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Abstract 

Phosphors have many uses today in applications such as electronic information displays, 

solid state lighting, solar cells, advertising and theft prevention.  By using urea-assisted 

solution combustion method, we prepared tunable multicolour and white light emitting 

dysprosium (Dy3+) doped rare earth oxyorthosilicate (R2SiO5) (R = La, Y, Gd) powder 

phosphors. We prepared five sets of powder samples, namely LaYSiO5:Dy3+, 

LaGdSiO5:Dy3+, GdYSiO5:Dy3+, La2-xGdxSiO5:Dy3+ (x = 0, 0.5, 1.0, 1.5 and 2.0) and 

LaGdSiO5:Dy3+ x mol% (x = 0.05, 0.1, 0.25, 0.75, 1.0, 1.5, 2.0, 3.0 and 5.0). The structure 

and the stretching modes of vibration of the phosphors were analyzed using X-ray 

diffractometer (XRD) and Fourier transform infrared (FT-IR) spectrometer respectively while 

the morphologies and the elemental composition of the phosphors were analyzed using, 

respectively, field emission scanning electron spectroscopy (FE-SEM) and energy dispersive 

X-ray spectroscopy (EDS). In addition, X-ray photoelectron spectroscopy (XPS) was also 

used to analyze the elemental composition, chemical and electronic states of the phosphors 

while the distribution of atomic and molecular ionic species on the surface region of the 

samples was studied using the time-of-flight secondary ion mass spectroscopy (TOF-SIMS). 

The elemental composition analysis indicated that there was a correlation among the EDS, 

XPS and TOF-SIMS data. The TOF-SIMS overlay images suggested that the dopant ions 

were evenly distributed and co-localized with major ionic species on the surface. The 

crystallite sizes calculated from the X-ray diffraction peaks using Williamson-Hall equation 

were in the range of 8.0 to 21.0 nm.  The band gaps of the phosphors determined from the 

diffuse reflectance data using Tauc plot were found to vary from 5.0 to 4.45 eV. The 

photoluminescence spectra recorded when the samples were excited using the 325 nm He-Cd 

laser consisted of broad band and line emission peaks which we assigned respectively to self-

trapped excitons (STE) in SiO2 and 4F9/2→6H15/2 and 4F9/2→6H13/2 transitions of Dy3+.  The 

peak intensities of the emission bands were shown to depend on the molar ratios of La to Gd, 

La to Y and Gd to Y on the mixed rare-earths oxyorthosilicate hosts.  The colour purity of the 

bands estimated using CIE coordinates confirmed that our samples were emitting tunable 

multicolour and white light. These results suggest that our material can be used as single host 

phosphors in energy efficient UV-pumped multicolour and white light emitting diodes 

(LED).  The structure, particle morphology, surface chemical composition and electronic 

states, photoluminescent properties and possible applications of these materials in UV-

pumped LEDs were investigated.             
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CHAPTER ONE 

Nanoscience and Nanotechnology 

 

1.1. Historical Background of Nanotechnology: The historical application of 

nanotechnology can be traced back to the staining of church windows with gold and 

silver nanoparticles in the middle ages and the Lycurgus cup manufactured in Roman 

times – now at the British Museum, London (Fig. 1.1). Other early histories of 

nanotechnology are; the noble price award winning report in 1925 by Richard Adolf 

Zsigmondy in chemistry for making a detailed study of gold sols and other 

nanomaterials with particle sizes of 10 nm using ultramicroscope, noble price award 

winner in chemistry, Irving Langmuir in 1932, Katharine B. Blodgett who introduced 

the concept of a monolayer material of one molecule thick the same year and Derjaguin 

and Adrikosova who conducted the first measurement of surface forces in the early 

1950s.    

 

 

 

 

 

 

Fig. 1.1: Lycurgus cup, 4th century AD (currently at the British Museum, London). The 

colours are as a result of metal nanoparticles embedded in the glass. It appears red at a place 

where light is transmitted through the glass and green at a place where light is scattered near 

the surface. 

However, in spite of all these earlier events, nanotechnology was introduced proper by 

Richard P. Feynman on 29th December 1959 in his talk entitled “There’s Plenty of Room at 

the Bottom” [1] at the annual meeting of the American Physical Society at the California 

Institute of technology. In his talk, Feynman envisioned the possibility of a great future in 

which we can arrange atoms one by one the way we want, which is more of bottom-up 
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approach. The term “nanotechnology” was coined in 1974 by a Japanese scientist at the 

university of Tokyo named Norio Taniguchi who reported on the tunable material properties 

that nanotechnology can render [2, 3]. Moreover, the official concept of nanotechnology was 

invented by Drexler at Massachusetts Institute of Technology (MIT) in 1977.  

In 1981, K.E. Drexler published the first technical paper on molecular engineering [4] which 

inspired Gerd Binnig and Heinrich Rohrer of international business machine (IBM) to build 

the 1986 physics nobel award winning Scanning Tunneling Microscopy (first machine 

constructed using atomic precision).  Richard Smalley and Robert Curl both professor of 

chemistry at Rice University, Houston and Harold Kroto a chemistry professor at the 

University of Sussex in 1985 discovered the 1996  chemistry noble award winning  fullerenes 

(also known as buckyballs). The controversial book (also the first book in nanotechnology) 

‘Engines of Creation’ the coming era of nanotechnology [5] was published in 1986. Also in 

the same year Binning et al [6] invented the Atomic Force Microscope (AFM) and Japan 

formed the first nanoscience organization called the Humane Frontier Science program [7] 

aiming to develop the “sixth generation computer”. In 1987, Hugues Bedouelle and Greg 

Winter [8] report the first paper on protein engineering and the first university symposium at 

MIT. The first university course on nanotechnology titled “Nanotechnology and Exploratory 

Engineering” held for ten weeks at Stanford University in 1988 was attended by 50 students 

and were taught by Drexler. In 1989, IBM Don Eigler and his team used 35 xenon atoms to 

spell their IBM logo. In the same year, the first national conference on nanotechnology 

chaired by Drexler was held at the Stanford University.  

R.T. Bate in 1990 published the first nanotechnology journal [9] and Japan’s Science and 

Technology Agency (STA) begins to fund nanotechnology projects. In 1991, Japan’s 

Ministry of International Trade and Industry (MITI) launched bottom-up approach and 

committed $200 million into the project after it was endorsed by IBM. Later in the same year, 

a Japanese physicist Iijima Sumio discovered carbon nanotubes [10] at Nippon Electric 

Company (NEC). The first textbook [11] for students was published in 1992 and Drexler was 

invited later the same year by the U.S. senate committee on commerce, science and 

transportation’s subcommittee on science, technology, and space to testify on molecular 

nanotechnology. In 1993, Charles Musgrave, a Ph.D. chemistry student at the California 

Institute of Technology won the first Feynman prize on nanotechnology following his work 

“Modelling a hydrogen abstraction tool useful in nanotechnology”[12]. Nanotechnology was 

covered for the first time in the white house office of science and technology policy entitled 
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“Science and Technology: report to the president” [13]. Rice University announced their 

plans to build nanotechnology research center and laboratory [14]. In 1994, Prof. Ari 

Requicha of the computer science and electrical engineering department of the University of 

the Southern California introduced the first nanotechnology university  course based on the 

book “Nanosystems: Molecular Machinery, Manufacturing, and Computation”[15]. The U.S. 

White House Office of Science and Technology Policy, Dr. Jack Gibbons advocates 

nanotechnology [16]. In 1995, the first think tank report on nanotechnology [17] was 

presented by Max Nelson and Calvin Shipbaugh and supported by RAND (Research and 

Development) Corporation.  Tom McKendree of Foresight Institute reported Hughes aircraft 

study on the industrial analysis of nanotechnology application in military for the first time 

[18]. The 1995 Feynman price in nanotechnology was awarded to Nadrian C. Seeman, a 

Ph.D. chemistry professor at New York University for pioneering the synthesis of 3-D DNA 

objects [19]. In 1996, Feynman prize of $250,000 announced by the foresight instituted for 

the first time for a person who can design nano-computer [20]. The first European 

nanotechnology conference was held in Copenhagen Denmark and European 

Nanotechnology Initiative was created [21]. National Aeronautic and Space Administration 

(NASA) showed interest in computational nanotechnology [22]. International Business 

Communication (IBC) organized the first nanobio conference on “Biological Approach and 

Novel Applications in Molecular Nanotechnology” held in San Diego California [23]. In 

1997, the first nanotechnology Development Company was built by Zyvex in Richardson, 

Texas, with the aim of building the first molecular assembler [24]. Dr. K. Eric Drexler of 

IMM (Institute for Molecular Manufacturing) designed the first nanorobotic system [25]. For 

the first time Feynman prize was divided for experimental work and for theoretical work. The 

prize for the experimental work was won by the IBM research division Zurich research 

laboratory at CEMES-CNRS (France) for manipulating molecules using scanning probe 

microscopes.  Meanwhile, the theoretical work prize went to NASA Ames research center for 

their work in computational nanotechnology [26]. In 1998, the first National Science 

Foundation (NSF) forum held in conjunction with the sixth foresight conference on molecular 

nanotechnology [27]. Dr. Nadrian C. Seeman of the New York University and his co-workers 

announced molecular nanotechnology that is based on DNA molecules [28]. Feynman 

nanotechnology prize for theoretical work was won by Ralph Merkle of Xerox Palo Alto 

Research Center and Stephen Walch of ELORET at NASA Ames Research Center for their 

work on computational modeling of molecular tools for atomically-prices chemical reactions, 

while, the prize for experimental work went to M. Reza Ghadiri of Scripps Research Institute 
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[29]. In 1999, Robert A. Freitas Jr. wrote the first nanomedicine book [30]. The first safety 

guidelines for responsible nanotechnology development were presented by Foresight Institute 

and IMM [31]. The U.S. House of Representatives committee on Science, subcommittee on 

basic research had a congressional hearing on the proposed national nanotechnology initiative 

[32]. In 2000, U.S.A government inaugurated the National Nanotechnology Initiative (NNI) 

and California was the first state to kick of the research initiative with $ 100 million [33].   

1.2.   What is nano? 

 The nano is from the Greek word “dwarf” or in Latin nanus and mathematically it means 10-

9, or one-billionth. Nano generally refers to one-billionth of a meter, or 1 nanometer (nm) and 

it is about 3-5 atoms lined up in a row. Nanometer is a very small measure. For instance, a 

sheet of paper is 100,000 nm thick and the human hair is about 80,000 nm in diameter. By 

and large, nanoscale ranges from 1-100 nm. Hence nanoscale science (or nanoscience) 

studies the properties, phenomena, behaviours of materials at atomic and molecular scales 

between the sizes ranging from 1-100 nm. The nanoscale lies midway between the atomic 

scale and quantum phenomenon, and microscale. In the nanoscale, the properties of materials 

are quite different from those of microscale [34]. For instance, gold is solid, yellow and inert 

at room temperature in microscale, but liquid, red and catalytic at the same temperature in 

nanoscale. Other instances are copper which is opaque substance in microscale but becomes 

transparent in nanoscale, silicon which is insulator becomes conductor, aluminum which is 

stable becomes combustible and platinum which is inert becomes catalytic.                   

1.3.   What is so special about nano?   

Nanoscale particles (nanoparticle) are neither new in nature nor in science. However, with the 

help of modern microscopes scientists have been able to understand phenomena that occur 

naturally at nanoscale. Basically, these phenomena are as a result of quantum size effect (the 

unusual behaviour of crystals when they become extremely small due to electrons 

confinement in small regions of space in one, two or three dimensions) and other simple 

physical effect such as increased surface area. As surface area per unit volume of a material 

increases, a greater number of atoms in the material will be exposed to the surface (Fig. 1.2). 

The quantum size effect improves the electrical, optical and magnetic properties of 

nanoparticles while the increased surface area of nanoparticles improves their chemical 

reactivity and the electrical properties.   
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Fig. 1.2: Illustration demonstrating the effect of the increased surface area provided by 

nanostructured materials. 

In Fig. 1.2, consider a cube of a material 1 cm on each sides; it has surface area of 6 square 

centimeters. If the same volume is filled with cubes of 1 mm on each side, there will be total 

of 1000 mm cubes  (10 × 10 × 10) each having surface area of 6 square millimeters i.e. 60 

square centimeter. When filled with 1 micrometer sized cubes, there will be total of 1012 

cubes (104 ×104 × 104), with surface area of 6 square micrometers i.e. 60,000 square 

centimeters. However, when the same volume is filled with cubes of 1 nm on each side, it 

will amount to total of 1021 cubes (107 × 107 × 107), each having total surface area of 

60,000,000 square centimeters.  [35]. 

1.4.   Applications of nanotechnology 

 Nanotechnologies are regarded today as the major technologies for innovations and 

technological advancement in most branches of economy. Nanotechnology deals with 

research, processing and production of items as well as structures that are smaller than 100 

nm [36].  According to NNI, nanotechnology is the understanding and control of matter at 

dimension of roughly 100 nm, where unique phenomena enable novel applications [37]. 

There is no single field of nanotechnology rather it broadly refers to such fields like biology, 

chemistry, physics, any scientific field or a combination of any of these fields that deals with 

the deliberate and controlled manufacturing of nanostructures. As a multidisciplinary field, 

nanotechnology has found application in all sectors of the economy, ranging from electronics, 

information and communication technology, biotechnology, medicine, optics, energy 
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production, environmental sciences, cosmetics, processed food pharmaceutics etc. A few of 

these applications are discussed below. 

1.4.1.   Electronics applications  

Switching devices∶ As a result of its high electrical conductivity, carbon nanotubes (CNTs) 

can be used in the production of ultra-fine wires and channels that can be used in field-effect 

transistors. Nanotubes have the electrical properties that enable them to perform as molecule-

sized diodes, wires and transistors. A team of scientists led by Cees Dekker has discovered 

that nanotubes with twists in their cylindrical bodies allow current to flow in single direction 

[38]. This characteristic of nanotubes has a promising application in future nano diode and 

can ultimately lead to the production of transistors and integrated circuits with areas 

comparable to the size of few atoms [39]. RIKEN laboratory in Japan have also developed 

electron spin based switching devices instead of electron charge. These so called “spintronic” 

devices may one day become a substitute for traditional silicon based semiconductors [40].    

Flexible displays: There has been a dream of fold-up television and computer screens which 

can fit inside peoples pocket but this could not be achieved using silicon semiconductor 

because of its rigid nature. Although some organic semiconductors have been used in 

bendable displays, their performance is limited. However, this dream can be made a reality 

with the flexible CNTs. A group of researchers at Purdue and the University of Illinois-

Urbana-Champaign have developed CNTs flexible display which in the future could be 

applied in electronic newspapers and roll-up handled devices [41]. 

Thinner Television Sets: In tube televisions, a beam of electrons is fired on a phosphor 

material which glows and produces the coloured light that displays the television picture. 

This requires relatively large electron gun and big tube. However, the advent of field 

emission displays (FED) in which tiny electron emitters positioned behind phosphor (light 

emitting material deposited on the TV screens) dots has miniaturized the whole process. 

CNTs are exceptional electron emitters, therefore using them to excite the phosphor dots in 

FED could create a brighter and higher resolution display that will be few millimeter thick 

and consume less energy compared to plasma and liquid crystal displays [41]. 

1.4.2.   Computing applications 

Memory devices: Ascribe newswire on February 29, 2000 reported that nanotubes can be 

applied in electronics and storage devices. Better memory devices can be created by 
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sandwiching C60 atoms inside a nanotube and assigning binary “1s” and “0s” to ends of the 

tube. The buckyballs takes on the “0s” state as it moves to one side and the tube takes on the 

“1s” state as it moves to the opposite side [42].  

Faster computing chips: The number of transistor in a computer chip determines its 

processing speed. The existing laptop processors use silicon transistors and it contains less 

than half a billion transistors. CNTs based computer chips will be far greater than that. With 

its tiny sizes (only a nanometer wide) it implies that billions of CNTs based transistors could 

be contained in a single processing chip hence building smaller and faster computers and 

electronics [41].  

Quantum computing: Unlike the classical model of computing where the bit can only exist 

in either 0s or 1s energy states, in quantum computing, bit is referred to as ‘qubit’ and they 

exist in the usual classical state of 0s and 1s as well as in coherent superposition of both 

states. In coherent superposition state, the qubit is thought to exist in two universes, as 0 in 

one and 1 in the other universe. Therefore single operation in a qubit will act on both values 

simultaneously. In general, by performing single operation on a qubit, the operation has been 

performed on two different values. Similarly, two qubit systems would perform the operation 

on 4 values, three qubit on eight values and four qubit systems would perform on 16 values.  

Quantum dot technology is one of the most promising ways of achieving this. The flow of 

electrons through quantum dot can be controlled by passing small voltage to the leads and at 

the same time take measurement of the spin and other properties. With several entangled 

dots, or qubits one can find a way of performing operation and quantum calculations might be 

possible [43-45].            

1.4.3.   Optical applications 

Field emission devices (FED): Nanotubes can be made to eject electrons from their ends by 

applying just little voltage across them. Millions of nanotubes can be carefully arranged in a 

flat surface and the amount of electrons they emit can be controlled using electric field [46]. 

FED is the one of the most promising and immediate application of CNTs. Nanotube based 

FED light bulb which is more efficient, twice brighter, and more durable than the present day 

light bulbs has been reported by engineers at Isa electronic corporation in Japan and Stanford, 

Georgia Institution of Technology. Nanotube based FEDs are hoped to replace CRT and LCD 

screens one day [38]. With the advent of FEDs, there will be brighter and more colourful 
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desktop monitors which could have the capability to support full-motion video having almost 

180 degree viewing angle [47].    

Light emitting diodes (LEDs): Because of their ability to emit in specific Gaussian 

distributions, quantum dots (QDs) can be applied in displays. Unlike LCD which uses single 

fluorescence lamp that is colour filtered to produce red, green and blue pixels, quantum dots 

produce monochromatic light making it more efficient, less power consuming and brighter. 

QDs based LED are designed by a process called alloying, which can be either overcoating 

the QD core with a material or by grading the QD core composition [48]. 

1.4.4.   Energy production Applications 

 Solar cells: Because of their small size, billions of CNTs could be closely arranged onto 

solar cells and because of their high electrical conductivity; they can release more electricity 

per unit area than silicon. Group of researchers at Rensselaer Polytechnic Institute, Troy, 

New York have reported that CNTs total reflectance of 0.045% which is about three times 

lower than the lowest ever reported values of optical reflectance from any material, therefore 

CNTs can be said to be the darkest man-made material ever [49]. So since an ideal black 

material is known to be a perfect light absorber at all angles and over all wavelengths, CNTs 

are the best known light absorber.  

Furthermore, group of researchers at Georgia Tech Research Institute have also reported 

CNTs based 3D solar cell which consists of tower structured photovoltaic cells (about 100 

microns tall, 40 microns by 40 microns square and 10 microns apart) that traps light between 

the structures. The photovoltaic cells were built from arrays containing millions of vertically 

aligned CNTs. Unlike the conventional flat solar cells that reflect a significant portion of the 

light that arrive on their surface, in CNTs based solar cells, the tower structures traps and 

absorbs light emerging from different angles hence the solar cell remains efficient even when 

the sun is not overhead. Because of their ability to absorb virtually all the incident photons, 

the 3D cell coatings were made thin such that electron exits quickly therefore reducing any 

chance of recombination and hence increasing the quantum efficiency [50].  

Energy storage: Unlike batteries which stores electricity chemically, by building charge on 

dielectric materials, capacitors can hold electricity physically. The amount of charge that can 

be stored by a capacitor varies with the surface area of the dielectric material. With their 
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exceptional surface area, using CNTs as dielectric materials could increase the electricity 

storage capacity of capacitors [41].       

1.4.5.   Biomedical applications 

Biomedical applications of nanotechnology can be generally grouped into three categories: 

drug delivery, diagnostic techniques and prostheses and implants [51]. Researchers at the 

moment are more interested in biomedical applications for use outside the body, such as 

sensors. On the other hand, much research is also going on for biomedical application inside 

the body such as anticancer drugs etc. Nonetheless, other researchers are also working on 

prostheses and implants using nano-structured materials.     

Biosensors: A sensor can be defined as a device capable of recognizing a specific chemical 

species and ‘signaling’ the presence, activity or concentration of that species in solution 

through some chemical change. A transducer converts the chemical signal (for instance the 

catalytic activity of a particular biomolecule) into a quantifiable signal (such as change in 

intensity or colour) with a defined sensitivity. Sensors are called biosensors when sensing is 

based on biomolecular recognition. Biosensors can be enzyme based, nucleic acid based or 

antibody/antigen based. They can also be classified depending on the technique used in the 

signal transduction into electrochemical, optical, mass-sensitive and thermal biosensors [52, 

53]. Nanomaterials such as CNTs [54], QDs [55], porous silicon [56], metallic nanoparticles 

[57], nanowires [58] and nanofibers [59] have been used as elements for biosensors. The 

nanomaterials are used as substrates on which biological molecules are attached to recognize 

the analytes (the target) of interest. Biosensor works as probes recognizing or differentiating 

between analytes of interest by change in mass, colour, intensity or other physical properties.  

CNTs based field-effect transistor biosensors used for protein detection has been reported 

which relies on changing the electrical resistance of the nanotubes when it comes in contact 

with a specific protein [60]. In conjunction with the University of Illinois at Urban-

Champaign, Rush Medical College in Chicago and the University of Arkansas, the Defense 

Advanced Research Projects Agency (DARPA) are trying to develop a biosensor which can 

identify bacteriological infections in biowarfare. It was also reported that the American army 

want to integrate a wearable biosensor in clothing [61]. A professor of mechanical 

engineering at Michigan State University, Peter Lillehoj received $ 400,000 award from the 

National Science Foundation (NSF) with the aim of developing wearable biosensors that can 

be incorporated into clothing to detect illness and monitor health [62].   
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Drug delivery: Ideally, for an effective treatment of cancer or tumor, the drugs should be 

able to reach the desired destination by penetrating the cell membrane without loss of 

reasonable quantity of their volume in the blood circulation. On reaching the target, the drug 

should be able to kill the tumor cells without harming the normal ones. These are the major 

factors that determine the probability of the survival of the patient. However, cells are always 

conscious of what is happening in their environment and are good at protecting their contents; 

as a result it’s very hard to penetrate their membrane walls to deliver drugs, nutrients or 

biosensors without causing damages or even destroying the cell. Nevertheless, with the use of 

nanoparticles, drugs can be delivered to a specific cell without causing damages or destroying 

the cell. The aim of targeted drug delivery is to prolong the duration of the nanoparticles in 

the blood stream without being eliminated, localization of the drug such that the 

concentration is higher in some parts of the patient’s body relative to others, have the ability 

to target the cell in question and to interact with only the diseased tissue. Scientists have by 

different mechanism used different nanomaterials to develop some nanobots that can target 

cancer cells [63]. 

Star-shaped-like nanobot termed “nanostars” has been developed using gold nanoparticles 

which can deliver drugs directly to the nuclei of cancer cells [64]. DNA-based nanobots have 

been created that can target cancer cells [65]. Researchers at Massachusetts Institute of 

Technology (MIT) have demonstrated the feasibility of self-assembling “nanofactories” 

which were capable to make protein compound on demand at target sites [66]. Jeffrey Zink 

and Fuyu Tamanoi reported what they called “light-activated drug delivery”, where 

nanoparticles can carry chemotherapy drugs directly to tumor cells and when activated by a 

two-photon laser in the infrared region, they release the drugs [67].  

Nanosurgery: Nanosurgery as it applied in biology uses narrow laser beams focused by 

microscopic objective lens to apply an adjustable force onto organelles and other subcellular 

structures. Through the manipulation of the beams, this technique can be made so precise that 

it can be used for destruction of a single cell without damaging the adjacent cells.  

Conventionally, nanosurgery involves the use of optical tweezers composed of laser light 

beams manipulate dielectric particles. The strong electric field gradient at the tip of the laser 

beam attracts these particles in a manner that they tend to move in the direction of the 

gradient with respect to the center of where the electric field is strongest. As a result of this 

attraction, the particle can be moved from one point to another without being touched. The 
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process of the dielectric particles being attracted by the laser beam is known as “trapping” 

[68]. This process has been applied by many scientists in carrying out nanosurgery.  

A group of researchers at Eric Mazur’s photonics laboratory at Harvard University have 

employed near-infrared femtosecond laser in ablate AFD sensory neurons in nematode worm 

[69]. Similarly, a femtosecond laser has also been used together with gold nanoparticles to 

perform nanometric-scale surgery [70]. The gold nanoparticles were deposited on the cells 

and when the laser light is shun on the cells, nanoparticles concentrates the laser’s energy on 

the cancer cells making it possible to perform nanometric-scale surgery in an excellent way. 

D.M. Gavin et al reported the use of polarization-shaped optical vortex traps which 

minimized photodamage to the trapped particles as a result of the polarization effect for 

carrying out single-cell nanosurgical procedures [71].  

Optical biopsy: Optical biopsy is a general name given to different optical techniques 

applied in the diagnoses of diseases such as cancer and atherosclerosis without the remove of 

any tissue from the body [72]. The process involves the use of fluorescence spectroscopy to 

generate optical imaging for differentiating between healthy, malignant and premalignant 

tissues of different organs. This noninvasive, high-resolution imagine techniques employs 

optical components such as light emitting diodes, laser lights, CCD detectors, endoscopes, 

fibers .etc. in its operation. With the aid of optical biopsy, the need for surgical tissue removal 

can be eliminated and the often long wait for lad results can also be a thing of the past. Most 

importantly, it enhances the ability to detect, diagnose and monitor diseases.  

Fluorescence-based optical biopsy relies in two approaches for the detection of diseases. The 

first approach relies on the differences in the compositions and morphology of the infected 

and normal tissue and their effect on the autofluorescence to differentiate between the tissues. 

However, the second approach relies on the presence of difference fluorescent material such 

as exogenous fluorophores, fluorescence markers and sensitizers for differentiation of the 

tissues [73]. The use of nanomaterials such as QDs in optical biopsy could lead to a better 

imaging. 

Materials which can selectively bind to various biological molecules can be used to coat 

QDs. The coating material makes it possible to find the desired biostructure while the coated 

QDs show the trail of the movement when excited with ultraviolet light. Monitoring the 

movement of this dots helps in locating the tumors and by studying the light emitted by each 

tumor gives detailed information about the tumor at the molecular level. The common 
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coatings used for tracking the movement of protein inside cancer cells include nucleic acids, 

peptides and antibodies [73].  

1.4.6.   Other Applications        

Catalysis: The major aim of nanocatalysis is to control chemical reaction by changing 

material properties such as size, shape, morphology and the chemical composition. With its 

increased surface area to volume ratio, nanoparticles increased the exposed surface area of 

catalyst; a host of chemical reactions occur on the surface of the catalyst, and the larger the 

surface area, the more active the catalyst become. Other properties such as structure and 

shape of nanoparticles also effect on their catalytic activities. Nanomaterials such as Pt [74], 

Pd [75], Ag [76], Au [77], TiO2 [78], Al2O3 [79], CNTs [80] etc. have been applied in 

nanocatalysis.  

The Shenhua group, the largest coal company in China is embarking on a project in which 

they use gel-based nanocatalyst in the liquefaction of coal and turn it to gas. With this, coal 

can be converted into diesel fuel and gasoline [81].    

 Military: Seeman’s lab at New York University has constructed a 10 nm long nanobot from 

DNA fragment which can walk on two legs [82]. This device may have future application in 

military. Group of researchers at Cambridge University reported on how to spin tiny CNTs 

together to produce fiber with the strength of Kevlar (a composite material for making bullet 

proof). With the rapid improvement in the technique for production of longer CNTs, spun 

fibers made of CNTs very soon may have higher strength than Kevlar and will also have 

lighter weight. Spun CNT fiber could be used to make stronger and lighter body amour [41]. 

U.S Department of Defense has shown the possibility of the use of nanometals such as 

nanoaluminum to build bombs more powerful than the present conventional bombs with high 

order of magnitude [83]. Nanoparticles of silica can be used to create shear thickening fluid 

body amour which act similar to water but stiffens upon impact [84]. Also durable and 

lightweight body armor has been produced using aluminium alloy combined with CNTs [83].  

1.5.   Brief Introduction to Phosphors  

Invented in the early 17th century by Vincentinus Casciarolo an alchemist of Bologna, Italy, 

“phosphor” means “light bearer” in Greek. Casciarolo fired a glossy heavy crystalline stone 

he picked at the foot of a volcano in an oven charcoal with the aim of converting it to a noble 

metal. However, his end product was something he never expected; he discovered that after 
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exposure to sunlight, the sintered stone emitted red light when placed in the dark. The stone 

named “Bolognian stone” is currently known as barite (BaSO4), and the fired product BaS.  

Subsequent to this finding, similar discovery were reported in other places in Europe, and 

afterwards they came up with the name “phosphor” for these light emitting stones. In a more 

general term, phosphor can be defined as chemical materials that emit light when excited by 

radiation, and are usually in the form of micro or nanocrystalline powders and thin-films 

designed to provide visible colour emission. Luminescence refers to a phenomenon in which 

a material absorbs energy of a certain wavelength and subsequently emits light at another 

wavelength.  

In a broader sense, the definition of fluorescence and phosphorescence given above applies to 

inorganic materials. For organic materials, fluorescence is defined as light emission from a 

singlet excited state, while phosphorescence is defined as light emission from a triplet excited 

states. The definition of the word “phosphor” most of the times depends on the user. 

Precisely, it used to mean inorganic phosphors, which comprises those in powder form. 

While the single crystals such as thin-films and organic molecules that luminesce are seldom 

referred to as phosphors. By and large, phosphor is a term used to describe “solid 

luminescence materials” [85].   

1.6.   Basics for Phosphor Engineering  

Phosphors materials, known for their ability to luminesce, are mainly solid inorganic 

materials comprising of host lattice which are normally doped with impurity known as 

dopants [86]. The host in a sense is regarded as the “home” of the dopant. In most cases, the 

host ions are replaced by the dopant ions substitutionally sitting at the host lattices. As a 

result, the distance between the dopant ions are determined by the properties of the host 

lattice. The environment of the host atom is influenced in many ways by the dopant atom; 

hence it is very crucial to consider some basic factors when engineering a phosphor. Factors 

such as the radius of the dopant cations, the valence state, the coordinate number as well as 

the spin state should be carefully considered when making choice of host matrix and the 

activator (dopant) [87]. These factors must be the same or similar for both the host material 

and the dopant ion in order to avoid formation of lattice stresses and/or crystal defects as a 

result of doping.  Other factors that should be considered when selecting host materials are; 

(i) the magnitude of its phonon energy, since host materials with low phonon energy 

minimize non-radiative relaxation and hence increases metastable energy lifetime. (ii) A host 
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material should be mechanically and chemically stable. Both absorption and emission of 

energy in phosphors can take place from the host matrices and the dopants. In some cases, 

when the activator ion shows weak emission, a second type of impurity ion (co-activator or 

co-dopant) called a sensitizer is added which absorbs the energy and subsequently transfer it 

to the activator to resulting in improved emission. Quite often, the emission colour can be 

varied by choosing the appropriate activator since each activator has a characteristic colour 

emission, but the host material may not be changed [86]. Host materials employed in LED 

and optical display applications are required to have wide band gap in order to allow visible 

light transmission. As a result, insulators are usually used as hosts in such applications. 

However, some wide band gap semiconductors such as ZnO and GaN with optically active 

ions can be used as host materials provided the excited state of their luminescence does not 

overlap with their conduction band since this may lead to luminescence quenching [88].             

1.7.   Luminescence Mechanisms 

Luminescence basically refers to the emission from photons within the range of visible region 

of the electromagnetic spectrum under the influence of certain radiation with exclusion of 

heat. The word “luminescence” originated from the Latin word “lumen” meaning “light” was 

first used as “luminescenz” by a physicist Eihardt Wiedemann in 1888, to explain light 

phenomena that doesn’t involve temperature rise. Unlike incandescence which involves light 

emission from hot body as a result of its temperature (above 600℃), luminescence involves 

cold temperature emission where excited valence electrons subsequently relaxes to its ground 

state and emits a photon [89]. Luminescence process can be classified based on their mode of 

excitation as shown in table. 1.1.    

1.7.1.   Photoluminescence (PL) 

 Photoluminescence is a term used to describe the spontaneous emission of light from a 

material when excited by an optical source [90].  Quantum mechanically, photoluminescence 

can be defined as the excitation of electron to a higher energy state and subsequent return to 

the ground state which is accompanied by the emission of photon [91]. The major 

characteristic of photoluminescence relies on the ability of electrons to be excited with light 

and photons being emitted in turn. Photoluminescence can be either phosphorescence or 

fluorescence depending on the period of emission after excitation.  
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Table. 1.1: Types of luminescence 

Phenomenon Mode of excitation  

Photoluminescence (fluorescence  

and phosphorescence) 

Light (photon) absorption  

Cathodoluminescence Cathode rays (electron beams) 

Radioluminescence Ionizing radiation (X-rays, 𝛼, 𝛽, and 𝛾 and 

rays) 

Electroluminescence  Electric field 

Thermoluminescence  Heating after pre-storage of  energy (e.g. 

radioactive irradiation) 

Chemiluminescence Chemical processes (e.g. oxidation) 

Sonoluminescence  Ultrasounds 

Triboluminescence Frictional and electric forces  

Bioluminescence  Biochemical processes  

 

1.7.2.   Fluorescence and Phosphorescence 

 Introduced in the middle of the 19th century by G.G. Stokes [92], fluorescence can be 

basically distinguished from phosphorescence based on the duration of emission after the 

excitation source is switched off. While the emission of light disappears simultaneously at the 

end of excitation in fluorescence process, it persists after excitation in phosphorescence 

process. The mechanisms of fluorescence and phosphorescence can be explained by the 

Jablonski diagram [93] as shown in Fig. 1.3. Fluorescence basically involves two energy 

levels; the ground state and the excited state. Here an electron absorbs a photon of energy hvA 

and gets excited to S1 (or S2) level, after which it relaxes to the lowest vibrational level of S1 

(internal conversion) before emitting a  photon of energy hvF and then returns to the ground 

state after vibrational relaxation. In fluorescence process, the spin multiplicity of the excited 

and the ground state are the same. On the other hand, three basic levels are involved in 

phosphorescence process: a ground state, an excited state and a metastable trapping state. 

Here, an electron excited to a S2 vibrational level for instance undergo an intersystem 

crossing (ISC) to an electronic triplet excited state where it undergo series of transitions in 

the metastable states before it emits a photon of energy hvP and return to the ground state. 
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Unlike fluorescence, in phosphorescence process, the spin multiplicity of the excited and the 

ground state are different [94]. 

 

 

 

 

 

 

Fig. 1.3: Simplified Jablonski diagram. The sequence of events leading to fluorescence and 

phosphorescence are shown. S0 is the ground state, S1 and S2 are excited singlet states; T1 is 

an excited triplet state. 0, 1, 2 represent vibrational levels. Straight lines represent transitions 

involving photons, dotted lines represent vibrational or thermal transitions. 

1.7.3.   Luminescence centers 

Luminescence centers are some point defect of any kind in crystal that can absorb and emit 

energy.  Luminescence centers can be either extrinsic or intrinsic [95].  Extrinsic center also 

known as “impurity centers” are mostly activators incorporated intentionally into the crystal 

for some application purpose. Other forms of extrinsic luminescence centers are sensitizers 

and quenchers. Extrinsic centers are mainly rare earth elements or transitional metal ions. On 

the other hand, intrinsic centers also known as “defect center” are native of the host materials 

and can originate as a result of (i) structural imperfections – due to poor ordering, damage 

from radiation, or shock damage and (ii) impurities (non-activators), substitutional or 

interstitial that can cause distortion on the crystal lattice [96].  Intrinsic centers are 

responsible for band-to-band recombination of electron-hole pairs.      

1.8.   Applications of phosphors  

Applications of phosphors can be classified based on the various devices they can be 

produced with as follows: (i) as light source e.g. fluorescent lamps; [97] (ii) as display 

devices e.g. cathode-ray tubes (CRT) [98] and light-emitting diode (LED); [99]  (iii) as 
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detector systems e.g. X-ray screen [100] and scintillators [101] and (iv) in other applications 

such as in luminous paints [102], optical lasers [103], optical amplifiers [104], and solar 

energy converters [105]. In this section however, we will only discuss in detail the 

applications of phosphors on LED since this is the area of interest in this work.  

 1.8.1.   Light emitting diode (LED) 

LEDs belong to family of solid state lighting (SSL) which emits light by solid state 

electroluminescence along with organic light-emitting diodes (OLED) and polymer light-

emitting diodes (PLED) as opposed to incandescent bulbs (which uses thermal radiation as 

light source) or fluorescent tubes.  Unlike incandescent bulbs, LEDs don’t have filaments that 

burns out or gets hot, rather they are illuminated by electrons movement in a semiconductor 

[106].  

In a narrow sense, LEDs are semiconductor diodes that permit the flow of current in one 

direction alone. It is well known that diodes consist of P- and N-type semiconductors with P-

type having extra hole and the N-type having extra electron. Also a depletion zone is formed 

when no voltage is applied to the diode by the movement of electrons from the N-type 

material to the P-type material. However, when enough voltage is applied to the diode (N-

type side is connected to the negative end of the circuit and P-type is connected to the 

positive end), the depletion zone disappears and hence charge can move across the diode. As 

the free electrons from the N-type material moves across the diode, they fall into the empty 

holes in the P-type material and this results in the emission of photons as shown in Fig. 1.5 

[107]. This process is analogous to the transition of electron from the conduction to the 

valence band of a material and consequently emits a photon. 
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Fig. 1.5: Illustration of how free electrons from N-type material move across the diode 

junction (a), and fall into the empty holes from the P-type material (b), leading to the 

emission of photons (c). 

Recently, LEDs, especially white LEDs have attracted much attention because of their 

economic advantages over other solid-state light sources. As a result, many researchers have 

put extra efforts on phosphors converted LEDs; making this area the most active research 

field in phosphors. White LEDs can be constructed in three different ways as discussed 

below: 

(i) Mixed-coloured white light: This involves the combination of the three primary 

coloured (red, blue and green) LEDs in a single device and this combination gives 

white light through colour addition (Fig. 1.6). Phosphors are not used in this type 

of arrangement. This type of LEDs have high colour rendering index and can 

provide a wide range of colour reproducibility (>100% NTSC colour region) 

when used as light source for backlight of a liquid crystal display (LCD) [108]. 

Conversely, this approach of construction of LEDs has suffered some drawbacks 

because of the difference in the life time of the various light sources. This results 

in low luminescence efficiency resulting from strong absorption of the blue light 

by the red and the green light. 

 

 

 

 

(a) (b) (c) 
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Fig. 1.6: (a) Illustration of how combination of three primary colours, red, green and blue 

yields white light. (b) The luminescence emission spectrum of red, green and blue LEDs 

[109]. 

(ii) UV- pumped phosphor-based white LEDs: In this arrangement, white LEDs are 

fabricated by optical excitation of phosphors using ultraviolet (UV) based LEDs 

(Fig. 1.7 (a)). The UV-LEDs (usually AlGaInN based) excitation source has been 

reported in the near-UV (320−390 nm) [110] and in the violet, close to visible 

spectrum (390−410 nm) [111].  

In the UV-pumped white LEDs, the UV-emitting LED is coated with red, green 

and blue light emitting phosphors, resulting in an emission which covers almost 

the whole range of the visible spectrum (Fig. 1.7 (b)).  

Advantages of UV- pumped phosphor-based white LEDs 

(a) High colour rendering-index (up to 97%) [112]. 

(b) High chromatic stability under different driving currents. 

Disadvantages of UV- pumped phosphor-based white LEDs 

(a) The major drawback of UV-pumped white LEDs is the loss of energy during 

conversion of UV light to white light. As a result, UV-pumped white LEDs 

have lower luminous efficiency compared to white LEDs based on yellow 

phosphor excited with blue LED.   

(b) Due to the high energy of UV-light, the resin used for packaging the LEDs is 

solarized, leading to light output degradation over time. 

(b) (a) 
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(c) Change in emission colour may be observed since combination of two or more 

kind of phosphors with different properties such as life time, temperature 

dependent and durability are required. 

(d)  In case of any leakage in the LEDs, the UV-light can be hazardous to the user 

[108]. 

 

 

 

 

 

 

Fig. 1.6: (a) Illustration of how UV-light shone through red, green and blue phosphors yield 

white light. (b) The luminescence emission spectrum of UV-light excited red, green and blue 

emitting phosphors [109]. 

(iii) Yellow phosphor-converted white light: White light emitting LED can also be 

constructed by a combination of phosphors and short-wavelength LED. Here a 

blue LED is usually coated with yellow emitting phosphor (Fig. 1.8 (a)). When the 

phosphor is illuminated by the LED, part of the blue light will be used for the 

excitation of the yellow light while some will contribute to the blue component of 

the white emission [106]. A typical example of this type of white LED is the 

combination of blue LED (based on InGaN/GaN) and yellow-emitting YAG:Ce 

(Y3Al5O12:Ce3+) phosphor. The YAG:Ce phosphor absorbs part of the blue LED 

emission at 460 nm and convert it to broad-band yellow emission while the 

remaining part of the blue emission contributes to the blue component of the white 

light (Fig. 1.8 (b)). The quantum efficiency of 90% has been reported for this 

phosphor [113]. This type of arrangement has some advantages and disadvantages 

listed below.               

 

 

(a) (b) 
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Fig. 1.8: (a) Illustration of how blue LED light, shone through its complementary yellow 

phosphor, yields white light. (b) The luminescence emission spectrum of YAG:Ce phosphor 

excited blue LED [109]. 

Advantages of yellow phosphor-converted white light LED based on YAG:Ce  

(a) Tunable emission colour over wide wavelength range: This can be achieved by partial 

substitution of Y with Gd and Al with Ga which results in shifting of the emission 

wavelength of Ce between 510 and 590 nm without significant reduction in the 

efficiency [108].  

(b) High chemical stability: The robust crystal structure of YAG:Ce phosphor helps it to 

only deteriorates slightly even under severe conditions [114].  

(c) Short persistence of the Ce3+ luminescence: The life time of Ce3+ in YAG is very 

small (10-7-10-8 s) which make it a good light source for display applications [115].  

(d) Inexpensive and easy manufacturing process: YAG has been used as host material for 

several years in applications such as laser, CRTs and fluorescent lamps. As a result, 

its manufacturing process has been well established [116].   

Disadvantages of yellow phosphor-converted white light LED based on YAG:Ce  

(a) Because the excitation source (blue LED) has higher energy than the yellow emitting 

phosphor, energy is lost due to the absorption of part of the blue light by the 

phosphor. 

(b) Low colour rendering index. 

(c) Low luminous efficacy. 

 

(b) 
(a) 
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1.9.   Statement of Problem  

In section 1.8.1, we discussed the three major ways through which white light can be 

generated: by combination of red, blue and green LED, combination of blue LED and a 

yellow phosphor or excitation of red, blue and green phosphor using UV-light. We also listed 

some of the problems associated with each method for construction of white LED. Some of 

these problems are a result of combination of different phosphors or different LEDs in a 

single chip. To address these inefficiencies, there is a need to develop a single host white 

light emitting phosphors that can be excited by either ultraviolet (UV) or blue LED.  

1.10.   Objectives of this study 

In a quest to find solutions to the problems associated with the various ways of generation of 

white light, we aimed to develop white light emitting and tunable phosphors by using 

solution combustion synthesis to produce: 

(a) GdYSiO5, LaYSiO5 and LaGdSiO5 doped Dy3+ and choose the one that gives the 

highest photoluminescence (PL) emission intensity. 

(b) La2-xGdxSiO5 doped Dy3+ (x = 0, 0.5, 1, 1.5 and 2) and choose the mole ratio of La 

and Gd which give the maximum PL emission intensity  

(c) Synthesize LaGdSiO5:Dy3+ x mol% (x = 0.05, 0.1, 0.25, 0.75, 1.0, 1.5, 2.0, 3.0 and 

5.0) by varying the mole concentration of Dy3+ to optimize the emission intensity. 

1.11. Layout of the thesis 

This thesis is divided into nine chapters  

Chapter 1:  Chapter one is divided into two sections. Section one gives background on 

nanoscience and nanotechnology and the applications of nanotechnology while 

section two is about phosphors, terminology of some luminescence processes 

and the aim of the study. 

Chapter 2:  This chapter describes the crystallographic properties of rare earth oxyor-         

thosilicates, the properties of dysprosium and luminescence related to intrinsic 

defects in silicon dioxides. 

  Chapter 3:    This chapter discusses combustion synthesis, its types and solution combustion 

synthesis of rare earth oxyorthosilicates. 



23 
 

  Chapter 4:  This chapter describes the various techniques used for characterization of our 

materials.  

  Chapter 5:    Here, we report the structural, optical properties and the elemental analysis of 

both single and mixed rare earth oxyorthosilicates doped Dy3+. 

  Chapter 6:    This chapter reports the effects of the variation of the molar ratio of La and Gd 

on the structure, optical properties and the chemical composition of La2-

xGdxSiO5:Dy3+.  

  Chapter 7:    The dynamics of Dy3+ in LaGdSiO5 host matrix are discussed and the ToF-SIMS 

and the XPS analysis are also reported. 

  Chapter 8:   The photoluminescence spectra of LaGdSiO5:Dy3+ recorded using blue light as 

the excitation source is discussed. 

Chapter 9:    The thesis summary, conclusion and the future work. 
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CHAPTER TWO 

Literature Review 

 

2.1.   Introduction 

This chapter focuses on the review of the structural properties of rare earth oxyorthosilicate 

(basically La2SiO5, Gd2SiO5 and Y2SiO5), general properties of rare earth ions, electronic 

configuration of dysprosium, its properties such as physical properties and luminescence 

properties in different host matrices and their general applications. Also a brief review of 

luminescence associated with impurities in SiO2 is given.   

2.2.   Rare Earth Oxyorthosilicates  

Rare earth oxyorthosilicates (R2SiO5, R = La, Gd or Y) are generally good host for  

luminescent ions [1] due to their high stability which is as a result of their high density, high 

atomic number, high quantum efficiency, fast decay time, good energy resolution, minimal 

self-absorption and most importantly reasonable production cost [2]. The monoclinic R2SiO5 

crystal could be stably formed according to the phase diagram of R2O3-SiO2 [3]. 

2.2.1.   The crystal structure of rare earth oxyorthosilicate  

Rare earth oxyorthosilicates have two basic types of crystal structures. The monoclinic 

crystallographic point group with space group P21/c and I2/a corresponding respectively to 

low temperature phase (𝑋1) and the high temperature phase (𝑋2) and are found in large ionic 

radius rare earth ions in rare earth oxyorthosilicates (La–Tb). The second type is the 

monoclinic crystallographic point group with space group C2/c and B2/b (C2/c correspond to 

the low temperature phase while B2/b corresponds to the high temperature) found in small 

ionic radius rare earth ions in rare earth oxyorthosilicates (Dy-Lu, Y, Sc) [4-6]. La2SiO5 and 

Gd2SiO5 fall into the P21/c space group while Y2SiO5 fall into the C2/c space group.  A 

phase-transformation temperature of about 1190℃ and 1250oC has been reported from 𝛸1to 

𝛸2 for Y2SiO5 [4, 7]  
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2.2.1.1.   Crystal structure of La2SiO5 

Trivalent lanthanum ion (La3+) in the monoclinic La2SiO5 crystal has two nonequivalent 

crystallographic sites, La1 and La2 as shown in Fig. 2.1. La1 sites are coordinated to 9 

oxygen atoms which forms a tricapped trigonal prism having the bond lengths between 0.237 

to 0.305 nm. La2 sites are coordinated to 7 oxygen atoms with a bond length of 0.251 nm. 

The ionic radii of La3+ in the nine and sevenfold coordinates are respectively 0.1216 nm and 

0.110 nm with the corresponding interatomic distances of 0.264 and 0.250 nm for La1-O and 

La2-O. The lattice parameters of a = 0.93329(5) nm, b = 0.75087(3) nm, c = 0.70337(4) nm, 

β = 108.675(6)0 and V = 0.4669 nm3 have been reported for La2SiO5 [8]. 

 

 

 

 

 

 

 

 

Fig. 2.1: Crystal structure of La2SiO5 

The crystal structure of (𝛸1) phase of La2SiO5 consist of three types of polyhedron: La1O9, 

La2O7 and SiO4. La1O9 and La2O7 polyhedral are connected together through SiO4 groups 

and non-silicon-bonded oxygen atoms (O5) to form three dimensional structures [9]. 
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2.2.1.2.   Crystal structure of Gd2SiO5 

Gd2SiO5 is isostructural with La2SiO5 with the Gd3+ having crystallographic sites, Gd1 and 

Gd2 as shown in Fig. 2.2. Similar to those of La2SiO5, the 𝑋1 phase of Gd1 is coordinated 

with 9 oxygen atoms and the Gd2 with 7 oxygen atoms [10]. The Gd1O9 and Gd2O7 

polyhedron are connected via SiO4 group with all oxygen atoms creating bonds to silicon 

except for the O5 which link with only the gadolinium atoms. The Gd-Gd1 and Gd2-Gd1 

distance of 0.3734 nm and 0.3781 nm respectively are much longer than the Gd2-Gd2 

distance of 0.3499 nm. The average Gd2-Oxygen bond length (Gd2-O) of 0.249 nm is longer 

than the average Gd1-O of 0.239 nm [11] but the ionic radius of Gd3+ in Gd1 (0.1107 nm) 

[12] is bigger than that of Gd2 (0.10 nm) [8]. The lattice parameters of a = 0.91105 nm, b = 

0.69783 nm, c = 0.68544 nm, β = 107.14110 and V = 0.41642 nm3 has been reported for 

Gd2SiO5 [13].   

   

 

    

 

 

 

 

 

Fig. 2.2: Crystal structure of Gd2SiO5. 

2.2.1.3.   Crystal Structure of Y2SiO5 

Although Y2SiO5 have monoclinic structure just like La2SiO5 and Gd2SiO5, it has a different 

space group and different number of oxygen coordinating the yttrium (Y) crystallographic 

sites. Y2SiO5 belong to C2/c space group [14] with Y1 and Y2 crystallographic sites as shown 

in Fig. 2.3. Coordinated by 7 oxygen atoms, the Y1 crystallographic site forms polyhedron 

having 5 oxygen atoms in common with the tetrahedron SiO4 and 2 non-silicon-bonded 

oxygen atoms. On the other hand, Y2 crystallographic site consists of reticular formation of 
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pseudo octahedron comprising of 4 oxygen atoms common with that in the tetrahedron SiO4 

and 2 non-silicon-bonded oxygen atoms [15]. Y3+ in Y1 and Y2 crystallographic sites have 

ionic radius of 0.096 and 0.090 nm respectively [8] with average Y2-O distance of 0.237 nm 

and average Y1-O distance of 0.227 nm. The lattice parameter of Y2SiO5 are a = 1.443 nm, b 

= 1.041 nm, c = 0.6733 nm, β = 122.13o and V = 0.3974 nm3 [11].  

 

 

  

 

 

 

 

Fig. 2.3: Crystal structure of Y2SiO5 

 

2.3.   Lanthanide ions 

Lanthanides are seldom thought to consist of element from cerium (Ce) (Z = 58) to lutetium 

(Lu) (Z = 71) because of the absence of 4f electron in lanthanum (La) (Z = 57) which in 

general occupies a position in the periodic table that open the lanthanide series (Note that all 

lanthanides are f-block elements except La). However, lanthanides consist of 15 elements 

from La to Lu and they have general electronic configuration denoted by [Xe]4fn5d16s2, with 

[Xe] the electronic configuration of xenon gas while n represents the number of electrons 

ranging from 0 for La to 14 for Lu [16]. These 15 elements together with chemically identical 

scandium and yttrium are called rare earth elements (Fig.2.4). Furthermore, the electronic 

configurations of lanthanides can be divided into [Xe]4fn-15d16s2 and [Xe]4fn6s2 (n = 1-14) 

depending on the relative energy levels of the atom.  Lanthanum, cerium, gadolinium and 

lutetium belong to former group while the rest of the lanthanides belong to the latter. 

However, both types of configuration can be adopted for terbium since they are energetically 
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close to each other. Generally, lanthanides are triply ionized (Ln3+) in the solid state except 

for europium and cerium which can exist as Ln2+ and Ln4+ respectively. 

 

Fig. 2.4: Periodic table of elements 

Except from La3+ and Lu3+ which respectively have empty and filled 4f electrons, all the 

other Ln3+ have partially filled 4f shell which is shielded from the chemical environment by 

the filled 5s and 5p shells. As a consequence of this shielding, 4f electrons have negligible 

interaction with the chemical environment leading to all the lanthanides having similar 

chemical properties [17, 18]. The transitions between the f orbitals of Ln3+ are strictly parity-

forbidden as well as spin-forbidden but the latter is attenuated by spin-orbit coupling. The 

shielding of the 4f shells also causes the 4f-4f transitions of the Ln3+ to have sharp emission 

spectra and narrow absorption peaks usually observed in the ultra-violet, visible and near-

infrared regions. Nevertheless, each Ln3+ has its own characteristic emission and absorption 

spectrum. It is imperative to note that because of the empty and filled 4f shell of La3+ and 

Lu3+ respectively, they do not have electronic energy levels to induce excitation in/or near the 

visible region.   

Furthermore, unlike the 4f-4f electronic transitions, 4f-5d electronic transitions are parity 

allowed and as such they yield a broader spectrum and their energy is tremendously 

dependent on the environment of the ion since 5d orbitals is outer orbital and has direct 
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contact with ligand ions. The 4f-5d electronic transitions are commonly observed in Ce3+, 

Pr3+ and Tb3+ and they have high energy (Fig. 2.5).  

     

 

 

 

 

 

 

Fig. 2.5: Energy of 4f-5d transitions of Ln3+:CaF2 (squares, [19]) and of the 2p (O)-4f LMCT 

transitions (triangles, [20]). 

2.4.   Dysprosium 

Dysprosium with the chemical symbol Dy discovered in 1886 by French chemist Paul Émile 

Lecoq de Boisbaudran when he separated dysprosium oxide from holmium oxide is the ninth 

element out of the fourteen elements in the lanthanide series and also a rare earth metal [21]. 

It has atomic number 66, atomic weight 162.50 g.mol-1 and its electronic configuration is 

(1s)2 (2s)2 (2p)6 (3s)2 (3p)6 (4s)2 (3d)10 (4p)6 (5s)2 (4d)10 (5p)6 (4f)9 (5d)1 (6s)2 normally 

written in the form [Xe]4f95d16s2 with [Xe] the electronic configuration of xenon.  Some of 

the properties of Dy are summarized in table 2.1.  

Dy3+ has outer shell of 4f9 indicating that it has 9 valence f electrons, so by applying Hund’s 

rules [22], one can determine the ground state of its 4f shell. Since for f electrons the orbital 

quantum number l = 3 (l = 0, 1, 2,3,… which can be represented as s, p, d, f,…shells) and 

there are 9 4f electrons in Dy3+ with seven electrons having spin down and two having spin 

up as shown in table 2.2. The magnetic quantum number, ml takes values from –l…0...l and 

the S-value is given by 1/2 multiply by the total number of unpaired electrons (5 in this case) 

[23]. Hence the maximum value of S is 5/2 and the maximum value of L = -3 -2 -1 0 +1 +2 

+3 +2 +3 = 5. So the total angular momentum given by J = L + S (since the shell is more than 

half filled) is 15/2. L, S and J which are usually called spectroscopic term is written as 
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(2S+1) 𝐿𝐽, where (2S+1) is called spin multiplicity and  𝐿 usually represented as (S, P, D, F, G, 

H…) takes values from   0, 1, 2, 3, 4…. By and large, the ground state of Dy3+ can be written 

as 6H15/2 where H corresponds to L-value which 5, the spin multiplicity (2S+1) is 6 and J-

value is 15/2. In fact, the ground term of Dy3+ splits into 6H15/2, 
6H13/2, 

6H11/2, 
6H9/2, 

6H7/2 and 

6H5/2.  

Table 2.1: Properties of Dy 

Colour Silvery-white 

Structure Hexagonal 

Density 8.559 g/cm3 

Melting point 1441 0C 

Boiling point 2560 0C 

 State Solid 

Solubility Soluble in dilute acids 

Atomic volume 19. 032 cm3/g 

Atomic radius 0.1773 nm 

Ionic radius 0.0908 nm 

 

Table 2.2: Electronic spins of Dy3+ 

    ml ↑ ↓ 

     3      

     2     

     1         - 

     0         - 

    -1         - 

    -2         - 

    -3         - 
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2.4.1.   The luminescence properties of Dy3+ doped in different host matrices and their 

applications  

The luminescence properties of Dy3+ ions have been studied in difference host matrices and 

also in different wavelength regions. The choice of the host matrix or the wavelength region 

basically depends on the application of the material. By and large, two dominant emission 

bands are usually observed in Dy3+ emission spectra irrespective of the host matrix. The 

emission band usually observed around 485 nm (blue) which is as a result of 4F9/2→6H15/2  f-f  

electronic transition of Dy3+ and the second band observed around 575 nm (yellow) due to 

4F9/2 → 6H13/2  f-f electronic transition of Dy3+. Defined as hypersensitive, the yellow emission 

which is electric dipole transition is highly sensitive to the crystal field around Dy3+ ions. On 

the other hand, the blue emission is a magnetic dipole transition and hardly varies with the 

crystal field around Dy3+ ions [24]. Dy3+ doped matrices have found applications in white 

light emitting phosphors [25-29], field emission display (FED) [30, 31], scintillation [32] 

solid state laser and optical amplifier [33-36] and optical waveguide and optical sensors [36, 

37].  

Although Dy3+ doped matrices has been reported as a potential phosphor for the generation of 

white light as a result of the prominent blue and yellow emissions [38, 39], the choice of host 

matrix plays important role in accomplishing this goal. Because of the hypersensitive nature 

of the yellow emission, it is very difficult to balance its emission intensity with that of the 

blue emission. However, this is only applicable when Dy3+ ions are located at low symmetry 

(without inversion center) in the host matrix. On the other hand, the blue emission can yield 

stronger emission if Dy3+ ions are situated at a higher symmetry (with an inversion center) in 

the host matrix. But in a case where the ligand field is situated in or very close to the 

inversion symmetry in the host matrix, both the blue and yellow emissions gives equivalent 

emission intensities. The aforementioned case has been reported in Dy3+ doped gadolinium 

phosphate (GdPO4) [40] and Dy3+ doped lanthanum phosphate (LaPO4) [25]  while the case 

where Dy3+ ions are located in the higher symmetry has been reported in Dy3+ doped lead 

fluorophosphate glasses (PbF2) [27]. Moreover, these two cases are seldom reported 

compared to the case where Dy3+ ions are located in the low symmetry. To generate white 

light in the low symmetry case, a single host matrix that can emit in the blue region such as 

calcium molybdate (CaMoO4) also known as Powellite can be used [29] or Dy3+ can be co-

doped with another rare earth ion which can emit in the blue region [28,41]. 
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Unlike in the white emitting application, the laser applications based on Dy3+ doped matrices 

focused on the 6H13/2→6H15/2 transition of Dy3+ for mid-IR laser and on 4F9/2 → 6H13/2 (yellow) 

transition for yellow (visible) laser. Mid-IR lasers within the range of 3-4 𝜇m has found many 

applications such as in medicine and environmental sensing   The choice of host materials is 

vital in Mid-IR laser application since the lattice vibration of the host material affects the 

lasing properties of material due to multiphonon relaxation. Materials with high lattice 

vibration (high phonon energy) such as silica glass (with phonon energy of 1100 cm-1) are not 

recommended since their high phonon energy impedes their use at source wavelength longer 

than 2.3 𝜇m. Mid-IR laser application has been reported in Dy3+ doped ZBLAN glass (so 

termed because it contains fluorides of Zr, Ba, La, Al and Na) [42], fluoride fiber, tellurites 

[36] and germinates [36,37] with respective emission wavelengths of 2.96 𝜇m, 3.0 𝜇m, 3.4 

𝜇m, 3.4 𝜇m and 4.35 𝜇m. However, for visible laser applications, 4F9/2 → 6H13/2 (yellow) 

transition of Dy3+ has attracted more attention and has been reported in Gd2SiO5:Dy3+ [43], 

(LuxGd1-x)2SiO5:Dy3+ [44] and xerogel doped with Gd1.6Dy0.4(WO4)3 [45].  

2.5.   Luminescence related to intrinsic defects in silicon dioxide 

Strong luminescence observed in silicon cluster usually in the blue and UV region can be 

explained by quantum confinement effect. This can be observed at very small crystallite size 

(2-10 nm) [46]. However, in some cases, the emission can be observed in the red and yellow 

region due to the formation of Si−O bonds on the surface of the crystal which lead to mid-

band gap trapped electrons and holes excited states hence affecting the dependency of 

luminescence on crystallite size. 

The structural, electrical and optical properties of silica matrix can be affected drastically by 

the presence of defects. Defects can result from mechanical stress, temperature change, 

manufacturing processes, impurities, and irradiation. These parameters can also lead to the 

transformation of an existing defect to another form. Defects can be classified based on their 

size and structure as dislocation or linear defects, point defects and plane defects [47, 48]. 

Point defects can be either intrinsic or extrinsic depending on its origin. Defects that originate 

from the atoms of the host matrix alone are referred to as intrinsic point defects. Examples of 

this type of defects include vacancies (missing host atoms), and self-interstitials (additional 

host atoms occupying an interstitial position). Extrinsic point defects refer to atoms of foreign 

material present in the host crystal. These types of defects are usually as a result of doping. 

Intrinsic point defects in silica could be oxygen or silicon vacancies and their interstitials, 
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Si−Si or O−O homobonds or under-coordinated silicon or oxygens. In this section, we will 

discuss few of the defects in silica network, for detailed information and other types of 

defects in silica, consult ref. [46].  

2.5.1.   Oxygen-deficiency center (ODC) 

Oxygen deficiency center (ODC) is a term used to describe the optical and electrical 

properties of neutral oxygen vacancies [49]. ODC is generally indicated as ≡Si−Si≡. Two 

type of diamagnetic ODCs has been observed in pure silica, neutral oxygen vacancy ODC(I) 

and the two coordinated silicon ODC(II) commonly symbolized by  =Si●●. In ODC(I), two 

Si atoms can be in their relaxed state and form a silicon-silicon bond (relaxed oxygen 

vacancy ≡Si−Si≡) or they can be in an unstable interaction state and form an unstable oxygen 

vacancy ( unstable oxygen vacancy ≡Si···Si≡), see Fig. 2.7. ODC(I) has been observed 

around 7.6 eV (163 nm) absorption band [50]. Furthermore, photoluminescence emission 

band have also been reported around 4.4 eV (282 nm) and 2.7 eV (459 nm) under 5 eV (248 

nm), 6.9 eV (178 nm) or 7.6 eV (163 nm) band which was ascribed to the interaction of 

ODC(II) with ODC(I) [51, 52].  

Fig. 2.7: Schematic illustration of the transformation between ODC(I) and ODC(II) 

visualizing two possible models for the ODC(II), the unrelaxed oxygen vacancy and the 

twofold coordinated silicon. 

 

 

 



43 
 

2.5.2.   Self-trapped excitons (STE) 

An electron or a hole inserted into an insulator can couple to the phonon field of the material 

resulting to it getting “self-trapped” by deforming the lattice structure of the material around 

itself. A self-trapped exciton (STE) is often referred to as an excitonic polaron [53]. The 

formation of STE create a localized bound state which form a lower energy than an electron 

or a hole inserted into the valence or conduction band. In other words, STE lead to the 

formation of transient (short living) defects created by the combination of electronic 

excitation energy of electron-hole pairs and electron-phonon interaction. Either radiative or 

non-radiative transition can be produce by these electron-holes and electron-phonon 

interaction, however, the recombination of the defect pair can lead to the annihilation of the 

non-radiative transient defects [54].  

STE luminescence emission spectrum has been observed between 2 eV (620 nm) and 3 eV 

(413 nm) in silica [55, 56]. The blue luminescence emission in crystalline SiO2 has also been 

ascribed to STE. This same emission however has been observed in emission spectra of 

amorphous SiO2 but with much lower intensities compare to other characteristic bands. 

Furthermore, when STE is perturbed by a little deformation owing to structural defects, it 

also gives emission in this energy range. For instance, luminescence emission band has been 

observed at 2.5 eV (496 nm) for Ge implanted quartz and at 2.8 eV (443 nm) for non-

implanted quartz [57].   
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CHAPTER THREE 

Combustion Synthesis 

3.1.   Introduction 

Combustion synthesis (CS) also known as self-propagation high-temperature synthesis 

(SHS), fire or furnaceless synthesis uses high exothermic redox reactions between metals and 

nonmetals, metathetical reaction (a process involving the exchange of bonds between the two 

reacting chemical species) between reactive compounds or reactions comprising redox 

compounds and redox mixtures for production of materials. Combustion synthesis can be 

represented by a simple chemical equation of the form mX + nY → XmYn. Where X is the 

fuel (metal) and Y is the oxidizers (nonmetal) [1]. The fuel should be able to attain 

compositional homogeneity with the other constituents and should undergo combustion at 

low ignition temperature with the oxidizer [2]. Some of the fuel used are glycine, acid, citric 

ascorbic acid, urea, etc. Combustion synthesis involves three main phases which includes 

flaming (gas-phase), smoldering (heterogeneous-phase) before explosive reaction. The 

flaming temperature promotes crystallization and phase formation. But a very high flame 

temperature however, can have adverse effect on the powders, such as increasing of the 

crystallite size, and formation of hard agglomerate which in turn will lead to reduction in the 

surface area and sinterability. The flaming temperature is reduced by the evolution of gaseous 

products during combustion through heat dissipation. The nature of the powder heavily 

depends on the flaming temperature and gas evolution, and these parameters also depend on 

the type of fuel used and the ratio of the oxidant-to-fuel [3]. This technique has been used in 

the synthesis of advanced ceramics, catalysts, alloys, composites, intermetallics and 

nanomaterials. Combustion reaction is self-propagating which once ignited can occur at 

adiabatic temperature (Tad) within the range of 1500-3000 K (1226 – 2726 oC). Other 

advantages of combustion synthesis include: 

(i)       No sophisticated equipment are required  

(ii) High purity products are produced  

(iii) Any size or shape of particle can be produced  

(iv) Stabilization of metastable phases  

(v) Very low cost of production  

(vi) Fast heating rate and short reaction times  
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3.2.   Redox reaction 

 All combustion reactions are redox reactions, but all redox reactions are not necessarily 

combustion reactions. Redox is a term derived from two words: reduction and oxidation, 

which describes the concepts of electron transfer between species [4]. A classical  definition 

of oxidation is the addition of oxygen or any other electronegative element (nonmetal) while 

reduction refers to the addition of hydrogen or any other electropositive element (metal), e.g., 

       4Fe + 3O2 → 2Fe2O3 (oxidation)                                                                                (3.1) 

       CuO + H2 → Cu + H2O (reduction).                                                                           (3.2) 

Contemporarily, oxidation reaction refers to increase in oxidation state which is prompted by 

the loss of electrons by a molecule, atom or ion. Conversely, reduction reaction refers to the 

decrease in the oxidation state due to gaining of electrons by a molecule, atom or ion [5]. The 

reductant or the reducing agent is the electron donor, and the oxidant or the oxidizing agent is 

the electron acceptor, e.g.  

      14H+ + Cr2O7
2− + 6Fe2+ +6e = 6Fe3+ + 2Cr3+ + 7H2O.                                              (3.3) 

In eq. (3.3), Cr6+ is reduced to Cr3+ while Fe2+ is oxidized to Fe3+. Hence, in combustion 

reactions, the fuel acts as the electron donor and the oxidizer an electron acceptor. 

3.3.   Types of combustion synthesis  

Combustion synthesis can be classified based on the state of the reactants (solid, liquid or 

gas) and the adiabatic temperature as (i) self-propagating high temperature synthesis (SHS), 

(ii) low-temperature combustion synthesis (LCS), (iii) solution combustion synthesis (SCS), 

(iv) gel-combustion, (v) sol-gel combustion, (vi) volume combustion (thermal explosion), 

(vii) emulsion combustion, etc. [6]. However, in this work we are going to focus on solution 

combustion synthesis since it was the method we used in the synthesis of our nanophosphors.  
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3.3.1.   Solution combustion synthesis (SCS) 

Solution combustion method can be used in the synthesis of oxide materials. It is basically 

the combination of CS and reactive solution such as metal nitrites and different fuels such as 

urea/hydrazides, oxalyl dihydrazide (ODH), malonic acid dihydrade (MDH), tera formal tris 

azine (TFTA), etc. [7]. The desired high-temperature required for ignition is generated by the 

reaction between the fuel and the oxygen containing species which is formed during the 

decomposition of the nitrite species. Some oxide materials and fuels used for their synthesis 

including their applications are listed in table 3.1. These fuels perform two basic functions: 

(i) They produce C and H which form CO2 and H2O during combustion and release 

heat. 

(ii) They accelerate homogeneous mixing of the cations solution through the 

formation of complexes with the metal ions.  

Table 3.1: Fuels used in the synthesis of some oxide materials 

Phosphor material Fuel 

used 

Crystallite 

size (nm) 

Application  Ref.    

Eu3+/Y3Al5O12 U 60-90 Red phosphor.  [8]    

Ce1-xTbxMgAl11O9 CH 10-20  Green phosphor.  [9]    

Eu3+/Y2O3 GLY 20-30 Red phosphor.  [10]    

Eu3+/Y2O3 CA 25 Red phosphor.  [11]    

Y2SiO5:Ce, 

Lu2SiO5:Ce, 

Gd2SiO5:Ce 

HM 20–80 Detection of 

ionizing 

radiation and 

dense 

scintillators. 

 [12]    

SrAl2O4:Eu2+,Dy3+,Tb3+ U + 

BAF 

50-80 Long lasting 

phosphorescence 

materials. 

 [13]    

Eu3+ activated YAlO3 

and LaAlO3 

NH4NO3 

+ U 

- Red phosphors.  [14]    

Gd3PO7:Eu3+ GLY 40 Red phosphors.  [15]    

CaWO4:Eu 3+ CA, 50–100 Fluorescent  [16]    
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NH4NO3 lamps, colored 

lightning for 

advertisement 

industries and 

other 

optoelectronic 

devices. 

MAl2O4:Eu3+, R3+ (M = 

Sr, Ba, Ca, 

R = Dy, Nd and La) 

U 21–40 Long persistent 

luminescent 

material. 

 [17]    

Pr3+, Tm3+ doped 

Gd3Ga5O12 

U 30 Magneto optical 

films and 

materials for 

solid state lasers. 

 [18]    

Y2O3:Eu3+ S 30-50 Red emitting 

phosphor used in 

CRT screens, 

plasma displays, 

fluorescent 

lamps 

 [19]    

U, Urea; CH, Carbohydrazide; HM, Hexamine; GLY, Glycine; BAF, Boric acid flux; CA, 

Citric acid; S, Sucrose; NH4NO3, Ammonium nitrate. 

3.3.2.   Solution combustion synthesis of rare earth oxyorthosilicates  

The typical steps involved in SCS which we employed in the synthesis of our nanophosphors 

are shown in Fig.3.1. In our case, urea (CO(NH4)2 and ammonium nitrate (NH4NO3) were 

used as fuel while the oxidizers were lanthanum nitrate hexahydrate (La(NO3)3.6H2O), 

gadolinium nitrate hexahydrate (Gd(NO3)3.6H2O), yttrium nitrate hexahydrate 

(Y(NO3)3.6H2O) and silicic acid (SiO2.xH2O). Appropriate amount of these compounds were 

added into a glass beakers after which 2 ml of distilled water was added. The mixture was 

stirred vigorously using magnetic stirrer set at 100℃ for 15 min to obtain a homogenous 

solution. The solution was then transferred directly into a ceramic crucible boat and 

immediately into muffle furnace pre-heated to 600 ± 10℃. 3 min after placing the solution 
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into the furnace, oxidation took place resulting to the evaporation of gasses (CO2, N2 and 

H2O). A typical example of oxidation reaction in one of our cases is shown in eq. (3.4).  

 2La(NO3)3(H2O)6 + 5CH4N2O + (SiO2)(H2O) = La2SiO5 +5CO2 + 23H2O + 8N2             (3.4) 

The crucible is then remove from the furnace and the foam-like crispy end product is allowed 

to cool down to room temperature before it is gently ground into fine powder using agate 

mortar and pestle by hand.  

With the procedures described above, we were able to prepare different nanophosphor 

materials with single host matrices (La2SiO5, Gd2SiO5 and Y2SiO5) and mixture of these host 

matrices doped with Dy3+.  

Advantages of solution combustion synthesis  

(i) The crystallite size can be controlled by varying parameters such as fuel and oxidizer 

ratio and composition 

(ii) Low energy requirement: Since the thermal energy required for the reaction is 

provided by the reaction itself. Also no additional annealing is necessary. 

(iii) Time saving: The entire process takes just few minutes. 

(iv) Environmental friendliness: The chemical natures of the by-product (N2, CO2 and 

H2O) are environmental friendly.  

(v) Wide variety of fuel can be used. 

(vi) High purity of the end-product. 

Disadvantages of solution combustion synthesis 

(i) The end-product is about 20% of the precursor. 

(ii) It is very challenging when used in the synthesis of high temperature metals such 

as chromites and alumina.  

(iii) When a wrong choice of fuel is made, it leads to rough surfaced end-product and 

may also lead to its contamination.   
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Fig. 3.1: Illustration of the steps involved in SCS using (a) flow chart and (b) snapped shots. 
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CHAPTER FOUR 

Experimental Techniques 

 

4.1. Introduction  

In this chapter, we give brief discussion of various techniques used for characterization of our 

samples. These techniques can be grouped according to the type of information they can give 

about the samples as structural and surface characterization, and optical techniques. The 

former include X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning 

electron microscope (SEM) and time-of-flight secondary ion mass spectroscopy (TOF-

SIMS). While the later include UV-Vis spectrometer, photoluminescence spectrometer and 

Fourier transform infrared (FTIR) spectroscopy.    

4.2.   Structural and Surface Characterization Techniques  

4.2.1.    X-Ray Diffraction (XRD)  

4.2.1.1.   Introduction 

Accidentally discovered in 1895 by a German physicist Wilhelm Conrad Roentgen while 

studying cathode rays in high-voltage gaseous-discharge tube, X-rays lies between ultra-

violet and gamma radiation in the electromagnetic spectrum [1, 2]. X-rays have extremely 

short wavelength ranging from 10 to 0.1 nm or 120 eV to 120 keV in the electromagnetic 

spectrum (Fig. 4.1). Because it has wavelength comparable to the size of atoms, X-rays are 

used for probing atomic and molecular structure in variety of materials. They can be 

produced in two ways: (i) by X-ray tubes or (ii) synchrotron radiations. X-ray tubes are 

generally the source of X-ray used in the laboratory X-ray instruments. In the tube, X-rays 

are generated by bombarding a solid target, either rotating or stationary, with a focused beam 

of electrons accelerated across a high voltage field. Targets commonly used are Cu and Mo, 

which emit 8 and 14 keV or 1.54 and 0.8 Å X-ray respectively. X-ray is emitted when the 

accelerated electrons are slowed down by colliding with the solid target [3].      

Max von Laue was the first to discover X-ray diffraction during his study of the internal 

structure of opaque objects (radiography) in 1912 [4]. In the same year W.H. Bragg and his 
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son, W.L. Bragg gave the accurate mathematical interpretations of Laue experiment, the 

necessary conditions that must be met for diffraction to occur.  

When an incident X-ray interact with electrons in atoms of a material, part of the beam are 

scattered coherently, some incoherently while others are transmitted through the material. 

Coherent scattering takes place when there is no change in the wavelength of the scattered X-

ray beam (elastic scattering), hence only momentum transfer takes place. Elastically scattered 

X-rays are measured to obtain information about the crystal structure of the material since 

they carry information about distribution of electrons in the materials. The interference of the 

diffracted waves from different atoms gives rise to intensity distribution. If the atoms are 

arranged in a periodic fashion, (as in perfect crystal), the diffracted waves will show sharp 

interference maxima with the same symmetry as in distribution of atoms [5].     

      

 

 

 

 

    

 

 

Fig. 4.1: The electromagnetic spectrum [2]. 

4.2.1.2.   Bragg’s Law 

Bragg’s law gives the coherent and incoherent angles of scattering from a crystal lattice. 

Bragg’s law is represented schematically in Fig. 4.2 from which the law can be derived. 

Consider the interaction of X-ray beam with a perfect crystal in which all the atoms lie on a 

cubic lattice. The point A and B represent individual atoms. The incident beams I is coherent, 

and hence all individual X-ray are in phase until the point the first beam strikes atom A. 

However, the second beam travelled an extra distance BC + BD before it strikes the atom B. 

The scattered wave at J will be in phase if the path length (IAJ and ICBDJ) differ by an 
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integral (n) multiple of wavelengths (𝜆). Hence the extra path travelled by the second beam 

must be integral multiple of wavelength. i.e.  

                        n 𝜆 = BC + BD                                                                                         (4.1)     

It is clear that d (interatomic distance) is the hypotenuse of the right angled triangle ABC, 

hence we can write 

                        BC = d Sin 𝜃                                                                                             (4.2) 

From eq. (4.1), BC = BD, therefore 

                       𝜆 = 2BC                                                                                                      (4.3) 

Substituting eq. (4.2) into (3.3) gives 

                     n 𝜆 = 2 d Sin 𝜃                                                                                              (4.4) 

Eq. 4.4 is known as Bragg’s law [6]. By analogy, n denotes the order of reflection and can 

take any positive integer e.g. n = 1 is the “first order” reflection, n = 2 the “second order” 

reflection. However, conventionally, n can be set to 1. d is the interplanar spacing.   

 

                                         

 

 

 

  

Fig. 4.2: Bragg’s Diffraction Scheme [2]. 

4.2.1.3.   Experimental Techniques for X-ray Diffraction 

X-ray diffraction is a general-purpose analytical technique employed in analysis and 

quantitative resolution of various crystalline phases of powdered or solid samples of any 

compound [8]. The sample should be displayed in a plane or flattened surface. An 

outstanding characteristic of X-ray diffraction is its non-destructive nature.  The principle of 

I J 
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operation of X-ray diffractometer is based on the Bragg-Brentano geometry. The basic setup 

of the Bragg-Brentano geometry is depicted in Fig. 4.3. 

 

 

 

 

 

 

 

Fig. 4.3: Basic setup for the D8 Advance X-ray Diffractometer, Bragg-Brentano Geometry 

[7]. A: aperture, B: scattered radiation slit, C: Kα filter, D: detector slit. 

In the Bragg-Brentano geometry, X-ray diffraction can be in either 𝜃 − 𝜃 or 𝜃 − 2𝜃 

configuration. In  𝜃 − 𝜃 configuration, the sample is fixed at stationary position at the center 

of the goniometer while the X-ray source and the detector are made to rotate around a 

common axis located at the center of the goniometer. Here the sample lies on a horizontal 

plane which forms vertical planes at angle 𝜃 with both the X-ray source and the detector.  

The X-ray source and the detector rotate at the same angular velocity enabling them to 

maintain equal angles with the surface of the sample. With this condition, the reflected beam 

can be captured once diffraction occurs at the Bragg angle. 

In 𝜃 − 2𝜃 configuration, the source of the X-ray is fixed at stationary position forming an 

angle 𝜃 with the non-stationary sample. Thus, the variation in the angle of the incident X-ray 

beam is due to the sample’s movement. The sample rotate in the same axis with the detector 

but the detector move at twice the speed of the sample, hence the diffraction angle  2𝜃, is 

always twice the glancing angle, 𝜃.  

In this work, Bruker AXS D8 Advanced X-ray diffractometer was used for the XRD 

measurements. The diffractometer was equipped with monochromatic CuK𝛼 radiation with 

wavelength (𝜆) =1.54056 Å. The scans were measured in the 𝜃 − 2𝜃 configuration in the 
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range of 10 – 70 ° in a step size of 0.00945054° while the X-ray generator was set at standard 

setting of 40 kV at 40 mA.        

4.2.2.   X-ray Photoelectron Spectroscopy (XPS)     

4.2.2.1.   Introduction 

First named electron spectroscopy for chemical analysis (ESCA), by a Swedish scientist K. 

Siegbahn and his research group in 1954, X-ray photoelectron spectroscopy (XPS) is one of 

the instrumental in-situ surface analytical techniques for studying the surface of solid phase 

substances [9]. XPS gives qualitative and quantitative information about the elemental 

composition, chemical state, electronic state and empirical formula of elements contained in a 

material. XPS is based on photoelectric effect principle [10]. The energies of incident 

photons used in XPS are generally greater than 1000 eV. The standard laboratory sources for 

the XPS are MgK𝛼 (1253.3 eV) and AlK𝛼 (1486.6 eV). In XPS, a special case which 

involves the ejection of a characteristic electron from the core level of an atom by incident X-

ray photon is used to obtain information about the sample. The kinetic energy of the ejected 

photoelectrons can be determined using a high sensitive electron energy analyzer and electron 

detector, which gives information about the binding energy of the photoelectrons. The 

distribution of the binding energies gives information on the chemical composition of the 

sample, since binding energies are characteristic for each element. All XPS measurements are 

performed under ultra-high vacuum (UHV) chamber (~10−11mbar).  

4.2.2.2.   Experimental Set-up for XPS 

A typical setup for XPS experiment is shown schematically in Fig. 4.4. The photon source 

can be X-ray, UV-light, laser light or synchrotron. Photons with known energy are used to 

excite the atoms slightly below the sample surface. The ejected electrons from the surface are 

then filtered by the hemispherical analyser (HSA) depending on their energies before their 

intensity is finally recorded by the detector. However, for incident photons that penetrate 

deep into the sample, the ejected electrons have low probability of escaping from the 

sample’s surface without losing energy and hence mainly contribute to the background signal 

rather than well-defined primary photoelectron peaks.  
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Fig. 4.4: Schematic of a typical XPS setup [11]. 

4.2.2.3.   Basic Principle of XPS 

The basic principle of XPS is shown in Fig. 4.5. An incident X-ray beam is shone on the 

surface of a sample and the X-ray photon is absorbed completely by the core electron of an 

atom.   If the absorbed photon energy is sufficiently to overcome the surface energy barrier of 

the sample, core electron (photoelectron) will be ejected from the atom. The photoemission 

process can be considered as a one particle excitation which has no effect on the electronic 

structure of the atom [12]. The XPS technique involves three basic steps: the absorption of 

photon and excitation of electron, the hurl of the excited electron through the sample to the 

surface and the escape of the electron through the surface energy barrier into the vacuum. The 

photoelectrons are then detected in the vacuum and their energy distribution is measured. The 

energy levels involved in the XPS spectrometer is shown in Fig. 4.6. 

 

 

 

 

 

 

Photon Source 
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Fig. 4.5: Schematic diagram of the XPS process, showing photo-ionization of an atom by the 

ejection of a 1s electron. 

 

 

  

 

 

 

 

Fig. 4.6: The energy levels involved in the XPS spectrometer. 

It is evident from Fig. 4.6 that the work function of the spectrometer plays role in the energy 

equation which relates the kinetic energy of the photoelectron to the binding energy. 

Therefore, it is of great important to calibrate the energy scale of the spectrometer before 

each experiment using standard such as Cu and Au [13]. Binding energy of the photoelectron 

can be derived as shown in table 4.1. 
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Table 4.1: Derivation of the binding energy of photoelectron 

Specimen side Analyzer side 

hv = 𝐸𝐵 + 𝜑𝑠 + 𝐸𝑘′                         (4.6) 𝐸𝑘 +  𝜑𝐴  =  𝜑𝑠 + 𝐸𝑘′                       (4.7) 

 𝐸𝑘′  = 𝐸𝑘 + 𝜑𝐴  − 𝜑𝑠                       (4.8) 

hv = energy of primary X-ray beam 𝐸𝑘  = kinetic energy of the photoelectron 

measured by analyser 

𝐸𝐵 = binding energy of the photoelectron 𝜑𝐴 = work function of the analyser 

𝜑𝑠 = work function of the specimen  

𝐸𝑘′  = kinetic energy of the photoelectron in 

vacuum 

 

 

Since the Fermi level of the analyzer is in the same potential with that of the specimen, eq. 

(4.8) can be substituted into eq. (4.6) thus: Eq. (4.6) can be written as 

                                          𝐸𝐵 = hv  − 𝜑𝑠 − 𝐸𝑘′                                     

                                                = hv − 𝜑𝑠 − 𝐸𝑘 − 𝜑𝐴 + 𝜑𝑠 

                                                = hv − 𝐸𝑘 − 𝜑𝐴                                                                 (4.9) 

It can be seen from eq. (4.9) that the binding energy of the photoelectron is independent of 

the work function of the specimen. Hence once the kinetic is measured by the XPS 

spectrometer and the X-ray energy and the work function of the analyzer are known, the 

binding energy of the photoelectron can be determined.  

4.2.3.   Scanning Electron Microscope (SEM) 

4.2.3.1.   Introduction 

Invented in 1937 by a German Physicist Manfred von Ardenne [14], SEM creates high 

magnified images of objects by focusing energetic electron beam onto a sample surface in a 

raster scan pattern and the signals that arises from the interaction of the sample’s surface and 

the incident electron beam is detected.  This signal gives information about the sample’s 

external morphology, chemical composition, crystalline structure and the orientation of 

materials the sample is made up of. During data acquisition, data can be collected within a 

selected area of the sample’s surface [15]. The generated signals include secondary electrons, 
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backscattered electrons, diffracted backscattered electrons, Auger electrons, photons, visible 

light and heat. SEM is primarily used for detection of the secondary electrons (for 

topographical image and morphology). To detect other signals, SEM is usually equipped with 

equipment such as energy-dispersive X-ray spectroscopy (EDS) for elemental maps or 

chemical analysis, back-scattered electron Detector (BSE) for phase identification and 

cathodoluminescence (CL) for compositional mapping. Resolution better than 1 nm can be 

achieve using SEM and it can operate under high vacuum, low vacuum, in wet conditions and 

at wide range of cryogenic (low temperature) or elevated temperatures.    

4.2.3.2.   The Principle of SEM 

The basic principle of SEM is shown in Fig. 4.7. Electrons from an electron gun composed of 

electron source of either thermionic, Schottky or field-emission cathode are accelerated 

through a voltage difference (typically 0.1−50 keV) between cathode and anode. The 

electron depending on the electron beam source can generate beam with different diameters. 

Thermionic emission can generate beam with diameter in the order of 10−50 𝜇m and beam 

diameter in the order of 10−100 nm can be generated using Schottky or field emission gun.  

The magnetic lenses further narrowed the electron beam to the diameter of 1−10 nm before 

they arrive onto the surface of the specimen with electron-probe current in the range of 10-

9−10-12 A [16]. By placing sets of plates (final lens) around the beam and varying the 

potential difference between them, the electron beam can be deflected such that it can scan 

lines across the sample surface. The scanned beam can do three things when they hit the 

surface of the sample: They can pass through the sample without colliding with any atom. 

Conversely, they can collide with electrons in the atoms of the sample and create secondary 

electrons or they can collide with the nucleus of the atom of the sample, creating 

backscattered electrons.   

The secondary electrons are relatively weak in energy (about 100 V). If they are close enough 

to the surface of the sample, they can be collected by the secondary electron detector to form 

SEM image. If the incident beam interacts with the nucleus of the sample’s atoms, it reflects 

back out of the sample as a backscattered electron. These types of electrons have high energy 

and are detected using the backscattered electron detector to form backscattered electron 

images. The electron detectors are usually placed in the chamber and they have high positive 

potential (about 10 keV) on their face which they use to attract the electrons ejected from the 

sample [17]. 
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 In secondary electron imaging mode, the incident electron beam ejects secondary electrons 

from the sample’s surface as it is scanned across the surface topography of the sample. When 

the beam scan across area with low topography, the amount of secondary electrons ejected 

from the sample decreased and this shows a dark spot on the SEM image. Conversely, for 

area of high topography, much secondary electron is emitted resulting to bright spot on the 

image. However, in backscattering imaging mode, area of the sample constituting low atomic 

weight elements will emit less backscattered electrons than area composed of high atomic 

elements [18]. 

 

 

Fig. 4.7: A schematic of scanning electron microscopy. 

The signal collected by the detector are converted to photons using a scintillator, amplified in 

a photomultiplier, and then converted to electrical signal which is used to modulate the 

intensity of the image on the screen. 
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4.2.4.   Time of Flight Secondary Ion Mass Spectroscopy (ToF-SIMS) 

4.2.4.1.   Introduction 

Time-of-Flight Secondary Ion Mass Spectroscopy (TOF-SIMS) is a surface-sensitive 

analytical technique that uses a pulse primary ion beam (Cs or micro-focused Ga) to probe 

the surface of a solid material [19]. The momentum transfer from the primary ion to the target 

initiates a ‘collision cascade’ within the solid, much like a microscopic billiards game. A 

portion of this momentum is redirected back towards the surface resulting in the ejection of 

atomic or molecular ions (secondary ions) from the surface. More than 95% of these 

secondary ions originate from the outermost 1-2 layers of the solid thus defining TOF-SIMS 

surface analysis as an extremely surface sensitive technique [20]. 

Because of its surface sensitivity, TOF-SIMS has been utilized to characterize a variety of 

conducting and non-conducting surfaces. Common applications include metals, 

semiconductors, biomaterials, ceramics, lubricants, polymers, glasses, catalysts, 

pharmaceuticals, thin films and paper [20]. Depth profiling can also be performed by TOF-

SIMS. A low energy ion gun is operated in DC mode for sputtering with high depth 

resolution. Data acquisition is accomplished using the same or a second ion gun operated in 

pulsed mode. Depth profiling by TOF-SIMS allows monitoring of all species of interest 

simultaneously with high-mass resolution to remove any interferences [21]. 

4.2.4.2.   Theory 

The basic equation governing TOF separation can be derived as follow; the kinetic energy of 

the secondary ion is related to its charge and applied voltage by 

                            𝐾𝐸 = 𝑄𝑉                                                                                               (4.10) 

Therefore,             
1

 2
𝑚𝑣2 = 𝑄𝑉          

                           𝑣2 =  
2𝑄𝑉

𝑚
                                                                                                         

(4.11)  

The measured time-of-flight (t) of the ion is given by 𝑑 𝑣⁄  where d is the length of the tube. 

Hence it follows that 𝑡 =
𝑑

𝑣
  and  

𝑡

𝑑
=

1

𝑣
 . Therefore eq. (4.11) can be written as 

                       (
𝑡

𝑑
)

2

=
1

𝑣2
 =

𝑚

2𝑄𝑉
   

Hence              
𝑚

𝑄
= 2𝑉 (

𝑡

𝑑
)

2

                                                                                     (4.12) 
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But Q is related to the elementary particle e by 𝑄 = 𝑧𝑒. Where z is the number of the 

elementary charges. Therefore eq. (4.12) becomes 

               
𝑚

𝑧
 = 2𝑒𝑉 (

𝑡

𝑑
)

2

                                                                                                 (4.13) 

Also the extraction pulse potential E is related to the applied voltage by   𝐸 =  
𝑉

𝑠
, where 𝑠 is 

the length of the tube over which E is applied. Therefore eq. (4.13) becomes  

              
𝑚

𝑧
  = 2𝑒𝐸𝑠 (

𝑡

𝑑
)

2

                                                                                                  (4.14) 

𝑚 𝑧⁄  is the mass-to-charge ratio of the ions [22]. Theoretically, this implies that all the ions 

are given the same initial kinetic energy by the extraction pulse and then drift along the field 

free drift zone where they will be separated so that all ions of the same 𝑚 𝑧⁄   arrive at the 

detector at the same time. In practice, the pulse is not felt by all ions to the same intensity and 

so a kinetic energy distribution for each discrete 𝑚 𝑧⁄  exists. This lowers the resolution by 

creating a time-of-flight distribution for each 𝑚 𝑧⁄   [23]. This is relatively easily corrected by 

the application of a reflectron at the end of the drift zone [24]. The reflectron consists of a 

series of electric fields which repulse the ions back along the flight tube - usually at a slightly 

displaced angle (see Fig. 4.7) - resulting in a refocusing of ions with the same 𝑚 𝑧⁄  value on 

the reflectron detector. The ions are introduced either directly from the source of the 

instrument or from a previous analyzer as a pulse. This results in the ions receiving the same 

initial kinetic energy. As they pass along the field free drift zone, they are separated by their 

masses, lighter ions traveling faster.  

 

 

 

 

 

 

 

 

 

 

Fig. 4.7: A schematic of a ToF mass spectrometer operating in Reflectron Mode. 
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4.2.4.3.   Principle of Operation of ToF-SIMS 

Fig. 4.8 shows the basic set-up for a typical TOF-SIMS instrument, of the pulsed primary ion 

beam and single stage reflectron analyzer design [25]. A pulse of ion beam bombards the 

specimen and sputters it. This produces a cloud of atoms and molecules among which some 

are ionized. The ionized particles of one polarity, atomic and molecular secondary ions, are 

accelerated into a reflectron type spectrometer. They travel two meters through a tube to 

arrive at ion detection and counting system. However, because they all depart from the 

sample at the same time and were subjected to the same accelerating voltage, the lighter ones 

arrive at the detection system before the heavier ones. The "Time-of-Flight" of an ion is 

proportional to the square root of its mass (see eq. 4.14), so that all the different masses are 

separated during the flight and can be detected individually. The next pulse of primary ions 

cannot start until the secondary ions of the first pulse have cleared the analyzer. Otherwise 

the slower heavy ions of the first pulse are overtaken by the faster light ions of the second 

pulse. Once extracted into the mass spectrometer, the secondary ions travel through a field 

free region where they are separated in time based on their mass to charge ratio. For each 

primary ion pulse, a full mass spectrum is obtained by measuring the arrival times of the 

secondary ions at the detector and performing a simple time to mass conversion. Chemical 

images can also be generated by collecting a mass spectrum at every pixel (256 x 256) as the 

finely focused, primary ion beam is rastered across the sample surface.   

Sample integrity is preserved during analyses by operating under “static” conditions. This 

mode dictates ≤ 1x1013 ions/cm2 impinge on a surface ensuring that ≤ 1% of the characterized 

region is consumed. Using pulse primary ion source (≤ 1 𝑛𝑠) in conjunction with the TOF-

analyser help to maximize the secondary ion detection sensitivity. For insulating samples, 

charge compensation is necessary by using an electron flood gun during analysis. This 

delivers low energy (~ 20 eV) electrons to the sample surface to neutralize any charging by 

the positive primary ion beam [26]. 

 

4.2.4.4.   The primary ion beam 

Typically, the primary ion beam is accelerated by around 20-30 kV, pulsed with a typical 

pulse width of 25 ns and then further bunched so that it arrives at the sample within ∼ 1 𝑛𝑠. 

The primary ion pulse contains several hundred of primary ions which sputters the secondary 

ions from the sample surface. The primary ion pulse provides a reference for 𝑡 = 0 for the 

time-of-flight measurement of the secondary ion [27]. 
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Fig. 4.8: Schematic diagram of the ION-TOF TOF-SIMS IV mass spectrometer, provided by 

ION-TOF GmbH (Muenster, Germany). 

 

4.2.4.5.   The secondary ions 

The secondary ions are extracted into the time-of-flight mass analyzer through the application 

of an extraction voltage (typically -2000V for positive secondary ions and +2000V for 

negative secondary ions). The extraction voltage determines the energy of the secondary ions 

as they drift through the analyzer along a flight path which is roughly 2 m in length. 

Secondary ions are separated by their mass since heavier ions have lower velocity than lighter 

ones with the same kinetic energy. At some distance into the flight path, the secondary ions 

are reflected by an ion mirror which provides first order energy compensation. Since 

secondary ions are typically emitted with a small spread of kinetic energies of several 

electron volts [24, 28], the reflectron analyzer provides improved time-focus at the detector 

for different ions of the same species. At the end of the flight path, the secondary ions are 

detected by a single ion counting detector, consisting of a microchannel plate (MCP) detector 

coupled to time-to-digital convertor (TDC) electronics. 

 

4.2.4.6.   The spectrum 

The spectrum obtained with each primary ion pulse is collected and summed over many 

pulses (typically 105 – 107). Finally, the spectrum is converted from a ‘time-of-flight’ scale 

into a mass scale via mass calibration using a number of known secondary ions [26]. 

 

 



71 
 

4.3.   Optical Characterization Techniques 

4.3.1.   Ultraviolet-Visible (UV-Vis) Spectroscopy 

4.3.1.1.   Introduction 

Ultraviolet-Visible (UV-Vis) spectroscopy is a very handy and useful technique use for 

measurement of absorbance, transmittance and reflectance of variety of materials [29]. From 

these quantities, the optical and electronic properties of a material can be determined. The 

ultraviolet (UV) region lies between 100−400 nm in the electromagnetic spectrum while the 

visible light region lies between 400−800nm. In other words, UV-Vis spectroscopy can be 

used to scan the absorbance, transmittance or reflectance of a material between the range of 

100−800 nm. However, the technique is usually designed to scan between 200−800 nm due 

to application reasons. In the absorbance mode, this technique is used to measure the 

concentration of substance in liquid solution in agreement with the Beer-Lambert law [30].  

In a nutshell, in absorption spectroscopy, a liquid sample is placed between a light source and 

a photodetector and the light intensity is compared before and after passing through the 

sample. The transmission spectroscopy is a bit similar to the absorption spectroscopy but it 

can be used for solid, liquid or gas samples. Here light that passed through the sample is 

compared with the light which does not pass through it [29]. Solid samples are usually 

measured in the reflectance mode. Depending on the equipment used, reflectance 

measurement can be specular or diffuse. Although absorption, transmission and reflection 

spectroscopy can be used for the measurement of a sample in different states, the set-ups for 

these techniques are the same.  

 

4.3.1.2.   The Basic Set-up for UV-Vis Spectroscopy 

The set-up for UV-Vis spectrometer is depicted schematically in Fig. 4.9. The basic parts of 

the spectrometer includes: a light source (D2 lamp or Tungsten lamp), a sample holder, a 

diffraction grating, a monochromator and a detector. Light from the light source splits into 

several beams in different direction by the diffraction grating (filter) [31]. The 

monochromator transmits a selected range of wavelength of light which is later split into two 

paths by the half-mirrored device (beam splitter). One path of the light passes through the 

sample and other path passes through the reference. The intensity of the reference beam 

which may suffer insignificant or no absorption and that of the sample are detected by the 

photo diodes and compared and the output is shown at the data output.     
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Fig. 4.9: Schematic of UV- visible spectrophotometer [32] 

 

4.3.1.3.   The Tauc Plot 

The Tauc plot is a known method for the calculation of the band gap of materials. The 

absorption coefficient for interband transitions is related to the band gap by  

             (𝛼ℎ𝑣)1/𝑛  =  𝐴(ℎ𝑣 − 𝐸𝑔)                                                                                     (4.15)  

where 𝛼 is the absorption coefficient, h is Planck’s constant, v is the frequency of vibration, 

𝐸𝑔 the band gap and A is a constant which is almost independent of the chemical composition 

of the material [33]. 

Steps involved in obtaining band gap from transmittance curve using Tauc Plot 

(i)  In eq. (4.15), the value of the exponent n denotes the nature of the sample 

transition. 

 For direct allowed transitions……………n = 1/2 

 For direct forbidden transitions…………..n = 3/2 

 For indirect allowed transitions…………...n = 2 

 For indirect forbidden transitions………….n = 3 

If we consider an indirect band gap material having n = 2, 

(ii) The acquired diffuse reflectance spectrum is converted to Kubelka-Munk function 

given by 𝐹𝑅∞ = (1 − 𝑅∞)2 (2𝑅∞)⁄ , hence the vertical axis is converted to F(R∞) 
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which is proportional to the absorption coefficient. The 𝛼 in the Tauc equation is 

then substituted by F(R∞) such that we have 

                   [ℎ𝑣𝐹𝑅∞]1/2 = 𝐴(ℎ𝑣 − 𝐸𝑔)                                                                           (4.16) 

(iii)  The wavelength in nm is converted to the photon energy (ℎ𝑣) in electron volt 

(eV) using the relation  ℎ𝑣 = 1240
𝜆(𝑛𝑚)⁄ . The function [ℎ𝑣𝐹𝑅∞]1/2is then 

plotted against (ℎ𝑣). 

(iv) A line is drawn tangent to the point of inflection on the (ℎ𝑣) − [ℎ𝑣𝐹𝑅∞]1/2 curve 

to the (ℎ𝑣) axis and the point of the intersection of the line to the  (ℎ𝑣) axis is the 

band gap. 

 

4.3.2.   Photoluminescence (PL) Spectroscopy  

Photoluminescence (PL) spectrometer is an instrument used to record both excitation and 

emission spectra.  An emission spectrum can be measured at a given excitation wavelength. 

On the contrary, an excitation spectrum depends on the emission intensity and can be 

measured at a given emission wavelength. Both spectra can be represented in either 

wavelength or wavenumber scale with units in nanometers (nm) or per centimeter (cm-1) 

respectively [34]. Wavenumber can be converted to nanometer by taking the inverse and 

multiplying by 107. For detailed information on PL and its principles, see section 1.8.1.       

In PL Spectrometer, light shone on a sample is absorbed leading to excitation process and the 

excess energy is emitted in the form of photon (luminescence process) [35]. The schematic of 

a typical photoluminescence spectrometer is shown in Fig. 4.10. The source of the excitation 

is a xenon lamp. The instrument shown has monochromators which is used to select the 

excitation and emission wavelengths. The shutter is used to eliminate the exciting light or to 

block the emission channel. The beam splitter in the excitation light path is used to reflect 

part of the excitation light to the reference sample. Two gratings in the excitation 

monochromator are used to decrease the stray light (light having different wavelength with 

the chosen light). The concave grating is used for further reduction of the stray light. The 

photomultiplier tubes (PMT) is used for detection of photoluminescence which is then 

quantified using the appropriate electronics devices. The output is display graphically on a 

screen and also stored digitally [34].     
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In this report, the photoluminescence measurement was taken with: (i) Cary Eclipse 

fluorescence spectrometer equipped with 150 W xenon lamp as the source and scanning 

wavelength of 241 nm at the average time of 0.01s and sampling interval of 1.0 nm and (ii) a 

PL system consisting of a 325 nm He-Cd gas laser as an excitation source, a spectrometer, a 

photomultiplier tube (PMT) detector and a lock-in amplifier. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.10: Schematic of photoluminescence spectrometer [34] 

4.3.3.   Fourier Transform Infrared (FTIR) Spectroscopy      

Fourier transform infrared (FTIR) spectroscopy uses infrared (IR) radiation to give molecular 

analysis of materials. Its principle is based on the use of the molecular vibration of materials 

to measure their absorbance and transmittance. This technique exploits the fact that 

molecules absorb specific frequencies that are characteristic of their structure. FTIR can be 

used for the analysis of solid, liquid or gas samples. This technique has verse applications 

which include: emission spectra [36], photocurrent spectra [37], micro-samples [38], gas 

chromatograph-infrared spectrometry [39] and thermogravimetry-infrared spectrometry [40].  

The schematic of the basic FTIR spectrometer principle is shown in Fig. 4.11. A collimated 

infrared (IR) light is focused on the beam splitter commonly made of a very thin film of 

germanium. About 50% of the light passes through the film and is reflected back along its 
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path by the fixed mirror, and half of the reflected light (25% of the original light) is reflected 

by the same beam splitter through the sample cell to the infrared sensor. The remaining 50% 

of the incident light (the reference beam) is reflected at right angles to its incident path onto a 

moving mirror. The light from the moving mirror is reflected back along its original path and 

half of it is transmitted through the beam splitter, through the sample cell, to the infrared 

sensor. Therefore, in total, 25% of the incident collimated light from the source reaches the 

sensor from the fixed mirror and 25% from the movable mirror.  The system work in the form 

of the Michelson interferometer, and as such the path of the two light beams striking the IR 

sensor will be different hence forming constructive and destructive interference. 

When the movable mirror traverses its programmed path and constructive and destructive 

interference occurs, a series of maxima and minima signals will be monitored by the sensor. 

The interferometer takes a Fourier transform of the incoming signal since the frequency of 

the waveform is determined by the velocity of the moving mirror [41].   

 

 

 

 

 

 

 

Fig. 4.11: Schematic of FTIR spectrometer 

If the initial intensity of the reference beam is I0 and I is the intensity of the beam that passes 

the sample, then the absorbance (A) is related to the transmittance (T) by Beer’s law [42] 

given as  

                          A = log10 (1/T)   

Where T is I0/I, hence  

                         A = log110 (I/I0)                                                                                          (4.17) 
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CHAPTER FIVE 

 

Structure, Optical Properties and Elemental Analyses of Mixed rare earth 

oxyorthosilicate (R2SiO5, R = La, Gd and Y) doped Dy3+ phosphors. 

 

5.1. Introduction. 

Rare earth oxyorthosilicate of the form R2SiO5 (R = La, Gd, Y)  doped with rare earth 

elements, has been of a special interest for the past decades due to their wide band gap, fast 

decay times, high quantum efficiency, high density and minimal self-absorption [1]. The 

quantum efficiency of some R2SiO5 has been reported to be twice that of bismuth germanium 

oxide (BGO) [2], and their life time is about five times smaller than that of BGO [3]. They 

are regarded as good host lattices [4] for rare-earth dopant ions to prepare light emitting 

materials (phosphors) due to their relatively high chemical stability. Rare-earth doped 

oxyorthosilicate phosphors are used in different types of light emitting devices and 

scintillators [5-11]. 

Rare earth oxyorthosilicates have two basic types of crystal structures. These are the 

monoclinic crystallographic point group with space group P21/c and I2/a corresponding 

respectively to the low temperature phase (𝑋1) and high temperature phase (𝑋2). These 

groups are found in large ionic radii rare earth ions (La–Tb) in rare earth oxyorthosilicates. 

The second type is the monoclinic crystallographic point group with space group C2/c (low 

temperature phase) and B2/b (high temperature phase). These groups are found in small ionic 

radii rare earth ions (Dy-Lu) in rare earth oxyorthosilicates [12-14]. La2SiO5 and Gd2SiO5 fall 

into the P21/c space group while Y2SiO5 fall into the C2/c space group.  A phase-

transformation temperature of about 1190 ℃ and 1250 ℃ has been reported from 𝛸1to 𝛸2 for 

Y2SiO5 [12, 15]. The lattice parameters of La2SiO5, Gd2SiO5 and Y2SiO5 are shown in table 

5.1.      

 

Table 5.2: Lattice parameters of La2SiO5, Gd2SiO5 and Y2SiO5 reference in their respective 

JCDPS files 

Compound a (nm) b (nm) c (nm) β (o) 

La2SiO5 0.9326 0.7510 0.7032 108.69 

Y2SiO5 1.041 0.6721 1.249 102.650 

Gd2SiO5 0.912 0.706 0.673 107.580 
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The recent increasing interest in the luminescence of Dy3+ doped matrices in the visible 

region is supported by some practical applications in lighting. The two prominent emission 

peaks around 486 nm (blue emission) and around 573 nm (yellow emission) are promising 

for application in white-light emitting phosphors [16, 17]. However, a more promising 

application of Dy3+-doped matrices is found in visible laser as a result of the dominance of the 

yellow emission from the hypersensitive 4F9/2 → 6H13/2 electronic transition [18].  

 

Although much work has been reported on the luminescence of La2SiO5, Gd2SiO5 and 

Y2SiO5 doped rare earth elements [19-24], there is still a need to improve their luminescence 

properties for practical applications. In this work, we tried to improve the luminescence 

properties of rare-earth oxyorthosilicate by incorporating lanthanum, gadolinium and yttrium 

ions. La2SiO5, Gd2SiO5 and Y2SiO5 are known to have two crystallographic sites [12-15], 

therefore incorporating La, Gd and Y is expected to provide more sites in the crystal lattice to 

be occupied by the Dy3+ dopant ions.  

  

5.2. Experimental 

 Preparation 

Nanoparticulate Dy3+ doped LaGdSiO5, LaYSiO5 and GdYSiO5 phosphors were prepared by 

urea-assisted solution combustion method using the analytical reagents, lanthanum nitrate 

hexahydrate La(NO3)3.6H2O, gadolinium nitrate hexahydrate Gd(NO3)3.6H2O, yttrium nitrate 

hexahydrate Y(NO3)3.6H2O and silicic acid (SiO2H2O). Stoichiometric amounts of 

La(NO3)3.6H2O, Gd(NO3)3.6H2O and Y(NO3)3.6H2O were added in different beakers and 

stoichiometric amounts of SiO2H2O, urea CO(NH4)2 and ammonium nitrate (NH4NO3) were 

added to each glass beaker after which 2.0 ml of distilled water was added.  All the hosts 

were doped with 1.0 mol% of Dy3+.  For 1.0 mol% of Dy3+ doped LaGdSiO5, 0.6696 g of 

La(NO3)3.6H2O, 0.6980 g of Gd(NO3)3.6H2O, 0.0109 g of Dy(NO3)3.6(H2O), 0.1000 g of 

SiO2H2O, 0.6251 g of CO(NH4)2 and 0.4691 g of NH4NO3 were used. Similarly, for 1.0 

mol% of Dy3+ doped LaYSiO5 and GdYSiO5 the same quantity of chemicals used above were 

used except the variations in the mass of Y(NO3)3.6H2O (0.4251 g). Each mixture was stirred 

vigorously using a magnetic stirrer on a hot plate set to 100 ℃ for 15 min until a homogenous 

solution was obtained. The homogenous solution was transferred to a ceramic crucible boat 

and immediately into a muffle furnace pre-heated to 600 ± 10 ℃. 2 min after placing the 

solution into the furnace, oxidation took place resulting in the evaporation of gasses (CO2, N2 
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and H2O) and giving a foam-like crispy end product. The product was allowed to cool down 

to room temperature and it was then gently ground into fine powder using an agate mortar 

and pestle. The powders were then stored in samples holders for characterization. The 

procedure for the synthesis of our powder phosphors is illustrated schematically in Fig. 5.1. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.1: A schematic illustration of the synthesis procedure of our powders. (La = 

La(NO3)3.6H2O, Gd = Gd(NO3)3.6H2O, Dy = Dy(NO3)3.6(H2O), Y = Y(NO3)3.6H2O, U = 

CO(NH4)2 and NH = NH4NO3) 

 

Characterization 

The structure of our materials was analysed using a Bruker D8 Advanced X−ray 

diffractometer (XRD) equipped with monochromatic 𝐶𝑢𝐾𝛼 radiation of wavelength(𝜆) =

1.54056 Å. The morphology study was carried out using Jeol JSM-7800F field emission 

scanning electron microscope (FE-SEM). The photoluminescence (PL) spectra were 

measured with two instruments: (i) Cary Eclipse fluorescence spectrometer equipped with 

150 W xenon lamp used as the excitation source and scanning wavelength of 241 nm at the 

average time of 0.01s and sampling interval of 1.0 nm and (ii) a PL system consisting of a 

325 nm He-Cd gas laser as an excitation source, a spectrometer, a photomultiplier tube 

(PMT) detector and a lock-in amplifier. The UV-Vis measurements were taken using Lambda 

950 UV-Vis spectrometer. The identification of the atomic and molecular ionic species and 

the distribution of the dopant ions in the host lattices were examined using iontof ToF-SIMS5 

in positive secondary ion polarity (+SIMS) mode in both spectroscopic and imaging mode. In 

each case, the pulsed primary ion source (Bi3+) was set at 30 keV and the DC current was 
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11.0 pA. The analytical area was 100 × 100 𝜇m with pixels resolution of 512 × 512 and 50 

scans were taken at the scan rate of 26.21 sec/scan. The base pressure was pumped down to 

10-9 mbar and Ar+ dual-beam flood gun was in the switch on mode in order to compensate for 

charge. 

 

5.3. Results and discussion 

The XRD patterns of GdYSiO5, LaGdSiO5, and LaYSiO5 all doped with 1.0 mol% of Dy3+ 

together with standard monoclinic structures of La2SiO5, Gd2SiO5 and Y2SiO5 referenced in 

the standard JCDPS files no: 40-0234, 74-1795 and 74-2011 are shown in Fig. 5.2. The 

crystallographic planes corresponding to La2SiO5, Gd2SiO5 and Y2SiO5 are indicated 

respectively with the symbols *, ¤ and ♦ and the corresponding indexes are listed in 

table 5.2. Also included in table 5.2 are the calculated and theoretical d-spacing 

corresponding to each crystallographic plane. The d-spacings were calculated using 

the d-spacing equation for monoclinic systems [25] given by  

          
1

𝑑2  =  
ℎ2

𝑎2 𝑠𝑖𝑛2𝛽
 +  

𝑘2

𝑏2 + 
𝑙2

𝑐2 𝑠𝑖𝑛2𝛽
−  

2ℎ𝑙 𝑐𝑜𝑠𝛽

𝑎𝑐 𝑠𝑖𝑛2𝛽
                                                       [5.1] 

where hkl are the Miller indices and a, b, c and β are lattice parameters shown in table 

5.1. 

The XRD pattern of LaYSiO5 show peaks that are consistent with the peaks from the 

standard monoclinic structures of La2SiO5 and Y2SiO5 represented respectively by * and ♦. 

This result indicates that LaYSiO5 is an admixture of La2SiO5 and Y2SiO5. Similarly, 

LaGdSiO5 is an admixture of La2SiO5 and Gd2SiO5, while GdYSiO5 Gd2SiO5 is an admixture 

of Gd2SiO5 and Y2SiO5. It is therefore reasonable to conclude that we have successfully 

crystallized mixed rare-earths oxyorthosilicates. Dy3+ will preferentially substitute 

either La3+ or Gd3+ in their crystal sites, but it will be unlikely to substitute Y3+ due to 

the difference in the ionic radii. La3+ (ionic radii 0.110 nm and 0.1216 nm for seven 

and nine-fold coordinated sites) [26] and Gd3+ (ionic radii 0.10 nm and 0.1107 nm for 

seven and nine-fold coordinated sites) [27, 28] can easily be substituted by Dy3+ (ionic 

radii 0.1052 nm and 0.1167 nm for six and eightfold coordinated sites) but it cannot 

easily substitute Y3+ (ionic radii 0.090 nm and 0.096 nm for seven and six-fold 

coordinated sites) [26] because of its comparatively small ionic radius [29].  
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Fig. 5.2: The XRD patterns of LaGSiO5, LaYSiO5 and GdYSiO5 doped with 1.0 mol% of 

Dy3+. 

 

The average crystallite size (𝐿) and the lattice strain (𝜀) induced by defects and related 

crystal imperfections were calculated using the Williamson-Hall equation [30, 31] 

given by 

                 𝛽ℎ𝑘𝑙𝐶𝑜𝑠𝜃 = 4𝜀 𝑆𝑖𝑛𝜃 + 
𝐾 𝜆

𝐿
                                                                      [5.2] 

where 𝜆 is the X-ray wavelength in nanometer (nm), 𝛽ℎ𝑘𝑙 is the peak width of the 

diffraction peaks  profile at half maximum height, 𝜃 is the Bragg angle and 𝐾 is a 

constant related to the crystallite shape, usually taken as 0.9 or 0.89 for full width half 

maximum (FWHM) of spherical crystals with cubic unit cells. The average crystallites 

sizes and the lattice strains of both the undoped and Dy3+ doped host lattices were 

estimated and the values obtained are listed in table 5.3. The increase in the lattice 

strain observed in the doped samples could be attributed to distortion induced by the 

dopants in the host matrices [32]. The peak widths were not corrected for the 

instrumental broadening therefore the actual crystallite sizes may be bigger than the 

values listed in table 5.3. 
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Fig. 5.3 (a)–(f) shows the FE-SEM images of LaYSiO5:Dy3+, LaGdSiO5:Dy3+ and 

GdYSiO5:Dy3+ powders. Fig. 5.3 (b) is the high magnification image of the encircled 

area in Fig. 5.3 (a) while Fig. 5.3 (d) and (f) respectively show the high magnification 

of the areas encircled in Fig. 5.3 (c) and (e).  The images show that the powders were 

made up of an agglomeration of plate-let and flake like nanoparticles. The magnified 

 

Table 5.2: The crystallographic planes corresponding to various Bragg angles and the 

calculated and theoretical d-spacing for La2SiO5, Gd2SiO5 and Y2SiO5 

 

 

Table 5.3: The average crystallites sizes and the lattice strains of the doped and 

undoped samples 

Nano-

phosphors 

Strain of 

undoped 

(×10-3) 

Strain 1.0 mol% 

Dy3+ doped ( 

×10-2) 

Crystallite size 

of undoped (nm) 

Crystallite size 1.0 

mol% Dy3+ doped 

(nm) 

LaGdSiO5 1.7 1.42 8.0 14.0 

LaYSiO5 8.9 1.29 9.0 14.0 

GdYSiO5 5.6 6.20 10.0 13.0 

2𝜃  

(Degree) 

La2SiO5
 

Planes 

Y2SiO5 

Planes 

Gd2SiO5  

Planes 

La2SiO5 d-spacing (nm) 

Calculated        theoretical 

Y2SiO5 d-spacing (nm) 

Calculated        theoretical 

Gd2SiO5 d-spacing (nm) 

Calculated          theoretical 

15.80 (1̅10)    -    - 0.57474 0.57230     

20.08   -    -  (200)   0.33606 0.33605 0.42861 0.43470 

26.50   - (020)    -       

27.47 (021)    -   0.37322 0.32709     

28.50 (1̅12) (310) (021) 0.32217 0.31800 0.34899 0.30238 0.33175 0.30927 

30.35 (3̅12)    -    - 0.28178 0.29421     

32.62 (310)    - (102) 0.27675 0.27431   0.27964 0.29205 

35.16    - (4̅02)    -   0.23892 0.25506   

37.30 (130) (3̅21)    - 0.24243 0.24083 0.29814 0.24119   

39.83 (122) (015) (3̅21) 0.24577 0.22611 0.22323 0.22913 0.21978 0.22874 

42.58    -    - (4̅02)     0.23853 0.21213 

43.24    - (1̅32)    -   0.22400 0.20902   

47.40    - (4̅15) (421)   0.160421 0.19077 0.18723 0.19142 

48.80 (312)    -    - 0.19667 0.18626     

51.59 (5̅12) (233)    - 0.17595 0.17703 0.18404 0.17682   

56.20 (5̅13) (6̅04) (240) 0.16113 0.16183 0.14259 0.16401 0.15410 0.16353 

59.00 (142) (5̅25)    - 0.16528 0.15647 0.15659 0.15603   
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images (Fig 5.3 (b), (d) and (f)) show pores and hollows on the surface resulting from 

gases that evolved during the combustion reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.3: FE-SEM images of (a) low and (b) high magnification of LaYSiO5:Dy3+, (c) low 

and (d) high magnification of LaGdSiO5:Dy3+ and (e) low and (f) high magnification of 

GdYSiO5:Dy3+ nanophosphors. 

 

Fig. 5.4 (a), (b) and (c), depict the positive secondary ion ToF-SIMS spectra of 

LaYSiO5:Dy3+, LaGdSiO5:Dy3+ and GdYSiO5:Dy3+ phosphors, respectively, in the range of 

14-185 atomic mass units. All the atomic ionic species present in our materials were detected. 

In addition CH3
+, Na+ and K+ were detected in all the spectra, which we assign to incidental 

contaminants from the atmosphere and sample holders. All the spectra show positive and 

molecular ions associated with our materials. For example, in Fig. 5.4 (a) the positive atomic 

ions associated with our materials are Si+, Y+, La+, Dy+ and the corresponding molecular ions 

are SiH+, SiO+, SiOH+, YH+, YO+, YOH+, LaH+, LaO+, LaOH+, DyH+, DyO+ and DyOH+. A 



86 
 

similar trend was observed in Fig. 5.4 (b) and (c). The molecular ions were probably formed 

as a result of the reaction between atomic species from our materials and atmospheric oxygen 

and water. A summary of the positive atomic ions and the corresponding molecular ions, and 

the associated atomic mass units are presented in table 5.4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.4: The Positive ToF-SIMS spectra of (a) LaYSiO5:Dy3+ (b) LaGdSiO5:Dy3+ and 

(c) GdYSiO5:Dy3+ nanophosphors. 
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Table 5.4: Atomic/molecular ions and their atomic mass units 

Atomic/molecular 

ions 

Mass/u Atomic/molecular 

ions 

Mass/u 

CH3
+ 15 LaH+ 140 

Na+ 23 LaO+ 155 

Si+ 28 LaOH+ 156 

SiH+ 29 Gd+ 158 

K+ 39 GdH+ 159 

SiO+ 44 GdO+ 174 

SiOH+ 45 GdOH+ 175 

Y+ 89 Dy+ 164 

YH+ 90 DyH+ 165 

YO+ 105 DyO+ 180 

YOH+ 106 DyOH+ 181 

La+ 139   

 

 

The secondary ions images were generated by scanning the primary ion beam over 100 × 100 

𝜇m2 area of the samples and collecting secondary ions at each point within the area. Fig. 5.5 

(a - c) show the positive ToF-SIMS images of La+, DyO+ and Y+ from LaYSiO5:Dy3+, Fig. 

5.5(d - f) are the images of La+, DyO+ and Gd+ from LaGdSiO5:Dy3+ and Fig. 5.5(g - i) are 

the images of Gd+, DyO+ and Y+ taken from GdYSiO5:Dy3+. The vertical scale bar in all the 

images represents the signal intensities of each ion. High intensity indicates region with high 

ionic concentration of the element in question and region of low intensity indicates low ionic 

concentration.  The best image sharpness was obtained by setting the banning at 4.0 pixels. 

Fig. 5.6 (a) shows the overlay image of La+ (purple), DyO+ (green) and Y+ (blue) taken from 

LaYSiO5:Dy3+, Fig. 5.6 (b) shows the overlay image of La+ (purple), DyO+  (green) and Gd+ 

(blue) taken from LaGdSiO5:Dy3+ and Fig. 5.6 (c) shows that of Gd+ (purple), DyO+ (green) 

and Y+ (blue) taken from GdYSiO5:Dy3+.  In all the images the dopant (DyO+) ions are 

evenly distributed over the entire 100 × 100 𝜇m2 analytical area. 
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Fig. 5.5: The positive ToF-SIMS images of (a) La+, (b) DyO+ and (c) Y+ taken from 

LaYSiO5:Dy3+, (d) La+, (e) DyO+ and (f) Gd+ taken from LaGdSiO5:Dy3+ and g) Gd+, 

(h) DyO+ and (i) Y+ taken from GdYSiO5:Dy3+. 

 

The PL excitation and emission spectra recorded when the samples were excited using 

a monochromatized xenon lamp are shown respectively in Fig. 5.7 and Fig. 5.8. Fig. 

5.7 shows the excitation spectra recorded when monitoring the emission at 573 nm. 

The excitation spectrum consists of narrowband emission peaks in the range of 260 to 
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400 nm, and a combination of broad band and comparatively narrow bands protruding 

from the broad band in the range of 200 to 260 nm. The excitation peaks at 275 and 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.6: The overlay ToF-SIMS images of (a) La+, DyO+ and Y+, (b) La+, DyO+ and 

Gd+ and (c) Gd+, DyO+ and Y+ taken respectively from LaYSiO5:Dy3+, LaGdSiO5:Dy3+ 

and GdYSiO5:Dy3+ nanophosphors. 

 

313 nm are attributed to 8S7/2→
6IJ and 6PJ →

8S7/2 transitions of Gd3+ [33] and the 351 

and 386 nm peaks correspond to the 6H15/2→
6P7/2 and 6H15/2→ 4I13/2 transitions of Dy3+ 

respectively [34]. Notice that the peak at 241 nm was not observed in GdYSiO5:Dy3+, 

hence it cannot be attributed to either the allowed 4f→5d transitions of Dy3+ or O2-

→Ln3+ (Ln = La, Y, Gd or Dy) charge transfer states. Furthermore, the O2-→Ln3+ 

charge transfer states of Dy3+ and Gd3+ and their 4f→5d allowed electronic transitions are 

observed below 200 nm [35, 36] and neither La3+ nor Y3+ can induce excitation in/or 
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near the visible region since they have no 4f electrons [37, 38]. We attribute the 

excitation peaks at 241 nm to LaGd
3+  and LaY

3+isoelectronic impurities [39, 40] and the 227 

nm excitation peaks to electronic transitions from the O2p valence band to the La (5d6s) or 

Gd (5d6s) or Y (4d5s) conduction band as the case may be [41, 42]. This result suggests 

that the host absorbed the primary excitation energy and transferred it to Dy3+. The 

shapes and the peak intensity of these broad absorption bands are different simply 

because the hosts were different. For example, the peak intensity of the LaGdSiO5 is 

higher than those of LaYSiO5 and GdYSiO5, suggesting that it absorbed the primary 

excitation energy efficiently and transferred it to Dy3+. The absence of the excitation 

lines at 275 and 313 nm in LaYSiO5:Dy3+ in Fig. 5.6 suggests that those peaks are 

from Gd3+ and not Dy3+.  

The changes observed in the excitation intensities of the phosphors can be related to 

the differences between the ionic radii of each element and that of Dy3+ as discussed in 

the XRD data.  The similarities between the ionic radii of La3+ and Gd3+ suggests that 

more La3+ and Gd3+ crystal sites will be occupied by Dy3+ more than Y3+ crystal sites. 

As a result the peak intensity of LaGdSiO5:Dy3+ is higher than that of LaYSiO5:Dy3+ 

and GdYSiO5:Dy3+. Furthermore, we attribute the higher PL emission intensity to 

comparatively efficient absorption of the primary excitation energy by LaGdSiO5 that 

was subsequently transferred to Dy3+. The corresponding emission spectra for the 

excitation spectra shown in Fig. 5.7 when exciting at the wavelength of 241 nm are 

shown in Fig. 5.8. The PL emission lines observed at 485, 573, 668 and 756 nm are 

assigned respectively to the 4F9/2→
6H15/2, 

4F9/2→
6H13/2, 

4F9/2→
6H11/12 and 4F9/2→

6H9/2 

transitions of Dy3+. The 4F9/2→
6H13/2 transition is a forced electric dipole transition 

while the 4F9/2→
6H15/2 is magnetic dipole transition. The forced electric dipole 

transition is supersensitive while the magnetic dipole transition hardly varies with the 

crystal field strength for the Dy3+ ions [18]. This explains why the yellow emission at 

573 nm (4F9/2→
6H13/2) is more intense than the blue emission at 668 nm (4F9/2 

→6H15/2). The small peak observed around 613 nm is ascribed to 8G7/2→
6P5/2 

electronic transition of Gd3+ [43]. The inset in Fig. 5.8 shows the PL spectra in 550 nm 

to 620 nm region. It can be seen from the inset that the 613 nm emission was not 

observed in the LaYSiO5:Dy3+ spectrum and this further confirms our assignment of 

this peak to Gd3+. From the excitation and the emission spectra (see Fig. 5.7 and 5.8), 

it is clear that the peak intensities of LaGdSiO5:Dy3+ are ~2 times higher than those of 
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GdYSiO5:Dy3+ and ~3 higher than those of LaYSiO5:Dy3+ for the excitation and 

emission wavelengths of 241 and 573 nm respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.7: Excitation spectra of LaGdSiO5:Dy3+, LaYSiO5:Dy3+ and GdYSiO5:Dy3+ 

monitored under 573 nm emission wavelength. 

 

 

 

 

 

 

 

 

 

 

 

  

 

Fig. 5.8: Emission spectra of LaGdSiO5:Dy3+, LaYSiO5:Dy3+ and GdYSiO5:Dy3+ 

monitored under the excitation wavelength of 241 nm. The inset is the 

magnification showing the spectra region from 550 nm to 620 nm. 

The PL emission spectra recorded when exciting the phosphors using the 325 nm He-

Cd laser as the excitation source are shown in Fig. 5.9. In addition to the emission 



92 
 

peaks similar to those shown in Fig. 5.8, a broad emission peak was observed in the 

blue region (400 to 460 nm). This peak is ascribed to self–trapped excitons (STE) in 

SiO2 [44]. This peak was not observed when the samples were excited using the 

monochromatized xenon lamp (Fig. 5.8).  This is probably due to the fact that different 

types and modes of excitations were used, among other things. The emission spectra in 

Fig. 5.8 were recorded when the samples were excited in phosphorescence mode, 

while those in Fig. 5.9 were recorded when exciting in fluorescence mode. Therefore, 

owing to its short lifetime (0.125-5.000 ns) [45], SiO2 cannot be detected in 

phosphorescence mode. The photoluminescence emission peaks observed at 485, 573, 

668, and 756 nm are respectively assigned to 4F9/2→6H15/2, 
4F9/2→6H13/2, 

4F9/2→6H11/12 

and 4F9/2→6H9/2 f→f electronic transition of Dy3+ ions [18]. From the PL emission 

spectra in Fig. 5.9 the spectrum of GdYSiO5:Dy3+ appears to be more intense than 

those of LaGdSiO5:Dy3+ and LaYSiO5:Dy3+. This could be due to the absence of 4f 

electrons in La3+ and Y3+ and small ionic radius of Y3+ (as discussed in the XRD data). 

Since Y3+ have smaller ionic radius than Dy3+, most of the Dy3+ ions will occupy the 

Gd3+ sites in GdYSiO5 host. Similarly, most of the Dy3+ ions will prefer to occupy 

La3+ sites in LaYSiO5. In LaGdSiO5, most of the Dy3+ ions will occupy La3+ sites 

since La3+ have bigger ionic radius than Gd3+ (although the ionic radius of Gd3+ is 

bigger than that of Dy3+). By and large, because of lack of 4f electrons in La3+ and Y3+, 

they will not contribute to the excitation of Dy3+ in the near visible region. This causes 

the lower emission intensity of LaYSiO5:Dy3+. Because most of the Dy3+ ions will 

occupy La3+ sites in LaGdSiO5:Dy3+ and La3+ will not contribute to Dy3+ excitation, it 

(La3+ sites) will only create more distance between Dy3+ ions in LaGdSiO5 matrix and 

hence decrease the emission intensity. Gd3+ is the favourite site of Dy3+ in GdYSiO5 

and Gd3+ have 4f electrons and hence will improve Dy3+ emission intensity.      

 

Fig. 5.10 shows the optical reflectance spectra as a function of wavelength of 

LaYSiO5:Dy3+, GdYSiO5:Dy3+ and LaGdSiO5:Dy3+ phosphors. The absorption peaks 

observed at 275 nm and 313 nm are assigned to the f→f transitions of Gd3+ while the 

absorption observed at 351 nm is assigned to the f→f transition of Dy3+. The 275 and 

313 nm absorptions are , respectively, due to the  8S7/2→6J and 6PJ→8S3/2 transitions of 

Gd3+ [33], while the 351 nm absorption is due to the 6H15/2 →6P7/2 transition of Dy3+ 

[34].  
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The band gap was determined using Tauc plot. The Tauc plot is a well-known method 

for the calculation of the band gap of semiconducting and insulating materials. The 

absorption coefficient for interband transitions is related to the band gap by the 

expression: 

              (𝛼ℎ𝑣)1/𝑛 =  𝐴(ℎ𝑣 − 𝐸𝑔)                                                                             (5.3) 

where 𝛼 is the absorption coefficient, h is Planck’s constant, v is the frequency of 

vibration, 𝐸𝑔 the band gap, n denotes the nature of the sample transition and A is a 

constant  independent of the chemical composition of the material [46]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.9: Emission spectra of LaGdSiO5:Dy3+, LaYSiO5:Dy3+ and GdYSiO5:Dy3+ 

monitored under excitation wavelength of 325 nm. 

Fig. 5.11 shows the (ℎ𝑣) − [ℎ𝑣𝐹(𝑅∞)]1/2 curves of 1.0 mol% of Dy3+ doped 

LaYSiO5, GdYSiO5 and LaGdSiO5 with estimated band gaps of 4.85 eV, 5.00 eV and 

4.63 eV respectively. These values are less than the reported band gap values of 

Gd2SiO5 and Y2SiO5 (6.10 eV) [47, 48]. The observed decrease in the band gaps can 

be attributed to the strains (see Table 5.3) induced by incorporation of cations and 

Dy3+ dopant ions   in the lattice [32].  
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Fig. 5.10: The reflectance spectra of LaYSiO5:Dy3+, GdYSiO5:Dy3+ and 

LaGdSiO5:Dy3+. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.11:  (F(R)*hv)1/2 versus hv curve of LaYSiO5:Dy3+ LaGdSiO5:Dy3+ and 

GdYSiO5:Dy3+. 
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5.4. Conclusion 

Dy3+ doped mixed rare-earth oxyorthosilicates phosphors, namely LaGdSiO5:Dy3+ 

LaYSiO5:Dy3+, and GdYSiO5:Dy3+ were successfully prepared by urea-assisted 

combustion method. The structure, chemical composition, UV-visible absorption and 

photoluminescent properties of the phosphors were examined. Our materials exhibited 

slightly different bandgaps estimated from the absorption data and the differences 

were attributed to lattice strains most likely caused by the incorporation of Dy3+ ions. 

When excited with the monochromatized xenon lamp, the phosphors showed only line 

emission peaks associated with the f→f transitions of Dy3+. The PL intensity from 

LaGdSiO5:Dy3+ was comparatively higher than that from LaYSiO5:Dy3+ and 

GdYSiO5:Dy3+ when the samples were excited in phosphorescence mode. But 

GdYSiO5:Dy3+ gave the highest intensity when the samples were excited in 

fluorescence mode. It is therefore safe to conclude that LaGdSiO5 and GdYSiO5 are 

better host of Dy3+. When excited with the 325 nm He-Cd laser, however, our 

phosphors exhibited PL emission peaks consisting of a broad emission band at 400–

460 nm associated with the self-trapped excitons in SiO2 and line emissions associated 

with the f→f transitions of Dy3+. This result indicates that the emission colour of our 

phosphors can be tuned depending on the type of excitation. Furthermore, it is 

reasonable to conclude that LaGdSiO5 and GdYSiO5 have emerged as better host for 

Dy3+ than LaYSiO5:Dy3+ because they provide more lattice sites for occupation by 

Dy3+ and hence improved PL intensity. 
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CHAPTER SIX 

Structure, scanning electron microscopy, and spectroscopy of La2-xGdxSiO5:Dy3+ 

nanophosphors  

 

6.1.   Introduction 

Rare-earth oxyorthosilicate (R2SiO5) are created from binary rare-earth silicate (R2O3-SiO2) 

system with 1:1 composition. Based on the size of the radius of the rare-earth ion, they can be 

classified into two groups of monoclinic structures, namely small and large ionic radius rare-

earth ions. Both lanthanum oxyorthosilicate (La2SiO5) and gadolinium oxyorthosilicate 

(Gd2SiO5) belong to the small ionic radius rare-earth ions in rare-earth oxyorthosilicates 

crystals. They fall into the monoclinic crystallographic point group with space group P21/c 

and I2/a corresponding to low temperature phase (𝑋1) and the high temperature phase (𝑋2) 

respectively [1]. Both La2SiO5 and Gd2SiO5 have two non-equivalent crystallographic sites 

coordinated by 7 and 9 oxygen atoms. These crystals have demonstrated excellent properties 

like wide band gap, fast decay time, high quantum efficiency, high density and minimal self-

absorption and they also possess a great ability to accommodate rare-earth ions [2]. They 

have been used as host to prepare light emitting materials or phosphors for different 

applications [3-9]. In rare earth oxyorthosilicates (Re2O3.SiO2), SiO2 can give broad blue 

emission from self-trapped excitons (STE) [10, 11]. Mixing of La2SiO5 and Gd2SiO5 can 

leverage the best properties of these materials. For instance, varying the molar ratio of La to 

Gd in La2-xGdxSiO5 matrix has the potential to tune the band gap of the material and hence 

influence its optical properties. Several works have been reported on mixed compound rare-

earth oxyorthosilicates but mostly for scintillation and laser applications [12-17].  

Dy3+-doped matrices have shown a promising application as a white light emitting phosphors 

because of the occurrence of two intense photoluminescence due to simultaneous emission of 

bluish-green (at 485 nm) and yellowish (at 575 nm) colours.  The blue-green and the 

yellowish emissions are respectively due to 4F9/2→6H15/2 and 4F9/2 → 6H13/2 f-f electronic 

transition of Dy3+. Defined as hypersensitive, the yellow emission which is electric dipole 

transition is highly sensitive to the crystal field around Dy3+ ions. On the other hand, the 

bluish emission is a magnetic dipole transition and hardly varies with the crystal field around 

Dy3+ ions [18].  
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In the present study, by varying the molar ratio of La to Gd in La2-xGdxSiO5:Dy3+ (x = 0, 0.5, 

1.0, 1.5 and 2) phosphors, we were able to tune the colour of the emitted light from blue to 

yellow and white when the phosphors where excited using 325 nm He-Cd laser as excitation 

source. These results suggest that our materials can be used as single host phosphors for UV-

pumped multicolour and white light emitting diodes. 

6.2.   Experimental 

 Preparation 

 Urea (CO(NH4)2) and ammonium nitrate (NH4NO3) assisted solution combustion method 

was used to prepare La2-xGdxSiO5:Dy3+ 1.0 mol% (x = 0, 0.5, 1.0, 1.5 and 2.0) 

nanophosphors. The precursors used were lanthanum nitrate hexahydrate (La(NO3)36H2O), 

gadolinium nitrate hexahydrate (Gd(NO3)36H2O), dysprosium nitrate hexahydrate 

(Dy(NO3)36H2O) and silicic acid (SiO2H2O). The quantity of SiO2H2O, CO(NH4)2, NH4NO3 

and Dy(NO3)36H2O were fixed at 0.1 g, 0.4691 g 0.6251 g and 0.0109 g respectively in all 

the samples, while the quantity of La(NO3)36H2O and Gd(NO3)36H2O were varied. For x = 0 

(i.e. La2SiO5:Dy3+), the quantity of La(NO3)36H2O was 1.3392 g. For x = 0.5, 1.0 and 1.5. 

The quantities of La(NO3)36H2O and Gd(NO3)36H2O were respectively 1.0078 g and 0.3455 

g, 0.6696 g and 0.698 g, and 0.3314 g and 1.0505 g. For x = 2.0 (i.e. Gd2SiO5:Dy3+), the 

quantity of Gd(NO3)36H2O was 1.3959 g. These quantities were added in five different glass 

beakers and each was dissolved in 2.0 ml of distilled water. The solutions were stirred with 

magnetic stirrer on a hot plate set at 100 ℃ for about 15 min to obtain homogenous solutions. 

Each solution was transferred into separate ceramic crucible boat and then into a muffle 

furnace pre-heated to 600 ± 10℃, one at a time. After about 2 min oxidation took place 

(producing flame which lasted for ~ 60 s) which was accompanied by release of large smoke 

from the furnace. It took about 5 min for the combustion process to complete, resulting to 

foam-like crispy end products. The products were allowed to cool to room temperature and 

were gently ground into fine powders using agate mortar and pestle and the powders were 

then transferred into sample holders for characterization.  

Characterization 

The structure and molecular vibration of the samples were analyzed using: Bruker D8 

advanced X-ray diffractometer and Nicolet 6700 Fourier transform infrared (FT-IR) 

spectrometer respectively. The morphology study and the elemental analysis were carried out 
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using Jeol JSM-7800F field emission scanning electron microscope (FE-SEM) fitted with 

Oxford Aztec 350 X-Max80 energy-dispersive X-ray spectroscopy (EDS). The electronic and 

chemical states were investigated using PHI 5000 Versaprobe-scanning ESCA microprobe X-

ray photoelectron spectroscopy (XPS). The photoluminescence (PL) spectra were measured 

in the phosphorescence and fluorescence modes, respectively, using Cary Eclipse 

fluorescence spectrophotometer and a PL system consisting of a 325 nm He-Cd gas laser as 

an excitation source, a spectrometer, a photomultiplier tube (PMT) detector and a lock-in 

amplifier, while the ultraviolet visible (UV-Vis) measurements were taken using Lambda 950 

UV-Vis spectrometer.                                       

6.3.   Results and Discussion  

Fig. 6.1 shows the XRD spectra of La2-xGdxSiO5:Dy3+ (x = 0, 0.5, 1.0, 1.5 and 2.0) 

nanoparticulate phosphors. The spectra match with the standard monoclinic phases of 

La2SiO5 and Gd2SiO5 referenced in the standard JCDPS file no: 40-0234 and 74-1795 

respectively. For x = 0 only a pure phase of La2SiO5 was observed, while the pure phase of 

Gd2SiO5 was observed when x = 2. For any other value of x (i.e. x = 0.5, 1.0 and 1.5) the 

XRD patterns consist of diffraction peaks from La2SiO5 and Gd2SiO5 implying that 

admixtures of the two phases were crystallized.  There is a noticeable shift in the peak 

position when the molar ratio of La to Gd was varied. For example,   (102) and (033) peaks 

shifted to the right as amount of La decreases while the (132) peak shifted to the left. The 

shifting could be attributed to substitution induced lattice strains.  Observe that none of the 

peaks in La2SiO5 lie in the same plane with the Gd2SiO5 peaks, although few of the peaks 

have the same 2𝜃 values. For instance, (1̅12) and (012) peaks from La2SiO5 respectively have 

the same 2𝜃 values with (021) and (4̅21) peaks from Gd2SiO5. These results indicate that we 

either crystallized pure La2SiO5/Gd2SiO5 or an admixture of both La2SiO5 and Gd2SiO5.The 

average crystallite size (L) and the lattice strain (𝜀) of our nanophosphors were calculated 

using the Williamson-Hall equation [19, 20] given in eq. 6.1 and the results are shown in 

table 6.1.  

     βhklCosθ = 4ε Sinθ +  
K λ

L
                                                                                  (6.1)                                        

where λ is the X-ray wavelength in nanometer (nm), 𝛽ℎ𝑘𝑙 is the peak width of the diffraction 

peaks  profile at half maximum height, θ is the Bragg angle and K is a constant related to the 
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crystallite shape, usually taken as 0.9 or 0.89 for full width half maximum (FWHM) of 

spherical crystals with cubic unit cells. 

 

 

 

 

 

 

 

 

 

Fig. 6.1: XRD pattern of La2-xGdxSiO5:Dy3+ (x = 0, 0.5, 1.0, 1.5 and 2.0) nanophosphors. 

Table 6.1: The crystallite sizes and the lattice strains of La2-xGdxSiO5:Dy3+ nanophosphors. 

La2-xGdxSiO5:Dy3+  Crystallite size (L) (nm) Strain (𝜀) (× 10-2) 

        x = 0             19.0              7.20 

        x = 0.5             21.0             6.40 

        x = 1.0             13.0              10.60 

        x = 1.5             10.0             10.29 

        x = 2.0             15.0             8.90 

  

The FE-SEM images of La2SiO5:Dy3+ (x = 0), Gd2SiO5:Dy3+ (x = 2) and LaGdSO5:Dy3+ (x 

=1) nanophosphors are shown in Fig. 6.2 (a-f) respectively. Fig. 6.2 (a), (c) and (e) show the 

low magnification images while Fig. 6.2 (b), (d) and (f) show the corresponding high 

magnification images respectively. The image of La2SiO5:Dy3+ (Fig. 6.2 (a)) shows 

agglomerated nanoparticles with no definite shapes while that of Gd2SiO5:Dy3+ (Fig. 6.2 (c)) 

shows agglomerated plate-like nanostructure lying in different orientations with pores on the 

surfaces. The image of the mixture of the two compounds, LaGdSiO5:Dy3+ (Fig. 6.2 (e)), 

shows large and small plate-like structures.    
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Fig. 6.2: FE-SEM images of (a) low and (b) high magnification of La2SiO5:Dy3+ (x =0), (c) 

low and (d) high magnification of Gd2SiO5:Dy3+ (x = 2) and (e) low and (f) high 

magnification of LaGdSiO5:Dy3+ (x =1). 

The EDS was used to investigate the elemental composition of La2-xGdxSiO5:Dy3+ (x = 0, 2 

and 1) nanophosphors and the results are shown in Fig. 6.3 (a-c) respectively. Carbon (C) was 

probably from the atmospheric hydrocarbons and the carbon tape on which the samples were 

mounted. La, Gd, Dy, Si and O were observed in the samples as expected. Low count of Dy 

in the spectra is due to its low concentration in the samples. The insets are the elemental maps 

corresponding to each sample. It can be seen from the maps that all the elements were evenly 

distributed on the sample surfaces.      
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Fig. 6.3: EDS spectra of La2-xGdxSiO5:Dy3+, (a) x = 0, (b) x = 2 and (c) x = 1. The insets are 

the elemental maps of the corresponding samples. 
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Fig. 6.4 shows the FTIR spectra measured from samples with the values of x = 0 and 2. Three 

spectral ranges were considered in the measurements: (i) 3000-3650 cm-1 region where the 

OH groups and the stretching vibration of water were observed, (ii) 1350-1700 cm-1, where 

bending mode of water was observed and (iii) 400-1100 cm-1 where Si-O-Si, La-O and Gd-O 

vibrations occurred. It is apparent from the spectra that no shift was observed in the peak 

positions of the two samples. The absorption peak around 506 cm-1 is assigned to La-OH and 

Gd-OH bending modes in La(OH)3 and Gd(OH)3 [21-24]. The three peaks observed at 665, 

880 and 1100 cm-1 are assigned to the characteristics stretching modes of Si-O-Si group, 

while the one at 3605 cm-1 is associated with the stretching mode of the OH group [25, 26]. 

The bands at 1380, 1500 and 1655 cm-1 are associated with the bending modes of water while 

those at 3120 and 3430 cm-1 are associated with the stretching modes of water [22, 27, 28]. 

The peak observed at the center of the spectra around 2350 cm-1 is assigned to stretching 

vibration of CO2 [29, 30]. 

 

 

 

 

 

 

 

 

 

 

Fig. 6.4: FTIR spectra of La2-xGdxSiO5:Dy3+ (x = 0 and 2) nanophosphors. 

The electronic and chemical states of La2SiO5:Dy3+ (x =0), Gd2SiO5:Dy3+ (x = 2) and 

LaGdSiO5:Dy3+ (x = 1) were analyzed using the XPS technique. Fig. 6.5 (a) shows the O 1s 

spectrum of La2SiO5:Dy3+.  The fitted spectrum exhibits three peaks which are ascribed to 

La2O3 (530.10 eV), La2SiO5 (530.75 eV) and SiO2 (531.61 eV) [31-35]. Similarly, the fitted 
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O 1s spectrum of Gd2SiO:Dy3+ shown in Fig. 6.5 (b) exhibits three peaks ascribed to Gd2O3 

(528.14 eV), Gd2SiO5 (530.46 eV) and SiO2 (532.16 eV) [35-37]. In the O 1s spectrum of 

LaGdSiO5:Dy3+ shown in Fig. 6.5 (c), the LaGdO3 peak consists of the La2O3 and Gd2SiO3 

peaks resulting in the shift of the binding energy to 529.02 eV which lies between the other 

two peaks. The other peaks are ascribed to LaGdSiO5 (530.62 eV) and two SiO2 peaks at 

531.60 and 532.58 eV. The LaGdSiO5 peak consists of the La2SiO5 and the Gd2SiO5 peaks 

resulting in the shift of the binding energy. Fig. 6.5 (d) shows the fitted XPS spectrum of Si 

2p peak of La2SiO5:Dy3+. The Si 2p peak position for Si, SiOx (x < 2), La2SiO5, SiO2 and 

SiO4 were measured at 99.89 eV, 100.88 eV, 102.10 eV, 103.30 eV and 104.65 eV 

respectively. Fig. 6.5 (e) shows the fitted XPS spectrum of Si 2p peak of Gd2SiO5:Dy3+. Five 

peaks observed are Si, SiOx (x < 2), Gd2SiO5, SiO2 and SiO4 were observed at 99.82, 100.71, 

102.20 eV 103.17 eV and 104.38 eV respectively [35, 38, 39]. Fig. 6.5 (f) shows the 

spectrum of Si 2p peak of LaGdSiO5:Dy3+. Five peaks assigned to Si, SiOx (x < 2), 

LaGdSiO5, SiO2 and SiO4 were observed at 99.86 eV, 100.80 eV, 102.06 eV, 103.24 eV and 

104.16 eV respectively. The LaGdSiO5 peak consists of the La2SiO5 and the Gd2SiO5 peaks 

which led to the shift in the binding energy.   

The 3d core-levels XPS spectra of all rare earth compounds consist of double-peak structures 

of 3d 5/2 and 3d3/2 which are as a result of spin-orbit splitting and their plasmon satellites [40]. 

The major XPS peaks (which are due to the photoexcitation of core-level electron) are due to 

electrons which travel through the solid without energy loss. The plasmon satellite peaks can 

be either intrinsic or extrinsic. Satellites are extrinsic when they occur as a result of 

interaction of photoelectron with other electrons when they are coming from the inner shell to 

the surface of a solid. Intrinsic satellites occur from de-excitation of photohole neutralized by 

an electron that moved into the site of the photoemission process and lead to change in the 

energy of the state from which the photoemission occurred [41].  Fig. 6.6 (a) show the fitted 

XPS spectrum of La 3d core level peaks. The peak split into 3d5/2 (J =5/2) and 3d3/2 (J =3/2) 

components with a spin-orbit splitting of 16.8 eV. Each state can under photoionization split 

into two final states I (3d14f0) (a core hole) and II (3d14f1) (a core hole with the transfer of an 

electron from the O2p valence band to an empty 4f orbital). The final state I is assigned to the 

La-O bond in La2O3 and is observed at 835.92 and 852.30 eV in the 3d5/2 and 3d3/2 states 

respectively. The final state II is assigned to the La-OH bond in La(OH)3. In the final states 

II, electron-hole exchange further create a J = 1 term (a strong signal) and a J ≠ 1 terms (a 
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cluster of weak signals) in each spin-orbit with the J ≠ 1 terms having lower binding energy 

than the J = 1 term. 

 

Fig. 6.5: XPS spectra of (a) O 1s peak from La2SiO5:Dy3+, (b) O 1s peak from Gd2SiO5:Dy3+, 

(c) O 1s peak from LaGdSiO5:Dy3+, (d) Si 2p peak from La2SiO5:Dy3+, (e) Si 2p peak from 

Gd2SiO5:Dy3+ and Si 2p peak from LaGdSiO5:Dy3+ nanophosphors. 
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The J = 1 terms lines are observed at 839.74 and 856.51 eV respectively in the 3d5/2 and 3d3/2 

states whereas the J ≠ 1 terms lines are observed at  837.94 and 854.93 eV for the 3d5/2 and 

3d3/2 states respectively [42-44].  The two broad peaks at 848.20 and 863. 88 eV corresponds 

to the La 3d3/2 plasmon satellite components [31, 42, 44, 45]. Fig. 6.6 (b) shows the fitted 

XPS spectrum of Gd 3d core level peaks. The spin-orbit splitting of the 3d5/2 and 3d3/2 is 32.0 

eV. In the 3d5/3 state of Gd 3d core levels, two peaks were observed at 1186.84 eV and 

1184.51eV. These peaks correspond to elemental Gd and its plasmon satellite peak 

respectively. Similarly, in the 3d3/2 state, the two peaks observed at 1219.21 eV and 1216.35 

eV corresponds respectively to Gd-O bond in Gd2O3 and its satellite peak [46-48]. The small 

broad peak at 1198.28 eV is also due to the plasmon satellite component of the Gd 3d3/2 state. 

The peak observed at 1195.41 eV corresponds to the 4f7→3d94f7 electronic configuration 

which is normally observed in trivalent Gd compounds and it is due to the 3d4f7 final state 

multiplet structure [49]. Fig. 6.6 (c) shows the fitted XPS spectrum of Dy 4d core level peaks. 

The 4d levels of lanthanides often show additional structure (a phenomenon known as 

multiplet splitting) due to the electrostatic interaction between a core level and the partially 

filled 4f levels [40]. In Dy 4d core level, the multiplet splitting arises due to the interaction of 

the 4d and 4f state since these two shells have the same principle quantum number [50, 51]. 

The peaks observed at 152.30 eV and 154.17 eV in Fig. 6.6 (c) are due to Dy in Dy2O3 and 

the multiplet splitting respectively. The broad band centered at 166.16 eV is attributed to the 

Dy-O bond in Dy2O3 which arises due to final states with 4d and 4f spins parallel and anti-

parallel respectively [52]. The backgrounds observed in Fig. 6.5 (d) and (e) and Fig. 6.6 (b) is 

known as intrinsic background noise (IBN) and it is caused by inelastic scattered electrons 

[53]. It increases with the binding energy because it includes all the inelastically scattered 

electrons from the beginning to the end of the analysis.       

The optical reflectance spectra and the band gap of La2-xGdxSiO5:Dy3+ are shown in Fig. 6.7 

(a) and (b) respectively. In Fig 6.7 (a) the absorption peaks at 275 and 313 nm are assigned to 

8S7/2→
6IJ and 6PJ→

8S7/2 electronic transitions of Gd3+ [54] while the one at 351 nm is 

assigned to 6H15/2 →
6P7/2 transitions of Dy3+ [55]. The values of the interband transitions vary 

with the molar ratio of La to Gd in the La2-xGdxSiO5:Dy3+ matrix, increasing from 207 nm for 
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Fig. 6.6: XPS spectra of (a) La 3d peak, (b) Gd 3d peak and (c) Dy 4d peak. 

 

x = 0, to 231 nm for x = 2. These changes can be explained by taking a close look at the 

estimated band gap values presented in Fig. 6.7 (b). It can be seen that the band gap can be 

tuned by varying the molar ratio of La to Gd. The band gaps were calculated with Tauc plot 

[56] and the values obtained are shown in table 6.2. The change in the band gap is attributed 

to lattice mismatch in the La2-xGdxSiO5:Dy3+ matrix probably due to the difference in the 

lattice parameters of La2SiO5 and Gd2SiO5 [57].       

Fig. 6.8 (a) and (b) shows the PL excitation and emission spectra of La2-xGdxSiO5:Dy3+ 

nanophosphors recorded when the monochromatized xenon lamp was used as the excitation 

source. The excitation spectra were monitored at the emission wavelength of 573 nm. 
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Fig. 6.7: Reflectance spectra (a) and band gap (b) of La2-xGdxSiO5:Dy3+ (x = 0, 0.5, 1.0, 1.5 

and 2.0). 

The excitation spectrum consists of peaks in the range of 200 to 400 nm. The broad bands in 

the 200 to 260 nm range are attributed to host related absorptions and they depend on the 

malar ratio of La:Gd. For instance, the excitation peaks at 241 nm were not observed when x 

= 0 (La2SiO5:Dy3+) and when x = 2 (Gd2SiO5:Dy3+), but they were observed when La and Gd 

were intermixed. Therefore the excitation peaks at 227 and 241 nm cannot be as a result of 

either O2-→Ln3+ (Ln = Dy, Gd, La) charge transfer states nor as a result of 4f→5d electronic 

transition of Ln3+. Furthermore, the O2-→Ln3+ charge transfer states and the 4f→5d electronic 

transition of Dy3+ and Gd3+ are observed below 200 nm [58-62] and La3+ cannot induce 

excitation in/or near the visible region since it has no 4f electrons [63]. We attributed the 

excitation peaks at 227 nm to the electronic transition from the O2p valence band to the La 

(5d6s) and Gd (5d6s) conduction bands [64, 65], while the 241 nm peaks are attributed to the 

LaGd
𝟑+ isoelectronic impurities [66, 67]. The other excitations peaks at 275, 313, 351 and 386 

nm are ascribed to 8S7/2→
6IJ and 6PJ→

8S7/2 f-f forbidden transition of Gd3+ [54] and 

6H15/2→
6P7/2 and 6H15/2→

4I13/2  f→f transition of Dy3+ [55] respectively. The inset in Fig. 6.8 

(a) is the magnified excitation spectrum recorded in the 300 to 375 nm region. The excitation 

peak observed at 325 nm in the inset is assigned to 6H15/2 → 6P3/2 f→f transition of Dy3+ [68, 

69]. It can be seeing from Fig. 6.8 (a) that the maximum excitation intensity in the 

wavelength range from 200 to 260 nm was obtained when x = 1, but in the wavelength range 
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from 260 to 450 nm, x = 2 gave the maximum excitation intensity. Since La3+ cannot induce 

excitation in/or near the visible region, Dy3+ ions sitting on La3+ sites (surrounded by La3+ 

ions) cannot contribute to the excitation near the visible regions. Rather, they will increase 

the distance between Dy3+-Dy3+ ions in the LaGdSiO5 matrix and hence causing decrease in 

the excitation intensity near the visible region. In the 200 to 260 nm region, equal La:Gd ratio 

will provide more O2 sites in the host and also more LaGd
𝟑+ isoelectronic impurities, and hence 

the excitation intensity in this region is maximum when x = 1. 

Table 6.2: Band gap of La2-xGdxSiO5:Dy3+ nanophosphors 

 

 

 

 

 

The PL emission spectra recorded when the samples were excited at the wavelength of 241 

nm is shown in Fig. 6.8 (b). The two prominent emission peaks observed at 485 nm (blue) 

and 573 nm (yellow) and the other two small peaks around 668 and 756 nm are ascribed to 

the 4F9/2→
6H15/2, 

4F9/2→
6H13/2, 

4F9/2→
6H11/12 and 4F9/2→

6H9/2 f-f electronic transition of Dy3+ 

respectively [70]. The weak emission line peaking at around 613 nm is assigned to 

8G7/2→
6P5/2 electronic transition of Gd3+ [71]. It can be seeing from Fig. 6.8 (b), that the 

emission intensities followed a similar trend with the excitation intensities shown in Fig. 6.8 

(a). 

Fig. 6.9 (a) shows the emission spectra of the La2-xGdxSiO5:Dy3+ when the 325 nm He-Cd 

laser was used as the excitation source. All the emission lines are the same as the ones in the 

emission spectra presented in Fig. 6.8 (b), except for the broad emission observed in the blue 

region of the spectra, (around 400 to 460 nm) with maximum at 415 nm. This peak is 

ascribed to the self-trapped excitons (STE) in SiO2 [11]. The absence of the blue emission in 

the PL spectra in Fig. 6.8 (b) can be explained by considering the modes/types of excitation 

used. The emission spectra in Fig. 6.8 (b) were excited in phosphorescence mode while the 

one in Fig. 6.9 (a) was excited in the fluorescence mode. Phosphorescence is after-glow that 

La2-xGdxSiO5:Dy3+ 1.0 mol%     Band gap (eV) 

        x = 0         5.0 

        x = 0.5         4.45 

        x = 1.0         4.60 

        x = 1.5         4.73 

        x = 2.0         4.73 
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persists longer than 0.1 s, while fluorescence is light emission during excitation (the life time 

is normally less than 10 ms) [72]. The reported life time of SiO2 is between 0.125-5.000 ns 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.8: Excitation spectra (a) and the emission spectra (b) of La2-xGdxSiO5:Dy3+ (x = 0, 0.5, 

1.0, 1.5 and 2.0) monitored under 573 nm emission and 241 excitation wavelengths 

respectively using a PL system using xenon lamp as excitation source. The inset in (a) show 

the magnified excitation spectra from 300 to 375 nm wavelength range. 

[73], so as a result of its smaller life time SiO2 could not be detected in the phosphorescence 

mode. It can be observed from Fig. 6.9 (a) that the highest emission intensity of the 573 nm 

emission was obtained when x = 2, which is different from that in Fig. 6.8 (b), which was 

obtained when x = 1. The reason for this can be seeing from the excitation spectra shown in 

Fig. 6.8 (a), and the inset in the excitation spectra. From Fig. 6.8 (a) and its inset, it is clear 

that the excitation intensity is maximum at 325 nm when x = 2. Fig. 6.9 (b) show the 

(a) 

(b) 
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emission spectra when x = 0.5 where the yellow emission (573 nm) and two blue emissions 

(415 and 485 nm) have comparable intensities which results in the generation of white light 

shown in the inset with CIE coordinates of (0.347, 0.356).  Fig. 6.9 (c) and (d) shows 

respectively how the broad blue and the yellow (573 nm) emission intensities vary with x. 

The blue emission gave maximum emission intensity when x = 0, i.e. when the host matrix 

was pure La2SiO5. However, a sharp decrease was observed in the intensity immediately 

when x = 0.5, after which there was a steady decrease as x increases from 0.5 to 2. 

Conversely, the intensity of the yellow emission increases gradually with x and gave sharp 

increase and the maximum emission intensities when x = 1.5 and 2 respectively. The decrease 

in the blue emission could be as a result of decrease in the impurity level in our material with 

increasing value of x. As seen in the XPS spectra peak intensity of Si 2p peak of 

La2SiO5:Dy3+ is about four times higher than the Si 2p peak of Gd2SiO5:Dy3+ (see Fig. 6.5 (d) 

and (e)). These suggest that La2SiO5 contain more SiOx which is the major source of impurity 

in our materials than Gd2SiO5. In general, the decrease in the blue emission is a result of the 

decrease in the level of impurity in the nanophosphors which lead to an increase in the yellow 

emission since the traps due to the impurities in the samples will decrease [74].     

Fig. 6.10 is an illustration of the energy level diagram of Dy3+ inside the host matrix. When 

the samples were excited using 325 nm (3.81 eV) He-Cd laser the excitation wavelength is 

equivalent to the 6H15/2 → 6P3/2 excitation band of Dy3+ [68, 69]. So when the nanophosphors 

are excited using 325 nm He-Cd laser, Dy3+ electrons are excited from 6H15/2 to 6P3/2 energy 

level of Dy3+ and holes are generated in the ground state. As can be seen from Fig. 6.10, this 

energy band of Dy3+ is smaller than the band gap of each host matrix (i.e. x = 0, 0.5, 1, 1.5 

and 2). This implies that the electrons are not excited up to the conduction band of the host 

materials.  In the excited state, the electrons are free electrons and can move around, likewise 

the holes in the ground state. Some of the free electrons can move into the host matrix and are 

trapped by defects in the host. The recombination of the excited electrons in the conduction 

band and the holes in the valence band can occur in different ways. It can occur through 

band-to-band transition or step-by-step through localized energy levels within the forbidden 

gap. In band-to-band transition, recombination occur directly from the excited state of Dy3+ 

to the ground states and give emissions after undergoing non-radiative transition to 4F9/2 state 

of Dy3+ as shown at point (a) in Fig. 6.10. The recombination through localized energy levels 

within the forbidden gap can occur as a result of electrons trapped during excitation or in the 

process of recombination [75, 76]. The trapped electron can either transit into the 4K15/2 
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excited state of Dy3+ or it can relax to the ground states of Dy3+ and give emissions after 

undergoing non-radiative transition to 4F9/2 state of Dy3+ as shown in position (b) in Fig. 6.10. 

Position (c) in Fig. 6.10 represents the emission from self-trapped excitons (STE) in SiO5. If 

field or temperature is not sufficient enough, excited electron and hole can couple together by 

a Coulomb attraction. STE occurs in structures when an excited electron and a hole 

spontaneously create a localized distortion in the lattice resulting to the lowering of their total 

energy and they are localized and trapped in the distortion [77]. 

 

Fig. 6.9: Emission spectra of La2-xGdxSiO5:Dy3+ (a) x = 0, 0.5, 1.0, 1.5 and 2.0, (b) x = 0.5 

when monitored with a PL system using 325 nm He-Cd gas laser as excitation source. The 

inset in (b) is the CIE coordinate when x = 0.5. (c) Show the variation of the blue emission 

intensity with x and (d) show the variation of the yellow (573 nm) emission intensity with x.  
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Fig. 6.10: Energy level diagram showing the energy level diagram of Dy3+ between the bands 

of the La2-xGdxSiO5 host matrices.  

Fig. 6.11 shows the CIE chromaticity coordinates diagram of La2-xGdxSiO5:Dy3+ for the PL 

emission obtained when the samples were excited using the 325 nm He-Cd laser. The CIE 

coordinates can be tuned from blue, through white, to yellow by varying the molar ratio of La 

and Gd in the La2-xGdxSiO5:Dy3+ matrix. The CIE coordinates are represented with different 

letters and are shown in table 6.3.      

 

 

 

(a) 
(b) 

(c) 
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Fig. 6.11: CIE coordinates diagram of La2-xGdxSiO5:Dy3+ studied with a PL system using 325 

nm He-Cd gas laser as excitation source. 

Table 6.3: CIE coordinates of La2-xGdxSiO5:Dy3+ and the corresponding colours. 

La2-xGdxSiO5:Dy3+ Letters CIE Coordinates Colours 

x = 0 A (0.227, 0.166) Blue 

x = 0.5 B (0.347, 0.356) White 

x = 1.0 C (0.353, 0.367) Yellowish-white 

x = 1.5 D (0.383, 0.411) Yellow 

x = 2.0 E (0.387, 0.414) Yellow 
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6.4.   Conclusion 

Using urea- and ammonium nitrate-assisted solution combustion method, we were able to 

prepare a novel La2-xGdxSiO5 (x = 0, 0.5, 1.0, 1.5 and 2.0) doped with 1.0 mol% of Dy3+ 

nanophosphors for UV-pumped multicolour and white light emitting diode applications. The 

crystallite size calculated from the XRD peaks varies from 10 to 21 nm. The 

photoluminescence properties were studied in phosphorescence and fluorescence mode using 

Cary eclipse spectrophotometer and 325 nm He-Cd laser system respectively. The 

phosphorescence emission showed the two characteristic peaks of Dy3+ at 485 nm (blue) and 

573 nm (yellow) while the fluorescence emission showed an additional broad blue emission 

with maximum around 415 nm which is ascribed to STE in SiO2. The blue emission from 

SiO2 decreases with increasing molar ratio of Gd2SiO5 while the yellow emission increases. 

Hence by varying the mol ratio of La and Gd, we were able to tune the colour of the emitted 

light from blue, via white to yellow. Similarly, the band gap was tuned from 5.00 to 4.45 eV. 
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CHAPTER SEVEN 

The Influence of Dy3+ ions Concentration and Post-Annealing on the Properties of 

LaGdSiO5:xDy3+ (x = mol %) Nanophosphors 

 

7.1   Introduction 

Ordinarily, it would be expected that increase in activator concentration in phosphors would 

result to high luminescence intensity since luminescence are due to such impurities. 

However, a non-monotonic dependent of luminescence intensity on the activator 

concentration have been shown by many experiments. The luminescence intensity of a 

phosphor can increase with the activator concentration up to a certain maximum value, and 

then decrease beyond that value. This effect has been named concentration quenching. 

Concentration quenching can be as a result of: (i) loss of excitation energy from the emitting 

state due to cross-relaxation between the activators, (ii) excitation migration owing to 

resonance between the activator ions and (iii) coagulated or paired activator ions acting as 

quenching center [1]. The optimum activator concentration is a function of the nature of the 

host matrix and the activator since the number of lattice sites or nearest neighbors which may 

become quenching sites depends on the structure of the host and the degree of interaction 

depends on the activator ion [2]. Concentration quenching has been studied in Dy3+ doped in 

various host matrices [3-5]. 

In chapter six, we varied the molar ratio of La and Gd in La2-xGdxSiO5 (x = 0, 0.5, 1.0, 1.5 

and 2.0) matrices while keeping the concentration of Dy3+ fixed at 1.0 mol %. The highest PL 

excitation and emission intensities were observed when x = 1.0, i.e. from LaGdSiO5:Dy3+ 1.0 

mol %. In this chapter, we fixed the molar ratio of La and Gd at x = 1.0 and vary the molar 

concentration (x) of Dy3+ (x = 0.05, 0.1, 0.25, 0.75, 1.0, 1.5, 2.0, 3.0 and 5.0 mol%) and we 

studied the effect of Dy3+ concentration and post-preparation annealing on the structure and 

spectroscopic properties of our materials.  

7.2.   Experimental 

The LaGdSiO5:Dy3+ nanophosphors were synthesized using solution combustion method as 

described in section 3.3.2. The starting materials were lanthanum (III) nitrate hexahydrate 

La(NO3)3.6H2O, gadolinium (III) nitrate hexahydrate Gd(NO3)3.6H2O, dysprosium (III) 
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nitrate hexahydrate Dy(NO3)3.6(H2O) and silicic acid (SiO2H2O). Urea CO(NH4)2 and 

ammonium nitrate (NH4NO3) were used as fuel. For each of the nine set of samples, the 

masses of SiO2H2O, CO(NH4)2 and NH4NO3 are 0.1000 g, 0.4690 g, and 0.6251 g 

respectively. For LaGdSiO5:Dy3+ 0.05 mol% (i.e. x = 0.05), the masses of La(NO3)3.6H2O, 

Gd(NO3)3.6H2O and Dy(NO3)3.6H2O are respectively 0.6760 g, 0.7047 g and 0.0005 g. For x 

= 0.1, La(NO3)3.6H2O = 0.6757 g, Gd(NO3)3.6H2O = 0.7043 g and Dy(NO3)3.6H2O = 0.0011 

g. For x = 0.25, La(NO3)3.6H2O = 0.6746 g, Gd(NO3)3.6H2O = 0.7035 g and Dy(NO3)3.6H2O 

= 0.0027 g. For x = 0.75 La(NO3)3.6H2O = 0.6712 g, Gd(NO3)3.6H2O = 0.6997 g and  

Dy(NO3)3.6H2O = 0.0081 g. For x = 1.0, La(NO3)3.6H2O = 0.6696 g, Gd(NO3)3.6H2O = 

0.6980 g and Dy(NO3)3.6H2O = 0.0109 g. For x = 1.5, La(NO3)3.6H2O = 0.3331 g, 

Gd(NO3)3.6H2O = 0.3472 g and Dy(NO3)3.6H2O = 0.0082 g. For x = 2.0, La(NO3)3.6H2O = 

0.3314 g, Gd(NO3)3.6H2O = 0.3455 g and Dy(NO3)3.6H2O = 0.0109 g. For x = 3.0, 

La(NO3)3.6H2O = 0.6560 g, Gd(NO3)3.6H2O = 0.6838 g and Dy(NO3)3.6H2O = 0.0326 g. For 

x = 5.0, La(NO3)3.6H2O = 0.6425 g, Gd(NO3)3.6H2O = 0.6697 g and Dy(NO3)3.6H2O = 

0.0544 g. The structure and stretching modes of vibration of the samples were analyzed 

using: Bruker D8 advanced X-ray diffractometer and Nicolet 6700 Fourier transform infrared 

(FTIR) spectrometer respectively. The morphology study and the elemental analysis were 

carried out using Jeol JSM-7800F field emission scanning electron microscope (FE-SEM). 

The electronic and chemical states were investigated using PHI 5000 Versaprobe-scanning 

ESCA microprobe X-ray photoelectron spectroscopy (XPS). The identification of the atomic 

and molecular ionic species was examined using iontof ToF-SIMS5 in positive secondary and 

negative ion polarity mode in the spectroscopic mode. The pulsed primary ion source (Bi3+) 

was set at 30 keV and the DC current was 11.0 pA. The photoluminescence (PL) spectra were 

measured in the phosphorescence and fluorescence modes, respectively, using Cary Eclipse 

fluorescence spectrophotometer and a PL system consisting of a 325 nm He-Cd gas laser as 

an excitation source, a spectrometer, a photomultiplier tube (PMT) detector and a lock-in 

amplifier, while the ultraviolet visible (UV-Vis) measurements were taken using Lambda 950 

UV-Vis spectrometer.                           

7.3.   Results and Discussion 

Lanthanum oxyorthosilicate (La2SiO5) and gadolinium oxyorthosilicate (Gd2SiO5) belong to 

the family of rare earth oxyorthosilicates (R2SiO5). They fall into the monoclinic 

crystallographic point group belonging to the P2I/c and the I2/a space groups. These space 

groups respectively corresponds to the low temperature phase (X1) and high temperature 
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phase (X2). The X1 phase has two non-equivalent crystallographic sites, R1 (R1 = La1 or 

Gd1) sites coordinated by nine oxygen atoms and R2 (R2 = La2 or Gd2) sites coordinated by 

seven oxygen atoms [6-9]. The crystal structure of the X1 phase consists of three types of 

polyhedra: R1O9, R2O7 and SiO4.  The R1O9 and the R2O7 polyhedra are connected through 

the SiO4 groups and non-silicon-bonded oxygen atoms (O5) to form three dimensional 

structures as shown in Fig. 7.1 (a) and (b) for La2SiO5 and Gd2SiO5 respectively. The crystal 

structure of the X2 phase consists of two crystallographic sites R1 coordinated by six oxygen 

atoms and R2 coordinated by seven oxygen atoms with a tetrahedra SiO4 linking them [10] as 

shown schematically in Fig. 7.1 (c). A phase-transformation temperature of about 1190 ℃ 

and 1250 ℃ have been reported from 𝛸1to 𝛸2 for Y2SiO5 [6, 11]. 

 

 

 

 

 

 

  

 

 

 

Fig. 7.1: The crystal structures of (a) X1 phase of La2SiO5, (b) X1 phase Gd2SiO5 and (c) 

schematic of the X2 phase of R2SiO5 (R = La or Gd). 

The XRD patterns of the least and the highest concentration of Dy3+ (i.e. x = 0.05 and x = 5.0 

mol %) of the as-prepared and annealed samples were measured to study the effect of Dy3+ 

concentration and the annealing temperature on the structure of the host matrix and the results 

are shown in Fig. 7.2. It can be seen from Fig. 7.2 that Dy3+ ion did not have any effect on the 

main structure of the hosts, probably due to their relatively low concentration. In addition, 

this can be as a result of the similarities in the ionic radii of La3+ and Gd3+ and that of the 
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Dy3+ dopant.  La3+ has ionic radii of 0.110 nm and 0.1216 nm in its seven and nine-fold 

coordinated sites respectively [12], while Gd3+ has atomic radii of 0.10 nm and 0.1107 nm in 

its seven and nine-fold coordinated sites respectively [6, 13]. Dy3+ has ionic radii of 0.1052 

nm and 0.1167 nm in its six and eight-fold coordinated sites [12]. Due to these similarities, 

Dy3+ ions can easily displace any of the two ions without changing the main structure [14]. 

The XRD patterns match with the standard monoclinic structures of La2SiO5 and Gd2SiO5 

referenced in JCDPS file no: 40-0234 and 74-1795 respectively. The peaks marked with the 

symbol “*” are from La2SiO5, while those marked with “♦” are from Gd2SiO5. Those marked 

with “●” are ascribed to both La2SiO5 and Gd2SiO5.  In the annealed samples, the shapes of 

the (021) and (1̅12) peaks marked with “♠” changed and the intensities of the (102) and (421) 

peaks increased slightly, suggesting that crystallinity improved. Also the (122) and (132) 

peaks marked with “♣” in the as-prepared samples disappeared in the annealed samples while 

the two peaks marked with “♥” appeared in the annealed samples. This could be due to phase 

transformation from the low temperature phase (X1) to the high temperature phase (X2). The 

average crystallite sizes (L) and the strain (𝜀) of the as-prepared samples calculated using the 

Williamson-Hall equation (Eqn. 7.1) [15, 16] and the results are shown in table 7.1.         

             βhklCosθ = 4ε Sinθ + 
K λ

L
                                                                            [7.1]                                        

where λ is the X-ray wavelength in nanometer (nm), βhkl is the peak width of the diffraction 

peaks  profile at half maximum height, θ is the Bragg angle and K is a constant related to the 

crystallite shape, usually taken as 0.9 or 0.89 for full width at half maximum (FWHM) of 

spherical crystals with cubic unit cells. Fig.7.3 shows the Williamson-Hall plot for 

LaGdSiO5:Dy3+ 5 mol %. A graph of 4sin𝜃 along the x-axis and βhklCosθ along the y-axis 

was plotted. From the linear fit to the data points, the crystallite size was estimated by 

equating the y-intercept to 𝐾𝜆 𝐿⁄ , and the strain was generated from the slope of the 

fit. 
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Fig. 7.2: The XRD patterns of as-prepared and annealed (at 1000 ℃ for 1hr) LaGdSiO5:Dy3+ 

x mol% (x = 0.05 and 5.0). 

 

 

 

 

 

   

 

 

Fig. 7.3: The Williamson-Hall plot of LaGdSiO5:Dy3+ 5 mol%. 
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Table. 7.1: The crystallite sizes and lattice strain of LaGdSiO5:Dy3+ x mol % nanophosphors. 

LaGdSiO5:Dy3+ x mol% Crystallite size (L) (nm) Strain (𝜀) (× 10-2) 

x = 0.05 

x = 0.1 

x = 0.25 

15 

12 

14 

2.05 

1.82 

2.08 

x = 0.75 

x = 1.0 

16 

13 

1.95 

2.30 

x = 1.5 14 2.43 

x = 2 13 2.10 

x = 3.0 12 1.64 

x = 5.0 16 1.20 

 

XPS was used to analyze the chemical states and composition of the samples. Fig. 7.4 (a) and 

(b) show the fitted high resolution XPS spectra of the O 1s peaks of LaGdSiO5:Dy3+ before 

(as-prepared) and after annealing at 1000 ℃ for 1 hr. The XPS spectra exhibit four peaks at 

529.0 eV (LaGdO3), 530.6 eV (LaGdO5), 531.6 eV (SiO2-La) and 532.5 eV (SiO2-Gd) [17-

21].  After annealing in Fig. 7.4 (b), there was a general reduction in the peak intensities and 

shifting of the binding energy values. For example, the binding energies for the four peaks 

observed in the as-prepared samples shifted 528.8 eV (LaGdO3), 530.3 eV (LaGdO5), 530.9 

eV (SiO2-La) and 531.5 eV (SiO2-Gd) in the annealed sample. Consistent with the XRD data, 

these changes could be attributed to the post-preparation annealing induced phase 

transformation from X1 to X2. 
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Fig. 7.4: XPS spectra of the O 1s peak of (a) as-prepared and (b) 1000 ℃ annealed 

LaGdSiO5:Dy3+. 

Fig. 7.5 (a) and (b) show the positive mode secondary ions ToF-SIMS mass spectra of the as-

prepared and the annealed sample respectively, while Fig. 7.5 (c) and (d) show the negative 

mode ions ToF-SIMS mass spectra of the as-prepared and the annealed sample. All the ionic 

and molecular species contained in the materials were presence, including C-, CH3
+, Na+ and 

K+ which we ascribed to contaminants from the atmosphere and sample holders. All the 

atomic and molecules species detected in the positive and negative modes are shown in table 

7.2. Notice that the adventitious Na+ and K+ which were present in the spectrum of the as-

prepared samples were not in the spectrum of the annealed samples. This could be as a result 

of the evaporation of these elements from the sample during annealing process. Na has a 

melting point of 97.72 ℃ and a boiling point of 883 ℃  [22] while K has a melting point of 

63.4 ℃ and a boiling point of 765.6 ℃ [23], and hence they can easily evaporate before the 

annealing temperature of 1000 ℃ is reached. From the negative ToF-SIMS mass spectra for 

the as-prepared and the annealed samples shown in Fig. 7.5 (c) and (d) respectively, it can be 

seen that the intensity of O−decreased by about 1000 after annealing. This is consistent with 

the XPS result (see Fig. 7.4).  
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Fig. 7.5: ToF-SIMS mass spectra of LaGdSiO5:Dy3+ nanophosphors for (a) positive ions 

analysis of as-prepared sample (b) positive ions analysis of sample annealed at 1000 ℃ for 

1hr, (c) negative ions analysis of as-prepared sample and (d) negative ions analysis of sample 

annealed at 1000 ℃ for 1hr. 
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Table 7.2: Atomic/molecular ions and their atomic mass units 

Positive atomic/molecular ions Negative atomic/molecular ions 

Atomic/molecular 

ions 

Mass/u Atomic/molecular 

ions 

Mass/u Atomic/molecular 

ions 

Mass/u Atomic/molecular 

ions 

Mass/u 

CH3
+ 15 GdH+ 159 C- 12 GdH- 159 

Na+ 23 GdO+ 174 O- 16 Dy- 164 

Si+ 28 GdOH+ 175 OH- 17 DyH- 165 

SiH+ 29 Dy+ 164 Si- 28 GdO- 174 

K+ 39 DyH+ 165 SiH- 29 GdOH- 175 

SiO+ 44 DyO+ 180 SiO- 44 DyO- 180 

SiOH+ 45 DyOH+ 181 SiOH- 45 DyOH- 181 

La+ 139   La- 139   

LaH+ 140   LaH- 140   

LaO+ 155   LaO- 155   

LaOH+ 156   LaOH- 156   

Gd+ 158   Gd- 158   

 

The PL excitation spectra of LaGdSiO5:Dy3+ x mol % (x = 0.05, 0.1, 0.25, 0.75, 1.0, 1.5, 2.0, 

3.0, and 5.0) when monitoring emission at the wavelength of 573 nm using xenon lamp as the 

excitation source is shown in Fig. 7.6 (a). Two prominent peaks were observed at 227 and 

241 nm. The Ln3+→O2- (Ln = Dy or Gd) charge transfer states and 4f→5d allowed electronic 

transitions of Dy3+ and Gd3+ are observed below 200 nm [24-28] and La3+ cannot induce 

excitation in/or near the visible region because it doesn’t have 4f electrons. Hence, these 

excitation peaks cannot be assigned to any of these. In our previous report [29], the peak at 

241 nm was not observed in GdYSiO5:Dy3+, but it was only observed in LaYSiO5:D
3+ and 

LaGdSiO5:Dy3+. As a result, the excitation peak at 241 nm can be ascribed to LaGd
3+ 

isoelectronic impurities [30, 31]. The excitation band at 227 nm is host related and is ascribed 

to electronic transitions from the O2p valence band to the La (5d6s) and Gd (5d6s) 
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conduction band [32, 33]. The excitation peaks intensities vary with the concentrations of 

Dy3+ ions.   The 227 nm peak was more prominent at low concentration of Dy3+, but the two 

peaks were almost equal at Dy3+ concentration of 0.25 mol %. For further increase in Dy3+ 

concentration however, the 241 nm peak intensities become more prominent. The decrease in 

the 227 nm peak with Dy3+ concentration could be due to the creation of more oxygen 

vacancies as the concentration of Dy3+ increases. Oxygen centers can act as luminescence 

enhancer or quencher [34, 35]. Doping with Dy3+ will disturbs the La2SiO5 and Gd2SiO5 

lattices in the LaGdSiO5 matrix, hence breaking the La-O and Gd-O bonds and generates 

more oxygen vacancies. Therefore, as the Dy3+ doping is increased, the amount of non-

radiative oxygen vacancy centers around Dy3+ increases. The oxygen vacancies can trap and 

localize photoexcited electrons and hence decreasing their possibility to recombine with the 

holes. Since the increase in concentration of Dy3+ increases the non-radiative oxygen centers 

and the amount of trapped electrons, it will subsequently decrease the photoluminescence 

intensity. The excitation  peaks observed at 275, 313, 351 and 386 nm are ascribed to 

8S7/2→
6IJ and 6PJ →

8S7/2 f-f transitions of Gd3+ [36] and 6H15/2 →
6P7/2 and 6H15/2→ 4I13/2 f-f 

transitions of Dy3+ [37] respectively. The graph of the excitation intensities as a function of 

Dy3+ concentration for the 227 and 241 nm excitation intensities of LaGdSiO5:Dy3+ x mol % 

are respectively shown in Fig. 7.6 (b) and (c). In both cases, the excitation intensity increased 

with Dy3+ concentration and reached maximum at x = 0.25 and x = 1.0 for 227 and 241 nm 

peaks respectively. Beyond these concentrations, the intensity decreases due to concentration 

quenching phenomena, which is probably as a result of non-radiative transitions among Dy3+ 

ions. Concentration quenching can be in the form of exchange interaction, multipole-

multipole interaction or radiation re-absorption [38]. The type of interaction can be known by 

calculating the critical distance (𝑅𝑐) between the neighbouring Dy3+ ions using Blasse 

equation [39] given by  

                    𝑅𝑐 =  2 (
3𝑉

4𝜋𝐶𝑜𝑍
)

1/3

                                                                                             (7.2) 

where V is the volume of the unit cell, Z is the number of ions per unit cell and Co is the 

optimum concentration of the activator.  ZLa2SiO5 = ZGd2SiO5 = 4, VLa2SiO5 = 0.46687 nm3, 

VGd2SiO5 = 0.41642 nm3 [40]. If we assume that Dy3+ ions are evenly distributed in the La and 

Gd sites in the LaGdSiO5 host matrix, then we can take the average value of the volume of 

the unit cell (V).  Taken V = VLa2SiO5 + VGd2SiO5 and Co = 1.0, then the 𝑅𝑐 value between Dy3+-
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Dy3+ is 0.59 nm. Since the 𝑅𝑐 value is close to 0.50 nm (5Å), it implies that the concentration 

quenching in LaGdSiO5 is dominated by exchange interaction between Dy3+ ions.  

  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.6:  (a) the excitation spectra of LaGdSiO5:Dy3+ x mol%. The graph of excitation 

intensities of LaGdSiO5:Dy3+ x mol % as a function of Dy3+ concentration for (b) 227 nm 

excitation peak and (c) 241 nm excitation peak (x = 0.025, 0.1, 0.25, 0.75, 1.0, 2.0, 3.0 and 

5.0). 

The PL emission spectra of LaGdSiO5:Dy3+ x mol % (x = 0.025, 0.1, 0.25, 0.75, 1.0, 2.0, 3.0 

and 5.0) when exciting at the wavelengths of 227 and 241 nm are shown in Fig.7.7 (a) and (b) 

respectively. The emission peaks observed at 485, 573, 668 and 756 nm are ascribed to 

4F9/2→
6H15/2, 

4F9/2→
6H13/2 

4F9/2→
6H11/12 and 4F9/2→

6H9/2 f→f transition of Dy3+ respectively 

[40], while the small peak at 613 nm is ascribed to 8G7/2→
6P5/2 electronic transition of Gd3+ 

[41]. In Fig. 7.7 (a) and (b), the maximum emission intensities for the 227 and 241 nm 

excitations were obtained when x = 0.25 and 1.0 respectively. Fig. 7.7 (c) shows the energy 



135 
 

diagram of Dy3+ located between the valence and conduction bands of the host matrix. When 

excited with UV-light, electrons are promoted from the valence band of the host to its 

conduction band and holes are generated in the valence band. Some of the excited electrons 

relax at the higher energy levels of Dy3+. After undergoing non-radiative transitions to 4F9/2 

level, the excited electron recombine to the various energy levels of Dy3+ and gives emission 

as shown in Fig. 7.7(c).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.7: PL emission spectra of LaGdSiO5:Dy3+ x mol % (x = 0.025, 0.1, 0.25, 0.75, 1.0, 1.5, 

2.0, 3.0 and 5.0) monitored under (a) 227 nm excitation wavelength and (b) 241 nm 

excitation wavelength, (c) The energy diagram of Dy3+ between the bands of the host matrix. 
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Fig. 7.8 (a) and (b) show respectively the excitation and emission spectra of three of the 

samples (x = 0.25, 0.75 and 1.0 mol %) with highest intensities after annealing at 1000 ℃ for 

1hr. A remarkable increase was observed on the excitation peaks at 227 nm when monitoring 

emission at the wavelength of 573 nm, but the excitation peaks at 241 nm reduced drastically. 

The decrease in the 241 nm excitation peak intensity could be attributed to reduction of 

concentration of the isoelectronic impurities after annealing. The highest excitation and 

emission intensities were obtained in Fig. 7.8 (a) and (b) when the Dy3+ concentration was 

0.25 mol%. Using eqn. 7.2, the 𝑅𝑐 value for the annealed sample is 0.94 nm.  The 𝑅𝑐 value 

being greater than 0.5 nm suggests that Dy3+-Dy3+ interactions in the annealed samples could 

be dominated by multipole-multipole interaction [42].    

 

 

 

 

 

 

 

 

 

Fig. 7.8: The PL (a) excitation and (b) emission spectra of LaGdSiO5:Dy3+ x mol% (x = 0.25, 

0.75 and 1.0) nanophosphors annealed at 1000 ℃ for 1hr studied under emission and 

excitation wavelengths of 573 nm and 227 nm respectively. 

Fig. 7.9 (a) and (c) shows respectively the PL emission spectra of the as-prepared and 

annealed samples excited using a 325 nm He-Cd laser. The emission lines are similar to those 

shown in Fig. 7.7 (a) and (b) except for a broad blue emission bands in the 400 – 460 nm 

regions, with maximum at 415 nm. This emission is ascribed to the self-trapped excitons 

(STE) in SiO2 [42]. The blue emission was not observed when xenon lamp was used as the 

excitation source because the measurement was taken in phosphorescence mode while the 

(a) (b) 
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325 nm He-Cd laser measurement was in fluorescence mode. Phosphorescence is light 

emission that persists (after-glow) longer than 0.1 s, while fluorescence emission occurs 

during excitation process, with a life time less than 10 ms [44]. In literature, the life time of 

SiO2 is in the range of 0.125–5.000 ns [45], hence emission from SiO2 cannot be detected in 

phosphorescence mode because of its smaller life time. The other PL emission lines observed 

at 485, 573, 668, and 756 nm are respectively assigned to 4F9/2→6H15/2, 
4F9/2→6H13/2, 

4F9/2→6H11/12 and 4F9/2→6H9/2 f→f electronic transitions of Dy3+ ions [46].  Fig. 7.9 (b) shows 

how the emission intensities varies with the molar concentrations (x) of Dy3+ in the as-

prepared samples.  The two emission peaks from Dy3+ (485 nm and 573 nm) varies in the 

same manner with Dy3+ molar concentration and reached maximum when x = 1.0. However, 

the emission peaks from STE in SiO2 varies in a different manner with some having maxima 

at 415 nm and others at 438 nm. For the annealed samples, the blue emission from STE in 

SiO2 decreased drastically as shown in Fig. 7.9 (c). This suggests that the number of traps in 

the material decreased after annealing. Fig. 7.9 (d) shows how the emission intensities vary 

with Dy3+ concentration for the annealed samples. For the 485 nm Dy3+ transition, the 

maximum emission intensity was obtained when x = 3, but for the 573 nm Dy3+ transition, 

the maximum emission intensity was obtained when x = 1.5. However, STE in SiO2 showed 

broad peak with maxima at 415 nm and gave maximum emission intensity when x = 1. The 

dissimilarities observed in the intensity maxima of these peaks with the change in 

concentration of Dy3+ could be linked to the effect of oxygen vacancies created by Dy3+ ions 

on the crystal field of the host matrix [34, 35, 47]. The ratio at which the blue (485 nm) and 

the yellow (573 nm) emission of Dy3+ varies depends wholly on where Dy3+ ions are located 

in the symmetry of the host lattice. The yellow emission is hypersensitive to the chemical 

environment of the Dy3+ ions, and hence can vary easily with little change in the chemical 

environment.  However, this is obtainable only when Dy3+ ions are located at low symmetry 

(without inversion center) in the host matrix. On the other hand, the blue emission can yield 

stronger emission intensity if Dy3+ ions are located at higher symmetry (with an inversion 

center) in the host matrix [48]. Furthermore, if the ligand fields is situated in or very close the 

inversion symmetry in the host matrix, both the blue and yellow emissions gives equivalent 

emission intensities [49, 50]. Therefore, if the ratio of the blue and yellow emission intensity 

of Dy3+ depends on where the Dy3+ ions are located in the symmetry of the host matrix and 

the oxygen vacancies created by the change in the concentration of Dy3+ ion can affect crystal 

field of the host matrix. It implies that the change in the concentration of Dy3+ can affect the 

ratio of the emission intensities of the blue and yellow emission of Dy3+. The inset in Fig. 7.9 
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(d) is a magnified graph of Dy3+ concentrations versus the emission intensities of STE in 

SiO2 for the annealed samples.   

Fig. 7.10 shows the energy diagram of Dy3+ between the bands of the host matrix when 

monitoring the excitation using a 325 nm He-Cd lasers. Under 325 nm He-Cd lasers 

excitation, Dy3+ electrons were excited from 6H15/2 ground state to 4K15/2 excited state of Dy3+ 

and holes were generated in the ground state. The excited electrons become free electrons and 

move freely in the excited state and likewise the holes in the ground state. Some of the free 

electrons can escape into the host matrix and are trapped by defects in the host. The 

recombination of the excited electrons in the conduction band and the holes in the valence 

band can occur in different ways: it can occur through band-to-band transition or step-wisely 

through localized energy levels within the forbidden gap. In band-to-band transition, 

recombination occur directly from the excited state of Dy3+ to its ground states and give 

emissions after undergoing non-radiative transition to 4F9/2 state of Dy3+ as shown at position 

(1) in Fig. 7.10. The recombination through localized energy levels within the forbidden gap 

can occur as a result of electrons trapped during excitation or in the process of recombination. 

The trapped electron can either transit into the 4K15/2 excited state of Dy3+ or it can relax to 

the ground states of Dy3+ and give emissions after undergoing non-radiative transition to 4F9/2 

state of Dy3+ as shown in position (2) in Fig. 7.10. Position (3) in Fig. 7.10 is used to 

represent the emission from self-trapped excitons (STE) in SiO2. Excited electron and hole 

can couple together by a Coulomb attraction. STE occurs in structures when an excited 

electron and a hole spontaneously create a localized distortion in the lattice, resulting in the 

lowering of their total energy, and they localizes and are trapped in the distortion [51]. This 

leads to breaking of bonds and thus resulting in the creation of dangling bonds in the system.  

In SiO2, dangling bonds can be in the form of “non-bridging oxygen” or “silicon dangling 

bond”.  
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Fig. 7.9: (a) The PL emission spectra of LaGdSiO5:Dy3+ x mol% (x = 0.05, 0.1, 0.25, 0.75, 

1.0, 2.0, 3.0 and 5.0) monitored using the PL system with 325 nm He-Cd lasers as excitation 

source. (b) Variation of the emission intensity of the STE emission, 485 nm emission and 573 

nm emission with the molar concentration of Dy3+. (c) The PL emission spectra of the 

samples after annealing at 1000 ℃ for 1hr. (d) How the STE emission band, 485 nm and 573 

nm emission lines varies with Dy3+ molar concentrations. The inset in (d) is a magnified 

graph of Dy3+ concentrations versus the emission intensities of STE in SiO2 for the annealed 

samples.   
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Fig. 7.10: Energy level diagram showing the energy level diagram of Dy3+ between the bands 

of the LaGdSiO5 host matrix. 

The CIE coordinates of the nanophosphors from the emission spectra of the as-prepared and 

the annealed samples shown in Fig. 7.9 (a) and (c) are shown respectively in Fig. 7.11 (a) and 

(b). For the as-prepared samples, the coordinates vary from blue to yellow through white with 

the variation of the concentration of Dy3+. The coordinates of (0.343, 0.358) and (0.342, 

0.357) were obtained at point F in Fig. 7.11 for x = 1.5 and 3.0 respectively and they are close 

to white light. The coordinates of the annealed samples vary with Dy3+ concentration as 

shown in Fig. 7.9 (c) and the coordinate of (0.326, 0.343) at point A were obtained when x = 

1. The CIE coordinates and the corresponding Dy3+ concentration for the as-prepared and the 

annealed samples are shown in table 7.3.     

 

(3) 

(2) 

(1) 
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Fig. 7.11: CIE coordinates diagram of LaGdSiO5:Dy3+ x mol% studied with a PL system 

using a 325 nm He-Cd laser as excitation source for (a) the as-prepared and (b) the annealed 

samples. 

Table 7.3: CIE Coordinates of LaGdSiO5:Dy3+ x mol 
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LaGdSiO5:Dy3+ x 

mol% 

As-prepared samples Annealed @ 1000 oC for 1hr 

 

Letters  

 

CIE Coordinates 

 

 

Letters 

 

CIE Coordinates 

 

 x = 0.05 A (0.222, 0.183) A (0.326, 0.343) 

x = 0.1 B (0.304, 0.315) B (0.348, 0.376) 

x = 0.25 C (0.295, 0.285) C (0.325, 0.347) 

x = 0.75 D (0.269, 0.246) D (0.369, 0.400) 

x = 1.0 E (0.277, 0.255) E (0.353, 0.380) 

x = 1.5 F (0.343, 0.358) D (0.369, 0.405) 

x = 2.0 G (0.376, 0.403) F (0.376, 0.407) 

x = 3.0 F (0.342, 0.357) D (0.365, 0.400) 

x = 5.0 H (0.281, 0.269) G (0.361, 0.392) 

 

7.4.    Conclusion  

By varying the molar concentrations (x) of Dy3+ (x = 0.025, 0.1, 0.25, 0.75, 1.0, 1.5, 2.0, 3.0 

and 5.0) in LaGdSiO5 host matrix we prepared novel nanophosphors using urea- and 

ammonium nitrate-assisted solution combustion method. The XRD showed transition from 

low temperature to high temperature phase after annealing the samples at temperature of 

1000 ℃ for 1hr. The excitation spectra when monitoring the emission at 573 showed two 

peaks at 227 and 241 nm. The 227 nm peak give the highest excitation intensity when x = 

0.25 mol% while the 241 nm peak give the highest excitation intensity when x = 1 mol%. 

Therefore, the best luminescence intensities can be achieved from LaGdSiO5:Dy3+ when 

exciting at 227 nm at Dy3+ molar concentration of 0.25% or exciting at 241 nm at Dy3+ molar 

concentration of 1 mol%. The PL intensities of the 241 nm excitation line decreased 

drastically after annealing at 1000 ℃ for 1hr while the intensity of the 227 nm peaks 

increased. This suggests that a more stable luminescence can be generated from 

LaGdSiO5:Dy3+ by exciting at 227 nm. The emission spectra when monitoring the excitation 

at 227 and 241 nm showed two prominent peaks from Dy3+  appearing at 485 nm and 573 
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nm. When the phosphors were excited using a 325 nm He-Cd lasers,  the emission spectra 

showed  an extra broad blue emission  ranging from 400 to 460 nm with a maximum around 

415 nm which was ascribed to self-trapped excitons (STE) in SiO2. This extra broad emission 

decreased after annealing, suggesting that the level of impurities in the samples was 

decreased. The CIE calculated from the emission spectra generated from the 325 nm He-Cd 

lasers showed coordinates which varied from blue to yellow through white with change in the 

molar concentration of Dy3+ in the as-prepared samples. The CIE of the annealed samples 

followed the same trend with the as-prepared samples but the CIE coordinates were shifted. 

We can therefore conclude that our material has a potential application in UV-pumped 

multicolour and white light emitting diodes. 
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CHAPTER EIGTH 

Blue Light excited LaGdSiO5 doped x molar % Dy3+ white light-emitting 

nanophosphors for solid state lighting applications  

 

8.1.   Introduction 

The most important property of any phosphor is its quantum efficiency (i.e. its brightness) 

which is the ratio of the number of photons that a phosphor absorbs to the number of photons 

it emits. Self-absorption, band gap, density, thermal and the chemical stability and decay time 

are other important properties of phosphors. Phosphors are often graded based on these 

properties with the superior ones having higher quantum efficiency, minimal self-absorption, 

wide band gap, high density, high thermal and chemical stability and fast decay time [1, 2]. 

Rare-earth oxyorthosilicates (R2SiO5, R = La or Gd) crystals have demonstrated outstanding 

characteristics of good host for various rare-earth ions. For instance, they have shown wide 

band gap of about 6.0 eV, high quantum efficiency, minimal self-absorption, high density, 

fast decay time [1], and good thermal and chemical stability [3, 4]. Some R2SiO5 has shown 

quantum efficiency twice as that of germanium oxide (BGO) [5], and life time about five 

times less than BGO [6]. These properties gives R2SiO5 the excellent host ability to 

accommodate many rare-earth ions for various phosphor applications [7-13]. 

R2SiO5 are produced from 1:1 composition of binary rare-earth silicate (R2O3-SiO2) system. 

They are classified into two monoclinic structure groups (small and large ionic radius rare-

earth ions) in accordance with the size of the ionic radius of the rare-earth ion. The small 

ionic radii rare-earth ions in R2SiO5 include all the light rare-earth elements and Tb (La-Tb) 

while the large ionic radii rare-earth ions in R2SiO5 include all the heavy rare-earth elements 

except Tb (Y, Dy-Lu). The small ionic radius radii rare-earth ions in R2SiO5 have monoclinic 

crystallographic point group with space group C2/c and B2/b belonging respectively to the 

low (X1) and high (X2) temperature phases. The large ionic radii rare-earth ions in R2SiO5 

have monoclinic crystallographic point group with space group P21/c and 12/a belonging to 

the low and high temperature phases respectively. Both La2Sio5 and Gd2SiO5 belong to the 

small ionic radii rare-earth ions in R2SiO5 crystals and they have two crystallographic sites 

R1 and R2 coordinated by 7 and 9 oxygen atoms respectively and linked together by 

tetrahedral SiO4- ions [14-16].            

 



150 
 

Blue-light excited light emitting diodes (LEDs) have advantages over their UV-light excited 

counterparts due to the fact that the UV-converted LEDs suffers loss of energy during the 

conversion of UV-light to white light leading to low luminous efficiency of the LED. This 

approach also cause the solarization of the resin used for packaging the LED due to the high 

energy of the UV-light [17]. White light emitting phosphors can be achieved by co-doping a 

sensitizer and activator into the same host matrix. In this case, the constituents of the white 

light may be from a single activator at various crystal sites or from different activators [18, 

19]. Zhang et al reported white light generated from NaCaBO3:Ce3+, Tb3+, Mn2+ single 

phosphors [20]. Other reports on white light emitting single phosphors by Shaat et al [21], 

Lorbeer et al [22], Guo et al [23], and Chien-Hao et al [24].  The major disadvantage of co-

doping sensitizer and activator into a single host is the high cost of the these materials, which 

are required at high concentration to get an efficient result since the distance between the 

sensitizer and the activator ions are required to be very small (about 1 nm) [25].  

To overcome these challenges, a singly doped phosphor, which can generate white light when 

excited with blue light should be developed. Dy3+-doped matrices can emit blue and yellow 

light [26] and this has made it one of the choices of an activator for white light emitting 

phosphors since a co-dopant is not required. The blue emission (4F9/2→6H15/2) is a magnetic 

dipole transition and hardly varies with the crystal field around the Dy3+ ions. On the other 

hand, the yellow emission (4F9/2→6H13/2) which is defined as hypersensitive is an electric 

dipole transition and highly sensitive to the crystal field around Dy3+ ions. As a result of the 

imbalance between the blue and the yellow emission, it is difficult to generate white light 

from Dy3+ doped matrices. Hence the host matrix and the excitation wavelength plays 

important role in accomplishing this goal. For host matrix without inversion center, Dy3+ ions 

are located in the low symmetry in the host matrix and the yellow emission (4F9/2→6H13/2) of 

Dy3+ is stronger than the blue emission (4F9/2→6H15/2) [27]. On the other hand, the blue 

emission can yield stronger emission if the Dy3+ ions are doped into a host matrix with 

inversion center and the Dy3+ ions are located in the higher symmetry [28]. Furthermore, 

when the Dy3+ ions are located at or close to the inversion symmetry of the host matrix, both 

the blue and the yellow emissions of Dy3+ yield equivalent emission intensities [29, 30]. The 

excitation wavelength can also influence the emission of Dy3+ [31].  

Mixing La2SiO5 and Gd2SiO5 together can leverage the best qualities from these materials. 

We generated a single host LaGdSiO5 by mixing La2SiO5 and Gd2SiO5 and doped it with 

different molar concentrations (x) of Dy3+ ions as activator (x = 0.05, 0.1, 0.25, 0.75, 1.0, 1.5, 
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2.0, 3.0 and 5.0). We monitored the photoluminescence (PL) emission with blue light 

excitation (425, 454 and 474 nm) and part of the incident blue light were absorbed and 

converted to emission. So, with the combination of the absorbed blue light and the blue 

emission from Dy3+, we were able to balance the blue and the yellow emission which results 

in white emission. This is analogous to the InGaN-based YAG:Ce white LED, where InGaN 

LED is used to excite YAG:Ce yellow emitting phosphor and a portion of the blue light from 

InGaN LED is absorbed and re-emitted and combination of the blue emission from the 

InGaN LED and the yellow emission from YAG:Ce can yield white light [32]. 

8.2.   Experimental  

A detailed procedure for the samples preparation was discussed elsewhere [33]. The starting 

materials were lanthanum (III) nitrate hexahydrate La(NO3)3.6H2O, gadolinium (III) nitrate 

hexahydrate Gd(NO3)3.6H2O, dysprosium (III) nitrate hexahydrate Dy(NO3)3.6(H2O) and 

silicic acid (SiO2H2O). Urea CO(NH4)2 and ammonium nitrate (NH4NO3) were used as fuel. 

For each of the nine set of samples, the masses of SiO2H2O, CO(NH4)2 and NH4NO3 are 

0.1000 g, 0.4690 g, and 0.6251 g respectively. For LaGdSiO5:Dy3+ 0.05 mol% (i.e. x = 0.05), 

the masses of La(NO3)3.6H2O, Gd(NO3)3.6H2O and Dy(NO3)3.6H2O are respectively 0.6760 

g, 0.7047 g and 0.0005 g. For x = 0.1, La(NO3)3.6H2O = 0.6757 g, Gd(NO3)3.6H2O = 0.7043 

g and Dy(NO3)3.6H2O = 0.0011 g. For x = 0.25, La(NO3)3.6H2O = 0.6746 g, Gd(NO3)3.6H2O 

= 0.7035 g and Dy(NO3)3.6H2O = 0.0027 g. For x = 0.75 La(NO3)3.6H2O = 0.6712 g, 

Gd(NO3)3.6H2O = 0.6997 g and  Dy(NO3)3.6H2O = 0.0081 g. For x = 1.0, La(NO3)3.6H2O = 

0.6696 g, Gd(NO3)3.6H2O = 0.6980 g and Dy(NO3)3.6H2O = 0.0109 g. For x = 1.5, 

La(NO3)3.6H2O = 0.3331 g, Gd(NO3)3.6H2O = 0.3472 g and Dy(NO3)3.6H2O = 0.0082 g. For 

x = 2.0, La(NO3)3.6H2O = 0.3314 g, Gd(NO3)3.6H2O = 0.3455 g and Dy(NO3)3.6H2O = 

0.0109 g. For x = 3.0, La(NO3)3.6H2O = 0.6560 g, Gd(NO3)3.6H2O = 0.6838 g and 

Dy(NO3)3.6H2O = 0.0326 g. For x = 5.0, La(NO3)3.6H2O = 0.6425 g, Gd(NO3)3.6H2O = 

0.6697 g and Dy(NO3)3.6H2O = 0.0544 g. The structure was analyzed using (i) a Bruker D8 

Advanced X-ray diffraction diffractometer (XRD) and (ii) a Nicolet 6700 Fourier transform 

infrared (FTIR) spectroscope. The ultraviolet visible (UV-Vis) spectrum was recorded using 

a Lambda 950 UV-Vis spectrometer, while the PL spectra were measured using a Cary 

Eclipse fluorescence spectrophotometer.  
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8.3.   Results and Discussion 

The XRD pattern of the highest and the least concentration of Dy3+ (i.e. x = 0.05 and x = 5.0 

mol %) in the LaGdSiO5 matrix were measured to monitor the effect of Dy3+ concentration 

on the structure of the host matrix. As can be seen from Fig. 8.1, the presence of Dy3+ in the 

host matrix has no significant effect on its structure. This can be as a result of the similarities 

in the ionic radii of the two host materials and that of the dopant. La3+ has ionic radii of 0.110 

nm and 0.1216 nm in its seven and nine-fold coordinated sites respectively [34], while Gd3+ 

has atomic radii of 0.10 nm and 0.1107 nm in its seven and nine-fold coordinated sites 

respectively [35, 36]. When comparing the atomic radii of these elements to that of Dy3+ 

which are 0.1052 nm and 0.1167 nm in its six and eight-fold coordinated sites [34], it can be 

seen that they are quite similar in size, and as such Dy3+ ions can easily replace any of the 

two ions without causing any significant effect on the main structure [37]. The XRD patterns 

match with the standard monoclinic structures of La2SiO5 and Gd2SiO5 referenced in JCDPS 

file no: 40-0234 and 74-1795 respectively. The crystallographic planes indicated with the 

symbol “*” are from La2SiO5, while those indicated with “♦”are from Gd2SiO5. The average 

crystallite size (L) and the lattice train (𝜀) were calculated using the Williamson-Hall equation 

[38, 39] given by eqn. 8.1. 

        𝛽ℎ𝑘𝑙𝐶𝑜𝑠𝜃 = 4𝜀 𝑆𝑖𝑛𝜃 +  
𝐾 𝜆

𝐿
                                                                                    (8.1) 

where 𝛽ℎ𝑘𝑙 is the peak width at half maximum of the diffraction peaks, 𝜃 is the Bragg angle,  

𝜆 is the X-ray wavelength in nanometer (nm) and 𝐾 is a constant usually taken as 0.9 or 0.89. 

The estimated crystallite sizes and the lattice strains are shown in table 8.1. 
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Fig. 8.1: XRD patterns of LaGdSiO5:Dy3+ x mol % (x = 0.05 and 5.0) and the 

standards of La2SiO5 and Gd2SiO5. 

Table 8.1: The crystallite sizes and lattice strain of LaGdSiO5:Dy3+ nanophosphors 

LaGdSiO5:Dy3+ x mol% Crystallite size (L) (nm) Strain (𝜀) (× 10-2) 

         x = 0.05              15             2.05 

         x = 0.75              16             1.95 

         x = 1.5              14             2.43 

         x = 3.0              12             1.64 

         x = 5.0              16             2.41 

 

The stretching mode frequencies of our nanophosphors were determined using Fourier 

transformed infrared (FTIR) spectroscopy. The FTIR result obtained from LaGdSiO5:Dy3+ 

1.0 mol % is shown in Fig. 8.2. The absorption peak observed around 3605 cm-1 have been 

assigned to the stretching mode of the OH groups, whereas the peak around 665, 880 and 

1100 cm-1 are the characteristics of Si-O-Si group [40, 41]. The peak observed around 455 

cm-1 is associated with La-OH and Gd-OH bending modes in La(OH)3 and Gd(OH)3 [40, 42-
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45].   The bands at 1380, 1500 and 1655 cm-1 are assigned to the bending mode of water, 

whereas those at 3120 and 3430 cm-1 are assigned to the stretching mode of water [40, 46, 

47].           

 

 

 

 

 

 

 

 

Fig. 8.2: FTIR spectrum of LaGdSiO5:Dy3+ 1.0 mol % nanophosphor. 

UV-Vis reflectance measurement was performed on LaGdSiO5:Dy3+ x mol % for different 

values of x (x = 0.05, 0.75, 1.5, 3.0 and 5.0) and the resulting spectra are shown in Fig. 8.3. 

The absorption peaks observed at 275 and 313 nm are respectively assigned to the 8S7/2→6IJ 

and 6PJ→8S7/2 f-f transitions of Gd3+ [48] while the ones at 351 and 386 nm are assigned to the 

6H15/2 →
6P7/2 and  6I15/2→ 4I13/2 f-f transition of  Dy3+ [49]. The absorption observed around 

270 nm is probably due to the interband transition. The band gaps of LaGdSiO5:Dy3+ x mol 

% (x = 0.05, 0.75, 1.5, 3.0 and 5.0) was determined using Tauc plot [50]. Tauc plot uses the 

relation between the absorption coefficient and the band gap of a material given in eqn. 8.2 to 

estimate the band gap of the material.  

           (𝛼ℎ𝑣)1/𝑛 =  𝐴(ℎ𝑣 − 𝐸𝑔)                                                                                        (8.2) 

In eqn. 8.2, 𝛼 is the absorption coefficient, h is Planck’s constant, v is the frequency of 

vibration, 𝐸𝑔  is the band gap, n stand for the nature of the sample transition and A is a 

constant. Fig. 8.4 shows the calculated (ℎ𝑣) − [ℎ𝑣𝐹(𝑅∞)]1/2 curve of the nanophosphors. 

The estimated band gaps are shown in table 8.2. The observed variation in the band gap can 

be as a result of three possible factors; lattice strain, crystallite size or carrier concentration 
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[51, 52]. But since the crystallite sizes are approximately the same, the observed variations in 

the band gaps can be attributed to lattice strain and carrier concentration. 

Table 8.2: The estimated band gap of LaGdSiO5:Dy3+ x mol% (x = 0.05, 0.75, 1.5, 3.0 and 

5.0) 

LaGdSiO5:Dy3+ x mol% Band gap (eV) 

           x = 0.05             4.72 

           x = 0.75             4.64 

           x = 1.5             4.36 

           x = 3.0             4.65 

           x = 5.0             4.59 

    

Fig. 8.5 shows the excitation spectra of LaGdSiO5:Dy3+ x mol% (x = 0.05, 0.1, 0.25, 0.75, 1, 

1.5, 2, 3 and 5 mol %) nanophosphors recorded when monitoring the emission at the 

wavelength of 575 nm. The excitation peaks at 425 nm (6H15/2→
4G11/2), 454 nm 

(6H15/2→
4I15/2) and 475 nm (6H15/2→

4F9/2) are ascribed to the f→f transition of Dy3+ [53].   

 

 

 

 

 

 

 

 

 

Fig. 8.3: UV-Vis reflectance spectra of LaGdSiO5:Dy3+ x mol% (x = 0.25, 0.75, 1.0, 3.0 and 

5.0). 
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Fig. 8.4: Band gap of LaGdSiO5:Dy3+ x mol % (x = 0.05, 0.75, 1.5, 3.0 and 5.0).  

The PL emission spectra were measured from each of the three electronic transitions 

observed in the excitation spectra (425, 454 and 475 nm). In each case, part of the excitation 

wavelength was absorbed and re-emitted. This is analogous to the InGaN-based YAG:Ce 

system, where InGaN LED is used to excite YAG:Ce and a portion of the blue light from 

InGaN LED is absorbed and re-emitted [32]. Fig. 8.6 shows the emission spectra under 425 

nm excitation. The emission spectra exhibit an emission peak at 425 nm that is assigned to 

radiative recombination from 4F9/2→
6H15/2 f→f electronic transition of Dy3+ ions after 

undergoing a non-radiative transition from 4G11/2→
4F9/2 level (see fig. 8.8). Other emission 

lines observed at 485 nm, 575 nm, 668 nm and 756 nm are respectively from 4F9/2→6H15/2, 

4F9/2→6H13/2, 
4F9/2→6H11/2 and 4F9/2→6H9/2 f→f electronic transitions from Dy3+ ions. Under 

454 nm excitation, the emission peak which is due to radiative recombination from 4F9/2→ 

6H15/2 f→f electronic transition from Dy3+ ions was also observed at 454 nm (the spectra not 

shown) after a non-radiative transition from 4I15/2→
4F9/2 level (see fig. 8.8). Also observed at 

485, 575, 668 and 756 nm are respectively 4F9/2→6H15/2, 
4F9/2→6H13/2, 

4F9/2→6H11/2 and 

4F9/2→6H9/2 f→f electronic transitions also from Dy3+ ions [54]. When the emission was 

monitored under 475 nm excitation wavelength (Fig. 8.7), the radiative recombination 

emission peak from 475 nm (4F9/2→
6H15/2 f→f transition from Dy3+ ions) was found to be 

dominant while the 485 nm (4F9/2→6H15/2) peak form a shoulder on it. Other emission peaks 
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observed at 575 nm (4F9/2→6H13/2), 668 nm (4F9/2→6H11/2), and 756 nm (4F9/2→6H9/2) are also 

from f→f transition of Dy3+.   

   

          

 

 

 

 

 

 

Fig. 8.5: PL excitation spectra of LaGdSiO5:Dy3+ x mol % (x = 0.05, 0.1, 0.25, 0.75, 1.0, 1.5, 

2.0, 3.0 and 5.0) monitored under 575 nm emission wavelength. 

 

 

 

 

 

 

 

 

 

Fig. 8.6: PL emission spectra of LaGdSiO5:Dy3+ x mol % (x = 0.05, 0.1, 0.25, 0.75, 1.0, 1.5, 

2.0, 3.0 and 5.0) monitored under 425 nm excitation wavelength. 
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Fig. 8.7: PL emission spectra of LaGdSiO5:Dy3+ x mol % (x = 0.05, 0.1, 0.25, 0.75, 1.0, 1.5, 

2.0, 3.0 and 5.0) monitored under 475 nm excitation wavelength. 

From Fig. 8.6 and 8.7, it is evident that the intensity ratios of the emission peaks at 425 and 

475 nm respectively are not the same when compared to the corresponding peaks at 485 nm 

and 575 nm. Under certain assumptions, the two emission lines (425 nm and 475 nm) can 

have similar emission intensity ratios when compared to the emission intensities of their 

respective 485 and 575 nm peaks. These assumptions include that: (i) the luminescence 

intensity usually measured as the time average luminescence intensity is proportional to the 

number of the excited activator ions in a finite volume in the crystals arranged in the first 

layer on the fixed screen area, if the size of the electron beam on the phosphor screen is kept 

constant for all measurement. (ii) The time average luminescence intensities of a phosphor is 

proportional to the number of quanta emitted from the excited activator ions in unit time, if 

we assume that each excited activator ion in the crystal emits and returns to the ground state 

[55]. (iii) The mode of excitation of the activator ions in each case are the same [56].         

By and large, the three emission lines meet the first and the third assumptions since the 

phosphor screen and the size of electron beam incident on it is constant for all measurements 

and they are all excited in the same mode. However, the second assumption is not the same 

for the emission lines. This can be understood by studying the energy diagram of Dy3+ shown 

in Fig. 8.8. In the 425 and 454 nm transition lines, non-radiative transitions occurred from 
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4G11/2 and 4I15/2 respectively to 4F6/2 energy level before the final radiative transition from 4F6/2 

to 6H15/2. Hence 425 and 454 nm transition lines fail to meet the second assumption since they 

lost some photons to the non-radiative transition process and this led to the decrease in their 

luminescence intensity. On the other hand, 475 nm transitions underwent only radiative 

transition from 4F9/2 to 6H15/2 and as a result of that, it has luminescence emission intensity 

higher than 485 nm comparable to 575 nm emission line.  

Fig. 8.9 shows the CIE (International Commission on Illumination) colour space of the 

nanophosphors for x = 0.05 and 3.0 mol% when monitored at 454 nm and 475 nm excitation 

respectively. The CIE coordinates of (0.336, 0.313) and (0.359, 0.361) were obtained for x = 

0.05 and 3.0 mol% which are close to the standard D65 daylight (white light) with colour 

coordinates (0.3129, 0.3292) [57]. The colour coordinate for the rest of the samples and their 

excitation wavelengths are shown in table 8.3.    

 

Fig. 8.8: Energy levels of Dy3+ showing the excitation, emission and non-radiative 

transitions. 
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Fig. 8.9: CIE coordinates diagram of LaGdSiO5:Dy3+ x mol % for x = 0.05 (A) and x = 3.0 

(B). 

Table 8.3: CIE colour coordinate for LaGdSiO5:Dy3+ x mol% (x = 0.05, 0.1, 0.25, 0.75, 1.0, 

1.5, 2.0, 3.0 and 5.0 mol %) 

 

 

Dy3+ Concentrations 

(mol %) 

 

 

        425 

       
 

 

 

       454 

        

 

 

        475 

      

        0.05 (0.387, 0.294) (0.335, 0.313) (0.413, 0.303) 

        0.1 (0.389, 0.343) (0.362, 0.361) (0.373, 0.323)  

        0.25 (0.391, 0.387) (0.399, 0.409) (0.369, 0.354) 

        0.75 (0.388, 0.382) (0.390, 0.401) (0.382, 0.358) 

        1.0 (0.394, 0.394) (0.393, 0.410) (0.395, 0.392) 

        1.5 (0.385, 0.400) (0.370, 0.396) (0.368, 0.380) 

        2.0 (0.394, 0.397) (0.395, 0.406) (0.371, 0.377) 

        3.0 (0.377, 0.855) (0.393, 0.412) (0.359, 0.361) 

        5.0 (0.372, 0.373) (0.363, 0.393) (0.367, 0.379) 

 

 

 

 

𝜆𝐸𝑥𝑐(𝑛𝑚) 

                           CIE colour coordinates 
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8.4.   Conclusion 

Under various blue wavelength excitations, lanthanum gadolinium oxyorthosilicate 

(LaGdSiO5) doped with different molar concentrations of dysprosium (Dy3+) can produced 

white light. For each excitation, emission line corresponding to the excitation line was 

observed. The CIE colour spaces of (0.336, 0.313) and (0.359, 0.359, 0.361) were obtained 

for molar concentration of Dy3+ of 0.05 and 3.0 when monitoring the emission at the 

excitation wavelength of 454 nm and 475 nm respectively. These suggest that our material 

have potential application in blue light excited white LED. The crystallite sizes and the lattice 

strains calculated from the X-ray diffraction peaks using Williamson-Hall equation ranges 

from 12 nm to 16 nm and 1.6×10-2 to 2.43×10-2 respectively. The band gap initially 

decreased with increasing Dy3+ molar concentration, but at higher concentration of Dy3+, it 

increased.         
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CHAPTER NINE 

Summary, conclusion, future work and research presentations and publications 

 

9.1. Summary 

This section gives summary and conclusion of this thesis. 

Chapter five titled “Structure, Optical Properties and Elemental Analyses of mixed rare earth 

oxyorthosilicate (R2SiO5, R = La, Gd and Y) doped Dy3+ nanophosphors” discussed the 

synthesis and characterization of rare earth oxyorthosilicates doped with dysprosium (Dy3+). 

Dysprosium (Dy3+) doped lanthanum gadolinium oxyorthosilicate (LaGdSiO5), lanthanum 

yttrium oxyorthosilicate (LaYSiO5) and gadolinium yttrium oxyorthosilicate (GdYSiO5) 

phosphors (in powder form) were synthesized by urea-assisted combustion method. The X-

ray diffractometer analysis confirmed that the LaGdSiO5, LaYSiO5 and GdYSiO5) crystalized 

in monoclinic phases. The chemical composition of the phosphors was analyzed by 

measuring the atomic and molecular ionic species using the time of flight secondary ion mass 

spectroscopy (ToF SIMS). In addition, ToF SIMS imaging technique was used to determine 

the distribution of the Dy3+ dopant ions on the surface on the phosphors.  The average 

crystallite sizes and lattice strains of the phosphor were increased by Dy3+ doping. The field 

emission scanning electron microscope images showed that the powders were made up of an 

agglomeration of particles with no regular shape. The photoluminescence data showed 

narrow line emission peaks at the wavelengths of 485 nm (minor emission) and 573 nm 

(major emission) associated with the f→f transitions of Dy3+. The photoluminescence (PL) 

measurements showed that the emission peak of LaGdSiO5:Dy3+ was ~ 2× more intense than 

GdYSiO5:Dy3+ and ~ 3× more intense than LaYSiO5:Dy3+ when excited using 

monochromatic lamp with a wavelength of 241 nm. However, when the powders were 

excited using a 325 nm He-Cd laser, the highest PL emission intensity was observed from 

GdYSiO5:Dy3+.  

Chapter six was titled “Structure, scanning electron microscopy, and spectroscopy of La2-

xGdxSiO5:Dy3+ nanophosphors”. Lanthanum gadolinium oxyorthosilicate or La2-xGdxSiO5 (x 

= 0, 0.5, 1.0, 1.5 and 2.0) nanophosphors doped with dysprosium (Dy3+) were prepared by 

urea- and ammonium nitrate-assisted solution combustion method. The X-ray diffraction 

(XRD) patterns confirmed that the phosphors crystallized in pure monoclinic phases of 

 



167 
 

La2SiO5 and Gd2SiO5 or the admixtures of the two phases depending on the ratio of La:Gd in 

the host lattice. The estimated crystallite sizes were found to vary from 10 to 21 nm. The field 

emission scanning electron microscopy (FE-SEM) images showed that the particles were 

agglomerated together and they had no definite sizes. The chemical composition analyses and 

the electronic state were analyzed using the energy-dispersive X-ray spectroscopy (EDS) and 

X-ray photoelectron spectroscopy (XPS) respectively. The Fourier transform infrared 

spectroscopy (FTIR) data supplemented both the XRD and EDS data by confirming that the 

stretching mode frequencies all related to La2SiO5 and Gd2SiO5, except a few absorption 

peaks ascribed to atmospheric moisture and hydrocarbons. The X-ray photoelectron 

spectroscopy data suggested that there were a few plasmonic satellite peaks on the surface. 

The band gaps measured from the ultraviolet visible spectroscopy (UV-Vis) data were shown 

to vary with the molar ratio of La to Gd. The phosphorescence spectra showed the two 

characteristic emission of Dy3+ at 485 nm (blue) and 573 nm (yellow) while the fluorescence 

spectra showed an additional broad blue emission with maximum around 415 nm. Reduction 

in the impurity level led to decrease in the 415 nm emission and enhanced the yellow 

emission. The CIE chromaticity coordinates calculated from the fluorescence emission 

showed colours which were tuned from blue to white and yellow when the molar ratio of La 

to Gd in the La2-xGdxSiO5:Dy3+ lattices were varied.   

Chapter seven was titled “The influence of Dy3+ ions concentration and post-annealing on the 

properties of LaGdSiO5:xDy3+ (x = mol %) nanophosphors”. A novel LaGdSiO5:Dy3+ x 

mol% (x = 0.025, 0.1, 0.25, 0.75, 1.0, 1.5, 2.0, 3.0 and 5.0) nanophosphors were prepared by 

urea- and ammonium nitrate-assisted combustions. A change of phase was observed in the X-

ray diffractions pattern from the low to high temperature phase in the samples annealed at 

1000 ℃ for 1hr. The crystallite size varies from 12 to 16 nm. The photoluminescence (PL) 

studies were studied in both phosphorescence and in fluorescence mode using a PL system 

equipped with xenon lamp as the excitation source and a PL using 325 nm He-Cd gas laser as 

the excitation source. The phosphorescence excitation spectra showed two peaks at 227 and 

241 nm which was ascribed to f→d allowed transition of Dy3+. The PL intensities of 241 nm 

excitation decreased drastically after annealing while the 227 nm peaks increased. The 

phosphorescence emission spectra showed two prominent peaks from Dy3+ at 485 nm and 

573 nm. The fluorescence emission spectra showed a similar emission lines as the 

phosphorescence emission spectra except for an additional broad blue emission with 

maximum around 415 nm ascribed to self-trapped excitons (STE) in SiO2.  The CIE 

calculated from the fluorescence spectra showed coordinates which varies from blue to 
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yellow of with change in Dy3+ molar concentration with coordinates of (0.343, 0.358) and 

(0.342, 0.357) which are close to white light generated for Dy3+ concentrations of 1.5 and 3.0 

mol% respectively.        

Chapter eight was titled “Blue Light excited LaGdSiO5 doped x molar % Dy3+ white light-

emitting nanophosphors for solid state lighting applications”. The PL emission spectra of 

lanthanum gadolinium oxyorthosilicate (LaGdSiO5) doped with different molar 

concentrations of dysprosium (Dy3+) nanophosphors were monitored using 425, 454 and 475 

nm excitation wavelength. For each excitation wavelength, part of the excitation energy were 

absorbed and converted to emission. The crystallite size and the lattice strain calculated from 

the X-ray diffraction peaks using Williamson-Hall equation varies between 12 nm to 16 nm 

and 1.6×10-2 nm to 2.43×10-2 nm respectively. CIE colour space of (0.336, 0.313) and 

(0.359, 0.359, 0.361) were obtained for Dy3+ molar concentration of 0.05 and 3.0 when the 

emission was monitored using 454 nm and 475 nm respectively.  The band gap measured 

from the reflectance curve using Tauc plot initially decreased with increasing Dy3+ 

concentration, but at high Dy3+ concentration, it decreases.  
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9.2.   Conclusion               

It can be concluded that: (i) single and mixed rare earth oxyorthosilicate (R2SiO5, R = La, Gd 

or Y) doped with different concentration of Dy3+ nanophosphors were successfully prepared 

by  urea and ammonium nitrate-assisted solution combustion method with the crystallite size 

ranging from 8 nm to 21 nm. (ii) When excited in phosphorescence mode using 

monochromatic xenon lamp with a wavelength of 241 nm, LaGdSiO5:Dy3+ can yield 

emission ~ 3× more intense than those of LaYSiO5:Dy3+ and GdYSiO5:Dy3+. (iii) When 

excited in fluorescence mode using a 325 nm He-Cd laser, GdYSiO5:Dy3+ can yield highest 

PL emission intensity. (iv) By varying the molar ratio of La and Gd in La2-xGdxSiO5:Dy3+ ( x 

= 0, 0.5, 1, 1.5 and 2) matrices or varying the molar concentration of Dy3+ in LaGdSiO5:Dy3+ 

matrices, the colour of the emitted light can be varied from blue, through white to yellow 

when excited using a 325 nm He-Cd laser. (v) When excited at 454 nm and 475 nm using 

monochromatic xenon lamp as the excitation source, LaGdSiO5:Dy3+ x mol% (x = 0.05, 0.1, 

0.25, 0.75, 1, 1.5, 2, 3 and 5) can yield white light.    

Mixed rare earth oxyorthosilicates doped with Dy3+ has shown their ability to emit 

multicolour and white light when excited with UV-vis light and white light when excited with 

blue light. These made them novel phosphors for application in UV-pumped multicolour and 

white light emitting diodes and blue light-pumped white light emitting diodes. The ability of 

a phosphor to be stable in chemical composition and crystal structure including the valence of 

the doped rare earth ions when exposed to either chemical attach or UV or blue irradiation is 

known as its chemical stability. Also thermal quenching refers to the measure of the thermal 

stability of a phosphor. Phosphors used in LEDs are expected to have high chemical stability, 

small thermal quenching and short lifetime  
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9.3.   Future work  

Although phosphors are usually commercially available in powder form, for practical 

purposes, they are in thin film forms. It is well known that in thin film form, phosphors has 

more advantages than powders, as a results our future work will focus on preparing thin films 

using these materials and performing additional characterizing such as investigation of the 

thermal and the chemical stability and determining of the lifetime among others things.   
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