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Preface 

 

In the 21st century, phosphor-converted white light-emitting diodes (pc-WLEDs) 

are emerging as a new light source for advanced solid-state lighting, lasers, backlight 

displays, bio-medical imaging, afterglow materials, etc. pc-WLEDs still now retain 

the market potential because of their remarkable advantages like eco-friendly, high-

frequency operation, minimum power consumption, very low heat dissipation, high 

efficiency and durability than other lighting technologies. In WLED fabrication, 

phosphor materials are crucial and act as a good colour converter in green lighting 

sources (LEDs). The Crucial factor that directly influences the performance of LED 

devices is the phosphor material chosen; it must have an efficient emission nature, 

high thermal and chemical stability, mild synthetic conditions, etc. Different kinds of 

phosphors have been examined, including oxides, oxynitrides, sulfides, aluminates 

etc. However, most of them face problems like low chemical stability, luminescent 

efficiency loss, complexity in the synthesis process and high cost. 

 

Rare-earth ions doped oxy-fluoride phosphors have shown wide attention 

towards WLED lighting applications with their tunable luminescence properties. 

Unlike sulphide and nitride-based hosts, luminescent host matrices have high thermal 

and chemical stability. Introducing fluoride ions into an oxide crystal lattice leads to 

a distortion of the centrosymmetric sites of the polyhedrons, which causes unusual 

spectroscopic properties. Besides that, fluoride host matrices provide high 

coordination and ionicity of the rare-earth to fluorine bond, resulting in wide bandgap, 

low phonon energies, and low inter-configurational transitions. In contrast, the oxide 

host matrices provide high chemical stability and absorption in the UV-vis region. 

Based on these facts, oxyfluorides, which combine the advantages of both fluorides 

and oxides, are promising host materials for luminescence properties. Among the oxy-

fluoride host matrices, Sr3AlO4F is the most generally studied phosphor owing to its 

good chemical and thermal stability, economical starting materials, facile synthesis 

conditions, and efficient luminescence properties. 

 

There has been extensive research for developing a single-composition phosphor 

that can produce multiband emissions. Activators like Eu2+ or Ce3+ ions can be 
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codoped into a single system to generate broadband visible emission that can resolve 

the existing problem of low colour rendering (CRI) and high colour temperature 

(CCT) and extensive use of blue irradiations in Y3Al5O12: Ce3+ (YAG: Ce) yellow 

phosphor based solid-state lighting.7 High CRI could be achieved by adequately 

mixing red, green and blue emitting phosphors. However, mixing up of various 

phosphors causes self-absorption and complex packaging problems. In the recently 

reported oxyfluorides, multiple crystallographic sites could provide versatile cationic 

environments for Ce3+ or Eu2+ ions, effectively generating broad emissions from these 

ions. Eventually, an appropriate cationic replacement can drive the luminescent 

centres to produce emission wavelength shifts very effectively. 

 

Integrating phosphor powders and LED devices using organic binders is a cost-

effective and easy process for assembling pc-LED devices. However, when phosphor 

powder is glued in organic binders, pc-LEDs face carbonization reactions due to the 

continuous exposure to the excitation source, which results in the low thermal stability 

and poor heat resistance of the used binder. To overcome the mentioned problem of 

epoxy coatings, modern colour converters such as phosphor in glasses (PiGs), 

phosphor ceramics, and single crystals have been used for advanced lighting 

applications instead of traditional powder colour converters. They generated uniform 

white light emission with high luminous efficiency. However, they face poor thermal 

conductivity, complicated glass synthesis conditions and cost of production issues. 

Furthermore, the usability of continuous exposure to 460 nm blue laser may cause 

health issues for humans, and the rigid nature of the composite restricts its application 

to advanced flexible lighting technologies. To overcome these problems nowadays, 

the research community has shown great interest in developing polymer composite-

based colour converters because of their potential applications towards flexible 

optoelectronic devices. So, combining polymer matrix with phosphor is a suitable 

alternative for generating high-performance and thermally stable composite material 

for LED packages. 

 

The present thesis focused on developing single white light emission under n-

UV/ violet excitation from oxyfluoride phosphors and related phosphor-polymer 

composite films as colour-converting materials for WLED-based lighting 

applications.  
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The thesis is organized into six chapters and the overview of each chapter is 

described as follows:  

 

Chapter 1 provides a consolidated overview of existing techniques for pc-WLEDs, 

their drawbacks and suitable solutions, precisely discussing single broad-band 

emitting phosphors. Further, a detailed literature review of recently reported diverse 

varieties of single broad-band emitting phosphors is elaborated. This chapter also 

deals with the importance of Eu2+/3+ ions doping in generating single white light 

emission and their luminescence properties, synthesis, and applications towards 

WLEDs. Special emphasis is given to oxyfluoride phosphors for warm WLEDs and 

epoxy resin-free phosphor polymer composite as colour converters. Moreover, this 

chapter also covers the characterization techniques required for the complete study of 

the synthesized materials. 

 

Chapter 2: Innovative flexible lighting applications based on host triggered 

photoluminescence in Sr2.9-3x/2LnxAlO4F: 0.1Eu3+ (Ln = Gd, Y). 

Chapter 2 started with the structural features and luminescence behaviour of 

Sr3AlO4F host. The tetragonal phased Sr3AlO4F lattice is highly strained with some 

oxygen vacancies. The aliovalent substitutions of Sr2+ ions with trivalent Gd and Y 

ions are carried out by synthesizing a series of 0.1 mol% of Eu3+ doped Sr2.9-

3x/2LnxAlO4F (x = 0.01 to 0.10) were synthesized. All the samples showed intense red-

orange emission (Eu3+: 5D0 → 7F1,2) under the UV and near-UV excitations. The 

critical concentrations of Gd3+ and Y3+ up to which the Eu3+ emission intensities 

increased linearly were observed to be x = 0.09 and x = 0.07, respectively. 

Nevertheless, further enhancement in the Eu3+ luminescence of the optimized 

phosphors was realized by subsequently annealing in low-oxygen atmospheres. The 

enhancement in oxygen deficiency during the post-annealing in Ar or vacuum led to 

the energy transfer (O2--Eu3+) to a greater extent which afterward increased the Eu3+ 

luminescence. The optimized Sr2.765Gd0.09AlO4F: 0.1Eu3+ and 

Sr2.795Y0.07AlO4F:0.1Eu3+ phosphors showed high red colour purity (~99%), as well 

as CIE coordinates of (0.62, 0.38), indicated that these phosphors could be appropriate 

red-emitting components for making flexible optical films for many lighting devices. 

Therefore, flexible polydimethylsiloxane-based films were also fabricated using 
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optimized Sr2.765Gd0.09AlO4F: 0.1Eu3+ phosphor. The electroluminescence of a 

flexible PDMS-phosphor composite film showed an intense and pure red color with 

good thermal stability suggesting its suitability in flexible lighting and display 

devices. 

 

Chapter 3: Full-color emitting crystal engineered Sr3Al1-xSixO4+xF1-x: Eu2+/3+ 

oxyfluorides for developing bendable lighting composites. 

   Chapter 3 reports a series of full-colour emitting Eu2+/Eu3+-coexisted Sr2.9Al1-

xSixO4+xF1-x: 0.1Eu2+/3+ (SASixOF: Eu2+/3+) oxyfluorides, which were synthesized by 

annealing the solid precursors in an oxygen-deficient atmosphere. The substitution of 

Si4+ ions in Al sites contracted the AlO4 tetrahedra and could enlarge the Sr sites, and 

enabled the suitable occupation of Eu2+ ions in the Sr1 sites. Eventually, the X-ray 

photoelectron spectroscopy studies confirmed the valence conversion of europium 

ions from its trivalent to the divalent state owing to the Si4+ ions doping in SAOF: 

Eu2+/3+. Photoluminescence studies of SAxSi1-xOF: Eu2+/3+ showed a bluish emission 

band at 482 nm for the 4f-5d transition of Eu2+ ions along with several sharp peaks 

above 550 nm owing to the intra f-f transition of Eu3+ ions. Increasing the Si4+ ions’ 

concentration subsequently, enhanced the Eu3+ to Eu2+ conversion rate and decreased 

their emission intensity ratio, owing to which the emission color chromaticity was also 

tuned from orange-red (CIE: 0.48, 0.29) to nearly white (CIE: 0.30, 0.26) and 

eventually to the bluish region (CIE: 0.18, 0.23). The nearly white light-emitting 

composition SASi0.03OF: Eu2+/3+ and the intense bluish light-emitting optimum 

SASi0.06OF: Eu2+/3+ phosphors were further chosen for fabricating flexible composites 

based on phosphor and castor oil (PU). At 150 ºC, the composite showed almost 

double the emission than the phosphor powders owing to the thermal encapsulation 

of the powders provided by the PU matrix. The obtained composite started to degrade 

at a temperature as high as 300 oC. Therefore, the composite made with near white 

emitting SASi0.03OF: Eu2+/3+ phosphor was integrated with a 372 near UV-LED which 

showed intense cool white emission with the CIE of (0.29, 0.33), CCT of 7562 K, and 

CRI of 89. The above studies broadly suggested the adaptability of the obtained 

composites for flexible lighting applications. 

 

Chapter 4: Governing the crystallographic sites for tuning Eu2+ emission in an 

apatite oxyfluoride host to be applied for superior white light emitting diodes. 
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  Chapter 4 aimed at the generation of white light from a single-phase composition 

activated only with europium. The study started with the structural evaluations of 

Eu3+-activated Ca4La6Si6O24F2 phosphors and Eu3+ photoluminescence to elucidate 

the local environment of rare-earth ions and the symmetric nature of the lattice sites. 

Ca4La6Si6O24F2 crystallized in the hexagonal P63/m space group. The predominant 

5D0-
7F2 electric dipole transition at 614 nm, and the non-splitting as well as the zero-

shifting behaviour of 5D0-
7F0 at 578 nm, suggested that the rare-earth ionic 

substitutions preferably took place at the larger asymmetric sites. Introducing Sr2+ ions 

in Ca4La6Si6O24F2:Eu3+/Eu2+ that is synthesized in a reducing atmosphere suppressed 

Eu3+ emission. From the optimized Ca1.98Sr1.98La6Si6O24F2:0.04Eu2+, a sequence of 

M2+-codoped (M=Mg/Ba) Ca1.98Sr1.98La6Si6O24F2: 0.04Eu2+ phosphors were further 

developed. The substitutions of Mg2+ and Ba2+ altered the crystal field by changing 

the lattice parameters. The Mg2+ doped samples showed a blue shift from 520 nm 

(Mg2+=0) to 471 nm (Mg2+=1.0). The Ba2+ doped compositions showed a red shift 

from 520 nm (Ba2+=0) to 536 nm (Ba2+=1.2). The change of symmetry owing to the 

Mg2+/Ba2+ substitution could have led to the centroid shift, which was responsible for 

the blue- or red-shift of the emission spectra. The XRD of 

Ca1.38Sr1.38La6Si6O24F2:0.04Eu2+,1.2Ba2+ indicated Ba2+-induced lattice site 

expansion. Keeping this in view, Eu2+ ions concentrations were further enhanced from 

0.04 to 0.3, and the resultant photoluminescence was further enhanced and red-shifted. 

The optimized sample showed better intensity compared to the commercial 

Y3Al5O12:Ce3+ and exhibited decent photoluminescence above 70% at 150 oC as 

compared with that at room temperature. Finally, several prototype WLEDs were 

fabricated using the single phosphor Ca1.365Sr1.365La6Si6O24F2:0.07Eu2+, 1.2Ba2+ with 

near-UV and violet-LED chips. The outcomes indicated the promising nature of this 

single composition phosphor for indoor lighting. 

 

Chapter 5: Violet light excitable, highly efficient single broadband emitting 

oxyfluoride phosphor and polymer composite for conventional and laser-

triggered lighting applications. 

  Chapter 5 reports full spectral emitting violet-excitable flexible luminescent 

converters are favourable for user-friendly and human-centric lighting technologies 

due to simplified white-LED (WLED) integration, lower strained lighting, and long-

term colour constancy. This research proposed a new broadband-emitting phosphor 
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composition (Sr,Ba)3(Al,Si)O4F: Ce3+, Eu2+, which is structurally optimized based on 

Eu2+ and Ce3+ site occupancy. Aiding from the nifty sensitization effect of Ce3+ ions, 

a wider band emission composed of 4f65d1 - 4f7 transitions of Ce3+ and Eu2+ ions is 

effectively recognized under 410 nm violet radiation with a high quantum efficiency 

of 86% and thermal stability of 78%. High-quality phosphor polymer composite films 

are fabricated using the emission red-shifted Sr1.995Ba1-xAl0.5Si0.5O4F: 0.025Ce3+; 

0.005Eu2+ powders and thiourethane (CTU), which do not require any organic binders 

for WLED assembly, and exhibit high photobleaching and enhanced 

photoluminescent stability due to polymer encapsulation. The WLEDs assembled by 

the CTU/40%S2BAOF: 0.025Ce3+; 0.005Eu2+ flexible composite as a single converter 

layer of a 410 nm violet-LED chip and a violet lesser of 405 nm generate warm white 

light with high CRI~80 and low CCT~4000 K without a noticeable chromatic shift 

under various powers and after prolonged illuminations. This research climaxes the 

potential of structurally distorted phosphor-polymer composites with outstanding 

lighting stability. 

 

Chapter 6: Summary and future scope 

Phosphor-converted white light emitting diodes (pc-WLEDs) are promising in 

fourth-generation artificial lighting because of their long lifespans, tunable colour, 

good stability, environmental friendliness, high energy-saving performance, 

compactness and their potential applications in day-to-day life. The thesis focused on 

developing single white light emission under n-UV/violet excitation from oxyfluoride 

phosphors and related phosphor-polymer composite films as the colour converting 

materials for epoxy resin free WLED based lighting applications. Structural and 

optical studies of each developed phosphor and phosphor polymer composites have 

been studied in detail, and these studies were correlated with suitable experimental 

proofs. The optimized phosphors from each working chapters are utilized for 

advanced flexible lighting applications. 

 

This research primarily focused on two oxyfluoride host materials, Sr₃AlO₄F and 

La₆Ca₄(SiO₄)₆F₂, with the objective of achieving single warm white light emission 

suitable for solid-state lighting applications. From Chapters 2 and 3, an in-depth 

understanding of the structural and optical properties of the Sr₃AlO₄F host was 

obtained. In Chapter 4, through a strategic cationic substitution approach in the 
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apatite-type La₆Ca₄(SiO₄)₆F₂ host, the broadness and tunability of the emission 

spectrum were effectively optimized for white light generation. Building upon these 

insights, Chapter 5 successfully demonstrated the development of a violet-excitable 

single-component warm white light-emitting phosphor based on the Sr₃AlO₄F host. 

This optimized phosphor exhibited high color rendering index (CRI), low correlated 

color temperature (CCT), and high quantum efficiency, highlighting its strong 

potential for next-generation human-centric lighting and advanced optoelectronic 

applications. 
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1. Introduction 

1.1. Photoluminescence and phosphors 

Photoluminescence is a phenomenon that arises when an external energy excites a 

substance's electronic state, subsequently releasing light.1 The source of external energy 

is mainly from UV, visible, beams of electrons, thermal radiation, or photons, which 

transform some of the energy into electromagnetic radiation, mostly emitted in the visible 

region. 

 

 

 

Figure 1.1: The pictorial illustration of the photoluminescence phenomenon and 

different phosphor powder illumination under excitation irradiations. (Source: Google, 

links: https://www.techbriefs.com/,and https://www.imws.fraunhofer.de/) 

 

Phosphors are known as inorganic light conversion materials, which emit lower 

energetic photons when exposed to higher energetic ultraviolet or visible photons or an 

electron beam. They are considered to be the key components of WLEDs. According to 

Shigeo Shionoya, the term "phosphor" specifically refers to inorganic solid luminescent 

materials in powder form, composed of crystals or noncrystals.1, 2 Phosphors are 

composed of an inorganic matrix known as host and luminescent ions known as 

activators are embedding into the host matrix. The activator ions undergo electronic 

transitions into the host by absorbing high energy and resulting in low energy emission, 

i.e. Stokes emission is called down-conversion phosphors and that luminescent material 

convert lower energy photons into higher energy are known as up-conversion 

phosphors.1 
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1.2. Photoluminescence mechanism 

Photoluminescence is a phenomenon of light emission as a result of the absorption 

of photons such as lesser energetic electron beam, ultraviolet radiation or visible lights. 

This photoluminescence mechanisms are best illustrated with the help of Jablonski 

diagram, as shown in Figure 1.2.1-3 Depending on the energy of light photon absorbed, 

the electrons present in the ground state of the molecule jumps to the higher excited states 

such as S1, S2…. or Sn singlet states. This activated electron returns to the ground state 

by dissipating its energy through following types of processes: 

 

 

 

Figure 1.2: The Jablonski diagram illustrating the various photoluminescence 

mechanism. 

 

1.2.1. Non – radiative Transitions 

These transitions are radiation less transitions occur due to the transition of activated 

electrons from higher excited states (S3, S2 or T3, T2) to the first excited states (S1 or T1). 

Mainly two types of non – radiative transitions are there: Internal conversion (IC) as well 

as Intersystem crossing (ISC). 

 

Internal conversion (IC): The non-radiative transition happens for the activated 

molecule through molecular collision and dissipates energy in the form of heat. This 

phenomenon happens in less than 10-11 second. 
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Intersystem crossing (ISC): The non–radiative transitions happen between states with 

different multiplicity (from S1 to T1 or S2 to T2, etc.). The ISC transitions are forbidden 

and occur at very slow rates. 

 

1.2.2. Radiative transitions 

The transition of activated electrons from singlet (S1) or triplet (T1) excited states to 

the ground state (S0) involves radiative emission. There are two types of radiative 

emissions are there: Fluorescence and Phosphorescence. 

 

Fluorescence: The radiative transition from S1 to S0 results in fluorescence emission. 

This is an allowed transition and occurs in about 10-8 seconds. The emission in 

fluorescence ceases with the removal of the light source. 

 

Phosphorescence: The forbidden transition from the triplet (T1) to the ground state (S0) 

results in phosphorescence emission. The period of phosphorescence is longer than 

fluorescence emission, i.e. about 10-3 seconds or greater. 

 

1.3. Phosphor: host and activator 

In the making of phosphor based WLEDs mainly focused on two things, phosphor 

material and LED chips. For LED chips, researchers are mainly investigating its thermal 

diffusivity, stability, chosen short wavelength chips and focused on the manipulation of 

high power. Another factor which directly influence the LED device is the phosphor 

material chosen, it must have high thermal and chemical stability, good luminescent 

property, mild synthesis condition, etc.4 Phosphors, known as inorganic color-converters, 

are the vital WLED components. Usually, they are consisting of a host material and 

intentionally doped impurities called activators.1,2 The host materials generally govern 

the crystal structure and the commonly used host matrix are oxides, fluorides, nitrides, 

sulphides, oxyfluorides, silicates, oxynitrides, selenides, halides, etc.1-5  

 

Whereas the activators act as a luminescent centre integrated into the host matrix 

which emit light. They are generally transition metals or rare earth metal cations like 

Mn2+/4+, Cu+, Zn2+, Cr3+, Sb3+, Ce3+, Eu2+, Tm3+, Er3+, Tb3+, Pr3+, Dy3+, Sm2+/3+ and 

Eu2+/3+, etc.3 The photoluminescence process in phosphors mainly associated with the 
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host and within the activator via energy transfer process. 3 The simultaneous effect of 

both the host and activator ion influences the photoluminescence properties of a phosphor 

such as shape and intensity of the emission spectra, quantum efficiency, thermal stability, 

etc.5 Phosphor materials absorb energy from incident radiation and emit light through 

various energy transfer processes. 

 

1.3.1. Photoluminescence mechanism in phosphors 

1.3.1.1. Intra – configurational transitions 

The interaction among the host lattice and the activator ions results in electronic 

transition within the same shell, i.e. without changing the electronic configuration of the 

ion, is known as intra-configurational optical transitions. For the case of rare earth ion–

activated phosphor, several sharp peaks arise due to the intra-configurational 4f→4f 

transitions. All the states of 4fN electronic configuration of rare earth ions with identical 

parity, which make electric dipole transitions parity forbidden. When activator ions 

undergo a crystal field with poor inversion symmetry, the overlapping of wave functions 

such as 4fN-1 5d into 4f with opposite parity occur. Accordingly, intra-configurational 

4f→4f transitions achieve intensity in emission.3 In the case of transition metal ion–

activated phosphor, broad spectral peaks arise due to the intra-configurational 3d→3d 

transitions as the outcome of the strong interaction of activator ion with the surrounding 

lattice environment. All the optical transition between states of 3dN electronic 

configuration of transition metal ions are parity forbidden, but by mixing with odd-parity 

composition transition of ions become weakly allowed.3 

 

1.3.1.2. Inter – configurational transitions 

The electronic transitions happen between different atomic shell i.e. with changing 

the electronic configuration of ions either from 4f shell to 5d shell or vice versa is known 

as inter – configurational transitions. The excited electrons from 4f orbital to 5d orbital 

transition will experience interaction with the surrounding vibrating lattice. The 

corresponding 5d–4f transitions are allowed and broad spectral bands are observed. The 

energy difference between 4f and 5d electronic levels are highly depends on the strength 

of neighbouring crystal field environment. As compared with the free ion, the lowest 

energy level of 4fN−15d configuration having lesser energy upon included in to a host 

matrix. Similarly, weak crystal field and low covalence of the activator-ligand bond may 

result lower rate of splitting in 4fN−15d electronic levels of ions in host matrix.3 
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1.3.1.3. Energy transfer interactions 

Some cases activator ions in host lattice are enable to give promising luminescence 

because the host lattice is unable to give absorption. Such cases minute quantities of 

monovalent or trivalent atoms like Li, Na, K or Bi, Gd, Pr known as sensitizers (S) are 

co-doped into the systems to enhance the photoluminescence of the activator ions (A). If 

the excited states of sensitizer and activator are in resonant energy, S transfer its energy 

from the relaxed excited states to the ground state of A without giving any radiative 

emissions. There must be a strong interaction between the two centres and have 

comparable energy levels for the energy exchange interaction among S and A in a 

phosphor.3 

 

1.3.1.4. Charge transfer transitions 

Charge transfer transition is an electron transfer transitions happens between donor 

and acceptor pairs within the same part of the molecule or between two different 

molecule resulting change in the electronic environment and leads to strong absorption 

in UV – visible region. Basically, two types of charge transfer transitions are crucial: a 

ligand to metal charge transfer (LMCT) in which electrons transfer from ligand orbital 

to metal orbital and metal to ligand charge transfer (MLCT) in which electrons transfer 

electrons from metal orbital to ligand orbital. 

 

In phosphor materials, which are mainly insulators or semiconductors, absorption 

usually materialize because of the band to band excitation of electrons. After that the host 

material show electron transfer emission either by the result of activator to host excitation 

or inter – band excitation. If the localized excited states of activator are strongly mixed 

with the orbitals of the surroundings conduction bands, there is a transition of electrons 

from the activator’s ground level to one of its excited states by creating an electron hole 

pair.3 Charge transfer transition in phosphor mainly due to donor – acceptor pair 

emission, including metal to ligand, ligand to metal and metal to metal charge transfer. 

The broad spectral band is observed due to strong electron-lattice coupling in phosphors. 

Other type of charge transfer transitions in phosphor are related to the trapping centers. 

When a foreign atom/molecule incorporated into a crystal system, lattice distortion may 

occur, results in creating trapping centers with in the energy gap. The electron hole pairs, 
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i.e. charge carriers may be trapped at these levels and undergo transition upon external 

stimuli.6 

 

1.4. Applications of phosphors 

Phosphors have wide range of application in different fields of technologies. Based 

on the requirements in different fields thousands of possible phosphor material can be 

developed for different applications such as lasers, display devices, solid state lighting, 

optical communications, dark glow imaging, sensors, plant growth technology, cathode 

ray tubes, scintillators, micro-LEDs, etc.7-9 

 

1.4.1. Solid state white LEDs  

Phosphor-based white light-emitting diodes (pc-WLEDs) are one of the developing 

technologies in the 21st century to rapidly replacing existing light sources such as 

incandescent bulbs and fluorescent bulbs for use in the display backlights, indoor and 

outdoor lighting, etc.10 These solid state WLEDs have concerned much attention in 

modern lighting technologies because of their longer life, low heat dissipation, high 

quantum efficiency, environmentally friendly nature, low energy consumption, higher 

conversion efficiency of electrical power to optical power, spectral tunability, reduce the 

dependency of mercury usage, etc.11-13 This WLEDs are one of the most emerging 

illumination systems in the future which is replacing traditional incandescent and 

fluorescent lamps. Because of the promising advantage of WLEDs like compactable size, 

high brightness, fast switching rates, superior lifetime, and reliability made this suitable  

 

Figure 1.3: Applications of WLEDs in different sectors. (Source: the information and 

images were collected from Google) 

 

for various applications such as high-power automotive headlights, display systems, 

including landscape decoration, indicators, liquid crystal displays for computers, mobile 

telephones, TVs, etc.5 By the usage of WLEDs, instead of other lighting sources it will 
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reduce environmental pollution and energy consumption in world wide. In the 

development of human history, WLED plays a remarkable role in different sectors like 

automotive industries, indoor and outdoor lighting, backlighting, laser technology, 

medical field, plant growth technologies, future ultimate display systems like micro-

LEDs, etc. as shown in Figure 1.3.14,15 

 

1.4.1.2. Market potential of WLEDs 

 

 

 

Figure 1.4: Market Potential Report of WLEDs from 

https://www.verifiedmarketreports.com/. 

 

The global market potential of WLEDs grow year by year and is expected to reach 

USD 98.45 Billion by 2033. The growth rate is estimated with a compound annual growth 

rate (CAGR) of 5.75% from 2026 to 2033. Many government sectors are taken the 

initiative for promoting usability of WLEDs in different sectors by circulating awareness 

of the promising advantage of WLEDs such as energy-efficient lighting, durability of 

LED products, sustainable lighting, and technological advancements. Based on the 

reports of U.S. Department of Energy, the LED market will reach $138.8 billion by 2026. 

Peoples are more concern about their health and conscious about environment. This is 

the main reason for the increasing market potential of drive the growth of the white LEDs. 

In terms of energy consumption, WLEDs consume up to 75% less energy than traditional 

light sources like incandescent bulbs and also the lifetime of WLED is 25 times longer 

than the conventional light sources. According to the U.S. Energy Information 

https://www.verifiedmarketreports.com/
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Administration reports, LED lighting could save more than $30 billion in electricity costs 

by 2030. The market potential report of WLED is illustrated in Figure 1.4.16 

 

1.4.1.3. Evolution of phosphor materials in WLEDs 

Based on the requirements of each different era, phosphor materials are tuned by 

their luminescence property, thermal stability and chemical stability of the whole 

structure for solid state lighting. Initially, people are demanding a white light source with 

high efficiency, and hence, researchers developed first-generation phosphors for lighting. 

After that, people are seeking better color performance LED, having high CRI and 

thermal stability.5 So, to overcome the pitfalls of 1st generation phosphors, 2nd generation 

phosphors were developed. To makeover the disadvantages of 1st and 2nd-generation 

phosphors, researchers are more focused on developing narrowband emitting phosphors 

with high visual and audio quality to fulfil the demands of the 3rd era for the backlighting 

system.  

 

 

 

Figure 1.5: The schematic representation of evolution of phosphor materials in 

different generations for lighting. 

 

In the recent era, technologies are more and more advanced and peoples are much 

more concerned about their health and demanding lighting devices for advanced 

applications like wearable devices, plant growth technologies, health sectors, food 

technologies, etc. For satisfying all these demands in the current technologies, broad band 

phosphors covering from blue to infrared regions are required. And hence fourth 
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generation phosphors are invented to meet the demands and those are in immature stage 

and being established presently.5 Coming to the future of these phosphor materials, they 

will be used for high end applications like ultimate display systems, more complex 

devices, micro-LEDs, etc. For the development of this fifth generation of phosphors 

researchers are focusing on reducing the particle size of the phosphors and narrow band 

emission to meet the demands. The overall schematic representation of evolution of 

phosphor materials in different generations for lighting are shown in Figure 1.5.5 

 

1.4.1.4. Existing technologies for WLEDs development 

There are mainly two types of techniques for generating WLEDs: by adopting multi-

chip techniques or single-chip method. In multichip method, three different LEDs like 

blue, green, and red LED chips are mixed together to form white light.5 Based on our 

requirements, the produced light color can be adjusted but this method facing problems 

such as multiple chip usage leads to high cost of production, complicated electronics, 

different degrading nature of chips with different lifetime and thermal stability causes 

color distortion of the WLEDs and different driving voltages limits its advanced practical 

applications. To overcome these issues, nowadays for the commercial WLED products 

development they are adopted single-chip based techniques with the aid of different 

phosphors.5 There are mainly three methods of single-chip based development of 

WLEDs.  

 

1.4.1.4.1. Combination of yellow phosphors with blue LED chip 

In this method, yellow color emitting phosphor powders are combined with the blue 

light emitting LED chips to generate white light. The commercialized WLEDs are mostly 

from the combination of a yellow emitting Y3Al5O12:Ce3+ (YAG:Ce3+)  phosphor and a 

blue LED chip to produce cold white light with high brightness and very high correlated 

color temperature (CCT) greater than 6000 K.5 This commercialized WLED combination 

was first invented by Nichia Co. in 1996 (patent no. US 5,998,925).5 Besides its 

advantages, the lack of red emission in the spectral region results to low color-rendering 

index (CRI) < 75 and high correlated color temperatures (CCT). The prolonged blue LED 

emission cause severe health issues for human like mood disorders, macular 

degeneration, circadian disruption, etc. By the usage of epoxy resin usage in LED 

packaging cause degradation problems and low thermal stability of phosphors limits its 

advanced lighting applications.17-19 



11  

 

1.4.1.4.2. Combination of green and red phosphors with blue LED chip 

White light emission is produced from the combination of a blue LED chip with 

green and red color phosphor powders, as shown in Figure 5(c). The combinations 

mostly produce warm white light emission with higher CRI and the CCT in the range of 

3000 to 5000 K.32 However, the usage of multiple phosphors and highly sensitive longer 

wavelength red phosphor emission may lead to reduce the luminous efficacy of the 

WLED device, lowers the lifetime and causes health issues for human. 

 

1.4.1.4.3. Combination of blue, green and red phosphors with UV LED chip 

 White light can also be produced by mixing the primary RGB emitting phosphors 

according to the scheme illustrated in Figure 1.6(d).5 Precisely, the white color point can 

be fixed by specific tuning of the single color emitting phosphors, which is advantageous 

for the resultant WLED to stand against the discreteness of the used LED chip. Such 

initiative of using multicolored phosphors and the resultant device can deliver a high 

CRI. However, the leaked UV photons probably damage the LED encapsulant in a long 

run and reduce device’s lifetime appreciably. Such lighting device also suffers with low 

light-conversion efficiency, mismatch in multiple phosphors' degradation rates and re-

absorption of phosphor materials. This phosphor blends causes color aberrations which 

is unwanted problem in the practical side of WLEDs.5 The strong reabsorption of the 

emission of multiple phosphors may leads to decrease the lumen efficiency (LER) value 

of the final white light emission. 

 

1.5. Solutions for the existing technology 

• Introducing single white light emitting phosphors with high CRI > 65 and low CCT 

< 5000 K with promising thermal stability. 

• Proposing phosphor polymer composites as a suitable alternative for conventional 

epoxy resin free coating in LEDs. 

• Single phase broad band emitting phosphors with high quantum efficiency (QE) 

comparable with commercial standard. 
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Figure 1.6: The pictorial representation of (a) full visible spectral features, (b) CRI 

and (c) CCT formulations for improving the color quality in WLEDs. (Source: Google, 

links: https://www.nextgenerationled.be/EN/CorrelatedColorTemperature.htm, and 

(https://mfopto.com/blog/understanding-lighting-metrics/)  

 

1.5.1. Single broad band emitting phosphors 

To overcome the disadvantage of existing techniques like combination of 

multicomponent phosphors with blue/n-UV LED chips, single phase broad band emitting 

phosphors showing full visible spectral emission (Figure 1.6(a)) under n-UV/violet/blue 

excitations is the most required and emerging stage.20 Significant efforts have been made 

to design white light emission from single phase to overcome the disadvantage of long-

term operation of mixed multicolour phosphors. Single component white light emitting 

phosphor materials has lots of advantages such as avoiding mutual absorption among 

different phosphors, cost effective, simplify the packaging process, having tunable CRI 

(Figure 1.6(b)), lesser CCT (Figure 1.6(c)), and ideal Commission International de 

I’Eclairage (CIE) chromaticity coordinates and avoiding color drift.21 So, for developing 

WLEDs with high quality, the usage of single-phase phosphors with tunable emission is 

making the device packaging easier and most crucial in this developing era of lighting 

technologies. Ming Zhao et al. recently reported a new design strategy for developing 

NUV excited single component white light emission from oxide based NaLiSiO4: Eu2+ 

phosphor.36 But they failed to achieved warm white light emission with good spectral 

efficiency and thermal stability from the rigid oxide phosphor. Now researchers are 

mainly focused on developing a single composition phosphor can produce multiband 

emissions. Pralong et al. generated white light from a single host 

LixEuII
xEuIII

0.33−xZr2(PO4)3 by the insertion of lithium into NaZr2(PO4)3 type Structure.23 

It gave corresponding Eu2+ (blue-green) and Eu3+ (red) emission under 393 nm excitation 

(a) (b)

(c)

https://www.nextgenerationled.be/EN/CorrelatedColorTemperature.htm
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and can produce white light with higher color coordinates. But this approach is specific 

for this particular type structure. For the development of single broad band emission, host 

and activators play a major role. 

 

1.6.  Host and Activators in pc-WLEDs 

For selecting a host material for efficient WLEDs, certain requirements are there: 

the host material must be thermally and chemically stable with high thermal stability. In 

addition to that, the host material becomes optically transparent and phosphor production 

should follow a cheaper and eco-friendly process.1 In general, commonly used host 

matrices for pc-WLEDs are garnets, nitrides, sulfides, vanadates, silicates, fluorides, 

oxynitrides, phosphates, oxyhalides, oxynitrides, etc.10 One of the commonly used 

broadband emitting phosphor is yellow emitting garnet structured Y3Al5O12:Ce3+ (YAG: 

Ce). This phosphor may possess prominent advantages like efficient absorption of blue 

light, broadband emission spectra, very good chemical and thermal stability, etc. But it 

may face problems like low CRI and very high CCT due to the deficiency of red 

component and exposure of blue light may cause health issues for human.17,19 Another 

widely used host matrix for lighting applications is silicate-based host having stable 

crystal structure and tunable optical properties.24 As compared with oxide host, sulfide 

hosts are showing more red shift in emission spectra and combine with Eu2+ ion activator 

ions, broad spectra covering the entire visible region is observed which is suitable for 

solid state white light technology. But these sulfide hosts are thermally unstable and 

highly moisture sensitive.25,26 So, it is very important to introduce new host materials for 

developing promising phosphors for WLEDs to overcome the existing problems of 

phosphor materials.  

 

The activator ions will determine the luminescence property of a phosphor. Mainly 

used dopants for the host matrix are rare-earth ions and transition metals (Ce3+, Eu2+, 

Tm3+, Er3+, Tb3+, Pr3+, Dy3+, Sm3+ Mn2+/4+, Cu+, Zn2+, and Cr3+).12 Because of the 

presence of inner 4f shell present in rare earth ions showing promising optical 

performance. The detailed descriptions are included in the coming sections. Large variety 

of phosphors with tunable emission colours are possible by modifying the composition 

of the host and the activator ions. 
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1.6.1. Oxyfluoride hosts 

Among the different hosts, oxyfluoride phosphors have gained wide attention 

towards WLED application because of their noticeable structural stability and rigidity, 

high thermal and chemical stability, tunable luminescence property, high quantum 

efficiency, environmental friendliness and low cost of production. The incorporation of 

fluoride ions into the oxide host lattice leads to distortion of the crystal and local structure 

among the centrosymmetric cationic sites of polyhedra. The presence of highly 

electronegative fluoride ions leads to a non-symmetric local environment among 

oxyfluoride host lattice, leading to a broad emission band and tunable emissive 

properties.27 Besides that, fluoride host matrices provide a high coordination number and 

high ionic rare-earth to fluorine bonding, resulting in a wider bandgap, low phonon 

energies and minute probability of inter-configurational transitions, whereas the oxides 

host matrices are known to provide high chemical stability and high absorption in the 

UV-vis region. Based on these aforementioned facts, the oxyfluorides, which combine 

the advantages of both fluorides and oxides, are favourable to serve as the host materials 

for luminescence properties.29 Among the oxyfluoride host matrices, Sr3AlO4F is most 

generally studied phosphor owing to its good chemical and thermal stability, economical 

starting materials, facile synthesis conditions, and efficient luminescence properties.30 Its 

crystal structure is shown in Figure 1.7(a), and explained in the later part of the thesis. 

 

Sangmoon Park and co-workers reported single-phase Bi3+ and Eu3+-codoped 

Sr3AlO4F phosphor shows an obvious luminescent shift from blue to orange-red emission 

under 318 nm excitation.31 Jang et al. reported the Eu3+/Dy3+ doped and codoped 

Sr3AlO4F phosphor as a prominent host for a white light emitting technology.32 W. B Im 

et al. developed greenish white light emission from SBAF: Ce3+ phosphor with CRI is 

62, CCT is 6500 K and very high quantum efficiency under ultraviolet (UV) LED chip.31 

In addition to that among the oxyfluoride family inorganic compounds of silicate apatite 

has also been used as a suitable host for phosphors in lighting technology owing to its 

very good luminescent properties and high chemical and thermal stability.33 By the 

introduction of fluoride ion into rare – earth ions doped silicate apatite host can generate 

potential luminescent properties in solid state lighting due to the presence of mixed ligand 

system.34 Recently M. H. Fang et al. illustrated full spectrum lighting Eu2+ doped 

(Sr,Ba)5(PO4)3Cl apatite phosphor through cation size-controlled activator ion 



15  

 

redistribution mechanism for tuning the emission color.35 Based on the literature reports 

it is found that Sr3AlO4F and silicate apatite oxyfluoride phosphors are considered as a 

prominent host for a white light emitting technology. 

 

1.6.2. Rare earth activators  

Rare earth ions play an important role in pc-WLED technology owing to their 

promising luminescence characteristics. The commonly used luminescent rare earth ions 

are Ce3+, Eu2+/3+, Sm3+, Tb3+, Dy3+, etc. Both Eu2+/3+ and Ce3+ ions are the usually used 

activator ions in the host lattice for broadband emission because both Eu2+ and Eu3+ can 

act as an emission centre for Eu2+/3+ ions and parity allowed electronic transition of Ce3+ 

ions. The parity-forbidden 4f−4f transition in Eu3+ activated phosphor leads to a low color 

rendering index (CRI), and 4f−5d transitions in Ce3+/Eu2+ ions cause intensely broad 

band emission, which is more applicable for white light emitting applications. 1 We are 

essentially attentive on oxyfluoride phosphors’ luminescent centres based on rare earth 

Eu2+/3+, Ce3+ ions. Because of the inner allowed energy levels of rare earth ions, a wide 

range of excitation and emission that covers the entire visible region is possible as well 

as energy transfer among other rare earth ions also occurs.44,50 To explore new phosphors 

with high CRI, doped activators play a major role in inorganic host matrices. For the case 

of rare earth activators, europium ions are the most usually used activators in the host 

lattice because both Eu2+ and Eu3+ can act as an emission center. The parity-forbidden 

4f−4f transition in Eu3+ activated phosphor leads to a low color rendering index (CRI) 

and 4f−5d transitions in Eu2+cause intensely broad band emission, which is more 

applicable for white light emitting applications. Most commonly there are two kinds of 

emission spectra of rare earth ions in phosphors are observed: inter-configurational 5d–

4f electronic transition of rare earth ions giving broad band spectra and intra-

configurational 4f–4f electronic transitions of rare earth activators giving narrow band 

emission spectra.1,3 The detailed photoluminescent behaviour of rare earth ions towards 

host matrix in phosphors are described below.  

 

1.6.2.1. Inter-configurational 5d–4f electronic transitions of Eu2+and Ce3+ 

The parity allowed electric dipole 5d–4f transition of Ce3+ and Eu2+ ions exhibit 

broad band emission with large oscillator strengths and short lifetimes. The spectroscopic 

properties of 5d electrons of Ce3+ and Eu2+ ions are strongly influenced by the 

surrounding host lattice because of the unshielded nature of 5d shells from their nearest 
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5s2 and 5p6 shells. The energy difference between the ground (4fn) and excited state 

(4fn−15d1) of free Ce3+ or Eu2+ ions are 50000 cm−1(≈ 6.2 eV) and 34 000 cm−1(34000 

cm−1) respectively. According to the semiempirical Dorenbos model, the energy gap 

between ground and excited states of free rare earth ions are strongly influenced by the 

host lattice which is mainly depends on two phenomena known as spectroscopic redshift 

and Stokes shift. The spectroscopic red shift is the sum of both crystal field splitting and 

the centroid shift that happens in the f–d transition in the host lattice. The Stokes shift is 

dependable with the nature of the host lattice.1,3 The spectroscopic red shift is strongly 

influenced by two effects such as covalency effect/nephelauxetic effect and the crystal 

field splitting effect. The detailed schematic representation of energy level splitting of 

free activator ions (Ce3+ and Eu2+) into the host lattice, with the influence of crystal 

environment, as shown in Figure 1.7(b). Detailed descriptions are included in working 

chapters. 

 

 

 

Figure 1.7: The schematic representation of (a) the crystal structure of Sr3AlO4F host. 

(b) energy level splitting of free rare earth activator ions (Ce3+and Eu2+).  

 

Coming to the detailed description, as compared with the centroid position of the 5d 

– levels of free ion, with the variation of covalency between the activator ions and the 

neighbouring anionic ligands in the host lattice (nephelauxetic effect), downward shift of 

the centroid position happens, which is known as centroid shift. Depending on the 

covalency of the metal-ligand bond lengths of activator ions and surrounding anions as 

well as polarizability nature of surrounding ligands will influence centroid shift 

: Sr

: Sr

: Al

: O

: F

(a) (b)
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phenomena in phosphors. A mathematical formula is proposed by Jørgensen for defining 

the nephelauxetic ratio (β) by relating to ligand (h) and metal ion (k) is given below,51 

 

(1 −  𝛽) = ℎ𝑘  (1.1) 

 

The nephelauxetic effect is directly proportional to the extent of the covalent nature 

of activator ions and the surrounding anionic ligand strength. The order of ligand strength 

is quoted as follows; zero ligands < F- < H2) < NH3 < Cl- < Br- < N3- < I- < O2- < S2-, etc. 

As the extent of covalency increases in the crystal lattice, the extent of repulsion between 

activator ion and their neighbouring anions decreases and consequently the energy of 

excited levels of 5d orbital decreases and extend of centroid shift enhanced.5 

 

For the discussion of crystal field splitting, there is a strong interaction happens 

between the 5d electrons of activator ions and neighbouring anionic ligands present in 

the host lattice. Consequently, the degenerated 5d orbital of activator ion may further 

split into five 5d states. The energy difference between the lowest level of 5d orbital and 

highest level of 5d states are known as crystal field splitting. The crystal field splitting is 

directly related to the symmetry, size, coordination environment of activator ions in the 

polyhedron and bond length among ligands and activator ions. Based on point charge 

model the crystal field strength present in a host can be calculated based on bond length 

between activator ions and ligands in the host lattice is, 

 

𝐷𝑞 =
𝑍𝑒2𝑟4

6𝑅5
  (1.2) 

 

where Dq is the crystal field splitting parameter, Z is the anion valency, e is the electron 

charge, r is the radius of the d-orbital wavefunction, and R is the bond length between an 

activator ion and ligands in the host lattice.5 For a similar crystal geometry, Dq is 

depending on R all other parameters are common for a given coordination geometry. If 

the distance between ligands and activator ion is decreases i.e. volume of the crystal 

lattice decreases, there may be more overlapping of ligand orbital and metal orbitals, this 

may increase the crystal field splitting of 5d states consequently red shift of emission is 

observed. By the influence of both the crystal field splitting and nephulastic effect 
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changes occurs during the host composition variation the emission color, efficiency and 

intensity of the phosphors can be adjustable. 

 

1.6.2.2. Inter-configurational 4f–4f electronic transition of rare earth ions (Eu3+) 

The 4f electrons are protected by the nearest filled 5s25p6 orbitals from the 

surrounding environment. The 4f–4f transitions are parity-forbidden and give sharp 

spectral emission with excellent coherence properties and long lifetimes. The emission 

color is independent of the surrounding environment of the activator ions and depends 

on the electronic transition of that particular activator ion. Because in the case of 4f 

orbital, having small electron–phonon coupling strengths, low exchange perturbations, 

smaller radial extension, and smaller electron–phonon coupling strengths than 5s and 5p 

orbitals. For example, Eu3+ emits red light corresponding to the 5D0→
7FJ electronic 

transition, 5D4→
7FJ transition of Tb3+ ions giving green light, 4G5/2→

6HJ transition of 

Sm3+ ions giving orange light, and as a result of 4F9/2→
6HJ transition of Dy3+ giving 

blue/yellow light. Because of the parity-forbidden transition, they have low molar 

absorption coefficients in the n-UV and blue ranges due to which most of the RE3+ ions 

are unsuitable for solid-state lighting, except for the Eu3+ ions with deep red emission in 

a host having high efficiency.1,3 

 

1.6.2.3. Energy transfer mechanism among rare earth activators (Eu2+and Ce3+) 

To enhance the emission intensity of activator ions, sometimes sensitizer(S) ions 

which is capable of transfer its energy to activator ions are codoped into the host lattice. 

As compared with the other rare earth ions like Tb3+, Dy3+, Eu3+, and Sm3+, etc. Eu2+ and 

Ce3+ ions are act as very good sensitizer for energy transfer mechanism owing to their 

highly efficient n-UV/blue light absorption. Researchers are utilizing this energy transfer 

mechanism among rare earth ions the emission colour can be tuned in single phase 

phosphors via varying the sensitizer activator doping ratio. For the effective energy 

transfer among rare earth ions happens only when the energy levels of both S and A 

should be comparable, there must be a strong spectral overlap between the emission 

spectra of sensitizer and excitation spectra of activator. The interaction occurs may be 

either exchange interactions or electric multipole interactions. The energy transfer 

mechanism can be confirmed from the lifetime measurement of sensitizer as follows, 
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ղ𝑇 = 1 −
𝜏𝑠

𝜏𝑠𝑜
  (1.3) 

 

where ղ𝑇 is the energy transfer efficiency, 𝜏𝑠 and 𝜏𝑠𝑜 represents the lifetime of sensitizer 

in the presence and absence of activator ions.54 The energy transfer mechanism is 

confirmed from the lifetime curve fitting method is as on increasing activator ion 

concentration the lifetime of sensitizer must be decreases then only effective energy 

transfer happens among both the rare earth ions. The energy transfer mechanism and 

nature of interaction among sensitizer and activators are studied by using Dexter’s energy 

transfer expression and Reisfeld’s approximation as below: 

 

𝐼𝑠𝑜

𝐼𝑠
 𝛼 𝐶𝛼/3  (1.4) 

 

Here, C is the total doped concentration of sensitizer and activator ions, Iso and Is are the 

luminescence intensities of sensitizer in the absence and presence of activator ions in 

phosphors. The value of α equal to 3, 6, 8, and 10 corresponds to exchange interaction, 

dipole–dipole (d – d), dipole–quadrupole (d – q), and quadrupole–quadrupole (q – q) 

multipolar interactions respectively. 

 

1.7.  Emission tunning strategies used in rare earth activated phosphors  

1.7.1. By modifying the chemical composition of host 

As discussed in section 1.6, the photoluminescence behavior of activator ion can be 

directly depended on the surrounding environment of host lattice. The excitation and 

emission can be range can be tuned by suitably change the chemical composition of the 

host matrix with suitable ionic substitution. The wavelength shift in rare earth ion 

transition is observed due to the change in composition of the host through suitable 

substitution of existing elements in the host by other elements having different ionic radii 

may create crystal distortion. The elemental substitutions in the host may either cationic 

substitution, anionic substitution or cationic–anionic substitution. 

 

1.7.1.1. Cationic substitution strategy 

In this compositional change strategy selectively substitute cations in a host matrix. 

In a host matrix there are two kinds of cations are there cations present in the ionic 

complexes like Al3+ in (AlO4)
3−, Si4+ in (SiO4)

4−, and B3+ in (BO3)
3−, etc. and cations in 
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the host lattice as alkali metal ions (Li+, Na+, and K+), alkaline earth metal ions (Mg2+, 

Ca2+, Sr2+, and Ba2+), and rare earth metal ions (Y3+, Gd3+, Sc3+, La3+, and Lu3+). The 

cationic substitution enforced crystal field splitting is schematically illustrated in Figure 

1.7. In this work the Sr2+ ions in the host lattice are substituted by smaller and bigger 

cations like Mg2+ and Ba2+ ions. By the replacement of Sr2+ ions with smaller Mg2+ 

cations cause smaller crystal field splitting and results in blue spectral shift. Similarly, 

by the substitution of larger Ba2+ ions with Sr2+ ions will reduce the activator ion and 

ligand bond length, resulting red shift in emission spectra owing to experience higher 

magnitude of crystal field splitting. By varying the concentration of cationic substitution 

of Sr2+ ions with Mg2+ and Ba2+ ions we can tune the emission color of phosphor through 

blue and red shift phenomena. The detailed description of this work is included in 

Chapter 4. Coming to cations present in the ionic complexes, by the substitution of 

different cations in the ionic complex of the host may causes crystal coordination 

environment distortion among the activator ions and will leads luminescence changes in 

the given phosphors. We reported single white light emission from one of the promising 

oxyfluoride host through simply the cationic substitution of Al3+ ions in the AlO4
- ionic 

complex with Si4+ ions as included in Chapter 3. The simultaneous substitution of host 

cations and cations in the ionic complex of host also be possible for tuning the emission 

color of the activator ion in a phosphor material.5 

 

1.7.1.2. Anionic substitution strategy 

Another method for color tuning in phosphor material is anionic substitution in host 

lattice. By the anionic substitution in the host may change the activator ligand interactions 

in the crystal lattice i.e. change in nephelauxetic effect. Smaller electronegativity of 

anions may lead to stronger covalency and higher electronegativity of anions may 

enhance the extend of crystal field splitting of the 5d orbital of rare earth ions resulting 

red shift in emission spectra and vice versa. The ascending order of the nephelauxetic 

effect (centroid shift) of an anion is given below: F− < O2− < N3− < S2− < Se2−. For example, 

Ju et al. reported a green phosphor Sr2SiO4: Eu2+, by the anionic substitution of N3- ions 

in the lattice leads to red shift in emission spectra from green to red as shown in Fig. 6. 

As comparing O2- and N3- ions, N3- ions showing higher nephelauxetic effect than O2- 

ions in Sr2SiO4 host towards Eu2+ ion activator. Resulting increase in the covalence 

between Eu2+ ion activator and anions may cause red shift in emission spectra.5 
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1.7.1.3. Cationic - anionic substitution strategy 

The combination of both the cationic and anionic substitution in a host lattice is a 

very good method for tuning the emission color of a phosphor by altering the 

crystallographic environment around the rare earth activator ions. Many literature reports 

are included the detailed description of this mixed cationic – anionic substitution strategy 

for the spectral shift in phosphors due to the variation in nephelauxetic effect and crystal 

splitting in the 5d orbitals of activator. The generally occur cation – anion substitution in 

a host lattice are: Al3+ + O2− ↔ Si4+ + N3−; Si4+ + O2− ↔ Al3+ + F−, Y3+ + C4− ↔ Sr2+ + 

N3−, and Si4+ + O2− ↔ P5+ + N3− ↔ Al3+ + F−, etc. This cationic–anionic substitution 

strategy gives an insightful way of tuning the emission color of phosphors but still now 

this method is in the developing stage.5 

 

1.7.2. Energy transfer process 

The detailed description of the energy transfer mechanism in rare-earth activated 

phosphors is described in section 1.6.2.3. For tuning the emission color, codoping with a 

sensitizer into the host lattice is a common practice in phosphor material luminescence 

study. Sensitizer can act as two roles at a time; they can transfer their energy to activator 

ions and can emitting individually. The common “sensitizer + activator” groups used are: 

Ce3+/Eu2+–Tb3+, Ce3+–Dy3+, Ce3+/Eu2+–Tb3+–Sm3+, Ce3+/Eu2+–Tb3+–Eu3+, Ce3+–Eu2+, 

Ce3+/Eu2+/Tb3+–Mn2+. 

 

1.8. Phosphor polymer composites 

Conventionally surface coating of LED carried out by mixing phosphor powder with 

organic resin. Which are facing problems like optical performance loss due to the 

scattering and reabsorption effect of phosphor, thermal instability and long-time usage 

leads to crack the organic resin and detaching of epoxy layer. In order to overcome these 

problems nowadays researchers are focused on developing polymer composite as color 

converter because of its potential applications towards optoelectronic devices, biological 

imaging, photo voltaic applications, solid state lighting, etc. So, combining polymer 

matrix with phosphor is a suitable alternate for generating high performance and 

thermally stable composite material for LED package instead of organic resin or silicon-

based phosphor binders. Because of its characteristic advantages like high refractive 

index, solubility in aqueous solutions, transparent, flexible, high thermal and moisture 
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stability, non-absorption in visible region, good binding, transparency, eco-friendly 

nature, flexibility and reliable optical performance applicable for potential flexible 

lighting devices. The important thing is that while choosing the polymer as matrix it 

should not be affected the optical properties of the phosphor powders.38,39  

 

 

 

Figure 1.8: Some of the digital images of developed phosphor polymer composites in 

the working chapters 2, 3 and 5. 

 

1.9. General parameters used in WLED characterisations 

1.9.1. Commission International de I’Eclairage (CIE) 

The CIE diagram is defining the exact emission color of a phosphor material. By the 

spectral energy distribution of phosphors can be determined by counting simulated colors 

characterized by X, Y, and Z, commonly known as tristimulus values. It is considered 

that any color is formed by the color coordinateds combination of primary colors (red, 

green, and blue). The chromaticity coordinates, denoted by (x, y), signify the X, Y, Z 

ratios of the light to the total of the three tristimulus standards corresponding Planckian 

locus is represented in a CIE diagram as shown in Figure 1.9. In the CIE diagram, the 

determined position of a particular color is known as chromaticity point of that color.3 
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Figure 1.9: The CIE chromaticity diagram. 

 

1.9.2. Color rendering index (CRI) 

The CRI is a quantifiable amount of the capacity of a light source to generate exact 

color of the object as compared with the natural light source. A comparison procedure of 

eight color samples’ reflection spectra with the standard reference source under light 

source is used for calculating the exact value of CRI. The variation of color appearance 

of eight samples and reference source under the light source is calculated and subtract 

those values from 100 will give the exact CRI of that specific color under the light 

source.3 

 

1.9.3. Correlated color temperature (CCT) 

The CCT is referred to as the color explained in terms of temperature. This parameter 

is relating white light source’s temperature according to the reference opaque black body 

radiator for the sample source and have the color closest to that of white light source and 

having same chromaticity coordinates. High color temperature appears to be a cold light 

with higher color saturation and brightness as well as low CCT exhibit warm light.3 
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1.9.4. Color purity 

The color purity in phosphors is calculated through the formula outlined by Fred 

Schubert.: 

Color purity = √
(𝑥−𝑥𝑖)2+ (𝑦−𝑦𝑖)2

(𝑥𝑑−𝑥𝑖)2+ (𝑦𝑑−𝑦𝑖)2 x 100 % 
(1.5) 

 

where the coordinates (xi, yi) denote the position of the white illuminating source (0.333, 

0.333), while (xd, yd) represent the corresponding coordinates of the governing 

wavelength of emission.3 

1.9.5. Photoluminescence lifetime 

The photoluminescence lifetime is defined as the time required for the excited 

electrons to return to their normal ground state. This lifetime decay study is mainly 

determined from the non-radiative emission process. For materials exhibiting 

fluorescence, the lifetime is ~10-5 – 10-8 s, while for those exhibiting phosphorescence, 

the lifetime is >10-4 s. Under an excitation source, the activator ions undergo transitions 

to an excited state. The population of the excited state after t s, N (t), can be expressed 

as: 

𝑁(𝑡) =  𝑁𝑜𝑒−(
𝑡
𝜏

)
 

(1.6) 

where, N0 is the population at t = 0s, and τ is the excited state lifetime.2 

 

1.9.6. Luminous flux 

The luminous flux specifies the entire number of photons emitted by a lighting 

device per unit of time as apparent by the human eye, attending as the photometric 

quantity of radiant flux in radiometry. This measure is quantified in lumens (lm).3 

 

1.9.7. Luminous efficacy 

The luminous efficacy is basically the ratio of the emitted photons to the absorbed 

photons, which is indicating the emissive efficiency of a luminescent material. It is 

quantified as the ratio of the entire luminous flux to the input power. This measure is 

quantified in lumens per watt (lm/W).3 
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1.9.8. Quantum efficiencies 

Internal Quantum Yield: The internal quantum yield (ηint) of a phosphor represents the 

ratio of emitted photons to absorbed photons.  

ղ𝐈𝐐𝐄 =  
∫ 𝐋𝐒

∫ 𝐄𝐑 −∫ 𝐄𝐒
                      (1.7) 

 

External Quantum Yield: The external quantum yield (ηext) signifies the ratio of emitted 

photons to incident photons. 

ղ𝑬𝑸𝑬 =  
∫ 𝑳𝑺

∫ 𝑬𝑹

 
(1.8) 

here, ʃLS means the combined area below the emission curve, and ʃES and ʃER signify the 

area under the excitation spectral curve with and without the sample in an integrating 

sphere, respectively.40,41  

1.9.9. Thermal stability  

The operating temperature of high-power LEDs can be reached up to 150 °C. At 

elevated temperatures, the electrons present in the phosphors are allowed to returning to 

the ground state without causing any radiative emission. This nonradiative relaxation 

may leads to reduce the efficiency of the LEDs. That is when the operating temperature 

of LED increases in normal case thermal quenching may happen means phosphor 

efficiency become degraded. The thermal stability of a luminescent material corresponds 

to its capability to limit nonradiative relaxation and compensate for the emission loss. To 

minimize this problem specific host selection is required with high structural rigidity and 

wide bandgap, which would prevent electron-phonon interactions and will reduce 

nonradiative transitions.42 

 

1.10. Objectives of the thesis 

• Development of isovalent/aliovalent ions substituted polycrystalline oxyfluoride 

phosphors by a solid-state diffusion technique. 

• Tuning the emission to warm white light via cationic substitution-based Eu3+-to-Eu2+ 

valence transition strategies in europium-doped oxyfluoride system. 

• Fabricating phosphor polymer composites as a suitable alternative for conventional 

epoxy coating in LEDs. 

• Fabrication, characterizations and optimization of phosphor-converted white LEDs.  
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Chapter 2 

 

Innovative flexible lighting applications based on host triggered 

photoluminescence in Sr2.9-3x/2LnxAlO4F: 0.1Eu3+ (Ln = Gd, Y) 
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2.1 Abstract 

Tetragonal structured Sr3AlO4F is under highly strained as reported from its global 

instability index (GII) estimation. Moreover, our results of X-ray photoelectron 

spectroscopy (XPS) also ascertained that the structure of Sr3AlO4F was under highly 

strained with some oxygen vacancies. Herein, aliovalent substitutions of divalent Sr ions 

with trivalent Gd and Y ions were carried out to improve the stability of Sr3AlO4F lattice. 

To gain high red photoluminescence from this structure, a series of Sr2.9-3x/2LnxAlO4F: 

0.1Eu3+ (x = 0.01−0.10) phosphors were synthesized. The intensities and positions of the 

reflections in the powder X-ray diffraction patterns closely resembled with the tetragonal 

Sr3AlO4F. All the samples showed intense red-orange emission (5D0 → 7F1,2) at excitation 

with UV and near-UV light. The critical concentration of Gd3+ and Y3+ up to which the 

Eu3+ emission intensities increased linearly were observed to be x = 0.09 and x = 0.07, 

respectively. The reason behind the quenching of luminescence was found to be 

dipole−dipole interaction. Nevertheless, further enhancement in the luminescence of the 

optimized phosphors was realized by subsequently annealing in reducing the atmosphere 

of Ar and vacuum. The enhancement in oxygen deficiency during post-annealing in Ar 

or vacuum led the energy transfer (O2--Eu3+) to a greater extent which subsequently 

increased the luminescence intensity. The various radiative properties of the emission 

bands were also analyzed through the Judd-Ofelt theory. The optimized 

Sr2.765Gd0.09AlO4F:0.1Eu3+ and Sr2.795Y0.07AlO4F:0.1Eu3+phosphors showed high red 

color purity (~99 %), and proper correlated color temperature (~1300 K), as well as CIE 

coordinates of (0.62, 0.38), indicated that these phosphors could be appropriate red- 

emitting components for making flexible optical films for many lighting devices. 

Therefore, flexible polydimethylsiloxane (PDMS) based films were also fabricated using 

optimized Sr2.765Gd0.09AlO4F: 0.1Eu3+ phosphors. The electroluminescence (EL) of a 

flexible PDMS-phosphor composite film device showed a cool-red color suggesting its 

suitability in flexible display devices. 

 

2.2 Introduction 

Research on the development of the efficient inorganic phosphor materials has been 

carried out using two general approaches viz. by exploring newer optical host lattices or 

by adopting different manufacturing strategies, surface modification, and color-

optimization of emission in well-established optical host matrices.1 The fluoride-

containing oxide hosts doped with rare-earth ions have shown great potential as light-
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emitting diode (LED) phosphors with their tunable luminescence properties.2-5 The 

introduction of fluoride ions into an oxide crystal lattice leads to a distortion of the 

coordination polyhedrons i.e. generation of non-centrosymmetric sites, which causes 

unusual spectroscopic properties.6 Moreover, the fluoride host matrices are known to 

provide a wide bandgap, low phonon energy and inter-configurational transitions 

whereas the oxides host matrices are known to provide high chemical stability and high 

absorption in UV-visible region.7 Based on aforementioned facts, the oxyfluorides which 

combine the advantages of both fluorides and oxides are favorable to serve as the host 

materials for luminescence properties. Additionally, the ionic radii of O2- and F- ions are 

also comparable and thus stable crystals can be obtained in oxyfluorides at various O/F 

ratios. Recently, anion ordered oxyfluorides having composition Sr3AlO4F is emerging 

as one of the most widely investigated oxyfluorides phosphor due to its good chemical 

and thermal stability, facile synthesis conditions, and efficient luminescence properties.8-

12 Lin and co-workers demonstrated white-light emission from the single-phase 

Sr3AlO4F: Tm3+/Tb3+/Eu3+ under the excitation of 360 nm using UV-InGaN LED.12 

Bandi et al. reported Sr3AlO4F:Eu3+/Dy3+ as a prominent white-light- emitting phosphor 

under the near-UV excitation.13 

 

The structure of Sr3AlO4F consists of two different sites for Sr atoms. The Sr1 atom 

located in the layer of [AlO4]5- tetrahedra is coordinated by two apical fluorine and eight 

oxygen atoms.12 On the other hand, the Sr2 atom is coordinated by two fluorine atoms 

within its plane and three oxygen atoms on each side of its plane.12 The global instability 

index (GII) of Sr3AlO4F as estimated by Quilty and co-workers is very high (0.33) 

indicating that the structure of this phase is under high strained.14 The majority of the 

strain comes from the extremely under-bonded Sr(2) and the slightly over bonded Sr(1). 

The bond valence sum (BVS) for the structure refinement of Sr3AlO4F suggests that Sr2 

is somewhat under bonded with BVS=1.35, while Sr1 has BVS=2.25 which is closer to 

its formal oxidation state of 2.14 Due to under bonded Sr2 atom, Sr3AlO4F lattice can 

easily adopt oxygen vacancies, and thus can accommodate considerable amount of 

trivalent ions substitutions at Sr2 sites. From density functional theory (DFT) 

calculations, the substitution of La3+ at the 8h site in place of Sr2+ is slightly more 

energetically favorable than its substitution at the 4a site, but only by 0.14 eV.15 The 

excess charge generated due to trivalent substitution can be compensated by the diffusion 

of oxygen vacancies into the crystal lattice sites. Thus the strain present in a Sr3AlO4F 
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lattice could be tailored by the chemical substitutions of Sr ions with aliovalent trivalent 

ions. It is well-known that lattice defects (cation or anion vacancies) always existed in 

materials. These cationic or anionic vacancies can produce local potentials, which lead 

to the vacancies trapping the electrons or holes. The production of vacancies could be 

altered by providing different atmospheric conditions during the preparation of the 

materials. For example, in a low oxygen atmosphere, the oxygen vacancies, which trap 

the electrons, are easily generated in oxide-based phosphor materials.16 

 

In this working chapter, a series of Gd3+ and Y3+ doped Sr3AlO4F samples have been 

synthesized by substituting Gd3+ and Y3+ for the Sr2 site. A facile solid-state 

methodology has been used to produce highly crystalline and homogeneous products. 

The luminescence properties of a series of 0.1 mol% of Eu3+ doped Sr2.9-3x/2LnxAlO4F (x 

= 0.01−0.10) samples have also been studied to find the optimized doping concentration 

of trivalent ions. The optimized sample is used to generate a red-emitting component for 

fabricating flexible optical film. Both Gd3+ and Y3+ doped samples showed high red color 

purity, CCT and, CRI which makes the red phosphor a suitable component for the white-

LEDs and flexible optical film. In addition, a transparent flexible polymer composite film 

was also fabricated through the one-pot in-situ cross-linking process to display tuneable 

light emission. Herein, Polydimethylsiloxane (PDMS) has been used as a host polymer 

matrix due to its good transparency, high moldability, and flexibility.  

 

2.3 Experimental Section 

2.3.1. Preparation of phosphor 

A series of Sr2.9-3x/2LnxAlO4F: 0.1Eu3+(Ln3+ = Gd, Y; x = 0.01 to 0.1) samples were 

synthesized by solid-state methodology. The stoichiometric amounts of SrCO3 

(99.999%), SrF2 (99.999%), Al2O3 (99.999%), Ln2O3 (99.99%) and Eu2O3 (99.999%) 

obtained from Sigma-Aldrich were thoroughly mixed in an agate mortar for 30 min. 

Additionally, 2.5 wt% of NH4F as a flux was added to carry out a homogeneous reaction. 

The homogeneously grounded mixture was subjected to heating in an alumina crucible 

at 500 °C for 3 h and then at 1100 °C for 4 h. The optimum samples were post-annealed 

at 1100 °C in a tubular furnace for 2 h either in presence of 99.5% Ar or under vacuum.  
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2.3.2. Preparation of Sr2.765Gd0.09AlO4F: Eu0. 1phosphor / PDMS film 

Herein, 0.25 g of optimized Sr2.765Gd0.09AlO4F: Eu0.1 sample dispersed in acetone was 

transferred into a beaker containing 5 g of siloxane elastomer resin (Sylguard 184) and 

then subjected to stirring (500 rpm) at room temperature for 20 min. Subsequently, 0.5 g 

of cross-linker was also added to this resultant mixture and further stirred for 10 min to 

ensure uniform dispersion. The resin was then placed in a vacuum desiccator to release 

the air bubbles and subsequently cast on a glass plate. The uniformity in the thickness of 

the film was maintained at 300 microns. Initially, the film was allowed to stand for 12 h 

at room temperature and then it was cured at 70 °C for 1 h. The film was peeled off from 

the glass plate. The schematic diagram of the fabrication process of the 

Sr2.765Gd0.09AlO4F: Eu0.1 phosphor-PDMS film is shown as Fig. 2.1.  

  

 

Figure 2.1: The schematic representation of the fabrication process of the 

Sr2.765Gd0.09AlO4F: Eu0.1 phosphor-PDMS film. 

 

2.3.3. Characterizations 

The XPS measurements were recorded in a PHI 5000 Versaprobe Scanning ESCA 

Microprobe. The core-level spectrum of Al 2p, Sr 3d, O 1s, and F 1s were obtained using 

Al Kα radiation (1.487 keV) at a resolution of 0.1 eV. The position of peaks of these four 

elements was calibrated by using the reference of C 1s core-level spectrum (285.0 eV). 

The core-level spectrum was fitted using the Gaussian-Lorentzian distribution function 

to find the areas of chemically distinct species. The PXRD of synthesized samples were 

measured using Philip’s x’pert pro diffractometer, Ni filtered Cu-Kα (λ = 1.54 Å). The 
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photoluminescence (PL) characteristics were measured using Yvon Fluorolog 3 

spectrofluorimeter having an exciting source of 450W Xenon flash lamp. The 

Commission Internationale de I’Eclairage (CIE) coordinates were obtained from the PL 

spectra using the color calculator software.  

 

2.4 Results and Discussions 

2.4.1 Structural evaluations 

A survey XPS spectrum of Sr3AlO4F is presented in Fig. 2.S1, from where the presence 

of Sr, Al, O, and F atoms can be observed. The core-level spectrum of Sr 3d is 

deconvoluted by two peaks centered at 133.90 and 135.65 eV which are attributed to Sr 

3d5/2 and Sr 3d3/2, respectively with an intensity ratio of 1:0.60 (Fig. 2.2 (a)).16 The core-

level spectrum of Al 3p is centered at 73.92 eV which is a characteristic of Al atoms in 

an oxygen environment (Fig. 2.2 (b)). The core-level spectrum of O1s was also 

deconvoluted into two peaks. The main constituent of the peak OI having a binding 

energy of 531.87 eV, is due to the lattice oxygen. While the trivial constituent OII having 

a binding energy of 532.91 eV, is because of the defect-oxide i.e. oxygen vacancies.17 

The area of the lattice oxygen and oxygen vacancies in this crystal was found to be 

71.70% and 28.30%, respectively. The presence of high oxygen vacancies is expected 

due to the highly under bonded Sr2 and Al atoms. The core-level spectrum of F 1s has 

been deconvoluted into two peaks centered at 685.05 and 686.56 eV and their equivalent 

% analytical area is 33.93% and 66.06%. In Sr3AlO4F, each fluorine atom is surrounded 

by two Sr1 and four Sr2 with a bond length of 2.7859 Å and 2.5188 Å respectively. The 

minor component of the peak FI with a binding energy of 685.05 eV, is ascribed to the 

higher bond length of two F-Sr1 bonds, and the major component FII, with a binding 

energy of 686.56 eV, is attributed to the smaller bond length of four F-Sr2 bonds. 

Moreover, the integrated analytical ratio of Sr1 to the Sr2 is also 1:2 (related to their 

empirical ratio) which confirmed the absence of cationic vacancy. Consequently, like the 

results of BVS and GII calculations reported by Quilty and co-workers, our results of 

XPS also ascertained that the Sr3AlO4F is under highly strained with some oxygen 

vacancies.14  
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Figure 2.2: High-resolution XPS spectrum of (a) Sr 3d, (b) Al 2p, (c) O 1s, and (d) F 1s 

in the Sr3AlO4F sample. 

 

While the survey XPS spectrum of Sr2.985Ln0.1AlO4F (Ln = Gd or Y) samples are shown 

in Fig. 2.3 (a), the core level spectrum of Gd 4d and Y 3d of Sr2.985Gd0.1AlO4F and 

Sr2.85Y0.10AlO4F are shown as Fig. 2.3 (b) and (c), respectively. The core-level spectrum 

of Gd 4d has been deconvoluted into two peaks centered at 143.79 eV and 144.67 eV 

which are corresponding to Gd 4d3/2 and Gd 4d5/2. Similarly, the core-level spectrum of 

Y 3d was deconvoluted into two peaks centered at 155.89 eV and 159.75 eV which are 

corresponding to Gd 4d3/2 and Gd 4d5/2. 

 

The Le-Bail refinement of the PXRD pattern of the Sr3AlO4F sample is shown in 

Fig.2.S2. The peak positions and the intensities of the observed PXRD pattern of the 

Sr3AlO4F sample are matching well with the tetragonal form of Sr3AlO4F (JCPDS. 89-

4485) having the space group (I4/mcm #140). The Le-bail refined crystallographic data 

produced an excellent agreement between the simulated and experimental pattern with 

lattice constants of a = 6.7706 (3) Å and c = 11.1547 (2) Å. The PXRD patterns of the 

Sr2.9-3x/2LnxAlO4F: 0.1Eu3+(Ln = Gd or Y) phosphors are depicted in Fig. 2.4 (a) and (b). 

The intensities and positions of the observed reflections in their PXRD patterns have 

closely resembled with the tetragonal Sr3AlO4F (JCPDS No. 89-4485) with a slight shift 
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to the lower 2θ side. The enlarged version of the XRD patterns around the strongest 

diffraction peak of the phosphors at 2θ = 30o shows a distinct peak shift, as elaborated in 

Fig. 2.4 Based on the Vegard’s law, the substitution of smallerLn3+ ions in place of Sr2+ 

ions should contract the lattice.18 However, in the present case, the enhancement in the 

lattice parameter can be attributed to the excess charge when a divalent Sr2+ ion is 

substituted by this trivalent Gd3+ or Y3+ions.19 This excess charge neutralization would 

require  diffusion of oxygen vacancies into the crystal lattice sites that would, in turn, 

lead to a lattice expansion.19 The expansion of lattice constants can also be explained 

based on the change in covalency of the Sr–O bond when Sr2+ ions are partially 

substituted by less electropositive Gd3+or Y3+ions. The Pauling scale of electronegativity 

values of Sr2+, Gd3+, Y3+and F-is 0.95, 1.20, 1.22 and 3.44, respectively. The smaller the 

difference in electronegativity of metal ions and oxide ions, the greater will be the 

covalency which in turn increases the lattice parameter. Similar results were also reported 

earlier by the Thampi and co-workers wherein the Gd3+ ions of the Gd2Zr2O7 system 

were partially substituted by Ca2+ ions which lead to a slight red shift of the reflections.19 

 

 

 
Figure 2.3: (a) Survey XPS spectra of Sr2.985Ln0.01AlO4F (Ln = Gd, Y). High-resolution 

XPS spectrum of (b) Gd (in Sr2.985Gd0.01AlO4F) and (c) Y (in Sr2.985Y0.01AlO4F).sample. 
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Figure 2.4: PXRD patterns of the (i) Sr2.9-3x/2GdxAlO4F: 0.1Eu3+ ((a) x =0, (b) x= 0.03, 

(c) x =0.05, (d) x =0.09, (e) x = 0.1) and (ii) Sr2.9-3x/2YxAlO4F: 0.1Eu3+ ((a) 

x = 0, (b) x = 0.03, (c) x = 0.05, (d) x = 0.07, (e) x = 0.1) phosphors along with the 

standard pattern of Sr3AlO4F as the reference. 

 

2.4.2. Optical evaluations 

Fig. 2.5 shows the PL excitation spectra of Sr3AlO4F: 0.1Eu, Sr2.765Gd0.09AlO4F: 

0.1Eu3+ and Sr2.795Y0.07AlO4F: 0.1Eu3+ phosphors recorded by monitoring 618 nm 

emission. The spectra consists of several sharp peaks at 361, 379, 395, 414 and 463 nm 

due to the intra f–f Eu3+ transitions 7F0 → 5D4, 7F0 → 6G2–6, 7F0 → 5L6, 7F0 → 5D3 and 7F0 
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→ 5D2, respectively.20 Along with Eu3+ transitions, symmetrically broad CTB emission 

centered at 285 nm is also observed indicating that there is an intense interaction of Eu3+ 

ions with O2- ions, which enhances the chances of mixing of 4f and 2p orbitals of Eu3+ 

and O2- ions, respectively.21 Since the covalent character of Gd-O or Y-O bonds is greater 

than the covalent character of Sr-O bonds, the intensity of CTB and intra f–f Eu3+ 

transitions increased upon the substitution of trivalent ions for Sr2+ ions.22 

 

 

Figure 2.5: PL excitation spectra of Sr2.9AlO4F: 0.1Eu3+, Sr2.765Gd0.09AlO4F: 

0.1Eu3+ and Sr2.795Y0.07AlO4F: 0.1Eu3+ phosphors. 

 

Fig. 2.6 depicted the PL emission plots of Sr2.9-3x/2LnxAlO4F: 0.1Eu3+(Ln = Gd or Y) 

phosphors recorded at the excitation wavelengths of 285 and 393 nm, respectively. The 

spectra consist of several sharp peaks at 535, 557, 580, 591, 619, and 651 nm owing to 

the intra f–f Eu3+ transitions.20 The electric dipole hypersensitive transition 5D0 → 7F2 

(619 nm) is found to be intense than the magnetic dipole transition 5D0 → 7F1 (591 nm), 

indicating that the Eu3+ ions are embedded in a small symmetric environment lacking 

with any inversion center.21 Meanwhile, the presence of 5D0 → 7F0 transition at 580 nm 

further corroborates that the Eu3+ ions are situated in a low symmetric site.21 This further 

confirmed that the Eu3+ ions are situated at the non-centrosymmetric Sr2 sites. 
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Figure 2.6: PL emission spectra of the Sr2.9-3x/2GdxAlO4F: 0.1Eu3+ (at the excitations of 

(a) 285 nm and (c) 393 nm) and Sr2.9-3x/2YxAlO4F: 0.1Eu3+ (at the excitations of 

(b) 285 nm and (d) 393 nm) phosphors. 

 

The variation of the asymmetric ratio (red/orange), known as the relative intensity ratio 

of the electrical dipole to magnetic dipole transition [I (5D0 → 7F2) / I (5D0 → 7F1)] with 

the incorporation of Ln3+ ions (Ln = Gd, Y) are shown in Table 2.1. Higher the value of 

asymmetry ratio, the higher would be the color purity.23 This ratio as a function of the 

Ln3+ content in the present host is not greatly diverted, demonstrating that the general 

Eu3+ local environment is independent of the Ln3+ doping content. The manifestation of 

the luminescence emission from highly excited states including 5D1 and 5D2 indicated the 

incompetent non-radiative relaxation to the 5D0 level induced by the strong electron-

phonon coupling.24 The strong electron-phonon coupling also promotes the non-radiative 
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transition rate (WNR) via a multi-phonon process. The value of WNR in the present 

phosphors are estimated using the modified Van Dijk and Schuurmans’s formula:25 

 

W୒ୖ = βୣ୪exp [−α(∆E − 2hω୫ୟ୶)]        (2.1) 

 

where hωmax is representing the active phonons energy, βel= 107 s-1 and α= 4.5 (±) × 10-3 

cm. The multi-phonon relaxation probability was found to be 332 s-1, which is not enough 

to cause efficient quenching.25 The critical concentration of Gd3+and Y3+ up to which the 

emission intensities linearly increased are x = 0.09 and x = 0.07, respectively. Beyond 

this concentration, the PL intensity reduced. It is quite normal that the substitution of Sr2+ 

sites by Ln3+ will lead to the irregularity of crystal structure through forming the cation 

vacancy and interstitial anion in the hosts for the charge compensation, as reported in 

detail by Jing and co-workers [26]. Above a particular concentration of Ln3+ (Ln = Gd, Y), 

such interstitial defects capture radiative electrons effectively, which could be the reason 

for PL intensity decreasing as Ln3+ (Ln = Gd, Y) content reach beyond the critical 

concentration as mentioned above [26–29]. Therefore, the decrease of photoluminescence 

in the present systems above the critical concentrations might be due to the energy 

migration occurred from Eu3+ sublattice to the defects, which attribute to the exchange 

interactions 26. It is known that the heat treatment in an oxygen-deficient environment 

can convert lattice oxygen into the surface oxygen vacancies 26,29. 

 

Table 2.1: Calculated JO parameters for the optimized samples prepared in air and 

post annealed in vacuum. 

 
 

 

 

 

 

 

 

 

To observe the influence of post - annealing on the PL properties of present samples in 

different heating atmospheres, the optimized as-prepared Sr2.765Gd0.09AlO4F: 0.1Eu3+ and 

Phosphors Ω2 (×1020 cm2) A0-2 (s-1) τrad(ms) Assy. Rat. 

Ln (0.00) 2.84 88.8 6.2 1.69 

Y (0.07) 2.88 94.3 6.9 1.72 

Gd (0.09) 2.94 95.3 6.7 1.73 

Y (Vacuum) 2.76 96.4 6.8 1.84 

Gd (Vacuum) 2.77 96.6 6.8 1.84 
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Sr2.795Y0.07AlO4F: 0.1Eu3+phosphors were subsequently heated for 1 h at 1000oC in a 

reducing atmosphere of 99.5% Ar and vacuum. Their emission spectra collected at the 

excitations of 285 and 393 nm are depicted in Fig. 2.7. Generally, it is well accepted that 

the stabilization of Eu2+cations is triggered in reducing atmosphere, while Eu3+ cations 

were naturally stabilized in the air or oxygen-rich environment.30 However, the broad 

emission of Eu2+ ions was not observed in any of the PL and PLE spectrum of the of Sr2.9-

3x/2LnxAlO4F: 0.1Eu3+ (Ln3+ = Gd, Y; x = 0.01 to 0.1) samples. Moreover, Fig. 6 shows 

that post vacuum annealing is quite effective in enhancing the red emission of the 

Sr2.765Gd0.09AlO4F: 0.1Eu3+ and Sr2.795Y0.07AlO4F: 0.1Eu3+ phosphors. The annealing in 

a vacuum helps in the creation of oxygen vacancies as reported by other research 

groups.31,32  

 

 

 

Figure 2.7: PL emission spectra of the Sr2.765Gd0.09AlO4F: 0.1Eu3+(at the excitations of 

(a) 285 nm and (c) 393 nm) and Sr2.795Y0.07AlO4F: 0.1Eu3+ (at the excitations of 

(b) 285 nm and (d) 393 nm) phosphors post treated in vacuum. 
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To find the relationship between the oxygen vacancies and red emission in the vacuum-

annealed samples, we first examine the PL spectrum of Sr2.985Ln0.01AlO4F samples (Ln 

= Gd, Y), and their results are shown in Fig. 2.7(a) and (b). At the UV excitation of 245 

nm, intense blue-light emission curves centered at 415 nm have been observed for all the 

samples, which were annealed at 1000 °C in vacuum or the Ar atmosphere. The 

broadband at 415 nm is attributed to the emission from a localized electron-hole pair i.e. 

oxygen vacancies and its emission intensity increased upon post - annealing in Ar or 

vacuum, as shown in Fig. 2.8.33 Thus, the post- vacuum annealing of these optimized 

samples creates more oxygen vacancies as compared to their as-synthesized samples. 

Most importantly, the excitation band of the optimized Eu3+-doped phosphors is 

overlapping with the blue emission of oxygen vacancies of the samples without Eu3+ ions 

(Fig. 2.8 (a) & (b)). Consequently, the effective resonance-type energy transfers from 

host donor to Eu3+ acceptor might be possible as the oxygen vacancies related emission 

of the host samples disappeared upon Eu3+doping. Thus, the observed enhancement in 

Eu3+ emission after the vacuum or Ar heat treatment could be due to the oxygen vacancies 

enhanced by the post-vacuum/Ar annealing. 

 

The XPS of as-synthesized and vacuum-annealed Sr2.985Gd0.01AlO4F samples was also 

characterized to study the effect of post-vacuum / Ar annealing on its oxygen vacancies 

(Fig. 2.9(a)). The O1s core-level spectrums of as-synthesized and vacuum-annealed 

Sr2.985Gd0.01AlO4F samples were also deconvoluted into two peaks and are shown as Fig. 

2.9 (b) and (c). In case of as obtained Sr2.985Gd0.01AlO4F sample, the area of the oxygen 

vacancies peak (OII) decreases from 28.30% (as in Sr3AlO4F) to 16.82%. The decreased 

in oxygen vacancy content is due to the substitution of trivalent Gd3+ ions for divalent 

Sr2+ ions followed by diffusion of non-lattice oxygen ions into the crystal lattice sites. 

However, the converse effect was observed under vacuum treatment of this sample, 

wherein the absence of oxygen atmosphere leads to loss of lattice oxygen and subsequent 

oxygen vacancies peak (OII) area increases to 24.62%. 

 

In this research, we observed the Ln3+ co-doping (Ln = Gd, Y) effects in the emission 

nature of Eu3+ within the Sr3AlO4F host. Simultaneously, the post-heat treatment of the 

optimized compositions in the reduction atmosphere appreciably enhanced the Eu3+ 

emission intensity. To study the above-mentioned changes in the emission intensity of 

Eu3+ ions, the Judd–Ofelt (J-O) spectroscopic parameters are also calculated [34,35]. The 
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details of the J-O parameters and the calculation procedures are mentioned in the 

supporting information and their results are tabulated in Table 2.1. Likewise, a higher 

asymmetric ratio, the high value of Ω2 also suggested the presence of asymmetric 

environment at the Eu3+ site. From the calculated values of Ω2 listed in Table 2.1, it can 

be seen that these values enhanced with the incorporation of Ln3+ ions (Ln = Gd, Y) in 

Sr2.9AlO4F: 0.1Eu3+, which indicates the higher asymmetric environment of Eu3+ ions in 

the Ln3+ doped host matrix.  

 

 

 

Figure 2.8: (a) PL excitation spectrum (PLE) of Sr2.765Gd0.09AlO4F: 0.1Eu3+ and the 

emission spectra (PL) of Sr2.985Gd0.01AlO4F (as obtained and post treated in 

vacuum). (b) PL excitation spectrum (PLE) of Sr2.795Y0.07AlO4F: 0.1Eu3+ and the 

emission spectra (PL) of Sr2.985Y0.01AlO4F (as obtained and post treated in vacuum). 
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Figure 2.9: (a) A comparison of the XPS survey spectrum of Sr2.985Gd0.01AlO4F (as 

obtained and post-treated in a vacuum). (b, c) High-resolution XPS spectrum of oxygen 

in the Sr2.985Gd0.01AlO4F sample ((b) as obtained and (c) post-treated in a vacuum). 

 

The value of Ω2 is very sensitive to the ligand environment, which can be observed by 

the change of its value with various synthesis ambiance. The high Ω2 value indicates the 

possession of high charge density for Eu3+ ions, which polarizes the O2- anion to a much 

greater extent. This results in a larger extent of molecular orbital overlap between the f 

orbital of the Eu3+ion and the p orbital of the O2- ion, resulting in expansion of the electron 

cloud and the formation of a bond having less ionic and more covalent character. The 

decrease in Ω2 value owing to the post- heat treatment in a vacuum is because of the 
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decreases in orbital overlapping between Eu3+ and O2- or because of the creation in 

oxygen vacancies.35 Fig. 2.10 (a) elaborates on the crystal diagram of Sr2.9-3x/2LnxAlO4F: 

0.1Eu3+. As reported previously, the tetragonal structured Sr3AlO4F phase having space 

group of I4/mcm is consist of with 10-fold and 8-fold coordinated Sr sites, and 4-fold-

coordinated Al3+ cation sites.7 The smaller Ln3+ cations (Ln = Gd, Y) properly occupy 

the 8-fold Sr sites. One important point to note that the post-heat treatment of the 

optimized phosphors in the reduction atmosphere dose not able to reduce Eu3+ to Eu2+. It 

can be thought that Eu3+ ions are stabilized owing to the Ln3+-co-doping. The 

incorporation of a Ln3+ion into the Sr2+ site produces a chemically induced defect which 

subsequently generates an acceptor level that can capture one electron. A single Ln3+ ion, 

situated in the Sr site, can reimburse one Eu3+ ion. The oxygen vacancies created from 

the reduction atmosphere cannot affect Ln3+ ions (Ln = Gd, Y). Therefore, the Eu3+ ions, 

which are replaced by Ln3+ ions situated in Sr2+ sites are remained as Eu3+ and cannot be 

converted to Eu2+. However, the created oxygen vacancies act as the sensitizer and 

transfer their energies to Eu3+ during the excitation process according to the energy level 

diagram scheme shown in Fig. 2.10 (b). 

 

To further investigate the energy transfer mechanism between the oxygen vacancies 

and Eu3+ ions, the comparative lifetime analysis has been characterized for the optimized 

phosphors (as obtained and post vacuum treated), and the results are shown in Fig. 2.9(c). 

The corresponding luminescence decay curves can be fitted by a second-order 

exponential decay mode via the equation reported elsewhere [12]. The average decay times 

for the as-obtained and post vacuum treated Sr2.765Gd0.09AlO4F: 0.1Eu3+ are determined 

to 0.82 and 0.97 ms, respectively. While that for as-obtained and post vacuum treated 

phosphors Sr2.795Y0.07AlO4F: 0.1Eu3+ was calculated to be 0.75 and 0.94 ms, respectively. 

The results show that the average decay time for the Eu3+ ions enhanced owing to the 

post vacuum treatment, which is a good of supporting evidence for the energy transfer 

from the created oxygen vacancies to Eu3+ ions in the optimized phosphors. However, 

we are unable to record the lifetime of host emission in the phosphors which are 

contained with Eu3+ doping since none of the Eu3+ doped samples show host emission. 

From Fig. 2.8, it is seen that the emission intensity of the Sr2.985Gd0.01AlO4F and 

Sr2.985Y0.01AlO4F enhance due to the post vacuum treatment, which indicates that there 

is an enhancement in the oxygen vacancies due to the vacuum treatment. Such enhanced 

photon energy is completely diminishing with the subsequent enhancement of Eu3+ 
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emission intensity further due to the vacuum treatment. This might be supporting the 

predictions of energy transfer mechanisms from oxygen vacancies to Eu3+ ions. 

 

 

 

Figure 2.10: (a) Crystal structure of Sr3AlO4F. (b) Energy level scheme sowing the 

energy transfer between oxygen vacancies to Eu3+ ions in the phosphors post-treated in 

a reduction atmosphere. (c) Comparative emission decay curves of Sr2.765Gd0.09AlO4F: 

0.1Eu3+ and Sr2.795Y0.07AlO4F: 0.1Eu3+ (as-obtained and post vacuum treated). (d) 

Comparative PL emission spectra of Y2O3: Eu3+ ions and optimized phosphors post 

treated in vacuum. 

 

The emission of optimized samples post-treated in a vacuum has also been recorded 

under the excitation of 285 nm and compared with the commercially established Y2O3: 

Eu3+ red phosphor, which was prepared via the solid-state reaction method (Fig. 2.10 
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(d)). The detail composition Y2O3: Eu3+, as well as the synthesis procedures, are reported 

elsewhere [36]. The results, depicted in Fig. 2.10 (d), indicates that the PL emission 

intensity of the present phosphors under optimized conditions are comparative with that 

of the commercial sample. However, the red emission peak position of the present 

samples is situated at a deeper red side than that of Y2O3: Eu3+. Besides, the full width 

half maxima of the red peak are comparatively higher than that of the Y2O3: Eu3+. These 

results support the high red color purity of the present samples (Table 2.2), which could 

be very useful for many optoelectronic applications where pure and intense red emission 

is the crucial parameter. 

 

The CIE (X, Y) illustration exhibiting the coloring chromaticity of the optimized 

phosphors for the emission spectra recorded under λex = 285 and 393 nm excitations are 

shown in Fig. 2.11. As seen from the CIE diagram, the color coordinates for all the 

samples lie within the red-orange area, and the emission color also does not vary 

appreciably because of the post-heat treatment in argon or a vacuum atmosphere. The 

color purity was further investigated as mentioned in Refs. [37,38]. The color coordinates 

(x, y), CRI and color purity calculated from the emission spectra under 285 and 393 nm 

excitations for the optimized phosphors are depicted in Table 2.2 The color purity of 

emission from all the samples was above 95.0%, indicating the formation of high-quality 

red-emitting phosphor indicating the present phosphors can be useful as pure red-colored 

light sources under UV light for display/lamp applications. 

 

 

 

Figure 2.11: CIE color diagram of Sr2.765Gd0.09AlO4F: 0.1Eu3+ and Sr2.795Y0.07AlO4F: 

0.1Eu3+ phosphors obtained at various conditions ((a) under 285 nm and (b) 393 nm 

excitations). 
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Table 2.2. CIE, CCT, CRI and color purity for the optimized samples prepared in air 

and post annealed in vacuum and argon. 

 

 

 

The flexibility of the Sr2.765Gd0.09AlO4F: Eu0.1 phosphor/PDMS composite film has 

been tested under different bending conditions. Fig. 2.12 (a, b & c) represents the 

composites at various bending or twisting conditions, while Fig. 2.12 (d, e & f) are 

representing the corresponding images of the composites under the same conditions with 

those in Fig. 2.12(a, b & c), respectively with the UV illuminations. The photographs 

show that the composites are showing excellent red color display under the UV exposure 

in various bending modes without any color or intensity degradation. Furthermore, the 

good color uniformity indicates the uniform distributions of the phosphor particles within 

the PDMS films. 

 

For the lighting applications, an ideal phosphor system must have appreciable thermal 

stability of up to 200 °C. Therefore, we have tested the TG-DTA analysis of the 

Sr2.765Gd0.09AlO4F: Eu0.1 phosphor/PDMS composite to check its thermal stability (Fig. 

2.S3). The PDMS composite film began to degrade at above 270 °C only while the 

 

Conc.  

(mol) 

CRI CIE Color Purity (%) 

285 nm 393 

nm 

285 nm 393 nm 285nm 393nm 

Y(0.07) (Air) 55 28 (0.61, 0.38) (0.64, 0.36) 99.1 99.8 

 

Y(0.07) (Vacuum) 55 48 (0.61, 0.38) (0.61, 0.38) 99 99.5 

       

Y(0.07) (Argon) 54 41 (0.61, 0.38) (0.62, 0.38) 99 99.8 

 

Gd(0.09) (Air) 

 

62 

 

34 

 

(0.60, 0.39) 

 

(0.64, 0.36) 

 

98.4 

 

99.8 

       

Gd(0.09) 

(Vacuum) 

56 49 (0.61, 0.39) (0.61, 0.38) 99 99.5 

       

Gd(0.09) (Argon) 57 45 (0.61, 0.39) (0.62, 0.38) 99 99.7 

       



50 
 

maximum rate of degradation is noticed at even much higher temperature (465 °C), 

confirming its suitability for lighting applications. Thermal degradation may occur due 

to excess heating wherein long chains of PDMS polymer break into low-molar-mass 

cyclic siloxane oligomers [39,40]. To further study the lighting efficiency, the 

electroluminescence (EL) spectrum of the 15 wt% phosphor loaded PDMS composite 

upon the exposure of a UV LED (280 nm) operated at 500 mA current is also recorded 

and shown as Fig. 2.12(g). As seen from the figure, the characteristics Eu3+ emission 

peaks appear and thus the luminescence properties of the phosphor remain unaltered even 

after its loading in PDMS. The results of emission intensity, chromaticity coordinates 

(0.62, 0.36) and red color purity (96%) indicating the capability of the optimized 

phosphor as a red component in LED systems. 

 

 

Figure 2.12. Sr2.765Gd0.09AlO4F: 0.1Eu3+/PDMS composites in various bending 

conditions (a–c) without illuminations and (d-f) with UV illumination. (g) EL 

spectrum and the corresponding CIE diagram of [post vacuum treated 

Sr2.765Gd0.09AlO4F: 0.1Eu3+ phosphor. 
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2.5. Conclusions 

The structure of the tetragonal Sr3AlO4F phase was stabilized by aliovalent 

substitutions of Sr2+ ions with trivalent Gd and Y ions. A series of fixed content of Eu3+-

doped Sr2.9-3x/2LnxAlO4F (x = 0.01-0.10) red phosphors were synthesized using solid-

state synthesis methodology. All the samples showed intense red-orange emission (5D0 

→ 7F1, 2) under the ultra-violet and blue excitations, indicated their suitability as high 

efficient red phosphor. The critical concentration of Gd3+ and Y3+ were observed to be x 

= 0.09 and x = 0.07, respectively, beyond which, quenching of the emission was 

observed. These two optimized samples were annealed in reducing atmosphere of Ar and 

vacuum to further enhance their optical efficiency. The increase in oxygen deficiency 

during post-annealing in Ar or vacuum led to the energy transfer (O2--Eu3+) with a greater 

extent which subsequently increased the luminescence intensity of the optimized 

phosphors. The EL of flexible optimized Sr2.765Gd0.09AlO4F: 0.1Eu3+/ PDMS composite 

film showed a cool-red color suggesting their suitability in flexible display devices. 
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Supplementary Information 

 

Fig. 2.S1. Survey XPS spectrum of tetragonal Sr3AlO4F sample. 

 

Fig. 2.S2. Le Bail fit (red line) of the observed PXRD pattern (blue line) of the 

tetragonal Sr3AlO4F sample and residuum.  

 

Fig. 2.S3 TG-DTA trace of PDMS-Phosphor composite. 
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3.1 Abstract 

  A series of full-color emitting Eu2+/Eu3+-coexisted Sr2.9Al1-xSixO4F: 0.1Eu2+/3+ (SA1-

xSixOF: Eu2+/3+) oxyfluoride phosphors were synthesised by annealing the solid 

precursors in oxygen deficient atmosphere. The structural changes in Sr3AlO4F (SAOF) 

owing to the Si4+ ions’ doping were visualized from the Rietveld refinement analysis. 

The substitution of Si4+ ions in Al sites contracted the AlO4 tetrahedra and could enlarged 

the Sr sites, and enabled the suitable occupation of Eu2+ ions in the Sr1 sites. Eventually, 

the X-ray photoelectron spectroscopy studies confirmed the valence conversion of 

europium ions from its trivalent to divalent state owing to the Si4+ ions doping in SAOF: 

Eu2+/3+. Photoluminescent studies of SAxSi1-xOF: Eu2+/3+ showed an intense blue emission 

at 482 nm for the 4f-5d transition of Eu2+ ions along with several sharp peaks above 55 

nm owing to the intra f-f transition of Eu3+ ions. Increasing the Si4+ ions’ concentration 

subsequently, enhanced the Eu3+ to Eu2+ conversion rate decreased their emission 

intensity ratio, owing to which the emission color chromaticity was also tuned from 

orange red (CIE: 0.48, 0.29) to near white (CIE: 0.30, 0.26) and eventually to bluish 

region (CIE: 0.18, 0.23). The nearly white light emitting composition SASi0.03OF: Eu2+/3+ 

and the intense bluish light emitting optimum SASi0.06OF: Eu2+/3+ phosphors were further 

chosen for fabricating flexible composites based on phosphor and castor oil (CAO). At 

150 ºC, the composite showed almost double PL emission than the phosphor powders 

owing to the thermal encapsulation of the phosphor powders provided by the CAO 

matrix. Eventually, the obtained composite started to degrade at the temperatures as high 

as 300 oC. Therefore, the composite made with near white emitting SASi0.03OF: Eu2+/3+ 

phosphor was integrated with a 365 near UV-LED which showed intense bluish white 

emission with the CIE of 0.29, 0.32, CCT of 7629, and CRI of 96. The above studies 

broadly suggested the adaptability of the obtained composites for flexible lighting 

applications.  

 

3.2 Introduction 

  In the present era of lighting technology, white light emitting diodes (W-LEDs) using 

phosphor luminescence (pc W-LEDs) have concerned foremost attention because of their 

exclusive characteristics including higher energy efficiency, robustness, long durability, 

eco-friendly and flexibility compared to existing lighting options [1-4]. Because of these 

features, pc-LEDS are enormously used in home, in vehicles, in backlight display, and 

public street lighting [5]. One of the most widespread technologies to produce pc W-LEDs 
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is the combining a 460 nm blue InGaN-LED chip and a broad yellow emitting garnet 

(Y3Al5O12: Ce3+) phosphor is associated with multiple issues including poor thermal and 

chemical stability, luminescence efficiency loss, and low color rendering (CRI) [6-9]. 

Meanwhile, the silicone matrix used for dispersing phosphors and to integrate with blue-

LED chips turns to yellowish tinge owing to the degradation of methyl groups which 

produce several sub band defects and subsequently detach from the assembly at high 

operating temperatures. Such detachment issues result in lowering the optical 

performance of W-LEDs and possible leakage of excitation light supplied from the LEDs 

[5,10]. 

 

  Recently, ultraviolet-excited single-phased phosphors have been widely used by 

altering doping ion concentration for attaining white light because of their substantial 

advantages like high CRI, a bigger choice of existing phosphors, and an appropriate color 

temperature (CCT) [11,12]. In the above series, rare-earth ions doped oxyfluorides are 

emerged as the promising phosphors for pc-LEDs owing to their efficient and tuneable 

luminescence properties [13,14]. Introducing F- ions into an oxide matrix results distorted 

centrosymmetric sites of the cationic polyhedrons, which origins exciting optical 

behaviours including high absorption in UV region and intense emission in the visible 

region.  

 

  Among the oxyfluoride host matrices, Sr3AlO4F is the most studied phosphor for 

solid state lighting applications owing to its facile and simple synthesis, cheap raw 

materials, and efficient as well as tuneable luminescent characteristics [15,16]. It is crucial 

to mention that for producing white light, pc LEDs strongly relied on Eu2+ and Ce3+ ions 

which are able to produce broad band emission covering the entire visible region because 

of their allowed d‐f transitions [17]. In Sr3AlO4F host lattice, the wavelength of 4fN → 4fN-

15d1 transitions from these ions can be enhanced by selective cationic substitutions 

elevating the covalent Eu2+ or Ce3+-ligand bonds and anion polarizabilities, owing to 

which, Sr3AlO4F phosphors strongly absorb UV and near-UV radiations and emit in 

broad visible spectral zones [18]. Earlier, W. B. Im et al. reported Sr2.975Ce0.025Al1‐

xSixO4+xF1‐x compositions, which are highly color‐tunable (from 474 to 537 nm) that can 

be efficiently used in solid‐state lighting [19]. Here, smaller Si4+ ions are replacing larger 

Al3+ cations along with the substitution of smaller F- ions via larger O2− ions which alter 

the lattice parameters and subsequently produced distortions in the Al/Si tetrahedral, 
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which produced emission redshift [19]. Zheng et al. reported a composition of 

Sr2.97−1.5xCaxAl1−2yMgySiyO4F: 0.02Ce3+ with intense yellow light emitting nature 

maximum at 545 nm upon 430 nm excitation. The substitution of Mg2+ and Si4+ ions into 

the Al sites and replacement of Sr2+ via Ca2+ in Sr3AlO4F: Ce3+ not only enhanced the 

emission intensity but also redshift the emission curve from 460 nm to 545 nm [20]. Lee 

et al., reported Ce3+-incorporated (Sr3SiO5)1-x - (Sr3AlO4F)x solid solutions which 

exhibited wide yellow–orange emission band that has been widen and red-shifted owing 

to Tb3+-codoping [21].  Nevertheless, Eu2+-doped Sr3AlO4F compositions are not reported 

as the single white emitting composition so far because of the fact that the coordination 

environment and the size of the crystal site of this host may not be able to change the 

valence state of europium ions.  

 

  Recently, the changing the covalency and polarizability of activator - ligand bonds 

in phosphors has received considerable attention to covert Eu valance state from 3+ to 2+ 

[22-24]. With this strategy, it is possible to make Eu2+ and Eu3+ ions’ coexisted phosphors 

having the ability to emit tuneable emission color including white light emission owing 

to the combination of different emissions from different valences. Gao et al. reported new 

phosphor compositions of MgSrLa8−x(SiO4)6O2: xEu where the activated europium ions 

could able to exist in both Eu2+ as well as Eu3+ forms by occupying non-equivalent 

crystallographic positions in a lattice [25]. This strategy generated multiple luminescent 

centers which are able to produce even white light by combining the broad bluish green 

emission of Eu2+ ions and sharp the green-yellow-red emission of Eu3+ ions. Z. An and 

co-workers recently reported color-tunable Ca20Al26Mg3Si3O68: Eu2+, Eu3+ phosphors 

where they achieved multicolour emission owing to the occupation of europium ions 

(divalent and trivalent) at distinct crystallographic sites [26].   

 

  Inspired by the above studies, in this work we synthesized a novel oxyfluoride 

phosphor Sr2.9Al1-xSixO4F: 0.1Eu2+/3+ which can generate single white light emission 

under UV excitation. Replacing Al3+ with Si4+ ions enlarged the activator sites that 

enabled Eu3+ ions to be reduced to Eu2+ ions. Varying the Si4+ ions doping concentration 

tuned the emission colour from orange-red to near white and eventually to bluish zone. 

The most suitable compositions were further to fabricate proposed phosphor polymer 

composites in order to avoid silicon-based phosphor binders for device applications. Here 

we choose castor oil (CAO) as the polymer host matrix because of its good binding, 
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transparency, eco-friendly nature and flexibility. Combining polymer matrix with 

phosphor could be a suitable alternate for generating high performance and thermally 

stable composite materials for LED packaging. These composite films could able to 

maintain certain distance between the phosphor and LED chip for improving the life time 

of the fabricated LED by the ease of heat dissipation.     

 

3.3 Experimental section 

3.3.1 Preparation of a phosphor   

  A series of Sr2.9Al1-xSixO4+xF1-x: 0.1Eu2+/3+ (SA1-xSixOF: Eu2+/3+ (x = 0.0, 0.01, 0.03, 

0.05, 0.06, 0.1, 0.12, and 0.15) phosphors were synthesized through conventional solid-

state method. The stoichiometric amounts of SrCO3 (99.999%), SrF2 (99.999%), Al2O3 

(99.999%), SiO2 (99.99%), and Eu2O3 (99.999%) obtained from Sigma-Aldrich were 

ground together in an agate mortar for 30 min. For maintain the homogeneity of mixing 

2.5 wt.% NH4F as a flux was added. The grounded mixture was transferred into an 

alumina crucible and preheated at 650 °C for 3 h and then annealed in a tube furnace 

under the near vacuum atmosphere of 10-3 torr at 1150 °C for 4 h. 

 

3.3.2 Preparation of Composite 

  Appropriate amounts of castor oil (CO) and aliphatic isocyanate is taken in a beaker 

with an NCO/OH ratio of 1:1. The mixture was stirred at 600 rpm for 15–20 min 

maintaining the temperature at 70 °C with the help of an oil bath. After the reaction, 

polyurethane pre-polymer was cast on a glass slide and kept for 2 h in an air-oven at 90 

°C for complete curing. The Same procedure was adopted for preparing CO composites 

with appropriate phosphor content. The reaction scheme for CO synthesis is shown in 

Fig.3.1 

 

 

Figure 3.1:  Schematic representation of Synthesis of polyurethane from castor oil. 

 

 

 



61  
 

3.3.3 Material Characterization 

  The crystal structure of the samples was examined by collecting the X-ray powder 

diffraction (XRD) patterns using a Phillip’s X’pert pro diffractometer with Ni-filtered 

Cu-Kα radiation. The proposed crystal structure was generated using VESTA software. 

The X-ray photoelectron spectroscopy (XPS) studies for all the samples were performed 

using a PHI 5000 VersaProbe II equipped with a micro-focused (200 µm, 15 kV) 

monochromatic Al-Kα X-ray source (1486.6 eV). The morphological studies of the 

samples were also carried out using a high-resolution transmission electron microscope 

(HR-TEM), JEOL JEM-F200. The photoluminescence excitation and emission spectra 

were investigated using a Yvon Fluorolog 3 spectrofluorimeter with a 450 W Xenon flash 

lamp as the exciting source. The low-temperature photoluminescence studies were 

carried out using a laser excitation source of wavelength 266 nm with a laser power of 10 

mW. The cathodoluminescence (CL) measurements were carried out with the help of an 

Attolight Chronos CL-Scanning Electron Microscopy system. The electroluminescence 

properties of the obtained devices were measured using a high-sensitivity CCD 

spectrophotometer (Maya 2000 Pro). 

 

3.4 Results and discussions 

3.4.1 Structural analysis using XRD and XPS 

  The Rietveld refinement on the powder XRD patterns of Sr2.9Al1-xSixO4+xF1-x: 

0.1Eu2+/3+ (SASixOF: Eu2+/3+ ; x = 0.0, 0.01) samples annealed in the oxygen-deficient 

atmosphere at 1150 °C for 4 h are shown in Fig. 3.2. The diffraction patterns of both the 

samples agree well with the tetragonal phase of Sr3AlO4F [space group: I4/mcm]. 

Meanwhile, the incorporation of Si4+ ions results in the generation of several impurity 

peaks of Sr3SiO5 (JCPDS: 26-0984 and 06-0341) and Sr2SiO4 (JCPDS 18-1281), which 

are marked with asterisks, as can be seen in Fig. 3.2. The estimated lattice parameters, 

atomic coordinates, and bond lengths are given in Table 3.S1, Table 3.S2, and Table 

3.S3, respectively. The cell parameters of SAOF are refined to be a = b = 6.7537 Å, and 

c = 11.2126 Å. These estimated cell parameters are very close to the previous reported 

results on the same host material [22]. Meanwhile, the successful incorporation of Si4+ ions 

in to the Al3+ sites can be realized from the slightly altered lattice parameters, as shown 

in Table 3.S1. It can be noted from Table 3.S1 that the values of a and b are slightly 

enlarged while c is contracted owing to the Si4+ doping in to the Sr3AlO4F host, which is 

in line with the observations and interpretations reported by W. Bin et al. [21]. 
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Furthermore, the replacing of a Al3+ ion by a Si4+ ion into the Al3+ site create an excess 

cationic charge, which can be compensated due to the stoichiometric substitution of F- 

ion by O2- ion. A similar interpretation on charge compensation has also been reported 

earlier in the case of few rare-earth-doped oxyfluoride phosphors [21,32]. However, the 

refined values of a, b and c of SASi0.01OF: 0.1Eu2+/3+ slightly reduced in comparison with 

SASi0.01OF (Table 3.S1) might be due to the anomalous reductions and substitutions of 

europium ions.  

 

 

 

Figure 3.2: Rietveld refined XRD patterns of (a) SASiOF, and (b) SASi0.01OF: Eu2+/3+ 

samples. 
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  Fig. 3.3 shows the crystal structure representation of SASi0.01OF. In this structure 

there exist two different Sr sites: 10 coordinated 4a sites and 8 coordinated 8h sites. A 4b 

site is engaged by Al, 4c is captured by F atoms, and O atoms are believed to occupy the 

16l site, respectively. It consists of arranging alternatively Sr(1)O8F2/AlO4 and Sr(2)O6F2 

polyhedron along the c axis. SAOF belongs to the tetragonal Cs3-CoCl5-family (space 

group I4/mcm) and is narrowly linked to the tetragonal Sr3SiO5 (space group P4/ncc). 

From the bond length calculation obtained from the refinement of SAOF (listed in Table 

3.S3), it is clear that the 4a site is much larger than that of the 8h site. The incorporation 

of Si4+ ions into the Al3+ sites contract the AlO4 tetrahedral sites because of the smaller 

ionic substitution. It may affect the neighbouring two Sr polyhedrons since AlO4 

tetrahedra are linked to Sr(1)O8F2 and Sr(2)O6F2 through oxygen bridging by the edge 

and corner-sharing. Due to the inductive effect by the substitution of Si4+ ions in Al3+ 

sites, the AlO4 tetrahedra contracted, and the neighbouring Sr2+ sites get enlarged, which 

is also supported by the calculated bond lengths, as shown in Table 3.S2.  

 

 

 

Figure 3.3: (a) The basic crystal structure, and (b) the different coordination 

environment of Sr1, Sr2 and Al sites in SASi0.01OF: Eu2+/3+. 
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  After the doping of Si4+ ions, the average bond length of Al-O decreases, and Sr(1)-

O/F and Sr(2)-O/F bond lengths are considerably enhanced as compared to the SAOF 

sample. Among the two polyhedrons, Sr(1)O8F2 is closely related with the AlO4 

tetrahedra owing to two edges and two corner-sharing. Hence, the 4a site is more suitable 

for Eu2+ ions’ occupation than the 8h site, which is also clear from the bond length 

calculation indicated in Table 3.S2. The average bond length of Sr(1)-O/F is more than 

that of Sr(2)–O/F. Hence, the substitution of Si4+ ions can enlarge the Sr2+ sites and 

subsequently enhance the occupation of Eu2+ ions. From the refinement data of 

SASi0.01OF: Eu2+/3+ it is also clear that because of Si4+-doping, the Al-O bond length 

decreases and Sr(1)-O/F bond length increases. The basic crystal diagram of SASiOF and 

the corresponding coordination environments of all sites are represented in Fig. 3.3 (a) 

and 3.3 (b), respectively. Therefore, it can be concluded that increasing the Si4+ ions’ 

content during the synthesis in the oxygen-deficient atmosphere accelerates the 

conversion of more and more Eu3+ ions to Eu2+ ions, and these valence states of europium 

can able to coexist in corresponding 8h and 4a sites, respectively. 

 

  According to the previous report, Eu3+ ions (r8h = 1.066 Å) tend to substitute in the 

8h sites if Sr2+ sites (r8h = 1.26 Å) in the Sr3AlO4F host via forming surplus positive 

charges [33]. Such an extra amount of positive charges can easily be compensated via the 

minor off-stoichiometric adjustment between O2− and F−, and creates some cation 

vacancies [32]. Additionally, the high-temperature annealing process at vacuum conditions 

is also responsible to create certain interstitial defects in the host which can act as the 

electron donor to Eu3+ ions and subsequently reduce them to Eu2+ [24,32]. However, the 

complete reduction of Eu3+ is not seen in SAOF: Eu2+/3+. The local surroundings and size 

of the substituted crystal-site also contribute substantially in the Eu3+ reduction. In most 

of the strontium hosts, Eu3+ can easily reduce to its divalent form during the synthesis in 

a reduction atmosphere [34,35]. But the reduction of Eu3+ is not observed in Sr3AlO4F: Eu 

compositions synthesized in reduction atmosphere [26,36]. Recently, Fang et al. reported 

the photoluminescence behaviour of Eu-doped Sr3AlO4F synthesized in a reduction 

atmosphere. But they have only observed Eu3+ emission without any wideband emission 

related to Eu2+ ions because of the strong oxidative lattice around the Sr2+ sites [26].  

 

  The efficient reduction of Eu3+ ions are not observed in Sr2+ sites of Sr3AlO4F host 

might be also due to the large ionic radii of Eu2+ ions (r8h = 1.25 Å, r4a = 1.35 Å) in the 
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8-fold and 10-fold coordination, which are comparable with the Sr2+ ions (r8h = 1.26 Å, 

r4a = 1.36 Å). Moreover, both the Sr2+ sites are enclosed densely by AlO4
 tetrahedral units, 

which is also preventing the substitution of Eu2+ ions in the Sr2+ sites. In order to enlarge 

the Sr2+ sites, we have incorporated Si4+ − O2− into the SAOF structure to replace Al3+ - 

F− resulting in Sr2.9Al1-xSixO4+xF1-x: 0.1Eu2+/3+ (SASixOF: Eu2+/3+). This substitution 

might shrink the AlO4 tetrahedral units owing to the smaller ionic radii of Si4+ ions (r4b = 

0.26 Å) than that of Al3+ ions (r4b = 0.39 Å). The shrinkage of AlO4 sites might reduce 

the strength of the oxidative lattice in the surrounding of the Sr2+ sites and enlarged them 

subsequently. The lower bond length of Al/Si-O in SASi0.01OF than the bond length of 

Al-O in SAOF is also supporting the above prediction (Table 3.S3).  Meanwhile, bigger 

O2− anions (r16l = 1.40 Å) are also assumed to replace smaller F− anions (r4c = 1.33 Å) to 

achieve charge balance for the present framework and create some oxygen interstitial 

defects. These defects probably act as suitable electron donors to Eu3+ ions for their 

reduction. Meanwhile, the enlarged Sr2+ sites accelerate their reduction. 

 

  A survey XPS spectrum of SASi0.03OF: Eu2+/3+ heat-treated in the oxygen-deficient 

environment, shown in Fig. 3.4 (a), confirming the existence of Sr, Al, O, F, Si, and Eu. 

More precisely, Figs. 3.4 (b) - (g) represent the core spectra of Al, Si, O, F, and Eu, 

respectively. The spectrum of Al 2p (Fig. 3.4 (b)) is obtained at 71.68 eV, which is 

slightly shifted towards the lower energy than the standard value [37, 38], indicating the 

proper binding of Si4+ ions in the Al sites. The lower shifting of binding energy value is 

might be due to shorter ionic radii of Si4+ ions than Al3+ ions. The core-level spectrum of 

Si 2p (Fig. 3.4 (c)) consists of two peaks centered at 99.37 eV corresponds to the Si 2p, 

and 101.21 eV is attributed to the SiO2 phase [39]. This may cause the appearance of the 

Sr3SiO5 and Sr2SiO4 phases [40]. From the XPS results, we can conclude that the excess 

Si4+ ions may be adsorbed (such as SiO2) on the oxygen-deficient region thereby 

diminishing the surface oxygen peak and subsequent formation of silicon dioxide. The 

above phenomenon can also be justified from the core level XPS spectrum of O 1S (Fig. 

3.4 (d)), which elaborates two peaks at 528.92 eV and 529.11 eV corresponds to the 

lattice oxygen.  
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Figure 3.4: (a)  Survey spectrum of SAlSi0.03OF: Eu2+/3+. (b) – (g) represents the core 

level spectra of each element. 

 

 The core-level spectrum of F 1s (Fig. 3.4 (e)) is deconvoluted into two peaks centered 

at 682.26 eV and 683.01 eV [39]. The peak FI is corresponding to the two longer bond 

lengths of Sr1 – F. While peak FII corresponds to the shorter Sr2-F bond length. Under 

the vacuum condition, the surface oxygen can diffuse into the lattice site as oxide ions 

and electrons. In the deficiency of oxygen more Eu3+ ions can receive those electrons and 
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can be reduced to Eu2+. This kind of coexistence of Eu3+ and Eu2+ ions also confirmed by 

XRD results. The XPS spectra of Eu 3d consist of four peaks corresponding to Eu2+ 3d5/2 

(1122.52 eV), Eu3+ 3d5/2 (1132.23 eV), Eu2+ 3d3/2 (1151.57 eV) and Eu3+ 3d3/2 (1162.23 

eV), respectively (Fig 3.4 (f) and (g)). The difference in binding energy values of Eu 

3d3/2 and Eu 3d5/2 of Eu3+ (29.86 eV) and Eu2+ (29.15 eV) is closer to their standard 

separation gap (29.8 eV) [39]. The XPS results broadly indicate that under the low oxygen 

atmosphere and by the doping of Si4+ ions enhance the possibility of formation of Eu2+ 

ions.  

 

3.4.2 Optical characterizations using UV-Vis DRS and photoluminescence Study 

The UV-Vis DRS of SAOF and SASiOF samples, shown in Fig. 3.5 (a), exhibit 

almost 100 % reflectance in the wavelength range of 350 – 700 nm and steep slopes in 

250 to 325 nm. Both the samples show a host absorption band maximized at 241 nm. 

Compare to SAOF, the intensity of this band is reduced in SASiOF, which might be due 

to the reduction of surface oxygen charge carrier’s content due to the Si4+ ions’ 

incorporation into SAOF. The inset of Fig. 3.5 (a) shows the PL emission spectra of 

SAOF and SASiOF at 241 nm UV excitation, which is showing that after Si4+ ions’ 

doping, SAOF host emission intensity attributed to the oxygen vacancies is reduced. The 

XPS core spectra of O 1s and Si 2p already indicated that excess Si4+ cations can adsorb 

free surface O2- ions to form SiO2. As a result of the low content of free O2- ions, the host 

emission due to charge transfer decreases after the doping of Si4+ ions in SAlOF. 

 

Fig. 3.5 (b) elaborate DRS of various content of Si4+-doped SA1-xSixOF: Eu2+/3+ 

phosphors. Without Si4+ ions, SAOF: Eu2+/3+ phosphor exhibits an additional absorption 

band peaked at around 295 nm corresponds to the O2- - Eu3+ charge transfer band. 

Besides, several sharp peaks are observed between 350 to 480 nm corresponding to the 

intra f-f Eu3+ transitions (inset graph in Fig. 3.5 (b)). Introducing a small amount of Si4+ 

ions in the Al sites of SAOF: Eu2+/3+ phosphor results in broadband absorption in the 

region of 225 to 450 nm owing to the 4f65d1 - 4f7 transitions of Eu2+ ions. Meanwhile, the 

DRS results of SA1-xSixOF: Eu2+/3+ phosphors show almost 90 % reflectance in the visible 

region (450 to 700 nm). The intensity of Eu2+ absorption is increased with the increase in 

Si4+ ions in SASiOF: Eu2+/3+ because of the subsequent enhancement in the conversion 

rate of Eu3+ to Eu2+.  
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Figure 3.5: (a) UV-Vis diffuse reflectance spectra and of SAOF and SASiOF samples. 

Inset shows the PL emission spectra of corresponding samples recorded at 241 nm UV 

excitation. 3.5 (b) UV-Vis diffuse reflectance spectra of SASixOF: Eu2+/3+ phosphors. 

 

Fig. 3.6 shows the spectral overlap between the excitation spectrum of SASi0.01OF: 

Eu2+/3+ and the emission spectrum of SASiOF, which indicates the phenomenon of energy 

transfer between the self-activated host and the activator ions. The emission spectrum of 

SASiOF, recorded upon 240 nm excitation, shows a self-activated emission at 416 nm 

owing to the trapped exciton emission of a defect center in SASiOF. Reportedly, these 

defects might be related to the anion-deficient nonstoichiometric species which is 

normally produced during the heating in an oxygen-deficient atmosphere [41].  It is clear 

from the emission spectra of SASi0.01OF: Eu2+/3+ that the corresponding emission 

intensity of the SASiOF host is significantly diminishes owing to the activator ions 

doping. Also, the emission spectrum of SASi0.01OF: Eu2+/3+ comprises a broad emission 

band in the range of 375 to 525 nm which is attributed to the 4f - 5d transitions of Eu2+ 

ion and several sharp peaks located in the 550 to 675 nm region owing to the f-f transitions 

of Eu3+ ions. This result indicates the existence of both europium valency in SASi0.01OF: 

Eu2+/3+, and suggesting the tunable emission color can be obtained via tuning the Eu2+ to 

Eu3+ ions ratio.  
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Figure 3.6: Spectral overlap between the excitation spectrum of SASi0.01OF: Eu2+/3+ 

and the emission spectrum of SASi0.01OF. The emission spectrum of SASiOF is also 

added to realize the self-activated emission of SASiOF and its energy transfer process 

to activators. 

 

For the precise tuning of emission color, additional insights on the energy levels of 

both europium ions in the Si4+- doped SAOF and the corresponding energy exchange 

procedures among the host and activators. Therefore, Fig. 3.7 (a) displays the excitation 

spectrum of SASiOF peaking at 241 nm, which is deconvoluted into two Gaussian curves, 

which could be attributed to the band to band transitions (P1) and absorption via the 

defect states (P2) situated near to the conduction band. In the deconvoluted excitation 

spectra of SASi0.01OF: Eu2+/3+ (Fig. 3.7 (b)), P1 belongs to Eu3+ - O charge transfer band 

and P2 is attributed to the 4f - 5d transitions of Eu2+ ions. In addition, the sharp excitation 

peaks due to the intra-configurational 4f–4f transitions of Eu3+ can also be observed above 

340 nm. The deconvoluted excitation spectra of SASi0.06OF: Eu2+/3+ phosphor (shown in 

Fig. 6 (c)) consists of a host excitation peaked at 241 nm and five 4f - 5d transition peaks 
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of Eu2+ ions. Because of the incorporation of Si4+ ions in SAOF: Eu phosphor, the O2- - 

Eu3+ charge transfer band disappears and various Eu2+ 4f – 5d transition peaks arise. The 

probable energy level diagram of Eu2+ and Eu3+ ions in the SASiOF host is elaborated in 

Fig. 3.7 (c).  

 

 

 

 

Figure 3.7: Deconvoluted excitation spectra of (a) SASiOF, (b) SASi0.01OF: Eu2+/3+, 

and (c) SASi0.06OF: Eu2+/3+. (d) Illustration of the most probable energy transfer 

mechanisms in SASiOF: Eu2+/3+. 
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Fig. 3.8: (a) The emission spectra of SA1-xSixOF: Eu2+/3+ (0 ≤ x ≤ 0.15) excited by 370 

nm. (b) CIE chromaticity diagram and (c) corresponding CIE coordinates of SA1-

xSixOF: Eu2+/3+ (0 ≤ x ≤ 0.1) recorded at 370 nm excitation. 
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photoluminescent studies. Meanwhile, the emission color of SA1-xSixOF: Eu2+/3+ 

phosphors is also tuned from red-orange (x = 0.0; CIE: 0.48, 0.29) to nearly white (x = 

0.03; CIE: 0.30, 0.26) and eventually to bluish color (x = 0.06; CIE: 0.18, 0.23) simply 

by altering the doping concentration of Si4+ ions. The corresponding CIE chromaticity 

diagram of SASixOF: Eu2+/3+ phosphors monitored on 360 nm near-UV excitation, is 

shown in Fig. 3.8. The inset images under near-UV light well illustrated the color tuning, 

and directly supporting the emission results of SA1-xSixOF: Eu2+/3+ phosphors. It is worth 

mentioning that at an intermediate concentration (x = 0.03) of Si4+ ions, both emission 

peak intensity of Eu2+ ions and Eu3+ ions are able to tune the emission color to near white 

indicating the potential of the present host as a single white emitting composition. 

 

3.4.3 Structural and optical characterizations of SASi0.06OF: Eu2+/3+ @ CAO 

composites for their usage in lighting devices 

From IR spectra as shown in Fig. 3.9(a), the esterification reaction of the polyol is 

confirmed by the appearance of characteristic C = Oband at 1745 cm−1 (SASi0.03OF: 

Eu2+/3+ @ CO). The strong band at 1242 cm−1 attributed to the C-O stretching further 

revealed the esterification of polyol. The presence of a medium absorption band at 3350 

cm−1 corresponds to N-H (secondary) stretching in the urethane and the peak at 1517 

cm−1 indicates the urethane linkage (C─N─H). The strong intense band at 2261 cm−1, 

which corresponds to ─N═C═O stretching in isocyanate got completely disappeared in 

polyurethane. The bands analogous to N-H bending at 710–780 cm−1 confirms the 

formation of CO. The peaks at 2922 and 2857 cm−1 are attributed to the methylene (CH2) 

asymmetric and symmetric stretching vibration of the hydrocarbon chain of castor oil and 

methyl group (CH3) stretching that appeared at 3016 cm−1 in both polyurethane and castor 

oil [45]. 

 

The thermal stability of polyurethane and its composite is analyzed by TGA analysis 

and the thermogram profile is depicted in Fig. 3.9(b). It is important to note that CO is 

thermally stable up to 230 °C. The initial degradation occurs at 235–240 °C due to the 

decomposition of urethane linkage, which is unstable compared to other bonding. The 

next stage of degradation in the range of 380–410 °C corresponds to the decomposition 

of high energy doublebonds and single bonds including alkyl chain, dissociation of the 

ester bond through chain scission, dehydrogenation, and depolycondensation of alkyl 
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groups. The thermal parameters, listed in Table 3.S4, show minor improvement in CO 

matrix after adding phosphor. The higher residue content in the case of CO composite is 

due to the presence of non-degraded phosphor [46,47]. 

 

 

Figure 3.9: (a) IR analysis of castor oil, isocyanate and SASi0.03OF: Eu2+/3+ @ CO. (b) 

Thermogravimetric profile of CO and SASi0.03OF: Eu2+/3+ @ CO. 

 

Fig. 3.10(a) and (b) display the optical microscopic images of only CO and 

SASi0.06OF: Eu2+/3+ @ CO composites, respectively, along with their real digital images 

(insets). The transparency of the CO can be well understood in Fig. 3.10(a), whereas Fig. 

3.10(b) indicates the even distribution of phosphor particles in the CO matrix. It can be 

realized from the insets that the transparency of the composite (inset of Fig. 3.10(b)) is 

reduced owing to the phosphor incorporation. However, due to the transparent nature of 

CO (inset of Fig. 3.10(a)), excitation photons can be easily absorbed by the phosphor 

particles. Finally, we have checked the device preformation of the fabricated composites. 

These composite membranes could be used to develop resin-free pc- LED systems for 

various lighting applications. Fig. 3.10(c) describes the schematic representation of a pc-

LED device having a phosphor – polymer composite layer illuminated by a near-UV LED 

chip. 
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Figure 3.10: Optical microscopic image and direct digital image (insets) of (a) a CAO 

matrix, and (b) a SASi0.06OF: Eu2+/3+ @ CAO composite. (c) Schematic representation 

of a pc LED device considering the phosphor @ polymer composite layer and a near-

UV LED. (d) Real image of a SASi0.06OF: Eu2+/3+ @ CAO composite under 372 nm 

near-UV LED illumination. 

 

The thermal quenching properties of SASi0.06OF: Eu2+/3+ phosphor and SASi0.06OF: 

Eu2+/3+ @ CO composite from ambient to 150 °C temperature and the results are 

presented in Fig. 3.11 (a). Because ofthe increase in operating temperature of the LED, 

the phosphor emissive performance usually degrades owing to the elevated nonradiative 

transitions. Here also it is observed that at the elevated temperatures, the emission 

efficiency of SASi0.06OF: Eu2+/3+ phosphor decreases gradually with the partial blue shift 

of the emission band. SASi0.06OF: Eu2+/3+ phosphor shows only 20% emission intensity 

compare to the ambient temperature intensity at 150 °C. While the composite shows 

almost double intensity SASi0.06OF: Eu2+/3+ phosphor at 150 °C since the encapsulated 

polymer is acting like a protective layer to the phosphor particles. Eventually, a W-LED 

is also fabricated using the 372 nm near-UV LED and a composite membrane made from 

CO loaded with 10 wt% SASi0.03OF: Eu2+/3+ phosphor. The recorded EL spectrum at 500 

mA, shown in Fig. 10 (b), shown cool white emission having the CIE of (0.29, 0.33), 

CCT of 7562 K, and CRI of 89. The inset of Fig. 10 (b) is illustrating the image of a 

SASi0.03OF: Eu2+/3+ @ CO composite under the illumination of a near-UV 372 nm LED. 
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The intensity and color uniformity of the emitted light indicate the appropriate 

distribution of phosphor particles in the polymer matrix. The white light-emitting 

phosphor – polymer membranes, developed in the current research, maybe potential in 

making lighting and display devices. 

 

 

 

Figure 3.11: (a) Temperature-dependent PL emission spectra of SASi0.06OF: Eu2+/3+ 

phosphor under 360 nm excitation. The inset shows the PL intensity variation of 

SASi0.06OF: Eu2+/3+ phosphor powders and SASi0.06OF: Eu2+/3+ @ CAO composite. (b) 

EL spectrum of SASi0.03OF: Eu2+/3+ / CAO composite sample incorporated in 372 nm 

LED chips. 

 

3.5 Conclusions 

This work reported various Si4+-codoped Sr2.9Al1-xSixO4F: 0.1Eu2+/3+ oxyfluoride 

phosphors with the simultaneous existence of Eu2+ and Eu3+ ions. The substitution of Si4+ 

ions in Al sites contracted the AlO4 tetrahedral sites and enlarges the Sr sites. Such lattice 

modifications because of the cationic substitutions enabled the occupancy of Eu2+ ions, 

and thus change the valence of Eu3+ to Eu2+. Due to the above valence change of europium 

ions, the broad bluish emission band of Eu2+ ions increased gradually along with the 

subsequent decrement in the sharp red-orange emission peaks due to the intra f-f 

transitions of Eu3+ ions. Because of this, the overall emission color was also tuned from 

orange-red to near-white and eventually to bluish. The optimum blue-emitting 
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SASi0.06OF: Eu2+/3+ and nearly white emitting SASi0.03OF: Eu2+/3+ phosphors were 

utilized further to make phosphor-polymer flexible composites along with castor oil 

(CAO). Integration of SASi0.03OF: Eu2+/3+ @ CAO composite along with a 372 nm near-

UV LED produced cool white emission having the chromaticity coordinates of (0.29, 

0.32), CCT of 7629 K, and CRI of 96. Therefore, the substitution of Si4+ ions in 

Sr2.9AlO4F: 0.1Eu2+/3+ successfully tuned the important activator sites as well as changed 

the Eu valence and an altered amount of Si4+ ions’ concentration generated nearly white 

light emission. The outcomes are unreported so far for Sr3AlO4F based oxyfluorides for 

flexible lighting applications.  
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3.7 Supplementary Information 

Table 3.S1 The lattice parameters of the Rietveld refined samples. 

Lattice 

parameters 

SAOF SASi0.01OF SASi0.01OF: Eu2+/3+ 

a [Å] 6.7537(20) 6.7727(22) 6.7634(7) 

b [Å] 6.7537(20) 6.7727(22) 6.7634(7) 

c [Å] 11.21269(4) 11.1219(5) 11.1072(12) 

V [Å3] 506.4(4) 510.157(29) 508.08(14) 

 

Table 3.S2 The atomic coordinates and fractional occupancies of the Rietveld refined 

samples. 

Sample Atom Site x y z Occ. 

 

 

 

SAOF 

Sr(1) 4a 0.0 0.0 0.25 1 

Sr(2) 8h 0.16960 0.66960 0.0 1 

Al 4b 0.0 0.5 0.25 1 

F 4c 0.0 0.0 0.0 1 

O 16l 0.14180 0.64180 0.64960 1 

 

 

 

SASi0.01OF 

Sr(1) 4a 0.0 0.0 0.25 1 

Sr(2) 8h 0.16782 0.66782 0.0 1 

Al 4b 0.0 0.5 0.25 0.99 

Si 4b 0.0 0.5 0.25 0.01 

F 4c 0.0 0.0 0.0 1 

O 16l 0.13856 0.63856 0.65470 1 

 

 

 

 

SASi0.01OF: Eu2+/3+ 

Sr(1) 4a 0.0 0.0 0.25 0.9 

Eu(1) 4a 0.0 0.0 0.25 0.1 

Sr(2) 8h 0.16536 0.66536 0.0 0.9 

Eu(2) 8h 0.16536 0.66536 0.0 0.1 

Al 4b 0.0 0.5 0.25 0.99 

Si 4b 0.0 0.5 0.25 0.01 

F 4c 0.0 0.0 0.0 1 

O 16l 0.13131 0.63131 0.66050 1 
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Table 3.S3: Selected bonds and corresponding bond lengths that exist between the 

elements in the following samples. 

SAOF SASi0.01OF SASi0.01OF: Eu2+/3+ 

Bond type Bond  

length [Å] 

Bond type Bond 

length [Å] 

Bond type Bond  

length [Å] 

Sr(1)-O x 8 2.7909(8) Sr(1)-O x 8 2.82779(8) Sr(1)/Eu(1)-O x 8 2.82752(8) 

Sr(1)-F x 2 2.77807(4) Sr(1)-F x 2 2.78048(4) Sr(1)/Eu(1)-F x 2 2.7768(4) 

Sr(1)-Sr(2) 3.74284(8) Sr(1)-Sr(2) 3.7529(8) Sr(1)/Eu(1)-Sr(2)/Eu(2) 3.75286(8) 

Sr(2)-O x 4 2.68734(6) Sr(2)-O x 4 2.70285(6) Sr(2)/Eu(2)-O x 4 2.69394(6) 

Sr(2)-O x 2 2.4512(3) Sr(2)-O x 2 2.52976(3) Sr(2)/Eu(2)-O x 2 2.63822(3) 

Sr(2)-F x 2 2.50823(6) Sr(2)-F x 2 2.52056(6) Sr(2)/Eu(2)-F x 2 2.52455(2) 

Al-O x 4 1.7547(4) Al/Si-O x 4 1.6984(4) Al/Si-O x 4 1.6018(4) 

 

 

Table 3.S4: Thermal parameters of PU and SASi0.03OF: Eu2+/3+ @ PU  

Sample Tonset T5 T10 T50 Tendset 

PU 237 295 314 392 465 

SASi0.03OF:Eu2+/3+ @ PU 241 299 316 403 480 
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Chapter 4 

 

Governing the crystallographic sites for tuning Eu2+ emission in 

an apatite oxyfluoride host to be applied for superior white light 

emitting diodes. 
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4.1 Abstract 

Single white-light-emitting phosphors for near-UV-converted white light-emitting 

diodes (WLEDs) are the best alternatives to tricolour phosphors’ blends and the blue light 

converted yellow emitting garnets. Nevertheless, achieving white light with elevated 

colour rendering (CRI) from a single-phase phosphor activated with a lone activator ion 

is a major challenge. This study aimed at the generation of white light from a single-

phase composition activated only with europium. The study started with the structural 

evaluations of Eu3+-activated Ca4La6Si6O24F2 phosphors using X-ray diffractions (XRD) 

and Eu3+ photoluminescence to elucidate the local environment of rare-earth ions and the 

symmetric nature of the lattice sites. Ca4La6Si6O24F2 crystallized in the hexagonal P63/m 

space group. The predominant 5D0-
7F2 electric dipole transition at 614 nm, and the non-

splitting as well as the zero-shifting behaviour of 5D0-
7F0 at 578 nm, suggested that the 

rare-earth ionic substitutions preferably took place at the larger asymmetric sites. 

Introducing Sr2+ ions in Ca4La6Si6O24F2:Eu3+/Eu2+ that is synthesized in a reducing 

atmosphere suppressed Eu3+ emission. From the optimized 

Ca1.98Sr1.98La6Si6O24F2:0.04Eu2+, a sequence of M2+-codoped (M=Mg/Ba) 

Ca1.98Sr1.98La6Si6O24F2: 0.04Eu2+ phosphors were further developed. The substitutions of 

Mg2+ and Ba2+ altered the crystal field by changing the lattice parameters. The Mg2+ 

doped samples showed a blue-shift from 520 nm (Mg2+=0) to 471 nm (Mg2+=1.0). 

Whereas the Ba2+ doped compositions showed a red-shift from 520 nm (Ba2+=0) to 536 

nm (Ba2+=1.2). The change of symmetry owing to the Mg2+/Ba2+ substitution could have 

led to the centroid shift, which was responsible for the blue- or red-shift of the emission 

spectra. The XRD of Ca1.38Sr1.38La6Si6O24F2:0.04Eu2+,1.2Ba2+ indicated Ba2+-induced 

lattice site expansion. Keeping this in view, Eu2+ ions concentrations were further 

enhanced from 0.04 to 0.3, and the resultant photoluminescence was further enhanced 

and red-shifted. The optimized sample showed better intensity compared to the 

commercial Y3Al5O12:Ce3+ and exhibited decent photoluminescence above 70% at 150ºC 

as compared with that at room temperature. Finally, several prototype WLEDs were 

fabricated using the single phosphor Ca1.365Sr1.365La6Si6O24F2:0.07Eu2+, 1.2Ba2+ with 

near-UV and violet-LED chips. The outcomes indicated the promising nature of this 

single composition phosphor for indoor lighting. 
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4.2 Introduction 

The present era of lighting technology witnessed the enormously increased usage of 

phosphor-converted white light-emitting diodes because of their significant advantages 

including adorable emission behaviour, long lifetime, the high thermal stability of 

luminescence high temperature with standing power, better colour rendering, high 

efficiency, and very low energy consumption with good stability [1-3]. Generating white 

light from the combination of a tricolour LED chips is become limited owing to the high 

price and complex drive circuit [4]. While the production of white light using phosphor-

converted LEDs (pc-LEDs) has become mainstream. Nowadays, the modification and 

construction of WLEDs are mainly focused on phosphors and LED chips. The Crucial 

factor that directly influences the performance of LED devices is the phosphor material 

chosen, it must have efficient emission nature, high thermal and chemical stability, mild 

synthetic conditions, etc. [5]. 

 

The widely used method for fabricating WLED is combining InGaN blue-LED chip 

with yellow emitting Y3Al5O12: Ce3+ phosphor [6, 7]. But the prolonged blue-LED 

emission causes severe health issues for humans, such as mood disordering, macular 

degeneration, circadian disruption, etc. [8]. To reduce the usage of blue-LED chips, 

nowadays near-UV LEDs (n-UV LEDs) are used as the excitation sources for obtaining 

the primary colour emissions from corresponding phosphor materials [9]. The n-UV LEDs 

offer a long lifetime, and greater reliability, and enable lighting designers to achieve 

better CRI at a given colour point [10]. However, suitable single white emitting phosphor 

systems for the commercial n-UV LEDs are rarely obtained, due to the undefined 

distribution and uncontrolled emission behaviour of rare-earth ions. 

 

These days, important research is focused on developing broad band emitting n-UV 

excited oxyfluoride phosphors for lighting applications as an outcome of their high 

quantum efficiency and noticeable structural stability and rigidity [11]. Most importantly, 

the existence of fluorine ions introduces robust electronegativity, which can generate 

flexible emissive property [12]. In the recently reported oxyfluorides, the presence of 

multiple crystallographic sites could able to provide versatile cationic environments for 

Ce3+ or Eu2+ ions, which are effective in generating broad emissions from these ions [13]. 

Eventually, an appropriate cationic replacement can drive the luminescent centers to 

produce emission wavelength shifts very effectively. Paulraj et al. recently reported a 
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broad band emitting Ca4F2Si2O7: Ce3+ phosphor based on the occupation of Ce3+ ions in 

multiple crystallographic sites in the host under n-UV excitation. In this host, Ce3+ ions 

can emit broad band emissions because of their accommodation at four available 

polyhedrons of Ca atoms such as CaF4O3 and CaFO6, CaF5O3, and CaF5O [10]. W. B. Im 

et al. reported intense green-emitting Sr2.975-xBaxCe0.025AlO4F oxyfluoride phosphors in 

response of 400 nm excitation [14]. In this system, Sr and Ba atoms are associated with 

the SrO6F2 and BaO8F2 polyhedral units, which are substituted by Ce3+ ions and result in 

a broad band emission. Similar to Ce3+ systems, Eu2+-activated phosphors are also able 

to generate broadband emission bands, and hence, they are considered the potential for 

WLED applications [15].  

 

Silicate apatite-based phosphors are emerging as promising hosts for rare-earth 

thanks to their high chemical and thermal stability [16]. Apatite host compounds crystallize 

in a hexagonal system with a P63/m space group with the general structural formula 

M10(XO4)6Y2, in which M corresponds to divalent cations like Mg2+, Ca2+, Sr2+, Ba2+, 

etc. X represents Si4+, Ge4+, P5+, As5+, etc. which forms tetrahedrons with oxygen, and Y 

represents anions like O2-, F-, and Cl-. In this structure, M ions are situated in two sites; 

one is a seven-coordinated 6h site with Cs point symmetry, and the other is a nine-

coordinated 4f site with C3 point symmetry [17-19]. These hosts show decent luminescent 

properties because of the strong covalent X-O frameworks connected to two cationic 

polyhedrons through edge and corner-sharing, which distort the coordination 

environment around the cations [17]. 

 

Following the general structural formula of apatite, Njema et al. reported the 

structural features of Ca10-xLnx(PO4)6-x(SiO4)xF2 phosphosilicate [20, 21]. In this structure, 

the incorporation of La3+ and (SiO4)
4- pairs for Ca2+ and (PO4)

3- expanded [Ca/La-O9] 

and [Ca/La-O6F] polyhedrons, and contracted the [Si/P-O4] tetrahedrons. The expansion 

of nine and seven coordinated polyhedrons makes them suitable for the larger ionic 

substitutions [20, 21]. To produce multiple-coloured emissions including white light, apatite 

could be the ideal host because of the allowed tuning of various crystal sites either by 

multiple activators doping mechanisms or via the cationic substitution strategies within 

these hosts [22-26]. Fluorapatite structure (M10(XO4)6F2) is known for its abundant nature 

and high stability. The presence of fluoride ions in this system can generate potential 

luminescent properties in solid-state lighting due to the presence of a mixed ligand 
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system [19]. Among the fluorapatite family, Ca10(PO4)6F2 is the most widely investigated 

composition for various applications because of its robust tolerance to numerous 

replacements [19]. In the present work, Ca4La6Si6O24F2 composition has been designed 

initially via the partial substitution of Ca2+ by La3+ and then (PO4)
3- was completely 

substituted by (SiO4)
4-. The study of the structural and luminescence property of this 

phosphor containing different valance of europium ions to achieve tuneable broadband 

emission is not reported yet.  

 

In the europium doped host lattice, both the valance of Eu (2+ and 3+) coexists in 

the host. The parity-forbidden sharp 4f−4f transitions in Eu3+ activated phosphor lead to 

a low colour rendering index (CRI) and 4f−5d transitions in Eu2+ cause intensely broad 

band emission, which is more applicable for white-light-emitting applications [27]. The 

spectroscopic properties of Eu3+ ions highly depend on the local environment. For 

instance, if the dopant enters the specific site under examination, then its emission 

behaviour depends on the symmetry of the site, which can be changed because of the 

slight alteration in the ligand field. Thus, characteristics of any crystallographic site could 

be revealed by studying the splitting of the emission bands of the Eu3+ ions located at 

that specific site [28]. Therefore, Eu3+ ions’ luminescence is a good probe and is favourable 

to the investigation of the symmetry of various sites of any host material. Because of the 

similar ionic radius, the site occupancy for Eu3+ in the Ca4La6Si6O24F2 host can be, to 

some extent, considered as a reference for broadband emitting Eu2+ ions in the same host 

matrix. Meanwhile, adjusting the concentrations and emission ratio of Eu3+ and Eu2+ ions 

could effectively tune the emission colour. For example, Y. Zhang et al. generated a series 

of Ca0.99+xY1−xAl1−xSixO4: Eu0.01 phosphors where the substitution of Al3+−Y3+ by 

Si4+−Ca2+ has been initiated. Such a strategy shrinks the [AlO6] octahedrons, followed 

by expanding the [CaO9] polyhedrons, which enhanced the Eu3+−to−Eu2+ reduction 

effectively [29]. Recently, our group has also reported cool white-light-emitting Sr2.9Al1-

xSixO4F: 0.1Eu2+/3+ phosphors through a similar cation substitution strategy [30]. 

Nonetheless, a high Eu2+−to−Eu3+ ratio is required for generating a wide gamut for 

WLEDs, and the search for finding a suitable oxyfluoride host that can accommodate 

large sized Eu2+ ions is still in progress. 

 

As per the above discussions, we initiated our research for developing broad band 

emitting and apatite structured Eu2+ doped oxyfluoride systems for the wide gamut 
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WLED applications. Initially, a series of intense green-emitting Ca2Sr2La6Si6O24F2: 

Eu2+ phosphors were synthesized. Herein, X-ray diffraction Rietveld refinement tool and 

Eu3+ spectroscopy was used to identify the site occupancy, symmetry, and lattice 

distortion in the Ca2Sr2La6Si6O24F2 host. The emission of Eu2+ was further tuned from 

green to cyan and to greenish-yellow via the doping of Mg2+ and Ba2+ ions into the 

appropriate lattice sites, respectively. The optimized phosphors were having comparable 

emission intensity with commercial Y3Al5O12: Ce3+ phosphors. Eventually, the optimized 

systems showed adequate photoluminescent intensity at 150oC. These research outcomes 

make the presently optimized systems interesting for WLED applications.  

 

4.3 Experimental Section 

4.3.1 Preparation of a Phosphor 

A series of Ca4La6Si6O24F2: xEu3+ (CLOF: xEu3+; x = 0.0, 0.01 to 0.1) and 

Ca2Sr2La6Si6O24F2:xEu2+ (CSLOF: xEu2+; x = 0.0 to 0.055) phosphors were synthesized 

through conventional solid-state method. The stoichiometric amounts of CaCO3 

(99.999%), SrCO3 (99.999%), La2O3 (99.999%), SiO2 (99.99%), NH4F (99.99%), and 

Eu2O3 (99.999%) purchased from Sigma-Aldrich were ground together in an agate 

mortar for 30 min. After the homogeneous mixing, the grounded mixture was transferred 

into an alumina crucible and annealed at 1300 °C for 4 h in a reduction atmosphere 

(10%H2 - 90%N2). For convenience, the Ca4La6Si6O24F2 sample will be named CLOF 

and all other synthesised phosphors are represented accordingly, as illustrated in Table 

4.1.  

 

Table 4.1: Short representations of the obtained samples 

 

Synthesised Phosphor Short Representation 

Ca4La6Si6O24F2 CLOF 

Ca4-3x/2La6Si6O24F2: xEu3+ CLOF: xEu3+  

Ca2Sr2La6Si6O24F2 CSLOF 

Ca2-xSr2-xLa6Si6O24F2: xEu2+ CSLOF: xEu2+ 

Ca1.98-ySr1.98-yLa6Si6O24F2: 0.04Eu2+; yMg2+ 

Ca1.98-zSr1.98-zLa6Si6O24F2: 0.04Eu2+; zBa2+ 

CSLOF: 0.04Eu2+, yMg2+ 

CSLOF: 0.04Eu2+, zBa2+ 
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4.3.2 Material Characterization 

The structural part of synthesized phosphors was studied by using a PC-controlled 

X-ray Diffractometer powder collected using EMPYREAN 3 Malvern PANalytical B.V 

with Cu-Kα radiation (wavelength: 1.54056 Å). The structure and lattice parameters of 

the samples are refined by the Rietveld method using the GSAS software. The elemental 

composition of the synthesised phosphor were analysed by using transmission electron 

microscope (TEM), FEI Tecnai F20, operated at 300 kV. The photoluminescence 

excitation (PLE) and emission (PL) were measured using a YvonFluorolog 3 

spectrofluorimeter with a 450 W Xenon flash lamp source. The electroluminescence 

spectra of synthesized phosphors were recorded by using a CCE spectrophotometer 

(OCEAN-FX-XRI-EX).  

 

4.4 Results and discussions 

4.4.1 Structural characterizations of Ca4-3x/2La6Si6O24F2: xEu3+ (CLOF: xEu3+) and 

Ca2-xSr2-xLa6Si6O24F2: xEu2+ (CSLOF: xEu2+) 

Fig. 4.1(a) and 4.1(b) represent the Rietveld refinement patterns of Ca4La6Si6O24F2 

(CLOF) host and Ca3.94La6Si6O24F2: 0.04Eu3+ (CLOF: 0.04Eu3+) phosphor, respectively. 

The estimated structural parameters are tabulated in Table S1. As per the refinement data 

analysis, both undoped and doped apatite phosphors belonging to the hexagonal structure 

with P63/m space group without any predominant impure phase (ICSD # 170852). The 

probable crystal structure and coordination environment for different cationic sites of the 

CLOF host are shown in Fig. 4.1(c). The structure consists of two independent 

crystallographic cationic sites: seven coordinated 6h sites and nine coordinated 4f sites. 

Both the sites are asymmetric. The 6h sites are occupied by M1 (La3+/Ca2+) cations, 

which form a distorted pentagonal bipyramid [M1-O6F] with Cs point symmetry. 

Whereas M2 (La3+/Ca2+) cations occupy 4f sites and form a three-fold capped trigonal 

prism [M2-O9] with C3 point symmetry. Simultaneously, Si4+ ions are tetrahedrally 

coordinated with oxygen atoms to form [Si-O4] polyhedrons. Each [M1-O6F] polyhedron 

is connected with the [SiO4] tetrahedron by edge or corner-sharing. The [M2-O9] 

polyhedrons are on a three-fold axis and each of these polyhedrons is connected with 

three [SiO4] tetrahedrons through edge-sharing.  
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Fig. 4.1: Rietveld refinement of (a) CLOF and (b) CLOF: 0.04Eu3+. (c) Crystal 

structure and different coordination environment of CLOF: 0.04Eu3+. (d) Powder XRD 

patterns of CLOF: xEu3+ (x = 0, 0.02, 0.03, and 0.04). 

 

In the CLOF host, 75% of 6h sites are occupied by La3+ ions and 25% of them are 

occupancy by Ca2+ ions. While the occupancy of La3+ and Ca2+ ions in 4f sites are 

predicted to be 37.5% and 62.5%, respectively, as indicated in Table S2. Among the two 

cationic sites, the nine coordinated 4f site is having a larger size than the seven 

coordinated 6h sites. The ionic radii of La3+ and Ca2+ ions in the nine and seven 

coordinated sites are (La3+: 𝑅4𝑓  = 1.216 Å;  𝑅6ℎ  = 1.10 Å) and (Ca2+: 𝑅4𝑓= 1.18 Å; 𝑅6ℎ 

= 1.06 Å), respectively. After incorporating Eu3+ ions into the CLOF host, the cell volume 

and lattice parameters are found to be decreased slightly due to the substitution of smaller 

Eu3+ ions (Eu3+: 𝑅4𝑓= 1.12 Å;  𝑅6ℎ = 1.01 Å) at both the ionic sites (Table 4.S1). 

Eventually, the average (La2/Ca2-O) bond length at the 4f sites is slightly contracted 

(CLOF = 2.657 Å, CLOF: Eu3+ = 2.629 Å) while the average (La1/Ca1-O) bond length 

at the 6h site remained almost unchanged (CLOF = 2.549 Å, CLOF: Eu3+ = 2.547 Å) due 
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to the Eu3+ ions’ doping in the CLOF host. Such observations confirm that 4f sites could 

be preferable for Eu3+ ions’ substitution. The powder diffraction pattern of a series of 

synthesized Ca4-3x/2La6Si6O24F2: xEu3+ (CLOF: xEu3+) phosphors, shown in Fig. 4.1(d), 

does not elaborate on any characteristic impure phase after increasing the Eu3+ ions’ 

concentrations. In addition, there is a slight shift of the main diffraction peak of CLOF 

after increasing Eu3+ ion concentration towards the right is observed, which ensures the 

preferable substitution of Eu3+ ions at the larger Ca2+/La3+ ionic sites in the host lattice. 

Normally, it would be quite difficult to accommodate Eu2+ ions into the CLOF host 

because of the large ionic radii difference of a Eu2+ ion in the two cationic sites (Eu2+: 

𝑅4𝑓  = 1.3 Å; 𝑅6ℎ = 1.2 Å). The comfortable substitution of Eu2+ ions in this host might 

need cationic site expansion. Thus, larger Sr2+ ions are incorporated into the CLOF host. 

Fig. 4.2(a) and 4.2(b) represent the Rietveld refinement patterns of Ca2Sr2La6Si6O24F2 

(CSLOF) and Ca1.98Sr1.98La6Si6O24F2: 0.04Eu2+ (CSLOF: 0.04Eu2+) phosphors. The 

parameters evaluated from the crystal structure refinement are listed in Table S1. The 

lattice parameters of CSLOF are found to be increased as compared with the CLOF host 

due to the larger Sr2+ ions’ incorporation (𝑅4𝑓  = 1.31 Å;  𝑅6ℎ = 1.21 Å) into the host 

lattice compare to Ca2+/La3+ ions owing to which more Eu2+ ions can be easily 

accommodating in the cationic sites. The average metal-oxygen bond lengths in 4f and 

6h cationic sites are slightly enhanced from 2.657 to 2.668 Å and 2.549 to 2.560 Å, 

respectively, after the Sr2+ ions’ incorporation (Fig. 4.2(c)). Fig. 4.2(d) shows the powder 

diffraction patterns of a series of Ca2-xSr2-xLa6Si6O24F2: xEu2+ (CSLOF: xEu2+) 

phosphors. With the increase in Eu2+ concentrations, there is no characteristic phase 

change appears indicate the proper incorporation of Eu2+ ions in the lattice without 

causing any phase defects. Eventually, the lattice parameters are also increased slightly 

owing to the Eu2+-doping into the CSLOF host (Table 4.S1). Replacing Ca2+ ions with 

relatively bigger Eu2+ ions could be the reason for the left-shift and the lattice expansion. 

Fig. S1 describes the HRTEM spectrum and elemental mapping of undoped CSLOF. All 

its constituent elements, i.e., Ca, La, Si, O, and F in particular, are distributed 

homogeneously, with no clustering or segregation of any elements. Thus, the results of 

electron mapping further ascertained the uniform substitution of elements and the 

formation of single-phase phosphor. 
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Fig. 4.2: Rietveld refinement of (a) CSLOF and (b) CSLOF: 0.04Eu2+. (c) Schematic 

representation of average metal - oxygen bond length variation in undoped CLOF and 

CSLOF. (d) XRD patterns of CSLOF: xEu2+ (x = 0, 0.02, 0.03, 0.04, 0.045, and 0.055). 

 

4.4.2. Photoluminescence of Ca4-3x/2La6Si6O24F2: xEu3+ (CLOF: xEu3+) synthesized 

in air 

It is analysed from the XRD of CLOF: Eu3+ that Eu3+ ions are preferably occupying 

in non - centrosymmetric 4f sites which is larger size than the asymmetric 6h sites. This 

prediction might be supported by the M-O bond length calculation in 4f and 6h sites. 

Based on ionic radii, Eu3+ ions can replace both La3+ and Ca2+ ions in the CLOF host. It 

is already mentioned in the XRD section that the occupancy of Ca2+ ions is much higher 

in 4f sites and the occupancy of La3+ ions is higher in the 6h sites (Table 4.S2). For the 

suitable occupation of bigger Eu2+ ions in the CLOF system, identifying the nature of site 

symmetry and the appropriate cation is very important. Eventually, the emission intensity 
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of the activator ion directly depends on the crystallographic site symmetry of that 

particular host. Herein, Eu3+ ions’ spectroscopy is used as the structural probe to get more 

insights on the site symmetries in the present host system. Fig. 4.3(a) represents the 

comparative photoluminescence of C3.94LOF: 0.04Eu3+ and CL5.96OF: 0.04Eu3+ samples 

synthesized in the air by replacing the Ca2+ ions and La3+ ions with Eu3+ ions, 

respectively. Both the combinations show similar photoluminescence since Eu3+ ions 

substituted Ca2+ and La3+ ions which are sharing similar lattice sites and having similar 

ionic radii with that of Eu3+. However, the excitation spectra of C3.94LOF: 0.04Eu3+ 

exhibit a slightly red-shifted charge transfer band (CTB) of O2- to Eu3+ ions in 

comparison to the CTB of CL5.96OF: 0.04Eu3+. In C3.94LOF: 0.04Eu3+ system, Eu˗O bond 

might be more covalent than that in CL5.96OF: 0.04Eu3+ owing to the charge difference 

between Ca2+ and Ln3+ (Ln = La3+, Eu3+) ions. This could be the reason for the redshift 

of the CTB band when Eu3+ ions replace Ca2+ ions rather than La3+ ions. According to 

Feng et al., the CTB red-shift can be observed in the case of Eu3+ ions substituting the 

less electronegative metal ions and vice versa [31]. La3+ ion (13.07 × 10-30 m3) has a higher 

polarizability value than that of the Ca2+ ion (5.91 × 10-30 m3) because of this reason red-

shift in CTB might be observed in C3.94LOF: 0.04Eu3+ as compared with CL5.96OF: 

0.04Eu3+ [20].   

 

Fig. 4.3(b) shows the PLE of a series of Ca4-3x/2La6Si6O24F2: xEu3+ (CLOF: xEu3+) 

samples recorded at 614 nm. The spectra consist of a broad band covering from 240 to 

340 nm corresponding to the O2--Eu3+ CTB and several sharp lines are observed in the 

region after 350 nm due to the intra-configurational f-f transitions of Eu3+ ions. A redshift 

in the CTB is observed up to x = 0.04 above which the CTB peak shifted to the lower 

wavelength side. This is attributed to the occupation of Eu3+ ions at 4f sites with C3 

symmetry. In CLOF: 0.04Eu3+, the average metal-oxygen bond length in 4f sites (2.629 

Å) is observed to be higher than that in the 6h sites (2.547 Å). The larger bond length in 

4f sites might reduce the energy of CTB and may cause the initial red-shift. Above a 

certain level of doping concentration, Eu3+ ions started to occupy smaller 6h sites with 

Cs symmetry and having shorter bond lengths, and thus a blue shift in excitation is 

observed [31].   
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Fig. 4.3: (a) The comparative photoluminescence excitation and emission spectra of 

Ca3.94La6Si6O24F2: 0.04Eu3+ and Ca4La5.96Si6O24F2: 0.04Eu3+ samples synthesized in 

air and recorded at 614 nm and 280 nm, respectively. (b) Excitation and (c) emission 

spectra of Ca4-3x/2La6Si6O24F2: xEu3+ (x = 0.01, 0.02, 0.04, 0.06, 0.08, and 0.10) 

recorded at 614 nm and 280 nm, respectively. (d) The variation of the intensity of red 

(5D0 - 
7F2) and orange (5D0 - 

7F1) transitions, and (e) the variations in the red-to-

orange ratio for Ca4-3x/2La6Si6O24F2: xEu3+ phosphors. (f) CIE diagram and colour 

coordinates of CLOF: 0.08Eu3+ phosphor under 280 nm UV illumination. 

 

Fig. 4.3(c) describes the PL emission spectra of a series of CLOF: xEu3+ phosphors 

synthesized in air and excited under 280 nm CTB peak wavelength. The emission spectra 

are consisting of several sharp peaks of Eu3+ ions’ intra f-f transitions. Herein, the sharp 

emission at 585 nm (ΔJ = ±1) corresponds to the electric dipole transition (5D0 - 
7F1). 

The most intense peak at 614 nm (ΔJ = ±2) corresponds to the magnetic dipole transition 
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(5D0 - 
7F2), which means that Eu3+ ions are located at non-centrosymmetric sites [32]. 

Although both the sites in CLOF do not possess a centre of symmetry, however, the 4f 

site having C3 point symmetry is comparatively lesser asymmetric than the 6h site with 

Cs point symmetry. Moreover, the observed peak at 578 nm is because of the 5D0 -
7F0 

forbidden transition, and it determines Eu3+ ions’ site occupancy in CLOF host. 

According to the electric dipole selection rule, the 5D0 -
7F0 transition usually appears for 

Eu3+ ions, which are situated at low symmetries like Cs, C1, C2, C3, C4, C6, C2V, C3V, C4V, 

and C6V, respectively [33]. Therefore, the aforementioned observation shows that Eu3+ 

ions might have occupied both of the sites in the CLOF host. However, the zero splitting 

and non-shifting behaviour of 5D0 -7F0 transition due to the increase of Eu3+ ions’ 

concentrations might be due to more preferable occupancy of Eu3+ ions in 4f sites, which 

is bigger and asymmetric than the 6h sites.  

 

The inset of Fig. 4.3(c) represented the direct PL image of the optimum CLOF: 

0.08Eu3+ sample under the response of a 280 nm UV source. Fig. 4.3(d) represents the 

intensity variations of 5D0 -
7F2 and 

5D0 -
7F1 transitions in the emission spectra of CLOF: 

xEu3+ phosphors. It is observed that, on increasing Eu3+ ions’ concentration, the intensity 

of the corresponding transition increases systematically up to x = 0.08 (critical 

concentration). However, their asymmetric ratio (red to orange ratio) plotted as a function 

of Eu3+ ions’ concentrations does not appreciably change (Fig. 4.3(e)). Because of the 

above reasons, the overall emission colour not change considerably with Eu3+ ions’ 

concentrations. The colour chromaticity (CIE) coordinates of optimum CLOF: 0.08Eu3+ 

phosphor is represented in Fig. 4.3(f). Based on the report of Duke et al., a compound 

with high symmetry has minimal distortion and can produce narrowband emission from 

Ce3+ or Eu2+ ions and vice versa by the suitable cationic substitutions [34]. In the CSLOF 

host, both the cationic sites are asymmetric in nature, therefore, more lattice distortion 

can be expected due to which broad emission can be predicted if the valance of europium 

ions could be changed from 3+ to 2+. 

 

4.4.3 Photoluminescence of Ca2-xSr2-xLa6Si6O24F2: xEu2+ (CSLOF: xEu2+) 

synthesized in reduction atmosphere 

According to the Dorenbos predictions, the variation in covalency or polarizability 

always leads to the centroid shift in Eu polyhedra. Theoretically, the centroid shift is 

inversely proportional to cationic electronegativity [35]. The energy difference between 



97 
 

the lowest and the highest 5d level is related to the symmetry and size of the Eu2+ 

coordination polyhedrons [36]. In the CLOF host, the Ca2+ ions are less electronegative 

than the La3+ ions based on Pauling electronegativity scale of periodic elements. Hence, 

the broad emission from Eu2+ polyhedrons situated at the Ca atomic sites can be 

preferably tuned to get the desired wavelength emission via the cationic substitution 

strategies. Therefore, we have synthesized Ca3.96La6Si6O24F2: 0.04Eu2+ (CLOF: 

0.04Eu2+) and Ca1.98Sr1.98La6Si6O24F2: 0.04Eu2+ (CSLOF: 0.04Eu2+) at the N2-H2 

reduction atmosphere. Fig. 4.4 (a) and (b) represent the excitation and emission spectra 

of CLOF: 0.04Eu2+ and CSLOF: 0.04Eu2+ recorded at 520 nm and 340 nm, respectively. 

The asymmetric broadband excitation of CLOF: 0.04Eu2+ covering from 250 to 450 nm 

further deconvoluted into six Gaussian components located at 281 nm (P1; 4.40 eV), 293 

nm (P2: 4.20 eV), 320 nm (P3: 3.89 eV), 340 nm (P4: 3.66 eV), 370 nm (P5: 3.35 eV) 

and 400 nm (P6: 3.10 eV). While the deconvoluted peak positions for CSLOF: 0.04Eu2+ 

phosphor is observed at 267 nm (P1: 4.64 eV), 290 nm (P2: 4.27 eV), 327 nm (P3: 3.79 

eV), 350 nm (P4: 3.53 eV), 363 nm (P5: 3.42 eV) and 396 nm (P6: 3.13 eV), respectively. 

The peak P1 represents the CTB of the activator ion to a ligand of the host. The other 

peaks from P2 to P5 correspond to the 5d – 4f electronic transitions of Eu2+ ions, which 

are generated because of the variation of crystallographic changes around the five 

degenerated d orbitals of Eu2+ ions. A possible schematic energy level diagram for the 

degenerated 5d orbitals is also proposed in Fig. 4.4(c). As seen from the PLE of CLOF: 

0.04Eu2+ and CSLOF: 0.04Eu2+, after the introduction of the Sr2+ ions, the peak intensity 

of the CTB band (P1) is decreased and shifted towards the lower wavelength region (from 

281 to 267 nm). The incorporation of Sr2+ ions might reduce   Eu3+ ions in the lattice and 

hence reducing the excitation charge transfer energy and thus the CTB band (P1) intensity 

[37].  

 

The incorporation of Sr2+ ions into the CLOF host lattice also results in lattice 

expansion, due to which Eu3+ ions might be easily reduced to Eu2+ ions preferably in the 

larger cationic sites. Huang et al. introduced a crystal chemistry approach to reduce Eu3+ 

to Eu2+ ions in the lattice by replacing appropriate ions with dopant like Si4+ ions and 

enlarge Ca2+ site which enable Eu3+ reduction [38]. The Eu2+ occupancy is expected to 

enhance in the nine-coordinated 4f sites which substantially accelerate Eu3+ ions’ 

occupation to the seven-coordinated 6h sites. Thus, the average Eu˗O bond length in the 

4f sites of CSLOF: 0.04Eu2+ will be higher than in CLOF: 0.04Eu3+, consequently the 
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CTB energy (P1) in CSLOF: 0.04Eu2+ blue shifted to 267 nm. Because of this reason, 

the CTB (P1) of Eu3+ ions in CSLOF: 0.04Eu2+ appeared at 267 nm [37]. The other five 

Eu2+ ions transition peaks are more dominant as well as the peak broadening is also 

observed owing to the incorporation of Sr2+ ions. After the incorporation of larger Sr2+ 

ions into the CLOF host, certain lattice expansion around the crystallographic sites of the 

activator ions might be taken place, which might reduce the strain on Eu2+ ions’ 

occupancy. Such lattice modifications due to the introduction of Sr atoms are also 

confirmed through the XRD refinement data of CLOF and CSLOF, as indicated in the 

XRD analysis part. 

  

 

 

Fig. 4.4: The deconvoluted excitation and emission spectra of (a) CLOF: 0.04Eu2+ and 

(b) CSLOF: 0.04Eu2+ synthesized in N2-H2 atmosphere and recorded at 520 nm and 

340 nm, respectively. (c) Schematic energy level diagram for CSLOF: 0.04Eu2+.  

Comparative (d) excitation and (e) emission spectra of CLOF: 0.04Eu2+ and CSLOF: 

0.04Eu2+ recorded at 280 nm and 614 nm, respectively. 
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To confirm the change in Eu valance from 3+ to 2+ due to the Sr2+ incorporation in 

CLOF, the comparative excitation and emission spectra of CLOF: 0.04Eu2+ and CSLOF: 

0.04Eu2+ are also recorded at 614 nm emission of Eu3+: 5D0 - 
7F2 transition and 280 nm 

of O2--Eu3+ CTB excitation, as shown in Fig. 4.4(d) and Fig. 4.4(e), respectively. On 

recording excitation at 614 nm, it is found that in CLOF: 0.04Eu2+ no dominant Eu2+ ions’ 

4f-5d transition peak appears rather than intense O2--Eu3+ CTB. After the incorporation 

of Sr2+ ions (CSLOF: 0.04Eu2+) the intensity of Eu3+ ions’ CTB band decreases, and the 

asymmetric broadband of Eu2+ ions appears. Similar phenomena are also observed from 

the emission spectra recorded at 280 nm (Fig. 4.4(e)). It is observed that the emission 

spectra of CLOF: 0.04Eu2+ contain several sharp peaks of intra f-f Eu3+ ions only and 

broad emitting Eu2+ ions’ peaks are not observed. However, in the CSLOF: 0.04Eu2+ 

system, Eu3+ ions’ emission drastically decreased and the broad emission of Eu2+ ions 

increased. This is because the incorporation of Sr2+ ions results in increasing the 

structural defects and enhanced the lattice size, consequently, more Eu3+ ions are 

converted to Eu2+ ions. In addition, there is a slight change in the emission behaviour of 

Eu3+ ions in CSLOF: 0.04Eu2+ observed in the spectra as the red to orange ratio (5D0 - 

7F2 to 5D0 - 
7F1) intensity is decreased effectively compared to that in CLOF: 0.04Eu2+. 

The enhanced occupation of Eu2+ ions in the 4f and 6h sites might reduce the number of 

Eu3+ ions in both the asymmetric sites. 

 

The PL emission spectra of CLOF: 0.04Eu2+ and CSLOF: 0.04Eu2+ exhibit an intense 

green-emitting asymmetric band peaked at 520 nm covering the range of 450 nm to 600 

nm due to the 5d-4f electronic transitions of Eu2+ ions. The observed emission spectra 

are deconvoluted into two broad Gaussian bands peaked at 510 nm (P7: 2.43 eV) and 

564 nm (P8: 2.21 eV) for CLOF: 0.04Eu2 (Fig. 4.4(a)), and at 512 nm (P7: 2.42 eV) and 

580 nm (P8: 2.16 eV) for CSLOF: 0.04Eu2+ (Fig. 4.4(b)). This asymmetric behaviour of 

the emission band indicates multiple crystallographic site occupancy of Eu2+ ions. Based 

on the empirical formula proposed by Van Uitert, the Eu2+ ions’ occupancy on both the 

cationic sites can be explained via the equation, 

 

𝐸(𝑐𝑚−1) = 𝑄[1 − (𝑉/4)
1

𝑉 × 10−(
𝑛𝐸𝑎𝑟

80
)]   (4.1) 
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where E is the emission band of Eu2+ ion, Q is the lower d-band position for free Eu2+ 

ion (Q = 34000 cm-1), V represents the Eu2+ valence (V = 2), r is the cationic radius 

substituted by Eu2+ ion, Ea is the electron affinity and n represents the coordination 

number of Eu2+ ion occupied site [39]. Accordingly, E directly depends on the coordination 

number of the cationic sites in the particular host lattice. Conferring to this formula, lower 

wavelength emission corresponds to the sites with high coordination numbers and vice 

versa. Consequently, in the emission spectra of CLOF: 0.04Eu2+ and CSLOF: 0.04Eu2+, 

the peak P7 represents the 4f65d1-4f7 transition of Eu2+ ions located in the nine coordinated 

4f sites. Whereas, P8 represents emission from Eu2+ ions occupied in the seven 

coordinated 6h sites. Comparing both the Eu2+ ions’ occupied polyhedrons [M-O6F]6h 

and [M-O9]4f, Eu2+ ions in the 6h sites are surrounded by more non-equivalent anionic 

atoms than Eu2+ ions occupied in the 4f sites. Because of this reason, Eu2+ ions in the 6h 

sites might experience higher crystal field splitting than Eu2+ ions situated in the 4f sites. 

Because of larger splitting, Eu2+ ions occupied in the 6h sites exhibited higher wavelength 

emission (P8) than Eu2+ ions located in the 4f sites [40].  

 

It can be predicted that the transitions from Eu2+ ions are observed in both the 

cationic sites and among them P7 has a higher intensity than P8 which means that more 

number of Eu2+ ions are preferably occupied by bigger 4f sites. Compare to CLOF: 

0.04Eu2+, the emission spectra of CSLOF: 0.04Eu2+ slightly red-shifted. Additionally, a 

broadening of the emission peak is also observed after the introduction of Sr2+ ions. The 

XRD analysis indicated that by the introduction of Sr2+ ions in CLOF: Eu3+, the average 

metal-oxygen length in 4f and 6h coordination is changed (from CLOF: Eu3+; 2.629 Å to 

CSLOF: Eu2+; 2.668 Å and from CLOF: Eu3+; 2.547 Å to CSLOF: Eu2+; 2.560 Å, 

respectively). Such bond length distortion reduces the strain in the lattice and more 

trivalent Eu ions are changed to their divalent analogue and the peak broadening is 

observed. Eventually, the increment in the FWHM value due to the presence of Sr2+ ions 

also illustrates the enhancement of Eu2+ ions’ occupancy in both the cationic sites.  

 

Fig. 4.5 (a) describes the excitation and emission spectra of a series of CSLOF: 

xEu2+ phosphors recorded in the range of 520 – 562 nm and 322 – 340 nm, respectively. 

As the Eu2+ ions’ doping concentration increases, the peak intensity also increases and 

reaches the maximum at x = 0.04, above which quenching of emission intensity is 
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observed. The concentration quenching behaviour of Eu2+ ions is studied by evaluating 

the critical distance (RC) based on the Blasse equation reported elsewhere [41]: 

  

𝑅𝑐 ≈ 2 [
3V

4πXCN
]

1 3⁄

   (4.2) 

 

where V is the volume of the unit cell (582.65 Å3), N is the number of molecules per unit 

cell (2) and XC is the critical concentration of Eu2+
 ion (0.04) for CSLOF: 0.04Eu2+ 

phosphor. The critical distance is found to be 24.05 Å. The Rc value is greater than 5 Å 

indicating that the exchange interaction is not dominant in Eu2+ ions in the CSLOF host.  

 

 

Fig. 4.5: (a) The excitation and emission spectra of CSLOF: xEu2+ (x = 0.02, 0.03, 

0.04, 0.045, 0.055) phosphors recorded in the range of 520 – 562 nm and 322 – 340 

nm, respectively. (b) Red-shift in emission spectra as a function of increasing Eu2+ ions’ 

concentration. (c) CIE diagram and colour coordinates for the corresponding emission 

spectra of CSLOF: xEu2+ phosphors along with the luminescence photograph of the 

optimum CSLOF: 0.04Eu2+ phosphor. 
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The emission spectra CSLOF: xEu2+ consist of asymmetric broadband ranging from 

450 nm to 650 nm arising due to the 4f65d1 - 4f7 electronic transitions of Eu2+ ions. The 

reason for an asymmetric band is due to the difference in the occupation of Eu2+ ions on 

the multiple crystallographic sites of the host. In addition to the intensity variation, the 

red-shift of the emission band is also observed during the increment in Eu2+ ions’ 

concentration, as shown in Fig. 4.5 (b). The substitution of Eu2+ ions at the smaller 

cationic sites of CSLOF: 0.04Eu2+causes higher relaxation of equilibrium distance of the 

excited states of Eu2+ ions and results in the emission Stokes shift [42, 43]. Fig. 4.5 (c) 

describes the CIE diagram and calculated colour coordinates for the emission spectra of 

CSLOF: xEu2+ phosphors along with the luminescence photograph of the optimum 

CSLOF: 0.04Eu2+ phosphor. There is a gradual emission shift from greenish (0.30, 0.47) 

to yellowish-green (0.35, 0.50) with the increase in Eu2+ ions’ concentration. 

 

4.4.4 Photoluminescence of Ca1.98-ySr1.98-yLa6Si6O24F2: 0.04Eu2+, yMg2+ (CSLOF: 

Eu2+, yMg) and Ca1.98-zSr1.98-zLa6Si6O24F2: 0.04Eu2+, zBa2+ (CSLOF: Eu2+, zBa) 

synthesized in N2-H2 atmosphere. 

According to the structural and optical outcomes of europium ions’ doped CSLOF 

systems, a controlled operation of the Eu2+ ionic distributions in the multiple cationic 

sites can result in flexible colour output from the presently adopted compositionally 

tuned single-phased system. Eventually, a compositionally tuned white emitting system 

can also be achieved via modifying the CSLOF: Eu2+ system. With such an aim, the 

emission property of CSLOF: 0.04Eu2+ phosphor has been further tuned by altering the 

distortion of metal-anion polyhedrons with the suitable cationic substitution strategy. To 

the optimum CSLOF: 0.04Eu2+ green-emitting composition, smaller Mg2+ ions’ 

substitution for relatively larger Sr2+ and Ca2+ ions are focused initially.  

 

 Fig. 4.6(a) represents the excitation and emission spectra of a series of CSLOF: 

0.04Eu2+; yMg2+ (y = 0.0 to 1.0) phosphors recorded in the range of 480–505 nm and 

330–340 nm, respectively. The intensity of the emission peak gradually increases (Fig. 

4.6(a)) and the emission band becomes narrower with the increase of Mg2+ ions’ 

concentration, as visible in Fig. 4.6(b). Smaller-sized Mg2+ ions prefer to occupy the 6h 

sites. In order to minimize the distortion, more Eu2+ ions are then substituted at the 4f 

sites, which results in narrower emission. Moreover, a blue-shift in the emission peak 

from 520 nm to 481 nm is also noted, as visible in Fig. 4.6(c). This is again attributed to 
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the preferential occupation of more Eu2+ ions in the nine-coordinated 4f sites, since the 

larger coordination gives lower wavelength emission. The CIE diagram and the colour 

coordinates of the corresponding emission spectra along with the luminescence 

photograph of the CSLOF: 0.04Eu2+; yMg2+ phosphors are shown in Fig. 4.6(d). Clearly, 

the emission blue-shift from the greenish (0.27, 0.44) to cyan-blue (0.18, 0.25) region 

with the increase of Mg2+ ion concentration from y = 0.0 to 1.0 can be realized via the 

digital images. 

  

 

Fig. 4.6: (a) The excitation and emission spectra of CSLOF: 0.04Eu2+; yMg2+ 

phosphors recorded in the range of 480 - 505 nm and 330 - 340 nm, respectively. (b) 

The variations in intensity and FWHM of the emission spectra with the increase in 

Mg2+ ion concentration. (c) Blue-shift in emission spectra as a function of increasing 

Mg2+ ions’ concentration. (d) CIE diagram for the corresponding emission spectra of 

CSLOF: 0.04Eu2+, yMg2+ phosphors along with the corresponding luminescence 

photographs. 
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The PL results of CSLOF: Eu2+ are further probed via synthesizing a series of 

CSLOF: 0.04Eu2+; zBa2+. Fig. 4.7(a) represents the excitation and emission spectra of 

CSLOF: 0.04Eu2+; zBa2+ (z = 0.0 to 2.0) phosphors recorded in the range of 520 - 540 

nm and 360 nm, respectively. With increasing Ba2+ ions’ concentration, the emission 

intensity as well as broadening of emission peak gradually increases and reaches a 

maximum at z = 1.2, and after that, the luminescence quenching occurred. Initially, larger 

Ba2+ ions occupied both the available cationic sites. This might have enhanced the 

polyhedrons’ size which then efficiently accommodated Eu2+ ions. The significant 

enhancement of FWHM indicates the possibility of generating broader emissions 

covering the entire visible spectra. The emission intensity variation and FWHM changes 

are also shown in Fig. 4.7(b).  It is also observed that on increasing Ba2+ ions’ 

concentration, a red-shift in emission spectra from the greenish (520 nm) to yellowish-

green (540 nm) region is observed (Fig. 4.7(c)).  The chromaticity diagram and the colour 

coordinates along with the luminescence photographs of the corresponding emission 

spectra of CSLOF: 0.04Eu2+; zBa2+ phosphors are shown in Fig. 4.7(d). A slight red-shift 

has been noted from greenish (0.29, 0.45) to greenish-yellow (0.31, 0.45) with the 

increase of Ba2+ ions’ concentration.  

 

The overall energy splitting mechanism in Mg2+ or Ba2+ codoped 

Ca1.98Sr1.98La6Si6O24F2: 0.04Eu2+ phosphors is illustrated in Fig. 4.7(e). As illustrated in 

Fig. 4.7(e), the 5d energy band of the activated Eu2+ ions are influenced by the cationic 

substitutions in the host lattice, which consequence in the crystal field splitting (εcfs) and 

centroid shift (εc). Due to the substitution of smaller Mg2+ ions for larger Ca2+/Sr2+ ions 

at 6h sites, the [M1-O6F] polyhedrons might be contracted due to the preferable 

substitution of smaller-sized Mg2+ ions to the 6h sites. Subsequently, [M2-O9] 

polyhedrons could be expanded. Because of this reason, Eu2+ ions situated at the 4f sites 

might experience lesser εcfs in CSLOF: 0.04Eu2+; Mg2+ rather than in CSLOF: 0.04Eu2+, 

which led to a blue-shift in the emission peak from 520 nm to 481 nm. As compared with 

the XRD refinement data of CSLOF: 0.04Eu2+, the cell volume enhanced from 582.65 

[Å3] to 590.42 [Å3] for CSLOF: 0.04Eu2+; 1.2Ba2+ might be caused by the replacement 

of Ba2+ ions with Eu2+ ions [44]. When less electronegative and larger Ba2+ ions are 

introduced in the cationic sites of CSLOF: 0.04Eu2+, it causes an enhancement in the 

lattice size and also increased the centroid shift (εc) of the 5d orbital of Eu2+ ions. This 
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reduces the energy gap between 5d - 4f electronic transition of Eu2+ ions and results in a 

higher wavelength emission [45, 46]. 

 

 

 

Fig. 4.7: (a) The excitation and emission spectra of CSLOF: 0.04Eu2+, zBa2+ (z = 0, 

0.5, 1.0, and 1.2) phosphors recorded in the range of 520 - 540 nm and 360 nm, 

respectively. (b) Variation in the intensity and FWHM of the emission spectra with the 

increase in Ba2+ ions’ concentration. (c) Red-shift in the emission spectra as a function 

of increasing Ba2+ ions’ concentration. (d) CIE diagram and colour coordinates for the 

corresponding emission spectra of CSLOF: 0.04Eu2+; zBa2+ (z = 0, 0.5, 1.0, and 1.2) 

phosphors along with the luminescence photographs of the phosphors; (e) Overall 

energy splitting diagram of Mg2+ or Ba2+-codoped Ca1.98Sr1.98La6Si6O24F2: 0.04Eu2+ 

phosphors. 
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CSLOF: 0.04Eu2+, the lattice parameters as well as the lattice volume of CSLOF: 

0.04Eu2+; 1.2Ba2+ are slightly enhanced (Table S1). The lattice expansion can also be 

verified from higher [M-O] bond length values at different sites of CSLOF: 0.04Eu2+; 

1.2Ba2+ compare to the [M-O] bond lengths of CSLOF: 0.04Eu2+, as shown in the inset 

of Fig. 4.8(a). Such lattice expansion may allow more Eu2+ ions to be occupied in the 

lattice sites of CSLOF: 0.04Eu2+; 1.2Ba2+. Keeping the structural results of CSLOF: 

0.04Eu2+; 1.2Ba2+ in view, the Eu2+ ions’ concentration of optimum 

Ca1.38Sr1.38La6Si6O24F2: 0.04Eu2+, 1.2Ba2+ phosphor has been further enhanced from 0.04 

to 0.3. Fig. 4.8(b) represents the XRD patterns of a series of Ca1.38-nSr1.38-nLa6Si6O24F2: 

nEu2+,1.2Ba2+ (n = 0.04 to 0.3) phosphors. The basic crystal structure has not been altered 

due to the increasing Eu2+ ions’ concentrations. However, the successful adaptation of 

Eu2+ ions (higher than n = 0.04) can be confirmed in the magnified XRD patterns where 

the main diffraction peaks continuously shift toward higher 2θ with increasing n 

value from 0.04 to 0.3 (Fig. 4.8(b)). 

 

 

Fig. 4.8: (a) Rietveld refinement of CSLOF: 0.04Eu2+, 1.2Ba2+. Inset: Schematic 

representation of average metal - oxygen bond length variation in CSLOF: 0.04Eu2+, 

zBa2+ (z = 0 and 1.2). (b) XRD patterns of a series of CSLOF: nEu2+,1.2 Ba2+ (n = 0.04 

to 0.3). 
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Blasse’s equation [41], the critical distance is calculated to be 20.01 Å for CSLOF: 

0.07Eu2+,1.2Ba2+. Eventually, a slight emission red-shift is also observed from 540 nm 

to 545 nm at higher Eu2+ concentrations, as shown in Fig. 4.9(a). The ionic radius of Eu2+ 

ion is smaller than that of Ba2+ ion, which might increase lattice covalency, and hence 

longer wavelength emission has been observed [46, 47]. The overall colour tuning from 

greenish-yellow (0.30, 0.49) to yellowish region (0.34, 0.45) can be realized from the 

colour chromaticity diagram, and from the corresponding luminescence photographs, as 

shown in Fig. 4.9(c). Fig. 4.9(d) represents the comparative emission spectra of 

commercial Y3Al5O12: Ce3+ with Ca1.38-nSr1.38-nLa6Si6O24F2: nEu2+,1.2Ba2+ (n = 0.07, 

0.15) phosphors recorded at 460 nm and 360 nm, respectively. Not only the emission 

intensity but the emission FWHM of the optimized phosphors are found to be comparable 

with those of the commercial phosphor. 

 

 

Fig. 4.9 (a) The emission spectra of CSLOF: nEu2+; 1.2Ba2+ (n = 0.04 to 0.25) 

phosphors recorded at 360 nm. (b) CIE diagram and colour coordinates for the 

corresponding emission spectra of CSLOF: nEu2+; 1.2Ba2+ along with the 

luminescence photographs of the phosphors. (c) The comparative excitation and 

emission spectra of commercial Y3Al5O12: Ce3+ and with CSLOF: nEu2+;1.2Ba2+ (n = 

0.07, 0.15). (d) Temperature dependant PL intensity variation of CSLOF: 0.04Eu2+, 

zBa2+ (z = 0 and 1.2) phosphors recorded at 360 nm. (e) Arrhenius fitting of CSLOF: 

0.04Eu2+, zBa2+ (z = 0 and 1.2) phosphors. (f) The energy level diagram illustrates the 

relation between non-radiative relaxation process and wavelength shift. 
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The temperature dependant PL intensity variation of CSLOF: 0.04Eu2+, zBa2+ (z = 0 

and 1.2) phosphors as a function of temperature from 300 to 450 K recorded at 360 nm 

excitation is shown in Fig. 4.9(e). As the temperature increases, the PL emission intensity 

decreases gradually due to the relaxation of non-radiative transitions leading to the 

emission quenching of Eu2+ ions’ transitions [47]. At 423 K, the PL emission intensity of 

CSLOF: 0.04Eu2+ retained almost 81% of its initial intensity, showing the high thermal 

stability of the phosphor suitable for the WLED applications. While the PL emission 

intensity of CSLOF: 0.04Eu2+, 1.2Ba2+ reduced to 72% of the room temperature emission 

intensity. The thermal stability of the phosphor can be described by the Arrhenius 

equation, 

𝐼𝑇 =
𝐼0

1+𝑐exp (−
∆𝐸

𝑘𝑇
)
    (4.3) 

 

where I0 and IT is the initial emission intensity and emission intensity at various 

temperatures, c is a constant for a certain host, ∆E is the activation energy, k is the 

Boltzmann's constant (8.62 × 10-5 eV K-1), and T is the temperature in K [48]. The inset of 

Fig. 4.9(e) shows the plots between In [(I0 / IT) -1] vs [1000/T] and the slopes of the 

corresponding lines give the activation energy (∆E). The activation energy of CSLOF: 

0.04Eu2+ is found to be 0.26 eV, which supports the high thermal stability of this 

composition [49]. While the activation energy of CSLOF: 0.04Eu2+, 1.2Ba2+ phosphor is 

observed to be reduced to 0.22 eV. Fig. 4.9(f) shows the energy level diagram of CSLOF: 

0.04Eu2+, zBa2+ (z = 0 and 1.2). In this figure, the cross-over points of the ground state 

and the excited state are denoted by a1 and a2 for CSLOF: 0.04Eu2+, zBa2+ (z = 0 and 

1.2) phosphors, respectively. The activation energy is the energy difference between the 

CRP and the lowest excited state as indicated in Fig. 4.9(f). As temperature increases, 

electrons are stimulated from the lowest excited level to the highest excited level 

(engaged with the CRP) because of the phonon energy and return back to the ground state 

through non-radiative emission [50]. This phenomenon reduces the emission intensity of 

Eu2+ ions at higher temperatures. Eventually, Ba2+ ions’ introduction to CSLOF: 0.04Eu2+ 

caused a centroid shift followed by the emission red-shift. This lowers the ground and 

excited state CRP from a1 (CSLOF: 0.04Eu2+) to a2 (CSLOF: 0.04Eu2+, 1.2Ba2+) [51]. 

Consequently, the energy difference between the highest excited state and the lowest 

excited state reduces owing to which non-radiative relaxation takes place more rapidly 

in the case of CSLOF: 0.04Eu2+, 1.2Ba2+ than CSLOF: 0.04Eu2+. Due to this reason, the 
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activation energy is observed to be reduced from ΔEa1 = 0.26 eV (CSLOF: 0.04Eu2+) to 

ΔEa2 = 0.22 eV (CSLOF: 0.04Eu2+, 1.2Ba2+). However, no wavelength shift is observed 

upon increasing the temperature, which indicates that there is no predominant colour loss 

happening for phosphors owing to the enhancement in temperatures. The relation 

between the Stokes shift and the non-radiative relaxation process is described in the 

energy level diagram as shown in Fig. 4.9(f). 

 

 

 

Fig. 4.10: (a) The electroluminescent spectra of (i) CSLOF: 0.04Eu2+, 1.0Mg2+, (ii) 

CSLOF: 0.04Eu2+, (iii) CSLOF: 0.04Eu2+, 1.2Ba2+, (iv) CSLOF: 0.07Eu2+, 1.2Ba2+
,
 

and (v) CSLOF: 0.15Eu2+, 1.2Ba2+ recorded with a 370 nm n-UV LED chip. (b) The 

corresponding chromaticity diagram, colour coordinates and the digital images of the 

obtained pc-LEDs are also illustrated. 

 

To understand the practical performance of the optimized yellow, green, and blue 

emitting phosphors, these phosphors are deposited on to a 370 nm n-UV LED chip. Fig. 

4.10(a): (i to v) to Fig. 4.10(b): (i to v) represent the electroluminescent (EL) spectra and 

CIE diagram of cyan-blue emitting CSLOF: 0.04Eu2+, 1.0Mg2+, green emitting CSLOF: 

0.04Eu2+, zBa2+ (z = 0 and 1.2) and yellow emitting CSLOF: nEu2+, 1.2Ba2+ (n = 0.07 

and 0.15) phosphors, respectively. The estimated colour coordinates, CCT, and CRI 

values are also mentioned in the insets of Fig. 4.10(a). The 370 nm n-UV converted EL 

spectrum of the cyan-blue emitting CSLOF: 0.04Eu2+, 1.0Mg2+ is having the CCT of 
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12428 K and CRI of 68 (Fig. 4.10(a): (i)). However, the combination of 370 nm n-UV 

LED chip and CSLOF: 0.04Eu2+ phosphor exhibits a green band maximum at 520 nm 

with the CCT of 5804 K and CRI of 72 (Fig. 10(a): (ii)). The cationic substitution strategy 

via the smaller sized Mg2+ ions in CSLOF: 0.04Eu2+ phosphor considerably tuned the 

colour chromaticity from greenish (0.322, 0.435) to the cyan-blue region (0.244, 0.314), 

as shown in Fig. 10(a & b): (i to ii). Whereas, CSLOF: 0.04Eu2+, 1.2Ba2+ resulted in a 

red-shifted EL spectrum from green (0.322, 0.435) to greenish-yellow (0.343, 0.455). 

The corresponding CCT and CRI of CSLOF: 0.04Eu2+, 1.2Ba2+ are observed to be 5266 

K and 75, respectively (Fig. 10(a & b): (iii)). Eventually, the EL spectral emission of 

CSLOF: 0.04Eu2+, 1.2Ba2+ has been further tuned via enhancing the Eu2+ concentrations. 

The observed CCT and CRI values for CSLOF: nEu2+, 1.2Ba2+ (n = 0.07, 0.15) are 

observed to be (5040 K, 79) and (4929 K, 77), respectively. Whereas the chromaticity 

coordinates are also shifted from greenish yellow (0.343, 0.455) to yellow region (0.36, 

0.48) due to the increase in Eu2+ concentrations from 0.04 to 0.15 in CSLOF: nEu2+, 

1.2Ba2+ (n = 0.04, 0.07, 0.15), as shown in Fig. 10(a & b): (iii) to (v). The inset of Fig. 

4.10(b): (i) to (v) show the photographs of the 370 nm LED packages using cyan-blue 

emitting CSLOF: 0.04Eu2+, 1.0Mg2+, green emitting CSLOF: 0.04Eu2+, zBa2+ (z = 0 and 

1.2) and yellow emitting CSLOF: nEu2+, 1.2Ba2+ (n = 0.07 and 0.15) phosphors, 

respectively, under a forward bias current of 350 mA.  

 

A WLED has also been fabricated via depositing CSLOF: 0.15Eu2+, 1.2Ba2+ 

phosphor on a 410 nm violet-LED chip, and the corresponding EL spectrum is illustrated 

in Fig. 4.11(a). Herein, the driving current that is having a substantial effect on the EL 

performance of the phosphor based WLEDs, has been varied. At 50 mA of current, this 

combination emits white light having a CCT of 5319 K and a CRI of 66. Eventually, the 

CIE coordinates are observed to be (0.342, 0.425), as shown in Fig. 4.11(b). Clearly, the 

broad emission of CSLOF: 0.15Eu2+, 1.2Ba2+ phosphor substantially increased along the 

sharper LED emission at 410 nm with the increase in driven current. Meanwhile, no 

emission saturation has been seen in the yellow phosphor might be due to the presence 

of a high concentration of Eu2+ luminescent centers. With the increase of current from 50 

mA to 90 mA, the CCT and the CRI values are changed from 5319 K to 4689 K and 74 

to 70, respectively. Most importantly, the CIE coordinates are also slightly tuned from 

(0.342, 0.425) to (0.324, 0.413), as can be seen in Fig. 4.11(b). The digital image of 

fabricated WLEDS indicates warm white light emission. The insets in Fig. 
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4.11(a) present the as appeared direct images of a prototype WLED and its illumination 

capacity. These results demonstrate that CSLOF: nEu2+, 1.2Ba2+ (n = 0.07, 0.15) 

compositions are promising for the n-UV and violet-LED based pc-white-LEDs. 

 

 

 

Fig. 4.11: (a) The electroluminescent spectra and (b) the corresponding chromaticity 

diagram of CSLOF: 0.15Eu2+, 1.2Ba2+ recorded with a 410 nm violet-LED chip at 

different currents. Inset: the digital images of the obtained pc-LEDs operated at 90 mA. 

 

4.5. Conclusions 

A sequence of M2+ (M = Mg/Ba) codoped Ca1.98-xSr1.98-xLa6Si6O24F2: 

0.04Eu2+ phosphors were synthesised based on multiple cationic substitution strategies 

to achieve multicolour emission from a single composition. The detailed structural 

studies of (Ca, Sr)3.96La6Si6O24F2: 0.04Eu2+ revealed that broadband green emission 
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could be tuned to either blue or yellow spectral region via the smaller or larger cationic 

substitutions. As per this thought, smaller Mg2+ ions and bigger Ba2+ ions were codoped 

in (Ca, Sr)3.96La6Si6O24F2: 0.04Eu2+ to study the individual sequences. The incorporation 

of Mg2+ and Ba2+ ions showed blue-shift from 520 nm to 481 nm and red-shift from 520 

nm to 545 nm, respectively, owing to the variation of the crystal field environment around 

the activator ions. The expanded lattice sites due to the Ba2+ codoping allowed more 

Eu2+ ions’ to be accommodated in the expanded lattice sites. The resultant 

photoluminescence was further improved and red-shifted in emission because of the 

enrichment of more Eu2+ ions in the lattice. As compared with the commercial Y3Al5O12: 

Ce3+, the presently optimized phosphors showed comparable intensity with the 

commercial Y3Al5O12: Ce3+
,
 and had exhibited enough thermal stability (70% at 150ºC 

to be used for WLEDs. The WLEDs fabricated using the optimized sample and 

commercial n-UV and violet LEDs showed remarkable CCT and CRI. The present 

research provided a promising hint for developing colour-tuneable apatite phosphors for 

the n-UV and violet LED-based single component WLEDs.   
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4.7  Supplementary Information 

 

 

 

Figure 4.S1 (a) TEM spectrum, (b-g) elemental mapping images, and (h) EDX spectra of 

CSLOF. 

 

Table 4.S1 Rietveld refined lattice parameters of CLOF, CLOF: 0.04Eu2+, CSLOF, 

CSLOF: 0.04Eu2+ and CSLOF: 0.04Eu2+;1.2Ba2+. 

 

Formula CLOF CLOF:0.04Eu3+ CSLOF CSLOF:0.04Eu2+ CSLOF:0.04

Eu2+ ;1.2Ba2+ 

Structure  Hexagonal Hexagonal Hexagonal Hexagonal Hexagonal 

Space group P 63/m (#176) P 63/m (# 176) P 63/m (#176) P 63/m (# 176) P 63/m (# 176) 

a = b [Å] 9.6553 (3) 9.6494 (5) 9.6855 (5) 9.6902 (4) 9.7247 (2) 

c [Å] 7.1224 (1) 7.1202 (2) 7.1622 (8) 7.1649 (5) 7.2090 (3) 

v [Å3] 575.03 (1) 574.15 (6) 582.19 (7) 582.65 (1) 590.42 (3) 

Z 2 2 2 2 2 

χ2 1.527 2.171 5.323 3.856 3.234 

Rp(%) 3.76 4.94 5.57 6.02 5.44 

Rwp (%) 4.98 6.59 9.13 8.58 8.67 

GOF (S) 1.24 1.47 2.31 1.96 1.80 

Temperature 298 K 298 K 298 K 298 K 298 K 
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Table 4.S2 The atomic coordinates and fractional occupancies of CLOF and CSLOF 

hosts  

 

Atom Wyck. 

pos. 

x y z Uiso Occ. 

CLOF 

La1 6h 0.23691 (3) -0.01380  1/4 0.0176 (2) 0.75 

Ca1 6h 0.23691 (3) -0.01380 1/4 0.0176 (2) 0.25 

La2 4f 2/3 1/3 0.00238 (9) 0.0046 (1) 0.375 

Ca2 4f 2/3 1/3 0.00238 (9) 0.0046 (1) 0.625 

Si 6h 0.39769 (4) 0.36628 (1) 1/4 0.0215 (4) 1.0 

O1 6h 0.58661 (8) 0.47220 (4) 1/4 0.0249 (8) 1.0 

O2 6h 0.33204 (5) 0.48359 (2) 1/4 0.0087 (4) 1.0 

O3 12i 0.34109 (1) 0.26277 (4) 0.06359 (6) 0.0170 (8) 1.0 

F 2a 0 0 1/4 0.1475 (2) 1.0 

   CSLOF    

La1 6h 0.24120 (6) -0.01259 (3) 1/4 0.0199 (9) 0.75 

Ca1 6h 0.24120 (6) -0.01259 (3) 1/4 0.0199 (9) 0.125 

Sr1 6h 0.24120 (6) -0.01259 (3) 1/4 0.0199 (9) 0.125 

La2 4f 2/3 1/3 0.00198 (3) 0.0057 (6) 0.375 

Ca2 4f 2/3 1/3 0.00198 (3) 0.0057 (6) 0.3125 

Sr2 4f 2/3 1/3 0.00198 (3) 0.0057 (6) 0.3125 

Si 6h 0.39272 (5) 0.35948 (9) 1/4 0.0220 (5) 1.0 

O1 6h 0.57470 (2) 0.45330 (2) 1/4 0.0463 (5) 1.0 

O2 6h 0.33411 (1) 0.48183 (8) 1/4 0.0385 (4) 1.0 

O3 12 0.34445 (9) 0.25447 (1) 0.05584 (6) 0.0196 (3) 1.0 

F 2 0 0 1/4 0.0598 (8) 1.0 
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Chapter 5 

 

Violet light excitable, highly efficient single broadband emitting 

oxyfluoride phosphor and polymer composite for conventional 

and laser-triggered lighting applications 
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5.1 Abstract 

Full-spectral emitting violet light excitable flexible luminescent converters favor user-

friendly and human-centric lighting technologies due to simplified white-LED (WLED) 

integration, lower strain lighting, and long-term color constancy. This research proposed 

a new broadband-emitting phosphor composition (Sr, Ba)3(Al, Si)O4F: Ce3+,Eu2+, which 

is structurally optimized based on Eu2+ and Ce3+ site occupancy. Aided from the 

sensitization effect of Ce3+ ions, a wider band emission composed of 4f65d1 - 4f7 

transitions of Ce3+ and Eu2+ ions is effectively recognized under 410 nm violet radiation 

with a high quantum efficiency of 86% and thermal stability of 78%. High-quality 

phosphor polymer composite films are fabricated using the emission red-shifted 

Sr1.995Ba1-xAl0.5Si0.5O4F: 0.025Ce3+;0.005Eu2+ powders and thiourethane (CTU), which 

do not require any organic binders for WLED assembly, and exhibit high photobleaching 

and enhanced photoluminescent stability due to polymer encapsulation. The WLEDs 

assembled by the CTU/40%S2BAOF: 0.025Ce3+;0.005Eu2+ flexible composite as a single 

converter layer of a 410 nm violet-LED chip and a violet laser of 405 nm generates eco-

friendlier white light with CRI ~75 and low CCT < 4000 K without a noticeable 

chromatic shift under various powers and after prolonged illuminations. This research 

highlights the potential of structurally distorted phosphor-polymer composites with 

outstanding lighting stability.  

 

5.2 Introduction 

Phosphor-based white light emitting diodes (pc-WLEDs) are promising in fourth-

generation artificial lighting because of their long lifespans, tunable color, good stability, 

environmental friendliness, high energy-saving performance, and compactness [1-3]. The 

most frequently produced commercial pc-WLEDs are made by uniting a blue LED chip 

with yellow emitting Y3Al5O12:Ce3+ (YAG: Ce) phosphor, considering its high 

photoluminescence efficiency and excellent chemical stability [4]. However, the lack of 

red components in the PL spectrum of YAG: Ce phosphor results in cool white light 

emission with a low color rendering index (CRI ~ 75) and high correlated color 

temperature (CCT > 6000 K) [5-7]. To elevate the color quality of this combination, several 

blue light excitable Eu2+-activated nitride and sulfide red phosphors can be added in a 

powder blend [7]. However, the poor chemical stability of sulfide phosphors allows 
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enormous usage of chemically stable nitride phosphors for commercial WLED 

packaging. Yet, the representative wide-band emission and excitation spectra of Eu2+-

activated nitrides create photon reabsorption concerns when mixed with YAG: Ce 

powders [7]. Meanwhile, the presence of a major content of costly rare-earth oxide 

containing Y3+ ions in the Y3Al5O12 host, and high synthesis temperature negatively 

affect the market potential of YAG: Ce phosphor-based solid-state lighting [8-9].  

 

The conventional blue LEDs with peaks ranging from 450 nm to 470 nm are used for 

generating white light through the potential blue-to-broadband green and yellow 

phosphor converters including YAG: Ce. In this line, extensive research has been 

conducted on different phosphors for generating healthier white light emission with low 

CCT, and high CRI. Huang et al. fabricated warm white light-emitting pc-LEDs with 

CRI of 91 and CCT of 4080 K by uniting green emitting CaY2HfGa(AlO4): Ce3+ and red-

emitting CaAlSiN3: Eu2+ phosphors with a 450 nm LED chip [10]. Xia et al. demonstrated 

a pc-WLED with high CRI (93) and low CCT (4013 K) by uniting the blend of 

Rb3YSi2O7: Eu2+ red phosphor and Ba2SiO4: Eu2+ commercial green phosphor with a 460 

nm InGaN LED chip [11]. In the above reports, even though the additional red emitting 

component lowered the CCT value, however, the pervasiveness of the blue light from the 

LED chip remained in the final white light output. Nevertheless, continuous exposure to 

blue light (450 nm to 470 nm) may unbalance the human circadian rhythm leading to 

insomnia, mood disorders, fatigue, cataract formation, and macular degeneration [12-16]. 

For producing human-centric lighting, nowadays researchers have focused on violet 

LEDs (λem = 400 nm) as a suitable alternative for conventional InGaN blue LEDs (λem= 

450 – 470 nm), which can reduce the cyan gap and may enhance uniform white light 

distribution when combined with full-spectral emitting phosphors. Importantly, violet 

LEDs can provide high luminous efficiency, wider color gamut, and higher CRI than 

conventional blue LEDs by choosing selective phosphors with high quantum yield to 

avoid inherent Stokes loss [17]. To avoid blue light hazards, adopting eye-friendly violet 

light as the excitation source would be preferable for future health-conscious illumination 

[17-18]. Several research of violet excitable broadband emitting Ce3+/Eu2+-activated 

phosphors for full-spectra pc-WLEDs have recently published [19-25]. Nevertheless, 

efficient violet LED excitable yellow-emitting phosphors and subsequent full-spectral 

pc-WLED encapsulations that can create glare-free white-light emission with high 

quantum efficiency are rarely reported [17].  
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Oxyfluoride phosphors gained wide attention towards WLED application because of 

their noticeable structural stability and rigidity, adequate thermal and chemical stability, 

tunable luminescence property, high quantum efficiency, environmentally friendly, and 

low content of rare earth ions [26-27]. The incorporation of highly electronegative fluoride 

ions into the oxide host lattice produces distortion in the centrosymmetric cationic sites 

of polyhedrons in the oxyfluoride host lattice leading to broad emission band and tunable 

emissive properties [28]. Sr3AlO4F is one of the prominent oxyfluoride hosts for lighting 

applications owing to its high luminous efficiency [29]. W. B. Im et al. observed greenish-

white light emission from (Sr, Ba)3AlO4F: Ce3+ phosphor with CRI of 62, CCT of 6500 

K, and very high quantum efficiency under ultraviolet (UV) LED chip [30]. According to 

this report, the Sr3AlO4F host might be converted to a violet excitable full spectral band 

emitting phosphor with high efficiency, which could be appropriate for generating 

desired lighting devices.  

 

Integrating phosphor powders and LED devices using organic binders is a cost-

effective and easy process to assemble pc-LED devices. Nonetheless, when phosphor 

powder is glued in organic binders, pc-LEDs face carbonization reactions due to the 

continuous exposure to the excitation source, resulting from the low thermal stability and 

poor heat resistance of the used binder. To overcome the mentioned problem of epoxy 

coatings, instead of traditional powder color converters, modern color converters such as 

phosphor in glasses (PiGs), phosphor ceramics and single crystals have been used for 

advanced lighting applications [31-34]. Recently P. Zhang et al. reported blue laser-

triggered YAG: Ce films deposited on a sapphire plate with high luminescence for future 

lighting technologies [32]. They generated uniform white light with a CCT of 6538 K and 

a luminous efficiency of 127 lmW-1. However, they face poor thermal conductivity and 

high production cost. Q. Yao et al. reported blue laser-driven transparent ceramic YAG: 

Ce phosphor with good conversion efficiency [33]. It may possess a high luminous 

efficiency of 223 lm W-1, however, CCT is observed to be 7293 K. Both cases fail to 

achieve warm white light emission and face difficult synthesis conditions of glass and 

ceramics. Furthermore, the usability of continuous exposure to 460 nm blue laser may 

cause health issues for humans, and the rigid nature of the composite restricts its 

application towards advanced flexible lighting technologies. To overcome these 

problems, developing polymer composite-based color converters could be an appropriate 
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solution because of their potential applications for flexible optoelectronic devices [35-37]. 

Here we have chosen a thiol urethane-based polymer to encapsulate phosphor particles 

and this may protect the particles from environmental variations and induce flexibility 

for devices. In addition, thiourethane has characteristic advantages like a high refractive 

index, solubility in aqueous solutions, transparency, flexibility, high thermal and moisture 

stability, non-absorption in visible regions, and reliable optical performance applicable 

for potential flexible lighting devices [38]. 

 

Surprisingly, no research has been carried out on violet LED excitable Eu2+ and Ce3+ 

codoped Sr1.975Ba1-xAl0.5Si0.5O4F (S2BAOF) yellow phosphors for warm white light 

emitting pc-LEDs. Herein, we have strategically designed a single-phased Sr2BaAlO4F 

host matrix-based system to generate warm white light emission under violet excitation 

with good optical performance. Recently, our group reported cool white light emission 

from two prominent oxyfluoride phosphors Sr2.9Al1-xSixO4+xF1-x: Eu2+/3+ and 

Ca4La6Si6O24F2: Eu2+ through cationic substitution strategy [39, 40]. Eventually, we 

explored new systems to achieve warm white light with lower CCT via modulating the 

structural properties and dopant varieties in the Sr2BaAlO4F host matrix. Selectively, 

Ce3+ and Eu2+ activators are used to produce full spectral broadband emission because of 

their parity-allowed 5d → 4f transition, which is more applicable for white light-emitting 

applications [41]. The above discussions and studies motivated us to synthesize a series of 

highly efficient trigonal structured yellow emitting S2BAOF: 0.025Ce3+; xEu2+ 

phosphors under violet excitation. The Eu2+/Ce3+ site occupation mechanism and 

photoluminescent properties of single-phase warm white light emitting SBAOF 

phosphors were studied in detail. The warm white light-emitting optimized phosphors 

were further used to fabricate phosphor-polymer composite membranes for application 

in flexible lighting devices. To encounter the issues of organic binders, herein, a 

thiourethane-based polymer matrix with a high refractive index, and high thermal and 

moisture stability, for encapsulating optimized yellow emitting phosphor particles.  

 

5.3 Experimental Section 

5.3.1 Materials and synthesis 

A series of Sr1.975Ba1-xAl0.5Si0.5O4F: 0.025Ce3+; xEu2+ (S2BAOF: 0.025Ce3+; xEu2+; x 

= 0.001 to 0.01) phosphors were synthesized by conventional solid-state method by using 

stochiometric amount of SrCO3 (99.999%), SrF2 (99.999%), BaCO3 (99.999%), Al2O3 
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(99.999%), SiO2 (99.99%) CeO2 (99.999%)and Eu2O3 (99.999%) obtained from Sigma-

Aldrich were ground together in an agate mortar by using ethanol as mixing agent. The 

mixture was loaded into an alumina crucible and sintered for 5h at 1250 °C in the N2 – 

H2 (95% - 5%) reduction atmosphere. Finally, the obtained powder samples are grounded 

further for measurements. 

 

Cardanol was procured from Cardolite Corporation. 3-chloro-1,2-propane diol, NaOH, 

para-toluenesulfonic acid (TSA), 3-mercaptopropionic acid, and sodium sulfate were 

brought from TCI chemicals. Aliphatic polyisocyanate (IC-25NY) was purchased from 

Antares Chemical Private Limited in Mumbai. All the chemicals were used as such 

without further purification. 

 

5.3.1.1. Synthesis of Cardanol-2,3-dihydroxypropylether (CPE) 

The synthesis of Cardanol-2,3-dihydroxypropylether is carried out as reported earlier 

by our group (1). The cardanol (0.15 mol) and 3-chloro-1,2-propane diol (0.174 mol) are 

reacted in the mole ratio 1:1.16 in a two-neck R.B. flask equipped with a condenser. After 

15 minutes, NaOH solution was added to the mixture. The mixture was heated at 75℃ 

for 3 hours. The salt (NaCl) was filtered, and the product was washed with distilled water 

and dichloromethane. The oil layer was purified using rotary evaporation under vacuum, 

the brown liquid was obtained.  

 

5.3.1.2. Synthesis of thiolated CPE (TCPE) 

The grafting of thiol groups onto CPE was performed by adding 8 g of CPE, 0.16 g of 

pTSA, and 50 mL of toluene into a round-bottom flask. The mixture was stirred 

continuously at 110°C. Subsequently, 3.9 mL of 3-mercaptopropionic acid was added 

dropwise and the reaction was stirred for an additional 3 hours. The resulting product 

was then washed with distilled water and dichloromethane (DCM). After washing, the 

product was dried using sodium sulfate, and excess DCM was removed via rotary 

evaporation. 

 

5.3.1.3. Preparation of thiourethane films (CTU) 

About 0.5 g of TCPE was mixed with 0.62 g of industrial aliphatic isocyanate (IC-

25NY) at 45℃ with stirring for 15 min. Then the viscous solution was poured into a 

silicon mold and allowed to cure at room temperature overnight. 
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5.3.1.4. Preparation of CTU/S2BAOF: Ce; Eu composite films 

Phosphor particles (S2BAOF: Ce; Eu) were dispersed in acetone using a sonicator. Then 

0.50 g TCPE and 0.62 g IC-25NY were added to the dispersed solution and stirred for 10 

min. Subsequently, S2BAOF: Ce; Eu dispersed CTU prepolymer solution was poured 

into the silicon mold and cured at room temperature overnight. The compositions for the 

composite were tabulated in Table 5.1. 

 

Table 5.1: The compositions for the composite preparations 

Sample TCPE 

(g) 

IC-25NY 

(g) 

S2BAOF: Ce; Eu 

(g) 

CTU 0.5 0.62 0.000 

CTU/5% S2BAOF:Ce;Eu 0.5 0.62 0.056 

CTU/20% S2BAOF:Ce;Eu 0.5 0.62 0.224 

CTU/40% S2BAOF:Ce;Eu 0.5 0.62 0.488 

 

5.3.2 Characterizations 

 The crystalline phase purity of synthesized (S2BAOF: 0.025Ce3+; xEu2+; x = 0.001 to 

0.01 phosphors was studied by using powder X-ray diffraction pattern collected using 

PC-controlled X-ray Diffractometer powder collected using X-ray diffractometer 

EMPYREAN 3 Malvern Panalytical B.V with Cu-Kα radiation (wavelength: 1.54056 

Å). The general structural analysis system GSAS II software was used for the Rietveld 

refinement of samples and crystal structure was generated using VESTA software. The 

X-ray photoelectron spectroscopy (XPS) measurements were carried out by using a PHI 

5000 Versa probe Scanning ESCA Microprobe. The high-resolution spectra of, Sr 3d, O 

1s, Ba 3d, Si 2p, Eu 3d, F 1s, Ce 3d, and Al 2p were obtained using Al Kα radiation 

(1.487 keV) at a resolution of 0.1 eV. The EPR measurements are recorded on a Bruker 

EMX Series spectrometer using X band frequency (9.5 GHz) and 100 kHz field 

modulation. The morphological studies and elemental compositions of the synthesized 

phosphors were analyzed by using a high-resolution transmission electron microscope 

(HR-TEM), JEOL JEM-F200. The UV-Vis diffuse reflectance spectra (UV-Vis DRS) of 

the phosphors were collected using a UV-Vis Spectrophotometer (Shimadzu UV 3600). 

The FT-IR (Perkin Elmer) and 1H NMR (60MHz, Bruker Ascend) analysis were carried 
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out to verify the structure and functional groups of TCPE. To understand the temperature 

stability of films, TGA measurement was employed using the TA Q50 Analyzer. The 

surface morphology of the bare and composite films was analyzed using ZEISS EVO 18, 

scanning electron microscope. The photoluminescence excitation and emission spectra 

of samples were analyzed using a Yvon Fluorolog 3 spectrofluorometer with a 450 W 

Xenon flash lamp as the exciting source. The low-temperature photoluminescence 

studies were carried out using a cryostat assembly equipped with the FLS-1000 

fluorescence spectrometer (Edinburgh Instruments, UK) and liquid nitrogen was used as 

the coolant. The decay studies were carried out using a nanosecond H2 flashlamp. The 

electroluminescence properties of the obtained devices were measured using a high-

sensitivity CCD spectrophotometer (Maya 2000 Pro) by using a 3W violet LED and 12 

mW laser source (405 nm). 

 

5.4 Results and Discussions 

5.4.1 Structural analysis of SBAOF, SBAOF: 0.025Ce3+;0.005Eu2+/3+, and S2BAOF: 

0.025Ce3+; xEu2+ (x = 0.0 to 0.01) phosphors  

The 2D view of SBAOF phosphor’s crystal structure, as shown in Fig. 5.1(a), consists 

of a rigid cationic polyhedral unit framework. The SBAOF phosphor belongs to a 

tetragonal Sr3AlO4F (JCPDS No. 89 – 4485) phase, where Ba, Sr, and Al atoms are 

occupied in the 4a, 8h, and 4b sites in the formation of BaO8F2, SrO6F2, and AlO4 

polyhedrons, respectively. The BaO8F2 polyhedrons are arranged parallel to each other, 

whereas the SrO6F2 polyhedrons are organized in a zig-zag manner throughout the chain, 

and every single unit is edge and corner shared with isolated AlO4 tetrahedra to form a 

whole framework structure. The powder X-ray diffraction (XRD) pattern of the 

synthesized S2BAOF: 0.025Ce3+; xEu2+ phosphors (x = 0.00 to 0.01) are illustrated in 

Fig. 5.1(b). The diffraction peaks are well-matched with the reported pattern of the 

tetragonal Sr3AlO4F (JCPDS No. 89 – 4485) phase. Meanwhile, a small fraction of SrF2 

impurity phase could also be traced in all the XRD patterns decomposition of the host 

phosphor due to moisture [30]. The corresponding diffraction angle shifted towards a 

lower 2θ after the larger Ba2+ and Eu2+ ions’ substitutions in the Sr2+ sites, as seen in Fig. 

5.1(b). 

 

The crystallographic insights of undoped SBAOF, SBAOF: 0.025Ce3+; 0.005Eu2+/3+ 

and S2BAOF: 0.025Ce3+; xEu2+ (x = 0.001 and 0.01) phosphors are evaluated by the 
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Rietveld refinement of their obtained XRD patterns. The estimated lattice parameters and 

fraction of occupation are tabulated in Table 5.S1 to Table 5.S3. As compared the 

refinement result of SBAOF with the literature reports of Sr3AlO4F, it is found that 

without Ba incorporation Sr3AlO4F host is a highly strained system and is difficult to 

accommodate larger rare earth ions like Eu2+ or Ce3+ ions, etc. into the lattice [42]. After 

incorporating Ba2+ ions in the lattice the cationic site strain is reduced means the 

substitution of larger ions results in the expansion of the crystal lattice, which 

subsequently increases the polyhedral volume and cationic bond lengths. The cationic 

site and metal-oxygen bond length enlargement after Ba2+ substitution in Sr3AlO4F 

phosphor is schematically shown in Fig. 5.S1. Henceforth, it is easy to accommodate 

larger rare earth ions like Eu2+ or Ce3+ ions in the SBAOF host after the Ba2+ substitution-

induced cationic site enhancement. As compared the refinement results of SBAOF: 

0.025Ce3+; 0.005Eu2+/3++ phosphor with undoped SBAOF slight contraction in lattice 

parameter is observed (as illustrated in Table S1) because of the smaller ionic substitution 

of Ce3+(r8h = 1.143Å; r4a = 1.25Å) / Eu3+ (r8h = 1.066) ions with bigger Ba2+ (r8h = 1.42Å; 

r4a = 1.52Å) / Sr2+ (r8h  = 1.26Å; r4a = 1.36Å) ions in the lattice. Owing to the unsuitability 

of cationic sites for hosting bigger Eu2+ ions, based on our previous findings we 

demonstrated that the heterovalent substitution of Al3+ ion with Si4+ ions in the host may 

promote the reduction of Eu3+ ions and enhance the occupancy of more Eu2+ ions in the 

lattice [39]. 
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Fig. 5.1: (a) 2D crystal structure view of SBAOF phosphor. (b) The powder XRD 

patterns of SBAOF (xEu2+ = 0.0; ySi4+ = 0.0) and S2BAOF: 0.025Ce3+; xEu2+ (xEu2+ = 

0.001, 0.003, 0.005, and 0.01; ySi4+ = 0.5) phosphors. (c) and (d) Rietveld refinement 

pattern of S2BAOF: 0.025Ce3+; xEu2+ (x = 0.001 and 0.01) phosphors. The asterisk 

symbols (⋆) in the Rietveld refinement patterns indicate SrF2 impurity phase. (e) The 

3D crystal structure of S2BAOF: 0.025Ce3+;0.001Eu2+ phosphor generated using 

VESTA software and schematic representation of average metal - oxygen bond length 

variation in SBAOF: 0.025Ce3+;0.005Eu2+/3+ and S2BAOF: 0.025Ce3+; xEu2+ (x = 

0.001 and 0.01) phosphors. (f) Electron spin resonance spectra of SBAOF: 0.025Ce3+; 

0.005Eu2+/3+ and S2BAOF: 0.025Ce3+;0.001Eu2+ phosphors.  

 

  The Rietveld refinement pattern of S2BAOF: 0.025Ce3+; xEu2+ (x = 0.001 and 0.01) 

phosphors as illustrated in Fig. 5.1 (c) and (d), respectively. Their crystal structure 

belongs to a non-centrosymmetric tetragonal phase with a space group of I4/mcm. In the 

case of S2BAOF: 0.025Ce3+; 0.001Eu2+ phosphor, a very weak diffraction peak of the 

impure phase of SrF2 appears at 2θ ~ 42.6 and the main phase mass fraction is obtained 

to be 96.4%. Whereas for S2BAOF: 0.025Ce3+;0.01Eu2+ phosphor, the main phase mass 

fraction is calculated to be 97%.  

 

   In S2BAOF: 0.025Ce3+;0.001Eu2+ phosphor, Ce3+, and Eu2+/3+ cations are statistically 

substituted Ba2+ ions and Sr2+ ions occupied 4a and 8h sites, respectively. With the Si4+ 

ion incorporation in the Al-O4 sites, 4a (BaO8F2) or 8h (SrO6F2) sites are expected to be 
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enlarged due to the probable contraction of Al-O4 sites because of lower-sized Si4+ ion 

substitutions. Such enlarged 4a sites may allow the reduction of europium from 3+ to 2+ 

oxidation sates. To understand such an interpretation clearly, the corresponding 3D 

crystal structure for the doped S2BAOF: 0.025Ce3+;0.001Eu2+ phosphor was obtained 

from the Rietveld refinement, as shown in Fig. 5.1(e). After incorporating Si4+ ions, the 

lattice parameters a and b are slightly enlarged and c is contracted for S2BAOF: 

0.025Ce3+; xEu2+ (x = 0.001 and 0.01) phosphors due to the smaller and larger ionic 

substitution of Si4+(r4a = 0.26) and Eu2+(r8h = 1.25Å; r4a = 1.35Å) ions with Al3+(r4a = 

0.39Å) and Sr2+(r8h = 1.26Å; r4a = 1.36Å) ions in the lattice. As an increasing Eu 

concentration, the lattice parameters are observed to be enhanced because of the 

incorporation of larger Eu2+ ions in the lattice. This cationic substitution distorts the 

crystal environment and leads to variations in metal-ligand bond length among doped 

phosphors. The comparative bond length variation of SBAOF: 0.025Ce3+; 0.005Eu2+ and 

S2BAOF: 0.025Ce3+; xEu2+(x = 0.001 and 0.01) phosphors are shown in Fig. 1(e). By 

the introduction of Si4+ ions to the lattice Al-O bond length of S2BAOF: 0.025Ce3+; xEu2+ 

(x = 0.001 and 0.01) phosphors are found to be decreases (from 1.779 Å to 1.777 Å and 

metal-ligand bond length enhanced (4a sites: from 2.8634 Å to 2.8648 Å; 8h sites: from 

2.5928 Å to 2.5943 Å) as compared with SBAOF: 0.025Ce3+; 0.005Eu2+ phosphor 

because of the neighbouring inductive effect in the lattice. This causes the easiest 

reduction of Eu3+ ions and suitable occupation of bigger Eu2+ ions in the two cationic 

sites.  

 

    The reduction and occupation mechanism of Eu ions in the host lattice by the 

incorporation of Si4+ ion is again proven from the X-ray photoelectron spectroscopy 

(XPS), photoluminescence spectroscopy study as well as Electro paramagnetic resonance 

(EPR) spectral analysis of SBAOF: 0.025Ce3+; 0.005Eu2+ and S2BAOF: 0.025Ce3+; 

0.001Eu2+ phosphors respectively. Fig. 5.S2(a) represents the XPS survey spectra of 

SBAOF: 0.025Ce3+; 0.005Eu2+/3+ and S2BAOF: 0.025Ce3+; 0.005Eu2+ phosphors, 

confirming the presence of Sr, Ba, Al, Si, O, F, Ce and Eu. The oxidation states and 

bonding nature of all elements in S2BAOF: 0.025Ce3+; 0.001Eu2+ phosphor is further 

confirmed from the high-resolution XPS spectra fitting with carbon correction as 

illustrated in Fig. 5.S2(b). The core level spectra of Sr consist of two peaks centered at 

134.78 eV and 136.76 eV corresponding to the 3d5/2 and 3d3/2 orbitals, respectively. 

Similarly, the two deconvoluted peaks of Ba correspond to the 3d5/2 and 3d3/2 orbitals with 
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peak maxima at 780.94 eV and 796.26 eV, respectively. The elemental Si and oxidized 

silicon contents are also confirmed by the high-resolution XPS spectra of Si. The O 1S 

core level spectra consist of two peaks corresponding to the presence of lattice oxygen in 

the form of metal oxides/ SiO2. The existence of the 2p orbital of Al and 1S orbital of F 

atoms are confirmed from their core level spectra as shown in Fig. 5.S2(b). The 

refinement results have been correlated with the XPS of S2BASi0.5OF: 

0.025Ce3+;0.001Eu2+ phosphor. The core level spectrum of the Ce atom is deconvoluted 

into two peaks maxima around 890.88 eV and 903.05 eV corresponding to 3d5/2 and 3d3/2 

orbitals of Ce3+ ions, respectively. 

 

  In the case of Eu atoms’ core level spectra, the binding energy value at 1130.43 eV 

corresponds to the presence of 3d5/2 orbital of Eu2+ ions in S2BAOF: 0.025Ce3+;0.001Eu2+ 

phosphor (Fig. 5.S2(b)). These results again prove the refinement findings that the 

incorporation of Si4+ ion to the host may contract the AlO4 tetrahedra and consequently 

enlarge the 4a and 8h site which may enhance the reduction and occupation of more Eu3+ 

to Eu2+ ions in the lattice. The paramagnetic nature of Eu2+ ions in the SBAOF: 

0.025Ce3+;0.005Eu2+/3+ and S2BAOF: 0.025Ce3+;0.001Eu2+ phosphor is studied by using 

EPR spectroscopy as shown in Fig. 5.1(f). It is known that the electronic configuration 

of Eu2+ (4f7) ion in ground term 8S7/2 is EPR active whereas Eu3+ (4f6,7f0) is EPR inert. 

So, the dominant signal observed in the range of 3000(G) to 4000(G) in the S2BAOF: 

0.025Ce3+;0.001Eu2+ phosphor corresponds to the Eu2+ ions, and the g value is found to 

be 1.9374, which confirms the presence of Eu2+ ions in the S2BAOF: 0.025Ce3+; 

0.001Eu2+ phosphor. The hyperfine structure observed in the EPR spectrum of S2BAOF: 

0.025Ce3+; 0.001Eu2+ indicated the presence of a single Eu2+ species [44, 45].  In the case 

of SBAOF: 0.025Ce3+;0.005Eu2+/3+ phosphor, signals at g = 1.9368, 4.3894, and 5.7125 

can be attributed to Eu2+ions and. signal broadening may be observed due to increase in 

Eu2+ ion concentration compared to S2BAOF: 0.025Ce3+;0.001Eu2+ phosphor [43]. The 

higher g values can be observed for Eu2+ ions in anisotropic coordination [33]. These 

results are reliable with the XRD Rietveld refinement findings [43, 44]. 
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Fig.5.2: (a) and (b) TEM images of S2BAOF: 0.025Ce3+; xEu2+ (x = 0.001 and 0.01) 

phosphors. (c) The HR-TEM of S2BAOF: 0.025Ce3+;0.001Eu2+ phosphor. (d) Selected 

area diffraction (SAED) pattern of S2BAOF: 0.025Ce3+;0.001Eu2+ phosphor. (e) and (f) 

The TEM – EDX mapping of S2BAOF: 0.025Ce3+;0.001Eu2+ phosphor. 

 

    Fig. 5.2(a) and (b) represent the TEM images of S2BAOF: 0.025Ce3+; xEu2+ (x = 0.001 

and 0.01) phosphors indicate well-defined rod-like morphology of the synthesized 

samples. The high-resolution transmission electron microscopy (HR-TEM) of S2BAOF: 

0.025Ce3+;0.001Eu2+ phosphor as shown in Fig. 5.2(c). The interplanar spacing around 

0.216 nm and 0.366 nm corresponds to the lattice planes (2 0 4) and (1 1 2) of the 

tetragonal phase of S2BAOF: 0.025Ce3+;0.001Eu2+ phosphor, respectively, as determined 

from their XRD refinement. Fig. 5.2(d) illustrates the selected area electron diffraction 

(SAED) pattern of S2BAOF: 0.025Ce3+;0.001Eu2+ phosphor. The well-defined 

diffraction spots indicate the good crystallinity of the sample and the miller indices (2 0 

4), (1 1 2), and (0 0 4) observed in the lattice corresponds to the tetragonal phase as 

indicated in the XRD refinement results. The elemental composition of S2BAOF: 

0.025Ce3+;0.001Eu2+ phosphor is confirmed from the TEM-EDX mapping and scanning 

of each element, as shown in Fig. 5.2(e) and 5.2(f), respectively. The HR-TEM lattice 

plane identification is correlated with the refinement results and again proves the XRD 

refinement outcome of S2BAOF: 0.025Ce3+;0.001Eu2+ phosphor.  
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5.4.2 Photoluminescence analysis of SBAOF, SBAOF: 0.025Ce3+; 0.005Eu2+/3+, and 

S2BAOF: 0.025Ce3+; xEu2+ (x = 0.0 to 0.01) phosphors  

    Fig. 5.3(a) represents the excitation and emission spectra of SBAOF: 0.025Ce3+ and 

S2BAOF: 0.025Ce3+ phosphors. In the case of SBAOF: 0.025Ce3+ phosphor, an 

asymmetric broad excitation band covering from 4.5 eV to 2.5 eV nm with maxima at 

3.12 eV is deconvoluted into five peaks, and its broad emission band covering from 2.9 

eV to 1.8 eV peaked at 2.47 eV that is deconvoluted into four peaks corresponding to the 

5d1 – 4f1 allowed transitions of Ce3+ ions. According to Van Uitert, the Ce3+ ions’ 

occupancy in both the 4a and 8h cationic sites can be explained via the equation [45], 

 

𝐸(𝑐𝑚−1) = 𝑄 [1 − (
𝑉

4
)

1

𝑣
 × 10−(

𝑛𝐸𝑎𝑟

80
)]       (5.1) 

 

where E is the Ce3+ ions’ emission band maxima, Q is the lower d-band position for free 

Ce3+ ions (Q = 50000 cm-1), V represents the Ce3+ valence (V = 3), r is the cationic radius 

substituted by Ce3+ ion, Ea is the electron affinity and n represents the coordination 

number of Ce3+ ion occupied site [45]. Consequently, E directly depends on the 

coordination number of the cationic sites in the particular host lattice. Deliberating this 

formula and XRD refinement results, the occupation of activator ions is defined as longer 

wavelength emission corresponding to a smaller coordination site and vice versa. Based 

on these facts, in SBAOF: 0.025Ce3+ phosphor, Ce3+ ions that occupied ten coordinated 

4a sites that were designated by two deconvoluted peaks at 2.72 eV and 2.52 eV, and 

eight coordinated 8h sites, that again designated by two deconvoluted peaks at 2.46 eV 

and 2.38 eV, respectively. An asymmetric excitation spectrum of S2BAOF: 0.025Ce3+ 

phosphor maximum at 3.12 nm and is deconvoluted into five peaks similar to that of 

SBAOF: 0.025Ce3+ phosphor. The Gaussian deconvoluted emission spectrum of 

S2BAOF: 0.025Ce3+ phosphor also illustrates the selective occupation of Ce3+ ions in 

both the cationic sites. The PL results of both the phosphors indicate similar spectral 

behaviour, however, the occupation of Ce3+ion is enhanced after incorporating Si4+ ions 

because of the cationic site enlargement (as represented in Fig. 5.1(e)), which further 

results in the broadening of excitation and emission spectra and enhanced the emission 

peak intensity.  
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Fig. 5.3: (a) PL emission and excitation spectra of SBAOF: 0.025Ce3+ and S2BAOF: 

0.025Ce3+ phosphors. (b) PL emission and excitation spectra of SBAOF: 0.025Ce3+; 

0.005Eu2+/3+ and S2BAOF: 0.025Ce3+;0.005Eu2+ phosphors. (c) PL excitation spectra 

of SBAOF: 0.025Ce3+; 0.005Eu2+/3+ (λem = 501 nm) and S2BAOF: 

0.025Ce3+;0.005Eu2+ (λem = 545 nm) phosphors. (d and e) PL emission spectra of 

SBAOF: 0.025Ce3+;0.005Eu2+/3+ and S2BAOF: 0.025Ce3+;0.005Eu2+ phosphors 

recorded at λem = 310 nm, and λem = 400 nm, respectively. (f and g) High-resolution 

XPS of europium atoms in SBAOF: 0.025Ce3+;0.005Eu2+/3+ and S2BAOF: 

0.025Ce3+;0.005Eu2+ phosphors, respectively. (h) PL emission lifetime of S2BAOF: 

0.025Ce3+;xEu2+ (x = 0.0 and 0.001) and S2BAOF: 0.001Eu2+ phosphors. 
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    To further study the effect of Si4+ ionic substitutions in Eu2+/3+ oxidation states, the 

excitation and emission spectra of SBAOF: 0.025Ce3+; 0.005Eu2+/3+ and S2BAOF: 

0.025Ce3+; 0.005Eu2+/3+ phosphors are presented in Fig. 5.3(b). The excitation and 

emission maxima are similar to those of SBAOF: 0.025Ce3+ phosphor might be due to 

weak energy transfer among the activator ions. In addition, the characteristic excitation 

peaks of Eu3+ ions around 3.87 eV and 3.44 eV are observed to be enhanced. Its Gaussian 

deconvoluted emission spectrum shows two additional peaks corresponding to Eu3+/2+ 

ions occupancy in 4a and 8h sites (Fig. 5.3(b)). In the case of S2BAOF: 0.025Ce3+; 

0.005Eu2+/3+ phosphor, an asymmetric broad excitation band maximum at 3.02eV nm is 

deconvoluted into five peaks belonging to both Eu2+ and Ce3+ ions’ transitions. Compared 

to SBAOF: 0.025Ce3+ phosphor excitation, the peaks around 3.2 eV and 2.75 eV are 

observed to be dominating due to the presence of Eu2+/3+ ions in the lattice, and the 

emission peak is slightly red-shifted. The broad emission spectrum of S2BAOF: 

0.025Ce3+; 0.005Eu2+/3+ phosphor maxima at 2.28 eV that recorded at 3.02 eV is further 

deconvoluted into six peaks: 2.48, 2.44, 2.36, 2.28, 2.18 and 2.10 eV (Fig. 5.3(b)). The 

similar peak positions of Ce3+ ions are due to its unchanged cationic substitutions, 

however, the occupancy ratio is found to be decreased, as indicated by the reduced peak 

intensities compared to that of S2BAOF: 0.025Ce3+; 0.005Eu2+/3+. Meanwhile, two 

additional predominant peaks around 2.36 eV and 2.10 eV are corresponding to Eu2+ 

ions’ occupancy in 4a and 8h sites, respectively. Hence, incorporating Si4+ ions in 

SBAOF: 0.025Ce3+; 0.005Eu2+/3+ phosphor, the site occupation of Eu2+ ions is drastically 

enhanced, whereas Ce3+ site occupation reduced, and the emission maxima red-shifted 

by around 45 nm. These findings can be correlated with the XRD refinement results, i.e. 

after doping the Si4+ ion to the Al3+ sites, the neighboring two cationic sites 4a (Ba-O8F2) 

and 8h (Sr-O6F2) are enlarged along with the increase in the Eu3+ to Eu2+ conversion rate.  

 

    The Eu valence states in SBAOF: 0.025Ce3+; 0.005Eu2+/3+ and S2BAOF: 0.025Ce3+; 

0.005Eu2+/3+ phosphors are further confirmed by detailed photoluminescence analysis. 

Fig. 5.3(c) depicts the excitation and emission spectra of SBAOF: 0.025Ce3+; 

0.005Eu2+/3+ and S2BAOF: 0.025Ce3+; 0.005Eu2+/3+ phosphors recorded at 310 nm and 

400 nm, respectively. In the case of emission spectra of SBAOF: 0.025Ce3+; 0.005Eu2+/3+ 

phosphor, a broad peak at 501 nm corresponding to 5d1 – 4f1 transition of Ce3+ ions and 

additional sharp peaks at 577 nm, 588 nm, and 616 nm correspond to intra f-f transition 
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peaks of Eu3+ ions. But no Eu3+ ions’ f-f excitation transition peaks are observed for 

S2BAOF: 0.025Ce3+; 0.005Eu2+ phosphor, and a broader red-shifted emission band 

maximum at 545 nm with enhanced intensity is detected. The europium 2+/3+ oxidation 

states in SBAOF: 0.025Ce3+; 0.005Eu2+/3+ and S2BAOF: 0.025Ce3+; 0.005Eu2+/3+ 

phosphors are again confirmed by recording the high-resolution XPS spectra of Eu atoms 

in the respective phosphors, as illustrated in Fig. 5.3(f) and Fig. 5.3(g), respectively. The 

binding energy values around 1136 eV and 1161 eV are corresponding to the presence of 

3d5/2 and 3d3/2 orbitals of Eu3+ ions, respectively, in SBAOF: 0.025Ce3+; 0.005Eu2+/3+ 

phosphor (Fig. 3(f)). The binding energy value observed around 1129 eV and 1157 eV 

are corresponding to the presence of 3d5/2 and 3d3/2 orbitals of Eu2+ ions in S2BAOF: 

0.025Ce3+;0.005Eu2+/3+ phosphor, respectively (Fig. 5.3(g)). These results are correlated 

with the XRD refinement results and again prove the findings that after Si incorporation 

more Eu3+ ions are converted to Eu2+ ions and easily occupied in the respective enlarged 

cationic sites (as represented in Fig. 5.1(e)) and involved in the energy transfer 

mechanism with Ce3+ ions in the same cationic sites of S2BAOF: 0.025Ce3+; 0.005Eu2+ 

phosphor. 

 

    When Ce3+ and Eu2+ are in the same crystal environment, the 5d-4f transition energy 

of Ce3+ is slightly higher than that of Eu2+ ions due to the superior effective nuclear charge 

practiced by the 5d electrons in Ce3+ ions because of its greater positive charge, triggering 

a stronger attraction and a greater energy gap between the 4f and 5d levels [42]. To 

investigate the energy transfer mechanism in S2BAOF: 0.025Ce3+; xEu2+ phosphor, the 

excitation and emission spectra of S2BAOF: 0.025Ce3+ and S2BAOF: 0.025Ce3+; 

0.001Eu2+ phosphors are further analyzed and shown in Fig. S3(a). There is a significant 

spectral overlap observed in the range between 430 nm to 500 nm indicating the effective 

energy transfer from Ce3+ to Eu2+ in S2BAOF: 0.025Ce3+;0.001Eu2+ phosphor. With the 

increase in Eu doping concentrations, the emission intensity of Ce3+ ions in S2BAOF: 

0.025Ce3+; xEu2+ phosphor (x = 0.00 to 0.01) reduced and emission maxima shifts 

towards the higher wavelength side. The energy transfer efficiency in S2BAOF: 

0.025Ce3+; xEu2+ (x = 0.00 to 0.01) phosphor can be calculated by using the equation: 

 

ղ𝑇 = 1 − 𝐼𝑠/𝐼𝑆0                    (5.2) 
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    Where ղT is the energy transfer efficiency, Iso and Is are the emission intensity of Ce3+ 

ions in the absence and presence of Eu2+ ions in S2BAOF: 0.025Ce3+; xEu2+ phosphors 

[42]. As on increasing Eu2+ ion doping concentration the energy transfer efficiency is 

found to be increased and the Ce3+ emission intensity recorded at 400 nm decreases. The 

corresponding intensity variation and calculated ղT for different Eu concentrations is 

represented in Fig. S3(b). These results again prove the existence of energy transfer from 

Ce3+ to Eu2+ in S2BAOF: 0.025Ce3+; xEu2+ phosphor (x = 0.00 to 0.01). For 

understanding the energy transfer behavior from Ce3+ to Eu2+ ions, Dexter’s energy 

transfer expression and Reisfeld’s approximation are used for the evaluation as given 

below. 

𝐼𝑠𝑜

𝐼𝑠
 𝛼 𝐶𝛼/3                             (5.3) 

 

    Here, C is the total concentration of Ce3+ and Eu2+ ions, Is and Iso is the emission 

intensities of Ce3+ ions in the presence and absence of Eu2+ ions in S2BAOF: 0.025Ce3+; 

xEu2+ phosphors. The value of α equal to 3, 6, 8, and 10 corresponds to exchange 

interaction, d - d, d - q, and q - q multipolar interactions [42]. The conforming fitting results 

are shown in Fig. S4, among which, the best linear relation is observed to be α equal to 

8 and 10 which signifies that the energy transfers from Ce3+ to Eu2+ are dominated by the 

multipolar interactions like d - q, or q - q in S2BAOF: 0.025Ce3+; xEu2+ phosphors. This 

energy transfer mechanism is further proven from the emission lifetime data of S2BAOF: 

0.025Ce3+; xEu2+ (x = 0.00 and 0.001) phosphors recorded at λex = 400 nm and λem = 516 

nm, as shown in Fig. 5.3(h). The average lifetime value τav is calculated to be 57.22 ns, 

and 56.80 ns for S2BAOF: 0.025Ce3+; xEu2+ (x = 0.00 and 0.001) phosphors, respectively. 

Introducing Eu2+ ions in S2BAOF: 0.025Ce3+ phosphor may directly enhance the 

additional decay channels of Ce3+ ions, due to which the emission lifetime may reduce. 

These results confirm the existence of energy transfer from Ce3+ to Eu2+ in S2BAOF: 

0.025Ce3+; xEu2+ phosphors. The τav value for S2BAOF: 0.001Eu2+ phosphor is observed 

to be 48.87 ns, which is lesser than that of the codoped sample, further confirming the 

energy transfer from Eu2+ - Ce3+ [43]. 
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Fig. 5.4: (a) UV-Vis DRS of S2BAOF, S2BAOF: 0.001Eu2+, S2BAOF: 0.025Ce3+ and 

S2BAOF: 0.025Ce3+; xEu2+ (x = 0.001 to 0.01) phosphors. (b) Decovoluted PL 

excitation and emission spectra of S2BAOF: 0.001Eu2+, S2BAOF: 0.025Ce3+ and 

S2BAOF: 0.025Ce3+; xEu2+ (x = 0.001 to 0.01) phosphors recorded at λex = 400 nm and 

λem = 500 - 550 nm.  (c and d) Low-temperature PL emission spectra and decay plots of 

S2BAOF: 0.025Ce3+;0.005Eu2+ phosphor, respectively. (e) Normalized PL emission 

spectra and corresponding CIE diagram of S2BAOF: 0.001Eu2+, S2BAOF: 0.025Ce3+, 

and S2BAOF: 0.025Ce3+; xEu2+ (x = 0.001 to 0.01). (f) Temperature-dependent PL 

emission spectra and corresponding contour representation of S2BAOF: 

0.025Ce3+;0.005Eu2+ phosphor. (g) Temperature-dependent PL intensity variation 

along with the Arrhenius plotting (inset) of S2BAOF: 0.025Ce3+;0.005Eu2+ phosphor. 

 

    Fig. 5.4(a) represents the diffuse reflectance spectra of S2BAOF and S2BAOF: 

0.025Ce3+; xEu2+ (x = 0.00 to 0.01) phosphors. For the S2BAOF sample, a small 

absorption peak at 255 nm corresponding to the host charge transfer band (CTB) was 

observed. After Eu2+ ions’ doping to this host, two broad absorption peaks have appeared; 

the major absorption peak covering 225 nm to 340 nm corresponds to Eu2+ - O2- CTB 

and a small absorption band appears in the region 350 nm to 385 nm corresponds to 4f6 

5d1 - 4f7 transitions of Eu2+ ions. In the case of S2BAOF: 0.025Ce3+ phosphor, several 
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broad peaks appear in the UV-Vis region with peak maxima at 255 nm corresponding to 

Ce3+ - O2- CTB, peaks around 356 nm and 440 nm representing the allowed transitions 

of Ce3+ ions. When Eu2+ ion doped into S2BAOF: 0.025Ce3+ phosphor, the combined 

absorption of Ce3+ and Eu2+ ions are observed for S2BAOF: 0.025Ce3+; xEu2+ (x = 0.00 

to 0.01) phosphor series. As of increasing Eu doping concentration the characteristic 

absorption peak of Eu2+ ions centered at 320 nm and the violet centered at around 410 

nm are predominant. These interpretations are again correlated with the optical band gap 

calculation by using the Kubelka – Munk function [47],  

 

𝐹(𝑅) =
(1−𝑅)2

2𝑅
                                                     (5.4) 

 

    From the Tauc plot, the band gap value can be calculated by drawing a tangent line at 

the inflection point (n = ½ for direct allowed transition). For free Eu2+ ions in S2BAOF: 

0.001Eu2+ the band gap between 4f and 5d excited states is calculated at about 4.2 eV. 

After doping into the S2BAOF: 0.025Ce3+ system, the excited state of Eu2+ ions interact 

with the surrounding atoms in the same coordination environment and may lead to a red 

shift in the band gap energy value as illustrated in Fig. S5. The wide optical band gap > 

4 eV meets the criteria of a suitable host for doping and pc-LED applications. 

 

    The PL excitation and emission spectra of a series of S2BAOF: 0.025Ce3+; xEu2+ (x = 

0.00 to 0.01) phosphors as shown in Fig. 5.4(b). The broad excitation peak covering from 

250nm to 500 nm is recorded at an emission range of 515 nm to 550 nm and is further 

deconvoluted into five peaks. The overall excitation and emission spectra of S2BAOF: 

0.025Ce3+; xEu2+ (x = 0.00 to 0.01) phosphor is a combination of both Ce3+ and Eu2+ 

transitions. Comparing the emission spectra of S2BAOF: 0.025Ce3+ and S2BAOF: 

0.001Eu2+ phosphors with that of S2BAOF: 0.025Ce3+; xEu2+ (x = 0.00 to 0.01) phosphors 

recorded at 400 nm, the emission peaks corresponding to Ce3+ ions’ occupancy in the 4a 

and 8h sites keeps the peak position at 500 nm and 550 nm, respectively, however, these 

peaks’ intensities are found to be decreased after increasing the Eu2+ ions’ concentrations. 

Whereas for S2BAOF: 0.001Eu2+ phosphor, transition peaks of Eu2+ ions’ located in the 

4a and 8h sites are found to be at 513 nm and 538 nm, respectively. Gradually increasing 

the doping concentrations of Eu2+ ions in S2BAOF: 0.025Ce3+ phosphor elaborated two 

increasingly additional peaks of Eu2+ ions located in both the cationic sites, as observed 
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in the photoluminescence profiles of S2BAOF: 0.025Ce3+; xEu2+ (x = 0.00 to 0.01) 

phosphor series. Increasing the Eu concentration from 0.001 to 0.01 redshifted the Eu2+ 

peak positions from 513 nm to 527 nm in the 4a sites and 538 nm to 564 nm in the 8h 

sites, respectively. Whereas the Ce3+ peak positions remained as same as that in S2BAOF: 

0.025Ce3+ phosphor. Furthermore, the peak intensity for Eu2+ transitions in 4a and 8h 

sites are observed to be enhanced and Ce3+ transition peaks in both the cationic sites are 

diminishing. These results signify the fact that there is an effective energy transfer 

happens from Ce3+ to Eu2+ centers. 

 

    The site occupation and emission behavior of activator ions in S2BAOF: 0.025Ce3+; 

xEu2+ phosphor series is again correlated with the low-temperature emission and decay 

studies of S2BAOF: 0.025Ce3+; 0.005Eu2+ phosphor as shown in Fig. 5.4(c) and (d). The 

emission behavior of S2BAOF: 0.025Ce3+; 0.005Eu2+ phosphor has been studied in the 

temperature range of 80 K to 300 K as shown in Fig. 5.4(c). The electron-phonon 

interaction is normally weaker at lower temperatures, which reduces the dissociation of 

excitons and subsequently enhances the emission intensity at temperatures lower than 

room temperature [5, 48]. The site occupation of Ce3+/Eu2+ ions is again confirmed from 

the deconvolution Gaussian fitting of S2BAOF: 0.025Ce3+; 0.005Eu2+ phosphor recorded 

at 280 K and 300 K as shown in Fig. 5.S6. The broad emission band is deconvoluted into 

four peaks at 498 nm, 530 nm, 554 nm and 590 nm corresponding to Ce4a, Eu4a, Ce8h, 

and Eu8h occupied transition peaks recorded at 300 K, respectively. Among this, the Ce3+ 

ion transition peaks are the same as that of S2BAOF: 0.025Ce3+ phosphor. But the peak 

intensity of Ce3+ occupied sites decreases and Eu2+ ion occupied sites peak intensity, as 

well as broadness of peaks, are enhanced and more shifted towards the right as compared 

with S2BAOF: 0.025Ce3+ and S2BAOF: 0.001Eu2+ phosphors Gaussian fitting results as 

shown in Fig. 5.4(b). These low-temperature emission deconvolutions results are similar 

with the Gaussian fitting results of S2BAOF: 0.025Ce3+; xEu2+ phosphor series recorded 

at RT as shown in Fig. 5.4(b). The decay behavior of Ce3+ ions in S2BAOF: 0.025Ce3+; 

0.005Eu2+ phosphor emission at 550 nm and excitation at 400 nm recorded in the 

temperature range of 80 K to 300 K is well fitted by double exponential functions with 

fast and slow components of the decay time by using the formula: 

 

𝐼 = 𝐴1exp (−𝑡/𝜏1) + 𝐴2exp (−𝑡/𝜏2)                  (5.5) 
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A1 and A2 are the fitting parameters, τ1, and τ2 are the fast and slow decay time and I is 

the luminous intensity [49]. Double exponential indicates that there are two dominant types 

of activator ions in the lattice. Faster luminescence decay time, which is the cause of 

long-wavelength emission, and shorter luminescence decay time is the cause of short-

wavelength emission. The calculated average lifetime value for S2BAOF: 0.025Ce3+; 

0.005Eu2+ phosphor at 80K and 300K obtained to be 1.95 ms and 1.67 ms, respectively. 

As temperature increases the decay channels of Ce3+ are found to be decreases. Because 

at the higher temperature, there is a greater chance for Ce3+ - Eu2+ energy transfer to 

happen than at low temperatures. Consequently, the Ce3+ peak intensity at both the 

cationic sites is found to be decreased and the Eu2+ ion occupied sites intensity becomes 

enhanced as well as broadness of emission peak towards the higher wavelength side is 

observed. These results again confirm the fact that in S2BAOF: 0.025Ce3+; 0.005Eu2+ 

phosphor Ce3+ - Eu2+ energy transfer happens and as on increasing Eu doping 

concentration, more Eu2+ ions are easily occupied in the enlarged cationic sites and 

consequently, the emission intensity decreases and emission spectra are shifted more 

towards higher wavelength side. The corresponding PL emission shift of S2BAOF: 

0.025Ce3+; xEu2+ (x = 0.00 to 0.01) phosphors and their CIE coordinates representation 

is shown in Fig. 5.4(e). There is a spectral shift from 515 nm to 550 nm i.e. around 35nm 

peak shift is observed in S2BAOF: 0.025Ce3+; xEu2+ (x = 0.00 to 0.01) phosphor series. 

The inset of the CIE diagram shows the UV images of corresponding phosphors from 

greenish to yellow region. 

 

    To further examine the thermal quenching behavior of S2BAOF: 0.025Ce3+; xEu2+ 

phosphors for the performance in WLED application, we recorded the temperature 

dependant emission spectra of S2BAOF: 0.025Ce3+; 0.005Eu2+ phosphor in the range of 

298 K to 573K as represented in Fig. 4(f). The PL emission intensity variation and the 

corresponding condor representations are shown in Fig. 5.4(f). As the temperature 

increases the emission intensity is found to decrease and retain the integrated emission 

intensity at around 78% as compared with the room temperature initial intensity (Fig. 

4(g)). The activation energy of the S2BAOF: 0.025Ce3+; 0.005Eu2+ phosphor can be 

calculated by using the Arrhenius equation [50], 

 

𝐼𝑇 =
𝐼0

1+𝐴exp (−
∆𝐸

𝑘𝑇
)
                                         (5.6) 
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where I0 and IT is the initial emission intensity and emission intensity at various 

temperatures, A is a constant, ∆E is the activation energy, k is the Boltzmann's constant 

(8.62 × 10-5 eV K-1), and T is the temperature in K [51]. The inset of Fig. 4(g) represents 

the activation energy (∆E) calculation plot. The obtained value of activation energy for 

S2BAOF: 0.025Ce3+; 0.005Eu2+ phosphor is 0.19 eV, which is comparable with the ∆E 

value for commercial BAM: Eu2+ phosphor [51]. The high thermal stability of this 

phosphor meets the criteria for practical warm WLED applications.  

 

    The comparative emission spectra of S2BAOF: 0.025Ce3+;0.005Eu2+ phosphor and 

absorption spectrum of BaSO4 are recorded using a Yvon Fluorolog 3 spectrofluorometer 

instrument for calculating the internal quantum efficiency (IQE), and the resultant spectra 

are displayed in Fig. 5.S6(c) in the supporting information. The IQE value was calculated 

using equation 7 given below [50], 

 

ƞ𝐼𝑄𝐸 =  
∫ 𝐿𝑆

∫ 𝐸𝑅− ∫ 𝐸𝑆
                                               (5.7) 

 

where ʃLS is the integrated area under the emission curve of the sample, 

ʃES and ʃER indicate the area under the excitation spectra with and without the sample in 

the integrating sphere, respectively. The IQE of the emission res shifted yellow emitting 

S2BAOF: 0.025Ce3+;0.005Eu2+ phosphor under 400 nm is observed to be 86%. 

 

5.4.3. Structural and photoluminescence analysis of CTU/n%S2BAOF: 

0.025Ce3+;0.005Eu2+ composites  

    Fig. 5.S7(a) shows the FTIR spectra of CPE, TCPE, IC-25NY, S2BAOF: 

0.025Ce3+;0.005Eu2+, CTU, and CTU/40%S2BAOF: 0.025Ce3+;0.005Eu2+, respectively. 

The characteristic peak at 3372 cm⁻¹ corresponding to -OH has been reduced, and the 

appearance of an additional peak at 1711 cm⁻¹ for -C=O in the TCPE spectrum verifies 

the esterification reaction between CPE and 3-Mercaptopropionic acid. In addition, the 

low-intensity peak at 2579 cm⁻¹ in TCPE, attributed to the -SH group, confirms the 

successful modification of CPE with 3-Mercaptopropionic acid (Fig. S7(b)) [52-53]. The 

broad peak at 3291 cm⁻¹ in CTU corresponds to the -NH functional group in thiourethane, 

suggesting the formation of amide bonds. The IC-25NY spectrum shows a unique peak 

at 2250 cm⁻¹, attributed to the -NCO group, which disappears in the CTU and 
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CTU/40%S2BAOF: 0.025Ce3+;0.005Eu2+ spectra, indicating the complete cross-linking 

of the film. Fig. 5.S7(c) shows a sharp peak at 855 cm⁻¹ in CTU/40%S2BAOF: 

0.025Ce3+;0.005Eu2+ attributed to the metal oxide bonds in the inorganic particles [54]. 

The ¹H NMR spectra of CPE and TCPE are shown in Fig. S7(d). The additional peaks at 

2.69 ppm and 2.76 ppm in TCPE correspond to the methyl group adjacent to -C=O and -

SH, respectively [55]. From the FTIR and ¹H NMR spectra, the thiolation of CPE using 3-

Mercaptopropionic acid and the formation of thiourethane after reaction with IC-25NY 

has been confirmed. 

 

 

 

Fig. 5.5: SEM images of (a) S2BAOF: 0.025Ce3+;0.005Eu2+ powders, (b) CTU, (c) 

CTU/40%S2BAOF: 0.025Ce3+;0.005Eu2+, (d) lower and (e) higher magnification 

cross-sectional micrograph of CTU/40%S2BAOF: 0.025Ce3+;0.005Eu2+. (f) Daylight 

images of CTU and CTU/n%S2BAOF: 0.025Ce3+;0.005Eu2+ (n = 0, 5, 20, and 40). 

 

    Fig. 5.S7(e) depicts the TGA thermogram of CTU and CTU/40%S2BAOF: 

0.025Ce3+;0.005Eu2+. In the CTU thermogram, a two-stage degradation pattern has been 
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identified and first-stage degradation starts around 200°C and completes at 412°C with a 

weight loss of 65% attributed to urea bond cleavage and aliphatic chain scission [56]. The 

second degradation happens at the temperature range from 400°C to 480°C with 25% 

loss corresponding to rupture of aromatic rings and residual degradation. In contrast, 

CTU/40%S2BAOF: 0.025Ce3+;0.005Eu2+ shows two-stage degradation with initial 

degradation starting at much lower temperatures corresponding to the dehydration and 

ending at 370°C with 50% degradation. The second degradation mass loss of 

CTU/40%S2BAOF: 0.025Ce3+;0.005Eu2+ is lower compared to CTU with a 10% 

reduction in weight loss attributed to the incorporation of S2BAOF: Ce; Eu and modified 

the rigidity of polymer backbone and improved thermal stability. Likewise, 

CTU/40%S2BAOF: 0.025Ce3+;0.005Eu2+ composite exhibited a higher char residue 

value of 31% up to 700°C, wherein CTU displayed no char residue due to complete 

degradation of thiourethane. From the TGA thermogram of CTU and CTU/40%S2BAOF: 

Ce; Eu composite shows good temperature stability and incorporation of S2BAOF: Ce; 

Eu helps to inhibit the weight loss of CTU composite in high temperature. Fig. 5.S7(f) 

shows the comparative UV-Vis spectra of CTU and CTU/40%S2BAOF: 

0.025Ce3+;0.005Eu2+ composite. Herein, CTU does not show any dominant absorption 

in the UV region, which makes it suitable for phosphor-polymer composite synthesis. 

CTU/40%S2BAOF: 0.025Ce3+;0.005Eu2+ composite shows broad UV-to-violet 

absorption dip corresponding to the 4f-5d transitions of activator ions. These results 

directly indicate that the CTU polymer matrix is not preventing phosphor irradiations 

under UV to violet spectra. 

 

    The SEM micrographs of S2BAOF: 0.025Ce3+;0.005Eu2+ powder particles, CTU 

matrix, and CTU/40%S2BAOF: 0.025Ce3+;0.005Eu2+ composite are shown in Fig. 5(a) 

to 5.5(c), respectively. Fig. 5.5(a) again confirmed nanorod-type morphology for the 

synthesized phosphor particles. Fig. 5(b) displayed the surface of the CTU film and 

showed no defects indeed suggesting the uniformity of the surface without phase 

separation during the formation of thiourethane. Additionally, Fig. 5.5(c) exhibits the 

surface SEM micrograph of S2BAOF: Ce; Eu embedded CTU film and shows a uniform 

distribution of phosphor particles in the CTU matrix. Moreover, the uniform distribution 

of particles can also be seen in cross-sectional images of CTU/40%S2BAOF: 

0.025Ce3+;0.005Eu2+ in Fig. 5.5(d) (lower magnification) and Fig. 5.5(e) (higher 

magnification). Eventually, the homogeneity in the phosphor particles’ distribution and 
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transparency can also be well understood from the daylight images of CTU and 

CTU/n%S2BAOF: 0.025Ce3+;0.005Eu2+ (n = 0, 5, 20, and 40), as shown in Fig. 5.5(f).  

Further, the cross-sectional EDX elemental analysis of the CTU matrix and 

CTU/40%S2BAOF: 0.025Ce3+;0.005Eu2+ composite are shown in the supporting 

information (Fig. S8 and Fig. S9, respectively). The traces of all the elements that belong 

to the CTU matrix and CTU/40%S2BAOF: 0.025Ce3+;0.005Eu2+ composite are clearly 

seen in the conforming EDX spectrum and inset tables (Fig. S8(a) and Fig. 5.S9(a)). The 

corresponding cross-sectional scanned SEM images (Fig. 5.S8(b) and Fig. 5.S9(b)) and 

the mapped elemental distributions (Fig. S8(c) and Fig. S9(c)) of the CTU matrix and 

CTU/40%S2BAOF: 0.025Ce3+;0.005Eu2+composite are observed to be almost uniform.   

 

    To understand the mechanical properties of the obtained composites, tensile tests have 

been carried out using the ASTM D638 standards, and results are shown in Fig. 5.S10(a) 

and 5.S10(b). In contrast to bare, the composite film possesses ~12% increase in tensile 

strength and ~10% increment in elongation. This outcome is attributed to the effective 

stress transfer that takes place from the polymer matrix to the filler particles, which helps 

to absorb more energy. The densely packed elemental distribution of the phosphor 

powder within the CTU matrix and the uniform distribution of phosphor particles enable 

applied stress to transfer symmetrically and improve the load-bearing capacity of the 

composite. 

 

5.4.4 Analysing WLED performances of S2BAOF: 0.025Ce3+; 0.005Eu2+ powder and 

CTU/40%S2BAOF: 0.025Ce3+; 0.005Eu2+ composite  

    Eventually, the CTU/40%S2BAOF: 0.025Ce3+; 0.005Eu2+ flexible composite also 

retained around 78% PL emission intensity compared to the room temperature emission 

intensity, as shown in Fig. 5.S11. For further evaluating the WLED performances, two 

WLEDs are fabricated; one with S2BAOF: 0.025Ce3+; 0.005Eu2+ phosphor coated on a 

violet LED chip (3 W) and another with CTU/40%S2BAOF: 0.025Ce3+;0.005Eu2+ 

flexible composite placed on a similar violet LED chip (3 W). The electroluminescence 

(EL) spectrum of phosphor powder and composite-based WLEDs along with the 

respective CIE diagrams and illuminated WLED images, are shown in Fig. 5.6(a) and 

(b), respectively. The phosphor powder-based WLED exhibited warm white light with a 

CCT ~3767 K and CRI ~75 with high lumen efficiency (136 lm/W). The composite-

based WLED exhibited warm white light with a CCT of 4087 K, CRI of 78, and lumen 
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efficiency of 117 lm/W. The results indicated that the high refractive index CTU-based 

polymer encapsulation improved the optical performance of the used phosphor. To 

further investigate this point, we performed the photobleaching study and power-

dependant EL study for both S2BAOF: 0.025Ce3+;0.005Eu2+ phosphor powder and 

CTU/40%S2BAOF: 0.025Ce3+;0.005Eu2+ flexible composite.  

 

    Fig. 5.S12(a) and 5.S12(b) represent the plots of emission intensity vs irradiation time 

of S2BAOF: 0.025Ce3+; 0.005Eu2+ phosphor and CTU/40%S2BAOF: 

0.025Ce3+;0.005Eu2+ composite, respectively, under a violet LED (410 nm) exposure 

over a period of time. As compared with the initial intensity, a 6% emission intensity 

reduction is observed in the case of S2BAOF: 0.025Ce3+;0.005Eu2+ phosphor powder 

upon 1 h continuous exposure of violet LED light with 3 W power. Whereas, only 2% 

emission intensity decay is observed for the phosphor-polymer composite under identical 

conditions. Such improved photo-stability of CTU/40%S2BAOF: 0.025Ce3+;0.005Eu2+ 

composite may be due to the reduced moisture absorption content because of phosphor 

powder's encapsulation into a highly stable CTU polymer matrix. Further, the 

comparative photoluminescence properties (λEXC, λEM, IQE, CRI, and CCT) of S2BAOF: 

0.025Ce3+; 0.005Eu2+ with those of recently reported violet excitable and broadband 

emitting Ce3+/Eu2+-activated phosphors used as a single component for making WLED 

prototypes are listed in Table S4 of the supporting information. 

 

    The power-dependent EL spectra of phosphor powder and composite, recorded under 

12 V forward bias with current in the range of 600 mW to 1200 mW are illustrated in 

Fig. 5.6(c) and 5.6(d). As the forward bias current increases, the EL intensity under violet 

LED for both the phosphor and composites is also increased drastically. The trend of 

intensity enhancement for the composite is better than that of phosphor powder, which 

might be due to the influence of the high refractive index of CTU polymer in the optical 

performance of the composite. Meanwhile, the color coordinates, CRI, and CCT have 

not shifted significantly with the change of LED powers from 600 mW to 1200 mW, as 

represented in Fig. 5.6(c) and 5.6(d). As shown in these insets, white light with CRI of 

~76, CCT ~3804 K has been obtained for CTU/40%S2BAOF: 0.025Ce3+;0.005Eu2+ 

composite-based WLED at 1200 mW (Fig. 5.6(c)). Under the same power, S2BAOF: 

0.025Ce3+;0.005Eu2+ phosphor powder-based WLED slightly underperformed by 

showing the CRI of ~75 and CCT of ~4122 K. 
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Fig. 5.6: Electroluminescence spectra, the corresponding chromatic diagrams (insets) 

and device illumination images (insets) of violet source-based pc-WLEDs assembled 

with (a) S2BAOF: 0.025Ce3+;0.005Eu2+ powder and (b) CTU/40%S2BAOF: 

0.025Ce3+;0.005Eu2+ composite. Power-dependent electroluminescence spectra and 

corresponding chromatic drift (insets) of violet source-based pc-WLEDs assembled 

with (c) S2BAOF: 0.025Ce3+;0.005Eu2+ powder and (d) CTU/40%S2BAOF: 

0.025Ce3+;0.005Eu2+ composite. (e) EL spectrum, the corresponding chromatic 

diagram, and performance (inset) of the laser-triggered CTU/40%S2BAOF: 

0.025Ce3+;0.005Eu2+ composite. 

 

    Thermally stable and highly efficient phosphor polymer composites are rarely reported 

as a color converter for high-power laser lighting applications. To assess the same, finally, 

the laser-irradiated emission properties of both yellow emitting S2BAOF: 

0.025Ce3+;0.005Eu2+ phosphor powder and CTU/40%S2BAOF: 0.025Ce3+; 0.005Eu2+ 
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composite are studied under a 405 nm violet laser of power 1.4 W/mm2. Its 

electroluminescence (EL) spectrum is plotted in Fig. 6(e), and the corresponding CIE (x, 

y), CCT, and CRI are calculated to be (0.37, 0.47), ~4428 K, and ~71, respectively. The 

luminous flux was estimated to be ~201 lm/W. Meanwhile, the emission intensity 

variation of CTU/40%S2BAOF: 0.025Ce3+;0.005Eu2+ composite under prolonged 405 

nm laser irradiation indicates the sustainability of around 86% of emission intensity after 

24 h of laser exposure (Fig. 5.S13).  

 

    The laser-triggered optical features of the optimized CTU/40%S2BAOF: 0.025Ce3+; 

0.005Eu2+ composite are comparable with those of recently reported YAG: Ce3+ ceramic 

phosphor or composite (Table 5.S5). It is observed that the optimized yellow emitting 

S2BAOF: 0.025Ce3+;0.005Eu2+ phosphor and CTU/S2BAOF: 0.025Ce3+;0.005Eu2+ 

composite could able to replace the disadvantages of commercial YAG: Ce3+ ceramic 

phosphor i.e. with comparable lm/W as well as CRI, however, lower CCT, and most 

importantly with negligible blue light hazards. Further, the 405 nm laser-triggered 

lighting performance of the CTU/S2BAOF: 0.025Ce3+;0.005Eu2+ composite is also 

shown in Fig. 5.6(e). This type of laser-triggered lightning could be very useful to make 

vehicle headlights for the extended visibilities which could enable better road sign 

legibility farther away and allow for responding to threats faster. 

 

5.5. Conclusions 

    In summary, a series of efficient violet excitable single-component broadband-emitting 

S2BAOF: 0.025Ce3+; xEu2+ phosphors are developed, which are crystallized in non-

centrosymmetric tetragonal phase with space group of I4/mcm. The obtained S2BAOF: 

0.025Ce3+; xEu2+ phosphors displayed a broadband yellow emission at ∼400 nm with the 

red-shifted peak positions from 501 nm to 545 nm with the increase in Eu2+ 

concentrations from 0.0 to 0.01. The connection between the photoluminescent behaviors 

and XRD-evaluated lattice information is analyzed in detail. The Ce3+, and Eu2+ codoped 

S2BAOF phosphors exhibited elevated luminescent properties because of the 

nonradiative energy transitions between Ce3+ to Eu2+ ions in the present host. Besides, 

the encapsulation of S2BAOF: 0.025Ce3+;0.005Eu2+ phosphor in a thiourethane (CTU) 

matrix with high refractive index results in flexible phosphor-polymer composite films 

with higher photoluminescent stability. The as-obtained pc-WLED assembled with 

CTU/40%S2BAOF: 0.025Ce3+;0.005Eu2+ composite film and a 410 nm violet LED chip 
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generated white light with a CRI ~75 and CCT ~3767 K and a luminous flux of 117 

lm/W. The laser-triggered warm white light has been realized from the same composite 

with a CRI of 71 and CCT of 4428 K and a luminous flux of 201 lm/W. The outcomes 

indicate that S2BAOF: 0.025Ce3+;0.005Eu2+ phosphor and CTU/S2BAOF: 

0.025Ce3+;0.005Eu2+ composite film are promising candidates for violet excitable next-

generation lighting appliances. 
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5.7   Supplementary information 

Table 5.S1 The refined lattice parameters of SBAOF, SBAOF: 0.025Ce3+; 0.005Eu2+/3+ 

and S2BAOF: 0.025Ce3+; xEu2+ (x = 0.001 and 0.01) phosphors.  

 

Formula SBAOF SBAOF: 

0.025Ce3+; 

0.005Eu2+/3+ 

S2BAOF: 

0.025Ce3+; 0.001Eu2+ 

S2BAOF: 

0.025Ce3+; 

0.01Eu2+ 

Crystal 

System 

Tetragonal Tetragonal Tetragonal Tetragonal 

Space Group I4/mcm I4/mcm I4/mcm I4/mcm 

a = b [Å] 6.8963 (5) 6.8881(5) 6.9173(4) 6.92109(13) 

c [Å] 11.1891 

(10) 

11.1726(8) 11.0724(8) 11.0719(5) 

Volume [Å] 532.14 (7) 530.10(10) 529.80(9) 530.36(3) 

Rp (%) 13 11 12 11 

Rwp (%) 16 15.246 15.370 14.815 

GOF 1.934 3.965 2.014 2.731 

 

Table 5.S2 Fraction of occupation of SBAOF and SBAOF:0.025Ce3+;0.005Eu2+/3+ 

phosphors. 

Atom Wyck. 

pos. 

x y z Uiso Occ. 

SBOF 

Al 4b 0.0000  0.5000 0.25000 0.0000 1.0000 

F 4c 0.0000  0.0000 0.0000 0.0000 1.0000 

Ba 4a 0.0000  0.0000 0.25000  0.0000 1.0000 

O 4f 0.14180 0.64180 0.64960 0.0000 1.0000 

Sr 8h 0.16960 0.66960 0.00000 0.0000 1.0000 

SBOF:0.025Ce3+; 0.005Eu2+/3+ 

Al1 4b 0.00000 0.50000 0.25000 0.0000 1.0000 

F1 4c 0.00000 0.00000 0.00000 0.0000 1.0000 

Ce1 4a 0.00000 0.00000 0.25000 0.0100 0.0125 

Eu1 4a 0.00000 0.00000 0.02500 0.0100 0.0025 

Ba1 4a 0.00000 0.00000 0.25000 0.0000 0.9850 

O1 16l 0.14180 0.64180 0.64960 0.0000 1.0000 

Ce2 8h 0.16960 0.66960 0.00000 0.0100 0.0125 

Eu2 8h 0.16960 0.66960 0.00000 0.0100   0.0025 

Sr2 8h 0.16960 0.66960 0.00000 0.0000 0.9850 
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Table 5.S3 The refined lattice parameters and fraction of occupation of S2BAOF: 

0.025Ce3+; xEu2+ (x = 0.001 and 0.01) phosphors.  

Atom Wyck. 

pos. 

x y z Uiso  Occ. 

 S2BOF:0.025Ce3+;0.001Eu2+ 

Al1 4b 0.00000 0.50000 0.25000 0.0000  0.5000 

F1 4c 0.00000 0.00000 0.00000 0.0000  1.0000 

Ce1 4a 0.00000 0.00000 0.25000 0.0100  0.0125 

Eu1 4a 0.00000 0.00000 0.02500 0.0100  0.0050 

Ba1 4a 0.00000 0.00000 0.25000 0.0000  0.9825 

O1 16l 0.14180 0.64180 0.64960 0.0000  1.0000 

Ce2 8h 0.16960 0.66960 0.00000 0.0100  0.0125 

Eu2 8h 0.16960 0.66960 0.00000 0.0100  0.0050 

Sr2 8h 0.16960 0.66960 0.00000 0.0000  0.9825 

Si1 4b 0.00000 0.50000  0.25000 0.0100  0.5000 

 S2BOF:0.025Ce3+;0.01Eu2+ 

Al1 4b 0.00000 0.50000 0.25000 0.0000  0.5000 

F1 4c 0.00000 0.00000 0.00000 0.0000  1.0000 

Ce1 4a 0.00000 0.00000 0.25000 0.0100  0.0125 

Eu1 4a 0.00000 0.00000 0.02500 0.0100  0.0050 

Ba1 4a 0.00000 0.00000 0.25000 0.0000  0.9825 

O1 16l 0.14180 0.64180 0.64960 0.0000  1.0000 

Ce2 8h 0.16960 0.66960 0.00000 0.0100  0.0125 

Eu2 8h 0.16960 0.66960 0.00000 0.0100  0.0050 

Sr2 8h 0.16960 0.66960 0.00000 0.0000  0.9825 

Si1 4b 0.00000 0.50000  0.25000 0.0100  0.5000 
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Table 5.S4 The photoluminescence properties (λEXC, λEM, IQE, CRI, and CCT) of 

S2BAOF: 0.025Ce3+; 0.005Eu2+ are compared with those of recently reported violet 

excitable and broadband emitting Ce3+ and Eu2+ activated phosphors. 

Phosphors 
λEXC / λEM  

(nm) 

IQE  

(%) 

CRI (Ra) /CCT (K) 

(@ LED used) 
Ref. 

Sr2Si5N8:Ce3+ 432 / 550 71 64 / 8167 (@ 460 nm 

LED)  

[19]  

Sr2Al3Si7ON13:Ce3+ 420 / 535  52 -- [20]  

Sr2Si7Al3ON13:Ce3+,Eu2+ 420 / 568 58.63 86.2 / 4810 (@ 450 

nm LED) 

[21] 

BaSi6N8O:Ce3+ 410 / 523  38.02 63 / 5142 (@ 410 nm 

LED)  

[22] 

(Ba,Sr)Si3Al3O4N5:Yb2+ 
414 / 538 &  

450 / 554  
86.9 (@ 414 nm) & 

70.2 (@ 450 nm) 

80 / 5650 (@ 450 nm 

LED)  

[23] 

Cs2MnCl4:Eu2+ 404 / 444 (Eu2+) 

&  566 (Mn2+) 

66.4 82.3 / 5710 (@ 400 

nm LED) 

[24] 

Ba3CaK(PO4)3–

x(BO3)x:0.02Eu2+ 

365 & 405 / 452, 

481 & 539 

62.08 70.2 / 6295 [25] 

S2BAOF: 0.025Ce3+; 

0.005Eu2+ 

400 / 545  86% 74 / 4246 (@ 410 nm 

LED) 

Present 

work 

 

 

Table 5.S5 The laser-driven photoluminescence properties (CCT, CRI and luminous 

flux) of CTU/40%S
2
BAOF: 0.025Ce

3+

;0.005Eu
2+ 

composite compared with those of recently 

reported converters for laser-driven lighting. 

 

Phosphor 
Laser 

wavelength  
CCT CRI 

Luminous 

efficiency 
Ref. 

YAG: Ce films  450 nm 6530 K 71.7 127 lm/W [32] 

YAG: Ce transparent 

ceramic phosphor 

460 nm 
7293 K 73 223 lm/W [33] 

CTU/40%S
2
BAOF: 

0.025Ce3+;0.005Eu2+ 

composite 

 

405 nm 4656 K 72 201 lm/W 
Present 

work 
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Fig. 5.S1 The schematic representation of cationic site enlargement in SBAOF 

phosphor as compared with the standard phase of Sr3AlO4F (JCPDS No. 89 – 4485). 

 

 

Fig. 5.S2 (a) The XPS survey spectra of SBAOF: 0.025Ce3+; 0.005Eu2+/3+ and S2BAOF: 

0.025Ce3+;0.005Eu2+ phosphors (without and with Si4+ doping). (b) High resolution 

XPS spectra of in S2BAOF: 0.025Ce3+;0.001Eu2+ phosphor. 
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Fig. 5.S3 (a) The emission and Excitation Spectra of S2BAOF: 0.025Ce3+ and S2BAOF: 

0.025Ce3+;0.001Eu2+ phosphors. (b) The intensity variation and calculated energy 

transfer efficiency for   S2BAOF: 0.025Ce3+; xEu2+ (x = 0.00 to 0.01) phosphors.  

 

 

Fig. 5.S4 The dependence of  
𝐼𝑠𝑜

𝐼𝑠
 on 𝐶𝛼/3 (α equal to 3, 6, 8 and 10) for   S2BAOF: 

0.025Ce3+; xEu2+ (x = 0.00 to 0.01) phosphors.  
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 Fig. 5.S5 The Tauc plots and band gap values of S2BAOF and S2BAOF: 0.025Ce3+; 

xEu2+ (x = 0.001 to 0.01) phosphors.  

 

 

Fig. 5.S6 The deconvolution Gaussian fitting of S2BAOF: 0.025Ce3+; 0.005Eu2+ 

phosphor recorded at (a) 280 K and (b) 300 K, respectively. (c) Comparative emission 

spectra of S2BAOF: 0.025Ce3+; 0.005Eu2+ phosphor and absorption spectrum of BaSO4 

for calculating the PL emission quantum efficiencies. 
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Fig. S7 (a) FTIR spectrum of CPE, TCPE, IC-25NY, S2BAOF: 0.025Ce3+; 0.005Eu2+, 

CTU, and CTU/40% S2BAOF: 0.025Ce3+; 0.005Eu2+. (b) -SH and -C=O, (c) metal-

oxygen bonds (d) 1H NMR spectra of CPE and TCPE, (e) TGA curves of CTU and 

CTU/40%S2BAOF: 0.025Ce3+; 0.005Eu2+, and (f) U-V transmittance of CTU and 

CTU/40%S2BAOF: 0.025Ce3+; 0.005Eu2+. 

 

 

Fig. 5.S8 (a) EDX spectrum, (b) cross-sectional SEM image, and (c) elemental mapping 

of the CTU matrix. 
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 Fig. 5.S9 (a) EDX spectrum, (b) cross-sectional SEM image, and (c) elemental 

mapping of CTU/40%S2BAOF: Ce3+; Eu2+ composite. 

 

 

Fig. 5.S10 (a) Stress vs strain curves and (b) bar chart of strength and elongation for 

CTU matrix and CTU/40%S2BAOF: Ce; Eu composite film, respectively. 
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Fig. 5.S11 (a) Temperature-dependent PL emission spectra of CTU/40%S2BAOF: Ce3+; 

Eu2+ phosphor. (b) Temperature-dependent PL intensity variation of 

CTU/40%S2BAOF: Ce3+; Eu2+ phosphor. 

 

 

Fig. S12 Violet LED irradiation time-dependent PL performance evaluation of (a) 

S2BAOF: 0.025Ce3+; 0.005Eu2+ phosphor and (b) CTU/40%S2BAOF: 0.025Ce3+; 

0.005Eu2+ composite under a violet LED (3W) exposure for 1 hour. 

 

Fig. 5.S13 The 405 nm laser irradiation time dependent luminescence performance 

evaluation of CTU/40%S2BAOF: 0.025Ce3+; 0.005Eu2+ composite under a violet laser 

(1.4 W/mm2) exposure for 24 hours. 
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Chapter 6 

 
Summary and Future Scope of Research 

 

In the recent era of lighting technology, phosphor converted white light emitting 

diodes (WLEDs) have been used as a suitable substitute for traditional incandescent 

lamps because of their significant advantages like good luminescent property, long life 

time, high temperature with standing power, better color rendering, high efficiency and 

very low energy consumption with good stability. Nowadays, the modification and 

construction of WLEDs have been concerned much attention due to their vast application 

in solid state lighting technology. In the construction of phosphor converted WLEDs 

mainly focused on two things, phosphor material and LED chips. For LED chips, 

researchers are mainly investigating its thermal diffusivity and stability, chosen short 

wavelength chips and focused on the manipulation of high power. Another factor which 

directly influence the LED device is the phosphor material chosen, It must have high 

thermal and chemical stability, good luminescent property, mild synthesis condition etc. 

The widely used method for fabricating WLED is combining InGaN LED chip with 

yellow emitting YAG: Ce3+ phosphor. Which facing problems like low CRI (Color 

Rendering Index) and high CCT (Correlated Color Temperature) owing to the lack of red 

component in the phosphor.  

 

Fluoride-containing oxide hosts doped with rare-earth ions have shown great 

potential as light emitting diode (LED) phosphors with their tunable luminescence 

properties. The introduction of fluoride ions into an oxide crystal lattice leads to a 

distortion of the coordination polyhedrons i.e. generation of non-centrosymmetric sites, 

which causes unusual spectroscopic properties. Moreover, the fluoride host matrices are 

known to provide a wide bandgap, low phonon energy and inter-configurational 

transitions whereas the oxides host matrices are known to provide high chemical stability 

and high absorption in UV-vis region. Based on aforementioned facts, the oxyfluorides 

which combine the advantages of both fluorides and oxides are favorable to serve as the 

host materials for luminescence properties. This thesis is mainly studied the structural 

and optical properties of Eu2+/3+/Ce3+ doped single white light emitting oxyfluoride 

phosphors for flexible lighting and display applications. 



164 
 

 

Herein, the first chapter deals with a detailed description of phosphor and their 

photoluminescence mechanisms, application of phosphors in different sectors mainly in 

solid state lighting and their market potential, development of phosphors in WLEDs, rare 

earth based broad band emitting phosphors and the mechanism, particularly Eu2+/3+/Ce3+ 

doped oxyfluoride phosphors, phosphor polymer composite as a color converter and their 

significant applications.  

 

In the second chapter, we developed a series of 0.1 mol% of Eu3+ doped Sr2.9-

3x/2(Gd/Y)xAlO4F (x = 0.01 to 0.10) phosphors showing an intense red-orange emission 

(Eu3+: 5D0 → 7F1,2) under the UV and near-UV excitations. As per the report of global 

instability index (GII) estimation the structure of the tetragonal Sr3AlO4F phase is under 

highly strained. Moreover, our results of X-ray photoelectron spectroscopy (XPS) also 

ascertained that the Sr3AlO4F is under highly strained with some oxygen vacancies.  In 

order to study the structure defect and suitability of the host towards luminescence first 

we done the aliovalent substitution of Sr ions with trivalent Gd and Y ions are carried out 

which improve the stability of Sr3AlO4F lattice. The structural and optical properties are 

analyzed from powder X-ray diffraction (XRD), X-ray photoelectron spectroscopy 

(XPS), Photo luminescent study and Judd-Ofelt theory etc. The optimized 

Sr2.76Gd0.09AlO4F:0.1Eu3+ and Sr2.79Y0.07AlO4F:0.1Eu3+ samples showed high red color 

purity (~99 %), correlated color temperature (~1300 K), and CIE coordinates of (0.62, 

0.38) indicating that these samples are a suitable red-emitting component for fabricating 

white-LEDs and flexible optical film under UV and blue excitations. Furthermore, 

flexible polydimethylsiloxane (PDMS) based films were also fabricated using optimized 

Sr2.76Gd0.09AlO4F:0.1Eu3+ phosphors. The electroluminescence (EL) of a flexible 

PDMS-phosphor composite film device shows a cool-red color suggesting its suitability 

in flexible display devices. 

 

In the third chapter, a series of intense Eu2+/Eu3+-coexisted Sr2.9Al1-xSixO4+xF1-x: 

0.1Eu2+/3+ (SASixOF: Eu2+/3+) oxyfluorides were prepared through conventional solid-

state method in an oxygen-deficient atmosphere. By cationic substitution strategy we 

successfully generate single white light emission from Sr3AlO4F host under UV 

excitation. The structural changes in Sr3AlO4F (SAOF) owing to the Si4+ ions’ doping 

were visualized from the Rietveld refinement analysis and the valence conversion of 



165 
 

europium ions confirmed from X-ray photoelectron spectroscopy studies. By the 

substitution of Al3+ with Si4+ ions enlarged the activator sites that enabled Eu3+ ions to be 

reduced to Eu2+ ions and on varying the Si4+ ions doping concentration we tuned the 

emission color from orange-red to nearly white and eventually to the bluish zone. The 

most suitable compositions were further used to fabricate proposed phosphor - polymer 

composite membranes to avoid silicon-based phosphor binders for device applications. 

Here we choose castor oil as the polymer host matrix because of its good binding, 

transparency, eco-friendly nature, and flexibility. Combining polymer matrix with 

phosphor could be a suitable alternate for generating high-performance and thermally 

stable composite materials for LED packaging. These composite membranes could able 

to maintain a certain distance between the phosphor and LED chip for improving the life-

time of the fabricated LED by the ease of heat dissipation.  Therefore, the composite 

made with near white emitting SASi0.03OF: Eu2+/3+ phosphor was integrated with a near 

UV-LED which showed intense cool white emission with the CIE of (0.29, 0.32), CCT 

of 7629, and CRI of 96.  

 

In the fourth chapter, we further choosen a promising silicate apatite oxyfluroride 

host Ca4La6Si6O24F2 to understand the mechanism of generation of white light from a 

single-phase composition activated with europium. The study started with the structural 

evaluations of a series of Eu3+ activated Ca4La6Si6O24F2 phosphors using X-ray 

diffractions and Eu3+ photoluminescence to elucidate the local environment of rare-earth 

ions and symmetry of the lattice sites. By the introduction of divalent Sr2+ ion a series of 

intense green-emitting Ca2Sr2La6Si6O24F2: Eu2+ phosphors were synthesized. Herein, X-

ray diffraction Rietveld refinement tool and Eu3+ spectroscopy was used to identify the 

site occupancy, symmetry, and lattice distortion in the Ca2Sr2La6Si6O24F2 host. The 

emission of Eu2+ was further tuned from cyan to greenish-yellow via the doping of 

Mg2+ and Ba2+ ions into the appropriate lattice sites. Detailed local environment 

investigations reveal that the change of symmetry owing to the Mg2+/Ba2+ substitution 

led to the centroid shift, which was responsible for the blue- or red-shift of the emission 

spectra. The optimized phosphors were having comparable emission intensity with 

commercial YAG and has high quantum yield with good thermal stability exhibited 

decent photoluminescence above 70% at 150 oC as compared with that at room 

temperature. Finally, several prototype WLEDs were fabricated using the single 

phosphor Ca1.365Sr1.365La6Si6O24F2:0.07Eu2+, 1.2Ba2+ with near-UV and violet-LED 
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chips. The outcomes indicated the promising nature of this single composition phosphor 

for indoor lighting. 

 

In the fifth chapter, we developed full spectral emitting violet-excitable 

(Sr,Ba)3(Al,Si)O4F: Ce3+, Eu2+ phosphors with a high quantum efficiency of 86% and 

thermal stability of 78%. The wider band emission composed of 4f65d1 - 4f7 transitions 

of Ce3+ and Eu2+ ions is effectively recognized under 410 nm violet radiation and which 

is structurally optimized based on Eu2+ and Ce3+ site occupancy. The highly red-shifted 

Sr1.995Ba1-xAl0.5Si0.5O4F: 0.025Ce3+; 0.005Eu2+ phosphor powders were further chosen 

for fabricating thiourethane (CTU) based phosphor polymer composite films which is 

showing high photobleaching and enhanced photoluminescent stability due to polymer 

encapsulation. The performance of the developed CTU/40%S2BAOF: 0.025Ce3+; 

0.005Eu2+ flexible composite converter under 410 nm violet-LED chip and a violet lesser 

of 405 nm is generate warm white light with high CRI~80 and low CCT~4000 K without 

a noticeable chromatic shift under various powers and after prolonged illuminations. 

Specific recommendations for each chapter work: Chapter 2: The optimized 

Sr₂.₇₆₅Gd₀.₀₉AlO₄F: 0.1Eu³⁺/PDMS composite film exhibited a cool-red emission, 

indicating its high potential for application in flexible display technologies. Chapters 3 

and 4: The developed phosphor systems achieved optimized cool white light emission 

recommended for commercial environments, where visually comfortable white light is 

essential. Chapter 5: The optimized CTU/S₂BAOF: 0.025Ce³⁺; 0.005Eu²⁺ composite film 

shows promise for advanced flexible optoelectronic devices, including wearable health-

monitoring systems, smart lighting panels, and adaptive illumination solutions. 

 

Future scope:  

• The DFT simulation can be studied to get clear insights about the host. Based on DFT 

results, the emission quantum yield can be further enhanced by lattice modifications. 

• The absorption width can be enhanced to further blue to make it suitable for multiple 

LED applications. 

• The particle size can be reduced to make the membrane more transparent. 

• The compatibility of the synthesized size reduced phosphors in the development of 

luminescent ink has to be analyzed. 

• The potential oxyfluoride host can be used for generating IR-emitting phosphors. 



167 
 

APPENDIX 

Experimental Techniques 

 

1. X-Ray Diffraction (XRD): 

i. X-Ray diffractograms were collected using Phillip’s X’pert pro diffractometer with 

Ni filtered Cu-Kα radiation using an X-ray source of Cu- Kα1 (λ = 1.54060 Å) with 

generator settings of 30 mA, 40kV 

ii. X-Ray diffractograms were also collected using PANalytical EMPYREAN X-ray 

diffractometer using an X-ray source of Cu- Kα1 (λ = 1.54060 Å) with generator 

settings of 40 mA, 45kV.  

 

2. X-ray Photoelectron Spectroscopy (XPS): 

The X-ray photoelectron spectroscopy (XPS) analysis was performed using a PHI 

5000 VersaProbe II equipped with a micro-focused (200 µm, 15 kV) monochromatic Al-

Kα X-ray source (1486.6 eV). 

 

3. Scanning Electron Microscopy (SEM): 

The morphology and elemental analysis of the prepared samples were examined 

using scanning electron microscopy (Zeiss EVO 18 cryo-SEM operating at an 

accelerating voltage of 15 kV). 

 

4. Transmission Electron Microscopy (TEM): 

i. The high-resolution microscopic studies and selected area electron diffraction 

(SAED) pattern of the samples were carried out using a high-resolution transmission 

electron microscope (HR-TEM), FEI Tecnai F20, operated at 300 kV. Gatan Digital 

Micrograph Software was employed to find out the values of d-spacing of the 

recorded lattice fringes.  

ii. The high-resolution microscopic studies of the samples were also carried out using a 

high-resolution transmission electron microscope (HR-TEM), JEOL JEM-F200. 

 

5. Energy Dispersive X-ray Spectroscopy (EDAX or EDS): 

i. The EDS analysis of the prepared samples was examined using scanning electron 

microscopy (Zeiss EVO 18 cryo-SEM operating at an accelerating voltage of 15 kV). 
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ii. The EDS analysis of the samples was also carried out using a high-resolution 

transmission electron microscope (HR-TEM), FEI Tecnai F20, operated at 300 kV. 

Gatan Digital Micrograph Software was employed to find out the values of d-spacing 

of the recorded lattice fringes.  

iii. The EDS analysis of the samples was also carried out using a high-resolution 

transmission electron microscope (HR-TEM), JEOL JEM-F200. 

 

6. Fourier Transform Infrared (FT-IR) Spectroscopy: 

The metal oxide bond of the samples was analyzed with the Bruker Fourier 

Transform Infrared (FT-IR) spectrometer. 

 

7. Photoluminescence Studies: 

The photoluminescence excitation and emission spectra, photoluminescence decay 

curves, and quantum yield were investigated using a Yvon Fluorolog 3 spectrofluorimeter 

with a 450 W Xenon flash lamp as the exciting source. 

 

8. UV- Diffuse Reflectance Spectroscopy (UV-DRS): 

UV-DRS measurements were carried out using a Shimadzu UV-3600 UV-Vis 

spectrophotometer in the 200-500 nm wavelength range using barium sulfate as a 

reference. 

 

9. EPR Measurements: 

EMX Series spectrometer using X band frequency (9.5 GHz) and 100 kHz field 

modulation. 

 

10. Low-Temperature Photoluminescence Studies: 

(i) Low-temperature PL measurements were performed using a continuous-flow liquid 

He cryostat mounted on a three-axis motorized translation stage to control the sample 

position. The excitation of the sample was provided by a continuous-wave Oxxius 

laser with a wavelength of 266 nm operating at a constant power of 4 mW, focused 

into a spot of about 5 µm. The PL spectra were recorded for temperatures from 7 K 

to 300 K using a Horiba HR460 spectrometer with 600 grooves/mm grating equipped 

with a Si charge-coupled device (CCD) detectors.  
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(ii) The low temperature-dependent photoluminescence studies were performed using 

FLS-1000 fluorescence spectrometer equipped with cryostat assembly, and liquid 

nitrogen was used as the coolant. The temperature was increased by 10 K within the 

± 0.5 K limit using a temperature controller unit. Low temperature-dependent decay 

curves were recorded with a μF2 lamp (Edinburgh Instruments) at a frequency of 10 

Hz. 

 

11. 1H NMR: 

The 1H NMR measurements were carried out with the help of a 60 MHz Bruker 

Ascend. 

 

12. TGA Measurement: 

The TGA measurement was employed using the TA Q50 Analyzer. 

 

13. Electroluminescence Studies: 

The electroluminescence properties of the obtained devices were measured using a 

high-sensitivity CCD spectrophotometer (Maya 2000 Pro). 
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Converters for Advanced Full Spectral White Light Emitting Devices 

 

The thesis widely analyses the structural and optical properties of rare-earth-based 

(particularly Eu2+/3+/Ce3+) broadband emitting oxyfluoride phosphors and their applicability 

in solid-state lighting applications. Chapter 1 describes Eu3+ doped Sr2.9-3x/2(Gd/Y)xAlO4F (x 

= 0.01 to 0.10) phosphors, their structural and photoluminescence properties, the phosphor 

composite film making and their suitability in flexible display devices. In Chapter 2, intense 

Eu2+/Eu3+-coexisted Sr2.9Al1-xSixO4+xF1-x: 0.1Eu2+/3+ (SASixOF: Eu2+/3+) oxyfluorides were 

prepared through a conventional solid-state method. By the substitution of Al3+ with Si4+ ions 

enlarged the activator sites that enabled Eu3+ ions to be reduced to Eu2+ ions, and on varying 

the Si4+ ions doping concentration, we tuned the emission color from orange-red to nearly 

white and eventually to the bluish zone. The most suitable compositions were further used to 

fabricate proposed phosphor-polymer composite membranes to avoid silicon-based phosphor 

binders for device applications. The composite made with near white emitting SASi0.03OF: 

Eu2+/3+ phosphor was integrated with a near UV-LED, which showed intense cool white 

emission with the CIE of (0.29, 0.32), CCT of 7629 K, and CRI of 96. In Chapter 4, generate 

single white light emission from a promising silicate apatite oxyfluroride host, 

Ca4La6Si6O24F2, via the following cationic substitution strategy. By the introduction of 

divalent Sr2+ ion, a series of intense green-emitting Ca2Sr2La6Si6O24F2: Eu2+ phosphors were 

synthesized. The emission of Eu2+ was further tuned from cyan to greenish-yellow via the 

doping of Mg2+ and Ba2+ ions into the appropriate lattice sites. Detailed local environment 

investigations reveal that the change of symmetry owing to the Mg2+/Ba2+ substitution led to 

the centroid shift, which was responsible for the blue- or red-shift of the emission spectra. 

The optimized phosphors had comparable emission intensity with commercial YAG and has 

high quantum yield with good thermal stability, exhibiting decent photoluminescence above 

70% at 150 oC as compared with that at room temperature. In Chapter 5, we developed full 

spectral emitting violet-excitable (Sr,Ba)3(Al,Si)O4F: Ce3+, Eu2+ phosphors with a high 

quantum efficiency of 86% and thermal stability of 78% via solid-state route. The highly red-

shifted Sr1.995Ba1-xAl0.5Si0.5O4F: 0.025Ce3+; 0.005Eu2+ phosphor powders were further 

chosen for fabricating thiourethane (CTU) based phosphor polymer composite films. The 

developed phosphor polymer composite showing promising optical performance under 410 

nm violet-LED chip and a violet lesser of 405 nm. The generated warm white light showing 

very high CRI~80 and very low CCT~ 4000 K. 
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This study aimed at the generation of white light from a single-phase composition 

activated only with europium. Eu3+-activated Ca4La6Si6O24F2 phosphors showed 

predominant 5D0-
7F2 electric dipole transition at 614 nm, and the non-splitting as well as 

the zero-shifting behaviour of 5D0-
7F0 at 578 nm, suggested rare-earth ionic substitutions 

at the larger asymmetric sites. Introducing Sr2+ ions in Ca4La6Si6O24F2:Eu3+/Eu2+ that is 

synthesized in a reducing atmosphere suppressed Eu3+ emission. From the optimized 

Ca1.98Sr1.98La6Si6O24F2:0.04Eu2+, and M2+-codoped (M=Mg/Ba) Ca1.98Sr1.98La6Si6O24F2: 

0.04Eu2+ phosphors were further developed. The substitutions of Mg2+ and Ba2+ altered 

the crystal field by changing the lattice parameters. The Mg2+ doped samples showed a 

blue-shift from 520 nm (Mg2+=0) to 471 nm (Mg2+=1.0). Whereas the Ba2+ doped 

compositions showed a red-shift from 520 nm (Ba2+=0) to 536 nm (Ba2+=1.2). Finally, 

several prototype WLEDs were fabricated using the single phosphor 

Ca1.365Sr1.365La6Si6O24F2:0.07Eu2+, 1.2Ba2+ with near-UV and violet-LED chips. The 

outcomes indicated the promising nature of this single composition phosphor for indoor 

lighting. 
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This study aimed at the generation of white light from a single-phase composition activated 

only with europium. Eu3+-activated Ca4La6Si6O24F2 phosphors showed predominant 5D0-
7F2 electric dipole transition at 614 nm, and the non-splitting as well as the zero-shifting 

behaviour of 5D0-
7F0 at 578 nm, suggested rare-earth ionic substitutions at the larger 

asymmetric sites. Introducing Sr2+ ions in Ca4La6Si6O24F2:Eu3+/Eu2+ that is synthesized in a 

reducing atmosphere suppressed Eu3+ emission. From the optimized 

Ca1.98Sr1.98La6Si6O24F2:0.04Eu2+, and M2+-codoped (M=Mg/Ba) Ca1.98Sr1.98La6Si6O24F2: 

0.04Eu2+ phosphors were further developed. The substitutions of Mg2+ and Ba2+ altered the 

crystal field by changing the lattice parameters. The Mg2+ doped samples showed a blue-shift 

from 520 nm (Mg2+=0) to 471 nm (Mg2+=1.0). Whereas the Ba2+ doped compositions showed 

a red-shift from 520 nm (Ba2+=0) to 536 nm (Ba2+=1.2). Finally, several prototype WLEDs 

were fabricated using the single phosphor Ca1.365Sr1.365La6Si6O24F2:0.07Eu2+, 1.2Ba2+ with 

near-UV and violet-LED chips. The outcomes indicated the promising nature of this single 

composition phosphor for indoor lighting.[1] 

 

 
Fig. 1 – Multi-sized cationic substitution strategies to tune and improvise the Eu2+ broadband emission 

to yellowish region which is compatible for the near-UV and violet LEDs for generating superior quality 

white light for indoor lighting. 

 

Reference 
[1] S. Subhagan, S. Das et al., Dalton Trans 2022, 51, 14601. https://doi/10.1039/d2dt02236b 
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Governing the crystallographic sites for tuning
Eu2+ emission in an apatite oxyfluoride host to be
applied for superior white light emitting diodes†

Sreevalsa Subhagan,a,b Shahzad Ahmad,c Partha Kundu,b,d Mukesh Kumar Pandey,e

Sudipta Som f and Subrata Das *a,b

Single white light-emitting phosphors for near-UV-converted white light-emitting diodes (WLEDs) are the

best alternatives to tricolour phosphor blends and blue light converted yellow-emitting garnets.

Nevertheless, achieving white light with elevated colour rendering (CRI) from a single-phase phosphor

activated with a lone activator ion is a major challenge. This study aimed at the generation of white light

from a single-phase composition activated only with europium. The study started with structural evalu-

ations of Eu3+-activated Ca4La6Si6O24F2 phosphors using X-ray diffraction (XRD) and Eu3+ photo-

luminescence to elucidate the local environment of rare-earth ions and the symmetric nature of the

lattice sites. Ca4La6Si6O24F2 crystallized in the hexagonal P63/m space group. The predominant 5D0–
7F2

electric dipole transition at 614 nm, and the non-splitting as well as the zero-shifting behaviour of
5D0–

7F0 at 578 nm, suggested that the rare-earth ionic substitutions preferably took place at the larger

asymmetric sites. Introducing Sr2+ ions in Ca4La6Si6O24F2:Eu
3+/Eu2+ that is synthesized under a reducing

atmosphere suppressed Eu3+ emission. From the optimized Ca1.98Sr1.98La6Si6O24F2:0.04Eu
2+, a sequence

of M2+-codoped (M = Mg/Ba) Ca1.98Sr1.98La6Si6O24F2:0.04Eu
2+ phosphors were further developed. The

substitutions of Mg2+ and Ba2+ altered the crystal field by changing the lattice parameters. The Mg2+

-doped samples showed a blue-shift from 520 nm (Mg2+ = 0) to 471 nm (Mg2+ = 1.0), whereas the Ba2+-

doped compositions showed a red-shift from 520 nm (Ba2+ = 0) to 536 nm (Ba2+ = 1.2). The change of sym-

metry owing to the Mg2+/Ba2+ substitution could have led to the centroid shift, which was responsible for the

blue- or red-shift of the emission spectra. The XRD of Ca1.38Sr1.38La6Si6O24F2:0.04Eu
2+,1.2Ba2+ indicated a

Ba2+-induced lattice site expansion. Keeping this in view, the Eu2+ ions concentrations were further enhanced

from 0.04 to 0.3, and the resultant photoluminescence was further enhanced and red-shifted. The optimized

sample showed better intensity compared with the commercial Y3Al5O12:Ce
3+ and exhibited decent photo-

luminescence above 70% at 150 °C as compared with that at room temperature. Finally, several prototype

WLEDs were fabricated using the single phosphor Ca1.365Sr1.365La6Si6O24F2:0.07Eu
2+,1.2Ba2+ with near-UV

and violet-LED chips. The outcomes indicated the promising nature of this single-composition phosphor for

indoor lighting.

1. Introduction

The technology related to the phosphor-converted white light-
emitting diodes is a revolution because of some significant
features including high-quality lighting output for illumina-
tion, long lifetime, excellent efficiency, the high thermal stabi-
lity of luminescence at higher temperatures, and very low
energy consumption.1–3 Generating white light from the com-
bination of tricolour LED chips is becoming limited owing to
the high price and complex drive circuit,4 while the production
of white light using phosphor-converted LEDs (pc-LEDs) has
become mainstream. Nowadays, the modification and con-
struction of WLEDs are mainly focused on phosphors and LED

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
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chips. The crucial factor that directly influences the perform-
ance of LED devices is the phosphor material chosen; it must
have an efficient emission nature, high thermal and chemical
stability, mild synthetic conditions, etc.5

The widely used method for fabricating WLEDs is combin-
ing an InGaN blue-LED chip with a yellow-emitting Y3Al5O12:
Ce3+ phosphor,6,7 but the prolonged blue-LED emission causes
severe health issues for humans, such as mood disorders,
macular degeneration, circadian disruption, etc.8 To reduce
the usage of blue-LED chips, nowadays near-UV LEDs (n-UV
LEDs) are used as the excitation sources for obtaining the
primary colour emissions from the corresponding phosphor
materials.9 n-UV LEDs offer a long lifetime, and greater
reliability, and enable lighting designers to achieve a better
CRI at a given colour point.10 However, suitable single white-
emitting phosphor systems for commercial n-UV LEDs are
rarely obtained, due to the undefined distribution and uncon-
trolled emission behaviour of rare-earth ions.

These days, important research is focused on developing
broad-band-emitting n-UV-excited oxyfluoride phosphors for
lighting applications as an outcome of their high quantum
efficiency and noticeable structural stability and rigidity.11

Most importantly, the presence of fluorine ions introduces
robust electronegativity, which can generate flexible emissive
properties.12 For the recently reported oxyfluorides, the pres-
ence of multiple crystallographic sites was able to provide ver-
satile cationic environments for Ce3+ or Eu2+ ions, which are
effective in generating broad emissions from these ions.13

Eventually, an appropriate cationic replacement can drive the
luminescent centers to produce emission wavelength shifts very
effectively. Arunkumar et al. recently reported a broad-band-
emitting Ca4F2Si2O7:Ce

3+ phosphor based on the occupation
of Ce3+ ions at multiple crystallographic sites in the host under
n-UV excitation. In this host, Ce3+ ions can emit broad band
emissions because of their accommodation at four available
polyhedra of Ca atoms, namely CaF4O3 and CaFO6, CaF5O3,
and CaF5O.

10 W. B. Im et al. reported intense green-emitting
Sr2.975−xBaxCe0.025AlO4F oxyfluoride phosphors in response to
400 nm excitation.14 In this system, Sr and Ba atoms are
associated with SrO6F2 and BaO8F2 polyhedral units, which are
substituted by Ce3+ ions and result in a broad band emission.

Similar to Ce3+ systems, Eu2+-activated phosphors are also
able to generate broadband emission bands, and hence, they
are considered to have potential for WLED applications.15

Silicate apatite-based phosphors are emerging as promising
hosts for rare-earth ions thanks to their high chemical and
thermal stability.16 Apatite host compounds crystallize in a
hexagonal system with a P63/m space group with the general
structural formula M10(XO4)6Y2, in which M corresponds to
divalent cations like Mg2+, Ca2+, Sr2+, Ba2+, etc., X represents
Si4+, Ge4+, P5+, As5+, etc. which forms tetrahedra with oxygen,
and Y represents anions like O2−, F−, and Cl−. In this struc-
ture, M ions are situated in two sites; one is a seven-co-
ordinated 6h site with Cs point symmetry, and the other is a
nine-coordinated 4f site with C3 point symmetry.17–19 These
hosts show decent luminescence properties because of the

strong covalent X–O frameworks connected to two cationic
polyhedra through edge- and corner-sharing, which distort the
coordination environment around the cations.17

Following the general structural formula of apatite, Njema et al.
reported the structural features of Ca10−xLnx(PO4)6−x(SiO4)xF2
phosphosilicate.20,21 In this structure, the incorporation of La3+

and (SiO4)
4− pairs for Ca2+ and (PO4)

3− expanded the [Ca/La–O9]
and [Ca/La–O6F] polyhedra, and contracted the [Si/P–O4] tetrahe-
dra. The expansion of nine- and seven-coordinated polyhedra
makes them suitable for the larger ionic substitutions.20,21 To
produce multiple coloured emissions including white light,
apatite could be the ideal host because of the allowed tuning of
various crystal sites either by multiple activator doping mecha-
nisms or via the cationic substitution strategies within these
hosts.22–26 The fluorapatite structure (M10(XO4)6F2) is known for its
abundant nature and high stability. The presence of fluoride ions
in this system can generate potential luminescence properties in
solid-state lighting due to the presence of a mixed ligand system.19

Among the fluorapatite family, Ca10(PO4)6F2 is the most widely
investigated composition for various applications because of its
robust tolerance to numerous replacements.19 In the present
work, the Ca4La6Si6O24F2 composition has been designed initially
via the partial substitution of Ca2+ by La3+ and then (PO4)

3− was
completely substituted by (SiO4)

4−. The study of the structural and
luminescence properties of this phosphor containing different
valences of europium ions to achieve tuneable broadband emis-
sion is not reported yet.

In the europium-doped host lattice, the valences of Eu (2+
and 3+) coexist in the host. The parity-forbidden sharp 4f–4f
transitions in the Eu3+-activated phosphor lead to a low colour
rendering index (CRI), and the 4f–5d transitions in Eu2+ cause
an intensely broad band emission, which is more applicable
for white-light-emitting applications.27 The spectroscopic pro-
perties of Eu3+ ions highly depend on the local environment.
For instance, if the dopant enters the specific site under exam-
ination, then its emission behaviour depends on the symmetry
of the site, which can be changed because of the slight altera-
tion in the ligand field. Thus, the characteristics of any crystal-
lographic site could be revealed by studying the splitting of the
emission bands of the Eu3+ ions located at that specific site.28

Therefore, the Eu3+ ions’ luminescence is a good probe and is
favourable for the investigation of the symmetry of various
sites of any host material. Because of the similar ionic radius,
the site occupancy for Eu3+ in the Ca4La6Si6O24F2 host can be,
to some extent, considered as a reference for broadband-emit-
ting Eu2+ ions in the same host matrix. Meanwhile, adjusting
the concentrations and emission ratio of Eu3+ and Eu2+ ions
could effectively tune the emission colour. For example, Y.
Zhang et al. generated a series of Ca0.99+xY1−xAl1−xSixO4:Eu0.01
phosphors where the substitution of Al3+–Y3+ by Si4+–Ca2+ was
initiated. Such a strategy shrinks the [AlO6] octahedra, followed
by expanding the [CaO9] polyhedra, which enhanced the Eu3+-
to-Eu2+ reduction effectively.29 Recently, our group has also
reported cool white-light-emitting Sr2.9Al1−xSixO4F:0.1Eu

2+/3+

phosphors through a similar cation substitution strategy.30

Nonetheless, a high Eu2+-to-Eu3+ ratio is required for generat-
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ing a wide gamut for WLEDs, and the search to find a suitable
oxyfluoride host that can accommodate large sized Eu2+ ions is
still in progress.

As per the above discussions, we initiated our research for
developing broad band-emitting and apatite-structured Eu2+-
doped oxyfluoride systems for the wide gamut of WLED appli-
cations. Initially, a series of intense green-emitting
Ca2Sr2La6Si6O24F2:Eu

2+ phosphors were synthesized. Herein,
an X-ray diffraction Rietveld refinement tool and Eu3+ spec-
troscopy were used to identify the site occupancy, symmetry,
and lattice distortion in the Ca2Sr2La6Si6O24F2 host. The emis-
sion of Eu2+ was further tuned from green to cyan and to
greenish-yellow via the doping of Mg2+ and Ba2+ ions into the
appropriate lattice sites, respectively. The optimized phos-
phors had comparable emission intensity to commercial
Y3Al5O12:Ce

3+ phosphors. Eventually, the optimized systems
showed adequate photoluminescence intensity at 150 °C.
These research outcomes make the presently optimized
systems interesting for WLED applications.

2. Experimental
2.1. Preparation of a phosphor

A series of Ca4La6Si6O24F2:xEu
3+ (CLOF:xEu3+; x = 0.0, 0.01 to

0.1) and Ca2Sr2La6Si6O24F2:xEu
2+ (CSLOF:xEu2+; x = 0.0 to

0.055) phosphors were synthesized through a conventional
solid-state method. Stoichiometric amounts of CaCO3

(99.999%), SrCO3 (99.999%), La2O3 (99.999%), SiO2 (99.99%),
NH4F (99.99%), and Eu2O3 (99.999%) purchased from Sigma-
Aldrich were ground together in an agate mortar for 30 min.
After the homogeneous mixing, the ground mixture was trans-
ferred into an alumina crucible and annealed at 1300 °C for
4 h under a reduction atmosphere (10%H2–90%N2). For con-
venience, the Ca4La6Si6O24F2 sample will be named CLOF and
all other synthesised phosphors are represented accordingly,
as illustrated in Table 1.

2.2. Material characterization

The structural insights into the experimental phosphors were
studied by using a X-ray diffractometer EMPYREAN 3 Malvern
Panalytical B.V with Cu-Kα radiation (wavelength: 1.54056 Å).
The Rietveld refinements were carried out using GSAS soft-
ware. The elemental composition of the synthesised phosphor
was analysed by using a transmission electron microscope
(TEM), JEOL JEM-F200. A Yvon Fluorolog 3 spectrofluorimeter

was used to measure the photoluminescence. The electrolumi-
nescence spectra were recorded by using a CCD spectrophoto-
meter (OCEAN-FX-XRI-EX).

3. Results and discussion
3.1. Structural characterizations of Ca4−3x/2La6Si6O24F2:xEu

3+

(CLOF:xEu3+) and Ca2−xSr2−xLa6Si6O24F2:xEu
2+ (CSLOF:xEu2+)

Fig. 1(a) and (b) represent the Rietveld refinement patterns of
the Ca4La6Si6O24F2 (CLOF) host and Ca3.94La6Si6O24F2:0.04Eu

3+

(CLOF:0.04Eu3+) phosphor, respectively. The estimated struc-
tural parameters are tabulated in Table S1.† As per the refine-
ment data analysis, both undoped and doped apatite phosphors
belonged to the hexagonal structure with a P63/m space group
without any predominant impure phase (ICSD # 170852). The
probable crystal structure and coordination environment for
different cationic sites of the CLOF host are shown in Fig. 1(c).
The structure consists of two independent crystallographic cat-
ionic sites: seven-coordinated 6h sites and nine-coordinated 4f
sites. Both the sites are asymmetric. The 6h sites are occupied
by M1 (La3+/Ca2+) cations, which form a distorted pentagonal
bipyramid [M1–O6F] with Cs point symmetry, whereas M2 (La3+/
Ca2+) cations occupy 4f sites and form a three-fold capped trigo-
nal prism [M2–O9] with C3 point symmetry. Simultaneously, Si4+

ions are tetrahedrally coordinated with oxygen atoms to form
[Si–O4] polyhedra. Each [M1–O6F] polyhedron is connected to
the [SiO4] tetrahedron by edge- or corner-sharing. The [M2–O9]
polyhedra are on a three-fold axis and each of these polyhedra is
connected to three [SiO4] tetrahedra through edge-sharing.

In the CLOF host, 75% of the 6h sites are occupied by La3+

ions and 25% of them by Ca2+ ions., while the occupancy of
La3+ and Ca2+ ions in the 4f sites are predicted to be 37.5%
and 62.5%, respectively, as indicated in Table S2.† Among the
two cationic sites, the nine-coordinated 4f sites have a larger
size than the seven-coordinated 6h sites. The ionic radii of the
La3+ and Ca2+ ions in the nine- and seven-coordinated sites are
(La3+: R4f = 1.216 Å; R6h = 1.10 Å) and (Ca2+: R4f = 1.18 Å; R6h =
1.06 Å), respectively. After incorporating Eu3+ ions into the
CLOF host, the cell volume and lattice parameters are found to
be decreased slightly due to the substitution of smaller Eu3+

ions (Eu3+: R4f = 1.12 Å; R6h = 1.01 Å) at both the ionic sites
(Table S1†). Eventually, the average (La2/Ca2–O) bond length
at the 4f sites is slightly contracted (CLOF = 2.657 Å, CLOF:
Eu3+ = 2.629 Å) while the average (La1/Ca1–O) bond length at
the 6h sites remains almost unchanged (CLOF = 2.549 Å,
CLOF:Eu3+ = 2.547 Å) due to the Eu3+ ion doping in the CLOF
host. Such observations confirm that the 4f sites could be pre-
ferable for Eu3+ ion substitution. The powder diffraction
pattern of a series of synthesized Ca4−3x/2La6Si6O24F2:xEu

3+

(CLOF:xEu3+) phosphors, shown in Fig. 1(d), does not elabor-
ate on any characteristic impure phase after increasing the
Eu3+ ion concentrations. In addition, there is a slight shift of
the main diffraction peak of CLOF after increasing the Eu3+

ion concentration towards the right, which ensures the

Table 1 Short representations of the obtained samples

Synthesised phosphor Short representation

Ca4La6Si6O24F2 CLOF
Ca4–3x/2La6Si6O24F2:xEu

3+ CLOF:xEu3+

Ca2Sr2La6Si6O24F2 CSLOF
Ca2−xSr2−xLa6Si6O24F2:xEu

2+ CSLOF:xEu2+

Ca1.98−ySr1.98−yLa6Si6O24F2:0.04Eu
2+,yMg2+ CSLOF:0.04Eu2+,yMg2+

Ca1.98−zSr1.98−zLa6Si6O24F2:0.04Eu
2+,zBa2+ CSLOF:0.04Eu2+,zBa2+
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preferable substitution of Eu3+ ions at the larger Ca2+/La3+

ionic sites in the host lattice.
Normally, it would be quite difficult to accommodate Eu2+

ions in the CLOF host because of the large ionic radius differ-
ence of a Eu2+ ion in the two cationic sites (Eu2+: R4f = 1.3 Å;
R6h = 1.2 Å). The comfortable substitution of Eu2+ ions in this
host might need cationic site expansion. Thus, larger Sr2+ ions
are incorporated into the CLOF host. Fig. 2(a) and (b) represent
the Rietveld refinement patterns of Ca2Sr2La6Si6O24F2 (CSLOF)
and Ca1.98Sr1.98La6Si6O24F2:0.04Eu

2+ (CSLOF:0.04Eu2+) phos-
phors. The parameters evaluated from the crystal structure
refinement are listed in Table S1.† The lattice parameters of
CSLOF are found to be increased as compared with the CLOF
host due to the larger Sr2+ ion incorporation (R4f = 1.31 Å; R6h =
1.21 Å) into the host lattice compared with the Ca2+/La3+ ions,
owing to which more Eu2+ ions can be easily accommodated in
the cationic sites. The average metal–oxygen bond lengths in
the 4f and 6h cationic sites are slightly enhanced from 2.657 to
2.668 Å and 2.549 to 2.560 Å, respectively, after the Sr2+ ion
incorporation (Fig. 2(c)). Fig. 2(d) shows the powder diffraction
patterns of a series of Ca2−xSr2−xLa6Si6O24F2:xEu

2+ (CSLOF:
xEu2+) phosphors. With the increase in Eu2+ concentration,

there is no characteristic phase change, indicating the proper
incorporation of Eu2+ ions in the lattice without causing any
phase defects. Eventually, the lattice parameters are also
increased slightly owing to the Eu2+-doping of the CSLOF host
(Table S1†). Replacing Ca2+ ions with relatively bigger Eu2+ ions
could be the reason for the left-shift and the lattice expansion.
Fig. S1† describes the HRTEM spectrum and elemental
mapping of undoped CSLOF. All its constituent elements, i.e.,
Ca, La, Si, O, and F in particular, are distributed homoge-
neously, with no clustering or segregation of any of the
elements. Thus, the results of electron mapping further ascer-
tained the formation of single-phase phosphor and sample
homogeneity.

3.2. Photoluminescence of Ca4−3x/2La6Si6O24F2:xEu
3+ (CLOF:

xEu3+) synthesized in air

It is shown from the XRD of CLOF:Eu3+ that Eu3+ ions prefer-
ably occupy non-centrosymmetric 4f sites, which have a larger
size than the asymmetric 6h sites. This prediction might be
supported by the M–O bond length calculation for the 4f and
6h sites. Based on the ionic radii, Eu3+ ions can replace both
La3+ and Ca2+ ions in the CLOF host. It is already mentioned

Fig. 1 Rietveld refinement of (a) CLOF and (b) CLOF:0.04Eu3+. (c) Crystal structure and different coordination environment of CLOF:0.04Eu3+. (d)
Powder XRD patterns of CLOF:xEu3+ (x = 0, 0.02, 0.03, and 0.04).
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in the XRD section that the occupancy of Ca2+ ions is much
higher at the 4f sites and the occupancy of La3+ ions is higher at
the 6h sites (Table S2†). For the suitable occupation of bigger
Eu2+ ions in the CLOF system, identifying the nature of the site
symmetry and the appropriate cation is very important.
Eventually, the emission intensity of the activator ion directly
depends on the crystallographic site symmetry of that particular
host. Herein, Eu3+ ion spectroscopy is used as the structural
probe to get more insight into the site symmetries in the
present host system. Fig. 3(a) represents the comparative photo-
luminescence of C3.94LOF:0.04Eu

3+ and CL5.96OF:0.04Eu
3+

samples synthesized in the air by replacing the Ca2+ ions and
La3+ ions with Eu3+ ions, respectively. Both the combinations
show similar photoluminescence since the Eu3+ ions substi-
tuted Ca2+ and La3+ ions which share similar lattice sites and
have similar ionic radii to those of Eu3+. However, the excitation
spectra of C3.94LOF:0.04Eu

3+ exhibit a slightly red-shifted charge
transfer band (CTB) of O2− to Eu3+ ions in comparison with the
CTB of CL5.96OF:0.04Eu

3+. In the C3.94LOF:0.04Eu
3+ system, the

Eu–O bonds might be more covalent than in CL5.96OF:0.04Eu
3+

owing to the charge difference between the Ca2+ and Ln3+ (Ln =

La3+, Eu3+) ions. This could be the reason for the red-shift of the
CTB band when Eu3+ ions replace Ca2+ ions rather than La3+

ions. According to Feng et al., the CTB red-shift can be observed
in the case of Eu3+ ions substituting the less electronegative
metal ions and vice versa.31 La3+ ions (13.07 × 10−30 m3) have a
higher polarizability value than that of Ca2+ ions (5.91 × 10−30

m3) because of this reason, and a red-shift in CTB of
C3.94LOF:0.04Eu

3+ as compared with CL5.96OF:0.04Eu
3+ is

observed.20

Fig. 3(b) shows the PLE of a series of Ca4−3x/2La6Si6O24F2:
xEu3+ (CLOF:xEu3+) samples recorded at 614 nm. The spectra
consist of a broad band covering from 240 to 340 nm corres-
ponding to the O2−–Eu3+ CTB, and several sharp lines are
observed in the region after 350 nm due to the intra-configura-
tional f–f transitions of the Eu3+ ions. A red-shift in the CTB is
observed up to x = 0.04, above which the CTB peak shifted to
the lower wavelength side. This is attributed to the occupation
of Eu3+ ions at 4f sites with C3 symmetry. In CLOF:0.04Eu3+,
the average metal–oxygen bond length at 4f sites (2.629 Å) is
observed to be higher than that at the 6h sites (2.547 Å). The
larger bond length at 4f sites might reduce the energy of the

Fig. 2 Rietveld refinement of (a) CSLOF and (b) CSLOF:0.04Eu2+. (c) Schematic representation of the average metal–oxygen bond length variation
in undoped CLOF and CSLOF. (d) XRD patterns of CSLOF:xEu2+ (x = 0.0, 0.02, 0.03, 0.04, 0.045, and 0.055).
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CTB and may cause the initial red-shift. Above a certain level
of doping concentration, Eu3+ ions started to occupy smaller
6h sites with Cs symmetry and having shorter bond lengths,
and thus a blue shift in excitation is observed.31

Fig. 3(c) describes the PL emission spectra of a series of
CLOF:xEu3+ phosphors synthesized in air and excited under a
280 nm CTB peak wavelength. The emission spectra consist of
several sharp peaks of Eu3+ ion intra f–f transitions. Herein,
the sharp emission at 585 nm (ΔJ = ±1) corresponds to the
electric dipole transition (5D0–

7F1). The most intense peak at
614 nm (ΔJ = ±2) corresponds to the magnetic dipole tran-
sition (5D0–

7F2), which means that Eu3+ ions are located at
non-centrosymmetric sites.32 Although both the sites in CLOF
do not possess a centre of symmetry, however, the 4f site
having C3 point symmetry is comparatively less asymmetric
than the 6h site with Cs point symmetry. Moreover, the

observed peak at 578 nm is because of the 5D0–
7F0 forbidden

transition, and it determines the Eu3+ ions’ site occupancy in
the CLOF host. According to the electric dipole selection rule,
the 5D0–

7F0 transition usually appears for Eu3+ ions, which are
situated at low symmetries like Cs, C1, C2, C3, C4, C6, C2V, C3V,
C4V, and C6V, respectively.33 Therefore, the aforementioned
observation shows that Eu3+ ions might have occupied both of
the sites in the CLOF host. However, the zero splitting and
non-shifting behaviour of the 5D0–

7F0 transition due to the
increase of Eu3+ ion concentrations might be due to a more
preferable occupancy of Eu3+ ions at the 4f sites, which are
bigger and more asymmetric than the 6h sites.

The inset of Fig. 3(c) represents the direct PL image of the
optimum CLOF:0.08Eu3+ sample in response to a 280 nm UV
source. Fig. 3(d) represents the intensity variations of the
5D0–

7F2 and
5D0–

7F1 transitions in the emission spectra of the

Fig. 3 (a) The comparative excitation and emission spectra of Ca3.94La6Si6O24F2:0.04Eu
3+ and Ca4La5.96Si6O24F2:0.04Eu

3+ samples synthesized in
air and recorded at 614 nm and 280 nm, respectively. (b) Excitation and (c) emission spectra of Ca4−3x/2La6Si6O24F2:xEu

3+ (x = 0.01, 0.02, 0.04, 0.06,
0.08, and 0.10) recorded at 614 nm and 280 nm, respectively. (d) The variation in the intensity of red (5D0–

7F2) and orange (5D0–
7F1) transitions, and

(e) the variations in the red-to-orange ratio for Ca4−3x/2La6Si6O24F2:xEu
3+ phosphors. (f ) CIE diagram and colour coordinates of CLOF:0.08Eu3+

phosphor under 280 nm UV illumination.
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CLOF:xEu3+ phosphors. It is observed that, on increasing the
Eu3+ ion concentration, the intensity of the corresponding
transition increases systematically up to x = 0.08 (critical con-
centration). However, the asymmetric ratio (red to orange
ratio) plotted as a function of the Eu3+ ion concentrations does
not appreciably change (Fig. 3€). Because of the above reasons,
the overall emission colour does not change considerably with
the Eu3+ ion concentration. The colour chromaticity (CIE) coor-
dinates of the optimum CLOF:0.08Eu3+ phosphor are rep-
resented in Fig. 3(f ). Based on the report of Duke et al., a com-
pound with high symmetry has minimal distortion and can
produce narrowband emission from Ce3+ or Eu2+ ions and vice
versa by suitable cationic substitutions.34 In the CSLOF host,
both the cationic sites are asymmetric in nature, and therefore
more lattice distortion can be expected, due to which broad
emission can be predicted if the valence of the europium ions
could be changed from 3+ to 2+.

3.3. Photoluminescence of Ca2−xSr2−xLa6Si6O24F2:xEu
2+

(CSLOF:xEu2+) synthesized under a reduction atmosphere

According to the Dorenbos predictions, the variation in covalency
or polarizability always leads to a centroid shift in the Eu polyhe-
dra. Theoretically, the centroid shift is inversely proportional to
the cationic electronegativity.35 The energy difference between the
lowest and the highest 5d levels is related to the symmetry and

size of the Eu2+ coordination polyhedra.36 In the CLOF host, the
Ca2+ ions are less electronegative than the La3+ ions, based on the
Pauling electronegativity scale of periodic elements. Hence, the
broad emission from Eu2+ polyhedra situated at the Ca atomic
sites can be preferably tuned to get the desired wavelength emis-
sion via cationic substitution strategies. Therefore, we have syn-
thesized Ca3.96La6Si6O24F2:0.04Eu

2+ (CLOF:0.04Eu2+) and
Ca1.98Sr1.98La6Si6O24F2:0.04Eu

2+ (CSLOF:0.04Eu2+) under a N2–H2

reduction atmosphere. Fig. 4(a) and (b) represent the excitation
and emission spectra of CLOF:0.04Eu2+ and CSLOF:0.04Eu2+

recorded at 520 nm and 340 nm, respectively. The asymmetric
broadband excitation of CLOF:0.04Eu2+ covering from 250 to
450 nm further deconvoluted into six Gaussian components
located at 284 nm (P1: 4.37 eV), 297 nm (P2: 4.18 eV), 319 nm
(P3: 3.89 eV), 341 nm (P4: 3.64 eV), 375 nm (P5: 3.31 eV) and
407 nm (P6: 3.05 eV), while with the deconvoluted peak positions
for CSLOF,0.04Eu2+ phosphor are observed at 264 nm (P1: 4.70
eV), 294 nm (P2: 4.22 eV), 316 nm (P3: 3.92 eV), 329 nm (P4: 3.77
eV), 356 nm (P5: 3.48 eV) and 407 nm (P6: 3.05 eV), respectively.
The peak P1 represents the CTB of the activator ion to a ligand of
the host. The other peaks from P2 to P5 correspond to the 5d–4f
electronic transitions of the Eu2+ ions, which are generated
because of the variation of crystallographic changes around the
five degenerated d orbitals of the Eu2+ ions. A possible schematic
energy level diagram for the degenerated 5d orbitals is also pro-

Fig. 4 The deconvoluted excitation and emission spectra of (a) CLOF:0.04Eu2+ and (b) CSLOF:0.04Eu2+ synthesized under a N2–H2 atmosphere
and recorded at 520 nm and 340 nm, respectively. (c) Schematic energy level diagram for CSLOF:0.04Eu2+. Comparative (d) excitation and (e) emis-
sion spectra of CLOF:0.04Eu2+ and CSLOF:0.04Eu2+ recorded at 280 nm and 614 nm, respectively.
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posed in Fig. 4(c). As seen from the PLE of CLOF:0.04Eu2+ and
CSLOF:0.04Eu2+, after the introduction of the Sr2+ ions, the peak
intensity of the CTB band (P1) is decreased and shifted towards
the lower wavelength region (from 284 to 264 nm). The incorpor-
ation of Sr2+ ions might reduce he Eu3+ ions in the lattice and
hence reduce the excitation charge transfer energy and thus the
CTB band (P1) intensity.37

The incorporation of Sr2+ ions into the CLOF host lattice
also results in lattice expansion, due to which the Eu3+ ions
might be easily reduced to Eu2+ ions preferably in the larger
cationic sites. Huang et al. introduced a crystal chemistry
approach to reduce Eu3+ to Eu2+ ions in the lattice by replacing
the appropriate ions with large dopants like Si4+ ions, which
enlarged the Ca2+ sites and thus enabled Eu3+ reduction.38 The
Eu2+ occupancy is expected to enhance in the nine-coordinated
4f sites which substantially accelerate Eu3+ ion occupation of
the seven-coordinated 6h sites. Thus, the average Eu–O bond
length in the 4f sites of CSLOF:0.04Eu2+ will be higher than in
CLOF:0.04Eu3+. Because of this reason, the CTB (P1) of Eu3+

ions in CSLOF:0.04Eu2+ might have appeared at 264 nm.37 The
other five Eu2+ ion transition peaks are more dominant, and
peak broadening is also observed owing to the incorporation
of Sr2+ ions. After the incorporation of larger Sr2+ ions into the
CLOF host, certain lattice expansion around the crystallo-
graphic sites of the activator ions might take place, which
might reduce the strain on the Eu2+ ion occupancy. Such
lattice modifications due to the introduction of Sr atoms are
also confirmed through the XRD refinement data of CLOF and
CSLOF, as indicated in the XRD analysis part.

To confirm the change in Eu valence from 3+ to 2+ due to
the Sr2+ incorporation in the CLOF, the comparative excitation
and emission spectra of CLOF:0.04Eu2+ and CSLOF:0.04Eu2+

were also recorded at 614 nm emission of Eu3+: 5D0–
7F2 tran-

sition and 280 nm of O2−–Eu3+ CTB excitation, as shown in
Fig. 4(d) and (e), respectively. On recording the excitation at
614 nm, it was found that in CLOF:0.04Eu2+ no dominant Eu2+

ion 4f–5d transition peak appears rather than an intense O2−–

Eu3+ CTB. After the incorporation of Sr2+ ions
(CSLOF:0.04Eu2+) the intensity of the Eu3+ ions’ CTB band
decreases, and the asymmetric broadband of Eu2+ ions
appears. Similar phenomena are also observed from the emis-
sion spectra recorded at 280 nm (Fig. 4(e)). It is observed that
the emission spectra of CLOF:0.04Eu2+ contain only several
sharp peaks of intra f–f Eu3+ ions, and broad-emitting Eu2+ ion
peaks are not observed. However, in the CSLOF:0.04Eu2+

system, the Eu3+ ions’ emission drastically decreased and the
broad emission of Eu2+ ions increased. This is because the
incorporation of Sr2+ ions results in increased structural
defects and enhances the lattice size; consequently, more Eu3+

ions are converted to Eu2+ ions. In addition, there is a slight
change in the emission behaviour of Eu3+ ions in
CSLOF:0.04Eu2+ observed in the spectra as the red to orange
ratio (5D0–

7F2 to
5D0–

7F1) intensity is decreased effectively com-
pared with that in CLOF:0.04Eu2+. The enhanced occupation
of Eu2+ ions in the 4f and 6h sites might reduce the number of
Eu3+ ions in both the asymmetric sites.

The PL emission spectra of CLOF:0.04Eu2+ and
CSLOF:0.04Eu2+ exhibit an intense green-emitting asymmetric
band peaked at 520 nm covering the range of 450 nm to
600 nm due to the 5d–4f electronic transitions of the Eu2+

ions. The observed emission spectra are deconvoluted into two
broad Gaussian bands peaked at 510 nm (P7: 2.43 eV) and
561 nm (P8: 2.21 eV) for CLOF:0.04Eu2 (Fig. 4(a)), and at
512 nm (P7: 2.42 eV) and 574 nm (P8: 2.16 eV) for
CSLOF:0.04Eu2+ (Fig. 4(b)). This asymmetric behaviour of the
emission band indicates multiple crystallographic site occu-
pancy by Eu2+ ions. Based on the empirical formula proposed
by Van Uitert, the Eu2+ ion occupancy on both the cationic
sites can be explained via the equation,

Eðcm�1Þ ¼ Q 1� ðV=4Þ1V � 10�
nEar
80ð Þh i

ð1Þ

where E is the emission band of the Eu2+ ion, Q is the lower
d-band position for free Eu2+ ions (Q = 34 000 cm−1), V rep-
resents the Eu2+ valence (V = 2), r is the cationic radius substi-
tuted by Eu2+ ions, Ea is the electron affinity and n represents
the coordination number of Eu2+ ion-occupied sites.39

Accordingly, E directly depends on the coordination number
of the cationic sites in the particular host lattice. Conforming
to this formula, a lower wavelength emission corresponds to
the sites with high coordination numbers and vice versa.
Consequently, in the emission spectra of CLOF:0.04Eu2+ and
CSLOF:0.04Eu2+, the peak P7 represents the 4f65d1–4f7 tran-
sition of Eu2+ ions located in the nine-coordinated 4f sites,
whereas P8 represents emission from Eu2+ ions occupying the
seven-coordinated 6h sites. Comparing both the Eu2+ ions’
occupied polyhedra [M–O6F]6h and [M–O9]4f, the Eu2+ ions in
the 6h sites are surrounded by more non-equivalent anionic
atoms than the Eu2+ ions occupying the 4f sites. Because of
this reason, Eu2+ ions in the 6h sites might experience higher
crystal field splitting than Eu2+ ions situated in the 4f sites.
Because of larger splitting, Eu2+ ions occupying the 6h sites
exhibited higher wavelength emission (P8) than Eu2+ ions
located at the 4f sites.40

It can be predicted that the transitions from Eu2+ ions are
observed in both the cationic sites, and among them P7 has a
higher intensity than P8 which means that a greater number
of Eu2+ ions are preferably occupying the bigger 4f sites.
Compared with CLOF:0.04Eu2+, the emission spectra of
CSLOF:0.04Eu2+ slightly red-shifted. Additionally, a broaden-
ing of the emission peak is also observed after the introduc-
tion of Sr2+ ions. The XRD analysis indicated that by the intro-
duction of Sr2+ ions in CLOF:Eu3+, the average metal–oxygen
length in 4f and 6h coordination is changed (from CLOF:Eu3+;
2.629 Å to CSLOF:Eu2+; 2.668 Å and from CLOF:Eu3+; 2.547 Å
to CSLOF:Eu2+; 2.560 Å, respectively). Such a bond length dis-
tortion reduces the strain in the lattice and more trivalent Eu
ions are changed to their divalent analogues, and the peak
broadening is observed. Eventually, the increment in the
FWHM value due to the presence of Sr2+ ions also illustrates
the enhancement of Eu2+ ion occupancy of both the cationic
sites.
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Fig. 5(a) describes the excitation and emission spectra of a
series of CSLOF:xEu2+ phosphors recorded in the range of
520–562 nm and 322–340 nm, respectively. As the Eu2+ ion
doping concentration increases, the peak intensity also
increases and reaches the maximum at x = 0.04, above which
quenching of emission intensity is observed. The concen-
tration quenching behaviour of Eu2+ ions is studied by evaluat-
ing the critical distance (Rc) based on the Blasse equation
reported elsewhere:41

Rc � 2
3V

4πXcN

� �1=3
ð2Þ

where V is the volume of the unit cell (582.65 Å3), N is the
number of molecules per unit cell (2) and Xc is the critical con-
centration of Eu2+ ions (0.04) for the CSLOF:0.04Eu2+ phos-
phor. The critical distance is found to be 24.05 Å. The Rc value
is greater than 5 Å, indicating that the exchange interaction is
not dominant in Eu2+ ions in the CSLOF host.

The emission spectra CSLOF:xEu2+ consist of asymmetric
broadband emission ranging from 450 nm to 650 nm arising
due to the 4f65d1–4f7 electronic transitions of the Eu2+ ions.

The reason for an asymmetric band is due to the difference in
the occupancy of Eu2+ ions at the multiple crystallographic
sites of the host. In addition to the intensity variation, a red-
shift of the emission band is also observed during the incre-
ment in Eu2+ ion concentration, as shown in Fig. 5(b). The
substitution of Eu2+ ions at the smaller cationic sites of
CSLOF:0.04Eu2+ causes a greater relaxation of the equilibrium
distance of the excited states of Eu2+ ions and results in the
emission Stokes shift.42,43 Fig. 5(c) describes the CIE diagram
and calculated colour coordinates for the emission spectra of
CSLOF:xEu2+ phosphors, along with the luminescence photo-
graph of the optimum CSLOF:0.04Eu2+ phosphor. There is a
gradual emission shift from greenish (0.30, 0.47) to yellowish-
green (0.35, 0.50) with the increase in Eu2+ ion concentration.

3.4. Photoluminescence of
Ca1.98−ySr1.98−yLa6Si6O24F2:0.04Eu

2+,yMg2+ (CSLOF:Eu2+,yMg)
and Ca1.98−zSr1.98−zLa6Si6O24F2:0.04Eu

2+,zBa2+ (CSLOF:Eu2+,
zBa) synthesized under a N2–H2 atmosphere

According to the structural and optical outcomes of europium
ion-doped CSLOF systems, a controlled operation of the Eu2+

Fig. 5 (a) The excitation and emission spectra of CSLOF:xEu2+ (x = 0.02, 0.03, 0.04, 0.045, 0.055) phosphors recorded in the range of 520–562 nm
and 322–340 nm, respectively. (b) A red-shift in emission spectra as a function of increasing Eu2+ ion concentration. (c) CIE diagram and colour
coordinates for the corresponding emission spectra of CSLOF:xEu2+ phosphors along with the luminescence photograph of the optimum
CSLOF:0.04Eu2+ phosphor.
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ionic distributions at the multiple cationic sites can result in a
flexible colour output from the presently adopted composition-
ally tuned single-phased system. Eventually, a compositionally
tuned white-emitting system could also be achieved via modi-
fying the CSLOF:Eu2+ system. With such an aim, the emission
property of the CSLOF:0.04Eu2+ phosphor has been further
tuned by altering the distortion of metal–anion polyhedra with
a suitable cationic substitution strategy. For the optimum
CSLOF:0.04Eu2+ green-emitting composition, the substitution
of smaller Mg2+ ions for relatively larger Sr2+ and Ca2+ ions is
being initially focused on.

Fig. 6(a) represents the excitation and emission spectra of a
series of CSLOF:0.04Eu2+,yMg2+ (y = 0.0 to 1.0) phosphors
recorded in the range of 480–505 nm and 330–340 nm, respect-
ively. The intensity of the emission peak gradually increases
(Fig. 6(a)) and the emission band becomes narrower with the
increase of Mg2+ ion concentration, as visible in Fig. 6(b).
Smaller-sized Mg2+ ions prefer to occupy the 6h sites. In order
to minimize the distortion, more Eu2+ ions are then substi-

tuted at the 4f sites, which results in a narrower emission.
Moreover, a blue-shift in the emission peak from 520 nm to
481 nm is also noted, as is visible in Fig. 6(c). This is again
attributed to the preferential occupation of more Eu2+ ions in
the nine-coordinated 4f sites, since the larger coordination
gives lower wavelength emission. The CIE diagram and the
colour coordinates of the corresponding emission spectra
along with the luminescence photographs of the
CSLOF:0.04Eu2+,yMg2+ phosphors are shown in Fig. 6(d).
Clearly, the emission blue-shift from the greenish (0.32, 0.495)
to cyan-blue (0.18, 0.25) region with the increase of Mg2+ ion
concentration from y = 0.0 to 1.0 can be realized via the digital
images.

The PL results of CSLOF:Eu2+ are further probed via synthe-
sizing a series of CSLOF:0.04Eu2+,zBa2+. Fig. 7(a) represents
the excitation and emission spectra of CSLOF:0.04Eu2+,zBa2+ (z
= 0.0 to 2.0) phosphors recorded in the range of 520–540 nm
and 340 nm, respectively. With increasing Ba2+ ion concen-
tration, the emission intensity as well as broadening of the

Fig. 6 (a) The excitation and emission spectra of CSLOF:0.04Eu2+,yMg2+ phosphors recorded in the range of 480–505 nm and 330–340 nm,
respectively. (b) The variations in intensity and FWHM of the emission spectra with the increase in Mg2+ ion concentration. (c) A blue-shift in the
emission spectra as a function of increasing Mg2+ ion concentration. (d) CIE diagram for the corresponding emission spectra of CSLOF:0.04Eu2+,
yMg2+ phosphors along with the corresponding luminescence photographs.
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emission peak gradually increases and reaches a maximum at
z = 1.2, and after that, luminescence quenching occurs.
Initially, larger Ba2+ ions occupied both the available cationic
sites. This might have enhanced the size of the polyhedra,
which then efficiently accommodated the Eu2+ ions. The sig-
nificant enhancement of FWHM indicates the possibility of
generating broader emissions covering the entire visible spec-
trum. The emission intensity variation and FWHM changes
are also shown in Fig. 7(b). It is also observed that on increas-
ing the Ba2+ ion concentration, a red-shift in emission spectra
from the greenish (520 nm) to yellowish-green (540 nm) region
is observed (Fig. 7(c)). The chromaticity diagram and the
colour coordinates along with the luminescence photographs
of the corresponding emission spectra of CSLOF:0.04Eu2+,
zBa2+ phosphors are shown in Fig. 7(d). A slight red-shift has
been noted from greenish (0.32, 0.495) to greenish-yellow
(0.335, 0.45) with the increase of Ba2+ ion concentration.

The overall energy splitting mechanism in Mg2+ or Ba2+

codoped Ca1.98Sr1.98La6Si6O24F2:0.04Eu
2+ phosphors is illus-

trated in Fig. 7(e). As illustrated in Fig. 7(e), the 5d energy
band of the activated Eu2+ ions is influenced by the cationic
substitutions in the host lattice, which results in the crystal
field splitting (εcfs) and a centroid shift (εc). Due to the substi-
tution of smaller Mg2+ ions for larger Ca2+/Sr2+ ions at 6h sites,

the [M1–O6F] polyhedra might be contracted due to the prefer-
able substitution of smaller-sized Mg2+ ions at the 6h sites.
Subsequently, [M2–O9] polyhedra could be expanded. Because
of this reason, Eu2+ ions situated at the 4f sites might experi-
ence a lower εcfs in CSLOF:0.04Eu2+,Mg2+ than in
CSLOF:0.04Eu2+, which led to a blue-shift in the emission
peak from 520 nm to 481 nm. As compared with the XRD
refinement data of CSLOF:0.04Eu2+, the cell volume enhance-
ment from 582.65 [Å3] to 590.42 [Å3] for
CSLOF:0.04Eu2+,1.2Ba2+ might be caused by the replacement
of Ba2+ ions with Eu2+ ions.44 When less electronegative and
larger Ba2+ ions are introduced to the cationic sites of
CSLOF:0.04Eu2+, it causes an enhancement in the lattice size
and also increases the centroid shift (εc) of the 5d orbital of
the Eu2+ ions. This reduces the energy gap in the 5d–4f elec-
tronic transition of Eu2+ ions and results in a higher wave-
length emission.45,46

Since the size of Ba2+ ion is more than the Ca2+/Sr2+ ion,
the cationic replacement of Ca2+/Sr2+ by Ba2+ in
Ca1.98Sr1.98La6Si6O24F2:0.04Eu

2+ should enhance the lattice
size of Ca1.98Sr1.98La6Si6O24F2:0.04Eu

2+. For validation, the
Rietveld refinement has also been carried out for the XRD
pattern of CSLOF:0.04Eu2+,1.2Ba2+ using a similar structure
used for the Ca2+/Sr2+ analogue, as shown in Fig. 8(a).

Fig. 7 (a) The excitation and emission spectra of CSLOF:0.04Eu2+,zBa2+ (z = 0, 0.5, 1.0, and 1.2) phosphors recorded in the range of 520–540 nm
and 340 nm, respectively. (b) Variation in the intensity and FWHM of the emission spectra with the increase in Ba2+ ion concentration. (c) A red-shift
in the emission spectra as a function of increasing Ba2+ ion concentration. (d) CIE diagram and colour coordinates for the corresponding emission
spectra of CSLOF:0.04Eu2+,zBa2+ (z = 0, 0.5, 1.0, and 1.2) phosphors along with the luminescence photographs of the phosphors. (e) Overall energy
splitting diagram of Mg2+ or Ba2+-codoped Ca1.98Sr1.98La6Si6O24F2:0.04Eu

2+ phosphors.
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Compared with CSLOF:0.04Eu2+, the lattice parameters as well
as the lattice volume of CSLOF:0.04Eu2+,1.2Ba2+ are slightly
enhanced (Table S1†). The lattice expansion can also be veri-
fied from higher [M–O] bond length values at different sites of
CSLOF:0.04Eu2+,1.2Ba2+ compared with the [M–O] bond
lengths of CSLOF:0.04Eu2+, as shown in the inset of Fig. 8(a).
Such a lattice expansion may allow more Eu2+ ions to occupy
the lattice sites of CSLOF:0.04Eu2+,1.2Ba2+. Keeping the struc-
tural results of CSLOF:0.04Eu2+,1.2Ba2+ in view, the Eu2+ ion
concentration of the optimum Ca1.38Sr1.38La6Si6O24

F2:0.04Eu
2+,1.2Ba2+ phosphor has been further enhanced from

0.04 to 0.3. Fig. 8(b) represents the XRD patterns of a series of
Ca1.38−nSr1.38−nLa6Si6O24F2:nEu

2+,1.2Ba2+ (n = 0.04 to 0.3) phos-
phors. The basic crystal structure has not been altered due to
the increasing Eu2+ ion concentrations. However, the success-
ful adaptation of Eu2+ ions (higher than n = 0.04) can be con-
firmed in the magnified XRD patterns where the main diffrac-
tion peaks continuously shift toward higher 2θ with increasing
n values from 0.04 to 0.3 (Fig. 8(b)).

Fig. 9(a) represents the photoluminescence of a series of
Ca1.38−nSr1.38−nLa6Si6O24F2:nEu

2+,1.2Ba2+ (n = 0.04 to 0.3) phos-
phors recorded at 360 nm. On increasing the Eu2+ ion concen-
tration, the emission intensity rises initially and reaches a
maximum at n = 0.07, above which luminescence quenching is
observed. Based on Blasse’s equation,41 the critical distance is
calculated to be 20.01 Å for CSLOF:0.07Eu2+,1.2Ba2+.
Eventually, a slight emission red-shift is also observed from
540 nm to 545 nm at higher Eu2+ concentrations, as shown in
Fig. 9(a). The smaller size of the Eu2+ ion than the Ba2+ ion
might increase the lattice covalency, and hence longer wave-
length emission has been observed.46,47 The overall colour
tuning from greenish-yellow (0.30, 0.49) to the yellowish region
(0.34, 0.45) can be realized from the colour chromaticity
diagram, and from the corresponding luminescence photo-

graphs, as shown in Fig. 9(b). Fig. 9(c) represents the compara-
tive emission spectra of commercial Y3Al5O12:Ce

3+ with
Ca1.38−nSr1.38−nLa6Si6O24F2:nEu

2+,1.2Ba2+ (n = 0.07, 0.15) phos-
phors recorded at 460 nm and 360 nm, respectively. Not only
the emission intensity but also the emission FWHM of the
optimized phosphors is found to be comparable with those of
the commercial phosphor.

The temperature-dependent PL intensity variation of
CSLOF:0.04Eu2+,zBa2+ (z = 0 and 1.2) phosphors from 300 to
450 K recorded at 360 nm excitation is shown in Fig. 9(d).
With enhancing the temperature, the PL intensity drops regu-
larly because of the relaxation of non-radiative transitions
leading to the quenching of the Eu2+ ions’ emissive tran-
sitions.47 At 423 K, the PL emission intensity of
CSLOF:0.04Eu2+ retained almost 81% of its initial intensity,
showing the high thermal stability of the phosphor suitable
for WLED applications, while the PL emission intensity of
CSLOF:0.04Eu2+,1.2Ba2+ reduced to 72% of the room tempera-
ture emission intensity. The thermal stability of the phosphor
can be described by the Arrhenius equation,

IT ¼ I0

1þ c exp �ΔE
kT

� � ð3Þ

where I0 and IT are the starting emissive intensity and emission
intensity at numerous temperatures. c is a constant for the host,
ΔE is the activation energy, k is the Boltzmann’s constant (8.62
× 10−5 eV K−1), and T is the temperature in K.48 Fig. 9(e) shows
the plots between In [(I0/IT) − 1] vs. [1000/T] and the slopes of
the corresponding lines give the activation energy (ΔE). The acti-
vation energy of CSLOF:0.04Eu2+ is found to be 0.26 eV, which
supports the high thermal stability of this composition,49 while
the activation energy of CSLOF:0.04Eu2+,1.2Ba2+ phosphor is

Fig. 8 (a) Rietveld refinement of CSLOF:0.04Eu2+,1.2Ba2+. Inset: Schematic representation of average metal–oxygen bond length variation in
CSLOF:0.04Eu2+,zBa2+ (z = 0 and 1.2). (b) XRD patterns of a series of CSLOF:nEu2+,1.2Ba2+ (n = 0.04 to 0.3).

Paper Dalton Transactions

14612 | Dalton Trans., 2022, 51, 14601–14617 This journal is © The Royal Society of Chemistry 2022

Pu
bl

is
he

d 
on

 0
9 

Se
pt

em
be

r 
20

22
. D

ow
nl

oa
de

d 
by

 R
eg

io
na

l R
es

ea
rc

h 
L

ab
or

at
or

y 
(R

R
L

_T
vm

) 
on

 1
0/

15
/2

02
2 

7:
46

:5
1 

A
M

. 
View Article Online

https://doi.org/10.1039/d2dt02236b


observed to be reduced to 0.22 eV. Fig. 9(f) shows the energy
level diagram of CSLOF:0.04Eu2+,zBa2+ (z = 0 and 1.2). In this
figure, the cross-over points of the ground state and the excited
state are denoted by a1 and a2 for CSLOF:0.04Eu2+,zBa2+ (z = 0
and 1.2) phosphors, respectively. The activation energy is the

energy difference between the CRP and the lowest excited state
as indicated in Fig. 9(f). As the temperature increases, electrons
are stimulated from the lowest excited level to the highest
excited level (engaged with the CRP) because of the phonon
energy and get back to the ground state through non-radiative

Fig. 9 (a) The emission spectra of CSLOF:nEu2+,1.2Ba2+ (n = 0.04 to 0.25) phosphors recorded at 360 nm. (b) CIE diagram and colour coordinates
for the corresponding emission spectra of CSLOF:nEu2+,1.2Ba2+ along with the luminescence photographs of the phosphors. (c) The comparative
excitation and emission spectra of commercial Y3Al5O12:Ce

3+ and with CSLOF:nEu2+,1.2Ba2+ (n = 0.07, 0.15). (d) Temperature-dependent PL intensity
variation of CSLOF:0.04Eu2+,zBa2+ (z = 0 and 1.2) phosphors recorded at 360 nm. (e) Arrhenius fitting of CSLOF:0.04Eu2+,zBa2+ (z = 0 and 1.2) phos-
phors. (f ) The energy level diagram illustrates the relationship between non-radiative relaxation process and the wavelength shift.

Fig. 10 (a) The electroluminescent spectra of (i) CSLOF:0.04Eu2+,1.0Mg2+, (ii) CSLOF:0.04Eu2+, (iii) CSLOF:0.04Eu2+,1.2Ba2+, (iv)
CSLOF:0.07Eu2+,1.2Ba2+, and (v) CSLOF:0.15Eu2+,1.2Ba2+ recorded with a 370 nm n-UV LED chip. (b) The corresponding chromaticity diagram and
colour coordinates, and the digital images of the obtained pc-LEDs are also illustrated.
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emission.50 This phenomenon reduces the emission intensity of
Eu2+ ions at higher temperatures. Eventually, Ba2+ ion introduc-
tion to CSLOF:0.04Eu2+ caused a centroid shift followed by the
emission red-shift. This lowers the ground and excited state
CRP from a1 (CSLOF:0.04Eu2+) to a2
(CSLOF:0.04Eu2+,1.2Ba2+).51 Consequently, the energy difference
among the highest and the lowest excited states reduces, owing
to which non-radiative relaxation takes place more rapidly in the
case of CSLOF:0.04Eu2+,1.2Ba2+ than CSLOF:0.04Eu2+. Due to
this reason, the activation energy is observed to be reduced
from ΔEa1 = 0.26 eV (CSLOF:0.04Eu2+) to ΔEa2 = 0.22 eV
(CSLOF:0.04Eu2+,1.2Ba2+). However, no wavelength shift is
observed upon increasing the temperature, which indicates that
there is no predominant colour loss happening for phosphors
owing to the enhancement in temperatures. The relationship
between the Stokes shift and the non-radiative relaxation
process is described in the energy level scheme, as shown in
Fig. 9(f).

To understand the practical performance of the optimized
yellow-, green-, and blue-emitting phosphors, these phosphors
are deposited on to a 370 nm n-UV LED chip. Fig. 10(a): (i to v)
to Fig. 10(b): (i to v) represent the electroluminescent (EL)
spectra and CIE diagram of cyan-blue-emitting
CSLOF:0.04Eu2+,1.0Mg2+, green-emitting CSLOF:0.04Eu2+,zBa2+

(z = 0 and 1.2) and yellow-emitting CSLOF:nEu2+,1.2Ba2+ (n =
0.07 and 0.15) phosphors, respectively. The estimated colour
coordinates, CCT, and CRI values are also mentioned in the
insets of Fig. 10(a). The 370 nm n-UV converted EL spectrum
of the cyan-blue-emitting CSLOF:0.04Eu2+,1.0Mg2+ is has a
CCT of 12 428 K and CRI of 68 (Fig. 10(a): (i)). However, the
combination of a 370 nm n-UV LED chip and a
CSLOF:0.04Eu2+ phosphor exhibits a green band maximum at
520 nm with a CCT of 5804 K and CRI of 72 (Fig. 10(a): (ii)).
The cationic substitution strategy via the smaller sized Mg2+

ions in the CSLOF:0.04Eu2+ phosphor considerably tuned the
colour chromaticity from greenish (0.322, 0.435) to the cyan-
blue region (0.244, 0.314), as shown in Fig. 10(a and b): (ii) to
(i), whereas CSLOF:0.04Eu2+,1.2Ba2+ resulted in a red-shifted
EL spectrum from green (0.322, 0.435) to greenish-yellow
(0.343, 0.455). The corresponding CCT and CRI of
CSLOF:0.04Eu2+,1.2Ba2+ are observed to be 5266 K and 75,
respectively (Fig. 10(a and b): (iii)). Eventually, the EL spectral
emission of CSLOF:0.04Eu2+,1.2Ba2+ has been further tuned
via enhancing the Eu2+ concentrations. The observed CCT and
CRI values for CSLOF:nEu2+,1.2Ba2+ (n = 0.07, 0.15) are
observed to be (5040 K, 79) and (4929 K, 77), respectively,
while the chromaticity coordinates are also shifted from green-
ish yellow (0.343, 0.455) to the yellow region (0.36, 0.48) due to
the increase in Eu2+ concentrations from 0.04 to 0.15 in
CSLOF:nEu2+,1.2Ba2+ (n = 0.04, 0.07, 0.15), as shown in Fig. 10
(a and b): (iii) to (v). The inset of Fig. 10(b): (i) to (v) shows the
photographs of the 370 nm LED packages using cyan-blue-
emitting CSLOF:0.04Eu2+,1.0Mg2+, green-emitting
CSLOF:0.04Eu2+,zBa2+ (z = 0 and 1.2) and yellow-emitting
CSLOF:nEu2+,1.2Ba2+ (n = 0.07 and 0.15) phosphors, respect-
ively, under a forward bias current of 350 mA.

A WLED has also been fabricated via depositing
CSLOF:0.15Eu2+,1.2Ba2+ phosphor on a 410 nm violet-LED
chip, and the corresponding EL spectrum is illustrated in
Fig. 11(a). Herein, the driving current that is having a substan-
tial effect on the EL performance of the phosphor-based
WLEDs has been varied. At 50 mA of current, this combination
emits white light having a CCT of 5319 K and a CRI of 66.
Eventually, the CIE coordinates are observed to be (0.342,
0.425) (Fig. 11(b)). Clearly, the broad emission of
CSLOF:0.15Eu2+,1.2Ba2+ phosphor substantially increased
along the sharper LED emission at 410 nm with the increase
in driven current. Meanwhile, no emission saturation has been
seen in the yellow phosphor, which might be due to the pres-
ence of a high concentration of Eu2+ luminescent centers.
Enhancing the current from 50 mA to 90 mA changed the CCT
and the CRI values from 5319 K to 4689 K and 74 to 70,
respectively. Most importantly, the CIE coordinates are also
slightly tuned from (0.342, 0.425) to (0.324, 0.413), as can be

Fig. 11 (a) Electroluminescent spectra and (b) the analogous chroma-
ticity diagram of CSLOF:0.15Eu2+,1.2Ba2+ recorded with a 410 nm violet-
LED chip at different currents. Inset: the digital image of the obtained
pc-LED operated at 90 mA.
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seen in Fig. 11(b). The captured image of fabricated WLED
indicates warm white light emission. The inset in Fig. 11(a)
presents the as-appeared direct image of a prototype WLED
and its illumination capacity. These results demonstrate that
CSLOF:nEu2+,1.2Ba2+ (n = 0.07, 0.15) compositions are promis-
ing for the n-UV and violet-LED based pc-white-LEDs.

4. Conclusions

A sequence of M2+ (M = Mg/Ba) codoped
Ca1.98−xSr1.98−xLa6Si6O24F2:0.04Eu

2+ phosphors was syn-
thesised based on multiple cationic substitution strategies to
achieve multicolour emission from a single composition. The
detailed structural studies of (Ca, Sr)3.96La6Si6O24F2:0.04Eu

2+

revealed that broadband green emission could be tuned to
either the blue or yellow spectral region via the smaller or
larger cationic substitutions. As per this thought, smaller Mg2+

ions and bigger Ba2+ ions were codoped in (Ca,
Sr)3.96La6Si6O24F2:0.04Eu

2+ to study the individual sequences.
The incorporation of Mg2+ and Ba2+ ions showed a blue-shift
from 520 nm to 481 nm and a red-shift from 520 nm to
545 nm, respectively, owing to the deviation of the crystal field
environment around the activator ions. The expanded lattice
sites due to the Ba2+ codoping allowed more Eu2+ ions to be
accommodated in the expanded lattice sites. The resultant
photoluminescence was further improved and red-shifted in
its emission because of the enrichment of more Eu2+ ions in
the lattice. As compared with the commercial Y3Al5O12:Ce

3+,
the presently optimized phosphors showed comparable inten-
sity to the commercial Y3Al5O12:Ce

3+, and had exhibited
enough thermal stability (70% at 150 °C) to be used for
WLEDs. The WLEDs fabricated using the optimized sample
and commercial n-UV and violet LEDs showed a remarkable
CCT and CRI. The present research provided a promising hint
for developing colour-tuneable apatite phosphors for n-UV and
violet LED-based single-component WLEDs.
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a b s t r a c t   

A series of full-color emitting Eu2+/Eu3+-coexisted Sr2.9Al1−xSixO4+xF1−x: 0.1Eu2+/3+ (SASixOF: Eu2+/3+) oxy
fluorides were synthesized by annealing the solid precursors in oxygen-deficient atmosphere. The struc
tural changes in Sr3AlO4F (SAOF) owing to the Si4+ ions’ doping were visualized from the Rietveld 
refinement analysis. The substitution of Si4+ ions in Al sites contracted the AlO4 tetrahedra and could en
large the Sr sites, and enabled the suitable occupation of Eu2+ ions in the Sr1 sites. Eventually, the X-ray 
photoelectron spectroscopy studies confirmed the valence conversion of europium ions from its trivalent to 
the divalent state owing to the Si4+ ions doping in SAOF: Eu2+/3+. Photoluminescence studies of SASixOF: 
Eu2+/3+ showed a bluish emission band at 482 nm for the 4f-5d transition of Eu2+ ions along with several 
sharp peaks above 550 nm owing to the intra f-f transition of Eu3+ ions. Increasing the Si4+ ions’ con
centration subsequently, enhanced the Eu3+ to Eu2+ conversion rate decreased their emission intensity ratio, 
owing to which the emission color chromaticity was also tuned from orange-red (CIE: 0.48, 0.29) to nearly 
white (CIE: 0.30, 0.26) and eventually to the bluish region (CIE: 0.18, 0.23). The nearly white light-emitting 
composition SASi0.03OF: Eu2+/3+ and the intense bluish light-emitting optimum SASi0.06OF: Eu2+/3+ phos
phors were further chosen for fabricating flexible composites based on phosphor and castor oil (CO). At 150 
°C, the composite showed almost double emission than the phosphor powders owing to the thermal en
capsulation of the powders provided by the CO matrix. The obtained composite started to degrade at a 
temperature as high as 300 °C. Therefore, the composite made with near white emitting SASi0.03OF: Eu2+/3+ 

phosphor was integrated with a 372 near UV-LED which showed intense cool white emission with the CIE of 
(0.29, 0.33), CCT of 7562 K, and CRI of 89. The above studies broadly suggested the adaptability of the 
obtained composites for flexible lighting applications. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

In the present era of lighting technology, white light-emitting 
diodes (W-LEDs) using phosphor luminescence (pc W-LEDs) have 
concerned foremost attention because of their exclusive character
istics including higher energy efficiency, robustness, longer dur
ability, eco-friendlier, and more flexible nature compared to existing 
lighting options [1–4]. Because of these features, pc-LEDS are en
ormously used in homes, vehicles, backlight displays, and public 
street lighting [5]. One of the most widespread technologies to 
produce pc W-LEDs is combining a 460 nm blue InGaN-LED chip and 

a broad yellow emitting garnet (Y3Al5O12: Ce3+) phosphor is asso
ciated with multiple issues including poor thermal and chemical 
stability, luminescence efficiency loss, and low color rendering (CRI)  
[6–9]. Meanwhile, the silicone matrix used for dispersing phosphors 
and to integrate with blue-LED chips turns to a yellowish tinge 
owing to the degradation of methyl groups which produce several 
sub-band defects and subsequently detach from the assembly at 
high operating temperatures. Such detachment issues result in 
lowering the optical performance of W-LEDs and possible leakage of 
excitation light supplied from the LEDs [5,10]. 

Recently, ultraviolet-excited single-phased phosphors are widely 
researched by altering doping ions type and concentration for at
taining white light because of their substantial advantages like high 
CRI and an appropriate color temperature (CCT) [11,12]. In the above 
series, rare-earth ions doped oxyfluorides are promising phosphors 
for pc-LEDs owing to their efficient and tunable luminescence 
properties [13,14]. Introducing F- ions into an oxide matrix results in 

https://doi.org/10.1016/j.jallcom.2021.160483 
0925-8388/© 2021 Elsevier B.V. All rights reserved.   
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distorted centrosymmetric sites of the cationic polyhedrons, which 
origins exciting optical behaviors including high absorption in the 
UV region and intense emission in the visible region. 

Among the oxyfluoride host matrices, the Sr3AlO4F host is the 
most studied phosphor for solid-state lighting applications owing to 
its facile and simple synthesis, cheap raw materials, and efficient as 
well as tuneable luminescent characteristics [15,16]. It is crucial to 
mention that for producing white light, pc-LEDs strongly relied on 
Eu2+ and Ce3+ ions which can able to produce broad-band emission 
covering the entire visible region because of their allowed d‐f tran
sitions [17,18]. In the Sr3AlO4F host lattice, selective cationic or an
ionic substitutions usually change the covalency of Ce3+-ligand, 
which afterward modify the wavelength of the excitation (4 f1 → 
5d1) and emission (5d1 → 4f1) bands of Ce3+ ions [19,20]. Earlier, W. 
B. Im et al. reported Sr2.975Ce0.025Al1–xSixO4+xF1–x compositions, 
which are highly color‐tunable (from 474 to 537 nm) that can be 
efficiently used in solid‐state lighting [21]. Here, smaller Si4+ ions are 
replacing larger Al3+ cations along with the substitution of smaller F- 

ions via larger O2− ions. Such types of substitutions altered the lattice 
parameters and subsequently produced distortions in the Al/Si tet
rahedral, which produced emission redshift [21]. Zheng et al. re
ported compositions of Sr2.97−1.5xCaxAl1−2yMgySiyO4F: 0.02Ce3+ in 
which they successfully redshifted the wideband emission via con
trolled cationic substitutions at the Sr2+ and Al3+ sites [22]. The 
substitution of Mg2+ and Si4+ ions into the Al3+ sites and replacement 
of Sr2+ ions via Ca2+ ions in Sr3AlO4F: Ce3+ not only enhanced the 
emission intensity but also redshifted the emission curve from 
460 nm to 545 nm [22]. Lee et al. reported Ce3+-incorporated 
(Sr3SiO5)1−x - (Sr3AlO4F)x solid solutions which exhibited a wide 
yellow–orange emission band that has been widened and red- 
shifted owing to Tb3+-codoping [23]. Nevertheless, Eu2+-doped 
Sr3AlO4F compositions are not reported as the single white emitting 
composition so far because the coordination environment and the 
size of the crystal site of this host may not be able to change the 
valence state of europium ions. During the high-temperature an
nealing process at vacuum condition, certain interstitial defects can 
be created in the host which can act as the electron donor to Eu3+ 

ions and subsequently converts them to Eu2+ [24,25]. However, such 
reduction probability is very low for the present host owing to the 
highly compressed Sr2+ sites in the Sr3AlO4F crystal structure. In the 
Sr3AlO4F framework, the 8-fold and 10-fold coordinated Sr2+ sites 
are surrounded densely by AlO4 tetrahedral units [21]. It can be in
ferred that Ce3+, Tb3+, and Eu3+ ions can able to substitute the above 
mentioned Sr2+ sites in Sr3AlO4F owing to their lower ionic radii 
compare to Sr2+ ions [16]. However, the Sr2+ sites in this host need to 
be enlarged for the occupation of Eu2+ ions owing to their similar 
ionic radius with Sr2+ ions or because of the strong oxidative lattice 
around the Sr2+ sites in Sr3AlO4F [26]. 

Recently, the alteration of the covalency, as well as the polariz
ability of activator - ligand bonds in phosphors are carried out to 
convert the Eu valance state from 3 + to 2 + [27–29]. With this 
strategy, it is possible to make Eu2+ and Eu3+ ions’ coexisted phos
phors having the ability to emit tunable emission colors including 
white light emission owing to the combination of different emis
sions from different valences. Gao et al. reported new phosphor 

compositions of MgSrLa8−x(SiO4)6O2: xEu where the activated 
europium ions could able to exist in both Eu2+ as well as Eu3+ ionic 
forms by occupying non-equivalent crystallographic positions in a 
lattice [30]. This strategy generated multiple luminescent centers 
which can produce even white light by combining the broad bluish- 
green emission of Eu2+ ions and sharp the green-yellow-red emis
sion of Eu3+ ions. Z. An and co-workers recently reported color- 
tunable Ca20Al26Mg3Si3O68: Eu2+, Eu3+ phosphors where they 
achieved multicolor emissions owing to the occupation of europium 
ions (divalent and trivalent) at distinct crystallographic sites [31]. 

Inspired by the above studies and concepts, in this work we 
synthesized a novel oxyfluoride phosphor Sr2.9Al1−xSixO4+xF1−x: 
0.1Eu2+/3+, which can generate single white light emission under UV 
excitation. Replacing Al3+ with Si4+ ions enlarged the activator sites 
that enabled Eu3+ ions to be reduced to Eu2+ ions. Varying the Si4+ 

ions doping concentration tuned the emission color from orange-red 
to nearly white and eventually to the bluish zone. The most suitable 
compositions were further used to fabricate proposed phosphor - 
polymer composite membranes to avoid silicon-based phosphor 
binders for device applications. Here we choose castor oil as the 
polymer host matrix because of its good binding, transparency, eco- 
friendly nature, and flexibility. Combining polymer matrix with 
phosphor could be a suitable alternate for generating high-perfor
mance and thermally stable composite materials for LED packaging. 
These composite membranes could able to maintain a certain dis
tance between the phosphor and LED chip for improving the lifetime 
of the fabricated LED by the ease of heat dissipation. 

2. Experimental 

2.1. Preparation of a phosphor 

A series of Sr2.9Al1−xSixO4+xF1−x: 0.1Eu2+/3+ (SASixOF: Eu2+/3+; 
x = 0.0, 0.01, 0.03, 0.05, 0.06, 0.1, 0.12, and 0.15) phosphors were 
synthesized through conventional solid-state method. The stoi
chiometric amounts of SrCO3 (99.999%), SrF2 (99.999%), Al2O3 

(99.999%), SiO2 (99.99%), and Eu2O3 (99.999%) obtained from Sigma- 
Aldrich were ground together in an agate mortar for 30 min. For 
maintain the homogeneity of mixing 2.5 wt% NH4F as a flux was 
added. The grounded mixture was transferred into an alumina cru
cible and preheated at 650 °C for 3 h and then annealed in a tube 
furnace under the near vacuum atmosphere of 10−3 torr at 1150 °C 
for 4 h. 

2.2. Preparation of Composite 

Appropriate amounts of castor oil (CO) and aliphatic isocyanate is 
taken in a beaker with an NCO/OH ratio of 1:1. The mixture was 
stirred at 600 rpm for 15–20 min maintaining the temperature at 
70 °C with the help of an oil bath. After the reaction, polyurethane 
pre-polymer was cast on a glass slide and kept for 2 h in an air-oven 
at 90 °C for complete curing. The Same procedure was adopted for 
preparing CO composites with appropriate phosphor content. The 
reaction scheme for CO synthesis is shown in Scheme 1. 

Scheme 1. Synthesis of polyurethane from castor oil.  
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2.3. Material characterization 

The structural part of synthesized phosphors was studied by 
using a powder X-ray diffraction pattern collected using PANalytical 
X′Pert Pro diffractometer with Cu-Kα radiation (wavelength: 
1.54056 Å) over the 2θ range of 10–80°. The structural parameters of 
the samples are refined by the Rietveld method using the GSAS II 
software. The X-ray photoelectron spectroscopy (XPS) measure
ments were studied with a PHI 5000 Versa probe Scanning ESCA 
Microprobe. The core-level spectra of O 1s, Si 2p, Eu 3d, F 1s, and Al 
2p were obtained using Al Kα radiation (1.487 keV) at a resolution of 
0.1 eV. The photoluminescence excitation (PLE) and emission (PL) 
were measured using a YvonFluorolog 3 spectrofluorometer with a 
450 W Xenon flash lamp source. The electroluminescence spectra of 
synthesized composite phosphors were recorded by using a CCE 
spectrophotometer (OCEAN-FX-XRI-EX). The UV-Vis diffuse re
flectance spectra (UV-Vis DRS) of the phosphors were collected 
using a UV-Vis Spectrophotometer (Shimadzu UV 3600) in the range 
of 200–700 nm. The Fourier-transform infrared (FT-IR) spectra of 
composite membranes were measured using a Bruker Alfa-E FT-IR. 
The thermal stability of the fabricated composite membranes was 
tested by a Pyris Diamond TG / DTA (PerkinElmer). 

3. Results and discussion 

3.1. Structural analysis using XRD and XPS 

The Rietveld refinement on the powder XRD patterns of 
Sr3Al0.99Si0.01O4.01F0.99 (SASi0.01OF) and Sr2.9Al0.99Si0.01O4.01F0.99: 
0.1Eu2+/3+ (SASi0.01OF: Eu2+/3+) samples annealed in the oxygen-de
ficient atmosphere at 1150 °C for 4 h are shown in Fig. 1. The dif
fraction patterns of both the samples agree well with the tetragonal 
phase (space group: I4/mcm) of Sr3AlO4F (SAOF). Meanwhile, the 
incorporation of Si4+ ions results in the generation of several im
purity peaks of Sr3SiO5 (JCPDS: 26-0984 and 06-0341) and Sr2SiO4 

(JCPDS 18-1281), which are marked with asterisks, as can be seen in  
Fig. 1. The estimated lattice parameters, atomic coordinates, and 
bond lengths are given in Table 1, Table 2, and Table 3, respectively. 
The cell parameters of SAOF are refined to be a = b = 6.7537 Å, and 
c = 11.2126 Å. These estimated cell parameters are very close to the 
previously reported results on the same host material [22]. Mean
while, the successful incorporation of Si4+ ions into the Al3+ sites can 
be realized from the slightly altered lattice parameters, as shown in  
Table 1. It can be noted from Table 1 that the values of a and b are 
slightly enlarged while c is contracted owing to the Si4+ doping into 
the Sr3AlO4F (SAOF) host, which is in line with the observations and 
interpretations reported by Bin et al. [21]. Furthermore, the replacing 
of an Al3+ ion by a Si4+ ion into the Al3+ site creates an excess cationic 
charge, which can be compensated due to the stoichiometric sub
stitution of F- ion by O2- ion. A similar interpretation on charge 
compensation has also been reported earlier in the case of few rare- 
earth-doped oxyfluoride phosphors [21,32]. However, the refined 
values of a, b, and c of SASi0.01OF: 0.1Eu2+/3+ slightly reduced in 
comparison with SASi0.01OF (Table 1) might be due to the anomalous 
reductions and substitutions of europium ions. 

Fig. 2 shows the crystal structure representation of SASi0.01OF. In 
this structure there exist two different Sr sites: 10 coordinated 4a 
sites and 8 coordinated 8h sites. A 4b site is engaged by Al, 4c is 
captured by F atoms, and O atoms are believed to occupy the 16l site, 
respectively. It consists of arranging alternatively Sr(1)O8F2/AlO4 and 
Sr(2)O6F2 polyhedron along the c axis. SAOF belongs to the tetra
gonal Cs3-CoCl5-family (space group I4/mcm) and is narrowly linked 
to the tetragonal Sr3SiO5 (space group P4/ncc). From the bond length 
calculation obtained from the refinement of SAOF (listed in Table 3), 
it is clear that the 4a site is much larger than that of the 8h site. The 
incorporation of Si4+ ions into the Al3+ sites contract the AlO4 

Fig. 1. Rietveld refined XRD patterns of (a) SASi0.01OF, and (b) SASi0.01OF: Eu2+/3+ 

samples. 

Table 1 
The lattice parameters of the Rietveld refined samples.      

Lattice  
parameters 

SAOF SASi0.01OF SASi0.01OF:  
Eu2+/3+  

a [Å] 6.7537 6.7727 6.7634 
b [Å] 6.7537 6.7727 6.7634 
c [Å] 11.2127 11.1219 11.1072 
V [Å3] 506.4 510.157 508.08 

Table 2 
The atomic coordinates and fractional occupancies of the Rietveld refined samples.         

Sample Atom Site x y z Occ.  

SAOF Sr(1) 4a 0.0 0.0 0.25 1 
Sr(2) 8h 0.1696 0.6696 0.0 1 
Al 4b 0.0 0.5 0.25 1 
F 4c 0.0 0.0 0.0 1 
O 16l 0.1418 0.6418 0.6496 1 

SASi0.01OF Sr(1) 4a 0.0 0.0 0.25 1 
Sr(2) 8h 0.1678 0.6678 0.0 1 
Al 4b 0.0 0.5 0.25 0.99 
Si 4b 0.0 0.5 0.25 0.01 
F 4c 0.0 0.0 0.0 1 
O 16l 0.13856 0.63856 0.6547 1 

SASi0.01OF: Eu2+/3+ Sr(1) 4a 0.0 0.0 0.25 0.9 
Eu(1) 4a 0.0 0.0 0.25 0.1 
Sr(2) 8h 0.16536 0.66536 0.0 0.9 
Eu(2) 8h 0.16536 0.66536 0.0 0.1 
Al 4b 0.0 0.5 0.25 0.99 
Si 4b 0.0 0.5 0.25 0.01 
F 4c 0.0 0.0 0.0 1 
O 16l 0.13131 0.63131 0.6605 1 
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tetrahedral sites because of the smaller ionic substitution. It may 
affect the neighbouring two Sr polyhedrons since AlO4 tetrahedra 
are linked to Sr(1)O8F2 and Sr(2)O6F2 through oxygen bridging by the 
edge and corner-sharing. Due to the inductive effect by the sub
stitution of Si4+ ions in Al3+ sites, the AlO4 tetrahedra contracted, and 
the neighbouring Sr2+ sites get enlarged, which is also supported by 
the calculated bond lengths, as shown in Table 3. After the doping of 
Si4+ ions, the average bond length of Al-O decreases, and Sr(1)-O/F 
and Sr(2)-O/F bond lengths are considerably enhanced as compared 
to the SAOF sample. Among the two polyhedrons, Sr(1)O8F2 is clo
sely related with the AlO4 tetrahedra owing to two edges and two 
corner-sharing. Hence, the 4a site (Sr(1)) is more suitable for Eu2+ 

ions’ occupation than the 8 h site (Sr(2)), which is also clear from the 
bond length values indicated in Table 3. The average bond length of 
Sr(1)-O/F is more than that of Sr(2)–O/F. From the refinement data of 
SASi0.01OF: Eu2+/3+ it is also clear that because of Si4+-doping, the Al- 
O bond length decreases and Sr(1)-O/F bond length increases. Hence, 
the substitution of Si4+ ions can enlarge the Sr2+ sites and subse
quently enhance the occupation of Eu2+ ions at the Sr(1) sites. The 
basic crystal diagram of SASiOF and the corresponding coordination 
environments of all sites are represented in Fig. 2(a) and (b), re
spectively. Therefore, it can be concluded that increasing the Si4+ 

ions’ content during the synthesis in the oxygen-deficient atmo
sphere accelerates the conversion of more and more Eu3+ ions to 
Eu2+ ions, and these valence states of europium can able to coexist in 
corresponding 8h and 4a sites, respectively. 

According to the previous report, Eu3+ ions (r8 h = 1.066 Å) tend to 
substitute in the 8h sites if Sr2+ sites (r8 h = 1.26 Å) in the Sr3AlO4F 
host via forming surplus positive charges [33]. Such an extra amount 
of positive charges can easily be compensated via the minor off- 
stoichiometric adjustment between O2− and F−, and creates some 
cation vacancies [32]. Additionally, the high-temperature annealing 
process at vacuum conditions is also responsible to create certain 
interstitial defects in the host which can act as the electron donor to 
Eu3+ ions and subsequently reduce them to Eu2+ [24,32]. However, 
the complete reduction of Eu3+ is not seen in SAOF: Eu2+/3+. The local 
surroundings and size of the substituted crystal-site also contribute 
substantially to the Eu3+ reduction. In most of the strontium hosts, 
Eu3+ can easily reduce to its divalent form during the synthesis in a 
reduction atmosphere [34,35]. But the reduction of Eu3+ has not 
observed in Sr3AlO4F: Eu compositions synthesized in reduction 
atmosphere [26,36]. Recently, Fang et al. reported the photo
luminescence behaviour of Eu-doped Sr3AlO4F synthesized in a re
duction atmosphere. But they have only observed Eu3+ emission 
without any wideband emission related to Eu2+ ions because of the 
strong oxidative lattice around the Sr2+ sites [26]. 

The efficient reduction of Eu3+ ions are not observed in Sr2+ sites 
of Sr3AlO4F host might be also due to the large ionic radii of Eu2+ ions 
(r8 h = 1.25 Å, r4a = 1.35 Å) in the 8-fold and 10-fold coordination, 
which are comparable with the Sr2+ ions (r8 h = 1.26 Å, r4a = 1.36 Å). 
Moreover, both the Sr2+ sites are enclosed densely by AlO4 tetra
hedral units, which is also preventing the substitution of Eu2+ ions in 
the Sr2+ sites. In order to enlarge the Sr2+ sites, we have incorporated 
Si4+ − O2− into the SAOF structure to replace Al3+ - F− resulting in 
Sr2.9Al1−xSixO4+xF1−x: 0.1Eu2+/3+ (SASixOF: Eu2+/3+). This substitution 
might shrink the AlO4 tetrahedral units owing to the smaller ionic 
radii of Si4+ ions (r4b = 0.26 Å) than that of Al3+ ions (r4b = 0.39 Å). The 
shrinkage of AlO4 sites might reduce the strength of the oxidative 
lattice in the surrounding of the Sr2+ sites and enlarged them sub
sequently. The lower bond length of Al/Si-O in SASi0.01OF than the 
bond length of Al-O in SAOF is also supporting the above prediction 
(Table 3). Meanwhile, bigger O2− anions (r16 l = 1.40 Å) are also as
sumed to replace smaller F− anions (r4c = 1.33 Å) to achieve charge 
balance for the present framework and create some oxygen inter
stitial defects. These defects probably act as suitable electron donors 
to Eu3+ ions for their reduction. Meanwhile, the enlarged Sr2+ sites 
accelerate their reduction. 

A survey XPS spectrum of SASi0.03OF: Eu2+/3+ heat-treated in the 
oxygen-deficient environment, shown in Fig. 3(a), confirming the 
existence of Sr, Al, O, F, Si, and Eu. More precisely, Fig. 3(b)–(g) re
present the core spectra of Al, Si, O, F, and Eu, respectively. The 
spectrum of Al 2p (Fig. 3(b)) is obtained at 71.68 eV, which is slightly 
shifted towards the lower energy side than the standard value  
[37,38], indicating the proper binding of Si4+ ions in the Al sites. The 
lower shifting of binding energy value is might be due to shorter 
ionic radii of Si4+ ions than Al3+ ions. The core-level spectrum of Si 2p 

Table 3 
Selected bonds and corresponding bond lengths that exist between the elements in the following samples.        

SAOF SASi0.01OF SASi0.01OF: Eu2+/3+ 

Bond type Bond length [Å] Bond type Bond length [Å] Bond type Bond length [Å]  

Sr(1)-O x 8 2.7909(8) Sr(1)-O x 8 2.8278(8) Sr(1)/Eu(1)-O x 8 2.8275(8) 
Sr(1)-F x 2 2.7781(4) Sr(1)-F x 2 2.7805(4) Sr(1)/Eu(1)-F x 2 2.7768(4) 
Sr(1)-Sr(2) 3.7428(8) Sr(1)-Sr(2) 3.7529(8) Sr(1)/Eu(1)-Sr(2)/Eu(2) 3.7529(8) 
Sr(2)-O x 4 2.6873(6) Sr(2)-O x 4 2.7028(6) Sr(2)/Eu(2)-O x 4 2.6939(6) 
Sr(2)-O x 2 2.4512(3) Sr(2)-O x 2 2.5298(3) Sr(2)/Eu(2)-O x 2 2.6382(3) 
Sr(2)-F x 2 2.5082(6) Sr(2)-F x 2 2.5206(6) Sr(2)/Eu(2)-F x 2 2.5245(2) 
Al-O x 4 1.7547(4) Al/Si-O x 4 1.6984(4) Al/Si-O x 4 1.6018(4)    

Fig. 2. (a) The basic crystal structure, and (b) the different coordination environment 
of Sr(1), Sr(2) and Al sites in SASi0.01OF: Eu2+/3+. 
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(Fig. 3(c)) consists of two peaks centered at 99.37 eV corresponds to 
the elemental Si, and 101.21 eV is attributed to the oxidized Si kinds 
(mainly SiO2) [39,40]. The later one might enhanced the probability 
of the formation of some silicate impurity phases [39,40]. Mean
while, the core level XPS spectrum of O 1s (Fig. 3(d)) elaborates two 
peaks at 528.92 eV and 529.11 eV corresponds to the lattice oxygen 
without any surface oxygen peaks. From the XPS results, we can 
conclude that the excess Si4+ ions may be adsorbed (such as SiO2) on 
the oxygen-deficient region thereby diminishing the surface oxygen 
and subsequent formation of silicon dioxide. 

The core-level spectrum of F 1s (Fig. 3(e)) is deconvoluted into 
two peaks centered at 682.26 eV and 683.01 eV [39]. The peak FI is 

corresponding to the two longer bond lengths of Sr(1) – F. While 
peak FII corresponds to the shorter Sr2-F bond length. Under the 
vacuum condition, the surface oxygen can diffuse into the lattice site 
as oxide ions and electrons. In the deficiency of oxygen more Eu3+ 

ions can receive those electrons and can be reduced to Eu2+. This 
kind of coexistence of Eu3+ and Eu2+ ions also confirmed by XRD 
results. The XPS spectra of Eu 3d consist of four peaks corresponding 
to Eu2+ 3d5/2 (1122.52 eV), Eu3+ 3d5/2 (1132.23 eV), Eu2+ 3d3/2 

(1151.57 eV) and Eu3+ 3d3/2 (1162.23 eV), respectively (Fig. 3(f) and 
(g)). The difference in binding energy values of Eu 3d3/2 and Eu 3d5/2 

of Eu3+ (29.86 eV) and Eu2+ (29.15 eV) is closer to their standard 
separation gap (29.8 eV) [39]. The XPS results broadly indicate that 

Fig. 3. (a) Survey spectrum of SAlSi0.03OF: Eu2+/3+. (b) – (g) represents the core level spectra of each element.  
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under the low oxygen atmosphere and by the doping of Si4+ ions 
enhance the possibility of formation of Eu2+ ions. 

3.2. Optical characterizations using UV-Vis DRS and photoluminescence 
emission and excitation 

The UV-Vis DRS of SAOF and SASi0.01OF samples, shown in  
Fig. 4(a), exhibit almost 100% reflectance in the wavelength range of 
350 – 700 nm and steep slopes in 250–325 nm. Both the samples 
show a host absorption band maximized at 241 nm. Compare to 
SAOF, the intensity of this band is reduced in SASi0.01OF, which might 
be due to the reduction of surface oxygen charge carrier’s content 
due to the Si4+ ions’ incorporation into SAOF. The inset of Fig. 4(a) 
shows the PL emission spectra of SAOF and SASi0.01OF at 241 nm UV 
excitation, which is showing that after Si4+ ions’ doping, SAOF host 
emission intensity attributed to the oxygen vacancies is reduced. The 
XPS core spectra of O 1s and Si 2p already indicated that excess Si4+ 

cations can adsorb free surface O2- ions to form SiO2. As a result of 
the low content of free O2- ions, the host emission due to charge 
transfer decreases after the doping of Si4+ ions in SAlOF. Fig. 4(b) 
elaborate DRS of various content of Si4+-doped SASixOF: Eu2+/3+ 

(x = 0.0, 0.01, 0.06, and 0.15) phosphors. Without Si4+ ions, SAOF: 
Eu2+/3+ phosphor exhibits an additional absorption band peaked at 
around 295 nm corresponds to the O2- - Eu3+ charge transfer band. 
Besides, several sharp peaks are observed between 350 and 480 nm 
corresponding to the intra f-f Eu3+ transitions (inset graph in  
Fig. 4(b)). Introducing a small amount of Si4+ ions in the Al sites of 
SAOF: Eu2+/3+ phosphor results in broadband absorption in the re
gion of 225–450 nm owing to the 4f65d1 - 4f7 transitions of Eu2+ ions. 
Meanwhile, the DRS results of SASixOF: Eu2+/3+ phosphors show al
most 90% reflectance in the visible region (450–700 nm). The in
tensity of Eu2+ absorption is increased with the increase in Si4+ ions 
in SASixOF: Eu2+/3+ because of the subsequent enhancement in the 
conversion rate of Eu3+ to Eu2+. 

Fig. 5 shows the spectral overlap between the excitation spec
trum of SASi0.01OF: Eu2+/3+ and the emission spectrum of SASi0.01OF, 
which indicates the phenomenon of energy transfer between the 
self-activated host and the activator ions. The emission spectrum of 
SASi0.01OF, recorded upon 240 nm excitation, shows a self-activated 
emission at 416 nm owing to the trapped exciton emission of a de
fect center in SASi0.01OF. Reportedly, these defects might be related 
to the anion-deficient nonstoichiometric species which is normally 
produced during the heating in an oxygen-deficient atmosphere  

[41]. It is clear from the emission spectra of SASi0.01OF: Eu2+/3+ that 
the corresponding emission intensity of the SASi0.01OF host is sig
nificantly diminishes owing to the activator ions doping. Also, the 
emission spectrum of SASi0.01OF: Eu2+/3+ comprises a broad emission 
band in the range of 375–525 nm which is attributed to the 4 f - 5d 
transitions of Eu2+ ion and several sharp peaks located in the 
550–675 nm region owing to the f-f transitions of Eu3+ ions. This 
result indicates the existence of both europium valency in SA
Si0.01OF: Eu2+/3+, and suggesting the tunable emission color can be 
obtained via tuning the Eu2+ to Eu3+ ions ratio. 

For the precise tuning of emission color, additional insights on 
the energy levels of both europium ions in the Si4+- doped SAOF and 
the corresponding energy exchange procedures among the host and 
activators. Therefore, the recorded excitation spectrum of SASi0.01OF 
peaking at 5.14 eV (displayed in Fig. 6(a)) is deconvoluted into two 

Fig. 4. (a) UV-Vis diffuse reflectance spectra and of SAOF and SASi0.01OF samples. Inset shows the PL emission spectra of corresponding samples recorded at 241 nm UV excitation. 
4 (b) UV-Vis diffuse reflectance spectra of SASixOF: Eu2+/3+ (x = 0.0, 0.01, 0.06, and 0.15) phosphors. 

Fig. 5. Spectral overlap between the excitation spectrum (PLE) of SASi0.01OF: Eu2+/3+ 

and the emission spectrum (PL) of SASi0.01OF. The emission spectrum of SASi0.01OF: 
Eu2+/3+ is also added to realize the self-activated emission of SASi0.01OF and its energy 
transfer process to Eu2+/3+ activators. 
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Gaussian curves, which could be attributed to the band to band 
transitions (P1) and absorption via the defect states (P2) situated 
near to the conduction band. In the deconvoluted excitation spectra 
of SASi0.01OF: Eu2+/3+ (Fig. 6(b)), P1 belongs to Eu3+ - O charge 
transfer band and P2 is attributed to the 4f - 5d transitions of Eu2+ 

ions. In addition, the sharp excitation peaks due to the intra-con
figurational 4f–4f transitions of Eu3+ can also be observed below 
3.5 eV. The deconvoluted excitation spectra of SASi0.06OF: Eu2+/3+ 

phosphor (shown in Fig. 6(c)) consists of a host excitation peaked at 
around 5.13 eV and five 4f - 5d transition peaks of Eu2+ ions. Because 
of the incorporation of Si4+ ions in SAOF: Eu phosphor, the O2- - Eu3+ 

charge transfer band disappears and various Eu2+ 4f – 5d transition 
peaks arise. The probable energy level diagram of Eu2+ and Eu3+ ions 
in the SASiOF host is elaborated in Fig. 6(d). After absorbing the UV 
energy, the electrons present in the valance band raised to the 
conduction band. The excited electrons then trapped by the energy 
level of the defects and subsequently recombine with the holes. The 
energy produced due to the above recombination process has been 
transferred to Eu3+/2+ ions [42–44]. 

The emission spectra of a series of SASixOF: Eu2+/3+ (x = 0.0, 0.01, 
0.03, 0.05, 0.06, 0.1, 0.12, and 0.15) phosphors, recorded at 360 nm, is 
shown in Fig. 7(a). The broadband peaked at 482 nm is attributed to 
the 4f65d1 - 4f7 allowed transitions of Eu2+ ions. Whereas several 
sharp peaks of 5D0 → 7FJ transitions of Eu3+ ions are observed in the 
550–675 nm region having the intense red peak at 620 nm owing to 
the 5D0 → 7F2 transitions. As the doping concentration of Si4+ ion 
increases emission intensity of characteristic 5d - 4f transition of 
Eu2+ ions increases and the emission intensity results from the f–f 

transitions of Eu3+ ions decreases. At a particular concentration 
(x = 0.06) of Si4+ ions, the red-orange emission band of Eu3+ com
pletely diminished, while the board bluish band intensity of Eu2+ 

ions reach maximum. These results indicate that as the concentra
tion of Si4+ ions enhances, more Eu3+ ions are reduced to Eu2+ ions. 

The XRD refinement results indicated that both valence states of 
Eu may coexist in the obtained SASixOF: Eu2+/3+ samples, which is 
proved again by the photoluminescent studies. With increasing the 
content of Si4+ ions, the rate of valence changes from Eu3+ to Eu2+ has 
also increased owing to which the emission color of SASixOF: Eu2+/3+ 

phosphors also tuned from red-orange (x = 0.0; CIE: 0.48, 0.29) to 
nearly white (x = 0.03; CIE: 0.30, 0.26) and eventually to bluish color 
(x = 0.06; CIE: 0.18, 0.23) simply by altering the doping concentration 
of Si4+ ions. The corresponding CIE chromaticity diagram and the 
coordinates of SASixOF: Eu2+/3+ phosphors monitored on 360 nm, are 
shown in Fig. 7(b). The inset digital images in Fig. 7(b) recorded 
under near-UV light well illustrated the color tuning, and directly 
supporting the emission results of SASixOF: Eu2+/3+ phosphors. It is 
worth mentioning that at an intermediate concentration (x = 0.03) of 
Si4+ ions, both emission peak intensity of Eu2+ ions and Eu3+ ions are 
able to tune the emission color to near white indicating the potential 
of the present host as a single white emitting composition. 

3.3. Structural and photoluminescence properties of SASi0.06OF: Eu2+/3+ 

@ CO composite membranes for their usage in lighting devices 

From IR spectra as shown in Fig. 8(a), the esterification reaction 
of the polyol is confirmed by the appearance of characteristic C = O 

Fig. 6. Deconvoluted excitation spectra of (a) SASi0.01OF, (b) SASi0.01OF: Eu2+/3+, and (c) SASi0.06OF: Eu2+/3+. (d) Illustration of the most probable energy transfer mechanisms in 
SASiOF: Eu2+/3+. 
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band at 1745 cm−1 (SASi0.03OF: Eu2+/3+ @ CO). The strong band at 
1242 cm−1 attributed to the C-O stretching further revealed the es
terification of polyol. The presence of a medium absorption band at 
3350 cm−1 corresponds to N-H (secondary) stretching in the ur
ethane and the peak at 1517 cm−1 indicates the urethane linkage 
(C─N─H). The strong intense band at 2261 cm−1 which corresponds 
to ─N═C═O stretching in isocyanate got completely disappeared in 
polyurethane. The bands analogous to N-H bending at 710–780 cm−1 

confirms the formation of CO. The peaks at 2922 and 2857 cm−1 are 
attributed to the methylene (CH2) asymmetric and symmetric 

stretching vibration of the hydrocarbon chain of castor oil and me
thyl group (CH3) stretching that appeared at 3016 cm−1 in both 
polyurethane and castor oil [45]. 

The thermal stability of polyurethane and its composite is ana
lyzed by TGA analysis and the thermogram profile is depicted in  
Fig. 8(b). It is important to note that CO is thermally stable up to 
230 °C. The initial degradation occurs at 235–240 °C due to the de
composition of urethane linkage, which is unstable compared to 
other bonding. The next stage of degradation in the range of 
380–410 °C corresponds to the decomposition of high energy double 

Fig. 7. (a) The emission spectra of SASixOF: Eu2+/3+ (0 ≤ x ≤ 0.15) excited by 360 nm. (b) CIE chromaticity diagram and (c) corresponding CIE coordinates of SASixOF: Eu2+/3+ (0 ≤ 
x ≤ 0.1) recorded at 360 nm excitation. 

Fig. 8. (a) IR analysis of castor oil, isocyanate and SASi0.03OF: Eu2+/3+ @ CO. (b) Thermogravimetric profile of CO and SASi0.03OF: Eu2+/3+ @ CO.  
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bonds and single bonds including alkyl chain, dissociation of the 
ester bond through chain scission, dehydrogenation, and depoly
condensation of alkyl groups. The thermal parameters, listed in  
Table 4, show minor improvement in CO matrix after adding phos
phor. The higher residue content in the case of CO composite is due 
to the presence of non-degraded phosphor [46,47]. 

Fig. 9(a) and (b) display the optical microscopic images of only 
CO and SASi0.06OF: Eu2+/3+ @ CO composites, respectively, along with 

their real digital images (insets). The transparency of the CO can be 
well understood in Fig. 9(a), whereas Fig. 9(b) indicates the even 
distribution of phosphor particles in the CO matrix. It can be realized 
from the insets that the transparency of the composite (inset of  
Fig. 9(b)) is reduced owing to the phosphor incorporation. However, 
due to the transparent nature of CO (inset of Fig. 9(a)), excitation 
photons can be easily absorbed by the phosphor particles. Finally, we 
have checked the device preformation of the fabricated composites. 
These composite membranes could be used to develop resin-free pc- 
LED systems for various lighting applications. Fig. 9(c) describes the 
schematic representation of a pc-LED device having a phosphor – 
polymer composite layer illuminated by a near-UV LED chip. 

The thermal quenching properties of SASi0.06OF: Eu2+/3+ phos
phor and SASi0.06OF: Eu2+/3+ @ CO composite from ambient to 150 °C 
temperature and the results are presented in Fig. 10 (a). Because of 

Table 4 
Thermal parameters of CO and SASi0.03OF: Eu2+/3+ @ CO.        

Sample Tonset T5 T10 T50 Tendset  

CO  237  295  314  392  465 
SASi0.03OF:Eu2+/3+ @ CO  241  299  316  403  480 

Fig. 9. Optical microscopic image and direct digital image (insets) of (a) a CO matrix, and (b) a SASi0.06OF: Eu2+/3+ @ CO composite. (c) Schematic representation of a pc-LED device 
considering the phosphor @ polymer composite layer and a near-UV LED. 

Fig. 10. (a) Temperature dependent PL emission spectra of SASi0.06OF: Eu2+/3+ phosphor under 360 nm excitation. The inset shows the PL intensity variation of SASi0.06OF: Eu2+/3+ 

phosphor powders and SASi0.06OF: Eu2+/3+ @ CO composite. (b) A 372 nm near-UV LED irradiated EL spectrum of a SASi0.03OF: Eu2+/3+ @ CO membrane and the corresponding 
digital image (inset). 
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the increase in operating temperature of the LED, the phosphor 
emissive performance usually degrades owing to the elevated non
radiative transitions. Here also it is observed that at the elevated 
temperatures, the emission efficiency of SASi0.06OF: Eu2+/3+ phos
phor decreases gradually with the partial blue shift of the emission 
band. SASi0.06OF: Eu2+/3+ phosphor shows only 20% emission in
tensity compare to the ambient temperature intensity at 150 °C. 
While the composite shows almost double intensity SASi0.06OF: 
Eu2+/3+ phosphor at 150 °C since the encapsulated polymer is acting 
like a protective layer to the phosphor particles. Eventually, a W-LED 
is also fabricated using the 372 nm near-UV LED and a composite 
membrane made from CO loaded with 10 wt% SASi0.03OF: Eu2+/3+ 

phosphor. The recorded EL spectrum at 500 mA, shown in Fig. 10 (b), 
shown cool white emission having the CIE of (0.29, 0.33), CCT of 
7562 K, and CRI of 89. The inset of Fig. 10 (b) is illustrating the image 
of a SASi0.03OF: Eu2+/3+ @ CO composite under the illumination of a 
near-UV 372 nm LED. The intensity and color uniformity of the 
emitted light indicate the appropriate distribution of phosphor 
particles in the polymer matrix. The white light-emitting phosphor – 
polymer membranes, developed in the current research, maybe 
potential in making lighting and display devices. 

4. Conclusions 

This work reported various Si4+-codoped Sr2.9Al1−xSixO4+xF1−x: 
0.1Eu2+/3+ oxyfluoride phosphors with the simultaneous existence of 
Eu2+ and Eu3+ ions. The substitution of Si4+ ions in Al sites contracted 
the AlO4 tetrahedral sites and enlarges the Sr sites. Such lattice 
modifications because of the cationic substitutions enabled the oc
cupancy of Eu2+ ions, and thus change the valence of Eu3+ to Eu2+. 
Due to the above valence change of europium ions, the broad bluish 
emission band of Eu2+ ions increased gradually along with the sub
sequent decrement in the sharp red-orange emission peaks due to 
the intra f-f transitions of Eu3+ ions. Because of this, the overall 
emission color was also tuned from orange-red to near-white and 
eventually to bluish. The optimum blue-emitting SASi0.06OF: Eu2+/3+ 

and nearly white emitting SASi0.03OF: Eu2+/3+ phosphors were uti
lized further to make phosphor-polymer flexible composites along 
with castor oil (CO). Integration of SASi0.03OF: Eu2+/3+ @ CO com
posite along with a 372 nm near-UV LED produced cool white 
emission having the chromaticity coordinates of (0.29, 0.33), CCT of 
7562 K, and CRI of 89. Therefore, the substitution of Si4+ ions in 
Sr2.9AlO4F: 0.1Eu2+/3+ successfully tuned the important activator 
sites as well as changed the Eu valence and an altered amount of Si4+ 

ions concentration generated nearly white light emission. The out
comes are unreported so far for Sr3AlO4F based oxyfluorides for 
flexible lighting applications. 
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