited to: sol-gel, chemical vapour deposition, and molecular beam epitaxy, depending on
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the desired material [21], [22]. Nanomaterials may be synthesized for numerous applications,
including those reported by Dreaden et al. [23], 2012, on the use of nanomaterials in bio-
imaging. Reports have been made regarding the use of nanomaterials by Luoreiro et al. [24]
(2016) in biological sciences, biomedical, and pharmaceutical applications as they played a
major role in drug delivery. Other applications include their use in manufacturing solid-state
batteries and solar cells for energy. The quantum dots are used in the manufacturing of cell

phones [22], [25], [26].

1.3 Introduction to phosphors materials

Phosphors are crystalline substances that emit visible light, they may exist as thin films or
powders; they can convert incident energy into visible light. These materials may be classified
as luminescent materials, having the capability of emitting light when excited by radiation such
as X-rays, high-energy particles, gamma rays, infrared, visible light, ultraviolet light, and
matter vibrations (phonons) [27], [27], [28]. There are various forms of phosphors depending
on their uses, namely oxyhalides, aluminates, phosphates, and borates. The phosphors in the
form of host materials may be incorporated with different rare earth ions dopants to enhance
their luminescence emissions. The arrangement of the host material’s crystal structure
influences the placement and dopant ion energy levels inside the phosphor material. Moreover,
it enhances the emission properties of the phosphor material and the effectiveness of the energy
transmission for luminescence. The most frequent excitation techniques include X-rays ranging
in keV typically used by scintillation detectors, ultraviolet emission, blue excitation in the range
of 450-470 nm, and cathode rays due to the feasibility of excitation by radiation and other
sources with high energy [29], [30], [31], [32], [33], [34], [35].
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1.4 Classification of phosphors and their structures

There are two primary categories of phosphor materials: organic and inorganic phosphors.

1.4.1 Organic phosphors

Organic phosphors are luminous materials that are capable of various light emissions without
requiring the addition of a dopant. These phosphors have a weak absorption of visible light.
Furthermore, they are mostly synthesized from carbon- and nitrogen-based compounds.
Organic phosphors are used in the manufacturing of organic light-emitting diodes (OLED),
mostly in optoelectronics, and in fluorescent organic dyes, which are used in dye lasers. The
organic phosphors contain stilbene derivatives, which make them more suitable for use in
advertising paints and in banknotes as transparent markers [36], [37], [38], [39]. Moreover,
they are used as fluorescence tissue in stamps, identity cards, laundry markers, and in
microscopy. However, there are some drawbacks regarding organic phosphors, such as
insufficient light stability and low water solubility, when they are in their bulk form [1], [38],
[39].

1.4.2 Inorganic phosphors

Inorganic phosphors are luminescent materials that are made up of crystalline compounds as
host materials that are doped with activator metal ions, such as rare earth ions. Examples of
doped materials are nitride, oxyhalide, silicate, oxynitride, selenide, etc. Inorganic phosphors
have a wide band gap and are only able to emit a lower colour rendering index (CRI) [40], [41].
When rare earth ions are introduced as dopants into a material, they serve as luminescent
centers owing to their following characteristics: high luminescence, adjustable colour
emissions, and exceptional chemical stability, especially when combined with various rare

earth metals [40], [41], [42].

Rare earth ions can be classified into the weak and the strong interacting groups with the host
material. The weak interacting group consists of elements with valence electrons in the d-
subshell (lanthanide ions). The emission of light in these ions usually depends on the electron
transition between the f-orbitals. These transitions produce a distinctive straight-line emission

spectrum due to the protection of the f-orbitals within their coordinate environment [1]. On the
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contrary, the strong interacting group of rare-earth ions experiences strong interactions with
the host lattice. The observable interactions between the d-orbitals of these ions and the host
material led to the generation of broad spectral bands. This interaction increases degeneracy
and results in a variety of energy states [38], [39]. The characteristics of inorganic materials
are significantly influenced by the choice of activators and also the concentration, charge, and
symmetry of the surrounding environment. Historically, alkaline earth ions such as Mg?*, Ca*",
Sr**, and Ba®" have been highly regarded for their ability to enhance the brightness of specific
phosphor materials [43], [44]. Figure 1.3 below shows the geometric crystal structure of

various alkaline earth ions.

Figure 1.3 Schematic representation of different WLED phosphors made from Ce** and Th**
doped alkaline-earth silicate Sr2MgSi>O crystal structures [45].
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1.5 Introduction of different synthesis methods for phosphor preparation

Numerous synthesis techniques are used in the preparation of nanophosphors. However, each
method is implied to meet specific phosphor requirements based on its intended application.

Below are some typical synthesizing procedures for nanophosphors.

1.5.1 Combustion

Combustion is a synthesis method that involves a quick exothermic reaction between a fuel
and an oxidizer as precursors, such as citric acid and metal nitrate, respectively. The precursors
are carefully mixed in deionised water to form an aqueous solution, which is then placed in a
furnace where it is heated to high temperatures that could reach up to 1000 °C for a few hours,
depending on the desired product. During the combustion process, the metal nitrates are broken
down into metal oxides. The heated sample is then removed from the furnace, cooled, and
crushed into a fine powder as a product [46], [47]. Figure 1.4 shows the flow diagram of the
combustion synthesis process. This method produces high-purity crystalline oxide powders,
which are typically dry. Various studies have been reported on the synthesis of phosphors using
the combustion method. This is due to its numerous potential benefits, such as low preparation
costs, high production rates, reduced preparation time, and direct crystallization [22], [48],

[49], [50], [51].

Figure 1.4 Schematic presentation for synthesis of nanophosphors using combustion method

[48].
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1.5.2 Sol-gel

Sol-gel is a bottom-up method of synthesis that forms a gel-like substance as a product. It is
used in the preparation of various nanostructures, specifically nanoparticles of metal oxides.
This method is mostly used in the research field because of its capability to attain high
homogeneous materials with high purity at a low cost and at a low reaction temperature[52],
[53]. The materials obtained through this method are used in various applications, including
but not restricted to biosensors, optics, and electronics. This method is classified into two
approaches: aqueous and non-aqueous [52], [54], [55]. The aqueous approach involves water
as a solvent, while the non-aqueous approach involves organic compounds as solvents.
However, the preparation procedure is the same for both approaches. The sol-gel reaction
process is as follows: the molecular precursor (usually metal oxide) is dissolved in a solvent,
placed on a hot plate, and stirred until there is the formation of a gel. This is an irreversible
process. The gel formation is obtained through hydrolysis and condensation processes. Since
the gel created is moist, it should undergo a suitable drying process based on its intended
purpose and desired characteristics. For example, if the solution is alcoholic, burning alcohol
is employed to finalise the drying process. Subsequently, the produced gels undergo calcination
after the drying phase. To achieve the desired nanoparticles, the formed gel is ground by special
mills to give the final product; refer to Figure 1.6 [56], [57], [58], [59].

Figure 1.6 Schematic representation of sol-gel method depending on the desired phosphor
material [56].
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1.5.3 Co-precipitation

Co-precipitation is a synthesis method typically used to prepare phosphors from composite
oxide and fluoride precursors. This method does not depend on rare earth ions to produce high-
purity phosphors. Moreover, this method is advantageous for obtaining high-crystalline
phosphors with improved optical performance [60]. The co-precipitation method is conducted
as follows: two precursors are placed in a dissolved Teflon solution, whereby they are
evaporated in a concentrated acidic solution until their volume is reduced for the formation of
a concentrated solution. A hot, saturated fluoride salt is then added to the solution, leading to
precipitate formation [61]. Figure 1.7 shows the schematic representation of the working
principle of the Co-precipitation method. However, this method is time-consuming, and it is
more complicated; it requires numerous centrifugations to wash the sample with distilled water

to eliminate ions from the precursor’s salt solution [56], [57], [59], [62].

Figure 1.7 A flow diagram for co-precipitation preparation method.
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1.5.4 Hydrothermal method

The hydrothermal method, alternatively reffered as the solvothermal method, is a synthesis
technique that is mostly used in science to synthesize inorganic compounds, grow crystals,
nanoparticles, and other materials. The synthesis method involves the preparation of metal
oxides and sulphide precursors solution at room temperature. Their solution is then placed
inside a Teflon in an autoclave, a stainless-steel pressure vessel of 101.3 kPa (refer to Figure
1.8 (a)), then placed in a microwave, where it is heated to a typical temperature of 373 K;
however, the heating temperature may vary depending on the desired product. The solution is
then taken out of the microwave for cooling. The cooled solution is then centrifuged with
deionised water and filtered to separate the liquid and precipitate. The precipitate is then dried
out and calcined; the calcination temperature and period vary based on the desired product, as
depicted in Figure 1.8 (b) [56]. The hydrothermal process produces crystals or nanoparticles
that are challenging to create under ordinary circumstances by taking advantage of the
enhanced solubility of many inorganic substances at high temperatures and pressures. It has
several applications in nanotechnology, materials science, and other areas, allowing the

synthesis of materials with specialized characteristics for different uses [56], [57], [63], [64].

Figure 1.8 A schematic representation for (a) an autoclave (b) hydrothermal method [63].

11
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1.6 Impact of different synthesis methods on structural properties of phosphors

The structural properties of materials: crystallite structure, crystal size, and composition are
mainly affected differently by the synthesis method implied. Moreover, the impact on the
structural properties affects the general performance of phosphor materials, for instance,
luminescence efficiency, emission wavelength, and colour purity. The X-ray diffraction (XRD)

method is a characterization technique of choice for structural property studies [61], [65].

1.6.1 Crystalline properties

Various studies have been reported on the impact of a synthesis technique on the crystalline
properties of a material. Dwivedi et al. [57] reported on a comparative study for the synthesis
of Ho’*/Yb*" co-doped YVOs phosphor material using combustion, sol-gel, and solid-state
methods. According to their XRD investigation, all synthesis methods produced pure-phase
crystals; however, the average crystallite sizes of the synthesized particles were different. In
addition, they obtained large crystallite sizes at higher temperatures; this is owing to the
expansion of the lattice. High temperatures allow more movement of atoms, and as they move,
they release energy. However, when the phosphor materials cool down, their lattice strain
decreases [58], [61], [66], [67]. The combustion method produced the largest crystallite sizes
in comparison to the other two methods. The sol-gel method produced the smallest crystallite
size; hence, its photoluminescence spectra showed more prominent luminescence emission
than the other two methods. Gluchowski et al. [63] reported a comparative study on the impact
of the combustion and sol-gel methods on the structural properties of Gds.x CexGazAlO12
phosphor material. Their XRD results showed that both methods produced cubic structures.
They observed similar luminescence behaviour, as reported by Dwivedi et al. [57]: the
combustion method produced a larger crystallite size than the sol-gel method. This arise
because in the combustion method, the nitrates act as oxidizing agents; they promote drastic
temperature increases, thus causing fast crystal growth that causes expansion in the lattice
volume. In sol-gel method, crystal growth is very slow, the slow-paced results from the cross-
linking of nitrates in the polymer chains. The addition of the dopant during synthesis also
affects the structural properties of a material. Their photoluminescence emission spectra
showed more intense emission for the sol-gel method compared to combustion. The low

crystallite sizes tend to produce high luminescence intensity, this behaviour results from their
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high surface area. For hydrothermal method, it is performed in an autoclave pressure vessel.
The high pressure applied by the autoclave vessel compresses the lattice points of the

synthesized phosphor material, leading to low crystallite sizes [52], [58], [59].

1.7 Impact of different synthesis methods on morphological properties of

phosphors

The morphology of a phosphor material can be influenced differently by various synthesis
methods, leading to variations in particle sizes and shapes. Scanning electron microscopy is

used for the analysis of the morphology of the prepared phosphors [68].

The morphology of a material mainly depends on the preparation conditions of the raw
materials. Depending on the desired applications for the phosphor material, the morphology
and particle size can be adjusted [69]. The reaction temperature, preparation time, and pH are
the important parameters to note during synthesis, as they influence the morphology of the
product material. The increasing pH during synthesis results in high nucleation density and a
decrease in particle size [66], [69]. Further studies by Zhang et al. [70] on the synthesis of
Zn,Si04:Mn*", reported that an increase in the pH resulted in the increase in rod-length of the
particles, this is due to the high nucleation density derived from higher pH [71]. In addition, an
increase in pH changes the morphology of particles to uniform size, regular shape, and good
dispersion. However, in some materials the decrease in pH causes a decrease in crystallinity
[70], [72], [73]. According to Zhang [70] el.al upon increasing the reaction temperature, the
rod length of the particles increased, rough surfaces became smooth, and particles were in
uniform size with good dispersion. Furthermore, an increase in reaction temperature results in
the decrease in particle size and reduction of grains. Their studies also indicated that prolonging
the reaction time caused a change in the morphology of the prepared particles from olive
spherical structure with heavy agglomeration to rod like structures with good dispersion [72],
[74], [75]. Das et al. [69] used the conventional hydrothermal method to examine the impact
of the synthesis time on Y4A1:09 doped with Eu**. Their SEM morphology results showed that
as the reaction time increased from 2 to 20 hours, the spherical morphology of the sample

changed to harad-like structures.
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Dwivedi et al. [57] reported on a comparative study for the synthesis of Ho**/Yb*" co-doped
YVO4phosphor material using combustion, sol-gel, and solid-state methods. Their SEM results
revealed that the particles synthesized with sol-gel were more spherical and larger than those
from the other two methods. Gluchowski et al. [63] reported on the comparative study of the
morphology of Gd;x CexGa3Al,O12 phosphor material prepared with combustion and the sol-
gel method. The results showed that the combustion method produced irregular grains with a
broader crystallite size distribution; the prepared particles were on both the nanometer and
micrometer scales. However, the sol-gel method produced particles on the micrometer scale

with oval-shaped, smoother grains and a narrower size distribution [57].

1.8 Impact of different synthesis methods on the photoluminescence properties of

phosphors

The synthesis method implied may have an impact on the morphology of the phosphor material
resulting in the impact on its photoluminescence properties. The change in particle size, band
gap, crystal structure, and doping of a host material affects the photoluminescence emission of
the synthesized material [69]. The process of photoluminescence involves an electron transition
in the energy level diagram, from the ground to the excited state, and from the excited to the
ground state, releasing energy in the form of a photon. However, different synthesis methods
might affect the energy level diagram, leading to various emissions [76]. The addition of the
dopant to the host lattice determines the emission colour and enhances the luminescence
emission of the phosphor material. The host transfers the energy to the dopant. Various
synthesis methods yield phosphor materials with different particle sizes, which have an impact
on their band gap [66]. Larger particles with low crystallite sizes tend to emit high
luminescence intensity, this phenomenon arises because larger particles exhibit a lower surface
area to volume ratio, resulting in enhanced surface area luminescence [76]. Moreover, low
crystallite sizes are known for high luminescence emissions due to their more disordered

structure [77].

The temperature used during synthesis plays an important role in the photoluminescence
properties of a sample. The quenching process may increase or decrease the photoluminescence
properties of a material, as it involves the cooling of a material at a fast rate. Boukerika et al.

[78] reported on the synthesis of Y203:Eu*" phosphor using sol-gel method. Their findings
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reported that there were intense luminescence emissions observed after the sample was
annealed at higher temperatures. This due to the improved crystallinity due to annealing.
Addition of a dopant to the host material also significant in the photoluminescence properties
of'a material, as the dopants are known as luminescence activators. Zhahedi et al. [79] prepared
Ba,Si04 and BaxSi04:Sm?*" phosphors using sol-gel method, they discovered that the doped
sample exhibited higher luminescence emissions compared to the undoped. Shinde et al. [66]
reported a comparative study on the effect of solid-state and combustion methods on the
photoluminescence properties of Na>Sr2Al,POsCly doped with Ce*" nanophosphor. The
samples were excited at 322 nm while monitoring an emission at 376 nm. Their
photoluminescence emission spectra showed higher emission in the solid-state method
compared to the combustion method. Kang et al. [69] reported that better optical properties
such as high luminescence intensity, high colour purity, and high stability are obtained through

spherical morphology; this is due to the enhanced packing density and lower scattering.

1.9 ZnO material-based anionic group systems

Anionic groups are chemical compounds with a negative charge, which is due to the excess
electrons present in them. These compounds can donate the excess electrons. Moreover, they
mostly participate in chemical reactions with positively charged compounds, as they are
attracted to the opposite charge through electrostatic forces. The anionic groups also contribute
to the stability of some molecules [80], [81]. Depending on the number of excess electrons,
they can either be monovalent (-1), divalent (-2), and trivalent (-3). These materials can be
substituted in metal oxides to enhance their luminescence properties. These materials can be
prepared by various reactions metal hydrides, aryls, and alkyls [82]. Anionic groups can vary
widely in their chemical structure. For example, some common anionic groups include sulfate
(SO4+*), nitrate (NOs"), carbonate (COs*"), and phosphate (PO4+*"). Each of these has a distinct
arrangement of atoms. Borate is a m conjugated group which is accepted as one of the most

desirable structural groups of non-linear optical materials, it has a trigonal structure [83], [84].

15

http://etd.uwc.ac.za/



Anionic groups may exhibit different levels of acidity or basicity. For instance, some anions
may be part of weak acids, while others may be part of strong bases. Anionic groups can differ
in size and molecular weight. Larger anions may have different physical and chemical
properties compared to smaller ones. The solubility of compounds containing anionic groups
can vary. Some anions are highly soluble in water, while others may not be, depending on
factors such as the presence of counterions and the overall chemical structure [80], [81], [85].
Phosphors prepared with ZnO-BOs, in comparison to pure ZnO phosphors, display superior
optical characteristics, such as increased photoluminescence and adjustable emission
wavelengths. The crystal structure and thermal stability of the materials can also be affected
by the borate groups. The addition of a phosphate group to the zinc oxide material enhances its
chemical and thermal stability, as well as its optical and electrical characteristics. Moreover,
these phosphors are mostly used in photocatalysis and gas sensing applications. Incorporation
of the sulfate groups in the ZnO lattice affects the optical, electrical, and thermal characteristics
of the phosphor material. Applications for ZnO-SO4> systems in optoelectronics, solar cells,
and gas sensing have all been researched [86], [87]. In their study, Letswalo et al. [86]
investigated the introduction of sulfate ions (SO4>") into ZnO: Ce3+ nanophosphors to assess
their impact on photoluminescence (PL) intensities and the tunability of colour emissions
arising from defect states. Zhang et al. [87] reported on the enhancement of luminescence
intensities and lifetime in the NaLa(MoOQ4)2:Eu phosphor material resulting from the addition

of both SO4* and BO3*" anions.

1.10 Formation of Zn4sBsO13 compounds and their structural properties

Zinc borate (Zn4Bs013) is a cubic crystalline photoluminescent phosphor material that is mainly
synthesized from zinc nitrite Zn(NO-)», boric acid H3;BOs3, urea CH4N>O and citric acid C¢HgO7
as precursors. Moreover, it is isostructural like with sodalite Nag(AleSisO24) Clo whereby
sodium (Na) atoms are substituted by the zinc (Zn) atoms, while silicon (Si) and aluminium
(Al) atoms are replaced by boron (B), and chlorine (Cl) is exchanged for oxygen (O). Within
this molecule, all boron atoms coordinate with four oxygen atoms and linked to each other to
form a three-dimensional (3—D) (BOs) tetrahedron structural framework, with a large cavity in

which the ZnO4 tetrahedrons occupy [88]. The crystal structure of this molecule is cubic, whose
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lattice parameters are approximately a =b = c = 7.477 A [89]. Figure 1.9 shows the sodalite
crystal structure of the Zn4sBsO13 phosphor. The reaction equation is as shown below [89], [90]:

4Zn (NO3)2 + 6 H3BOs3 + 9 (NH2)2CO — ZnsBsO13 + 6 NHaNOs + 9 H20................ (1.1)

Zn4BeO13 is known as a strong nonlinear optical material with strong absorption coefficients.
This molecule has an optical bandgap of 5.8 eV. Its valence and conduction bands are
composed of Zn-O anti-bonding characteristics. The valence maximum of this molecule is
composed of the hybridized zinc and oxygen d- and p-orbitals, respectively, whereas the
conduction maximum is composed of zinc and oxygen s- and p-orbitals, respectively. The d-
orbitals represent the localized electronic states, which are responsible for the charge carrier
states. This molecule is an indirect semiconductor; its photocatalytic performance comes from
its intrinsic electron configuration near the band edge, with efficient photogenerated electrons

and holes [89].

This crystalline material, upon UV excitation, shows a strong violet with a strong afterglow.
The structural defects of this molecule are responsible for its afterglow [91]. The afterglow is
attributed to the presence of thermally unstable, trapped charge carriers at room temperature
under UV radiation. The Zn4sBsO13 compound has strongly localized self-trapped excitation
states, which are responsible for luminescence properties. Under low-temperature UV
radiation, a portion of the generated free charge carriers recombines, resulting in intrinsic violet
emission. Whereas another part becomes trapped in electron and hole traps [90]. Its crystal
structure reduces the number of possible induced radiation centers. Its bandgap aids in the
transition of photogenerated electrons and further improves the absorption of light. The studies
conducted by Li et al. [91] for the investigation of the photocatalytic activity of the Zn4sBsO13
phosphor showed that the photocatalytic activity of this phosphor is 5.2 times higher than SnO>
material, when illuminated with an ultraviolet light source. However, this compound can be

doped with various rare earth ions to enhance its characteristics for various applications.

The ZnsBsO13 phosphor material is dopant-compatible and can be synthesized by various
preparation techniques. A large number of researchers have reported on the preparation of
Zn4BeO13 phosphor for various characteristics: Li et al. [91] reported on the synthesis of
Zn4BsO013 doped with Mn** using solid-state for the investigation of its afterglow effects. Zhao
et al. [89] reported on the synthesis of ZnsBeO13:Tb**, Yb** using the solid-state reaction

method for the investigation of its multimodal emissions. Lian et al. [90] used the hydrothermal
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method to synthesize ZnsBsO13: Tb/Eu for the investigation of its tunable photoluminescent

properties.

Figure 1.9 The graphic representation of the Zn4BsO13 crystal structure [8§].

1.11 Rare earth ions and their properties

Rare earth (RE) ions consist of a set of 17 closely related elements with atomic numbers ranging
from Sc?! — Y3? and La®” — Lu’!, where Sc is scandium, Y is yttrium, La is lanthanum, and
Lu is lutetium. The superscript is the atomic number of the respective element [92]. RE ions
find valuable applications in phosphor materials as sources of colourful emissions. This is due
to their ability to produce various emissions when doped in host materials; however, the

emission colour depends on the dopant used. These emissions are a result of the discrete energy
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levels dictated by the configurations of their 4f electrons. The outer 5p® and 5s? electrons within
their electron configuration occupy orbitals that shield and separate the 4f electrons, preventing
the latter from participating in bonding interactions and maintaining their distinctive, free ion-
like behaviour. The similarity behaviour among the RE ions is due to the nature of their highly
localized 4f electrons, as they are nonbonding. These 4f electrons determine the optical
behaviour of the phosphor material they are incorporated into [48]. The transitions within the
f orbitals are parity-forbidden; hence, they result in a low absorption coefficient. The spectra
of rare earth ions in the crystal fields consist of electric dipole transitions; however, there are
some fewer magnetic dipole transitions. The theory of magnetic dipole transitions is attributed

to intermediate transitions [93], [94].

The behaviour of RE ions is advantageous as they are used in various applications, for instance,
in field emission displays, white light-emitting diodes, and photovoltaics [17], [95], [96]. As
mentioned above, there are various purposes for which RE3" ions are added to a variety of host
materials. When they are incorporated into the host sample, they localise within its forbidden
bandgap; as a result, they alter the band structure of the host material and enhance its light
emission [7], [95], [97]. When two rare earth ions are incorporated into a host material (co-
doping), the other dopant acts as a sensitizer, while the other acts as an activator. The sensitizer
absorbs a large amount of excitation energy and transfers it to the activator. They are mostly
used to prolong the emission (phosphorescence) of the host material [15], [17], [98]. The
following pattern is mostly used in the sensitizer/activator pairings: Dy**/Tb**, Ce**/Tb*",
Eu*"/Dy*", Dy**/Sm**, and Dy**/Gd** In this reaction, energy is transferred from one rare earth
to another. In order to keep these activator ions apart from one another and ensure high-
efficiency emissions, only trace quantities of RE*" ions are introduced into the phosphor
material. Concentration quenching is more likely to occur at higher activator ion concentrations

[99].

Generating luminescence directly by exciting the rare earth ion is challenging due to the
forbidden f-f transition, as previously mentioned [100]. However, this issue can be resolved
using indirect methods to excite the ion to a higher energy level. One approach involves
incorporating rare earth ions into a matrix or host material made of oxides or glass-forming
substances [76], [101]. A specially chosen impurity, known commercially as a sensitizer,

absorbs ultraviolet radiation and then transfers this energy to the emitter (activator) via the
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crystalline host lattice. Subsequently, the excited rare earth ion returns to its ground state,
emitting light quanta corresponding to the energy differences with the ground level [100]. The
process of matrix-assisted energy transfer and the resulting luminescence are depicted

schematically in Figure 1.11 below.
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Figure 1.11 schematic representation of matrix-assisted luminescence of RE*" ions (where S

is a sensitizer and A is an activator) [8].

1.12 Colour emission properties of Eu**, Dy’" and Sm>* ions

The following rare earth ions: Eu**, Dy*", and Sm>", namely europium, dysprosium, and
samarium, respectively, are classified as trivalent ions due to their 3+ oxidation state. These
ions can be substituted in various host materials and are known for their photoluminescent
colour emissions, suitable for various applications [102]. Numerous researchers have reported

on doping metal oxides with the above trivalent ions.
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Neeraj et al. [102] investigated the colour emissions of Eu®" doped NaM (WO4)2x(M0oO4)x
phosphor material, which they synthesized using the solid-state method. Their
photoluminescence emission spectra showed an intense red emission at an excitation of 394
nm. Moreover, they reported that the red emission is associated with the charge transfer band
("Fo — °Ls) due to the incorporation of the Eu** ions into the host lattice. Boukerika et al. [78]
reported on the synthesis of Y203:Eu®" phosphor material using the sol-gel method. The aim
was to investigate luminescence properties. Similar findings to those of Neeraj et al. [102] were
observed. Their photoluminescence emission spectra revealed intense red emissions at 610 and
588 nm, which are associated with the Eu** (°Dy — F2) electric and (°Do — "Fo) magnetic
dipole transitions, respectively. Phosphor materials doped with Eu** have potential for red-
light-emitting diode applications. Eu*" is also investigated for enhancing fluorescence lifetime
in boron-silicate glasses; this trivalent ion can be homogenously distributed along the host
lattice of the phosphor material. To date, Eu*" doped phosphor materials are known for their

long-lasting phosphorescence [103], [104].

Dysprosium Dy** is widely known for enhancing long-lasting white light emission when
incorporated into host materials. Kuang et al. [105] reported on the synthesis of SrSiOs:Dy**
phosphor material. Their results showed an enhancement in the phosphorescence emission of
approximately 1 hour after the light source was removed from the sample. The sample was
excited at 254 nm with ultra-violet light. Similar behaviour was observed by Liu et al. [103],
who investigated white after glow on CdSiO3:Dy*" phosphor. Their results showed long-lasting
phosphorescence for approximately 5 hours after the excitation source was removed from the
sample. This sample was annealed at 1050 °C. Doping a host material with Dy*" introduces a
highly dense trapping level, which is responsible for long-lasting phosphorescence at room
temperature; moreover, it is also due to the thermally stipulated recombination of electron and
hole traps, which leaves electrons and holes in a long-lived excited state [103], [104], [106],
[107]. The white light emission is due to the persistent energy transfer from the host to the Dy**

ions.

Samarium Sm** is known for tuneable luminescence colour emissions. The luminescence
properties of a phosphor material doped with Sm*®" arise from the intrinsic 4f — 4f transitions
on the dopant ion. Sm*" doped phosphor material has attracted more attention and have been
reported by numerous researchers [108]. Xia et al. [107] reported on the investigation of the

photoluminescence properties of BaMoO4:Sm** phosphor; they discovered enhancement of
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photoluminescence intensity due to the incorporation of the Sm*" into the host. The emission
colours detected were intense reddish orange, which corresponds to the “Gs» — ®Hz2 transition
[108], [109]. Li et al. [110] reported on the synthesis of LaAlGe>O7 doped with Sm*" to
investigate its photoluminescent emissions. Their results showed an increase in emission
intensity as they increased the concentration of the Sm>" ion; however, the average decay time

of the phosphor material decreased with an increase in the concentration of the dopant. Sm>*.

1.13 Problem statement

Recently, most of the researchers have focused on the photoluminescence properties of singly
rare earth ion doped ZnsBsO13 composites via different synthesis methods. However, a
comparative study of various synthesis routes that produced ZnsBsO13 composites in a single
study is lacking. The study aims to find the best synthesis route with efficient emission
properties of different rare earth ions in ZnsBe¢Oi3 composites for applications in W-LED
technology. As per literature survey, choice of different synthesis routes could impact on
structural, morphological, and photoluminescence properties of ZnsBsO13 composites. The
choice of the sol-gel, combustion and solid-state reaction methods could create the possible
pathways to identify the best luminescence properties of Sm**, Eu** and Dy*" ions in ZniBsO13
composites materials. Based on this investigation, the best synthesis method could be modelled

for future research.

1.14 Research aims and objectives

1.14.1 Aim

By incorporating different synthesis routes such as sol-gel, combustion and solid-state
methods, we aim to investigate their impact of different synthesis routes on the luminescence

properties of the rare earth (Eu**, Dy>" and Sm*") ions doped Zn4BsO13 nanophosphors.
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1.14.2 Objectives

> To synthesize pure, singly doped (RE*" = Eu*", Dy**, Sm*") Zn4sBsO13 nanophosphors
via different synthesis techniques such as sol-gel, chemical combustion, solid-state
methods.

» To identify the crystal phase structure of the prepared ZnsBO13 nanophosphors and to
determine their crystal sizes.

» To examine and analyse the surface morphology and chemical composition of the
prepared ZnsBO13 materials.

> To investigate the photoluminescence properties of singly doped (RE*" = Eu*", Dy*",
Sm>") Zn4BeO13 nanophosphors via different synthesis routes.

» To determine the chromaticity colour purity and the CIE colour coordinates of the

prepared singly doped ZnsBsO13nanophosphors.

1.15 Dissertation layout

» Chapter 1: This chapter provides an overview on the types of photoluminescence
phosphors, including ZnO and Zn4BsO13, which is of interest in this study and provides
insights about the rare earth ions that are used for doping with Eu**, Dy**, and Sm*".

> Chapter 2: provides a review of the literature on the impact of synthesis methods (sol-
gel, combustion, and solid-state) on the photoluminescence properties of ZnO host and
ZnO:RE*" ions phosphor materials.

> Chapter 3: This chapter discusses the experimental procedures and synthesis methods
implied for the preparation of ZnsBsO13:RE** (where RE*" is Sm**, Dy**, and Eu®"), as
well as the characterization techniques used for the sample analysis.

> Chapter 4: The photoluminescence properties of ZnsBsO13:Sm3+ prepared with three
synthesis methods: sol-gel, combustion, and solid-state.

> Chapter 5: Investigates the impact of sol-gel, solid-sate, and combustion methods on

the photoluminescence properties of ZnsBsO13:Eu®" phosphor material.
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> Chapter 6: This chapter investigates the photoluminescence properties of the
Zn4BeO13:Dy*" phosphor prepared via sol-gel, combustion, and solid-state synthesis

methods.

> Chapter 7: This chapter conveys a summary and conclusion about the findings of this

work.
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Chapter II

Literature review

2.1 Emission properties of ZnO based phosphors

Emission properties of ZnO-based phosphors have been reported by various researchers,
showcasing their potential applications in lighting and in optoelectronics; Ashok et al. [111]
investigated the optical properties of ZnO nanostructures doped with various rare earth (RE)
ions, including europium Eu. They adopted the sol-gel synthesis method to prepare their
ZnO:Eu nanophosphors. The sol-gel method as it is economically efficient for adjusting
morphological structure and particle size, providing high yield of nanoparticles (NPS) at the
desired temperature. Their UV—Vis results revealed a redshift in the absorption edges of the
ZnO:Eu nanopowders and also revealed that the addition of the dopant to the host resulted in a
decrease in the optical band gap. The decrease in band gap confirms successful incorporation
of the dopant to the host [2], [112]. Moreover, the decrease in bandgap and the redshift after
doping are attributed to the presence of defect states below the conduction band, which trap the
photogenerated electrons. The photoluminescence (PL) measurements were taken at room
temperature at an excitation of 395 nm. The PL emission spectra confirmed an increase in the
luminescence intensity of the Eu-doped sample compared to the undoped. According to their
results, doping with RE ions improved the emission properties of ZnO, as the RE ions have
special electronic structure, small crystal field strength splitting, and partially filled 4f electrons
surrounded by full 5s and 5p orbitals, which enabled ZnO to have numerous tunable features,
particularly in the optoelectronic domain [2], [111]. Boxu et al. [2] synthesized a series of Er**
/YbH*" co-doped Y203-ZnO ceramic phosphors using the sol-gel method. Their aim was to
investigate the photoluminescence properties of the prepared phosphor and the change in its
microstructure. The SEM was used to study the morphology of the prepared, porous structure
was observed with an increase in Zn>" ions. They reported the presence of two emission bands
in their samples: a green band at 535 nm and a red band at 660 nm. These bands are attributed
to 2Hi12 — “Iis2 and *Fo, — 1152 radiative transitions, respectively. They further reported that

these emission peaks were enhanced compared to those of the host material; the increase in
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emission is due to the lattice expansion resulting with the changes of the distance between RE
ions [2], [12], [113]. Jafaar et al. [112] used the thermal treatment method to synthesise Eu’'-
doped ZnO-Zn,Si04 with dopant concentration ranging from 0, 1, 3, 5, and lastly, 10 mol%.
The aim was to study the impact of Eu®* on the photoluminescence properties and morphology
of the prepared samples. The samples underwent heat treatment at 700 °C for 3 hours. Their
XRD results confirmed that increasing dopant concentration enhances the diffraction peak
sharpness. The improvement in the diffraction peaks is ascribed to the enhanced crystal quality
of the sample and also due to the increase in calcination temperatures. Due to the absence of
significant changes in the morphology when comparing the doped and the host samples, it was
concluded that the Eu*" ion concentration did not have an impact on the morphology of the
sample. Their photoluminescence (PL) results demonstrated that the doped sample exhibits
higher emissions in comparison to the undoped sample. This enhancement is attributed to the
electronic transitions of Eu®' present in the sample, contributing to optimal emission

performance and the expansion of lattice phenomena [13], [112].

Kaur et al. [4] synthesised ZnO phosphors with different morphologies using solid-state and
co-precipitation methods to understand the characteristics of their emission under VUV
(vacuum ultraviolet) excitation for potential VUV photodetection development. They
discovered that phosphors that possess higher thermal stability and acceptable colour rendering
properties are those with sheet-like morphology prepared by solid-state method. They also
noticed that in both synthesis methods the increase in temperature caused the emission intensity
to decrease, resulting in the CIE coordinates shifting nearer the pure white region. The decrease
in emission intensity results from the strong interaction between electron and phonon, which
levels up the thermally active non-radiative recombination processes. The violet and blue
emissions revealed from the PL emission spectra originate from the radiative transitions of
excited electrons from a Zn interstitial defect in a crystal lattice. These phosphors can be used
in plasma display devices [4]. Rajkumar et al. [5] synthesised a ternary-type Ba>Y>ZnOs doped
with Eu®" deep red phosphor using the solid-state method; their aim was to study the
photoluminescence properties of the prepared phosphor. Their XRD results revealed that an
increase in Eu®" concentration caused a shift to the lower 260 values, the red shift is due to the
Eu®" ions replacing the Y** ions in the host lattice. At an excitation of 288 nm, the PL spectra
revealed intense red emission, which is attributed to the Do — F» electric dipole transition,
implying that the Eu®" ions occupied low symmetry sites of Y** [5]. They further concluded
that Ba,Y>ZnOs doped with Eu** is a promising phosphor that can be used for latent fingerprint
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applications, as a red emitter due to the presence of Eu®*, and for WLED. Shafi et al. [7]
investigated the luminescence properties of ZnO and other ternary nanocomposites synthesised
via co-precipitation. The hexagonal morphology of the ZnO compound was confirmed in the
XRD data. The photoluminescence emission spectra showed green emission, which is
attributed to the native defects due to the zinc interstitials and is also associated with the singly
ionised oxygen vacancies [7], [114]. Song et al. [8] investigated on the luminescence properties
and thermometric performance of Bi**/Sm’®" co-doped BaLa,ZnOs phosphors synthesised
using a high-temperature solid-state method. Optical studies revealed an absorption band at
233 nm, which is due to the band-to-band transition of the host, and another weak band within
the 290 — 400 nm region that is due to excitonic absorption. They noticed that the increase in
temperature caused a decrease in luminescence intensity. This behaviour is attributed to
excellent reproducibility observed during repeated heating and cooling processes. The findings
suggest that these phosphors have significant potential in the field of biological temperature

sensing [8], [113].

2.2 Various synthesis methods for emission properties of ZnO based phosphors

The emission properties of ZnO phosphors prepared through sol-gel, combustion, and solid-
state methods have been reported by numerous researchers, investigating the impact of each
method on the optical and photoluminescence properties of the ZnO phosphor materials [2],
[111], [112]. Due to its large theoretical band gap of 3.37 eV, ZnO is usually excited with
ultraviolet light, as this light is more energetic to excite electrons from the valence band to the
conduction band, creating electron hole pairs. It turns out that the type and concentration of
defects formed in a material depend mainly on the preparation method and directly impact the
photoluminescence properties; thus, the summaries of the reports detailing the emission
properties of ZnO due to the above-mentioned synthesis method are reported below [115]. The
manifestation of the ZnO properties depends on the synthesis method [116].
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2.2.1 Emission properties of ZnO based phosphors prepared via combustion reaction

method

The combustion method is a fast preparation technique that grows crystallites at a faster rate,
requiring an appropriate selection of an organic fuel. This method can be adopted at a low
preparation cost and has a high production rate. Moreover, the combustion method usually
produces materials that are crystalline with fine grain size, multicomponent, highly pure, and
homogeneous ceramics at low temperatures [117], [118], [119], [120], [121]. Furthermore, it
involves the preparation of samples at high temperatures and low pressure. This method is
advantageous as it is possible to control the crystallite size by adjusting the reaction
temperature. Tarwal et al. [117] reported on the investigation of the photoluminescence
properties of ZnO prepared using the combustion method. In their study, ZnO nanopowder was
synthesized using zinc nitrate with glycine as an organic fuel. Their XRD showed sharp
diffraction peaks indicating crystalline nature and hexagonal structure; the absence of
secondary peaks and imply that the combustion method has no impact on the crystal structure
of the ZnO material. Within the ZnO wurtzite structure, the Zn atom is positioned at the center
of the tetrahedral oxygen matrix (refer to Figure 2.1) The crystallite sizes obtained through
this method are usually less than 100 nm [117], [118], [119], [120], [121]. The low crystallite

sizes are responsible for the intense emission in the UV region.

Figure 2.1 The hexagonal wurtzite crystal structure of ZnO material [122].
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During the combustion reaction process, there is a rapid release of gaseous byproducts, hence
their SEM images revealed the formation of agglomerated and porous morphology, the nitrate
bonds are broken, and the oxide bonds are formed. However, there are various morphologies
that have previously been reported to be obtained through this method: clusters of tiny particles
in a rod-like, shard-like flake with holes [115], [121]. Nanoparticles prepared by this method
usually have a large surface area and a wider band gap between the valence and the conduction
band. The band gap produced through this method is usually 3.27 eV less than the theoretical
bandgap of 3.37 eV [117], [118].

The photoluminescence studies reported by Tarwal et al. [117] revealed an intense UV
emission at 398, resulting from ambient air annealing due to enhanced oxidation during
combustion method reaction process. The UV emission is ascribed to the near-band edge
emission of ZnO with the wide band gap, which is responsible for the free excitonic radiative
recombination. In addition, there was a suppressed deep-level green emission at 471 nm,
indicating good crystal quality and optical properties. The green band emission is associated to
crystal defects such as vacancies and interstitial sites in ZnO, implying fewer structural defects
and impurities [117]. In contrast, the green emissions originate from the recombination of the
holes with electrons found in singly ionized oxygen vacancies. The mechanism behind the
green emission primarily attributed to the concentration of free electrons and the presence of
various point defects resulting from heating treatments or oxidation during the process,
facilitating the formation of recombination centers. Moreover, the weak green emission is also
attributed to the low level of oxygen defect density, the transition of oxygen vacancies and
valence band holes, and deep level or trap state emission [117], [118]. Subsequently, the report
by Zhao et al. [118] on the study of the photoluminescence properties of ZnO prepared by
combustion also coincides with the results reported by Tarwal [117]. Similarly, two peaks were
noted in the PL spectra at 412 and 468 nm, which are associated with the transition from the
conduction band to a deep acceptor level and the transition from oxygen vacancies’ level to the
valence band, respectively. ZnO prepared through combustion method is a promising
semiconductor for various applications, including blue and ultraviolet light-emitting diodes

[117],[118], [119].
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2.2.2 Emission properties of ZnO based phosphors prepared via sol-gel reaction method

The sol-gel method is a time-consuming and expensive preparation technique that produces
agglomerated ZnO particles with uniform size, improved crystallinity, with low porosity [117],
[118], [119]. This method can only be done in small-scale laboratories. However, it requires
strict control of the reaction conditions due to its violent hydrolysis reaction in the air during
the reaction [120]. The sol-gel method is attractive because of its well-controlled heterogeneous
nucleation and growth process, enhancement of the green colour emission, ease of introducing
various functional groups, customizable microstructure, and the fact that it can be conducted
at room temperature. The ZnO materials prepared through this method usually result in a
bandgap that is lower than the theoretical bandgap [115], [121], [123]. Below are summaries
of various reports on the emission properties of ZnO-based phosphors prepared with the sol-

gel method.

Trwyn et al. [2] used sol-gel method to synthesize silica nanoparticles. They observed that
resulting mesoporous silica nanoparticles exhibited chemical and thermal stability,
characterized by well-defined, controllable morphology and porosity. Additionally, the
researchers demonstrated control over particle size, influencing quantum confinement effects
and, consequently, the emission properties of the material [2], [112]. It is acceptable to say that
the sol-gel method is advantageous in controlling the morphology of the synthesized particles

[117].

Sagar et al. [123] reported on the synthesis of ZnO material using the sol-gel method to
investigate its photoluminescence and optical properties. Their SEM images revealed ZnO
particles with larger grain size and with a larger distribution, leading to a broader PL band; they
overcame the broad emission by annealing the material at higher temperatures. The increase in
temperature results in an increase in particle size, however it reduces the bandgap of the
material [115]. Their PL spectra show two emission bands: a narrow band in the UV region at
380 nm, which corresponds to the band edge emission due to a free exciton emission, and the
other green emission near the 500 nm region related to the defects: non-stoichiometric
imperfections and crystal imperfections. The intense emission peak in the UV spectra is also
related to the excitonic effect of phonon interactions, strain, and the influence of the optical
constant near the band gap. The large exciton-binding energy allows excitonic recombination

well beyond room temperature, making excitons a sensitive indicator of material quality [117].
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The green PL emission corresponds to the transition from the conduction band to oxide antisite
defects. In addition, a Stokes shift was observed between the PL and absorption spectra,
associated with various defects, including electron phonon coupling, lattice distortions,
interface defects, and point defects, causing a red shift of the emission line absorption edge.
The optical properties of the phosphor material show that it exhibits transmittances exceeding
90% in the visible range; this transmittance decrease in the UV range due to the onset of
fundamental absorption [123]. Similarly, Bekkari et al. [115] synthesized ZnO nanoparticles
with the sol-gel method, and their XRD results showed that the nanoparticles crystallized in a
pure ZnO wurtzite structure without any secondary phases. The average crystallite sizes
obtained through this method ranged from 20 — 40 nm. According to their PL results, when the
ZnO NPS are excited at 280 nm, UV emission at approximately 380 nm is observed. This peak
is attributed to the near-band edge transition of ZnO, namely the recombination of free
excitons, while the visible luminescence is attributed to various defects in the crystal structure
such as oxygen vacancy, zinc vacancy, oxygen interstitial, zinc interstitial, and extrinsic
impurities [115]. The defects possess an energy level structure differing from substantial
semiconductor atoms, generating one or more energy levels within the forbidden gap of the
semiconductor. These defects, known as recombination centres, contribute to the decrease in
the radiative lifetime and internal quantum efficiency of the UV emission. A blue emission is
observed at 434 nm, which is ascribed to the transition from the zinc interstitial to the valence
band. The green emission at 540 to 555 nm is attributed to the transitions from the conduction
band to the oxygen interstitial level. The green-yellow peak at around 573 originates from the

conduction band transition to the complex of an oxygen vacancy and zinc interstitial [115].

Bera et al. [124] synthesized pure ZnO nanoparticles using the sol-gel method to investigate
their photoluminescence properties. A broad, intense visible emission peak centred around 520
nm was observed, with the prepared phosphors exhibiting lifetimes in the range of
approximately 14 to 77 ns. Two emission peaks were observed: a sharp and highly intense UV
emission band, contrasting with typically broad and weak visible emission. The broad peak is
commonly associated with the presence of surface defects. The green emissions are attributed
to defects in the ZnO nanoparticles, i.e., neutral, singly, or doubly charged Zn vacancies, and
singly or doubly charged oxygen vacancies. The other cause of the green emission is due to the
transitions from the conduction band to the deep acceptor levels. The recombination process
between the oxygen vacancy and the trapped electron produces green emission [124], [125].

The reduction in the intensity of the 545 nm peak compared to the UV peak is attributed to a
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reduced concentration of oxygen vacancies resulting from aging in an oxygen-rich atmosphere
[126]. The bandgap obtained through this method is less than the theoretical band gap of 3.37
eV; it is approximately 3.2 eV [125].

2.2.3 Emission properties of ZnO based phosphors prepared via solid state reaction
method

Solid-state reaction method is one of the fast, simple, and effective approaches to synthesize
ZnO nanoparticles, it can be performed at a low cost and does not require more complex
devices; agate mortar and pestle are mainly used as starting apparatus. Moreover, it allows a
control of the size of the crystallite by adjusting the synthesis temperatures [127]. The
following researchers have reported on the emission properties of ZnO materials prepared

through the solid-state method.

Lin et al. [128] reported on the synthesis of ZnO phosphors using solid-state reaction method
to investigate their cathodoluminescence properties. The XRD results confirmed the hexagonal
wurtzite structure, this implies that solid-state reaction method does not affect the crystal
structure of the ZnO material. Their photoluminescence studies revealed green emission bands
within the 494 nm region. The green emission band is attributed to the presence of the oxygen
vacancies. Pure emission of narrow luminescence band in the blue-violet spectral region. The
green emission band originates from the transition of Zn" to Zn*>* in the excess of Zn ions,
involvement of O vacancies, interstirtial O, Zn vacancies, and Zn interstitials. The other cause
of green emission in the ZnO phosphors is due to the recombination of an electron in singly
occupied oxygen vacancies with photoexcited holes in the valence band. A yellow band was
observed within the 562 nm region [128]. The ZnO particles synthesized by Pudukudy et al.
[127] using solid-state method for the investigation of their photocatalytic activity showed
hexagonal wurtzite structure, with high nanocrystallite size confirmed through the XRD
technique. The produced crystallite sizes ranged from 19 to 45 nm. Intense diffraction peaks
observed indicating high phase purity. The Scanning electron microscopy showed development
of porous ZnO nanostructures, which are uniformly distributed, well separated hexagonal
morphology with granular shape, and some spherical structures. They observed a small
agglomeration with an average particle size of 80 nm. The photoluminescence spectra revealed
that the samples exhibited characteristic blue and green emission bands. The photocatalytic

activity of the as prepared ZnO phosphors was investigated under UV light. The
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photoluminescence emission intensity is affected by crystallinity, porosity, and surface area of
the sample [127]. The weak green emission is attributed to the reduction of radiative
recombination process in the sample [127]. The blue band centered at 397 nm is attributed to
the annihilation of excitons, the visible band at 438 nm is ascribed to the presence of the high
density of surface defects; oxygen vacancies, zinc vacancies, oxygen intersitials and zinc
interstitials of the sample, and the combination of free excitons [127]. The green emission band
is attributed to the electron-hole pair recombination occupying in the singly ionised oxygen

vacancies.

Kaur et al. [4] reported on the synthesis of sheet like ZnO nanoparticles using solid-state
reaction method. Their aim was to investigate their photoluminescence properties. The
prepared phosphors exhibited high thermal stability. Their XRD results confirmed the
formation of polycrystalline ZnO with hexagonal wurtzite structures without any additional
impurities with an average crystallite size of 36 nm. The SEM images showed that the
phosphors exhibited stacked sheet like structures with an average size of 8.24 4 um. According
to the photoluminescence analysis the phosphors exhibited intense UV emission as well as
broader visible luminescence. There were strong UV, green, yellow, and orange emissions.
Which are due to excitonic recombination, and the deep level defects within the bandgap.
Violet and blue emissions result from radiative transitions of excited electrons from (Zn;) and
(Zn;) to Zn vacancy, respectively [4]. The red emission band originates from the recombination
of photoexcited electrons from the edge of the conduction band to the holes at V, [4]. The
consistent orange band across the temperature range of 10-300 K is due to the radiative
transition of an electron from Zn; to O; defect levels [4]. The green emission band at 500 nm
arises from the electron trapped in singly charged oxygen vacancies which being
thermodynamically unstable converts into neutral oxygen vacancies. The electron trapped in
neutral oxygen vacancy recombines with a hole present in the VB resulting in green emission.
The yellow emission band at 584 nm is attributed to the transition of an electron from the edge

of the conduction band to the O; defect level [4].
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2.3 Luminescence properties due to dopants

Zinc oxide (ZnO) material is widely utilized as a host for luminescence applications due to its
wide and direct bandgap. However, the ZnO material could be doped with lanthanides to tune
its optical properties. Lanthanides ions, with f-f transitions in their partially filled 4f orbitals,
exhibit efficient in luminescence. In addition, they also enhance the photoluminescence
lifetimes of the host material; this can be explained through the energy transfer between the
dopant and the host material [116], [129]. The rare earth-doped semiconductors have a wide
range of emission wavelengths, from ultraviolet to near infrared [49]. Doping of ZnO,
especially with rare earth (RE) ions, introduces surface defects and trapping centres in the band
gap, which result in the inhibition of recombination and acceleration of the interfacial charge
transfer [ 130]. Each of the host materials has its own unique colour emission when doped with
RE ions. The luminescence properties due to Sm**, Eu*", and Dy>" rare earth ions are discussed

below.

2.3.1 Luminescence properties of Sm3* ions

Samarium (Sm**) is one of the trivalent rare earth ions with optical capabilities; it can be
incorporated into various host materials for different applications, for instance in colour
displays, solid-state lighting, and plasma display panels [116]. When a ZnO material is doped
with Sm**, there is an energy transfer between the dopant and the host. If there are secondary
phases and a peak shift in the XRD spectrum, it implies that the charge transfer was not
uniform, as there is a change in the inter-planar spacing and lattice micro strain of the host.
However, the non-existance of secondary phases implies the uniform substitution of Zn>" ions
by Sm*" ions [130]. Moreover, during the substitution process, there is a charge imbalance.
The charge imbalance can be corrected by applying a well-designed synthesis mechanism,
which will introduce suitable monovalent cations for balancing the charge transfer. The

equation below shows the balancing of charge transfer using monovalent cations (MC") [130].
2ZN%T 5 SMB3Y + MCHaaananeenveveeeeveeeeeeenen(2.1)

There are two other alternative mechanisms for maintaining charge neutrality through the

generation of crystal defects without the monovalent charge compensator ion. In the first
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mechanism, the charge compensator is carried out by a zinc vacancy (Vzi) defect where two
Sm*" ions replace three Zn>" ions along with the zinc vacancy defect (Vzu), leading to the

following equation [130].
3Z1n%T 3 2SM3T Vi peeeiiiiiiiieeeeeceieeeeeeenn(2.2)

The second case involves the creation of an oxygen interstitial (O;) defect during the

substitution of two Zn** ions by two Sm>* ions, leading to the equation below [130].
2712 3 2ST3F 4 O, 2.3)

Numerous reports have been published regarding ZnO doped with Sm** for the investigation
of its luminescence emission. Othmen et al. [116] reported on the synthesis of ZnO: Sm?*"
nanocrystals using the sol-gel method. Their aim was to investigate the photocatalytic
properties of the nanocrystals due to Sm** ions. Their XRD results confirmed the ZnO wurtzite
hexagonal structure, confirming the successful incorporation of Sm** ions in the ZnO material
[116], [129]. Their ultraviolet-visible (UV-Vis) spectroscopy revealed the introduction of a
new absorption band on the doped material, which is not present in the spectrum of the ZnO
host material. This band is attributed to the f-f transitions from the Sm*" ions. However, there
was a slight decrease in the band gap of the ZnO after the introduction of the dopant, which is
ascribed to the charge transfer between the ZnO valence band and the Sm** ion 4f level. Their
photoluminescence was obtained at an excitation of 325 nm for both the host and doped
material. Emission peaks were observed at 380 nm and 530 nm in both the host and the doped
material. However, the emission intensity of the doped material was suppressed compared to
the host material. The decrease in intensity is ascribed to the introduction of intrinsic defects
from the dopant and the parity-forbidden nature of f-f transitions of Sm*" ions [129], [131].
Furthermore, there was a blue shift in the visible region, meaning the Sm*" dopants affect the
nature of the host material. Their results indicated that ZnO-doped Sm** could be a potential
candidate in photocatalysis applications as an orange-red light-emitting material [49], [116],
[129]. Similarly, Devi et al. [129] synthesized ZnO: Sm>" nanostructures using the combustion
method; their aim was to investigate the photoluminescence properties of the prepared material.
Their XRD did not show any additional peaks; all peaks matched the wurtzite structure. At an
excitation wavelength of 255 nm, their PL emission spectrum showed an emission at 397 nm,
which is attributed to the recombination of free excitons. Other luminescence peaks that
originate from defect states such as oxygen vacancies and zinc interstitials were observed

within the 420-490 nm (blue) region. The decrease in bandgap was observed after doping ZnO
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with Sm*" [129], [132]. However, there are other reported various photoluminescence
emissions resulting from the ZnO: Sm*" due to Sm**; for instance, orange-red emission [49]
due to the *Gs» — *H72 and *Gs/» — ®Hop, transitions, respectively. Green emission due to Sm>*
[49] is also reported, resulting from *Gs»—°Hs;, and a yellow emission [130], [133] which is

ascribed to °Hs;» — ®Hop.

2.3.1 Luminescence properties of Eu’* ions

Europium (Eu**) ions have been incorporated into various host materials for various
luminescence applications, including solid-state lighting, fibre lasers, plasma displays, and
field emission displays [86], [134]. In this section, the luminescence properties of ZnO:
Eu** will be discussed. Eu** has been reported to exhibit sharp emissions in both the ultraviolet
and the visible. When Eu®* is incorporated into the ZnO material, it provides both stable
chemical and physical properties in the ZnO material as there is energy transfer between the
dopant and the host material [34]. There are a variety of colour emissions when Eu®" is
incorporated into a host material. Figure 2.2 below shows the Eu®" ion energy level diagram.
When a phosphor material is excited by near-UV light, it absorbs energy; the electrons are
excited from the valence band to the conduction band. The electron can be excited at various
wavelengths, i.e., 361, 382, 395, and 416 nm, which correspond to the following transitions:
"Fo —°G4, "Fo— °Ga, "Fo— °Ls and "Fo— °Ds. The electrons tend to emit light in different
wavelengths within the following 592, 615, 655, and 702 nm, which correspond to Do —'Fj,
SDo— "Fa, Do— "F3 and *Do— ’Fs transitions, respectively. The emission results when the
electrons are lost non-radiatively to the °Dy level [134], [135], [136], [137], [138], [139], [140],
[141].
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Figure 2.2 The electronic energy level diagram for the Eu’* ion [135].

Zhang et al. [136] reported on the observation of strong white light emission achieved from
ZnO: Eu**. The Eu’" ion is a significant structural probe due to the red visible luminescence
that results from Dy —'Fy transitions [138], [139]. The red emission is ascribed to the intense
charge transfer band adsorption in the ultraviolet region, which are the f-f transitions of Eu**
at 394 and 465 nm regions. Ntwaeaborwa et al. [134] reported on the synthesis of ZnO doped
with Eu*" nanoparticles using the co-precipitation method to investigate the structural, optical,
and photoluminescence properties due to Eu**. Their XRD results revealed secondary phases,
which are attributed to the presence of Eu** ions. Upon increasing the concentration of Eu®",
they observe a change in the crystal structure of the ZnO material as there is a shifting in peak
position and an increase in intensity of the diffraction peaks of secondary phases [134], [137].
The shift in diffraction peaks is attributed to the non-uniform charge transfer between the Zn>"
and Eu®" ions. They also observed an increase in the crystallite size and a decrease in the

bandgap of the material as the concentration of the dopant increased. Upon excitation of 325

nm, the photoluminescence emission spectra revealed intense emission peaks at 593 nm, 618
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nm, 646 nm, and 682 nm regions, which are ascribed to the Do — 'F;j (j=1, 2, 3, and 4) 4f-4f
transitions of Eu®* [134], [136].

2.3.1 Luminescence properties of Dy" ions

Dysprosium (Dy>") is one of the trivalent rare earth ions; it has been incorporated into the ZnO
host material by various researchers for the following applications: white light-emitting diodes,
thermoelectric devices, and flat panel displays [142]. Moreover, the Dy*" is considered eco-
friendly and useful for enhancing luminescence emissions, i.e., a high-intensity lamp, as it
exhibits magnetic strength at very low temperatures [143]. ZnO doped with Dy** ions is known
for exhibiting luminescence in the visible region [144]. Numerous studies for ZnO: Dy** have
been reported. Amira et al. [142] reported on the synthesis of ZnO phosphor doped with Dy**
using the solid-state reaction method to investigate the spectroscopic properties of the prepared
phosphor. Their XRD results confirmed the hexagonal wurtzite phase of ZnO and showed a
slight shift in the diffraction peaks to the lower 26 levels, indicating successful incorporation
of the Dy** ions in the ZnO host lattice. The good crystallinity of the ZnO: Dy** sample was
also confirmed, which is due to the successful substitution of the Zn** by Dy** [143], [144],
[145], [146]. An increase in the band gap was observed after doping with Dy**. The broadening
of the bandgap is attributed to the Burstein-Mos shift, which results from the filling of the
conduction band of n-type materials or of the valence band of p-type materials. However, they
also reported that further increasing concentrations of the dopant cause the band gap narrowing
due to the formation of defects in the band gap. At an excitation wavelength of 325 nm, their
PL emission spectra revealed a large emission band at 380 nm, which originates from the
recombination of free excitons in ZnO. The broadening of the UV band after Dy>" is due to the
creation of Zn vacancies and Zn interstitial defects from Dy>* dopant. The revealed suppression
of the visible band is related to excitation transfer from intrinsic defects to Dy>* ions. Moreover,
there are other three emission peaks detected at 476 (blue), 567 (yellow), and 658 (red) nm,
which are due to *Fo/a —°®His/, *Fo, —°Hi31, and *Fo, —°Hi 1 transitions, respectively [147].
Whereby the magnetic dipole transition is given by *Fo/» —°His)2, while *For» —°Hi3/2 and *Foy
—SH)12 transitions are related to electric dipole transitions. The increase in Dy*" doping
concentration resulted in a decrease in the lifetime decay of the ZnO: Dy** phosphor material.

The decrease in decay time is attributed to the excitation energy exchange among the Dy*" ions,
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which is due to the reducing distance between these ions, can enhance the energy depletion rate
and cause a decrease in decay time [147]. However, their colour chromaticity diagram revealed
that the ZnO: Dy>" was in the white region; hence, they concluded that the ZnO: Dy** phosphor
material can be considered a good candidate for white luminescence applications. Similar

behaviour of Dy*" ions on ZnO materials was reported by Uma et al. [147].

2.4 Conclusion

The sol-gel method is commonly used for the preparation of excellent phosphors. In
comparison to the combustion method, it offers the advantage of good crystallinity and
stability. Furthermore, when compared to the solid-state method, it demonstrates the advantage
of a higher rate of raw materials synthesis. Table 2.1 below shows the summative table for the
characteristics of the ZnO phosphors prepared via sol-gel, combustion, and solid-state reaction

methods.

Table 2.1 summative table for the characteristics of the ZnO phosphors prepared via sol-gel,
combustion, and solid-state reaction methods [111], [113].

Chemical reaction ina  ||Solid-state reaction between Formation of a gel precursor
Synthesis combustion flame using |[reactants at elevated followed by heat treatment
Technique fuel and oxidizer temperatures

Moderate temperatures

High temperatures due to [[High temperatures during during gel formation and

Temperature |combustion flame reaction and annealing steps |lannealing
Typically longer processing |[Moderate processing time

Processing Relatively short time due to reaction and with gel formation and heat
Time processing time annealing steps treatment
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Particle size influenced by

Controllable particle size

Doping is achievable

during combustion

challenging due to solid-state

diffusion limitations

Typically smaller reaction and annealing through gel formation
Particle Size |particle size conditions parameters
Generally high Homogeneity depends on Good homogeneity
homogeneity due to mixing and diffusion during |achieved through the gel
Homogeneity |[rapid combustion solid-state reaction precursor
Purity affected by the quality
High purity due to rapid |jof starting materials and High purity as the gel can
Purity reaction reaction conditions be carefully prepared
Crystal structure Crystal structure influenced
Crystal influenced by by solid-state reaction Controlled crystal structure
Structure combustion conditions |lconditions through gel chemistry
Doping may be more Doping can be easily
Doping Ease

controlled during gel

formation

Surface Area

Typically high surface

arca

Surface area influenced by

particle size

Relatively high surface area

due to gel precursor

Can exhibit good optical
properties

Optical properties influenced

Tailorable optical properties

http://etd.uwc.ac.za/

Optical by crystal structure and through controlled gel
Properties impurities chemistry
Oft di ick, low-|| . . . . oy
ef UseC I quick, Jow Widely used in various Suitable for applications
Applicati t applicati D . .
PPLCALONS 1 |cost applications applications including requiring controlled
optoelectronics properties
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Various luminescence emission properties of ZnO doped with RE** (where RE** = Sm**, Eu®”,
and Dy*") materials have been discussed. The ZnO host material exhibits both similar and
distinct behaviours influenced by the mentioned dopants. All the three RE ions dopants have
no influence on the crystal structure of the ZnO material. Table 2.2 below presents the
summative luminescence properties attributed to Sm**, Eu**, and Dy** ions. The observed blue

colour emission observed in all RE*" is due to the ZnO host.

Table 2.2 summative luminescence emission properties due to Sm3+, Eu3+, and Dy3+ ions

[126], [141].

Increase the particle Green, orange, and Increase with increase in
Sm*" ||size of the material |Decreases red dopant concentration

Increase particle size blue, yellow, red, and ||Decreases the lifetime
Dy** |lof the host Increases white decay of the host

Up to now various research on metal oxides such as ZnO have been reported in the literature
using various synthesis techniques: sol-gel, solid-state, and combustion reaction methods, but
none have reported on a comparative study of all the above metal oxides within a single frame.
The main objective of this study is to investigate the impact of the above-mentioned synthesis
technique on the structural and photoluminescent properties on the zinc borate ZnsBsO13
phosphor material. To identify the best luminescent characteristics of the host material, we

decided to introduce the following dopants Eu**, Dy**, and Sm*" for a comparative study.
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Chapter 111

Experimental Techniques

3.1 Introduction

In this chapter, different synthesis methods and characterisation techniques are used for sample
preparation and analysis, respectively. The combustion, sol-gel, and solid-state methods were
used to prepare the ZnsBeO13 host and ZnsBsO13 doped with rare earth (RE**) ions where (RE**
= Sm**, Eu**, and Dy*") ions elements. All the chemicals used for synthesis were purchased
from Sigma-Aldrich. The prepared samples were characterized using various techniques. X-
ray diffraction (XRD) was used to study the crystal structure and the crystallite size of the
material. The morphology and topology of the samples were studied through field emission
scanning electron microscopy (FESEM). Fourier transform infrared (FTIR) spectroscopy was
used to examine the chemical composition and functional groups present in the prepared
material. Optical properties were examined through ultraviolet-visible spectroscopy (UV-VIS).
The photoluminescence emission properties were analysed by photoluminescence

spectroscopy (PL).

3.2 Synthesis methods
3.2.1 Sol-gel method

Due to its numerous benefits over other processes, the sol-gel method is one of the most
efficient ways to prepare non-metal oxide samples [148]. Moreover, this method is one of the
most used, and its variations and adaptations are utilized to synthesize pure thin films and
powdered catalysts in high, homogeneous concentrations under stoichiometry control. The sol-

gel method has been in existence since the early 1800s [149].

The sol-gel method was used to synthesize the host and doped materials. For host materials,
the precursors used are zinc nitrate as an oxidizer, citric acid, and boric acid as fuels. In this

study, the doped (RE**=Dy**, Sm*", and Eu**) ZnsB¢O13 materials were synthesized. Zinc
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nitrate hexahydrate (Zn (NO3)2(6H20) (99%) was used as a zinc source; boric acid (H3BOs3)
(99.5%) and citric acid (CsHsO7) (99.95%) were used as fuels. The dopants used were
samarium III nitrate hexahydrate Sm(NO3)3(6H20) (99.99%), dysprosium III nitrate
pentahydrate Dy(NO3)3(5H20) (99.9%), and europium III nitrate hydrate Eu(NOs3)3(H20)
(99.99%).

To synthesize the host material, zinc nitrate and boric acid were dissolved in 40 ml of hot
deionized (DI) water. Citric acid was dissolved in a separate beaker with 40 ml of DI water;
this allowed for a homogeneous mixture in the reaction. After citric acid was completely
dissolved in deionized water, it was then added to the mixture of zinc nitrate and boric acid
while stirring, and they formed a homogeneous mixture. The solution was stirred and heated at
220 °C until it formed a gel-like solution. The gel was allowed to gain more strength by not
being removed from the hot plate until it had fully formed. The fully formed gel was then
transferred to a crucible, kept in a furnace, and annealed at 800 °C for 2 hours. The final sample
was grained to a fine powder, calcined at 900 °C, and finally collected and characterized. The
temperatures above 1000 °C were found change the crystal structure of the Zn4BsO13 material

hence the above temperatures 800 and 900 °C were used during sythesis [150], [151], [152].

The balanced chemical equation for the above-mentioned reaction is as follows:

47Zn(NO3)2 + 6H3BO3 + 9(NH2)2CO — Zn4B6O13 + 6NH4NO3 + 9H20......ccvvvvvernnn. 3.1
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Figure 3.1 A flow diagram for the sol-gel synthesis procedure.

3.2.2 Combustion Method

The majority of companies rely on the combustion method, which is one of the most effective
for the preparation of nanophosphor materials [150]. This synthesis method involves simply
mixing both organic fuels, such as citric acid, urea, glycerine, and metal nitrates, into enough
deionized water, then heating until all the present water evaporates [153]. It involves phases
before the explosive reaction, such as blazing (gas phase) and smouldering (heterogeneous

phase). The blazing temperature encourages phase formation and crystallization [154].

This is the second method used to synthesize the host and doped nanophosphors. For host
material, elements used were zinc nitrate hexahydrate as an oxidizer, urea, and boric acid as
fuels. In this study, the doped (RE**=Dy**, Sm**, and Eu**) ZnsB¢O13 materials were prepared.
Zinc nitrate hexahydrate (Zn(NO3)2(6H20)) (99%) was used as a zinc source; boric acid
(H3BO3) (99.5%) was used as a borate; and urea CH4N>O (91.05%) for combustion. The
dopants used were samarium III nitrate hexahydrate Sm(NO3)3(6H20) (99.99%), dysprosium
III nitrate pentahydrate Dy(NO3)3(5H20) (99.9%), and europium III nitrate hydrate
Eu(NO3)3(H20) (99.99%).
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To synthesize the host material, zinc nitrate and boric acid were dissolved in 40 ml of hot
deionised (DI) water. Urea was dissolved in a separate beaker with 40 ml of DI water; this
allowed a homogeneous mixture in the reaction. After urea was completely dissolved in
deionized water, it was then added to the mixture of zinc nitrate and boric acid while stirring,
and they formed a homogeneous mixture. After 30 minutes, a few drops of approximately 10
ml of NH4OH were added to the solution to reach pH 9. The precipitate was then formed, and
the solution was transferred to a ceramic crucible and kept in a furnace at 800 °C for the
formation of powder material. The sample was removed from the furnace and ground using a
pestle and mortar. The sample was then annealed at 900 °C, and the Zn4B¢O13 (host) compound

was completely formed and characterized.

The balanced chemical equation for the reaction mentioned above is shown below:

4Zn(NOs3): + 6H3BO; + 9(NH2)2CO + 24NH4OH — ZniBsO1z + 24NH4NO; +

Figure 3.2 Flow diagram of the combustion method.

3.2.3 Solid State Method

The solid-state reaction method is a traditional synthesis technique to produce inorganic

compounds due to its simple and economical operation as well as the utilization of inexpensive
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and accessible carbonates and oxides as raw materials. However, it is frequently necessary to

use a high temperature and/or prolong the processing time for calcination [155].

This is the third used method to synthesize the host and doped nanophosphors. For host
materials, elements used were zinc nitrate hexahydrate as an oxidizer, urea, and boric acid as
fuels. In this study, the doped (RE*'=Dy**, Sm**, and Eu**) ZnsBe¢Oi3 materials were
synthesize. Zinc nitrate hexahydrate (Zn (NO;3)2(6H20) (99%) was used as a zinc source; boric
acid (H3BO3) (99.5%) was used as a borate; and urea (CH4N20) (91.07%). The dopants used
were samarium III nitrate hexahydrate Sm(NO3)3(6H20) (99.99%), dysprosium III nitrate
pentahydrate Dy(NO3)3(5H20) (99.9%), and europium III nitrate hydrate Eu(NOs3)3(H20)
(99.99%).

To synthesize the host material, the chemicals mentioned above are the precursors used in this
method; they were combined in proper stoichiometric proportions. The precursors with a larger
surface area were first ground using an agate pestle and mortar, followed by the ones with
smaller surface areas. The grinding process took approximately 20 minutes. Acetone was used
during the grinding process to ensure that the sample mixture was uniformly homogeneous.
The resulting mixture was transferred to a ceramic crucible and then placed into a furnace for
2 hours at 800 °C. The final product was taken out of a furnace, cooled, ground into a fine
powder, and then annealed at 900 °C. The final, prepared sample was then taken for

characterization.
The balanced chemical equation for the above-mentioned reaction is as follows:

4Zn(NOs3)2 + 6H3BO3 + 9(NH2)2CO + 20CH3COCH3 — Zn4BsO13 + 36 HNO3 +
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Figure 3.3 A flow chart for the solid-state synthesis method.
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3.3 Characterization techniques

3.3.1 X-Ray Diffraction

The prepared samples were examined by XRD before any other characterization technique.
This technique is mostly used as the primary step of characterization in the engineering and
science fields. XRD is a non-destructive characterization technique that uses X-rays for phase
analysis and the crystallinity of materials [156], [157], [158]. The monochromatic X-rays
produced by this technique have weak absorption, thus causing no harm to the sample during
analysis. Nano-powders, ceramics, polymers, and thin films are forms of materials that can be
examined with this technique. The diffraction patterns of X-rays are similar to fingerprints that
identify crystalline material by matching the experimental patterns with the JCPDS database.
The XRD setup comprises the following main components: the X-ray source, the sample

holder, and a detector, as shown in Figure 3.4 (a) [159], [160].

Figure 3.4 (a) The Schematic arrangement of the components of an XRD diffractometer
[159] and (b) Schematic representation of incident and diffracted X-rays on and off the
sample [160)].

The condition of the diffraction of X-rays from the sample is given by Bragg’s law. For this

law to be successful, there must be a generation of X-rays. The cathode ray tube is the simplest
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method applied to generate X-rays. This process occurs under a low-pressure environment. A
voltage of 10 to 60 kilovolts (kV) is applied across a hot tungsten filament (cathode), which
then accelerates electrons towards an anode, a heavy metal like Cu that was used in this
experiment. X-rays are produced through electronic transitions known as Ka and Kf, which
involve electrons moving from the second innermost K shell to the first innermost L shell
(transitioning from n =2 to n = 1) and from the third innermost M shell to the first innermost
L shell (transitioning from n =3 to n = 1), respectively [161], [162]. The produced X-rays are
usually Cu Ka with a wavelength of 0.5406 nm [159]. A schematic of a @ — 20 experiment is
given in Figure 3.4 (b). The sample diffracts the X-ray, which is associated with the inter-
planar spacing “d”, at an angle that obeys Bragg’s law. This law relates the wavelength of the
diffracted X-ray with the crystalline sample’s lattice spacing and the angle of diffraction. This
relation can be mathematically presented as shown below [159], [163], [164]:

NA = 2dSINO...cueiiiniiiieiiiniiiieiiiniiiseisiatossstssssossscssssonns (34

where 0 is the angle of the incident X-ray beam, while 20 is that of the diffracted beam with
respect to the direction of incidence, as shown in Figure 3.4 (b). A is the x-ray wavelength,
dxu 1s the path difference between two planes in the periodic atomic lattice, where h, k, and 1
are Miller indices to characterize the crystal plane from the diffraction patterns, and n is an
integer that is regarded as the order of diffraction maxima. For the first order, n=1, and for the
second order, -n = 2 etc. although higher orders are not generally observed. Constructive
interference occurs when the Braggs law is fulfilled [165], [166], [167]. The produced
diffraction patterns give distinct information about the material when the conditions satisfy
Bragg’s law. The intensity of the produced peaks is plotted as a function of 20 [157], [165],
[166]. The detector records the diffracted X-rays and converts them into an analysable XRD
signal, whereby the detected diffraction patterns are used to estimate the crystallite size and

deduce other phase properties of the material [159], [168].

Scherer’s equation [165] presented below is used to calculate the crystallite size and peak
broadening from the diffraction spectrum. The crystallite size of a particle should never be

mistakenly compared to or regarded as a particle size due to the polycrystalline aggregate

formation.
KA
D B cosg’ "ttt s 3.5
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Where K is the Scherer constant 0.9 for spherical grain, D is the average crystallite size of a
particle, (A=1.5405 A) is the X-ray wavelength utilised by Cu Ka, (@1is the angle of
diffraction), and crystallite size broadening Bp is regarded as full width at half maximum
(FWHM) [165]. The intensity of the peaks can be affected by the calcination process. During
calcination, the particles become more crystalline, and their intensity peaks increase due to the

increase in the average crystallite size [86], [157], [160], [166], [169].

The following equation (3.7) is used to calculate the strain caused by the crystal defects leading
to the broadening of peaks, which is then added to equation (3.6) to form the William-Hall
equation (3.8) [160].

[ PR 8 =0 11 (1 () TN 3.7

Where the strain parameter is denoted as € , C is a constant, and the strain broadening is given

by B, which is due to the instrument.

Therefore, equation (3.6) and (3.7) can be combined through convolution, whereby the

convolution is assumed to be sum of the two equations, leading to the following equation:

KA
Biot = Bp + B = Cetanb + Bpcosg' "ttt 3.8)

wheref o 1s the full width at half maximum intensity for diffraction peaks. Multiplying

equation (3.8) by cos@ we obtain the following equation:

Biot€0s0 = Cey_yxSind + > e, 3.9

The above equation is known as the uniform deformation model. Dw.x is the grain size
determined by the Williamson-Hall plot. If we compare equation (3.9) to the standard straight-

line y = mx + c, therefore from plotting of f;,,c050 versus sin@ we can obtain the strain

kA . . .
component Cey_y from the slope. The > term is the intercept from the plot, from which

W-H

the average crystallite size can be estimated [40], [170].
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3.4 Microscopy

3.4.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is an optical characterization technique that allows the
observation and analysis of heterogeneous organic and inorganic materials in the micro- to
nanoscale range. The significant use of this technique is to acquire high-resolution images of
the surface morphology and topography of a material [171], [172]. These images are obtained
by examining the surface of a material using a beam of electrons. The electrons are used since
they have a shorter wavelength than light and can easily penetrate through the sample, thus
producing images with higher resolution and an improved field of depth [135], [160]. It is
mandatory to properly prepare and coat samples before microscopy analysis in order to obtain
prime results. Coating is significant for ensuring conductivity in samples, as this avoids
charging during analysis. Scanning electron microscopy is typically equipped with EDS
(energy dispersive X-ray spectroscopy) for chemical composition and elemental mapping.
SEM setups comprise the following components: electron source (electron gun), anode,
condensor lenses, objective lens, back scattered electron detector, X-ray detector, secondary

electron detector, scancoils, amplifier, and scan generator [173], [174], as shown in Figure 3.5.
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Figure 3.5 A schematic diagram for scanning electron microscopy fundamental components

[171].

The electron gun contains tungsten filament, which is heated to a temperature of 2000 — 2700
K to produce electrons from the high negative potential (-20 000 V) to the ground potential (0
V), with an emission current (probe current) of approximately 100 microamperes [175]. The
electron beam is focused by the anode towards the electromagnetic lenses, as shown in Figure
3.5. The magnetic lenses adjust the diameter of the electron beam passing through and targeting
the specimen. These lenses are created by an iron piece soled with copper wire, which causes
the magnetic field that controls the direction and magnitude of the beam to the specimen. This
is advantageous for the selection of an area or raster to be analysed [174], [176]. A vacuum of
(1071°-10°'" torr) in the beam chamber is necessary to avoid beam contamination. There is a

path between the magnetic lenses and the specimen, which is known as the working distance.
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The working distance affects the focus and the depth of field during sample analysis. Therefore,
necessary adjustments to the specimen’s height are required for the sample to be in focus. The
failure to focus the beam on the sample results in various lens aberrations, which are

astigmatism, spherical aberrations, and chromatic aberrations [166], [168], [177].

An electron beam is irradiated onto the surface of the sample in a raster for scanning. The best
resolution is obtained through high-energy electrons; however, it varies among the samples
being analysed as high-energy electrons might damage other samples. The number of pixels
per row and the number of rows affected by the chosen resolution. The scan coils are
responsible for creating a rastering pattern on the specimen [177]. When the specimen is
bombarded with a beam of electrons, it can release the following: secondary electrons, back-
scattered electrons [178], distinctive X-rays, and other photons of varying energies are among
the signals produced during the sample-electron beam interaction, as shown in Figure 3.6 [18].
However, this study focuses on the secondary electrons, back-scattered electrons, and
distinctive X-rays as they can be detected by the SEM. The beam interaction with the sample
may involve both inelastic and elastic events. Inelastic events occur during the interaction of
beam electrons with electric field of an electron in a specimen atom. This interaction causes an
energy transfer to the specimen atom, potentially leading to the expulsion of an electron from
that atom as a secondary electron, which has energy less than 50 eV. Therefore, their less
energy makes them ideal for examining the surface morphology. Elastic events occur during
the interaction of the electron beam with the electric field of the nucleus of a specimen atom.
This interaction leads to a change in the direction of the beam electron without a significant
alteration in the energy of the beam electron (typically < 1 eV). The elastically scattered
electron is named the back scattered electron, which is detected in the SEM during specimen

analysis [166], [169], [171], [172], [173], [174].
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Figure 3.6 A schematic diagram for beam-specimen interactions [177].

When an incident electron beam is travelling through the sample, it scatters, and the electron-
hole pairs are formed at all sites but at varied densities. The mean carrier generation rate [166],
[179] is given by

_E(A-n)Iy
e R (3.10)

where (g) represents the average generation rate of electron-hole pairs per unit volume and
time. I is the incident beam current passing through a thick material, where q is the charge of
a hole and e is the elementary charge of an electron [180], both measured in coulombs (C),
respectively. The Planks constant is denoted by h, which is measured in J.s. E is the beam
energy responsible for electron-hole pair production, which is measured in photons per unit
area per unit time, for instance, photon/cm?s, and n is the bulk scattering coefficient. This
equation is significant in providing a quantitative measure of how effectively a material
generates charge carriers (electrons and holes) when exposed to beam energy [166]. The beam
interaction with the specimen is restricted to areas near the surface at low accelerating voltages,
less than 5 kV (refer to Figure 3.6). In comparison to images acquired at greater accelerating
voltages, this produces images with more surface detail. The detectors, secondary electron
detector (SED) and the backscattered electron detector (BSD) [181], collect the respective
emitted rays, and these signals are subsequently utilized to generate images [166], [169], [171],
[172]. SED images provide a visualization of inelastically scattered electrons near the sample
surface, offering topographical information with the highest achievable resolution. However,

SED images do not convey material composition information. A backscattered electron
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detector (BSD) is designed to capture elastically scattered electrons, which possess higher
energy and originate from beneath the sample surface. Consequently, the resolution of a BSD
image is typically inferior when compared to an image obtained using a Scanning Electron

Diffraction (SED) detector [26], [182].

3.5 Spectroscopy

3.5.1 Ultraviolet visible spectroscopy (UV-Vis)

Ultraviolet-visible (UV-Vis) spectroscopy is a non-destructive characterization technique for
analysing the response of a sample to an excitation in the UV-Vis electromagnetic region [183],
[184]. In this technique, light in the form of ultraviolet or visible radiation is directed towards
the sample, where it is either absorbed, reflected, or transmitted. Figure 3.7 shows the
schematic diagram of the UV-Vis working principle. The intensity of light, encompassing
transmission, reflection, and absorption from the sample, is measured across the wavelength
range of 200 to 800 nm. This measurement serves as a function of wavelength, providing

insights into how the sample interacts with incident light throughout the specified range [185].

Figure 3.7 UV-Vis working principle [185].
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3.5.1 (a) Determination of optical coefficients

The measured reflectivity of light at normal incidence may be used to analyse the sample. The
fraction of incident light that is reflected by the sample is known as the reflectivity coefficient

r(w), as shown in the equation below [166], [186].

r(w) = Z:—t = p(@)elP@] e (3.11)

Where E, is the reflected electric field, E; is the incidence electric field, p (w) is the amplitude,
and Y(w) is the phase component of the reflectivity coefficient [187].

For better clarification on the behaviour of light when it interacts with a sample at a specific
wavelength, the following equation (3.12) is applied, where the extinction coefficient K is
regarded as the imaginary part of the refractive index. The refractive index » in a molecule

crystal is related to the reflectivity at normal incidence [166].

() = e e e e e (3.12)

n+iK+1

The acquired information is used to understand the material’s electronic transitions. The
reflected radiation from the sample does not reveal detailed information about these transitions;
hence, the main focus is on absorption. During absorption, there is an electron transition from
an occupied orbital to an occupied orbital with higher potential. In this process, an exciton is
formed where an electron-hole pair is bound by a coulomb-attractive interaction. The energy
difference within these orbitals is usually within 125 to 650 kilojoules per mole (kJ/mol). The
lowest energy-occupied molecular orbitals are the sigma (o) orbitals, corresponding to ¢ bonds.
In materials that absorb in the ultraviolet region, the absorption spectrum typically manifests

as sharp lines [166].

The fraction of light that is transmitted through the sample is known as the transmittance

coefficient t(w), which is given by the following equation [166].

E 2n

(@) = L = e et e e (3.13)

T
E; n+iK+1

Where Er is the reflected electric field. The reflectance (3.12) and transmittance (3.13)

equations are related in the Beer-Lambert law equation that will be shown later on for the
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determination of absorbance. For a material that absorbs in the ultraviolet region, the absorption
spectrum usually consists of sharp lines, as would be expected for a quantized process
occurring between two discrete energy levels. The broad band in the UV spectrum is usually a
combination of transitions. When the sample comprises a large number of molecules capable
of absorbing light, the absorbance increases [188], [189]. The spectrophotometer measures the
intensity of the incident light passing through the sample (It), comparing it to the intensity of
light before passing through the sample (Io). This measurement is conducted to determine the
ratio of transmittance (I1/Io); refer to Figure 3.7. Transmittance is used to obtain absorbance;
the Beer-Lambert law is used as shown below [186]. The equation below is used to obtain the

concentration of materials.

The Beer-Lambert law for absorbed waves travelling through the sample may be expressed as

[186].

Transmittance: T = —eeiiiiiiiiiieeteieteiestieatesnstsnasonnscnnnsons 3.11)

%T =X 100...0.cverrerrerrenrensensansae e saesaesaeees (3.12)
0

A= =108 (T)eeeeeiiiiieiiniiiiiieiininniesernmecsonsnsonss 3.13)

A= —log (f—(’) ............................................... (3.14)

To obtain the reflectance measurement R, which is the ratio of Ir/lo, the intensity of light
reflected from the sample (Ir) is measured and compared to the intensity of light reflected from
the reference material (Io) in the reflection spectrum of a perfect silvered mirror for specular
reflection [191]. The electronic structure of various molecules in the form of liquids and

powder materials is obtained using this technique.

3.5.1 (b) Kubelka-Munk equation and Tauc plot

The Kubelka-Munk equation [192], presented below, is employed for analysing the diffuse
reflectance spectra (DRS) in the context of light scattering from samples illuminated with
diffuse monochromatic radiation. Furthermore, the equation establishes a relationship between
the reflectance of a material and its absorption and scattering properties to estimate the

material’s optical band gap energy. However, the widely used practice of determining the Eg
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of a material directly from the K-M function is found to be inadequate [192]. According to
Kubelka and Munk, the scattering and absorption of light are first-order phenomena. The
system in this study consists of a substrate coated with a material of interest that is illuminated
with a diffuse monochromatic light. The system consists of a cylindrical substance with a flat
area A and a thickness L, to neglect boundary effect, corresponding to a medium that reflects

light regardless of the substrate reflectance value [192].

where R, is the reflectance of a material with semi-infinite thickness (L— o), which is
obtained by comparing the reflectance of a material to that of a reference. For this study, a
powder material is pressed to a thickness of 2.5 mm to avoid the contribution of the substrate
during analysis. Therefore, the semi-infinite thickness is approaching infinity, whereby the
substrate does not contribute. E4is the bandgap energy of the material; it is defined as the
energy difference between the bottom of the conduction band and the top of the valence band,

S is the scattering factor, K is the molar absorption coefficient [192].

The tauc plot is used to obtain the bandgap of a material from the diffuse reflectance spectra
[193]. The Tauc function relates the absorption coefficient and energy bandgap, as it describes

the absorption behaviour near the band edge of a material [184], [194].

(ahv)" = A(hU — Eg).ceuerennninnnninnninnnnnnnnnen, (3.16)

The Kubelka-Munk function is related to the absorption coefficient (), as shown in equation

(3.17), which is then substituted in Tauc equation (3.16) to form equation (3.18) to determine
the optical bandgap energy of a material, since gzg , whereby S and s are considered

constants. In fact, @ and s are intrinsic optical properties of the materials and represent the

probabilities of light being absorbed and scattered, respectively, per unit path length [192].

Where a is the absorption coefficient, v is the vibration frequency, A4 is the proportionality
constant, and n denotes the nature of the electronic transition and depends on the band structure

of the material [184], [192],
for dipole allowed transition occurring at direct bandgap n = '%.
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for dipole forbidden transition at direct bandgap n = 3/2.
for dipole allowed transition near indirect bandgap n = 2, requiring participation of phonons.

for dipole forbidden transition at indirect bandgap n = 3, the involved orbitals have the same
parity, which leads to suppressed dipolar transitions, and are usually called weakly allowed

transitions [192].

From the plot of [F(R.) * hv]? versus hv refer to equation (3.18) where n = 2 for a material
used in this study, the tangent line is extrapolated by linear fit to % = 0 to obtain the energy

band gap [195], [196]. The E; of ZnaBsO13:RE*" phosphors will be calculated from the diffuse
reflectance data analysed according to Egs. (3.15) and (3.18).

3.5.2 Fourier Transform Infrared (FT-IR) spectroscopy

FT-IR is a non-destructive characterization technique that is used to identify the functional
groups present in both organic and inorganic compounds and their concentrations in a typical
spectral range between 4000 cm! and 400 cm™ [66], [197]. This range corresponds to the
wavelengths of 2.5 to 25 pm. This technique is able to analyse samples in the form of liquids,
solids, and gaseous phases. The operating procedure is to put the sample to be measured in the
IR path and measure a transmission spectrum; the resultant absorption bands correspond to the

molecular bonds in the probed sample [197].
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Figure 3.8 A schematic diagram of the FT-IR spectrometer [135].

The FTIR technique comprises the following components: the source, sample holder,
interferometer, and detector (refer to Figure 3.8). The source produces a beam of infrared
radiation, which is divided into two perpendicular beams with equal radiation intensity by the
beam splitters. In the interferometer, there is a recombination of two beams with different
wavelengths, causing destructive and constructive interference and creating an interferogram.
Destructive interference occurs when two waves with the same frequency travelling in the same
direction facing in the opposite direction; their sum adds to zero if the peaks and troughs align,
resulting in a weak signal [67]. Conversely, constructive interference occurs when two waves
with the same frequency travelling in the same direction, their addition forms a new bigger
wave which looks like the original wave but has a larger amplitude, resulting in a stronger
signal. Moreover, this process occurs when the path length difference (the optical path travelled
by light) between two interfering waves. In simple terms, the interference in an interferometer
is due to the superposition of light waves during the recombination of light waves. The wave
interference manifests as a pattern of alternating bright and dark regions in the interferogram.
The beam splitter recombines the two beams, and the interferogram is formed. The mirrors
direct the interferogram containing the radiative energy to the sample [198]. When an electric

field of a molecule is rotating or vibrating at the same frequency as the incoming radiation,
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there is an energy transfer. Several wavelengths that are present in the sample’s spectral range
are simultaneously absorbed as they pass through it. The sample absorbs only selected
frequencies of energy, that match its natural vibrations. Figure 3.9 shows energy diagram

indicating various rotational and vibrational bands [9].

M
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VIBRATIONAL LEVEL

jﬂ

(ENERGY LEVELS NOT
TO SCALE)

X —/ ROTATIONAL LEVELS

\v’ VIBRATIONAL LEVEL

Figure 3.9 Schematic diagram for rotational and vibrational energy levels [9].

The rotational frequencies are of the order of 10'* cycles/sec, and the vibrational frequencies
are of the order of 10'! cycles/sec, which allows them to fall in the infrared region. The
rotational spectra have quite sharp absorption bands, while they are broad for the vibrational
spectra. The broadening is due to the rotational level associated with each vibrational level.
This absorption corresponds to energy changes in the order of 8 to 40 kJ/mol [199]. The
absorbed energy serves to increase the amplitude of the molecule’s vibrational motions. The

frequency of fundamental vibration is given by the following equation [9]

1 |k

V= Z ; ...................................................................... (3.19)

The vibration results in the change in molecules dipole moment. For energy transfer to occur,
there must be a bond with an electrical dipole that changes the same frequency as incoming
radiation [198]. The energy of a vibration of a two-particle system of a reduced mass p and
force constant k in units of dynes/cm is given in (equation 3.20), the k values for different

bonds are: 4 to 6*10°, 8 to 12 *10°, and 12 to 18*10° dynes/cm for single, double, and triple
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Mq X

. . . . . M:
bonds, respectively. The reduced mass of a diatomic molecule is given by pu = FMZ refer to
1 2

the following equation [9].

where v is the vibrational quantum number with 0, 1, 2, etc. The vibrational energies are of the
order of tenths of electron volts. The stretching and bending modes are due to the vibrational
motion in a molecule that gives rise to absorptions. The bending modes occur at lower
frequencies than the stretching modes. The higher frequencies of stretching modes are due to
the stronger force constants and increased stiffness of bonds during stretching vibrations.
Conversely, the bending modes exhibit lower frequencies due to a weaker force constant and
less restricted motion compared to the stretching modes. Polar molecules tend to show strong
IR absorptions due to their dipole moment, which interacts with the oscillating electric field of
the incident infrared radiation. Figure 3.10 shows the dipole moment (u). The dipole moment
is a vector that is oriented from the centre of gravity of the positive charges to that of the
negative charges. It is defined as the product of the size ¢ and the distance r between the

charges. It is given by the following equation [9].

Some of these nonpolar molecules may exhibit IR-active vibrations if their dipole moment

experiences change as they vibrate [66], [189], [197], [200], [201], [202], [203].

Figure 3.10 schematic diagram of a dipole moment [9].

The detector receives the modified interferogram with the quantity of energy absorbed at each
wavelength. The FTIR broadband coverage enables the observation of different molecular
vibrations. The range is typically divided into three regions; near infrared (NIR), mid infrared

(MIR), and far infrared (FIR) regions associated with particular vibrational modes.
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The spectrum is plotted using a mathematical process named a Fourier transform as the
modified interferogram, and it is compared to the reference laser beam [189], [200], [201],
[202], [203]. It converts unprocessed data into a real spectrum using a mathematical approach;
the acquired spectrum serves as a unique fingerprint of the material. The infrared spectrum is
obtained by plotting the absorption intensity the wavenumber. There are no two molecules with
identical infrared absorption patterns composed of different structures. The infrared spectrum
and infrared absorption pattern differ between molecules of various structures [189], [200],

[201].

3.5.3 Photoluminescence (PL)

Luminescence refers to the process in which a material absorbs and then emits light.
Photoluminescence spectroscopy is a non-destructive characterization method that is used to
analyse luminescence properties as well as the dynamic processes of a sample[204]. This
technique is highly sensitive and requires no sample preparation [205]. The examined materials
are usually nanoparticles, organic molecules, and semiconductors in liquid or powder form for
the determination of their applications in lighting technology, for instance, in solid-state and
fluorescent lamps. This process involves the excitation of a monochromatic light source in the
form of ultraviolet or visible photons directed towards the sample; the incident light can either
be absorbed or emitted through photoexcitation in the form of luminescence [206], [207]. When
a material absorbs a photon, it promotes an electron to higher energy levels, from the ground
state to the excited state. However, the electron in the excited state becomes unstable and
returns to the lower energy levels, either radiatively or non-radiatively [208]. The radiative
recombination involves the emission of a photon in the form of light during the electron
transition from the excited state to the ground state. Conversely, in non-radiative
recombination, there is no emission of a photon; the energy lost during the electron transition
is released as heat by the emission of phonons; moreover, the lost energy might be transferred

to impurities or defects called traps, which consequently results in insufficient light emissions

[9].

The excitation conditions must be carefully considered, depending on the nature of the

molecule being analysed [209]. The absorption of photons in a material mostly depends on the
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energy of the incident light, as different energies have varying penetration depths. Due to their
monochromatic nature, high intensity, and ease of focusing, lasers are mostly used for

photoluminescence excitation (PLE) [210].

During absorption, there is a creation of a bound electron-hole pair, called an exciton. Electrons
in the valence band absorb energy from the photons and elevate to the conduction band. As
they elevate, they leave behind a positively charged hole through interband absorption. The
electron-hole pair is collectively formed from the hole in the valence band and the electron in
the conduction band. The absorption process is usually described as a photon decay mean-free
path, which typically yield a broad spectrum. The electron and hole are bound together by a
coulomb excitation force, irrespective of the bandgap type [211], [212]. However, in indirect
bandgap materials, the separation of electrons and holes may affect the efficiency of exciton
formation and recombination processes. This is due to the indirect bandgap. An exciton is
usually formed in every analysed insulating material. In materials with an indirect bandgap,
excitons near the direct bandgap may become unstable and undergo a final recombination
process, resulting in the separation of free electrons and holes. In a direct bandgap, the photons
are emitted when electrons at the bottom of the conduction band recombine with holes at the
top of the valence band [9], [213]. The absorption of photons is an inverse of the emission of
photons. The energy difference between two states can be released depending on the type of
transition, whether it is radiative or non-radiative. During the emission process, an ultimate
recombination process occurs; an electron transits from a higher energy state to an empty lower
energy state. During the electron non-radiative transition, there is an emission of energy in the
form of heat as electromagnetic radiation. For the radiative transition, the energy is released in

the form of photons [166], [207], [210].
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Figure 3.11 Schematic diagrams for excitation and emission processes in photoluminescence

[205].

Every semiconductor is uniquely characterized by its band structure. Electrons and holes are
the two types of free charge carriers in semiconductors. Electrons are usually scattered within
the conduction bands and can merely move between the conduction and valence bands for both
intra- and inter-scattering [214]. The PL spectra exhibit various emissions upon excitation at
specific wavelength. Emission peaks depend on defects introduced in the material, and the
presence of these defects can be clarified by transitions occurring between different sub-levels
formed between the conduction and valence bands [111]. The holes can be scattered in the
valence band of a semi-conductor (refer to Figure 3.11). The behaviour of an electron and a
hole is controlled by the excitation intensity. Density, mass, and scattering time are the
fundamental components that characterize free carriers. The fundamental energy gap of a
semiconducting material is related to the product of the electron (n) and hole (p) densities [207],

[210].

-E
np = NcNyexp [k—;’] ................................ (3.22)

where E, is the band gap energy, k is the Boltzmann constant, and T is the temperature. N¢
and Ny are the conduction and valence band density of states, which are denoted by the

equation below [207].
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Where me is the mass of an electron and h is the Planck’s constant. The PL intensity provides a
comparison of the rates of radiative and nonradiative recombination. However, it is difficult to
analyse a sample’s optical properties with poor surface quality during fast recombination
processes. The luminescence emission efficiency 7z can be calculated through the rate equation

for the population of the excited state on the possibility of the non-radiative processes [9].

_ AN 1
N(1/1R+1/TNR) 1+°R

Nr

where 7 is given by the ratio of the radiative emission rate to the total de-excitation rate, Ty
=A"! is the radiative lifetime of the transition, A is the Einstein coefficient, N is the population:

the number of photons emitted at a given time. Typ is the non-radiative lifetime [9].

Figure 3.12 Schematic diagram for the photoluminescence operation procedure [215].

Figure 3.12 shows a schematic diagram for the working principle of the photoluminescence
spectrophotometer. The photoluminescence spectrophotometer comprises the following; the
excitation source, sample holder, monochromator, and detector. The light source, typically a
xenon lamp, produces radiation that is directed toward the sample by the optical lenses; this
radiation can be emitted by the sample [198]. The radiation emitted from the sample is collected
and dispersed with respect to its wavelengths by the excitation monochromator. The detector
collects the modified luminescence signal from the monochromator and converts it to an

electrical signal that will be analysed by the computer to produce a spectrum [95], [216].
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3.6 Colour chromaticity diagram

Colour serves as a powerful tool for display designers, like any other tool it can be
counterproductive without skilful application. Simple mistakes, such as overlooking the
contrast between a coloured symbol and its background can be avoided with common sense
and critical evaluation. However, common sense alone is not enough, it needs basic
understanding of the physics, physiology, and perception of colour. This becomes crucial when
colours deviate from expected appearances based on their stimulus specification, as seen in
phenomena like chromatic induction. Whereby a change in colour is influenced by the nearby
surrounding colours. A significant drawback of many colour guidelines in human factors
literature is that colour is identified with its physical characteristics. It is important to
emphasize that colour stimulus, measured by the spectral power distribution of light entering
an eye, differs substantially from the subjective experience or colour response. The colour
response involves how the brain interprets and analyse the incoming stimuli. For instance, it is
often stated that most vivid or saturated colours are spectrally pure for example a
monochromatic light against a black background. However, colours actually appear more
saturated against a white background. Unfortunately, colours can manifest in different
perceptual modes such as material like paint or as signal light. This leads to variations in colour
spaces, making it challenging to determine the most appropriate colour metric for a specific
display design. The option often depends on whether the colour-coded information is displayed

on a black or white background [217], [218].

An often-overlooked aspect in colour display design is how the achromatic aspect of colours
is defined. Terms like intensity, luminance, lightness, and brightness are frequently used
without careful consideration and often specified in inappropriate units such as footlamberts
and apostilbs. Intensity is play an important role in the representation of colours; it contributes
to how interpret vividness of colours. Luminance play an important role for specifying the
colour stimulus, changes in luminance may drastically upset the lightness scale, and
consequently cause achromatic and chromatic colours to change in appearance for instance a
yellow colour may turn to brown colour. People often confuse lightness and brightness;
however, they are assigned to two different domains of matter and light respectively. Lightness
refers the visual sensation where an object appears to either reflect diffusively or transmit a
varying proportion of incident light. Brightness is the quality of a visual sensation how much

light, whether independently or in response to incident light. In the case of object colours,
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brightness is influenced by both incident light and surface reflectance. The latter property for
a material is captured in the term lightness [217], [218], [219].

Colour is perceived as a single stimulus attribute; it can be deconstructed to different basic
properties or dimensions. Thus, it is possible for colours to organized along three dimensions.
Colour can be seen as a property of light for instance the red light emitted by the traffic light,
but also as a property of a surface like the red of the fire engine. Therefore, this imply that
colour can either be reflected or emitted. The chromaticity diagram is a technique that is used
to represent colours in the two-dimensional cartesian spectrum in the form of (X, y) coordinates,
which can be obtained from the sample that is being characterized. The chromaticity diagram
contains three colour channels; two chromatic (X, y) and one achromatic (z), which is
perpendicular to (x, y). The three variables of CIE colour space are used to define both the
chromatic and achromatic aspects of a colour stimulus. Z represents the short visible
wavelength response; the Y value, also referred to as luminance, is a mix of the long and
medium visible spectrum while the X value represents a mixture of all three regions of the
visible spectrum. The diagram is generated though using the relative values of the three
tristimulus absolute values defined as following: x = X/(X+Y+Z); y = Y/(X+Y+Z) and z =
Z/(X+Y+Z) so that x+y+z = 1; it is thus sufficient to specify the stimulus chromaticity with
only two coordinates (X, y) in this case and the 3rd can be deduced, as it can be seen on Figure
3.11. The chromaticity diagram consists of visual perception characteristics called “hue”,
where an area is perceived to resemble one of the primary colours, namely red, blue, and green
of monochromatic light at different wavelengths, with the achromatic centre of the tristimulus.
The Hue values are arranged around the periphery of the diagram, also known as “spectrum
locus”; the saturation is expressed in terms of the radius from the achromatic center (x =y =
0.33) to the dominant wavelength 1d. The farther away from the center, the more vivid colours
become and thus less pale. To ensure accuracy, colour matching experiments are conducted
under standardized lighting conditions to prevent external light from interacting with the
sample. The sample is positioned within a specimen in a way that it aligns with the test stimuli,
as depicted in Figure 3.10. Monochromatic light is used as the test stimulus, which is directed
towards the sample. The light passing through the sample is then directed onto a white screen,
which separates transmitted light of various wavelengths, allowing for the precise identification
of the colours present in the sample. The intensity of the matching stimuli's light flux is adjusted
to achieve a colour match with the sample. This process yields three matching values, including

their magnitude and units. Cones, often serving as photoreceptors or matching stimuli, play a
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crucial role in colour analysis. They define how light is detected by three hypothetical sensors,
and their spectral sensitivities are described by colour matching functions [217], [218], which

will be discussed below.
The colour match may be obtained by the following form [218]:
[Cl = R[R] 4 G[G] 4 B[B].eeeeeeeeiururururururururnnenensnscnnannns (3.25)

Where [C] is the unknown stimulus with unknown units, R, G, B the magnitudes of the values
of the match. [R],[G], and [B] are the matching stimulus units. The wavelength-dependant
amounts are required for the above monochromatic light colour match, which are the colour

matching functions (1), g(A), and b(A) ,which are also written as x(1), y(1), and x().

(€] = [0 mm TP [R] [g0 1 AP~ [R] f1g0 " BAOPM)A - [R]......(3.26)

The tri stimulus values are obtained by the integrals which serve as the descriptors of equation
(3.6.1) [217]. Figure 3.11 shows the evolution of the CIE colour chromaticity diagram from
1931 to 1976.

) Intensity
Matching ¥ regulation

stimuli _\

/A |

Test /

stimulus

Figure 3.13 A schematic diagram for the colour matching experiment [217].
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Figure 3.14 The evolution of the CIE chromaticity diagram [219].

Figure 3.14 Shows the evolution of the CIE chromaticity diagram from 1931 to 1976. The
latter two diagrams are just the slight modification of the first diagram which is originally
proposed CIE 1931. The first diagram has non-uniform and uneven perceptual spacing between
colours which led to inaccurate colour presentations. These two versions were introduced with
a correction in non-uniformity in the first diagram, this was done by creating a more uniform
colour space. However, they were not completely free of misinterpretation of colours, and

hence failed to surpass the popularity of the original version [217], [219].
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Chapter 1V

Impact of different various chemical techniques on the structural and

photoluminescence properties of ZnsBsO13: Sm*" nanophosphors

4.1 Introduction

Modern-day technology for solid-state and colour display systems relies heavily on rare-earth
ion-doped phosphor materials [220]. This is due to their cheap preparation cost, environmental
friendliness, high luminous efficiency, and prolonged lifespan [221]. Solid-state-based LEDs
require less energy consumption and are more efficient than traditional lamps; this is one of
the reasons why modern research projects are more focused on them. Currently, LEDs have
replaced traditional lamps in various colour display technologies, such as computer monitors,
signal lighting, televisions, etc. Solid-state lighting (SSL)-based LEDs have unique
characteristics as compared to traditional lamps, in such a manner that the former can function
in a low-voltage portable lighting as well as in traffic lights [222]. In addition, these SSL-based
LEDs could replace the energy efficiency of fluorescent and incandescent lamps [223]. This
research aims to justify the appropriate technique that will be used to produce the best
photoluminescent properties by choosing an appropriate host with selected dopants. Zinc
Borate (Zn4BsO13) phosphor is an ideal host because of its photoluminescent properties, high
thermal stability, high luminescence material with a wide band gap of 5.8 eV, high crystallinity,
and the fact that it can be prepared at a low cost [91], [224]. Yuanyuan Li, et al. [91] reported
that the electronic structures of Zn4sB¢O13 having both the valence and the conduction band

being composed of the Zn-O antibonding characteristics.

Different rare earth (RE) ions, particularly the trivalent rare earth ions, have been utilised as
phosphor luminescent activators since they often display steady emission due to their f-f
electron transitions [89]. Amongst the various RE ions, Sm®" is chosen as a dopant for this
study. Furthermore, Sm*" is widely known for its strong orange-red luminescence in the visible
region. The above-mentioned dopant is perfect for high-density optical storage due to its ability
to store light in small volumes of particles. Moreover, its strong orange-red colour emissions
make it perfect for transmitting light signals under water [225]. Madkhli et al. [226]
investigated yttrium aluminium borate’s photoluminescence when activated by Sm** ions.

They reported that four Sm*" emission peaks are detected at wavelengths of 564, 599, 646, and
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707 nm, with corresponding transitions of *Gs, — ®Hs, *Gs — ®H7p, *Gsia — Hop, and *Gsp
— ®Hy1, respectively [227], [228]. Further investigation by Ravita et al. [228] on the tuneable
photoluminescence studies of potassium zinc aluminium borosilicate (KZABS) doped with
Sm*", had similar samarium transition results to those reported by Madkhli et al. [226]. The
visible PL emission spectra of Sm>* ions are obtained after they are excited by monochromatic
light at 226 and 408 nm wavelengths. Doping with Sm** is advantageous as it improves the
photoluminescence efficiency of a material. It can either increase or decrease the average
lifetime decay of a material, depending on the synthesis method applied. In addition, the dipole-
dipole interactions cause concentration quenching during the doping process [226], [227],

[228].

4.2 Results and discussions

4.2.1 X-ray diffraction studies

Figure 4.1 (a) — (d) shows the X-ray diffraction (XRD) patterns of the ZnsBsO13:xSm>* (where
x is 1 mol% concentration) phosphors synthesized with three different methods: combustion,
sol-gel, and solid-state, along with the standard background XRD patterns of ZnsBcO13 (JCPDS
No: 01-076-0917) [229], respectively. The XRD patterns show that the diffraction peaks for
all samples were detected around 26 angles of 23°, 28°, 37°, 44°, 48°, 51°, 54°, 57°, 60°, 62°,
70°,73°,75°, and 78°. These 26 correspond to the following lattice crystal phases: (200), (211),
(310), (321), (400), (330), (420), (422), (510), (521), (440), (433), (600), and (532),
respectively. The obtained XRD results are well matched with the standard PDF data file
JCPDS No: 01-076-0917, which corresponds to a cubic crystal structure. The crystalline
powders of ZnsBsO13 compounds form a cubic unit cell structure with a space group of [-43m,
for Figure 4.1 (a). The standard reported cell parameters for this cubic model are a=b =c =

74780 A, a = B =y = 90° including a volume (V) of 418.17 A3,

Figure 4.1 (b) shows the XRD spectrum of the ZnsBs013:Sm>" phosphor material, prepared by
the sol-gel method. The diffraction peaks for the Sol-gel method were determined in a similar
way as was previously reported for the combustion method, except for changes in the lattice
parameters calculated as follows:a=b=c=7.47780 A, @ = B = y = 90° including a volume
(V) of 418.14 A3. The diffraction peaks for the solid-state reaction method were determined in

a similar way as was previously reported for the combustion method, except for changes in the
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lattice parameters, calculated as follows: a=b=c=7.47820A,a = f =y = 90° including
a volume (V) of 418.21 A®, respectively.

The XRD results obtained for the synthesized doped phosphors in Figure 4.1 (a — ¢) were
overall well matched with the standard background Zn4BsO13 structure (JCPDS No: 01-076-
0917) [229] shown in Figure 4.1 (d). However, there were some slight deviations of the peaks,
shifting to the higher 26 angles as shown in Figure 4.1 (a-c) compared to the standard JCPDS
data file, which is ascribed to the Sm>" ion dopants. This implies that Sm>" ions were
successfully incorporated into the ZnsBsO13 lattice, resulting in the volume lattice expanding,
which is mostly due to the Sm>" substituting at Zn>" ions sites. Therefore, the ZnsBsO13:Sm**
cubic-phase cell parameters increase slightly after doping [60]. The absence of additional Sm**
diffraction peaks in the XRD pattern implies the complete dissolution of the dopant in the
respective crystal lattice [132]. All the prepared phosphors show a decrease in the overall
intensity peaks. This decrease in the intensity of the diffraction peak is due to the differences
in the ionic radii of the Zn?* (0.074 nm) and Sm*" (0.096 nm) cations, whereby Sm*" ions are
substituted for Zn** ions in the host lattice [230]. The combustion and sol-gel methods showed

weak XRD peak intensity compared to the solid-state method for the ZnaBsO13:Sm>* phosphor;

this is due to their low crystallite sizes, as shown in Table 4.1.
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Figure 4.1. The full XRD patterns of ZniBsOy3:xSm>* (where x = 0, 1%) nanophosphors
prepared by various synthesis techniques: (a) Combustion, (b) Sol-Gel, (c) Solid-state
reaction method and (d) XRD diffraction bars for Zn4sBsO;3 matrices (JCPDS No: 01-086-
0917).

The Debye-Scherrer equation shown below was used to calculate the average crystallite sizes

of the synthesized nanophosphors from the XRD data [229].
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Where D is the average crystallite size, k is the shape constant factor of 0.9, 0 is the diffraction
angle, and f is the full width at half maximum (FWHM) for the diffraction peak. The
wavelength of the x-ray source (0.15406 nm) is denoted by A. The most intense peak indexed
as (211) acts as a fingerprint peak for crystallite estimation of all the Zn4B¢O13:Sm>" phosphors,
which is observed from the XRD spectra (Figure 4.1) in all synthesis methods used in this
study. This peak resembles good crystallinity [91], [229], [231]. It was used to calculate the
average crystallite sizes. Table 4.1 shows the tabulated crystallite sizes for the synthesized
samples. The average crystallite sizes were calculated and found to fall in the 61 — 100 nm
range. The average crystalline sizes were found to follow the trend below: solid-state
(99.51nm) > combustion (68.93 nm) > sol-gel (61.42 nm) for ZnisBsO13:Sm*>* phosphor

materials.

Table 4.1. Crystallite size of Zn4Bs0,3:xSm>" (Where x = 0, 1%) nanophosphors prepared by
various synthesis techniques: (1) Sol-Gel, (2) Combustion, and (3) Solid-state reaction
method.

S.No Sample Crystallite size (nm)
1 Zn4Bs013:Sm>* (Sol-gel) 61.42
2 | ZnsBsO13:Sm*" (Combustion) 68.93
3 Zn4BeO13:Sm>" (Solid state) 99.51
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4.2.2 Surface morphology studies and elemental analysis

The morphologies of the prepared samples were analysed with field emission scanning electron
microscopy (FE-SEM). The elemental analysis was studied through the energy dispersive
spectrum (EDS). Figure 4.2 (a), (b), and (c¢) show FE-SEM micrographs of ZnsBsO13:Sm>*
and their corresponding EDS spectra are shown in (d), (e), and (f), respectively. The inserted
images in Figure 4.2 (a — ¢) also show the magnified FE-SEM images, whereas in Figure 4.2

(d - f), they depict the elemental mapping of the prepared materials, respectively.

Figure 4.2 (a) clearly displays polyhedron-like particles with varying shapes and sizes. These
may be due to the addition of Sm** ion dopants to the host materials. The particles are more
agglomerated towards the centre and are surrounded by particles of the same grain size with
little or no voids. The average particle size was determined through ‘image J’ software and was
found to be around 1000 nm for the sample prepared via the combustion method, as shown in
Figure 4.3 (a). The average particle size was obtained by measuring 62 particles. The voids
being pointed out by the blue arrows in this figure are those from the microscope glass slides
that were used to hold the specimen during characterization and are not part of the sample

[232], [233].

Figure 4.2 (b) shows the SEM image, displaying mostly smooth rods with spherically-like
shapes, along with some irregular-shaped particles with different sizes, prepared by the sol-gel
method. The smoothness of the particles might be due to the high annealing temperature (900
°C) used during synthesis [232]. The particles are largely agglomerated and more adhered to
each other, with small gaps found in the materials, as shown by the yellow arrow lines in the
figure. These particles have an average calculated size of 1350 nm, as shown in Figure 4.3 (b).
The average particle size was obtained by measuring 45 particles. The large gaps depicted by
green arrows are due to the specimen holder and the diffused residual hydrogen during surface

analysis [233].
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Figure 4.2: Field-emission scanning electron microscopy (FE-SEM), images of
ZnyBs013:xSm’> (where x = 0, 1%) nanophosphors prepared by various chemical techniques:

(a), Combustion (b), Sol-Gel (c) Solid-state reaction methods.
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Figure 4.2: Elemental Dispersive Spectroscopy (EDS) and Elemental mapping images of
Zn4Bs013:xSm’> (where x = 0, 1%) nanophosphors prepared by various chemical techniques:

(d) Combustion, (e) Sol-Gel, and (f) Solid-state reaction methods.

Figure 4.2 (¢) shows the polyhedron-like particles of samples prepared via solid-state reaction
having uniform size and shape. These particles are agglomerated into distinct groups and are
largely scattered within the surface area, as shown by the red circles, with little to no voids.
The calculated average particle size is 1040 nm for this sample, and it is presented in Figure
4.3 (c). The large spaces depicted by the red arrows are due to the specimen used to hold the
sample during surface analysis [232], [233]. The difference in morphologies observed in the

prepared samples is due to the Sm** dopant, which replaces the Zn>" ions in the ZnsBeO13
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material and further introduces the positive charge that affects the shape of the particle [132],
[234]. The combustion method produced a particle size of approximately 1000 nm, which is
the smallest compared to the other two methods. The average particle size was obtained by
measuring 53 particles. In addition, this implies that Sm*" ions successfully reduced the particle
size by lowering the grain growth in this method [234]. Moreover, the addition of the dopant
affected the morphology of the host material differently, so it can be concluded that the
synthesis method applied plays a significant role in the morphology of the prepared samples.

The EDS spectra and elemental mapping images, as shown in Figure 4.2 (d — f), confirm all
the precursor elements present in the prepared sample. The detected elements are samarium
(Sm), zinc (Zn), oxygen (O), boron (B), sodium (Na), carbon (C), and iridium (Ir). The presence
of (Ir) in the EDS spectra was due to the iridium that was used for coating the sample to rectify
its conductivity and charging during the surface analysis. The carbon element is due to the
carbon tape that was used as a conductive support for the sample during characterization. The
average particle size of the prepared sample ranges from 1000 to 1350 nm, which agrees with
the report by Chen et al. [224] stating that the ZnsB¢O13 have relatively large particles. The sol-
gel method produced the largest particles, with an average size of 1330 nm. The inserts in
Figure 4.2 (d) and (e) show a uniform distribution of the elements used, with a dominance of
oxygen and samarium in the ZnsB¢O13 material. The insert in Figure 4.2 (d) shows a uniform
distribution of elements used, with a dominance of iridium and samarium peaks. The table
below for the average distribution sizes was plotted through Image J and 60 particles were

measured respectively per sample.
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Figure 4.2 Histograms displaying the average particle size distribution of Zn4B6013:xSm3+
(where x = 0.1mol%) nanophosphors prepared using (a) combustion, (b) Sol-gel, and (c)

solid state methods.
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4.2.3 Fourier Transform Infrared (FT-IR) analysis

The FTIR characterization measurements were done to study and determine the functional
groups of the prepared phosphor materials. Figure 4.4 shows the FT-IR spectra of the ZnsBsO13
host and doped ZnaBs013:Sm>" phosphor materials synthesized via combustion, solid-state, and
sol-gel methods. These results were recorded at room temperature within the wavenumber
range of 400 to 4000 cm™. From the FTIR spectra, a sharp absorption peak within the region
of 450 cm™! is observed in both the host and the doped samples for different synthesis methods.
Moreover, this sharp peak is ascribed to the vibrational properties of the metal oxide groups
(Zn-0) [91]. Sharp peaks within the 600 cm™' regions are attributed to the stretching mode of
BOy vibrations [91]. The broad peaks observed within the region of 800 cm™ are attributed to
the vibrational bands of BO3* for both the host and doped phosphors in all synthesis methods.
The shoulder peaks found within 600 — 1000 cm™ are due to the bending modes of tetragonal
BOs*" groups [235]. Apart from the bands observed in the low wavenumber region, the bands
in the higher wavenumber region are attributed to the impurity structural groups, such as
hydroxyl OH groups. Thus, within the 1120 cm™! region, there is a peak that is attributed to the
hydroxyl (O-H) bending mode of water (H20) molecules used during sample preparation. The
O-H bending mode involves bending the bond angle between the hydrogen and oxygen atoms
in the H,O molecule. Furthermore, within the region of 3200 cm™!, hydroxyl transmission broad
bands are observed, which are attributed to the stretching modes of water molecules

(atmospheric moisture) [91], [236].
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Figure 4.4: FT-IR spectra of ZnsBsO;3:xSm>" (where x = 0, 1%) nanophosphors prepared by

various chemical techniques: (a) Sol-Gel (b) Combustion (c) Solid-state reaction method.
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4.2.4 UV-VIS and band gap measurements

The diffuse reflectance spectra (DRS) of UV-Vis for the prepared ZnsBsO13 host and
Zn4Bs013:Sm** (1 mol%) doped nanophosphors using sol-gel, combustion, and solid-state
methods are presented in Figure 4.5. These spectra were measured at room temperature in the
wavelength range of 200 — 2000 nm. All samples show an intense absorption band edge around
the 360 nm region. Moreover, this band is ascribed to the electron transition within the Zn-O
bonds of the ZnsBsO13 materials [49], [237]. There is an observed linear increase in reflectance
from the ultraviolet (UV) to the infrared (IR) region for both the host and doped samples
prepared by the sol-gel method. The different optical behaviour observed in sol-gel compared
to other methods is due to the high agglomeration of large particles, low annealing temperature
which resulted in not removing all impurities, and low photo luminescence emission compared
to other methods [238]. The mentioned factors result in inability to react to light compared to
other methods in the ultraviolet and visible regions. From the spectra, it is noticed that the
presence of absorption bands for doped samples prepared by the solid-state and combustion
methods at 680, 1100, 1250, and 1600 nm is attributed to Sm>* £.f transitions, which form in
between meta-stable energy levels of Sm*" ions within valence and conduction bands of the
host [195]. The *fs — *fs intra-configuration transitions from the ground state (*Hs) level of
Sm>" to the excited states of *H7,2 (345 nm), *Fo,2 (363 nm), “Ds» (376 nm), SF7,2 (403 nm), “I132
(365 nm), and “I11/2 (478 nm) [219], are responsible for the absorption bands in the UV region
for the doped samples. Furthermore, the absorption bands in the UV region are attributed to
the excitonic transitions in the optical properties of a material. The excitonic transitions suggest
that the atomic character of the Sm** ion is preserved and is not influenced by the host

environment; this is due to the effective shielding of *f5 electrons from the 5s- and 5p-filled

shells [219], [239], [240].
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Figure 4.5 UV-Vis DRS spectra of ZnsBs0;3:xSm>* (where x = 0, 1%) nanophosphors

prepared by various chemical techniques: (a) Sol-Gel (b) Combustion (c) Solid-state reaction

method.

The band gap energy values of the prepared host and doped samples were estimated from the

optical data in Figure 4.6 prepared by (a) sol-gel, (b) combustion, and (¢) solid-state reaction

methods.
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Figure 4.6 Optical bandgap calculations of ZnsBsO13.xSm>" (where x = 0, 1%)
nanophosphors prepared by various chemical techniques: (a) Sol-Gel (b) Combustion (c)
Solid-state reaction method. The line represents the best linear fit to determine the optical

band gap.

Figure 4.6 shows the plots for [F (R, )hv]? versus photon energy (/v) for the direct transitions.
The Kubelka-Munk (K-M) function theory and Tauc plot were used for the analysis. The linear
part of the curve is extrapolated to intersect with the x-axis (hv) at zero absorption to give the

energy band gap values [240], [241]. The K-M function is denoted as follows:

(1-Rw)? K
F(Roo) = ﬁ = E .......................................................................... (4.2)

The scattering and absorption coefficients are given by S and K, respectively. The diffuse

reflectance parameter of the material is R,. The Tauc equation is given by:
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(@hV) = Co(RU — Eg) cevneeniiniiiiiiiiiniiiitniiirtiecententactneasnesennennnnnnnes 4.3)

is used for the calculation of the optical band gap Eg, where C, is the energy in-dependant
value. This equation relates the bang gap energy value to the absorption coefficients near the
absorption band edge [195]. The extrapolated band gap values from the plots in Figure 4.6 are
presented in Table 4.2. Doping with Sm>" caused a change in the energy band gap values of
the prepared samples in all synthesis methods. The Eg value for the host was found to be 5.899
eV, and 5.854 eV for the doped phosphor prepared by the sol-gel method. The E; values for
the host and doped samples are 5.948 eV and 5.747 eV, respectively, for the combustion
method. From these results, it implies that the band gap values of ZnsBeOi3 prepared by
combustion and the sol-gel methods decrease with Sm** doping. Moreover, this is due to the
formation of Sm>" metastable states within the bandgap of host materials. The other cause of
the decrease in the energy band gap values might be due to bond deformations and local defects
in the Zn4BsO13 matrix during calcination. Furthermore, the decrease in the energy bandgap on
the mentioned methods is attributed to the charge transfer between the ZnsBsO13 valence band
and the 4f level of the Sm** ions; moreover, it is also attributed to the surface defects [116].
Solid-state is the only method that showed an increase in energy band gap after Sm*" doping;
this might be due to the dopant behaving differently in this method, which is explained by the
Moss-Burstein effect [242], [243]. In addition, an increase in the band gap indicates that the
addition of the dopant (Sm>") to the host lattice blocked low energy transitions, which resulted

in an upward shift of the Fermi level within the conduction bands [116].
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Table 4.2. Optical bandgap values of the ZnyBs0,3:xSm>* (Where x = 0, 1%) nanophosphors
prepared by various chemical techniques: (1,2) Sol-Gel (3,4) Combustion (5,6) Solid-state

reaction method.

S.No Sample ID Energy bandgap (eV)
1 Zn4B6013 (Sol-gel) 5.899
2 Zn4B6013:Sm>* (Sol-gel) 5.854
3 Zn4Bs013 (Combustion) 5.948
4 | ZnsBsO13:Sm>* (Combustion) 5.747
5 Zn4Bs013 (Solid state) 5.865
6 ZnsBs013:Sm3* (Solid state) 5.901
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4.2.5 Photoluminescence excitation and emission spectra measurements

Figure 4.7 (a), (b) Photoluminescence excitation and (c), (d) emission spectra of
ZnyBs013:xSm’ (Where x = 0, 1%) nanophosphors prepared by various chemical techniques:
(1) Sol-Gel (2) Combustion (3) Solid-state reaction method using the parameters of lemi = 657
nm and lexe=226, 408 nm wavelengths.

Figure 4.7 (a) and (b) show the photoluminescence excitation spectra of the ZnsBsO13:Sm>*
doped samples, prepared via sol-gel, solid-state, and combustion synthesis methods. The
excitation spectra in (a) and (b) were measured within the range of 210 — 540 nm and 300 —
540 nm, respectively, while monitoring an intense emission peak at the 657 nm wavelength.
These samples were excited using a monochromatic light of 226 and 408 nm wavelengths for
(a) and (b), respectively. The intense absorption band found around 226 nm wavelength is due
to the charge transfer band of Sm*"— O*. The intensity of the excitation peak at 226 nm is the

charge transfer band (CTB), it is stronger than that of 4{-4f transitions, which indicates efficient
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energy transfer from host to dopant, called the inter-band transition. Moreover, the excitation
spectrum consists of less intense 4f — 4f excitonic transitions of Sm>" at 345, 370, 380, 408,
437,465, and 482 nm. These wavelengths are associated with the transitions of Sm** ions: *Hs»
— *Lisp, ®Hsp — *Hop, ®°Hsp — *Dysp, *Hsp — “Dip, *Hsp — *Fr, ®Hsp — *lop, and *Hsp —
132 [244], respectively. The strongest 4f-4f excitation peak occurs at 408 nm wavelength,

which corresponds to the ®Hs;, — “D1j» electronic state transition.

Figure 4.7 (c¢) and (d) show the photoluminescence emission spectra for ZnsBsO13:xSm>*
(where x = 1% mol) phosphors measured in the range of 540 nm to 750 nm, with the use of
226 nm and 408 nm as excitation wavelengths, respectively. From the spectra, it is noticed that
there are four emission peaks at the wavelengths: 572 nm, 615 nm, 660 nm, and 718 nm, which
correspond to *Gsp—°Hsp, *Gsp—C°H7n, *Gsp—°Hopn, and *Gsp—°Hiiz magnetic dipole
transitions of Sm3+ ions, respectively. There is a strong orange-red emission band located at
660 nm, which corresponds to the *Gs»—°Hy7), transition. The *Gs,—°Hz7 absorption peak is
associated with the electric dipole transition, which is higher than the magnetic dipole
transitions. This implies the phosphor prepared by the combustion method is more suitable for
red-colour LED applications [244], [245]. The ZnsBsO13:Sm** material prepared by the
combustion method produced the highest emission peak compared to those prepared by the
solid-state and sol-gel methods. In addition to this, it is also noticed that there is a very low
emission peak for the sol-gel method at 408 nm excitation, as depicted in Figure 4.7 (b).
Consequently, in the sol-gel method, the Sm®" recombination caused a delay in photo-
generated charges, which act as effective luminescence trapping sites for charge carriers [116].
Therefore, according to the obtained results, the ZnsBsO13:Sm>" phosphors synthesized with
the combustion and solid-state reaction methods are only potential candidates for white LED

applications.
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4.2.6 Lifetime decay measurements

Figure 4.8 shows the lifetime decay curves for the emission of the Sm*" ion in Zn4BsO13:Sm**
phosphors prepared by sol-gel, combustion, and solid-state reaction methods. These phosphors
are excited at 408 nm wavelength, while monitoring the emission peak at 657 nm. The
photoluminescence decay curves for the prepared phosphors are fitted with a second-order

exponential equation [246], [247], as shown below:

I(t) =1y + Afexp (— é) + A exp (— Ti) ................... 4.9

where I(t) and Iy are the luminescence intensities at time t and at t = 0, respectively. The fast

and slow decay times are denoted by 7y and t,, where their weights factors are Ay and A,
respectively. The equation (4.6.2) below was used to calculate the average decay time (Tgy,4)

from “Ds), to the ground state levels.

_ (ApTfAgTE)

Tavg = W ...................................................... (4.5)

The calculated average decay time is 173 milliseconds (ms) for the ZnsBsO13:Sm>" prepared
with the solid-state method, 913 ms for the combustion method, and 1007 ms for the sol-gel
method, as shown in Table 4.3. The table describes that the highest decay profile was noticed
for ZnsBeO13:Sm** phosphor, which is prepared by the solid-state reaction method. This may
be due to the high interaction between the host and Sm** dopant compared to the other two
methods [248], [249]. These fastest-decaying phosphors could be used for LED fabrication
[248], [250]. The average decay time of the phosphor material is dependent on the energy
transfer between the host and the dopant [224], [251]. The longest decay time is due to fast
electron-hole recombination effects, and the slow decay time is due to enhanced luminescence

[49].
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Figure 4.8 Lifetime decay profiles of Zn4BsO13:xSm>* (where x = 0, 1%) nanophosphors
prepared by various chemical techniques: (a) Sol-Gel (b) Combustion (c) Solid-state reaction

method.
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Table 4.3. Average lifetime decay values of ZnsBsQ13.:xSm>* (where x = 0, 1%)
nanophosphors prepared by various chemical techniques: (1) Sol-Gel (2) Combustion and
(3) Solid-state reaction method.

S.No. Sample ID Average life-time (ms)
1 Zn4BsO13:Sm>" (Sol-gel) 1007
2 | Zn4B6013:Sm** (Combustion) 913
3 ZnsBs013:Sm>" (Solid state) 173

4.2.7 CIE colour coordinates

Figure 4.9 shows the Commission Internationale de I’Eclairage chromaticity (CIE) colour
diagram of Zn4BO13:xSm>* (where x is 1 mol%) nanophosphor prepared with three synthesis
methods: sol-gel, combustion, and solid-state. This diagram is for the evaluation of the
emission properties of Sm** ions in the prepared sample; it depicts significant CIE coordinate
values and describes the nature of photoluminescence emissions [252]. The prepared samples
were analyzed using an excitation wavelength of 226 nm, while monitoring an intense emission
peak at the wavelength of 657 nm. The obtained CIE colour coordinates for the applied
synthesis methods are as follows: solid-state (0.58, 0.43), combustion (0.59, 0.43), and sol-gel
(0.47, 0.38) as depicted in Figure 4.9. The obtained colour coordinates were found to lie within
the orange-reddish region for all synthesis methods. The sample prepared with the sol-gel
method produced a low intensity orange-red emission, while other methods such as solid-state
and combustion methods produced a high intensity orange-red emission. From the
investigations, it is noticed that the prepared phosphors synthesized by the solid-state and
combustion methods are suitable for near ultra-violet light-emitting diodes (near UV-LEDs)

and solid-state lighting applications [252].
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Figure 4.9 CIE colour diagram of Zn4BsO;3:xSm>* (where x = 0, 1%) nanophosphors
prepared by various chemical techniques: (a) Sol-Gel (b) Combustion (c) Solid-state reaction
method.

Table 4.4. CIE colour co-ordinates of ZnisBsO;3:xEu’" (where x = 0, 1%) nanophosphors
prepared by various chemical techniques: (1) Sol-Gel (2) Combustion and (3) Solid-state

reaction method.

S.No. Sample ID CIE-coordinates

1 Zn4BsO13:Eu’* (Sol-gel) (0.47, 0.38)
2 | ZnsBsO13:Eu** (Combustion) |  (0.59, 0.43)

3 ZnsBeO13:Eu’* (Solid state) (0.58,0.43)
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4.3 Conclusion

The ZnsBeO13 and ZnaBsO13:Sm>" phosphors were successfully synthesized with different
reaction methods: sol-gel, combustion, and solid-state. The aim of the study is to determine
which synthesis method yields the best phosphor materials with high luminescence. The XRD
results confirmed the cubic structure of host ZnsBsO13 materials and doped ZnsBsO13:Sm**
phosphors prepared by the mentioned different synthesis techniques. The XRD patterns of
doped ZniBsO13:Sm** phosphors were not affected by the Sm>* ions, except for shifts in the
diffraction peak positions. FE-SEM was used to study the morphology of the prepared
phosphors; smooth-like surfaces and hexagonal-shaped particles with agglomeration were
observed. The average particle sizes of the prepared samples showed that the particles were
formed in the range of 1000 to 1350 nm. Optical studies indicate that the doping of Sm>" caused
a decrease in energy bandgaps in samples prepared by sol-gel and combustion methods, while
it increased in the solid-state method. Analysis of the PL emission spectra reveals that the
sample prepared by the combustion method exhibited high intensity emissions, whereas the
sol-gel method produced low intensity emissions at the 657 nm wavelength. The solid-state
method produced ZnsBeO13:Sm>" phosphor with the fastest average decay time compared to
other synthesis methods. From the CIE diagram, it is observed that the combustion and solid-
state methods produced phosphors with high purity orange red colour emissions, whereas the
sol-gel method produced phosphors with high purity orange emission. The ZnsBsO13:Sm>"
prepared by combustion and sol-gel methods are potential candidates for producing orange-red

light-emitting diodes.
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Chapter V

Impact of different various chemical techniques on the structural and

photoluminescence properties of ZnsBsO13: Eu** nanophosphors

5.1 Introduction

The research based on luminescent materials that are cost effective, energy-saving, have a long-
life span, and are environmentally friendly is still ongoing. Luminescent materials play an
important role in the manufacturing of solid-state lamps and light-emitting diodes. Solid-state
lighting is regarded as energy-efficient, environmentally friendly, have longer lifetime, and

have low power consumption [223].

The type of synthesis method used is significant for the quality of the phosphor material
produced. Single or co-doping a host with rare earth ions enhances its luminescence
efficiencies. Generally, rare earth ions are significant for enhancing colour emissions when
doped in various host materials [253]. There are two methods used to produce commercial
white light-emitting diodes (WLEDs): The blue LED chip Gallium Nitride (GaN) is
incorporated into yellow Yttrium aluminium garnet doped with cerium (YAG: Ce*"), and the
second method involves the mixing of tri-phosphor materials (red-green-blue: RGB) excited
by the ultraviolet light. These commercial wLEDs have a low colour rendering index (CRI <
70) and a higher correlated colour temperature (CTT > 327 °C) due to the lack of a red phosphor
[90], [254]. To overcome this drawback, Eu*" is used as a dopant. Due to their Do — 'F; (j =
0, 1, 2, 3, 4) transitions, Eu*" doped phosphors are known for their red emissions. Doping with
Eu** has numerous advantages; it reduces the bandgap of the host material, improves the
conductivity of the host material, and repositions the conduction and valence bands of the host

material [229], [231], [255].

Zinc borate material has been used as a host by many researchers. For instance, Liang Pan et
al. [229] reported on the synthesis of ZnsBsO13: Eu/Tb materials using the conventional solid-
state method to study their spectroscopic behaviour. Meijerink et al. [88] reported on the
synthesis of Zn4BsO13 using the solid-state method for their photoluminescence and
thermoluminescence properties. Zhao et al. [89] reported on the synthesis of ZnsBsO13:Tb>",
Yb** using the solid-state reaction method to study its multimodal emission for information

encryption and anti-counterfeiting. This chapter focuses on the investigation of the synthesis
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methods that will produce the best red emission luminescence characteristics of the
nanophosphors. ZnsB¢O13 material is chosen as a host and Eu’** as a dopant. The preparation
methods involved in this work are sol-gel, solid-sate, and combustion techniques. Their
photoluminescence properties were studied at monochromatic light excitations of 245 and 395
nm wavelengths. At an excitation wavelegth of 395 nm, all samples showed the fastest average
decay time. The CIE chromaticity diagram indicated that the synthesized phosphors produced

strong red emissions.

5.2 Results and discussion

5.2.1 X-ray diffraction studies

Figure 5.1 (a-d) shows the X-ray diffraction (XRD) patterns for the ZnsB¢O13:xEu*" (where x
is 1 mol%) phosphor synthesized with three different techniques such as the combustion, sol-
gel, and solid-state method, respectively, along with the standard background XRD patterns of
the Zn4BsO13 structure (JCPDS No: 01-076-0917), with a space group of [-43. Figure 5.1 (a-
d) shows the X-ray diffraction (XRD) patterns for ZnsBsO13:xEu** (where x is 1 mol%)
phosphor synthesized with three different techniques such as combustion, sol-gel, and solid-
state method respectively, along with the standard background XRD patterns of the Zn4BsO13
structure (JCPDS No: 01-076-0917), with a space group of 1-43. The diffraction peaks were
found around 26 angles of 24°, 29°, 38°, 45°, 49°, 52°, 58°, 61°, 63°, 69°, 71°, 74°, 76°, and
79°, corresponding to miller planes as indexed by (200), (211), (310), (321), (400), (330),
(420), (422), (510), (521), (440), (433), (600), and (532), respectively. The calculated lattice
parameters are a = 7.47407 A, b=7.47407 A, and c = 7.47407 A, with a cell volume of 417.51
A3. The calculated angles are @« = B = ¥y = 90°, which confirms the cubic structure [89], [90].

Figure 5.1 (b) and (c) show the XRD spectra of ZnsB¢O13:xEu*" (where x is 1 mol%) phosphor
material prepared by the sol-gel and solid-state reaction methods. Both diffraction peaks were
similar to the combustion method reported in Figure 5.1 (a), except for changes in lattice
parameters, viz., sol-gel: a=7.47547 A, b=7.47547 A, and c = 747547, a = B =y = 90°,
with a cell volume of 417.75 A3. For the solid-state reaction method, the following lattice
parameters were obtained: a = 7.47148 A, b=7.47148 A,andc = 747148 A a =B =y =
90° with a lattice volume of 417.51 A3. The weak XRD intensity peak is also due to the low
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crystallite size, and it is shown in Table 5.1 that the combustion method produced the

Zn4BeO13:Eu’* phosphor with the lowest crystallite size.

Figure 5.1. The full XRD patterns of ZnsBsO3:xEw’ (where x = 0, 1%) nanophosphors
prepared by various chemical techniques: (a) Sol-Gel (b) Combustion (c) Solid-state reaction

methods.
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The crystallite sizes of the prepared ZnsBsO13:Eu®" samples were calculated using the Debye-
Scherrer equation (4.1) presented in Chapter IV. The dominant/intense peak (211) was used
for the calculation of the crystallite sizes. Table 5.1 shows the calculated crystallite sizes of
Zn4BsO13:xEu" prepared with (1) sol-gel, (2) combustion, and (3) the solid-state reaction
method. The calculated crystallite sizes are within the range of 95 — 99 nm. The average
crystallite sizes were found to follow the trend below: sol-gel (98.05 nm) > solid-state (96.81

nm) > combustion (95.93 nm) produced for ZnsBsO13:Eu*" phosphor materials.

Table 5.1. Crystallite size of ZnsBsO3.xEu’" (where x = 0, 1%) nanophosphors prepared by
various chemical techniques: (1) Sol-Gel (2) Combustion and (3) Solid-state reaction

method.

S.No Sample Crystallite size (nm)
1 Zn4Bf,Ol3:Eu3+ (Sol-gel) 98.05
2 | ZnsBeOi3:Eu*" (Combustion) 95.93
3 Zn4Bs013:Eu’* (Solid state) 96.81
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5.2.2. Surface morphology studies and elemental analysis

Figure 5.2 shows the SEM micrographs and EDS spectra of ZnsBeO13:1mol%Eu’*, prepared
by different techniques: sol-gel Fig (a) & (d), combustion Fig (b) & (e), and solid-state Fig
(c) & (f), respectively. The inserted images in Fig 5.2 (a — ¢) show the magnified FE-SEM
images, whereas Fig 5.2 (d — f) depicts the elemental mapping of the prepared materials,

respectively.

Figure 5.2 (a) shows particles prepared by the sol-gel method with irregular morphologies; a
cubic and polyhedron-like structures with flat face surfaces with varying sizes is clearly visible
in the insert image. There are smooth particles with sharp edges that are more adherent and
agglomerated, with little to no pores. The calculated average particle size using the Image J
software is 890 nm, as depicted in Figure 5.3 (a). The large spaces denoted by the blue arrows

are due to the glass slide of the microscope that was used to hold the specimen during analysis.

Figure 5.2 (b) shows SEM images displaying rough particles that are prepared with the
combustion method. Moreover, these particles have a heterogeneous morphology, being
spherical and hexagonal-like. There are particles, which are agglomerated into distinct groups
and are scatteredly arranged. The large particles are surrounded by smaller particles, which are

uniformly distributed throughout the specimen substrate, as depicted by green arrows.

Figure 5.2 (c) shows the SEM images displaying rough particles, which are prepared with the
solid-state reaction method. In addition, these particles are largely agglomerated into distinct
groups and are randomly distributed in the specimen holder, as depicted by the red circles.
Moreover, these particles have hexagonal-like morphology, as clearly visible in the inserted
image; they are adherent, with little to no porosity. The large gaps denoted by the red arrows

are due to the specimen holder and not the sample.
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Figure 5.2: Field-emission scanning electron microscopy (FE-SEM) images of
ZnyBs013:xEu’ " (Where x = 0, 1%) nanophosphors prepared by various chemical techniques:

(a) Sol-Gel, (b) Combustion, and (c) Solid-state reaction methods.
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Figure 5.2: Elemental Dispersive Spectroscopy (EDS) images of ZnsBsOy3:xEw’* (where x =
0, 1%) nanophosphors prepared by various chemical techniques: (d) Sol-Gel, (e)Combustion,

and (f) Solid-state reaction methods.

The EDS images in Figure 5.2 (d — f) confirm all the elements present in the prepared
materials, such as europium (Eu), zinc (Zn), oxygen (O), boron (B), sodium (Na), and carbon
(C). The detection of (C) was due to the carbon tape that was used as a conductive support for
the sample. The sample was coated with iridium (Ir) to rectify its conductivity and charging
during characterization. The elemental mapping images (inserts) in Figure 5.2 (d — f) show the
dominant uniform distribution of Eu and O throughout the prepared ZnisBsO13:Eu®" samples,
with a higher number of counts than other elements. The average particle sizes of the prepared

samples are shown in Figure 5.3 were obtained in the following manner: 890 nm for the sol-
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gel method, > 750 nm for the solid-state method, and > 500 nm for the combustion method.
The adopted preparation techniques have different impacts on the morphology and the average

particle sizes of ZnsBsO13:Eu®" materials.

Figure 5.3 Histograms displaying the average particle size distribution of Zn4B6013:xEu3+

nanophosphors prepared with (a) sol-gel, (b) combustion, and (c) solid-state methods.
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5.2.3 Fourier Transform Infrared (FT-IR) analysis.

Figure 5.4 shows the FTIR spectra for the ZnsBeO13 host and of the ZnsB¢O13:xEu®" sample
prepared with sol-gel, combustion, and solid-state methods. The samples were characterized at
room temperature within the wave number range of 400 — 4000 cm™. There are sharp
absorption bands at 450 cm™ which are attributed to the Zn-O vibration stretching mode [256].
However, the absorption band varies with the synthesis routes followed. The broad absorption
bands at 800 cm™ are attributed to the vibrational bands of BOs™ groups, which are found in
the ZnsBeO13 structure [257], [258], [259]. The sharp peaks at around 600 cm™! are signatures
of BO4. Furthermore, the absorption bands at 1100 cm™ and 3200 cm™ are attributed to the O-
H bonds of the water (H2O) molecules during sample preparation [258], [259]. The
Zn4Bs013:Eu’* prepared with the sol-gel method showed the weakest O-H bands compared to

other methods.
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476 13
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Figure 5.4: FT-IR spectra of ZnsBsO;3:xEw*" (Where x = 0, 1%) nanophosphors prepared by

various chemical techniques: (a) Sol-Gel (b) Combustion (c) Solid-state reaction method.
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5.2.4 UV-VIS and band gap measurements

Figure 5.5 shows the diffuse reflectance spectra (DRS) of UV — Vis for the Zn4BsO13 host and
Zn4Bs013:1mol%Eu’" doped nanophosphors prepared by different techniques such as sol-gel,
combustion, and solid-state reaction methods, measured in the range of 200 — 2000 nm. There
is a presence of Eu®" absorption bands for the ZnsBsO13:xEu®" phosphor around 300, 400, and
510 nm, which are due to the parity forbidden f—f transitions i.e., "Fo—°D3, "Fo—°D, and
"Fo—°Dy, respectively, from the ground state to the higher excited state. The peaks within the
region of 200 — 450 nm are attributed to the Eu — O charge transfer band. The shoulder peaks
within the 600 nm region are attributed to 'Fo —’F transitions; these transitions are observed
in the host and the Eu®" doped samples prepared [260]. The different optical behaviour
observed in sol-gel compared to other methods is due to the high agglomeration of large
particles, low annealing temperature which resulted in not removing all impurities, and low
photo luminescence emission compared to other methods [238]. The mentioned factors result
in inability to react to light compared to other methods in the ultraviolet and visible regions.
The absorption bands due to Eu*" are barely visible, which implies that the dopant molecules

were successfully incorporated into the host and resulted in a homogeneous distribution [90].

100

=
ax
S’
b
(>
=
]
~Nd
(#
P} ‘ Zn B O . (Host) (Sol-gel Method)
= 40 ZnB,O, (Host) (Cumbustion Method)
é | Zn B O, (Host) (Solid state reaction Method
30 Zn B0 : Eu” (Sol-gel Method)
20 ZnB O : Eu” (Cumbustion Method)
ZnBO : Eu’' (Solid state reaction Method)
10 4

SN VTN e FRL PO SN, ST FeNR A ST v S p—% — |
200 400 600 800 1000 1200 1400 1600 1800 2000
Wavelength (nm)

104

http://etd.uwc.ac.za/



Figure 5.5. UV-Vis DRS spectra of ZnsBsO,3:xEu** (Where x = 0, 1%) nanophosphors
prepared by various chemical techniques: Sol-Gel, Combustion, and Solid-state reaction

method.

The band gaps of the synthesized samples are estimated from the optical data in Figure 5.6 for
samples prepared with (a) sol-gel, (b) combustion, and (¢) solid-state reaction methods. These
band gaps were obtained using the Kubelka-Munk (M-K) function theory [240], [241], which
is reported in Chapter IV (equation 4.2) and is used accordingly. The bandgap for ZnsBsO13
decreased after doping with Eu®" in sol-gel and combustion synthesis methods from 5.899 to
5.789 eV and from 5.948 to 5.846 eV, respectively, as shown in Table 5.2. When the bandgap
decreases, the conduction re-aligns to a new position [261]. The decrease in band gap is also
attributed to bond deformations and local defects in the Zn4sBsO13 matrix due to doping with
Eu®" during calcination. There is an increase in the optical band gap after doping with Eu*" in
the solid-state method from 5.865 to 5.885 eV, which can be explained by the Burstein — Moss
effect [262], [263]. The increase in bandgap is attributed to the successful incorporation of the
dopant into the host material, which blocks the low-energy transitions and causes an upward

shift of the Fermi level within the conduction bands [262].
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Figure. 5.6. Optical bandgap calculations of ZnsBsO3.:xEw’* (Where x = 0, 1%)
nanophosphors prepared by various chemical techniques: (a) Sol-Gel (b) Combustion (c)
Solid-state reaction method. The line represents the best linear fit to determine the energy

band gap.
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Table 5.2. Optical bandgap values of the ZnsBs0;3:xEw’* (where x = 0, 1%) nanophosphors
prepared by various chemical techniques: (1,2) Sol-Gel (3,4) Combustion (5,6) Solid-state

reaction method.

S.No Sample ID Energy bandgap (eV)
1 Zn4B6O13 (Sol-gel) 5.899
2 ZnsBsO13:Eu’* (Sol-gel) 5.789
3 Zn4Bs013 (Combustion) 5.948
4 | ZnsBsO13:Eu’* (Combustion) 5.846
5 Zn4BeO13 (Solid state) 5.865
6 ZniBsO13:Eu’* (Solid state) 5.885

5.2.5 Photoluminescence excitation and emission spectra measurements

Figure 5.7 (a) and (b) show the photoluminescence excitation spectra for ZnisBeO13:Eu’*
samples prepared with sol-gel, combustion, and solid-state methods, measured within 200 —
550 nm and 300 — 500 nm ranges, respectively, while monitoring the emission peak at 614 nm
wavelength. This excitation spectra for combustion and solid-state methods show the excitation
peaks at 320, 360, 385, 396, 470, 525, and 530 nm, which are attributed to the "Fo—°Hs,
"Fo—>Hs, "Fo—°Da, 7Fo—>5Gj, "Fo—3Ls, 'Fo—°D,, 7Fo—°D1, 7Fo—°Di, and 'F1—°D;
transitions of Eu®" ions, respectively. The wide bands within the 250 nm region are associated
with the charge transfer band between the 2p orbital of O> and the 4f orbital of Eu** [254]. The
excitation peaks with the highest intensity are at 246 and 395 nm wavelengths, which are more
dominant in the excitation spectra [264]. Figure 5.7 (¢) shows the emission spectrum of the
prepared samples using an excitation of 246 nm wavelength. There are *Do—F; (where j=1, 2,
3, and 4) transitions of ZnsB¢O13:Eu*" phosphors at 570, 583, 615, 652, and 704 nm,
respectively. The peaks from 580 to 600 nm are due to the magnetic dipole transition of Eu**

ions. The emission peak at 615 nm wavelength is assigned to the electric dipole transition

107

http://etd.uwc.ac.za/



"Do—"F2 [265]. The sol-gel method produced the most dominant emission peak, compared to
other methods. This emission peak implies that there was efficient energy transfer from the
host to the dopant in the sol-gel method. Figure 5.7 (d) shows the emission spectra at an
excitation wavelength of 395 nm. The emission peaks observed in this spectrum are similar to
the emission peaks that occurred through 246 nm excitation wavelength in Figure 5.7 (¢). The
solid-state method shows the most dominant peak at 615 nm wavelength is attributed to the

SDo—F> transition of the dopant.

Figure 5.7. (a), (b) Photoluminescence excitation and (c), (d) emission spectra of
ZnyBsOy3:xEu’* (where x = 0, 1%) nanophosphors prepared by various chemical techniques:
(1) Sol-Gel (2) Combustion (3) Solid-state reaction method using the parameters of lemi = 614
nm and lexe=246 , 395 nm wavelengths.
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5.2.6 Lifetime decay measurements

Figure 5.8 shows the lifetime decay curves of ZnsB¢O13:1 mol%Eu’" nanophosphor prepared
by the sol-gel, combustion, and solid-state reaction methods. These samples were excited with
a 246 nm wavelength of light source while monitored at an intense emission peak of 614 nm
wavelength. All decay curves are fitted with a second-order exponential equation (4.4) as
described in Chapter IV [41]. The ZnsBsO13: Eu** average lifetime decay values are tabulated
in Table 5.3. The average lifetime decay for ZniBsOi3: Eu’" prepared with sol-gel,
combustion, and solid-state methods was found to be 323, 244, and 463 milliseconds (ms)
respectively. The sample prepared by the solid-state method showed the longest lifetime decay
(463 ms), while the shortest lifetime (244 ms) value was found in the sample prepared by the
combustion method. Phosphors with the fastest decay time are potential candidates for LED

applications [248], [250].

A= 246 nm ZnB O : Eu" (Sol-gel Method)
e ZnB O : Eu’” (Cumbustion Methed)
A‘emi_614nm . el R R .
Zn B O : Eu (Solid state reaction Method)

nnnd

nnnd

Log (Normalized intensity (a.u.)

—re :
2 4 6 8 10 12 14 16 18
Average lifetime (ps)

Figure 5.8. Lifetime decay profiles of ZnsBsO;3:xEw’* (Where x = 0, 1%) nanophosphors
prepared by various chemical techniques: (a) Sol-Gel (b) Combustion (c) Solid-state reaction

method using the parameters of lemi = 614 nm and lexe=246 nm wavelengths.
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Figure 5.9 shows the average decay lifetime for ZnsBsO13:Eu®" phosphor at an excitation

wavelength of 395 nm while monitoring the emission at the 614 nm wavelength. The estimated

lifetime decays at this 395 nm excitation wavelength were 2.94, 3.16, and 5.47 ms for the sol-

gel, solid-state, and combustion methods, respectively. The decay lifetimes for the 395 nm

excitation wavelength were also recorded in Table 5.3.
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Figure 5.9. Lifetime decay profiles of ZnsBs03:xEu’" (Where x = 0, 1%) nanophosphors

prepared by various chemical techniques: (a) Sol-Gel (b) Combustion (c) Solid-state reaction

method using the parameters of lemi = 614 nm and lexc=395 nm wavelengths.

Table 5.3. Average lifetime decay values of Zn4Bs0;3:1%Ew’" nanophosphors prepared by

various chemical techniques: (1) Sol-Gel (2) Combustion and (3) Solid-state reaction method

S.No.

Sample ID

Average life-time (ms)

Zn4B013:Sm3" (Sol-gel)
Zn4Bs013:Sm** (Combustion)

ZnsBs013:Sm>" (Solid state)

323

244

463
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5.2.7 CIE color coordinates

The Commission Internationale de 1’Eclairage (CIE) chromaticity diagram for ZnsBsO13:1
mol%Eu** phosphors prepared by three methods are shown in Figure 5.10. The CIE
chromaticity coordinates are in the form of (x, y) and were used for the analysis of the emission
colours. The estimated CIE colour coordinates for ZnsB¢O13:Eu’* are as follows: (0.642, 0.353)
sol-gel method, (0.641, 0.352) combustion method, and (0.644, 0.354) solid state method. All
the obtained emissions fall within the red region of the CIE chromaticity diagram, which
indicates efficient incorporation of Eu®" ions into the host as it is known for its red emissions.
The energy transitions shown in Figure 5.7 (¢) and (d) are responsible for the red colour
emission. This implies that these ZnsBsO13:Eu®" phosphors are potential candidates for
application in tuneable red light-emitting diodes [252]. The prepared samples were analysed

under an excitation wavelength of 395 nm.
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Figure 5.10. CIE colour diagram of ZnsBs0;3:xEu** (Where x = 0, 1%) nanophosphors
prepared by various chemical techniques: Sol-Gel, Combustion, and Solid-state reaction

method.

Table 5.4. CIE colour co-ordinates of ZnsBsO;3:xEu** (Where x = 0, 1%) nanophosphors
prepared by various chemical techniques: (1) Sol-Gel (2) Combustion and (3) Solid-state

reaction method.

S.No. Sample ID CIE-coordinates

1 ZniBsO13:Eu’ (Sol-gel) | (0.642, 0.353)
2 | ZnsBsO13:Eu’* (Combustion) | (0.641, 0.352)

3 ZnsBsO13:Eu* (Solid state) | (0.644, 0.354)
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5.3 Conclusion

Eu** doped Zns4BeO13 phosphors were successfully prepared by the sol-gel, combustion, and
solid-state synthesis methods. The XRD results confirm the cubic structure of ZnsBsO13:Eu®*
in all synthesis methods. The incorporation of Eu*" into ZnsBeO13 phosphors did not affect the
crystal structure of the sample. Hexagonal, cubic, and some irregular agglomerated
morphologies were observed in SEM images. At 900 °C annealing temperature caused some
particles to be more adherent. The prepared samples were excited at different wavelengths of
246 and 395 nm. The PL emissions spectra show characteristic emissions of Eu** from its Dy
level to "Fj where j = 1, 2, 3, and 4. The high-intensity peak was observed at 615 nm for both
excitation wavelength. The fastest average lifetime decay was observed for 395 nm excitation.
The sol-gel method produced ZnsBsO13:Eu*" phosphor with the fastest average lifetime decay
in both excitation wavelengths of 246 and 395 nm compared to the solid-state and combustion
methods. The CIE chromaticity diagram revealed that all the prepared ZniB¢Oi3:Eu®*
phosphors produced red colour emissions. All Eu** doped ZnaBsO13 phosphors show excellent

emission properties to be used for the fabrication of tunable-red LEDs.
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Chapter VI

Impact of different various chemical techniques on the structural and

photoluminescence properties of ZnsBsO13: Dy** nanophosphors

6.1 Introduction

Luminescence is an optical phenomenon for the emission of light [266]. The current trend for
producing luminescence phosphors with high efficiency and with lower power consumption
that are long-lasting is still an ongoing research process [267], [268]. Moreover, luminescent
phosphors play an important role in the manufacturing of solid-state lamps, mostly in the form
of light-emitting diodes (LEDs). Zinc borate (Zn4BsO13) is of great interest in this study as a
host due to its photoluminescence properties, afterglow effects, and high chemical and thermal
stability. Furthermore, these materials have caught the attention of researchers in fabricating
luminescent materials [254], [269]. Numerous studies have been reported on the synthesis of
Zn4BeO13 doped with various rare earth ions for solid-state lighting. Meijerink et al. [270]
reported on the synthesis of ZnsBsO13 using the solid-state method for the investigation of
photoluminescence and thermoluminescence properties. Chen et al. [224] studied the
luminescence characteristics of ZnaBsO13:Mn?" phosphor materials. This research focuses on
the investigation of the synthesis methods that will produce the best photoluminescent
phosphors that will contribute to solid-state lighting applications. The combustion, solid-state,
and sol-gel methods are used for the preparation of ZnsBsO13 compounds. The research on Dy**
dopants is significant, as it is known for enhancing photoluminescence emission characteristics
in the white colour light region. Moreover, this dopant is responsible for producing colour
emissions within the regions blue (470—500 nm), yellow (570—600 nm), and red (650—680
nm), which are ascribed to the fundamental transitions *Fon—°Hisn, *Fon—°Hisn, and
*Fon—SHi1p, respectively [105], [224], [271]. The Dy** ions have 4f electron abundance,
which is capable of absorbing light within the ultra-violet region. Furthermore, its 5d — 4f
transitions are responsible for the fluorescence properties of Dy** ions [168], such as the intense
emission peak at the “Fo,—°Hi3/> position, which corresponds to an electric dipole transition

of Dy** ions.
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6.2 Results and discussion

6.2.1 X-ray diffraction studies

Figure 6.1 (a) — (d) shows the X-ray diffraction patterns of the ZnsB¢Oi3: 1 mol%Dy*"
phosphors prepared by the following methods: combustion, sol-gel, and solid-state, along with
the standard background data (JCPDS No: 01-076-0917) of the ZnsBsO13, respectively. The
XRD patterns show that the diffraction peaks for all samples were detected around 26 angles
of 25°, 30°, 39°, 46°, 49°, 53°, 59°, 62°, 65°, 69°, 72°, 75°, 77°, and 79°. Furthermore, their
crystal phases are indexed as follows: (200), (211), (310), (321), (400), (330), (420), (422),
(510), (521), (440), (433), (600), and (532), respectively. The obtained results are well matched
with the standard PDF data file JCPDS No: 01-076-0917, which confirms a cubic crystal
structure with the space group of I-43m. The calculated lattice parameters for Figure 6.1 (a)

area=b=c= 7.47730Aand a = f =y = 90, resulting in a cell volume of 418.06 A>.

Figure 6.1 (b) shows the XRD spectrum of the ZnsBsO13: Dy** phosphor material, prepared
by the sol-gel method. The diffraction peaks obtained for this method were similar to those of
the combustion method reported in Figure 6.1 (a), except for the changes in the lattice
parameters, which are as follows: a = b =c = 7.47773A anda = =y = 90°, with a
lattice volume of 418.13 A3, The diffraction peaks for the solid-state method in Figure 6.1 (c)
were also determined in similar way as was previously reported for the combustion and solid-
state methods, except for the changes in the lattice parameters, calculated as follows a = b =

c= 747773 Aand @ = B =y = 90° with a lattice volume of 417.80 A>.

The diffraction peaks for ZnsB¢Oi3:Dy>" phosphors prepared in Figure 6.1 (a — c) are
consistent with the cubic structure of ZnsBsO13 (JCPDS No: 01-076-0917). However, there is
a slight deviation of the XRD peaks to higher values of 26, which are associated with the
presence of the dopant. Moreover, the shift is attributed to the successful substitution of Zn**
ions by Dy*" in the host lattice [272], [273]. The overall slight decrease in the intensity of the
diffraction peaks is associated with the addition of Dy>" ions to the host [135], [256], [272],
[273], [274], [275]. The combustion and sol-gel methods showed weak XRD intensity peaks

compared to the solid-state method; this is due to their low crystallite sizes, as depicted in
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Table 6.1. In conclusion, doping with Dy** did not change the cubic structure, which confirms

the well-distribution of the Dy>" ions into the ZnsBsO13 host lattice.

Figure 6.1. The full XRD patterns of ZnsBsO13:xDy** (where x = 0, 1%) nanophosphors
prepared by various chemical techniques: (a) Sol-Gel (b) Combustion (c) Solid-state reaction

method.
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The crystallite sizes of the prepared ZnsBsO13:Dy>" phosphors were calculated using the
Debye-Scherrer equation (4.1) presented in Chapter IV. Table 6.1 (1 — 3) shows the calculated
crystallite sizes for ZnsBsO13:Dy>" prepared with sol-gel, combustion, and solid-state methods,
respectively. The calculated crystallite sizes were found to follow the following trend: solid-

state (99 nm) > sol-gel (89 nm) > combustion (80 nm).

Table 6.1. Crystallite size of ZnsBs013.xDy** (where x = 0, 1%) nanophosphors prepared by
various chemical techniques: (1) Sol-Gel (2) Combustion and (3) Solid-state reaction

method.

S.No Sample Crystallite size (nm)
1 Zn4BsO13:Dy*" (Sol-gel) 89
2 | ZnsBeO13:Dy*" (Combustion) 80
3 Zn4BeO13:Dy*" (Solid state) 99

6.2.2 Surface morphology studies and elemental analysis

The morphology and elemental analysis of the prepared sample were examined through
scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS),
respectively. Figure 6.2 depicts the SEM and EDS micrographs for the ZniBeOi3:Dy**
synthesized with (a) and (d) sol-gel, (b) and (e) combustion, and (c) and (f) solid-state methods,
respectively. The inserts in (d-f) depict the elemental mapping for the used precursors. Figure
6.2 (a) shows a combination of crystalline and smooth-like particles with heterogeneous
morphologies. The calculated average particle size from Image J software is 2200 nm, and it is

shown in histogram Figure 6.3 (b).

Figure 6.2 (b) depicts particles with heterogeneous morphologies, such as cubic, spherical,

and hexagonal, prepared by the combustion method. The heterogeneous morphology shows

117

http://etd.uwc.ac.za/



that the Dy*" ions had an impact on the morphological properties of ZnsBsO13 phosphor. The

calculated average particle size is 790 nm, as depicted in Figure 6.3 (a).

The Zn4BsO13:Dy>" phosphors depicted in Figure 6.2 (¢) were synthesized by the solid-state
reaction method. There are large agglomerated and adhered particles with an average size of
2100 nm, are depicted in Figure 6.3 (c), reflecting a hexagonal and cubic morphological
structure. These images show that doping with Dy*" affected the morphology of the host

material.

Figure 6.2: Field-emission scanning electron microscopy (FE-SEM) images of
ZnyBsO013:xDy>* (where x = 0, 1%) nanophosphors prepared by various chemical techniques:

(a) Sol-Gel (b), Combustion, and (c) Solid-state reaction methods.
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Figure 6.2: Elemental Dispersive Spectroscopy (EDS) and elemental mapping images of
ZnyBsOy3:xDy** (where x = 0, 1%) nanophosphors prepared by various chemical techniques:

(d) Sol-Gel, (e)Combustion, and (f) Solid-state reaction method.

The EDS spectra in Figure 6.2 (e — f) confirm all the elements that were used for the
preparation of ZnsBeO13:Dy**. These elements are dysprosium (Dy), zinc (Zn), oxygen (O),
boron (B), sodium (Na), and carbon (C). The detection of carbon impurities is due to the carbon
tape that was used to mount the sample during analysis. In addition to this, iridium was used
as a coating agent before characterization; thereby, iridium spikes are present in the EDS
spectra. The elemental images (inserts) show a uniform distribution of the precursors used. The
average particle sizes of the ZnsB¢O13:Dy>" phosphor were obtained in the following manner:

combustion method (2200 nm) > solid-state method (2100 nm) > sol-gel (790 nm).
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Figure 6.3 Histograms displaying the average particle size distribution of Zn4BsO;3:Dy>*
nanophosphors prepared with (a)combustion, (b) sol-gel, and (c) solid-state methods.

6.2.3 Fourier Transform Infrared (FT-IR) analysis.

The FTIR spectra for the ZnsBsO13 host and ZnsBsO13:xDy** (where x = 1 mol%) phosphor
prepared with different techniques such as sol-gel, combustion, and solid-state methods are
shown in Figure 6.4. The samples were characterized at room temperature, and their spectra
were recorded within the wave number range of 400 — 4000 cm'. In all spectra, the sharp
absorption band within the 480 cm™ regions for all phosphors are due to the stretching modes
of Zn-O vibrations. The intense and broad absorption bands within 600 - 900 cm™! regions
confirm the BOs; and BO4 vibrational bands, respectively; these are due to the meta-borate
transition within the host [257], [258]. The additional IR bands within 600 — 1000 cm™ region
are due to BO3 symmetric modes. The structural vibration bands observed in the 1100 cm™
region are ascribed to the fundamental bending modes of water molecules that were used during
sample preparation. Similarly, weak vibrational bands are observed within 3250 cm™ regions,

which are attributed to the stretching modes of water molecules as well as the atmospheric
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hydroxyl groups [276]. Doped ZnsBsO13:Dy*" materials show an increase in the absorption
bands, clearly observed for the combustion and solid-state methods. Doping with Dy** resulted
in strong absorption bands in the phosphors prepared with the combustion and solid-state

methods, whereas there was a weakening of absorption bands in the sol-gel method.

Figure 6.4: FT-IR spectra of ZnsBs0;3:xDy>* (Where x = 0, 1%) nanophosphors prepared by

various chemical techniques: (a) Sol-Gel (b) Combustion (c) Solid-state reaction method.
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6.2.4 UV-VIS and band gap measurements

Figure 6.5 shows the ultra-violet visible (UV-Vis) spectra of the ZnsBe¢Oi3 host and
Zn4BeO13:Dy** phosphors prepared with different synthesis techniques such as sol-gel,
combustion, and solid-state methods, recorded within 200 — 2000 nm spectral range. Compared
to the host, doped materials showed an overall increase in reflectance for all the prepared
phosphors. However, there are weak absorption bands related to 4f° -4f° intra-configurational
transitions of Dy>" ions. There is an intense absorption band within the 200 nm region, which
is ascribed to the electron transition within the Zn-O bonds [277], [278]. The different optical
behaviour observed in sol-gel compared to other methods is due to the high agglomeration of
large particles, low annealing temperature which resulted in not removing all impurities, and
low photo luminescence emission compared to other methods [238]. The mentioned factors
result in inability to react to light compared to other methods in the ultraviolet and visible
regions. The obtained absorption peaks were observed at the following wavelengths: 300, 390,
800,900, 1100, 1300, 1420, and 1610 nm are associated with the fundamental transition modes
from the ground state to higher excited states, viz., H1s50—*K1312, °His2—6P72, *His0— Fs)2,
SHys5,—°F712, ®H152—CFop, “His52—°F 1112, °Hisn— “Hop, and °Hys,—°Hi1/2, respectively. These

bands are the characteristic 4f — 4f fundamental transitions of Dy*" ions [279].
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Figure 6.5. UV-Vis DRS spectra of Zn4BsO13:xDy**(Where x = 0, 1%) nanophosphors
prepared by various chemical techniques: (a) Sol-Gel (b) Combustion (c) Solid-state reaction
method.

The diffuse reflectance (DRS) data of the prepared phosphors were used for the estimation of
the optical bandgap through the Kubelka-Munk (K-M) (equation 4.2) [168], [244]. Using the
optical data, the Tauc’s graphs were plotted with the [F (R, )hv]? function vs photon energy,
(equation 4.3) presented in chapter IV, respectively. Figure 6.6 shows the band-gap values
obtained through the sol-gel, combustion, and solid-state reaction methods. Table 6.2 shows
the extrapolated optical band-gap values obtained from Figure 6.6 for ZnisBsOi3 and
Zn43Bs013:Dy>" phosphors. The bandgap is very close to the one reported in the literature (5.73
eV). There is a decrease in the energy band gap after doping with Dy*" in all samples. The
profile shows the following decreases: sol-gel (5.899 — 5.882 e}’), combustion (5.948 — 5.834
eV), and solid-state methods (5.865 — 5.846 eV). The decrease in the bandgap is attributed to
the defect’s formation of ZnsBsO13 phosphors after Dy** is incorporated within the host
bandgap.
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Figure. 6.6. Optical bandgap calculations of Zn4BsOi3:xDy>*(wWhere x = 0, 1%)
nanophosphors prepared by various chemical techniques: (a) Sol-Gel (b) Combustion (c)
Solid-state reaction method. The line represents the best linear fit to determine the energy

band gap.
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Table 6.2. Optical bandgap values of the Zn4BsO;3:xDy* " (Where x = 0, 1%) nanophosphors
prepared by various chemical techniques: (1,2) Sol-Gel (3,4) Combustion (5,6) Solid-state

reaction method.

S.No Sample ID Energy bandgap (eV)
1 ZnsBs013 (Sol-gel) 5.899
2 Zn4BsO13:Dy>" (Sol-gel) 5.882
3 Zn4Bs013 (Combustion) 5.948
4 | Zn4BsO13:Dy** (Combustion) 5.834
5 Zn4B6O13 (Solid state) 5.865
6 Zn4Bs013:Dy>" (Solid state) 5.846

6.2.5 Photoluminescence excitation and emission spectra measurements

Figure 6.7 (a) and (b) show the photoluminescence excitation (PLE) spectra of the
Zn4BsO13:Dy>* phosphors synthesized with various techniques such as sol-gel, combustion,
and solid-state methods. These PLE spectra were recorded within the full length-range of 200
— 500 nm and highlighted in the range of 280 -500 nm, while monitoring the high-intensity
emission peak of "Fo;» — SHj3/2 at a wavelength of 586 nm. The prepared samples comprised
different excitation peaks at 348, 352, 385, 448, and 460 nm, which are attributed to the
following Dy** f-f transitions: ®Hisp—°F7p, *Hisn—Ti1, *Hisn—*Ti32, *Hisp— Ispn, and
SHisp— “Fon, respectively. The solid-state method possesses the highest intensity peaks
compared to sol-gel and combustion methods. The intense charge transfer band (CTB) peak
located at 228 nm is ascribed to the oxygen (O2) and Dy>" interactions, which are associated

with electron transfer from the 2p orbit to the 4f shell in ZnsBsO13 phosphors [168].

Figure 6.7 (c) shows the emission spectra of the ZnsB¢O13:Dy*" phosphors recorded using an

excitation source at a 228 nm wavelength. The emission spectra consist of four sharp, distinct
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emission bands at 586, 490, 670, and 760 nm. The emission band detected at 490 nm is ascribed
to the blue emission, which is due to the *Fo,—°%H1s,2 magnetic dipole transition. Moreover, the
discrepancy among the intensity peaks from different methods is due to the crystal field
strength around the Dy>* ion [146], [244]. The highest emission peak detected at 586 nm
wavelength is due to the electric dipole transition “Fox—°H32 which corresponds to a yellow
emission. Furthermore, this emission peak is acknowledged at low symmetries without
inversion centres. The low-intensity broad band at the 670 nm wavelength confirms a red
emission due to the fundamental characteristics of the “Fo,—°®H 1,2 transition of Dy** ions. The
low-intensity emission peak detected at 760 nm wavelength is ascribed to the *Fon—°Hop

transition [280].

Figure 6.7 (d) shows the emission spectra of the prepared samples using another excitation
wavelength of 352 nm. Similar emission peaks were detected at the wavelengths of 490, 586,
675, and 715 nm, which are due to the following transitions: °Hjs,—°H; (where j = 15/2, 13/2,
11/2, and 9/2), respectively. The solid-state method produced the highest emission properties,
followed by the sol-gel method, and lastly, the combustion method. This trend is similar to the
one reported in Figure 6.7 (¢). The solid-state reaction method showed the highest PL intensity
peaks in both emission spectra Figure 6.7 (¢) and (d), which implies effective energy transfer
from the host to the dopant. The poor emission peaks in the combustion method might be due

to poor dipole-dipole interactions within the host and a dopant [168].
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Figure 6.7. (a), (b) Photoluminescence excitation and (c), (d) emission spectra of
ZnyBsOy3:xDy** (where x = 0, 1%) nanophosphors prepared by various chemical techniques:
(1) Sol-Gel (2) Combustion (3) Solid-state reaction method using the parameters of lemi = 534
nm and lexc.=228 , 356 nm wavelengths.

6.2.6 Lifetime decay measurements

The lifetime decay curves of ZnsBsO13:xDy>" (where x = 1 mol%) phosphor were measured
using different synthesis techniques such as sol-gel, combustion, and solid-state methods, as
shown in Figure 6.8. These samples were excited using the 228 nm wavelength, while
monitoring the emission peak at the 558 nm wavelength. These curves were fitted to a second

order exponential equation [246], [281], as explained in chapters 4 and 5.

The average decay time measurements for the prepared ZnsBsO13:Dy*" phosphor materials fall

within 247 — 347 milliseconds (ms) range, as tabulated in Table 6.3. The ZnsBsOi3:Dy**
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phosphor prepared by the sol-gel method showed the shortest lifetime of 347 ms, compared to

the other methods, namely, combustion (347 ms) and solid-state (353 ms) methods.

Figure 6.8. Lifetime decay profiles of ZniBsO;3:xDy**(where x = 0, 1%) nanophosphors
prepared by various chemical techniques: (a) Sol-Gel (b) Combustion (c) Solid-state reaction

method using the parameters of lemi = 536nm and lexc.=228 nm wavelengths.

Similarly, the extended lifetime decay measurements of ZnsBsO13:Dy*" were followed up with
another excitation source of 352 nm wavelength for the same emission peak monitored in
earlier plots, as shown in Figure 6.9. The lifetime decay values for these prepared samples,
namely, sol-gel, solid-state, and combustion methods, were calculated using the double
exponential function and found to be 195, 314, and 352 ms, respectively. The lifetime decay
values for sol-gel and solid-state methods obtained at an excitation wavelength of 353 nm are
lower than those obtained at an excitation wavelength of 228 nm. However, it is vice versa for

the combustion method.
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Figure 6.9. Lifetime decay profiles of ZniBsOis3:xEu**(where x = 0, 1%) nanophosphors
prepared by various chemical techniques: (a) Sol-Gel (b) Combustion (c) Solid-state reaction

method using the parameters of lemi = 614 nm and lexc=395 nm wavelengths.

Table 6.3. Average lifetime decay values of ZnsBs0;3:1%Dy>* nanophosphors prepared by

various chemical techniques: (1) Sol-Gel (2) Combustion and (3) Solid-state reaction

method.
S.No. Sample ID Average lifetime (ms)
1 Zn4B013:Dy3" (Sol-gel) 195
2 | Zn4BsO13:Dy** (Combustion) 352
3 ZnsB013:Dy3" (Solid state) 314
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6.2.7 CIE color coordinates

The Commission Internationale de 1’Eclairage chromaticity (CIE) colour diagram for the
Zn4Bs013:Dy** (x = 1 mol%) phosphor prepared using sol-gel, combustion, and solid-state
methods are shown in Figure 6.10. The CIE coordinates (X, y) are calculated by using the PL
data measured with the 352 nm excitation wavelength, while monitoring its emission peak at
the 586 nm wavelength. The obtained CIE colour coordinates are as follows: (0.432, 0.410),
(0.296, 0.291), and (0.406, 0.404) for the sol-gel method, combustion method, and solid-state
method, respectively, as tabulated in Table 6.4. Amongst all synthesis methods, the
combustion method falls within the blue-white region (a combination of blue and yellow light),
whereas the sol-gel and solid-state methods produced phosphors with orange-yellow
emissions, respectively. From the results, it is noticed that the ZnisBsOi3:Dy** phosphor
prepared by the sol-gel method has potential for blue light-emitting diode applications, while
those prepared with solid-state and combustion methods has potential for orange-yellow light-

emitting diode applications.
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Figure 6.10. CIE colour diagram of ZniBsO;3:xDy>*(where x = 0, 1%) nanophosphors
prepared by various chemical techniques: (a) Sol-Gel (b) Combustion (c) Solid-state reaction
method.
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Table 6.4. CIE color co-ordinates of ZniBsO;3:xDy>*(where x = 0, 1%) nanophosphors

prepared by various chemical techniques: (1) Sol-Gel (2) Combustion and (3) Solid-state

reaction method.

S.No. Sample ID CIE-coordinates
1 ZniBO013:Dy3" (Sol-gel) (0.432,0.410)
2 | Zn4BsO13:Dy** (Combustion) | (0.296, 0.291)
3 ZniBeO13:Dy>" (Solid state) | (0.406, 0.404)
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6.3 Conclusion

The Zn4BsO13:Dy*" phosphors were successfully prepared with different synthesis techniques,
such as sol-gel, combustion, and solid-state methods. The aim of this study was to find the best
methods that will produce high-luminescence properties via structural, morphological, and
photoluminescence measurements. XRD results confirm a cubic structure formation with an
average crystallite size of 80 nm. The SEM images reveal that the particles were agglomerated
by all methods. The histogram plots confirmed that the sol-gel method produced average
particle sizes of 2200 nm. Tauc’s plot reveals that the band gap energy values decreased for
Dy*" doped samples compared to the ZnisBsOis host materials. The photoluminescence
characteristic emissions of the Dy>" ions were studied at 228 and 352 nm excitation
wavelengths. The highest emission bands were detected at 586 nm wavelength in all methods,
which are ascribed to the *Fo, ® ®Hjs» Dy** ion transition. The solid-state method showed
higher photoluminescence emission properties compared to the other methods at both
excitation wavelengths. The fastest-decaying phosphor (195 ms) was obtained through the sol-
gel method at an excitation wavelength of 352 nm. The calculated CIE chromaticity colour
coordinates indicate that the ZnsB¢O13:Dy*" phosphors prepared with the combustion methods
were associated with blue-white emissions. The sol-gel and solid-state methods are responsible
for the orange-yellow colour emissions, respectively. Based on the results obtained, all the

prepared phosphors are potential candidates for white light-emitting diode applications.
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Chapter VII

Conclusion

This chapter is divided into three sections: the investigation of the impact of three different
techniques such as sol-gel, combustion, and solid-state reaction methods on the structural,
morphological, and photoluminescence properties of undoped and doped (i) ZnsBsO13:xSm*",
(ii) ZnaBsO13:xEu’", and (iii) ZnaBsO13:xDy>" (where x = 0 and 1,0 mol%) phosphor materials.
These prepared samples were successfully synthesized at an annealing temperature of 900 °C
for two hours. The following discussion is a comparative study of the three different
Zn4BeO13:RE*" phosphors (where RE = Sm**, Eu*’, and Dy**) materials, using different

techniques.

Chapter 4 presents the impacts of the above synthesis methods on the structural,
morphological, and photoluminescence properties of ZnisBsO13:Sm** phosphors. The XRD
results indicate that all the ZnsB¢O13:Sm>" phosphor materials crystallized into a standard cubic
structure of the host without any influence from the Sm** dopant. The calculated crystallite
sizes using the Scherrer method were 61.42, 68.93, and 99.51 nm for sol-gel, combustion, and
solid-state methods, respectively. On the SEM analysis, hexagonal-like morphologies were
observed in the combustion and solid-state methods, respectively, while the sol-gel methods
produced spherical and some irregular morphologies with agglomeration. The
photoluminescence emission spectra of ZniBsO13:Sm®" phosphors were obtained using
excitation wavelengths of 226 and 408 nm. The emission spectra show f-f transitions of Sm>"
ions in the host materials, with a high intensity emission at 657 nm and a low intensity emission
at 619 nm wavelength in all synthesis methods. The emission profiles for all three methods are
as follows: combustion method > solid-state method > sol-gel method. However, when Sm**
is excited at a 408 nm wavelength, the sol-gel method produces no emission signals. The CIE
chromaticity diagram shows that Sm*" emissions produce orange-coloured emission for the

sol-gel method and orange-red emission for both solid-state and combustion methods.

Chapter 5: represent the influence of different synthesis methods such as sol-gel, combustion,
and solid-state reaction methods on the structural, morphological, and photoluminescence
properties of ZnsBeO13:Eu** phosphors. The XRD patterns of all the prepared phosphors were
perfectly matched with the standard background JCPDS No: 01-076-0917 data, confirming a
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cubic structure, which confirms a successful incorporation of the Eu** ions into the ZnsBsO13
host material. The SEM results showed a cubic and irregular morphology in the sol-gel method,
while spherical and hexagonal structures were observed in the combustion and solid-state
reaction methods. The photoluminescence behaviour of Eu®" was studied at excitation
wavelengths of 246 and 395 nm, while monitoring the highest emission peak at the 614 nm
wavelength. Using the 246 nm excitation wavelength, the sol-gel method produced a high
intensity emission peak compared to the other two methods, while for the 395 nm excitation
wavelength, the solid-state synthesis method produced the highest intensity emission peak. The
CIE chromaticity colour diagram was plotted using PL data, and it was found that the prepared

Zn4Bs013:Eu’** phosphors produced red colour emissions in all synthesis techniques.

Chapter 6 represents the effect of sol-gel, combustion, and solid-state methods on the
structural, morphological, and photoluminescence properties of ZnsBeO13:Dy*" phosphor
materials. The XRD results confirmed that the prepared samples are well matched with the
standard background JCPDS No: 01-076-0917 data, confirming a cubic structure in all
synthesis methods. It also indicates that the Dy*" ions were successfully incorporated into the
host lattice. The calculated crystallite sizes from the Scherrer method were found to be 80.00,
89.00, and 99.00 nm for the combustion, sol-gel, and solid-state reaction methods, respectively.
The SEM studies showed that the particles were formed into irregular shapes for samples
prepared with the sol-gel method, while the cubic structures were formed for the combustion
and solid-state methods, respectively. The photoluminescence properties of ZnsBsOi3:Dy>"
phosphors were studied using UV excitation wavelengths of 228 and 352 nm while monitoring
its intensity emission peak at the 586 nm wavelength. The ZnsBsO13:Dy>" prepared by the
solid-state method showed the highest emission peaks compared to the other two methods at
both excitation wavelengths, whereas low intensity peaks were observed for the samples
prepared by the combustion method. The CIE chromaticity colour diagram showed orange-
yellow colour emissions produced by ZnsB¢O13:Dy*" phosphors prepared by the sol-gel and
solid-state reaction methods. The ZnsBsO13:Dy*" phosphors prepared by the combustion
method produced blue-white colour emissions. From all the results, it is evident that the

prepared phosphors could be potential candidates for white LED applications.
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