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General Introduction 

           A scintillator is a material that emits light when it absorbs ionising radiation, it is 

the cornerstone of radiation detection in various fields such as medical imaging (e.g. TAC 

and PET scanners), security checks, geological exploration and high-energy physics 

experiments. For over 120 years, their exceptional ability to provide essential parameters 

such as energy, time and particle identity has made scintillators indispensable [1-5]. 

Scientists have developed scintillator science in parallel with advances in photodetector 

technology, as the needs of applications such as high-energy calorimetry, positron 

emission tomography (PET) in the 1990s and homeland security where high energy 

resolution has become a key objective have evolved. Prof. Dorenbos classified scintillator 

technology as having gone through the following four distinct phases: [4,5], first, the 

discovery era (1900-1940) where the first scintillators, such as ZnS:Ag, were detected by 

the human eye, then came the innovation driven by PMTs (1940s-1970s) where the 

introduction of PMTs led to the development of NaI:Tl ⁺, a reference scintillator that is 

still widely used today, into the lanthanide-doped materials (1970-2000) where the focus 

was on oxides and halides doped with Ce³⁺ or Eu³⁺ (for example, LuAG:Ce , LaBr₃:Ce ) to 

improve light yield and decay times, towards the search for high-energy resolution (after 

2000) where research prioritised Ce³⁺/Eu²⁺-doped halides (e.g. SrI₂:Eu ) and co-doping 

strategies to minimise non-proportionality [6]. From the various classes of scintillators, 

garnet-based inorganic materials, in particular lutetium aluminium garnet (Lu₃Al₅O₁₂ or 

LuAG), have received considerable interest due to their outstanding optical properties, 

high density and chemical stability. Furthermore, the scintillation characteristics of 

garnet structures are enhanced by the doping of rare earth ions (RE³⁺), such as Ce³⁺ and 

Pr³⁺.[6-8]. The effectiveness and performance of scintillator materials are determined by 

a variety of critical parameters, including light yield, decay time, and energy resolution, 

which are impacted by the structural composition and doping components. Ce³⁺ or Pr³⁺ 

activated rare-earth aluminum garnet scintillators, such (Lu,Y)₃Al₅O₁₂, have bright and 

fast scintillation characteristics that make them very promising for a variety of field 

applications. However, defects in the garnet matrix, such as oxygen vacancies and anti-

site defects which affect scintillation mechanisms, continue to limit their performance. 

It is widely reported in the literature that one method to address these limitations and 

enhance structural photoluminescence and scintillation performance is co-doping with 

monovalent ions Li+, Na+, and K+ (particularly lithium).  [7,9-17]. In addition, scintillators 
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need exceptional optical transmission over the emission spectrum to avoid self-

absorption, which is typically obtained with wide band gap crystals [19]. However, 

creating massive single crystals is a costly and time-consuming process that requires 

specialized lab equipment, extremely pure chemicals, and often long processing periods 

of up to six months. [10-15]. Regarding these limitations, it is believed that scintillating 

powders will be perfect for to obtain a low-cost efficient scintillator. Enhancing 

scintillator performance necessitates precise control of doping ion distribution within 

the matrix and precise control of particle size in powder forms [25,26].  

Various simple chemical synthesis techniques, among them solvothermal synthesis, co-

precipitation, sol-gel combustion, spray pyrolysis and sol-gel processing, have been 

successfully used to produce LuAG:Ce³⁺ powders. [27]. Sol-gel synthesis method [5,27-

30]. Over the last thirty years, sol-gel methods have emerged as a cost-effective and 

flexible method for producing advanced materials such as glasses, ceramics, powders, 

fibres and thin films [31]. Through the use of molecular precursors such as metal 

alkoxides or acetates, this solution-based technique allows precise control of particle 

size distribution, shape and composition. A major advantage is its ability to generate 

homogeneous and very pure nanomaterials, which is particularly important for 

luminescent applications where emission characteristics depend on dopants such as rare 

earth or transition metal ions (e.g. Ce³⁺, Eu³⁺) [32]. Moreover, compared with traditional 

solid-state synthesis, the sol-gel process has several benefits, such as increased 

precursor reactivity, improved compositional homogeneity, lower sintering 

temperatures, and scalability [31,33]. Recently, sol-gel chemistry has been shown to be 

applicable to engineered oxide systems. This method has been successfully used to 

produce cerium-doped lutetium aluminum garnet (Lu₃Al₅O₁₂:Ce), a potential scintillator 

material, by exploiting its ability to obtain both controlled crystallisation and 

homogeneous distribution of dopants at lower processing temperatures [33]. 

 

The objective of this PhD thesis is producing low defect materials via a cost-effective 

route, by investigating and improving structural, morphological properties and 

luminescent performance of Ce³⁺/Pr³⁺-Activated Lu₃Al₅O₁₂ (LuAG) Garnet scintillating 

powders synthetised using sol gel method and codoping them with lithium, potassium 

and sodium (Li+, K+ and Na+).  
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The motivation for this research arises from the increasing demands for more efficient 

high-performance scintillators with specific properties. While traditional crystal growth 

methods frequently face a number of challenges such as high costs and problems with 

scalability, Sol-gel synthesis provides a cost-effective and versatile solution. Co-doping 

with Li⁺, Na⁺ and K⁺ is of special interest due to the ability of these ions to improve 

structural properties and scintillation efficiency. Furthermore, whereas the separate 

effects of Ce³⁺ and Pr³⁺ doping in LuAG have been widely studied, the role of alkali metal 

codopants in such systems is still in fact still understudied. Closing this research gap is 

intended to provide a better understanding of how codoping strategies can open up new 

perspectives for the future of producing high-quality low-defect scintillating powders. In 

these ways, the results of this research are expected to further contribute to the progress 

of radiation detection materials.  

 

In order to achieve the objectives described above, this PhD thesis is structured into four 

chapters, each covering a particular feature of the research. 

Chapter one introduces an important overview of scintillating materials, their 

fundamental properties and their classification. It also reviews the mechanisms 

governing the scintillation process, including radiation-matter interactions and the role 

of key performance parameters. A significant focus is given to inorganic scintillators, in 

particular LuAG, by concentrating on their structural and optical properties, and the 

effects of Ce³⁺ and Pr³⁺ doping on garnet-based scintillators is discussed. Lastly, it 

explores our two motivations and objects, namely the emerging research into alkali metal 

codoping as a means of improving scintillation efficiency, and discusses the potential 

benefits and challenges of nanoscale scintillators in modern applications. 

Chapter two provides the methodology and experimental methods employed, a detailed 

presentation of the materials used in this study, including their composition, background 

information and selection criteria, as well as a detailed description of the synthesis 

process, paying particular attention to the sol-gel procedure and the optimisation of the 

codopant concentration required to obtain the necessary structural, morphological and 

scintillation properties. Furthermore, Experimental set-up for luminescence 

measurements and calibration of detection equipment is also covered to ensure 

reproducibility and accuracy, the structural properties and shape of the particles are 

studied using physical techniques such as X-ray diffraction (XRD), scanning electron 
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microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS). Their luminescent 

performance and trapping characteristics are assessed using optical techniques such as 

photoluminescence (PL), radioluminescence (RL) and thermally stimulated luminescence 

(TSL). Finally, theoretical calculations and simulations based on density functional theory 

(DFT) are used to understand the electrical structure and defect states of codoped 

garnets and to support the experimental results. 

Chapter three is devoted to LuAG:Ce³⁺ codoped with Li⁺, Na⁺ and K⁺. It covers the effects 

of codoping focuses on especially the effect of Lithium, on the structural and 

morphological properties of the powders, as well as steady-state and time-resolved 

photoluminescence, radioluminescence and thermally stimulated luminescence 

measurements. It also includes a summary of simulations using the Vienna Ab initio 

Simulation Package (VASP) to better understand the influence of codopants on material 

properties and to support the experimental findings. 

Chapter Four focuses on LuAG:Pr³⁺ co-doped with Li⁺, Na⁺, and K⁺. Similar to the previous 

chapter, it examines the structural, morphological and luminescent properties of the 

materials, in order to outline the differences between the two rare earth dopants. 

 

To summarise, this PhD work explores how codoping strategies can redefine the 

performance of Lu₃Al₅O₁₂ scintillators. This study not only addresses fundamental 

scientific questions but also opens new perspectives for the development of high-

performance scintillators. Each chapter represents a progressive step in tackling key 

challenges in materials science, with particular emphasis on advancing the field of 

scintillating materials.
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Introduction 
          Detecting ionizing radiation is the main application for a scintillator which is a 

substance that releases light when it absorbs such radiation. Scintillators are essential in 

many domains and applications including security, medical imaging, geological 

exploration and high-energy physics, due to their broad spectrum of ionizing radiation 

detection capabilities and the wide variety of information they provide, including energy, 

time, and nature of the ionizing species. For almost 120 years, ionizing radiation has 

been detected and characterized using scintillation materials [6]. Their efficiency and 

performance depend on several intrinsic characteristics such as the light yield, decay 

time and energy resolution, in turn influenced by their structural composition and 

doping elements. Within the different classes of scintillators, garnet-based inorganic 

materials, in particular lutetium aluminum garnet (Lu₃Al₅O₁₂ or LuAG), have attracted 

particular attention due to their outstanding optical properties, high density and 

chemical stability. In addition, doping rare earth ions (RE³⁺) including Ce³⁺ and Pr³⁺ into 

garnet structures improves their scintillation properties making them suitable for these 

applications [17,34,41]. However, no material is ideal and in order to satisfy the rising 

need for advanced radiation detection systems, additional advancements in performance 

metrics like light yield and energy resolution are required. Co-doping LuAG with alkali 

metal ions (Li+, Na+, and K+) is one approach that shows promising results [33,53-57]. and 

it has been shown to influence the structural and luminescent properties which will be 

discussed in this chapter. 

This chapter presents an overview of scintillating materials, their fundamental 

properties and their classification, it also examines the mechanisms governing the 

scintillation process including radiation-matter interactions and the role of the main 

performance parameters. In particular, attention is paid to inorganic scintillators notably 

LuAG, focusing on their structural and optical characteristics and the effects of Ce³⁺ and 

Pr³⁺ doping on garnet-based scintillators is discussed. Finally, this chapter explores our 

two motivations and objects which are the emerging research into alkali metal codoping 

as a means of improving scintillation efficiency and discusses the potential benefits and 

challenges of nanoscale scintillators in modern applications. 

 

 



Chapter I                                                              THEORETICAL BACKGROUND  

 

20 
 

I.1 Fundamentals of Scintillator Materials: Mechanisms, Properties, and 

Applications 

          The basis for understanding the difficulties and possibilities in optimizing rare-

earth-doped garnet scintillators (such as LuAG:Ce³⁺/Pr3+), which will be looked at in later 

chapters, is established by placing these principles in context. In addition to clarifying 

the current state of the art, this summary of concepts, mechanisms, and applications 

also identifies opportunities for innovation in next-generation radiation detection 

systems. 

I.1.1 Radiation-matter interaction 

       The effectiveness of scintillating materials depends on their ability to convert 

ionizing radiation into detectable light based on the fundamental interactions between 

radiation and matter, this is dependent on the type of radiation, its energy and the 

atomic/structural properties of the material. Here we describe the main physical 

mechanisms and their implications for scintillator performance. Ionizing radiation can 

be divided into three main categories, each defined by its physical origin and the 

mechanism by which it interacts with matter. The charged particles such as alpha 

particles (helium nuclei), beta particles (high-energy electrons) and protons mainly 

interact through Coulomb forces causing atoms to ionize by stripping electrons from 

their orbitals. Uncharged particles such as neutrons which have no physical charge can 

transfer energy by collision or direct nuclear reactions so their detection depends on 

secondary charged particles or photon emission. Other electromagnetic radiation 

including x-rays and gamma rays react through the following three key processes as 

shown in Figure I.1: the photoelectric effect (absorption of photons and ejection of 

electrons, dominant in materials with high atomic numbers), Compton scattering (partial 

transfer of energy to free electrons) and pair production (conversion of photons into 

electrons and positrons, this interaction is only possible if the energy of the incoming 

photon is above 1.022 MeV). [34] 
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Figure I.1 The three primary photon interaction processes' respective significance in relation to 

photon energy and atomic number (Z) [34]. 

           Such interaction patterns are important in the manner in which energy is 

deposited in a scintillating material, which influences critical performance parameters 

such as detection efficiency and resolution, as an example, high-energy gamma rays tend 

to favor dense, high-atomic-number scintillators such as lutetium garnet (LuAG), while 

the detection of neutrons often requires hydrogen-rich (for fast neutrons) or lithium-

doped materials to improve capture cross sections (for thermal neutrons). 

Understanding these phenomena is essential to generating scintillators that are suitable 

for specific radiation types and applications. When radiation deposits energy, electron-

hole pairs are formed, and these pairs migrate along the lattice and thermalize. The 

parameters of scintillation, which will be covered in section (2.4 Scintillation Parameters), 

are directly determined by the interaction of ionization density, carrier transport, and 

activator efficiency. For example, in our case, when doped garnets (LuAG:Ce³⁺) are 

exposed to ionizing radiation, the electron-hole pairs generated migrate through the 

lattice and are captured by activator ions (Ce³⁺), resulting in radiative recombination and 

photon emission. 
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I.1.2 Scintillator materials 

       When matter, whether it be solid, liquid, or gas, emits light without the use of heat, 

this is known as luminescence. The radiative recombination of an excited energy state to 

a lower, more relaxed state is the cause of this phenomenon. The system must be raised 

into this excited state by an external energy source in order to produce light. The specific 

form of luminescence is determined by the energy source: photoluminescence, 

electroluminescence, or chemiluminescence, depending on whether light, an electric 

current, or a chemical reaction is the energy source. Radioluminescence is the technique 

of irradiating a system with x-rays to produce light emission. In fact, radioluminescence 

is a particular kind of scintillation in which ionizing radiation is the excitation source.[35] 

A material that can transform the energy from absorbed ionizing radiation into UV-

visible light is called a scintillator and the associated physical process, scintillation [36] 

There are many different forms of ionizing radiation and the most commonly detected 

types are X-rays, γ-rays, neutrons, electrons and α-particles, while materials that exhibit 

scintillation are known as scintillators [35] and they are essential parts of detectors for 

ionizing radiation. There are several different scintillator materials; some are extensively 

utilized and commercially available, while others are still being researched in labs. 

Because different applications demand distinct performance characteristics, scintillators 

come in a variety of forms [35]. 

Within months following Conrad Röentgen's 1895 discovery of X-rays, the first 

scintillation material CaWO₄ was employed in an X-ray screen. Over a century ago, this 

was the first known use of scintillating material. Rutherford's 1911 discovery of the 

atomic nucleus was aided by scintillation on ZnS-coated screens which was discovered 

through additional study (Crookes, 1904). ZnS powder, which is still utilized today as a 

phosphor in lights and televisions was a common scintillation material for nuclear tests 

by the 1930s. In the beginning, scintillation flashes were visually detected using 

microscopes, after Robert Hofstadter created NaI and proved that photomultiplier tubes 

(PMTs) could detect scintillation flashes, inorganic scintillators became widely used in 

the late 1940s[37] signifying the start of the age of scintillation counters. In the early 

1950s, several inorganic scintillators were discovered, including CdWO4,[38] CsI:TI, [39] 

CsI, [40] CsF, [41] and Lil:Eu,[42]. Over the next two decades, scintillator research slowed, 

with only a few new materials CsI:Na,[43] CaF2:Eu, [44] and Bi4Ge4O12 (BGO) [45] emerging. 
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However, the demand for high-density and fast-response materials for uses like 

industrial processes, high-energy physics, and medical diagnostics inspired a renewed 

curiosity in inorganic scintillators in the 1980s. This advancement was supported by 

developments in integrated circuits and computation, since newer applications required 

faster and more accurate data collection. The discovery of the very short emission 

component in BaF2 [46,47] and its subsequent explanation [48] launched a search for new 

fast scintillators utilizing radiative core-to-valence transitions. Several new materials, 

including BaLiF3, KMgF3, CsCaCl3, etc. have since been developed. Among these, Ce-doped 

and Ce-based crystals have shown great promise as fast scintillators, leading to the 

exploration of many new compounds in the search for optimal scintillators[36]. 

I.1.3 Mechanisms of Scintillation  

         The scintillation mechanism involves multiple complex physical mechanisms, 

detailed in several studies [49]. The schematic diagram in Figure I.2 shows the 

scintillation mechanism for rare earth (RE) ion-doped crystals as luminescence 

enhancers. Because of their complex band structures, RE ions are among the most 

important groups of scintillators [48]. The scintillation process involves a series of 

distinct steps, each having a specific time scale:  

1. Absorption of ionizing radiation: Once ionizing radiation, such as X-rays or 

gamma rays, interacts with the scintillator, it transmits its energy to the material, 

leaving it in a state of non-equilibrium. As a result, high-energy electrons and 

internal shell holes are created. 

2. Secondary excitation and multiplication: Primary electrons trigger a cascade of 

secondary excitations, including electrons, holes, photons and plasmons. High-

energy electrons scatter inelastically, generating additional electron-hole pairs in 

a process known as multiplication. Electrons of low energy interact with phonons 

and thermally heat up. At this stage, ionized atoms can either emit photons 

(radiatively) or release secondary electrons through the Auger effect, with non-

radiative decay being the most likely. The process continues until the energy of 

the particles falls below the ionization level. 

3. Electron-hole pair formation and thermalization: Upon ionization, electron-hole 

pairs are formed, the number of which is proportional to the energy of the incident 

radiation. They lose energy as they interact with phonons, stabilizing at energies 
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close to the band gap. This process of thermalization is fast with electrons moving 

to the conduction band and holes to the valence band. 

4. Migration of carriers and energy transfer: Electrons and holes migrate through 

the material, transferring energy to the luminescent centers, which in turn emit 

light. The efficiency of this step is dependent on carrier spatial distribution; if the 

carriers are close to a luminescent center, there is a chance of radiative 

recombination. Otherwise, they may become trapped in defect sites or impurities, 

thus delaying scintillation, or even preventing it if deep traps are involved. 

5. Light emission and recombination: The last stage is the recombination of 

electrons and holes. This can be radiative, leading to the emission of photons, or 

nonradiative, when the energy is lost as heat. The majority of modern scintillators 

are extrinsic, which means that luminescent centers such as Ce³⁺ are intentionally 

introduced to enhance radiative recombination. In such materials, efficient energy 

transfer from the host matrix to the dopant ions leads to intense light emission. 

Global scintillation kinetics are determined by the rate of light emission from the excited 

luminescent centers, which is directly related to the light yield, defined as the amount of 

light emitted per unit of energy deposited [48]. 

 

 

 

 

 

 

 

 

 

 

Figure I.2 A schematic illustration of the scintillation mechanism in an inorganic scintillator. 

Scintillation process over time, highlighting the progression of particle energy through the 

various stages that contribute to scintillation emission [48,49]. 
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I.1.4 Scintillation Parameters 

       The applicability of scintillator materials for particular applications is determined 

by a number of essential factors that quantify their performance. Here, we describe some 

of these parameters, their physical foundations, and their applications. 

Light yield 

Light yield, the most pivotal metric reflects a scintillator’s ability to convert absorbed 

ionizing radiation energy into detectable ultraviolet or visible photons. It is quantified 

as:  

               𝐿𝑅 =
𝑁𝑝ℎ

𝐸𝛾
                 [Photons/MeV] 

where Nph is the total photons emitted and Eγ is the energy being deposited by the 

interacting gamma photon. For practical comparisons, sodium iodide doped with 

thallium (NaI:Tl ) is the reference standard, with its light yield normalized to 100%. Other 

scintillators are evaluated relative to this benchmark. 

In integrating detection systems, conversion energy efficiency (η) becomes relevant: 

              η =
〈 hν𝑟 〉𝑁𝑝ℎ

𝐸γ
         

where 〈hνr〉 is the mean energy of emitted photons. 

Scintillation Decay Time 

The decay time (τ) defines the time it take to the scintillation light intensity (I(t)) to drop 

to 1/e (∼37%) of its initial value. For a single exponential decay: 

                𝐼(𝑡) = 𝐼(0). 𝑒−
𝑡

τ 

Shorter decay times (τ<100 ns) are critical for high-count-rate applications (e.g., time-of-

flight PET). Real-world scintillators often exhibit non-exponential decay due to energy 

transfer between luminescent centers or quenching effects. These are empirically 

modeled as a sum of exponentials: 
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             𝐼(𝑡) = ∑ 𝐼𝑖(0).𝑖 𝑒
−

𝑡

τ𝑖 

Energy resolution 

Energy resolution (R) determines a detector’s ability to distinguish between closely 

spaced photon energies (Figure I.3). It is defined as: 

             𝑅 =
∆𝐸

𝐸
× 100 [%] 

where ΔE is the full width at half maximum (FWHM) of the photopeak at 

energy E (typically measured using a 137Cs source). Superior resolution (lower R) 

enhances spectroscopic accuracy. 

 

                     Figure I.3 Pulse heigh spectrum. Definition of detector resolution [50]. 

Density 

For gamma-ray detection and spectroscopy, inorganic heavy crystals are generally used 

due to their high density, which enhances interaction with ionizing radiation and enables 

efficient energy absorption in compact scintillators. For the detection of low-energy X-

rays and gamma rays (<800 keV), materials with high atomic numbers (Z) are preferred, 

as the photoelectric effect (σph∝Z5) dominates the Compton effect (𝜎C ∝ 𝑍). In contrast, for 

the detection of high-energy beta rays, dense materials are required, although extremely 

high-Z components are less favorable due to increased backscatter. For medical 

dosimetry, tissue-equivalent scintillators with lower Z are essential to accurately 

reproduce the response of human tissue during dose measurements [50]. 
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Afterglow  

Afterglow refers to delayed luminescence caused by thermal release of charge carriers 

from defect-related traps. Its intensity and duration depend on defect concentration, 

irradiation dose, and temperature. Mitigation strategies include trap-state engineering 

(e.g., co-doping with Li+) and high-purity crystal growth. 

Operational parameters durability 

Radiation hardness or the long-term durability of the operating parameters is a crucial 

characteristic needed in most applications. Radiation damage is always the outcome of 

interactions between ionizing radiation and a scintillator, while the complex mechanism 

that causes radiation damage includes the host material as well as any impurities or 

flaws in the substance. These inhomogeneities raise the likelihood that radiation-induced 

point defects or color centers will occur in the crystal. The incident radiation may change 

the optical and scintillation properties of the crystal both while and after high doses are 

delivered. Irradiation can modify the scintillator's features in a number of ways, 

including the formation of color center absorption bands, the direct effect of radiation 

on luminescent centers, and changes to emission parameters (efficiency, spectrum, decay 

time). the creation of shallow traps that increase the level of afterglow, etc. 

Emission spectrum 

The emission spectrum describes the wavelength-dependent distribution of photons 

generated by a scintillator. Optimal detector efficiency requires spectral overlap between 

the scintillator’s emission and the photosensor’s quantum efficiency. For example: 

Photomultiplier Tubes (PMTs): Bialkali photocathodes peak at 280–500 nm (e.g., NaI:Tl , 

CsI:Tl ) and Silicon Photodiodes: Efficient in the near-infrared (500–1100 nm; e.g., Ce³⁺-

doped garnets). Signal-to-noise ratios are directly impacted by mismatched spectra, 

which decrease photon gathering efficiency. Therefore, in order to meet detector 

requirements, material design must strike a compromise between host bandgap 

engineering and activator selection. 

Finally, selecting a scintillator for a given application requires consideration of numerous 

additional features. We can recall the following: proportionality of response, cost, 

mechanical qualities (hardness, ruggedness, cleavage, etc.), index of refraction, 

hygroscopicity, thermal stability, transmission, etc.[3,4,20-23]. 
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I.1.5 Classification of Scintillator Materials  

         Based on their composition, scintillation mechanism and performance in a 

particular application, scintillator materials are often divided into several categories. The 

main classes, their distinguishing traits, and their technological expertise are described 

below. 

Inorganic Scintillators 

Crystalline or ceramic materials with high densities, high effective atomic numbers (Zeff), 

and effective energy conversion through activator ions (such as rare earths or transition 

metals) are known as inorganic scintillators. Among them that of rare earth doped 

scintillators are the most popular, particularly Ce3+ and Pr3+ ions.[3,4,15,21,24-27].   

Single crystals Ceramics Glasses 

NaI(Tl),CsI(Tl),Lu₃Al₅O₁₂:Ce³⁺, 

Gd₃Al₂Ga₃O₁₂:Ce³⁺ 

Gd₂O₂S:Pr³⁺, (Y,Gd)₃Al₅O₁₂:Ce³⁺ Ce³⁺-doped borosilicate glasses 

High light yield 

High energy resolution Radiation 

hardness 

Polycrystalline structure 

Cost-effective manufacturing, 

Moderate light yield 

Amorphous structure 

Tunable composition 

Low light yield 

Medical imaging (PET/CT), 

High-energy physics calorimetry 

X-ray computed tomography 

(CT), security scanners 

Neutron detection 

Radiation dosimetry 

 

Organic Scintillators 

Molecular fluorescence is the basis for organic materials which have fast decay rates 

(τ<10 ns) but lower densities and Zeff [59,60,61]. 

Pure organic crystals Plastic scintillators Liquid scintillators  

Anthracene 

Stilbene 

Polystyrene/polyvinyl toluene 

doped with p-terphenyl 

Linear alkylbenzene (LAB) with 

fluorophores 

High fluorescence efficiency 

Hygroscopic and fragile 

Moldable 

Lightweight 

Radiation-resistant 

Homogeneous detection medium 

Scalable volumes 

 Particle physics (muon detection) 

Radiation monitoring 

Neutrino experiments (e.g., Super-

Kamiokande) 
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Hybrid and Nanoscale Scintillators 

New classes that use nanoscale phenomena or combine inorganic and biological 

components [62,63]: 

Perovskite-Based Scintillators Nanocomposites Quantum Dots 

CsPbBr₃ nanocrystals Ce³⁺-doped garnet nanoparticles in 

polymer matrices 

CdSe/ZnS core-shell nanocrystals 

Tunable emission spectra 

Solution-processable. 

Flexibility 

Reduced self-absorption 

Size-tunable emission 

High quantum yield 

Poor stability under irradiation Wearable radiation sensors Multispectral X-ray imaging 

 

However, image resolution is affected by inorganic scintillator afterglow and expensive 

production costs. More research is being done on co-doping with ions like Li⁺ to inhibit 

trap states.[14,64,65]. Our work has developed co-doped LuAG:Ce/Pr powders using the 

low cost sol-gel process to address these issues and provide improved performance for 

advanced radiation detection at reasonable prices. 
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I.1.6 Applications of Scintillators 

         Scintillator materials are essential to modern radiation detection technologies and 

play important roles in a variety of fields, including industrial process monitoring, oil 

well logging, high-energy physics (e.g., calorimeters in particle colliders), homeland 

security (e.g., cargo inspection), and medical imaging (e.g., PET/CT scanners). Due to their 

unparalleled density, scintillation efficiency and response time, inorganic scintillators 

dominate both research and commercialization efforts, with a global market estimated 

to be worth over $350 million in 2015. For applications that need fast, high-resolution 

detection, such real-time tumor tracking in radiotherapy or detecting fissile materials in 

security screenings, these criteria are essential. Heavy-metal hosts such as lutetium-

based garnets (e.g., LuAG) activated by Ce³⁺ or Pr³⁺ have been the subject of much 

research in order to meet these demands.[56] Below, we go over a few of these 

applications fields. 

Medical 

Scintillators have been a vital part of medical imaging since 1895, when BaPt(CN)₄ was 

accidentally used to detect x-rays, producing the first radiographic image and 

revolutionizing diagnostics by enabling internal body vision. By transforming x-rays into 

visible light and enhancing the sensitivity of photographic film, intensifying screens also 

referred to as x-ray phosphors such as ZnS and CdWO₄ were created to improve x-ray 

detection. Digital imaging, x-ray videography, and contemporary 3D imaging devices like 

CT scanners were made possible by developments in scintillating materials and 

photodetectors. Scintillators are used in nuclear imaging methods such as PET and SPECT 

to identify gamma photons released by radiotracers that target particular tissues. 

Traditional BGO scintillators have been replaced by faster materials like LYSO and LSO 

(Lu₂SiO₅:Ce³⁺) because of their better performance. Scintillators which are frequently 

combined with optical fibers for precise detection, are also utilized in medical dosimetry 

for real-time radiation dosage monitoring during radiotherapy. These developments 

demonstrate how crucial scintillators are to radiation-based therapies and medical 

imaging [35,36,54,56]. 
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Homeland security 

Scintillating materials are essential for radiography imaging at border checkpoints and 

airports in homeland security. distinct x-ray energies are utilized to figure out item 

densities which are shown as distinct colors on security displays, with less restriction on 

radiation doses than medical imaging. Due to the larger volume of material, larger 

objects like cars need more penetrating gamma rays. The control of the movement of 

radioactive materials has become an absolute priority since the events of 11 September 

2001. The latest systems can use real-time gamma-ray spectrometry, placed in high-

traffic areas such as ports, borders and motorways, to identify specific isotopes of 

strategic importance, as well as radioactive items. High resolution scintillators with 

constantly improving capabilities, make this possible [35,36,54,56]. 

High energy calorimetry 

In particle physics studies, where secondary particles are created by high-energy particle 

collisions and measured by calorimeters, scintillating materials are essential. These 

calorimeters which combine scintillators and photodetectors can detect particles with 

energy as high as TeV and need a lot of material to be effective. Electromagnetic showers 

are produced by high-energy interactions which calls for sophisticated detection systems 

that spur advancements in other domains like medical imaging. With varying 

performance requirements, scintillators are also utilized in space exploration, oil drilling, 

nuclear power plant control, radon detection, nuclear waste management, homeland 

ecological monitoring and industrial quality control [35,36,54,56]. 
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I.2 Inorganic Scintillators: Structural and Optical Properties of Garnet 

Systems (Lu₃Al₅O₁₂) 

          Because of their hardness, garnets have been used for thousands of years as 

abrasives. Since the Bronze Age, they have also been used as jewels because of their high 

refractive index and beautiful color, which are the result of transition metal ions being 

inserted into tetrahedral or octahedral positions. The name "Garnet" in English comes 

from the Latin "Granatum" which means "many grains". It is related to the pomegranate 

fruit, which has a lot of red seeds that are structurally and color-similar to some dark 

red garnet gemstones [66]. Menzer's 1928 identification of the structural features of 

garnet-type compounds marked the beginning of research on these compounds, because 

of their complicated cation arrangement in their unit cell and cubic crystal structure, 

garnets can have their luminescent properties highly tuned by varying the {A}, [B], and 

(C) cation sublattices, it have a general stoichiometric formula of A₃B₂C₃O₁₂, where A, B 

and C represent distinct cation sublattices: A occupies dodecahedral sites (X sites), which 

can accommodate rare-earth ions like Y³⁺, Lu³⁺, Gd³⁺, Tb³⁺, or La³⁺ as well as divalent ions 

like Ca²⁺. B Fills octahedral sites (Y sites) and can accommodate Al³⁺, Ga³⁺, Sc³⁺, Sb³⁺ or 

In³⁺ as well as ions with various charges like Mg²⁺ or Mn²⁺. C occupies tetrahedral sites 

(Z sites) and generally includes Ga³⁺ or Al³⁺ but can also retain Si⁴⁺, Ge⁴⁺ or Mn²⁺ ions 

while preserving the garnet crystal structure [67,68]. The luminescent characteristics of 

host materials are intimately related to their crystal structure, with cell characteristics 

of a = b = c = 11.906 Å for Lu₃Al₅O₁₂ and a = b = c = 12.008 Å for comparable compounds, 

LuAG, or Lu₃Al₅O₁₂ has a cubic structure inside the Ia3d space group (230). A 1 × 1 × 1 

LuAG unit cell is seen in Figure I.4 While Al³⁺ ions occupy two types of lattice sites six-

coordinated AlO₆ octahedra and four-coordinated AlO₄ tetrahedra joined by shared O²⁻ 

ions Lu³⁺ ions are coordinated with eight O²⁻ ions, forming a dodecahedron symmetry 

D2d. For Lu³⁺, the effective ionic radii are 0.977 Å, for Al³⁺ they are 0.535 Å, and for Mn⁴⁺, 

they are 0.53 Å. LuAG's Mn-O bond length is 1.864 Å. By replacing Lu with Y, the lattice 

parameters are increased, reduces Mn-Mn interactions and weakens the crystal field 

surrounding Mn⁴⁺, for instance by increasing atomic spacing. The fine tailoring of optical 

characteristics is made possible by LuAG's compositional flexibility. 
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Figure I.4 Unit cell illustration of Lu3Al5O12 crystal structures (a) Aluminum site of Lu3Al5O12 (c) 

[69]. 

It is crucial to comprehend the "Structure–Property Relationship" in order to create new 

useful materials and acquire more profound physical understanding, the foundation for 

adjusting material properties and finding novel phosphors for cutting-edge applications 

is crystal chemistry. A crucial class of inorganic materials, garnets are incredibly 

adaptable in functional applications due to their complex chemical composition and 

straightforward cubic crystal structure [66], due to its exceptional physicochemical 

characteristics, garnet is a well-known optical host material with great potential in 

applications like lasers, lighting, scintillation and magneto-optic devices. A range of rare-

earth and transition metal ions can be included into its lattice structure providing various 

doping sites that enable fine-tuning of its characteristics and precise control over local 

sites [70].  
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I.3 Rare Earth Dopants in Garnet Scintillators: Ce³⁺ and Pr³⁺ 

      The process by which an ion, molecule or atom is activated by absorbing photons of 

a particular energy and then returns to its ground state by emitting photons is known as 

luminescence. Only specific elements can be used as phosphors, or optically active 

centers in luminescent materials. Lanthanides, yttrium and scandium are among the rare 

earth ions that are most frequently utilized in light-emitting materials for technical 

purposes [9,57,71]. The elements in the lanthanide series (Ln), which are found at the 

bottom of the periodic table, have electrons in their inner 4f shell, with an electron 

configuration of [Xe] 4fⁿ for Ln³⁺ ions, 3+ is the most prevalent and stable valence state 

for lanthanides and the number of electrons in the 4f shell denoted by n, ranges from 0 

(an empty 4f shell) to 14 (a fully filled 4f shell) [66]. 

Aluminum garnet scintillators are usually doped with ions like Ce³⁺ or Pr³⁺ to produce 

fast and efficient light through 5d-4f transitions within the material's forbidden energy 

band (Figure I.5). The Pr³⁺ 4f–5d absorption bands are located between the host lattice 

absorption and the Ce³⁺ absorption bands. The 5d–4f emission bands of Pr³⁺ and the 

absorption bands of Ce³⁺ overlap [73]. 

 

Figure I.5 Trivalent Ce and Pr ions' 4f energy levels, as well as their 4f–5d absorption and 

emission bands, are displayed in the Dieke diagram [73]. 
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I.3.1 Ce3+ -Doped garnet phosphors 

          The electronic configuration of the trivalent cerium ion (Ce³⁺) is expressed as [Xe] 

4f¹ 6s². Its ground state 4f¹ is split into two sublevels, 2F5/2 and 2F7/2, due to spin-orbit 

coupling, with an energy separation of around 2000 cm-¹ (~0.25 eV). The excited state 

configuration, 5d¹, undergoes splitting in the presence of a crystal field, resulting in two 

to five distinct components, as illustrated in figure 2.4. The total splitting energy of the 

crystal field reaches around 15,000 cm-¹ (~1.86 eV) [50,66,74-77]. 

 

 

 

 

 

 

 

Figure I.6 A simplified diagram of the energy levels of the Ce³⁺ (4f¹) ion. On the left, only the 4f 

and 5d electronic levels are shown, without taking into account additional interactions. On the 

right, the effects of spin-orbit coupling (SO) and crystal field splitting are illustrated. The spin-

orbit interaction divides the 4f level into two sublevels, separated by around 2000 cm-¹. The 

crystal field effect (Δ) divides the 5d level into five distinct components, covering an energy 

range of around 15,000 cm-¹ [66]. 

          Ce³⁺-doped garnet phosphors are extensively used for a variety of applications in 

many fields, reflecting their versatility and unique properties. Some of the common 

applications for these materials are illustrated in Figure I.7, covering areas such as 

indoor and outdoor lighting, display backlights, solid-state lasers, flying spot scanning 

systems, traffic and automotive lights, plasma display panels, remanence materials, the 

dye industry, scintillators for medical imaging and homeland security, as well as 

transparent ceramics. Table I.1 provides a summary of the main Ce³⁺-doped garnet 

phosphors, highlighting their chemical composition, photoluminescence (PL) and 

photoluminescence excitation wavelengths (PLE), as well as their specific applications 

[66]. 
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Figure I.7 Representative application areas for Ce3+-doped garnet phosphors [66]. 

Table I.1 the applications of various Ce³⁺-doped garnet phosphors [66].  

Application Chemical Composition λₑₓ (nm) λₑₘ (nm) 

w-LED Phosphors Y₃Al₅O₁₂: Ce³⁺ 470 532 

Lu₃Al₅O₁₂: Ce³⁺ 440 505 
Ca₃Sc₂Si₃O₁₂: Ce³⁺ 455 505 

Tb₃Al₅O₁₂: Ce³⁺ 470 553, 620 

Y₃Al₄GaO₁₂: Ce³⁺ 450 519 

Y₃Sb₂Al₃O₁₂: Ce³⁺ 465 528 
Y₃Al₅₋ₓSiₓO₁₂₋ₓNₓ: Ce³⁺  
(x=0.1) 

470 620–630 

Y₃Mg₂AlSi₂O₁₂: Ce³⁺ 440 600 
CaLu₂Mg₂ (Si, Ge) ₃O₁₂: Ce³⁺ 470 605 

CaLu₂Al₄SiO₁₂:Ce³⁺ 450 510–530 

Mg₃Y₂Ge₃O₁₂:Ce³⁺ 466 555 

MgY₂Al₄SiO₁₂:Ce³⁺ 452 566 
Lu₃(Al,Mg)₂(Al,Si)₃O₁₂:Ce³⁺ 450, 462 542–571 

Ca₂GdZr₂(AlO₄) ₃:Ce³⁺ 417 500 

Ca₂LaZr₂Ga₃O₁₂: Ce³⁺ 430 515 

Ca₃Hf₂SiAl₂O₁₂:Ce³⁺ 400 508 
Scintillators Lu₃Al₅O₁₂:Ce³⁺ 440 505 

Tb₂.₂Lu₀.₈Al₅O₁₂: Ce³⁺ 459 565 

(Lu, Gd) ₃(Ga, Al)₅O₁₂:Ce³⁺ 345 530 
Gd₃ (Al, Ga) ₅O₁₂: Ce³⁺ 445 540–565 

Afterglow 
Phosphors 

Y₃Sc₂Ga₃O₁₂: Ce³⁺ 440 500 

Y₃Sc₂Ga₃₋ₓAlₓO₁₂: Ce³⁺ 414 503 

Mg₃Y₂(Ge₁₋ₓSiₓ) ₃O₁₂: Ce³⁺ 455 580–595 
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I.3.2 Pr3+-Doped garnet phosphors 

         Pr³⁺ is among the most versatile optically active ions, capable of emitting 

luminescence across a wide spectral range, from deep ultraviolet (UV) to visible and 

infrared regions [76]. Notably, it was the first ion shown to exhibit two-photon emission 

following vacuum ultraviolet (VUV) excitation [79]. Pr³⁺ ions, in some host matrices, 

exhibit intense and fast luminescence due to the interconfigurational 5d → 4f emission 

transition [80]. Aluminum garnets are recognized as strong contenders for scintillator 

applications among various oxide materials, owing to their advanced development for 

laser hosts and features like optical transparency and ease of rare-earth doping. 

Lu₃Al₅O₁₂ garnets doped with Pr³⁺ (LuAG) are a particularly attractive choice among them 

for attaining extremely effective scintillation [80]. As shown in Figure I.8, the Pr³⁺ ion 

has an electron configuration of [Xe] 4f² and a complicated energy level structure that 

reaches up to about 25,000 cm⁻¹. Its emission spectra can include transitions from the 

³P₀ and ³D₂ levels, resulting in green-blue and red emissions, respectively, when excited 

by UV or visible light [81,82]. However, these emissions come from 4f → 4f transitions, 

which exhibit slow radiative decay, making them particularly unsuitable for scintillator 

applications where fast response times are required. In contrast, the 5d → 4f transitions 

in Pr³⁺ are allowed by the electric dipole and much faster, making them more relevant 

for efficient scintillation. In addition, Pr³⁺ also exhibits a range of 4f → 4f transitions in 

the infrared (IR) spectrum, particularly from the ¹G₄ level upwards, which are valuable 

for other optical applications such as lasers and amplifiers [83]. Nevertheless, as far as 

scintillator performance is concerned, the focus remains on the faster 5d → 4f 

transitions. 

 

 

 

 

 

Figure I.8 The Pr³⁺ ion's energy level scheme is made up of a dense network of energy levels 

that stretch up to about 25,000 cm⁻¹ [81]. 
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I.4 Enhancing Scintillation Performance via Alkaline Metal Co-Doping (Li⁺, 

Na⁺, K⁺) 

          Bright and fast scintillation properties of Ce³⁺ or Pr³⁺ activated rare-earth 

aluminum garnet scintillators such as (Lu,Y)₃Al₅O₁₂ have made them highly promising 

for several fields applications as mentioned in section (2.6 applications of scintillators) . 

However, their performance remains limited by defects present in the garnet matrix, 

these defects, like oxygen vacancies and anti-site defects, impact the scintillation 

performance. Co-doping with monovalent ions Li+, Na+, and K+ (specially Lithium) is one 

way to move these defects and improve structural photoluminescence and scintillation 

performance. This approach fits with one of our primary objectives, which is to look into 

the possibility of using alkaline metal co-doping by different content of Li+, K+ and Na+ to 

improve scintillation characteristics on LuAG:Ce3+ and LuAG:Pr3+ powders. A table 

summarizing previous research on the effects of co-doping with these ions and showing 

recent developments in garnet-based scintillators will be presented in this part. 

Table I.2 Summary of previous studies on the effects of Li⁺, Na⁺, and K⁺ co-doping on the 

structural, photoluminescent, and scintillation performance of Ce³⁺- and Pr³⁺-doped 

garnet materials. 

Study Co-doping 

pair 

Results 

A. K. Singh et 

al.  

(2014) [10] 

Li+ codoping 

Lanthanide 

ions Ce3+ and 

Eu2+ in Y2O3 and 

Gd2O3  

- Boosts efficiency in both photoluminescent and 

radioluminescent systems. 

- Improved crystallinity, smoother surfaces, and 

larger grains enhance material quality. 

- Rare-earth activators populate crystal sites that 

maximize radiative pathways. 

- Charge compensation preserves the luminescent 

valence state of dopants (e.g., Eu³⁺, Ce³⁺). 

- Increased vacancies mediate energy transfer to 

activators, acting as sensitizers.  
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- Lattice distortion enhances radiative transition 

probabilities, even for typically forbidden 4f→4f 

transitions. 

 

K. Kamada et 

al. (2016) [11] 

K. Kamada et 

al. (2017) [12] 

Li+ codoping on 

GGAG: Ce3+  

LuAG: Ce3+ 

YAG: Ce3+ 

- Enhanced energy resolution.  

- Faster scintillation decay time.  

- And/or greater light output. 

 

Peter T. 

Dickens et al. 

(2017) [65] 

Li cooping on 

Cex:Y3-xAl5O12  

single crystal 

Czochralski 

(CZ) method 

- Li⁺ co-doping elevates light output, even under 

high alumina (10% excess) conditions. 

- Long-decay emissions are reduced (trap 

suppression), while fast decay kinetics remain 

stable. 

- Li⁺ improves Ce³⁺ transition efficiency (via PL) 

and reduces parasitic traps, synergistically 

enhancing scintillation. 

 

M.V. 

Derdzyan et 

al.  

(2018) [84] 

Li+ codoping 

on YAG:Ce and 

LuAG:Ce 

polycrystalline 

samples 

prepared by 

solid phase 

reactions; 

single crystals 

grown by the 

vertical 

Bridgman 

method. 

- In YAG:Ce, Li+ ions migrate to interstitials with 

charge compensation achieved by reducing anion 

vacancies rather than replacing any lattice site or 

forming complexes with Ce. 

- Li+ ions in LuAG:Ce,Li do replace Lu3+ sites, and 

the production of O hole centers and the 

conversion of Ce3+ to Ce4+ help achieve charge 

balance. 

- The scintillation decay characteristics of YAG:Ce 

do not seem to be improved by Li co-doping; 

nonetheless, it might be helpful in lowering the 

amount of anion vacancies in YAG and YAG:Ce as 

well as in enhancing transparency and UV 

resistance to X-ray irradiation. 
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C. Foster et 

al. 

 (2020) [15]  

Li+,Na+, and K+  

cooping on 

(Lu0.75Y0.25)3Al5O12 

(LuYAG: Pr3+) 

single crystals  

Czochralski 

growth 

- LuYAG:Pr , Na achieved 34,000 ph/MeV light 

yield and 3.8% energy resolution (best-in-class for 

oxides). 

- Reduced afterglow via trap removal at 300 K 

(evidenced by thermoluminescence (TL) curve 

analysis). 

- Monovalent co-dopants (e.g., Na⁺) mitigate 

parasitic traps and stabilize radiative pathways. 

- Positions LuYAG:Pr , Na as a leading material for 

precision radiation detection technologies. 

 

I.5. Nanoscale Scintillators: Emerging Opportunities and Challenges 
          The development of nanoscale scintillators and further research into their 

scintillation behavior at smaller dimensions has been stimulated by the progress made 

over the last ten years in the field of light-emitting nanostructured materials. Unlike bulk 

single crystals, complex processes are involved in the dissipation of energy in 

nanoparticles (NPs), where the repetitive motion of electrons and holes created by 

primary and subsequent excitation events frequently transcends the physical boundaries 

of the nanoparticle, implying that some of the energy that has been deposited is 

displaced and lost to the immediate environment [85]. The design of new highly efficient 

scintillator crystals and materials for the detection of ionizing radiation is at the focus 

of current research efforts worldwide, with a concentration on applications in medical 

diagnostic imaging [86-91]. NaI:Tl+, CsI:Tl+, Bi4Ge3O12 (BGO), BaF2:Ce3+, Y3Al5O12:Ce3+ 

(YAG:Ce3+), lithium molybdate, YAG:Yb, and Tl2GdCl5:Ce3+ are examples of inorganic 

scintillators [21,76,93-96]. Ionizing radiation detection is carried out by coupling a 

scintillator material with a conventional light detector, usually a photomultiplier tube 

(PMT), which measures the photons released, as shown in Figure I.9. Indeed, most 

scintillation research has focused on the visible photon emissions that PMTs can easily 

detect. The creation of crystalline powder scintillators is an alternative to expensive 

single crystals. Microcrystalline scintillator powders (MSPs), on the other hand, are 

generally limited to uses such as photostimulable storage displays and traditional X-ray 

screens [20,21,97,98]. This restriction results from MSPs' porous structure, which 
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scatters light and produces opacity [19,21]. Furthermore, MSPs' poor compatibility with 

gels and polymers limits their economic viability. Although they work well with polymer 

matrices, organic scintillators are incompatible with 6Li, which makes them inappropriate 

for use as neutron scintillators [99]. Considering these limitations, it is expected that 

nano-scintillator powders (NSPs) will be ideal for sophisticated radiation detectors, which 

will find use in nuclear reactor radiation monitoring, security inspections, and medical 

diagnostics [100]. 

 

Figure I.9 Diagram of a scintillation counter [85]. 

Controlling the scintillating material at the nanometric scale is an efficient way to 

improve scintillator performance. This calls for careful control of particle size in powder 

forms as well as accurate management of doping ion dispersion within the matrix. The 

intensity of X-ray-excited luminescence can be limited by the size of the nanoparticle, 

according to research on the radioluminescence of fluoride, oxide, and phosphate-based 

nanoparticles [26]. The content, size, and structure of nanoparticles (NPs) affect the 

design of nano scintillators. Surface forces produced in by smaller particles change 

structural characteristics, affecting bond angles and lattice constants and producing 

variations from bulk materials. Depending on which orbitals are involved, the influence 

may be more or less intense; for example, inner 4f orbitals may be more or less affected 

than outer 5d orbitals. Figure I.10 illustrates the shifts in emission spectra between the 

bulk materials and the nanoparticles. In certain circumstances, this effect can have a 

major impact on luminescent properties, for example, the relative position between the 

4f2 1S0 state and the lowest level of the excited 4f1 5d1 configuration determines the 
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emission level of the Pr³⁺ ion [101-103]. Thus, depending on the size of the nanoparticle, 

this emission level may change in Pr³⁺-doped nanoparticles [104]. As shown in Figure 

I.11, where concentration quenching in NPs limits the propagation of excitation energy 

compared to bulk materials, structural differences also have an impact on optical 

performance. Additionally, the light scattering at grain boundaries causes transparency 

issues for nanoceramics which are favored for applications like PET because they are less 

expensive and produced more quickly than single crystals. In order to reduce light 

absorption and increase scintillation efficiency, advanced techniques seek to produce 

optically homogenous nanoceramics [26,104]. 

 

Figure I.10 Eu3+ doped Gd2O3 fluorescence spectra at T=10K excitation at 580.7 nm (to 4f7 7F0-

5D0). The fluorescence transition is equivalent to Eu3+'s 4f7 5D0-7F2 [104]. 

 

Figure I.11 Effects of crystal field oscillations on concentration quenching: excitation energy can 

travel long distances in bulk materials (left) until it reaches a non-radiative defect (light grey) 

due to the alignment of energy levels (black lines) between dopant ions [104]. 
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The development of nanomaterials has exploded, particularly in terms of novel synthesis 

methods and uses. Researchers are working to develop highly sensitive and reasonably 

priced materials to improve ionizing radiation detectors. As Figure I.12 shows, these 

new uses illustrate the wider range of applications made possible by the characteristics 

of nanoparticles compared with their bulk counterparts. By combining knowledge from 

recent research with fundamental physics concepts, it is possible to estimate the 

effectiveness of treatments in a variety of circumstances [26]. This is why we have 

focused our efforts on using the low-cost sol-gel method to develop scintillating 

powders. 

 

Figure I.12 new uses illustrate the wider range of applications made possible by the 

characteristics of nanoparticles compared with their bulk counterparts. 

  



Chapter I                                                              THEORETICAL BACKGROUND  

 

44 
 

Conclusion 

In conclusion, this chapter has reviewed scintillating materials, their purpose and their 

numerous uses, Investigation of scintillation mechanisms and radiation-matter 

interactions has highlighted the importance of improving materials properties to develop 

high-performance radiation detectors. In particular, because of their impressive 

structural and optical characteristics, inorganic garnet-based scintillators especially 

LuAG have emerged as a key area of research and development. Enhancing their 

luminescence efficiency by adding Ce³⁺ or Pr³⁺ dopants, and co-doping with alkali metal 

ions (Li⁺, Na⁺, and K⁺) offers a feasible route to further improve performance.  
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Introduction 

         The careful selection of materials, synthesis procedures and characterization 

techniques are essential to the result of any scientific research. In this chapter, the 

fundamental techniques used in the elaboration and study of Lu₃Al₅O₁₂ garnet (LuAG) 

scintillators codoped with alkali metals (Li⁺, Na⁺ and Na⁺) and activated by rare earth ions 

(Ce³⁺ or Pr³⁺) are detailed, the powders were produced using sol-gel technique which is 

known for its accuracy in creating consistent, nano-sized materials of great purity. 

In this chapter, the materials used in this study are described in detail with their 

composition, general information and selection criteria, together with a detailed 

description of the synthesis process, paying particular attention to the sol-gel procedure 

and optimization of the dopant concentration which is required to obtain the necessary 

structural, morphological and scintillation characteristics. 

The structural properties and morphology of the particles are investigated using physical 

techniques such as X-ray diffraction (XRD), scanning electron microscopy (SEM) and 

energy-dispersive X-ray spectroscopy (EDS). While, their luminescent performance and 

trapping characteristics are evaluated using optical techniques such as 

photoluminescence (PL), radioluminescence (RL) and thermally stimulated luminescence 

(TSL). Finally, theoretical calculations and simulations based on density functional theory 

(DFT) are used to understand the electrical structure and defect states of codoped 

garnets and to support the experimental results. 
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II.1 Materials 

II.1.1 Starting Materials 

The necessary chemical precursors and starting materials to synthesise Lu₃Al₅O₁₂ (LuAG) 

doped with rare earth ions (Ce³⁺ or Pr³⁺) and co-doped with alkali metal ions (Li⁺, K⁺ and 

Na⁺) are briefly summarized in the following table, the use of high purity precursor 

reagents to ensure homogeneity and consistency of the synthesized material which are 

necessary to obtain the best possible structural and optical properties, each precursor 

having a distinct function in the synthesis process: 

№ Precursors Nomination Chemical 
purity (%) 

Role 

01 Lu2O3 (acid 
Solvation) 

 
Lutetium (III) oxide 

 
99.999% 

Lutecium source 
for Lu₃Al₅O₁₂ 

crystal structure 
02 Al (NO3)3, 9H2O Aluminum nitrate 

nonahydrate 
99.0% Aluminum source  

03 Ce (NO3)3, 6H2O Cerium nitrate 
hexahydrate 

99.9% dopant precursor 
for Ce³⁺ ions 
(activator for 

PL/RL) 
04 Pr(NO3)3 6H2O 

 
Praseodymium nitrate 

hexahydrate 
99.9% dopant precursor 

for Pr³⁺ ions 
(activator for 

PL/RL) 
05 LiOH H2O  lithium hydroxide 

monohydrate 
Laboratory grade co-dopant 

precursor for Li⁺ 
ions 

06 KOH  Potassium hydroxide Laboratory grade codopant 
precursors for K⁺ 

ions 
07 NaOH  Sodium hydroxide Laboratory grade codopant 

precursors for Na⁺ 
ions 

08            HNO3 Nitric Acid 65% pH adjuster and 
complexing agent 

09  CH3COOH Acetic acid Analytical grade Chelating agent 
and pH stabilizer 

10  HOCH2CH2OH ethylene glycol Analytical grade Polymerization 
agent and gel 

forming additive 
11  (NH3) H2O Ammonia 34% pH regulator 

12      C2H6O (EtOH) Ethanol Analytical grade Cleaning agent 

13  De-ionized water   Solvent 
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II.2 Synthesis Methodology 

II.2.1 Sol-Gel Synthesis Process    

Sol-gel methods have become a flexible and economical method for creating 

sophisticated materials such as glasses, ceramics, powders, fibers, and thin films 

throughout the last thirty years [31]. By using molecular precursors such metal alkoxides 

or acetates, this solution-based technique allows for exact control over the distribution 

of particle sizes, shape, and material composition. One major benefit is its capacity to 

generate homogeneous, highly pure nanomaterials, which is especially important for 

luminescent applications where emission characteristics rely on dopants like rare-earth 

or transition metal ions (e.g., Ce³⁺, Eu³⁺) [32]. Furthermore, compared to traditional solid-

state synthesis, sol-gel technique has several advantages, such as increased precursor 

reactivity, better compositional homogeneity, lower sintering temperatures, and 

scalability [1,3]. Recent developments show that sol-gel chemistry can be applied to 

elaborate oxide systems. This method has been successfully used to create cerium-doped 

lutetium aluminum garnet (Lu₃Al₅O₁₂:Ce), a potential scintillator material, by taking 

advantage of its capacity to achieve controlled crystallization and homogeneous dopant 

distribution at lower processing temperatures [3]. 

In this work, Lu₃Al₅O₁₂ (LuAG) powders doped with Ce³⁺ and Pr³⁺ ions and co-doped with 

different concentrations of alkaline metal ions (Li⁺, Na⁺, and K⁺) were synthesized using 

the sol-gel method at laboratory of the Algiers Nuclear Research Centre (CRNA). The 

synthesis process steps are presented in figure II.1 and explained in details in the next 

section (3.2 Optimization of Co-Doping Concentrations), starting by preparation of 

precursors mentioned in previous section (2.1 Starting Materials). 

By precisely controlling the dopant and co-dopant concentrations, the sol-gel process 

guaranteed the produced powders' repeatability. This method works especially well for 

creating phosphor and scintillator materials, where improving optical qualities requires 

uniformity and purity. 
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  Precursors + solvent                    Sol-solution                                         Thermal drying              

 

  

 

  

                  Xerogel 

 

 

                                                                                                                      Powders 

 

 

 

 

LuAG:1at. %Pr3+, x at. %Li+             SC LuAG:Ce3+                   LuAG:0.5at.% Ce, x at. % Na+            LuAG :Ce,Li 

Figure II.1 Synthesis process steps and final products of some codoped LuAG:Ce and LuAG:Pr 

by different content of Li, Na and K powders prepared - CRNA Algiers. 
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II.2.2 Optimization of Co-Doping Concentrations 

A series of Lu3Al5O12 (LuAG) garnet powders activated by Ce3+ or Pr3+ and co-doped with 

alkaline metal ions such as (Li+, Na+ and K+) were prepared using sol gel method, as listed 

in 2.1 Starting Materials the precursors used include Lu2O3 (99.99%), Al(NO3)3 9H2O 

(99.0%), Ce (NO3)3 6H2O (99.9%), Pr (NO3)3 6H2O, lithium hydroxide monohydrate LiOH H2O, 

Potassium hydroxide KOH, Sodium hydroxide NaOH, nitric acid (HNO3), acetic acid 

(CH3COOH), ethylene glycol (HOCH2CH2OH) and ammonia (NH3) of analytical grade were 

used as starting materials. During the synthesis the experiments parameters were kept 

constant, the concentration of alkaline metal ions is the only variable.  

To optimize cooping concentrations, non-co-doped and x at. % Li+ (x = 0, 1, 3, 5, 7, 9, 11 

and 15) co-doped 0.5 at% Ce3+- Lu3Al5O12 garnet powders were prepared by sol-gel method. 

Lu2O3 (99.999%), Al(NO3)3, 9H2O (99.0%), Ce (NO3)3, 6H2O (99.9%), LiOH H2O lithium 

hydroxide monohydrate, nitric acid (HNO3), acetic acid (CH3COOH), ethylene glycol 

(HOCH2CH2OH) and ammonia (NH3) of analytical grade were used as starting materials. 

To form LuAG powder, stoichiometric Lu2O3 and Al(NO3 )3, 6H2O (Lu/Al = 3/5 in mole 

ratio) were used. During the synthesis, all the experimental parameters were fixed, only 

the codoping contents of Li+ (K+ or Na+) contents (at. %) was varied. The procedure used 

in this study for synthesis of cerium-doped lutetium aluminum garnet (Lu3Al5O12 or 

LuAG) with composition (Lu0.995-xLix)3 Ce0.015Al5O12: Lix (x = 0.01, 0.03, 0.05, 0.07, 0.09, 0.11, 

0.15) is shown in a flow diagram Figure II.2. 

To begin, 25 ml of de-ionized water was mixed with 28 ml of nitric acid (HNO3). In this 

first step, stoichiometric Lu2O3 was then dissolved in the resulting mixture. The mixed 

solution was stirred at 150°C for 40 minutes, resulting in a clear and homogeneous 

solution. In the second step, stoichiometric aluminum nitrate was dissolved in the 

resulting solution at a molar ratio of Lu: Al = 3:5. Then, the corresponding stoichiometric 

amount of cerium nitrate was added to the solution. Acetic acid (AA) was introduced to 

the solution with a molar ratio of CA:M3+ = 1 (M3+: Lu3+ + Al3+ + Ce3+ + Li+). Subsequently, 

ethylene glycol (EG) was added to the solution at a molar ratio of EG:CA = 2:1. The 

solution was continuously stirred for several hours. The solutions were modified to 

achieve a pH value of 1 by incorporating ammonia solution (NH3). Afterward, the solution 

was subjected to drying at 120 °C until foam formation occurred. Subsequently, the foam 

was annealed in a programmable muffle furnace, exposed to air, at a temperature of 

1100 °C for a duration of 2 hours. The doping concentration of Ce3+ was consistently 
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maintained at 0.5 at. % (Chapter III Codoping Effects of Li⁺, K⁺, and Na⁺ on 

LuAG:0.5%Ce³⁺ Scintillating Powders). And the doping concentration of Pr3+ was 

consistently maintained at 1 at. % (Chapter IV Codoping Effects of Li⁺, K⁺, and Na⁺ on 

LuAG:1%Pr³⁺ Scintillating Powders), ensuring a high emission intensity. 

To study the effect of co-doping by Li+ , K+ and Na+ ions on Lu3Al5O12:Ce3+ and 

Lu3Al5O12:Pr3+ properties, the same steps were followed [1]. Furthermore, for comparison, 

a 0.1 at. % Ce3+ doped LuAG single crystal was grown by Czochralski (Cz) following the 

conditions published in ref [106].  

 

Figure II.2 The flow chart for LuAG powders synthesis by the sol–gel method [1]. 
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II.3. Characterization Techniques 

II.3.1 Physical Characterization 

II.3.1.1 X-ray Diffraction (XRD) 

           X-ray diffraction (XRD) is an essential tool for characterizing different types of 

materials. It is a very powerful and non-destructive technique used to investigate the 

crystalline structure of materials, such that understanding the structure is therefore 

crucial for adapting growth conditions and designing functional properties. XRD 

provides essential information on the phase composition, crystallite size, lattice 

parameters and degree of crystallinity of synthesized powder materials. 

A scheme of the X-ray diffraction physical process may be found in Figure II.3, where a 

sequence of atomic planes spaced d apart are impacted by an X-ray beam with a 

wavelength λ. The angle of incidence with respect to the atomic planes is θ, which is the 

angle at which the X-ray beam scatters on the planes. The following equation describes 

the relationship between the X-rays scattered by the first and second planes. The distance 

in Figure 1 that is indicated in orange indicates the optical path difference between 

related to two rays scattered by the first and second planes. Therefore, it is easy to 

demonstrate from geometrical considerations that constructive interference will happen 

at specific angles, θB, as a function of the two planes' distance from one another.  

        𝑛𝜆 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃𝐵                                                                                  (1) 

The well-known Bragg Equation 1 is represented by the subscript hkl of the 

crystallographic plane, where d is the interplanar spacing related to the Miller indices 

and θB is the Bragg angle. First-order diffraction is represented by n=1, second-order 

diffraction by n=2, and so on. The variable n is an integer known as the diffraction order. 

All XRD measurements are based on the Bragg Equation, which determines the link 

between the lattice spacing and the angular position of the diffracted X-rays [107]. 

https://www.bing.com/ck/a?!&&p=f42bfc0801469700e32c5874d4321bebe75fb51157e97783a9e510beb37fc3b2JmltdHM9MTczOTMxODQwMA&ptn=3&ver=2&hsh=4&fclid=3244add4-9911-64b8-39cd-be2b98bf65ab&psq=theta&u=a1aHR0cHM6Ly93d3cucGlsaWFwcC5jb20vc3ltYm9scy90aGV0YS8&ntb=1
https://www.bing.com/ck/a?!&&p=f42bfc0801469700e32c5874d4321bebe75fb51157e97783a9e510beb37fc3b2JmltdHM9MTczOTMxODQwMA&ptn=3&ver=2&hsh=4&fclid=3244add4-9911-64b8-39cd-be2b98bf65ab&psq=theta&u=a1aHR0cHM6Ly93d3cucGlsaWFwcC5jb20vc3ltYm9scy90aGV0YS8&ntb=1
https://www.bing.com/ck/a?!&&p=f42bfc0801469700e32c5874d4321bebe75fb51157e97783a9e510beb37fc3b2JmltdHM9MTczOTMxODQwMA&ptn=3&ver=2&hsh=4&fclid=3244add4-9911-64b8-39cd-be2b98bf65ab&psq=theta&u=a1aHR0cHM6Ly93d3cucGlsaWFwcC5jb20vc3ltYm9scy90aGV0YS8&ntb=1
https://www.bing.com/ck/a?!&&p=f42bfc0801469700e32c5874d4321bebe75fb51157e97783a9e510beb37fc3b2JmltdHM9MTczOTMxODQwMA&ptn=3&ver=2&hsh=4&fclid=3244add4-9911-64b8-39cd-be2b98bf65ab&psq=theta&u=a1aHR0cHM6Ly93d3cucGlsaWFwcC5jb20vc3ltYm9scy90aGV0YS8&ntb=1
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       Figure II.3 Visualisation of the Braggs equation. [107] 

In our study, The XRD analyses were performed at the Algiers Nuclear Research Centre 

(CRNA) shown in figure II.4, where it was used to both confirm the successful formation 

of the garnet phase (Lu₃Al₅O₁₂) and to assess the effect of codopants by different content 

of different alkaline metals (Li⁺, K⁺, Na⁺) on structure properties of synthetized materials.  

The phase identification and the related properties of the produced powders were 

investigated by X-ray diffraction (XRD) technique a PANanlytical X’Pert (Philips) PRO 

system with Cu K radiation (k = 1.54059 Å) operated at 45 kV and 40 mA. Symmetric 

(h–h) scans were performed from 10 to 902 h with a step width of 0.02. All the data were 

processed by X’Pert High Score plus Software with commercial databases (FWHM 

deduction and peak identification) [1].  

 

 

 

 

 

 

 

 

 

Figure II. 4 X-ray diffraction (XRD) technique a PANanlytical X’Pert (Philips) PRO –CRNA Algiers. 
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II.3.1.2 Morphological Analysis 

Using scanning electron microscopy (SEM), the morphological properties of the 

synthesized powders, co-doped with varying concentrations of Li⁺, Na⁺, and K⁺, were 

investigated. Detailed information on the size, shape and surface texture of the particles 

was obtained using this technique. Moreover, energy dispersive X-ray spectroscopy (EDS) 

was used to complement the SEM analysis, providing compositional and elemental data. 

Overall, the above techniques provided a complete understanding of the material 

microstructure and chemical composition of the prepared samples. 

In our study, Morphological images and EDX measurements of the prepared samples 

were carried out using a JEOL JSM-5400 scanning electron microscope at Tunisian 

Petroleum Activities Company (ETAP) shown in figure II.5. 

II.3.1.2.1 Scanning Electron Microscopy (SEM) 

The scanning electron microscope (SEM) offers one of the most versatile tools available 

for both investigating and analyzing the morphology of the material's microstructure 

and characterizing its chemical composition. Details on the SEM method and how it 

works is available in reference [108]. 

II.3.1.2.2 Energy Dispersive X-ray Spectroscopy (EDS) 

Energy dispersive X-ray spectrometry (EDS) is a measurement technique that determines 

the intensity of X-ray emission as a function of X-ray photon energy (Fitzgerald et al., 

1968; Goldstein et al., 2003). Details on EDS technique is available in reference [109]. 

 

 

 

 

 

 

 

 

Figure II.5 JEOL JSM-5400 Thermoscientific Scanning Electron Microscope- ETAP Tunisia 
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II.3.2 Optical Characterization 

II.3.2.1 Photoluminescence Spectroscopy (PL) 

           Photoluminescence (PL) spectroscopy is a powerful, non-destructive optical 

characterization technique used to study the electronic and optical properties of 

materials. Details on PL setup and specific experimental parameters are available in 

reference [110]. 

In this study, the photoluminescence steady state and time resolved measurement to 

analyse the optical properties of the synthetized powders were conducted at the Algiers 

Nuclear Research Center (CRNA) (figure II.6) and at Materials science department, 

Università degli Studi di Milano-Bicocca (figure II.7 and II.8). It provided valuable 

insights into the effect of codoping on luminescence properties of codoped LuAG:Ce3+ 

and LuAG:Pr3+ by different content of Li+, K+, and Na+ scintillating powders. 

The room temperature emission and excitation photoluminescence spectra were carried 

out using Perkin-Elmer (LS-50B) luminescence spectrometer utilizing a Xe lamp as the 

excitation source. PL time decay measurements were carried out with a FLS980 

Spectrometer (Edinburgh Instruments) featuring a pulsed light emitting diode (EPLED-

340) with 920 ps pulse width as the excitation source. The detector was a Hamamatsu 

R928P photomultiplier tube working in time-correlated single photon counting (TCSPC) 

mode [1]. 

 

 

 

 

 

 

 

Figure II.6 Perkin-Elmer (LS-50B) luminescence spectrometer –CRNA Algiers. 
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II.3.2.2 Radioluminescence (RL) 

            In this study, the Radioluminescence measurement, both steady state and time 

resolved, were conducted at the Materials Science Department, Università degli Studi 

di Milano-Bicocca. Steady state RL was performed by using a homemade apparatus 

featuring a CCD (Jobin-Yvon Symphony II) coupled to a monochromator (Jobin-Yvon 

Triax 180) operating in the 200-1100 nm range as detection system with slits of 0.1 mm 

(7 nm bandpass), grating density 100 grooves/mm and 0.5 s integration time (Figure 

II.7). RL excitation was obtained by X irradiation through a Be window, using a Philips 

2274 X-ray tube with tungsten target operated at 20 kV, 20 mA. 

 

 

 

 

 

 

Figure II.7 Homemade instrumental setup for radio- thermo- and photo-luminescence–Unimib 

Italy. 

 

 

 

 

 

 

 

Figure II.8 Instrumental setup for PL and scintillation decay–Unimib Italy. 
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II.3.2.3 Thermally Stimulated Luminescence (TSL) 

           An important method for examining trapping states and how they affect a 

material's luminescence characteristics is Thermally Stimulated Luminescence (TSL). TSL 

is very helpful for figuring out the energy levels of traps inside a material and the thermal 

stability of trapped charge carriers. It entails heating a sample gradually after it has been 

exposed to radiation, these releases trapped charge carriers which then recombine at 

luminescent centers to produce a detectable light emission [111].  

In our work, TLS measurements on the synthesized powders were performed at the 

Materials Science Department, Università degli Studi di Milano-Bicocca using the 

apparatuses shown in figure 9. It provides an insight into the trapping depth 

distribution, charge carriers and defect states dynamics in the materials that could 

influence prompt radiative recombination, TSL measurements was carried out both 

above room temperature (300 K – 650 K) and at low temperatures (10 K to 320 K) (figure 

II.9).  

 

 

 

 

 

 

 

 

 

 

Figure II.9 wavelength-resolved thermally stimulated luminescence below and above room 

temperature, X-ray spectroscopy apparatuses – Unimib Italy. 
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II.3.3 Theoretical Calculations and Simulations 

         Materials can be analyzed under extreme conditions such as high temperatures and 

pressures, using advanced laboratory techniques. However, it is still a challenge to 

characterize luminescent materials because of their sensitivity and the precision 

required to manipulate them, in these case, theoretical approaches, in particular 

electronic structure calculations, are a useful complement to experimental studies and 

provide a better understanding of the observed phenomena. 

II.3.3.1 Density Functional Theory (DFT) Simulations via VASP 

Density functional theory (DFT) is one of the most practical tools for investigating the 

physico-chemical characteristics of materials, it is a basic ab initio method that has its 

origins in quantum mechanics. Depending on the size of the system, DFT provides a 

quantitative model for simulating the behavior of materials and for allowing 

experimental and theoretical results to be compared. The VASP (Vienna Ab-initio 

Simulation Package), designed by Kresse and Furthmuller [112], is essentially based on 

the Mermin formulation [113] and employs a series of exchange-correlation functions, 

such as those of Perdew [114], Hedin and Lundquist [115], and Ceperley and Alder [116], 

together with Kresse and Furthmuller. We used this package to perform the DFT 

calculations in our work. VASP is based on a plane wave and pseudopotential formalism. 

In our simulations, the projector augments wave (PAW) method was chosen because of 

its high precision [117-119], contrary to ultra-soft pseudopotentials, the PAW method 

takes into account the exact valence wave functions including the central region nodes 

which ensures accurate results. This method was at the basis of the calculations carried 

out as part of this study. 

A condensed diagram of the VASP software is displayed in Figure II.10. This program 

uses an iterative matrix cross-section method to solve the Kohn-Sham equations. 

Davidson's technique [120,121] serves as the foundation for the solution algorithm.  

The system employs the effective Broyden-Pulay approach to mix the charge density 

during self-consistent iterations [122-124]. By taking into account the derivatives of the 

free energy with respect to the atomic locations, the Hellmann-Feynman theorem [125] 

is used to determine the forces acting on the ions. Whether a quasi-Newton method or a 

conjugate gradient method is used to optimize the geometry [126]. 
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VASP uses 4 files (figure II.10) which are detailed in table II.1: 

POSCAR: this file contains information about the geometry of the cell and the position 

of the ions. 

INCAR: this is the central file of the input files, because it is from this file that it is 

possible to determine the nature of what is being done and the method used. It contains 

the parameters specifying the electronic state of the system, the functional used (in our 

case GGA) and the algorithm used for geometric optimization, as well as the maximum 

number of optimization cycles. 

POTCAR: this file contains the pseudo potential of each atom used in the calculation. It 

also contains information about each atom (e.g. mass, valence, reference energy and cut-

off energy). 

KPOINTS: this file contains the k-points chosen to describe the system under study. This 

choice must be adapted to the shape of the cell. 

The output files are: 

OUTCAR: this is the file which gives the total energy of the system using the four input 

files and it also includes the calculation steps. 

CONTCAR: this file is similar to POSCAR, but contains the position of the ions after 

relaxation (this is given in INCAR). 

CHGCAR: this file is used to calculate the magnetic charge density. 

PROCAR: for each band, the atomic and orbital location of the electrons can be found. 

Note that the wave function is calculated by projecting the wave functions onto harmonic 

spheres which are characterized by an RWIGS radius which must be specified in the 

INCAR file (if the RWIGS is not specified, the PROCAR file is not obtained). 

EIGENVAL: this file contains the Kohn-Sham eigenvalues, i.e. the energy level of the 

different bands, for each k-point value. 

OSZICAR: this file gives information about the speed of convergence of the calculation. 

DOSCAR: this file contains the densities of state for the entire system and then for each 

atom. 
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WAVECAR: this file gives the plane waves that have been calculated. 

LOCPOT: contains the potential of an electron in each parallelepiped of the grid. 

IBZKPT: gives details of the k-points used in the calculation. 

 

Figure II.10. VASP input and output files. 

 Table II.1 The different files used in the calculations. 

Inputs Details 

INCAR SYSTEM     =     

ISTART      =     

ICHARG      =    

…… rests parameters 
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POTCAR Packages available for psuedepotentials and electronic configuration 

in the pseudopotential’s directory (paw, pawGGA, pawPBE....) 

                                                                                     

                                                                         Pseudo PAW potential of oxygen 

                                                                               Number of valence electrons 

                                                                     Electronic configuration of valence 

                                                                                      

                                                                         Functional used to construct the  

                                                                                      pseudopotential 

                                                     Minimum cutoff recommended for this atom                                                                                                 

 

 

 
POSCAR SYSTEM : Y2O3 

1.000000 

10.69999    0.000000    0.000000 

0.000000   10.69999    0.000000 

0.000000    0.000000   10.69999 

48  32 

Direct 

0.390350  0.151450  0.380370 

0.890350  0.651450  0.880370 

0.109650  0.848550  0.880370 

0.609650  0.348550  0.380370 

0.609650  0.651450  0.119630 

……………    ……………    ..……….. 
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KPOINTS K-Points 

0                         ! number of k-points = 0 

Monkhorst          ! M use Monkhorst Pack 

2   2   2 

0   0   0               ! shift  (usually 0 0 0 )  

 

 

 

 

 

 

II.3.3.2 Defect State Calculations 

In our research, all calculations are based on DFT [127,128] implemented in the Vienna 

ab initio simulation package (VASP) code [129]. The interaction between ions and 

electrons is described by the projector augmented-wave method. The total energy is 

calculated using the Perdew-Burke-Eznerhof (PBE) exchange-correlation functional, and 

the electronic structure performed using GGA-PBE pseudopotential. The Brillouin zone 

was sampled with a mesh of 444 for relaxation and self-consistent field (SCF) 

calculation. For the total and partial density of states, we used a k-point mesh 888, 

centered at the Gamma point, the total energy convergence criterion was set to 10-6 eV, 

the maximum component of force acting on any atom in the relaxed geometry was less 

than 0.01 eV/A, the maximum stress below 0.05 GPa, and a maximum displacement 

between cycles of below 0.003 Å. [1]. The result is presented in chapter III. 
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Conclusion 

The materials, synthesis process and characterisation methods used in our study were 

all thoroughly covered in this chapter. Codoped LuAG:Ce and LuAG:Pr by different 

content of Li+, K+, and Na+, scintillating powders were successfully synthetized using sol-

gel process which is adaptable and cost-effective method with exact control over 

codoping concentrations. 

X-ray diffraction (XRD) and Scanning electron microscopy (SEM) were used for providing 

information on the morphological characteristics and crystalline structure, energy-

dispersive X-ray spectroscopy (EDS) was used to complementary verified the elemental 

composition. A detailed understanding of optical properties such as the luminescent 

behavior, defect states, and scintillation characteristics of the produced powders was 

made possible by optical and scintillation characterisation techniques like 

photoluminescence (PL), radioluminescence (RL), and thermally stimulated luminescence 

(TSL). In addition, the theoretical simulations based on Density Functional Theory (DFT) 

performed using VASP software have further supported our experimental findings 

through an improved understanding of the crystalline structure, the defect states and 

their effects on the material's properties. 

Results and discussions derived from the methods and techniques reported in this 

chapter will be detailed in Chapter 3, focusing on LuAG:0.5 at. %Ce³⁺ co-doped with 

different Li+, K+ and Na+ contents, and in Chapter 4, focusing on LuAG:1 at. %Pr³⁺ codoped 

with the same alkali metal ions. Such information will be crucial for optimising 

scintillation efficiency and progressing the development of LuAG-based materials for 

advanced optical applications. 
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Chapter III 
CODOPING EFFECTS ON LuAG:Ce³⁺  
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Introduction 

           This chapter investigates in detail the structural, morphological and optical 

properties of sol-gel synthesized aluminum lutetium garnet (LuAG) doped with 0.5% Ce³⁺ 

and co-doped with alkali ions (Li⁺, K⁺, Na⁺). The study aims to understand the effect of 

codoping by monovalent alkali ions on the structure, morphological, luminescent and 

scintillation properties of LuAG:Ce³⁺ powder material to optimize its performance as a 

scintillating material, by including both experimental characterizations and density 

functional theory (DFT) simulations.       

The chapter starts with a structural analysis, using X-ray diffraction (XRD) to study the 

changes in both crystal lattice and phase purity due to alkali codoping. The analysis is 

supported by VASP simulations that provide theoretical insight into defect formation, 

charge compensation processes and atomic level structures in the codoped material.  

Morphological analysis involves scanning electron microscopy (SEM) to study grain size, 

shape and surface characteristics while Energy Dispersive X-ray Spectroscopy (EDS) is 

used to confirm the material's elemental composition and dopant composition. This 

analysis allows a relationship to be built up between the synthesis process, the addition 

of doping materials and the resulting microstructure. The optical properties of codoped 

samples are investigated by photoluminescence and radioluminescence studies. Steady-

state photoluminescence measurements are performed to evaluate emission spectra and 

intensity under light excitation, while time-resolved photoluminescence studies the 

lifetime of excited states and the energy transfer dynamics. In the same way, steady-state 

and time-resolved radioluminescence measurements evaluate the material's response to 

ionizing radiation and provide essential insights into its scintillation performance. 

Additionally, Thermally Stimulated Luminescence (TSL) is used to analyse trap states in 

the materials bandgap providing essential information about its scintillation 

performance. High temperature TSL measurements reveal deep traps acting as 

competitors of the luminescence centers in capturing the free ionized charges while low 

temperature TSL studies identifies shallow traps that could affect the processes of 

scintillation by causing a delayed recombination and afterglow. These measurements 

allow a better understanding of the way alkaline codoping affects the material's ability 

to accumulate and release energy which is critical to enhance scintillation efficiency. 
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Linking experimental data with computational models, the aim of this chapter is to 

provide a comprehensive understanding of the way in which codoping by alkali ions 

affects LuAG:Ce³⁺ at several scales from atomic level defects to the macroscopic optical 

behavior. This understanding is helping to advance the development of materials for 

scintillation with enhanced efficiency and sensitivity. 
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III.1 Codoping effects of Li⁺, K⁺, and Na⁺ on LuAG:0.5%Ce³⁺ scintillating 

powders 

III.1.1 Structural analysis 

Figure III.1 shows the XRD patterns of Lu3Al5O12: 0.5 at. % Ce3+ co-doped by 

different content of Li+ alkali metal cation Lu3Al5O12 0.5 at. % Ce3+, x at. % Li+ (x =1, 3, 5, 7, 

9, 11 and 15 at. %) samples. It is obvious that all the diffraction peaks of the samples can 

be well indexed to the cubic phase (JCPDS no. 73–1368), with Ia3d as the space symmetry 

group. Also, one can see that all samples present LuAlO3 (LuAP) as an impurity phase 

(peak at 34.563°), except for the sample with 5 at % Li+, which exhibits a pure LuAG phase.  

In the LuAG structure (Figure III.2), Lu³⁺ is located in a distorted centered cubic geometry 

surrounded by eight equivalent O²⁻ atoms in a site close to D2 symmetry [130]. The Al³⁺ 

ion occupies two inequivalent sites. At the first site Al3+ is linked to six equivalent O²⁻ 

atoms (16a) to form corner-sharing AlO₆ octahedra (Oh) and at the second site, Al³⁺ is 

bonded to four equivalent O²⁻ atoms (24d) forming corner-sharing AlO₄ tetrahedra (Td). 

The O²⁻ atom is linked in a 4-coordinate geometry to two equivalent Lu³⁺ and two Al³⁺ 

atoms [130]. Roughly, one can say that co-doping with Li+ ions does not induce significant 

changes in the host structure. Table III.1 shows the structural parameters for samples 

of LuAG: 0.5%Ce3+ co-doped with different content of Li+. In addition, all powder samples 

present the same preferential orientation peak (420) compared to JCPDS no. 73–1368. 

Also, the sample with 5 at % Li+ exhibits the highest intensity for all main diffraction 

peaks compared to other samples, where the intensity remains unaffected by the Li+ 

content as shown in Figure III.3a. Furthermore, one can observe that the intensity ratio 

between (321) and (400) diffraction peaks decrease for 1, 3 and 7 at. % Li+ compared to 

that of JCPDS no. 73–1368 and the other samples, thus promoting the growth of 

crystallites following the orientation (400). In addition, it is important to note also the 

change in the peak positions as presented in Figure III.3b. 
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Figure III.1 XRD patterns of Lu3Al5O12: 0.5 at. % Ce +3, co-doped with different Li+ co-doping 

concentration [1]. 
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Figure III.2 Structure configurations containing, (a) LuAG doped Ce, (b) LuAG:Ce co-doped LiAl 

substitute defect, and (c) LuAG:Ce co-doped LiLu substitute defect. Green, red, blue, purple and 

yellow spheres represent Li, O, Al, Lu and Ce atoms, respectively [1]. 

a = 11.9060 Å (1368 -073-01) 

Crystallite size D and strain  

Scherrer-approach 

𝐷𝑠𝑐ℎ =
0.9 × 

𝛽𝑠𝑎𝑚𝑝𝑙𝑒 cos 𝜃
 

Where DSch is the crystallites size in nm,  the wavelength of Cu Kα radiation in nm,  

βsample =√𝛽𝑒𝑥𝑝
2 + 𝛽𝑖𝑛𝑡

2 , βexp is the full width at half maximum in the (420) reflection, βint is 

the correction factor for instrument broadening and h the diffraction angle. 

Williamson–Hall approach 

𝛽 cos 𝜃


=

𝑘

𝐷𝑊−𝐻
+

𝜀 sin 𝜃


 

(λ = 1,54439 Å, Shape factor k = 0.98) 

The strain  is calculated from the slope of the plot of β cosѲ/ gainst sinѲ/ and the 

effective crystallite size (DW–H) is calculated from the intercept to β cosѲ/, respectively. 

 

 

a b c 
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Pure LuAG:Ce 

(hkl) 2 𝜽 (°) FWHM 

(°) 

𝜽 (rad) FWHM 

(rad) 

𝐬𝐢𝐧 𝜽


 

𝜷 𝐜𝐨𝐬 𝜽


 

Height 

[cts] 

211 18.2368 0.184 0.1591461 0.0032114 0.102613432 0.00205312 1924 

321 28.0007 0.208 0.2443522 0.0036302 0.156649436 0.0022808 1791 

420 33.6112 0.229 0.29331305 0.0039968 0.187210072 0.00247742 5624 

422 36.9153 0.242 0.32214676 0.0042237 0.205002376 0.00259418 1272 

521 41.471 0.247 0.36190275 0.0043109 0.229251918 0.00261056 1492 

532 46.9621 0.281 0.40982163 0.0049043 0.257995544 0.00291264 1507 

 

 

The strain  = 0.0053 

Equation  

y = a + b*x, Intercept = 0.00148 

                        a= 
0.98

𝐷𝑊−𝐻
 = 0.00148  

                        𝐷𝑊−𝐻 = 662 Å 

                          𝐷𝑊−𝐻 = 66.2 nm 

 

Same steps were followed for the other Li+ content 
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 linear fit of BetaCostheta/lambda

Equation y = a + b*x

Weight No Weighting

Residual Sum 
of Squares

1.3881E-8

Pearson's r 0.98406

Adj. R-Square 0.96046

Value Standard Erro

?Cos?/l 
Intercept 0.00148 9.39756E-5

Slope 0.0053 4.78675E-4
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Table III.1 Structural parameters for samples of LuAG: 0.5% Ce3+ co-doped with different content 

of Li+  

% Li a (Å) ε (%) DW-H (nm) DSch (nm) 

0 11.917 0.0053 ± 4.79E-4 66.2 36 

1 11.915 0.00502 ± 8.45E-4 62.4 36 

3 11.918 0.00409 ± 0.00165 62.4 39 

5 11.9154 0.00396 ± 6.46E-4 53.5 35 

7 11.923 0.00535 ± 0.00182 53.8 32 

9 11.917 0.00148 ± 2.24E-4 50.5 40 

11 11.914 0.0006 ± 4.02E-4 45.5 41 

15 11.909 0.00116 ± 5.87E-4 47.1 40 

 

Indeed, Figure III.3b presents the variation of the peak position (2Ѳ) as a function of Li+ 

co-doping concentration for the main indicated intense diffraction orientations. One can 

see that 2Ѳ (°) presents the same profile for all Li+ contents, indicating that Li+ has the 

same influence for all powder diffraction peaks, which can also indicate that Li+ is 

inserted in the same way in the different nanoparticles. It is noted that the sample co-

doped with 7 at. % presents the highest shift towards low angles. Following the variation 

of the Li+ concentration, three volume regions can be roughly distinguished, as displayed 

in Figure III.3c. The first region ranges from 0 to 5 at. %, where a fluctuation around an 

average value is observed, indicating an almost constant behavior. This can be explained 

by the occupation of Li+ ions at both interstitial and substitutional sites for low Li+ 

content. The second region, from 5 to 7 at. %, shows the volume apparently increases, in 

which one can infer that Li+ ion might occupy the Al sites due to the difference in ionic 

radii for six and four coordination number (for CN = 6, RLi+ = 76 pm and RAl3+ = 53.5 pm, 

for CN = 4, RLi+ =59 pm and RAl3+ = 39 pm,). The last region from 7 to 15 at. %, indicates 

that the LuAG volume decreases due to domination of Li+ substitutional occupation 

(Li+
Lu3+) (for CN= 8, RLi+ =92 pm and RLu3+ = 97.7 pm). Furthermore, knowing that the Full 

Width at Half Maximum (FWHM) of diffraction peaks can be interpreted in terms of lattice 
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strain and crystalline size. The crystal lattice strain generated by the annealing 

temperature is determined from the Williamson-Hall relationship [131]: 

𝛽 ×
𝑐𝑜𝑠 𝜃

𝜆
=

1

𝐷
+ 𝜂 𝑠𝑖𝑛 𝜃 /𝜆                                                                                                                           (1) 

Where β is the full width at half maximum 𝛽 = [(𝛽ℎ𝑘𝑙)𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑
2 − (𝛽ℎ𝑘𝑙)𝐼𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡𝑎𝑙

2 ]
1

2⁄
, λ is 

the X-ray wavelength, θ is the diffraction angle, D is the effective crystallite size and η is 

the effective strain. λ is the wavelength of the X-rays (0.154056 nm).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III.3  (a) Height (cts), (b) 2Ѳ (°) and (c) the crystal cell volume V(Å3) as a function of Li+ co-

doping concentration [1]. 

0 2 4 6 8 10 12 14 16

0

2000

4000

6000

8000

10000

H
e

ig
h

t 
( 

c
ts

)

Li
+

 (at %)

 (211)

 (321)

 (420)

 (422)

 (521)

 (532)

(a)

 

 

0 2 4 6 8 10 12 14 16

1689

1690

1691

1692

1693

1694

1695

 

 

C
e
ll
 V

o
lu

m
e
 V

( 
A

3
)

Li+ (at %)

 

(c)

0 5 10 15

18.224

18.241

18.258

18.275

27.98

28.00

28.02

28.04
33.600

33.624

33.648

33.672

36.87

36.90

36.93

36.96

36.99

41.444

41.470

41.496

41.522

46.928

46.956

46.984

47.012

 

Li+ (at, %)

 (211)

2
q

 (
°)

(b)

 

 (321)

 

 (420)

 

 (422)

 

(521)

 

 

(532)



Chapter III                                                    CODOPING EFFECTS ON LuAG:Ce3+ 

73 
 

In Figure III.4, we display the variation of the crystallite size and strain with Li+ co-doping 

content.  One can observe that for Lu3Al5O12: 0.5 at. % Ce3+, the crystallite size decreases 

with an increase in Li+ co-doping concentration from 66 nm to 47 nm. On the other hand, 

the strain exhibits the same behavior as the crystallite size, except for 5 at. %, where it 

increases and then resumes its decline, as shown in Figure III.5. Usually, the strain 

evolves in the opposite direction to the crystallite size. In fact, with a decrease in size, 

the concentration of the defects at the surface increases, which in turn increases the 

strain as well.  In our case, one can infer that the addition of Li+ ions reduces the defect 

content in Lu3Al5O12: 0.5 at Ce3+ nanocrystallites. 

 

 

 

 

 

 

 

 

 

Figure III.4  Variation of crystallite size calculated by Williamson-Hall formula and the strain 

with against the Li+ content [1]. 
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XRD patterns of Lu₃Al₅O₁₂:0.5 at. % Ce³⁺ co-doped with Na⁺ and K⁺ (1, 3, 5, 7, 11, and 15 

at. %) are presented in Figure III.5 and Figure III.6, respectively. All diffraction peaks 

align with the cubic garnet structure (JCPDS no. 73-1368) and the Ia3d space group 

symmetry, confirming that the primary LuAG phase is preserved. The samples exhibit a 

preferential orientation along the (420) plane, consistent with JCPDS no. 73-1368. 

For Na⁺ co-doping, the highest peak intensities are observed at 1 at. % and 7 at. %, while 

for K⁺ co-doping, the strongest peaks appear at 5 at. % and 15 at. %. The variation in 

diffraction peak positions indicates lattice expansion with increasing codopant content, 

more noticeably for K⁺ due to its larger ionic radius. 

The derived structural parameters for Na⁺ and K⁺ co-doped samples, including lattice 

constant (𝑎), crystallite size (D), and strain (𝜀), are summarized in Table III.2 and Table 

III.3. A comparison with Li⁺ co-doping shows similar structural behavior with 

preservation of the cubic phase (JCPDS no. 73-1368), but with distinct trends due to 

differences in ionic radius. 

For Na⁺ co-doping, the lattice constant varies between 11.916 Å and 11.936 Å, suggesting 

that Na⁺ ions may occupy both interstitial and substitutional sites at low concentrations, 

while substitutional incorporation dominates at higher concentrations. The crystallite 

size increases significantly compared to the undoped sample (66.2 nm), with a maximum 

of 129.2 nm at 11 at. %, and other high values also noted at 1, 5, and 7 at. %. 

In the case of K⁺ co-doping, the lattice constant increases slightly, reaching a maximum 

of 11.929 Å at 11 at. %, indicating substitutional incorporation of K⁺ at Lu³⁺ sites. The 

crystallite size increases with doping, peaking at 108.1 nm at 11 at. %, followed by a 

decrease to 93.3 nm at 15 at. %, which may be due to increased lattice distortion and 

defect formation at high dopant levels. 

These results confirm that both Na⁺ and K⁺ co-doping impact the structural parameters 

of LuAG:Ce, and provide valuable insight into how alkali ions influence crystallinity and 

lattice behavior in garnet-type scintillators. 
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Figure III.5 XRD patterns of Lu3Al5O12: 0.5 at. % Ce +3, co-doped with different Na+ co-doping 

concentration.  
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Figure III.6 XRD patterns of Lu3Al5O12: 0.5 at. % Ce +3, co-doped with different K+ co-doping 

concentration. 
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Table III.2 Structural parameters for samples of LuAG: 0.5% Ce3+ co-doped with different content 

of Na+. 

% Na a (Å) ε (%) DW-H (nm) DSch (nm) 

0 11.917 0.0053 ± 4.79E-4 66.2 36 

1 11.919 0.00198 ± 1.99E-4 100.7 66 

3 11.916 0.00217 ± 4.55E-4 100.1 64 

5 11.936 0.00464 ± 5.34E-4 124.4 55 

7 11.918 0.00191 ± 4.25E-4 101.0 69 

9 11.916 0.00249 ± 0.00101 99.0 64 

11 11.932 0.00416 ± 6.08E-4 129.2 58 

15 11.921 0.00353 ± 5.24E-4 114.5 61 

 

Table III.3 Structural parameters for samples of LuAG: 0.5% Ce3+ co-doped with different content 

of K+. 

% K a (Å) ε (%) DW-H (nm) DSch (nm) 

0 11.917 0.0053 ± 4.79E-4 66.2 36 

1 11.922 0.00137 ± 0.00302 84.4 58 

3 11.923 0.00367 ± 8.72E-4 100.9 56 

5 11.921 0.00271 ± 4.53E-4 99.2 61 

7 11.926 0.00365 ± 7.14E-4 102.9 57 

9 11.920 0.00154 ± 0.00194 81.6 59 

11 11.929 0.00479 ± 8.85E-4 108.1 51 

15 11.924 0.00277 ± 5.28E-4 93.3 58 
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Contrary to Li⁺, codoping of LuAG:Ce³⁺ with Na⁺ and K⁺ leads to greater lattice expansion 

and local deformation as a direct consequence of their larger ionic radii. While crystallite 

size peaks at low codoping concentrations for all three alkali ions, the maximum size 

obtained with Na⁺ and K⁺ significantly exceeds that of Li⁺. These findings highlight the 

significant influence of ionic radius and codoping concentration on structural stability 

and crystallinity. 

In summary, Na⁺ and K⁺ codoping modifies the structural properties of LuAG:Ce³⁺ 

compared to Li⁺ in a unique way, at optimized concentrations, phase purity is preserved, 

but these larger ions introduce lattice distortions and distinct crystallite growth patterns. 

These ion-specific effects offer a valuable route map for garnet-based scintillator 

engineering, allowing precise control of structural properties to meet targeted 

performance requirements in radiation detection or imaging applications. 
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III.1.2 VASP simulation 

          To carry out the DFT calculations, we considered the different possible situations 

in which Li+ can be placed. We placed the Li+ ion in substitution at the two inequivalent 

Al sites (LiAl) (the 24d site with the Td symmetry and the 16a site with the Oh symmetry) 

and the Lu site (LiLu) and in some interstitial positions as shown in Figure III.2. We applied 

the same calculation method for each situation and studied the electronic properties. It 

is worth noting that the calculations were done without any correction (DFT+U). It is 

important to note that for the interstitial configuration, the system did not reach the 

ground state (not converged). The Figure III.7, depicts the calculated density of states 

(DOSs) of LuAG:Ce co-doped LiAl, LuAG: Ce co-doped LiLu. For substitutional LiLu, the partial 

density of state (PDOS) does not show the 4f state of the cerium ion in the LuAG bandgap. 

In contrast, in the case in which Li is on Al (LiAl-24d), the PDOS shows a very pronounced 

double 4f state in the bandgap, situated at 2.07 eV above the valence band maximum. 

Furthermore, by calculating the formation energy, we found that LiAl is more stable on 

the 24d site than on the 16a site by 0.36 eV. The calculated total energy of the system 

for each situation are -1249.571 eV, -1250.210 eV and -1246.958 eV for LuAG: Ce, 

LuAG:Ce, LiAl and LuAG: Ce, LiLu respectively. One can see that in LiAl-24d situation, the 

system is much more stable than the LiLu and without Li+.  Recently, Derdzyan et al [132] 

showed that Li+ in LuAG: Ce bulk material is localized at Lu3+ sites with charge 

compensation caused by Ce3+ → Ce4+ conversion and the creation of anion vacancies. In 

contrast, Wu et al. [133] showed that the Li+ ions prefer to dominantly occupy the 

fourfold coordinated interstitial sites and fourfold coordinated Al sites in LuYAG 

codoped with Li+ and Pr3+ single crystal and codoping with Li does not induce the 

conversion of stable Pr3+ to Pr4+.   Furthermore, it can be assumed that the concentration 

of isolated Lu3+ and Al3+ ion vacancies  

as dominant acceptor defects are slightly reduced by Li co-doping, while deep oxygen 

vacancies VO are generated. Thus, reducing the hole trapping energy and cross sections 

by inserting the codopant Li, especially into the aluminum site (24d) can increase the 

hole trapping probability by Ce3+ and improve light efficiency. 
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Figure III.7: Density of State for (a): LuAG:Ce co-doped LiAl-24d substitute defect, (b) LuAG: Ce co-

doped LiLu [1]. 
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III.1.3 Morphological analysis  

           Surface morphology is one of the important factors affecting the performance of 

scintillator nanoparticles. Figure III.8 shows the FE-SEM images of three samples, namely 

LuAG: Ce3+, x at. % Li+ (x = 0, 5 and 15). The FESEM images show that the addition of Li 

resulted in a change in the morphology of the materials.  From the Figure III.8, one can 

observe that LuAG: Ce3+ without Li+ presents cubic-shaped particles connected by one of 

their faces (see enlarged figure inset), exhibiting a dense surface. These particles in cubic 

form are themselves constituted by the agglomeration of LuAG nano-crystallites. As the 

Li+ content increases, the morphology loses its cubic shape and begins to become 

spherical with better dispersion and the particle size is reduced, indicating slight 

agglomeration (Figure III.8 and insets). Also, the SEM image analysis confirmed that the 

addition of Li+ co-doping resulted in a decrease in the crystallinity of the materials, which 

is in good agreement with XRD analysis (Figure III.1). EDS of the top view of the powder 

samples was performed. The estimation of the atomic percentage (at. %) for each sample 

was made at three different points on the surface and we give an average. As shown in 

Figure III.8, the elemental composition of the samples is presented. In table III.4, we 

present the stoichiometric ratios between the different elements found. From table III.4, 

we note that the sample with 5 at % Li+ provides ratio values close to that the theoretical 

one (ideal), due to the absence of LuAP parasitic phase.   
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Figure III.8: Left: FE-SEM images of three samples, namely LuAG: Ce3+, x at. % Li+ (x = 0, 5 and 15), 

insets, enlarged regions corresponding to the origins of the arrows. Right the corresponding 

attached EDS spectra [1]. 
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Table III.4 Stoichiometric ratios between the different elements in Lu3Al5O12: Ce3+, Li+ 

 

Elements % atomic R(Lu/Al) = 0.6 R(O/Al) = 2.4 R(O/Lu) = 4 

0%Li+  
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III.1.4 Photoluminescence study 

         The photoluminescent properties of LuAG:Ce (Lutetium Aluminum Garnet doped 

with Cerium) were investigated with a particular focus on the effects of Li⁺ co-doping. 

This detailed study explored how Li⁺ influences emission intensity, peak positions, and 

overall luminescence efficiency. To provide a benchmark for comparison, The results 

were compared to single-crystal (SC) LuAG:Ce, which serves as a reference for optimal 

performance. 

While this section briefly discusses the impact of Na⁺ and K⁺ co-doping, the primary 

emphasis was on LuAG:Ce,Li due to its distinct behavior and potential for enhancing 

photoluminescence properties. Additional analyses including spectroscopic 

measurements were carried out in the case of Li⁺ co-doping to gain a deeper 

understanding of the material's properties.  

III.1.4.1 photoluminescence steady state 

            Figure III.9a displays the room-temperature emission spectra of 

Lu₂.₉₈₅₋ₓLiₓCe₀.₀₁₅Al₅O₁₂ powders co-doped with varying Li⁺ concentrations. The samples 

were synthesized via the sol-gel method and calcined at 1100 °C for 2 hours. All spectra 

were measured under an excitation wavelength of 450 nm (corresponding to the Ce³⁺ 

transition from the ground state to the 5d₁ energy level) within the 450–630 nm range. 

The emission spectra exhibit intense, broad, and asymmetric bands, which were 

deconvoluted into two Gaussian components separated by approximately 1500 cm⁻¹ (as 

shown in Table III.5). These bands correspond to spin-allowed electric dipole transitions 

from the lowest 5d₁ energy level of Ce³⁺ to the ²F₅/₂ and ²F₇/₂ states of the 4f ground 

level. Furthermore, the influence of Li⁺ co-doping on the integrated emission intensity is 

presented in Figure 9b. Among the co-doped samples, the highest intensity is observed 

at 5 at. % Li⁺, although it remains below that of single-crystal LuAG:Ce (SC) and similar to 

the Li⁺-free sample. In general, the addition of Li⁺ reduces the photoluminescence (PL) 

intensity compared with indoped LuAG:Ce and LuAG:Ce SC. This reduction is due to the 

possibility of Ce⁴⁺ formation and/or quenching processes such as transfer of energy to 

surface defects or impurity ions by synthesis conditions. Notably, the highest 

luminescence intensity for many rare-earth-doped nanomaterials is typically obtained in 

larger crystallite size samples due to better crystallinity. In this study, though, PL 

intensity does not directly correlate with crystallite size in a function of Li⁺ concentration 
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(Figure III.9c). There are similar observations in the literature including the reports by 

Ferreiro et al. for Nd³⁺-doped ZnO nano-materials [5] as well as Ningombam et al. for 

YVO₄:Eu³⁺ nano-crystals [6]. Ningombam et al. reported that the crystallite size of 

YVO₄:Eu³⁺ increases with increasing of Li⁺ codoping, the highest PL intensity was found 

to be produced at an optimum 5% Li⁺ concentration followed by a decrease at higher 

codoping concentrations as a result of luminescence quenching. The luminescence 

efficiency depends not only on crystallite size but also on factors such as phase purity, 

Ce³⁺/Ce⁴⁺ ratio, and defect density. Smaller crystallites tend to have more grain 

boundaries, leading to dangling bonds or disordered atomic arrangements that can 

quench luminescence. Phonons associated with surface vibrations in nanocrystals can 

further introduce non-radiative relaxation pathways, limiting luminescence efficiency 

[134]. Furthermore, the superior luminescence observed at 5 at. % Li⁺ is likely related to 

the formation of a phase-pure garnet structure. In the absence of parasitic phases, all 

Ce³⁺ ions are expected to occupy Lu³⁺ sites in the LuAG garnet, contributing to green 

emission. Conversely, the presence of parasitic phases such as LuAlO₃ (LuAP) may cause 

some Ce³⁺ ions to substitute Lu³⁺ in these secondary phases, leading to UV emission and 

reduced green emission intensity [135]. The addition of Li⁺ ions as a codopant improves 

both morphological regularity and crystallinity leading to a smoother and more uniform 

spatial distribution of Ce³⁺ ions, as observed in both X-ray diffraction (XRD) and scanning 

electron microscopy (SEM) data. Another possibility to compensate for the charge 

imbalance caused by oxygen vacancies is produced during heat treatment through Li⁺ 

substitution for Ce³⁺ or Lu³⁺ in LuAG material's properties [136]. On the other hand, 

excess Li⁺ codoping (>5 atomic %) leads to crystallographic defects on the surface that 

reduce the efficiency of light emission which establishes an optimal Li⁺ concentration of 

5 at. % to balance structural integrity and luminescent performance. Such observations 

are consistent with previous studies for instance, Ponkumar et al. [137] showed that the 

optimum Li⁺ concentration in ZrO₂:Eu³⁺ results from interdependent factors including 

charge balance tuning, lattice deformation and phase transitions. In the same way, 

Shanbhag et al [138] found an increase in the luminescence in CaTiO₃:Sm³⁺ with 

progressive Li⁺ addition up to a threshold concentration above which quenching of the 

emission dominates. However, in LuAG:Ce ceramics, Zhang et al [137] reported that 

maximum luminescence was observed at 3 wt.% LiF additive and that higher 

concentrations reduced the intensity of emission comparable trends have been observed 
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in other systems, such as Li⁺ co-doped Y₃Al₅O₁₂:Tm³⁺, ZnO:Tb³⁺, and BaSiF₆:Dy³⁺, where 

optimal Li⁺ concentrations enhanced PL intensity by improving crystallinity, modifying 

local environments, and acting as a charge compensator [139-141]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III.9 (a) Room temperature emission spectra of Lu2.985-xLixCe0.015 Al5O12 Co-doped by 

different content of Li+ powders and single crystal (SC) (b) Variation of integrated intensities 

with Li+ co-doping concentrations (c) Variation of integrated intensities as well as crystallite size 

in function of Li+ content [1]. 
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levels of the 5d1 configuration (5d₁ and 5d₂), respectively. Furthermore, the higher 

excitation states of Ce³⁺ (5d₃, 5d₄, 5d₅) and the host can also be observed. [1] 

Due to the strong interaction of the 5d state electrons with the crystal lattice, the 4f-5d 

absorption and the 5d-4f emission mainly depend on the host. Therefore, it is important 

to estimate and analyze the main spectral parameters resulting from the 4f↔5d 

transitions indifferent hosts. These parameters are namely the crystal field splitting and 

the electron-vibration interaction (EVI) of the 5d electronic states of Ce³⁺ with a crystal 

lattice environment. When Ce³⁺ ion is inserted in LuAG material, its 5d level is lowered 

relative to its position in the free ion by a quantity referred to as spectroscopic redshift 

D (LuAG) [57]. (Fig.9) and determined from the excitation spectrum using the following 

expression: 

D (Ce3+, LuAG) = E(Ce3+,  Free) -E (Ce3+, LuAG)                                                                       (2).  

Where E(Ce3+, free) is the excitation energy of the free Ce3+ ion from the 4f ground level 

to the lowest 5d level, and E(Ce3+, LuAG) is the corresponding energy in the LuAG material. 

E(Ce3+, free) was taken equal to 49340 cm-1 [57]. 

 

 

 

 

 

 

 

 

 

 

 

Figure III.10 Right, Excitation and emission spectra of LuAG: 0.5%Ce3+ Co-doped by Li+ powders. 

Left: Ce3+ 4f and 5d level positions relative to LuAG electronic bands. The band gap (Eg), The 

redshift D (Ce3+, LuAG), the Crystal Field Splitting (CFS), the lowest 4f 5d energy transition E 

(Ce3+, LuAG), and the energies E4f-VB, E5d-CB are shown [1]. 
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Figure III.11 illustrates the variation in crystal field splitting between the lowest 5d₁ and 

5d₂ levels (ΔE₁₂) and the redshift (Δ(Ce³⁺, LuAG)) as a function of Li⁺ content, including 

data for the single crystal (SC). It is evident that both ΔE₁₂ and Δ(Ce³⁺, LuAG) follow a 

similar trend, except for the SC and the sample co-doped with 1 at. % of Li⁺. This 

observation suggests that the ΔE₁₂ splitting significantly influences the redshift, it was 

found that the large redshift in the RE₃(Al₁₋ₓGaₓ)5O₁₂ garnet family must be attributed to 

the additional Δ12 splitting of the 5d levels [142]. As known that the 5d states strongly 

interact with crystal lattice and the 4f  5d excitation and emission transitions are 

essentially host-dependent. Therefore, it is important to analyze the main spectral 

features of 4f  5d transitions for different Li+ contents in LuAG: Ce3+ host material and 

also to estimate the basic parameters of the electron-vibrational interaction (EVI) of the 

5d electronic states of Ce3+ with the crystal lattice environment. To this purpose, a single 

configuration coordinate model [76]. Additionally, evaluating the fundamental 

parameters of the electron-vibrational interaction (EVI) for the 5d electronic states of 

Ce³⁺ within the crystal lattice environment provides valuable insights into the 

luminescent behavior of these materials. 

 

 

 

 

 

 

 

 

Figure III.11 Variation of the crystal field splitting of the lowest 5d1-5d2 levels (Δ12) as well as 

redshift (D (Ce3+, LuAG)) as a function of Li+ content. Values for the single crystal (SC) are shown 

[1]. 

To achieve this, we used a single configuration coordinate model [20], illustrated in 

Figure III.12, which is based on quantum mechanics and allows precise fitting of the 
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emission band. This approach enabled us to determine several important spectroscopic 

parameters related to electron-phonon interactions. These include the positions of the 

emission and excitation bands, the Stokes shift (ΔES), the redshift (D(LuAG)), the Zero 

Phonon Line (ZPL) energy, the effective phonon energy (ℏω), and the Huang-Rhys coupling 

constant (S). 

In fact, the Stokes shift is considered as the energy difference between the absorption 

and the highest energy (5d→2F5/2) Gaussian emission maximum bands. Furthermore, the 

Huang-Rhys parameter (S) measures the strength of electron-phonon coupling and is 

directly proportional to the Stokes shift (ΔES). The effective phonon energy (ℏω) was also 

calculated for LuAG:Ce³⁺ co-doped with Li⁺ [74]. 

By analyzing these parameters, we gain a deeper understanding of how Ce³⁺ ions interact 

with the crystal lattice and how these interactions affect the luminescent properties of 

Li⁺ co-doped LuAG materials. 

∆𝐸𝑆 =  (2S − 1) ℏ𝜔                                                                                                                        (3) 

Γ (𝑇) = 𝐹𝑊𝐻𝑀(𝑇) = √8𝑙𝑛2. ℏ𝜔. [𝑆. coth (
ℏ𝜔

2.𝑘𝑇
)]

1
2⁄
                                                                     (4) 

Where Γ(T) represents the full width at half maximum (FWHM) of the emission band and 

k is the Boltzmann constant. By solving the system of equations (3) and (4), the values of 

S (Huang-Rhys coupling constant) and ℏω (effective phonon energy) were determined for 

each Li⁺ content using the experimental data summarized in Table III.5.  

From the table, it can be observed that the single crystal (SC) exhibits strong electron-

phonon coupling, with S=5.99, which is higher than that of the nanomaterials, indicating 

an intermediate coupling for the latter. Additionally, the effective phonon frequency (ℏω) 

for the SC is smaller than that of the nanomaterials. The SC sample also shows a larger 

Stokes shift compared to the nanomaterials, suggesting stronger self-absorption due to 

Ce³⁺ at the nanoscale. Ogiegło et al. [144] reported a significant Huang-Rhys coupling 

constant (S=9) determined at low temperatures. For the SC in this study, the result aligns 

well with previously published values, including S=6.6 for LuAG:Ce³⁺ reported by Nair et 

al. [145] and S=6 for Ce³⁺ luminescence in YAG:Ce³⁺ garnet material as noted by 

Bachmann et al. [146]. 
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Figure III.12 Emission and excitation spectrum fitted by two Gaussian curves showing the 

Stokes Shift and ZPL. Franck–Condon diagram of the ground and excited states of the optical 

center in solids. 

Table III.5 Excitation and emission maxima, FWHM, Stokes shift, Huang-Rhys parameters of 

LuAG: Ce3+, Li+ nanophosphors and that of single crystal (SC). 
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Excitation
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Lu
2.835
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0.05

Ce
0.015

Al
5
O

125d - 4f

2F7/2

2F5/2

Energy (cm-1)

ZPL
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ES/2

 

 

spectroscopic 

quantity 

0% Li 1% Li 3% Li 5% Li 7% Li 9% Li 11% Li 15% Li SC 

5d1 22169 22188 22146 22144 22189 22142 22160 22114 22614 

5d2 28323 28353 28335 28363 28218 28377 28350 28378 29394 

5d-4f5/2 20302 20276 20331 20302 20298 20259 20341 20314 20018 

5d-4f7/2 18506 18518 18562 18477 18500 18445 18398 18503 18457 

FWHM  

(5d-4f5/2) 

1729 1617 1568 1694 1693 1678 1888 1611 1361 

E(5d1-5d2) 6154 6165 6189 6219 6029 6235 6190 6264 6780 

D (Ce3+, LuAG) 27171 27152 27194 27196 27151 27198 27180 27226 26726 

Stokes shift 1867 1913 1815 1842 1891 1883 1819 1800 2595 

ℏ 463 407 400 451 443 437 542 422 236 

S 2.518 2.851 2.768 2.541 2.635 2.653 2.179 2.634 5.996 
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Following the detailed analysis of LuAG:Ce,Li a brief study was carried out to investigate 

the effect of Na⁺ and K⁺ co-doping on the photoluminescence (PL) properties of LuAG:Ce.  

Figure III.13 illustrates the excitation and emission spectra of LuAG:Ce , codoped with 

different concentrations of sodium Na+ (right) and potassium K+ (left). These co-dopants 

are used to study their effects on the optical properties of the phosphorescent material, 

in particular its 5d-4f transitions which are typical of Ce³⁺ ions. Both Figures exhibit 

broad excitation bands measured under emission wavelength λem= 510 nm for 

LuAG:Ce,Na and λem= 520 nm LuAG:Ce,K in the UV and visible regions, typical of Ce³⁺ 

ions. These bands correspond to electronic transitions from the ground state (4f) to the 

excited states (5d) of Ce³⁺, increasing the concentration of Na+ or K+ leads to notable 

shifts in peak position and intensity changes. This indicates that the codopants affect 

the local crystal field around the Ce³⁺ ions, changing their energy levels. 

The emission spectra of both figures were measured at an excitation wavelength of 440 

nm (LuAGCe,Na ) and 450 nm (LuAGCe,K) in the range 450-630 nm, which corresponds 

to the Ce³⁺ transition from the ground state to the 5d₁ energy level. Both codopants 

affects luminescence enhancement at low concentrations, but less effectively than Li⁺. 

Their larger ionic radii, however, introduce lattice distortion at higher levels leading to 

quenching effects. K⁺ shows slightly more distortion than Na⁺ due to its larger size. 

The different spectra suggest that Na+ and K+ codoping have a different impact on the 

crystal structure. The results suggest that Li⁺ codoping holds the most potential for 

improving the performance of LuAG:Ce, particularly for applications in scintillators and 

light-emitting devices. Careful control of the dopant concentration is essential to achieve 

optimal results. 
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Figure III.13 Room temperature emission and excitation spectra of LuAG: 0.5 at. % Ce3+ Co-

doped by different content of K+ (top) and by different content Na+ (bottom) powders.  
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This table outlines that Li⁺ coding offers the best luminescence enhancement due to its 

effective charge compensation and minimal lattice distortion, making it preferable to K⁺ 

and Na⁺ codopants. 

Parameter SC LuAG:Ce LuAG:CeLi LuAG:CeK LuAG:CeNa 

Emission intensity 
Highest 

(Reference) 

Enhanced 

(Optimal at 5 at. 

%) 

Moderate 

improvement 

Moderate 

improvement 

Optimal dopant 
 

/ 

 

5 at. % Li+ 

Low 

concentration (> 

5 at. %) 

Low 

concentration (> 

5 at. %) 

Luminescence 

Quenching 

 

Absent 

 

Occurs at > 7 Li 

 

Significant at > 5 

K 

Noticeable at > 5 

Na 

 

Crystal distortion 

 

Minimal 

Minimal at low 

levels 

Moderate at high 

content 

Moderate at high 

content 

 

Charge compensation 

 

/ 
Most effective 

Effective at low 

content 

Effective at low 

content 

 

Defect formation 

 

Minimal 

Low (optimal 

condition) 

Moderate at high 

cooping 

Moderate at high 

cooping 

 

Overall performance 

 

Reference 

 

Best codopant 

(optimal Li) 

 

Less effective 

than Li 

Comparable to K 

but less effective 

than Li 
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III.1.4.2 Time resolved photoluminescence 

            Figure III.14a shows the room-temperature PL decay curves for LuAG: 0.5% Ce³⁺ 

powders co-doped with Li⁺, along with the decay curve for the single crystal (SC). After 

deconvolution taking into account the instrument response function (IRF), all decay 

curves were accurately fitted using a three-exponential function 

I (t) = A1 exp (−
t

τ1
) + A2 exp (−

t

τ2
) + A3 exp (−

t

τ3
) + I0 , where A1, A2 and A3 are the 

corresponding initial intensities of the pulse shape components and I0 is a time 

independent background intensity. For the LuAG:Ce³⁺ single crystal (SC), the PL decay 

curve is best described by a single exponential function, as shown in Figure III.14b. The 

decay times extracted from the fits are summarized in Table III.6. The contribution of 

the jth decay component j (with j=1, 2, 3) is calculated using the following formula: 

 𝑊j =
𝐴j𝜏j

∑ 𝐴𝑖𝜏𝑖
3
𝑖=1

 , where Ai and i are the amplitude and decay time of the ith component, 

respectively [1]. 

 

 

Figure III.14 (a) PL decay curves of LuAG: 0.5% Ce3+ co-doped by Li+ powders as well as that of SC 

with Li+ content, (b) Monoexponential and three exponential fits for the emission decay curves 

of LuAG: Ce3+ SC and LuAG: Ce3+, 5 at. % Li+ powder respectively [1]. 

The presence of fast decay components in some garnets has been variously attributed. 

Kucera et al [147] explained the 3 ns fast component in GdYAG:Ce³⁺ as being caused by 

parasitic energy transfer from the 5d₁ level of Ce³⁺ to defect states or impurity ions. 

Similarly, in Ce³⁺-doped LuAG epitaxial films, the fast components are related to the non-

radiative energy transfer between Ce³⁺ ions and defects [148]. In this study, the third 
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decay component (𝜏3) presented in Table III.6 agrees with the decay of the conventional 

Ce³⁺ emission in the LuAG host material. The observed decay times are consistent with 

values in the literature for Ce-doped aluminum garnets. For example, a decay time of 63 

ns has been reported for LuAG:Ce³⁺ single crystals (SC) [149], 50 ns for single crystal 

films (SCF) [150], and 59 ns for LuAG:Ce³⁺ powders [151]. 

Figure III.15a shows the dependence of the decay time of Ce³⁺ emission (𝜏3) in LuAG as 

a function of Li⁺ content. Compared to SC, LuAG: 0.5% Ce³⁺ powders co-doped with 

different concentrations of Li⁺ show distinct behavior as a function of Li⁺ content. For 

low concentration (0-5 at. %), the lifetime increases, reaching a maximum at 5 at.%. This 

behavior suggests a reduction in the probability of a non-radiative transition, probably 

due to the presence of Li⁺. This behavior suggests a decrease in non-radiative transition 

probabilities, probably due to a reduction in extinction defects at the nano crystallite 

surface as a result of improved crystallinity at lower Li⁺ contents. At higher 

concentrations (5-15 at. %), the lifetime decreased. This reduction can be attributed to 

deteriorating crystallization and changes in the local environment of Ce³⁺ ions, resulting 

in the formation of surface defects. These defects can increase non-radiative relaxation 

pathways, reducing PL lifetime. In nanomaterials, the increase in specific surface area 

also tends to contribution to shorter Ce³⁺ lifetimes compared to single crystals, as 

previously reported [152]. These findings highlight the complicated interplay between 

Li⁺ concentration, defect densities and the surface effects, that collectively affect the 

photoluminescence decay dynamic in LuAG:Ce³⁺ powders. 
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Figure III.15a variation of the experimental Ce3+ decay time (τexp = τ3) against Li+ content as well 

as of SC [1]. 

Table III.6 Summary of the radiative decay parameters for Ce3+ in LuAG: Ce3+, Li+ nanophosphors 

and single crystal (SC) [1].   

Li+ 

content 

Ce3+ 

free 

0 at. % 1 at. % 3 at. % 5 at. % 7 at. % 9 at. % 11 at. 

% 

15 at. 

% 

SC 

1 (ns) ---- 1.72 2.44 2.41 3.76 2.81 2.42 1.50 1.15 ---- 

2 (ns) ---- 6.97 15.58 10.74 20.49 12.85 10.17 6.49 6.49 ---- 

3 (ns) 30* 51.58 54.23 57.06 69.44 64.78 63.45 60.49 60.49 61.37 

𝝌𝑹𝑪 ---- 2.64 2.78 2.93 ---- ---- ---- 3.09 3.09 ---- 

𝝌𝑽𝑪 ---- ---- ---- ---- 5.18 5.60 5.70 ---- ---- ---- 

⟨𝟓𝒅|𝒓|𝟒𝒇⟩  

0.025* 

0.0487 0.0463 0.0440 0.0300 0,0298 0,0299 0.0416 0.0416 ---- 

---- 

neff ---- 1.65RC 1.70RC 1.76RC 1.77VC 1.81VC 1.82VC 1.82RC 1.82RC 1.84 

Filling 

factor x 

---- 0.773 0.833 0.904 0.916 0.964 0.976 0.976 0.976 1 

*ref : [57] 
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The variations in decay time values as reported in the literature are mainly attributed to 

microstructural differences between nano-garnet powders, single crystals and single 

crystal films, as well as differences in Ce³⁺ content. Indeed, for LuAG:Ce³⁺ co-doped with 

different content of Li⁺, from 0 to 5 at. % the lifetime increases and from 5 to 15 at. % 

decreases with a maximum at 5 at % content. This may indicate a decrease in non-

radiative transition probabilities due to the decrease in quencher defects on the grain 

boundaries between the crystallite’s domains, caused by low Li+ content. For high Li+ 

concentrations (greater than 5 at. %), crystallization deterioration with the change in Ce3+ 

ion surroundings may generate surface defects that can be a trigger non-radiative 

relaxation, and generally, a shorter lifetime can reflect Ce3+ luminescence on the surface.  

Furthermore, due to the increased specific surface area of LuAG nanomaterials, the PL 

lifetime of Ce3+ was shorter than that of the ideal SC crystal. These defects act as non-

radiative relaxation centers, reducing the lifetime of the photoluminescence. In generally, 

shorter lifetimes reflect Ce³⁺ luminescence occurring at or close to the surface of nano 

crystallites.  In additional, the increase in the specific surface area of LuAG nanomaterials 

compared to single crystals contributes to a reduction in the lifetime of Ce³⁺ 

photoluminescence. These observations underline the interaction between Li⁺ 

concentration, defect density and microstructural differences, all of which play a critical 

role in the determination of the decay dynamics of LuAG:Ce³⁺ materials [152]. 

In light of the photoluminescence results, the potential of LuAG:Ce,Li powders as 

scintillators has been investigated further. This study focuses on the understanding of 

the effect of Li⁺ codoping on scintillation properties, including thermally stimulated 

luminescence (TSL), radioluminescence (RL) and decay under pulsed X-ray excitation.  

These properties are essential for evaluating material performance in practical 

scintillation applications. Particular attention is focused on the role of lithium codoping 

in defect formation mechanisms and its impact on scintillation efficiency. By 

investigating how Li⁺ affects defect creation and stabilization, as well as its influence on 

energy transfer processes, this study aims to better understand the interaction between 

codoping, structural modifications and scintillation performance in LuAG:Ce materials. 

Local-field effect on Ce3+ spontaneous radiative emission 

Furthermore, for the powders, previous works have reported that the radiative decay 

process strongly depends on both the size and shape of the particles besides the effective 
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refractive index (neff) [151-154]. In fact, since the nanocrystallites (NCs) occupy only a 

small fraction of the total volume, the effective refractive neff index considers these 

particles surrounded by the medium with refractive index nmed. One may evaluate an 

effective index of refraction[155]: 

( ) (1 )= + −eff bulk medn x xn x n
                                                                                                            (5)

 

Here x presents the “filling factor” showing what fraction of space is occupied by the 

nanocrystallites (volume fraction = volume of NCs/volume of medium). For 

nanocrystallites, n is consequently replaced by neff (x). It is important to note that the use 

of neff is valid only when the average size of the particles is much smaller than the 

wavelength of light, which is true in this study [155], [156]. It is well known that the 

spontaneous emission lifetime of emitter centers can be changed by modifying the 

surrounding dielectric [157], making them different from the vacuum, and the 

determination of the nanomaterial optical properties remains an issue. From this 

perspective, different theoretical models have been developed to predict the dependence 

of the lifetimes and the refractive index, especially for Eu3+ and Ce3+ rare earth ions.  

However, differences in radiative lifetime trends as a function of refractive index depend 

on the chosen model, which varies according to the circumstances [18]. In fact, all models 

and experimental studies are based on the fact that the only contribution to the 

spontaneous radiative lifetime comes from the electric dipole moment. This dipole 

moment's strength does not change when the surrounding medium varies [52]. The 

spontaneous radiative emission rate if  of electric dipole transition from an initial state i 

to a final state f can be expressed as [72]:  

Γ𝑖𝑓 =
64𝜋4

3ℎ
𝜒𝜈𝑖𝑓 

3 |𝜇⃗𝑖𝑓|
2
                                                                                                                               (6) 

Where 𝜇𝑖𝑓 is the electric dipole moment −𝑒 𝑟𝑖𝑓 between  the initial state i to a final state 

f,  𝜈𝑖𝑓 is the emission wave number and 𝜒 is an enhancement factor due to the dielectric 

medium, which equals n[(n2 + 2)/3]2 for the virtual (VC)- and n[3n2/(2n2 + 1)]2 for the real-

cavity (RC) models [78]. The lifetime of the state can be calculated as the inverse of the 

total emission rate as 1/𝛤𝑖𝑓. For Ce3+ ion, the electric dipole allowed emission 5d → 4f, 

which the electric dipole moment is proportional to the radial integral  ⟨5𝑑|𝑟|4𝑓⟩. The 

radiative lifetime of Ce3+ ions in different host materials (different refractive indices) has 

been considered by Duan and Reid [92]. Furthermore, for Ce3+ ions, as it is known that 

the splitting between 2F5/2 and 2F7/2 final even sublevels is much smaller than the average 
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energy difference between the lowest 5d (5d1) and 4f states, one can assume that the 

final states f  have the same energy, i.e., the average wave number 𝜈𝑖𝑓 in equation 6, 

which leads to the total spontaneous emission rate being independent of the wave 

function of the initial 5d state, and can be written as [92]: 

 (1
𝜏𝑟

⁄ )𝑉𝐶,𝑅𝐶 = 4.34 × 10−4|⟨5𝑑|𝑟|4𝑓⟩|2(𝜒)𝑉𝐶,𝑅𝐶  𝜈̅ 3                                                                     (7) 

With the following rough assumptions, the radial integral   ⟨5𝑑|𝑟|4𝑓⟩ is considered 

constant for both LuAG as SC (bulk) and nanomaterial. Also, the measured lifetime τexp of 

Ce3+ is considered as the radiative one τr . One can estimate the refractive index for each 

sample as follows:  

For virtual-cavity model: 

(
𝜏𝑆𝐶

𝜏𝑛𝑎𝑛𝑜
)𝐸𝑥𝑝 × (𝑛𝑆𝐶

2 + 2)2 × 𝑛𝑆𝐶 = 𝑛𝑛𝑎𝑛𝑜
5 + 4𝑛𝑛𝑎𝑛𝑜

3 + 4𝑛𝑛𝑎𝑛𝑜                                                                 (8) 

For real-cavity model: 

(
𝜏𝑆𝐶

𝜏𝑛𝑎𝑛𝑜
)𝐸𝑥𝑝  ×  

(2𝑛𝑆𝐶
2+1)2

𝑛𝑆𝐶
5 =

1

𝑛𝑛𝑎𝑛𝑜
5 +  

4

𝑛𝑛𝑎𝑛𝑜
3 +

4

𝑛𝑛𝑎𝑛𝑜
                                                                                    (9) 

 Following the adequate model for each sample, using the solutions of equations 8 and 

9, which are the effective refractive index (neff = nnano), one can calculate the filling factor. 

Considering that LuAG: Li+, Ce3+, powders are surrounded by the air, then nmed = nair = 1. 

Using the data of the table III.6 with the refractive index of LuAG (SC) as 1.84 [105] the 

effective refractive index (neff) and the optical filling factor (x) of the LuAG: Li+, Ce3+ powder 

are calculated and given in the table III.6.  In Figure III.15a, we display the variation of 

the experimental Ce3+ decay time (τexp = τ3) against Li+ content as well as of SC. One can 

see that depending on Li+ content, there are two regions compared to that of SC. From 0 

to 3 at. % presents τexp smaller than that of SC and from 5 to 15 at. % is higher than that 

of SC.  So that the values of x and neff have physical meaning (x 1 and neff  nSC =1.84), the 

real-cavity model (RC) is applied to the first region, from 0 to 3 at. % and virtual-cavity 

model (VC) to the second region from 5 et 15 at%. Furthermore, one can calculate 

⟨5𝑑|𝑟|4𝑓⟩. From the measured lifetime τexp and emission wavelength λ  (520 nm) as [92]:  

|⟨5𝑑|𝑟|4𝑓⟩|𝑒𝑥𝑝 =  [
1

4.34×10−4×(𝜏𝑒𝑥𝑝)(𝜒𝑉𝐶,𝑅𝐶)×𝜈̅ 3
]

1/2

                                                                                     (10) 

In Figure III.15b, we show the variation of the effective refractive index (neff) as well as 

PL emission intensity against Li+ content. We can roughly observe that PL intensity 

evolves oppositely to that of the effective refractive index, which can relate to the light 

extraction [143]. 
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Figure III.15b variation of the effective refractive index (neff) and the PL emission intensity 

against Li+ content. 
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III.1.5. Radioluminescence  

III.1.5.1 Radioluminescence steady state 

            Figure III.16 shows the radioluminescence (RL) spectra of LuAG:Ce, Li+ powders 

with different lithium concentrations from 0 to 15 at. %, compared with LuAG:Ce single 

crystal (SC) and BGO scintillator powder. The previous figure shows the visual 

appearance of the synthesized powders under UV irradiation and standard lighting 

conditions, highlighting their response to photoluminescence. The presence of active 

luminescent centers is highlighted by photoluminescence emission under UV light, 

however scintillation performance under ionizing radiation is not directly correlated 

with photoluminescence emission. Thus, the RL spectra remain the primary reference for 

evaluating scintillation efficiency. The spectra show each sample's RL amplitude as a 

function of energy (in photons/eV and photons/nm). The addition of Li⁺ notably impacts 

both the intensity and its spectral form of the RL emission. In particular, specific 

concentrations of Li⁺ lead to increased amplitudes of peak compared to the SC and BGO 

references. Here, the emission peak near 2.5 eV corresponds to the 5d-4f transitions 

characteristic of Ce³⁺ ions in the LuAG host matrix. Such improved luminescence 

efficiency is probably related to effective charge compensation and to the reduction in 

defect-related quenching routes made possible by Li⁺ coding. Furthermore, RL spectra 

disclose distinct patterns associated probably with Pr³⁺ contamination. The presence of 

a peak at 700 nm suggests an incoherent distribution of Pr³⁺ in the samples. This 

uncontrolled variation in Pr³⁺ content may introduce further spectral contributions 

which influence overall emission, justifying further analysis to decouple its impact from 

the Li⁺ codoping mechanism. 

The integrated RL amplitudes as summarized in the plot, reveal a non-linear relationship 

with Li⁺ concentration. A clear dip is observed before the RL output increases, reaching 

maximum values at 7% and 15% Li⁺. These compositions display the brightest 

luminescence, with RL output comparable to that of SC and BGO, showing a significant 

improvement in their scintillation properties. 
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Figure III.16 Radioluminescence spectra of LuAG: 0.5 at. % Ce3+ codoped by different content of 

Li+ powders, single crystal (SC) and BGO (left). Variation of intensities with Li+ co-doping 

concentrations (right). 

 

III.1.5.2 Time resolved pulsed radioluminescence  

             Figure III.17 presents the radioluminescence (RL) decay curves under pulsed X-

ray excitation for LuAG:Ce³⁺ powders codoped with different Li⁺ contents (1, 3, 5, 7, 9, 

11, and 15 at.%) alongside the LuAG:Ce³⁺ single crystal (SC) used as reference. The aim of 

these measurements was to study the effect of Li⁺ codoping on scintillation decay 

behavior. 

The decay curves clearly show that no matter what the Li⁺ concentration, all LuAG:Ce³⁺,Li⁺ 

powders show faster scintillation decay than the single crystal (SC), this indicates that 
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the sol-gel synthesized powders contribute to more efficient charge transfer processes 

and reduced trapping, which accelerates light emission. In addition, no sign of slow 

components (afterglow) is detected in the measured time window, underlining the purity 

and efficiency of energy transfer in the synthesized LuAG:Ce3+ powders. 

While minor variations in decay time are observed between different levels of Li⁺ doping, 

their impact is relatively minimal compared to the overall improvement in decay rate 

over SC. This suggests that Li⁺ co-doping systematically improves the scintillation 

properties of LuAG:Ce³⁺ powders by affecting the local surroundings of Ce³⁺ ions and 

improving charge compensation. 

 

Figure III.17 Radioluminescence decay time under pulsed X-ray excitation of LuAG:Ce3+, x at. % 

Li+ powders and LuAG:Ce3+ single crystal. 

 

These findings confirm that Li⁺ co-doped LuAG:Ce³⁺ powders maintain high 

luminescence efficiency and offer faster scintillation decay, making them promising 

candidates for advanced scintillation applications. 
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III.1.6. Thermally Stimulated Luminescence TSL 

           In this section we investigate the thermally stimulated luminescence (TSL) 

properties of LuAG:Ce³⁺ powders co-doped with Li⁺ under a variety of excitation 

conditions. TSL measurements provide an insight into the traps depth distribution, 

charge carriers and defect states dynamics in the materials. Two different types of TSL 

experiments have been carried out: 

III.1.6.1 TSL above room temperature 

            Figure III.18 shows TSL glow curves above room temperature under X-ray 

excitation for LuAG:Ce³⁺ powders co-doped with different Li⁺ concentrations 

(1,2,3,5,7,9,11 and 15 at. %), showing a clear dependence of the glow curves on the Li⁺ 

content, with variations in intensity and peak position with temperature. 

The TSL peaks appear within a temperature range of approximately 300 K to 550 K. 

Notable variations in the intensity and position of these luminescence peaks are observed 

which result from the thermal release of charge carriers that are trapped in the material 

and then recombine at the Ce³⁺ luminescence centers, resulting in characteristic light 

emissions. Hence, that process is a key indicator of how efficiently a material can store 

and release energy. However, the TSL intensity is proportional both to the trap 

concentration and to the efficiency of the luminescent centers. To try to take this into 

account and to separate these two contributions, we divided the TSL intensity be the one 

observe in RL. The outcome is a value which is more directly related the traps 

concentration only. As the Li⁺ is introduced into the LuAG: Ce³⁺ matrix, this significantly 

modifies the intensity of the TSL peaks but not their position. This suggests that these 

high temperature peaks are associated to intrinsic defects which are present regardless 

of Li co-doping. Li, however, can affect the probability of formation of this point defect 

and, consequently, their concentration. For instance, samples codoped with 7% at. % of 

Li⁺ show a pronounced increase in TSL intensity which suggests that the concentration 

of these traps is increasing and that charge trapping is becoming more significant. This 

however seem to have no detrimental effect on the scintillation efficiency considering 

that the RL intensity is nevertheless high compared to the other samples. Also, for higher 

concentrations of Li⁺, the glow curve shape is not significantly altered, only its intensity 

is in fact affected. 
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The figure on the right shows integrated TSL intensity as a function of Li⁺ content, 

normalized to RL intensity. It is interesting to note that a non-linear trend is observed, 

reflecting variations in charge trapping density as Li⁺ content varies. In the context of 

TSL, a greater signal generally indicates a higher charge trapping density. However, it's 

important to note that for scintillation purposes, a weaker SLI signal is actually more 

favorable, as it involves fewer charge traps. In this study, TSL intensity is greatest at 7% 

Li⁺ concentration, indicating the highest traps density at this level. Even with the increase 

in traps, radioluminescence (RL) performance remains high, which suggests that the 

presence of these additional traps does not significantly affect scintillation efficiency. 

These results highlight that while Li⁺ co-doping influences the formation of charge traps, 

it does not necessarily degrade the scintillation response. LuAG:Ce³⁺'s ability to maintain 

good RL output, even at higher trap densities, demonstrates its robust energy transfer 

and reduced non-radiative losses. These attributes means that LuAG:Ce³⁺ co-doped with 

Li⁺ can tolerate increased trapping without compromising its scintillation properties, 

which makes it attractive for certain applications where charge storage and efficient light 

emission are both required. 

 

 

 

 

 

 

 

 

 

Figure III.18 TSL above room temperature (X-ray excitation) of LuAG:Ce3+, x at. % Li+ powders 

codoped with different content of Li+. 
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These results illuminate the crucial role of Li⁺ codoping in optimizing trapping behavior 

in LuAG:Ce³⁺ powders. In contrast to the usual combination of higher TSL intensity with 

improved performance, for scintillator applications the ideal case is in fact a lower TSL 

signal, provided that the radioluminescence (RL) efficiency remains high. Indeed, TSL 

traps, while useful for dosimetric applications, can act as competitive centers for charge 

capture, ultimately reducing light output during scintillation, particularly for TSL peaks 

that appear above room temperature (RT). 

An important feature of the LuAG:Ce³⁺,Li⁺ powders studied is their combined high RL 

efficiency and relatively low TSL intensity in the range from 10 K to 320 K. These 

properties both minimize slow scintillation components and maximize the efficiency of 

light output, thus underlining their potential for high-performance radiation detection. 

While all materials necessarily display some level of trapping, the ability of these 

powders to maintain high luminescence with minimal trapping interference is a 

distinctive advantage for scintillation-based applications. 

III.1.6.2 TSL Measurements at low temperature 

           The thermally stimulated luminescence (TSL) measurements of LuAG:Ce³⁺ 

codoped with 0%, 7%, and 15% Li⁺ reveal critical insights into the role of lithium codoping 

at low temperatures (10 K to 320 K). 

The TSL glow curves for these samples indicate the absence of - TSL peaks associated 

with Ce³⁺ emission within the investigated temperature range. This absence underscores 

a minimal presence of electron trapping states associated and highlights a reduction in 

charge carrier losses due to non-radiative processes, as a consequence, the energy 

deposited by the ionizing radiation is more efficiently used for fast scintillation 

improving overall performance. 

Two of the compositions tested, the 7 at. % and 15 at. % Li⁺ co-doped powders are notable 

for their remarkable scintillation properties. They provide bright luminescence with no 

significant thermal quenching of Ce³⁺ emission from 10 K to 320 K, with virtually no 

temperature dependence apart from an expected progressive emission bands 

broadening. As a result of this remarkable thermal stability, consistent scintillation 

efficiency is maintained even under varying thermal conditions, which makes them 

suitable for applications requiring robust thermal performance. 
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Measurements at low temperature on LuAG:Ce 

0%Li          7%Li                                    15%Li 
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The presence of the emission at 700 nm which intensifies with Li+ concentration because 

its more intense at 7 at. %, it can be related to Praseodymium emission so the presence 

of Pr3+ in Ce3+ emission as impurity, LuAG:Pr³⁺ codoped with 15% Li⁺ was studied at low 

temperatures (10 K to 320 K) to investigate potential contributions from Pr³⁺ ions to 

thermally stimulated luminescence (TSL). These measurements revealed the presence of 

a distinct emission within the investigated temperature range, suggesting that Pr³⁺ ions 

may be actively involved in trapping and releasing charge carriers in the codoped 

samples.   
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Measurements at low temperature on LuAG:Pr  

15%Li 
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Conclusion 

          In the present chapter, all LuAG powder materials codoped with Ce³⁺ and with 

varying concentration of Li⁺, Na⁺ and K⁺ ions have been successfully synthesized using a 

simple sol gel method. Detailed attention was focused on the effects of Li⁺ codoping due 

to its significant impact on the structural, luminescence and scintillation properties of 

LuAG:Ce scintillating powder. 

The influence of Li⁺ codoping on the structural, morphological, and photoluminescence 

properties of LuAG:Ce was systematically investigated. Structural analysis revealed that 

the average crystallite size decreases with increasing Li⁺ content, ranging from 66 nm (Li-

free) to 47 nm for the highest Li⁺ doping. DFT calculations showed that Li⁺ preferentially 

occupies Al³⁺ (24d) sites in the LuAG:Ce matrix. EDS analysis confirmed that the sample 

with 5 at. % Li⁺ exhibits an atomic percentage ratio close to the stoichiometric 

composition of Lu₃Al₅O₁₂.  

Codoping LuAG:Ce³⁺ with Na⁺ or K⁺ induces greater lattice expansion and strain 

compared to Li⁺, which directly relates to their larger ionic radii. While crystallite size 

peaks at low codoping concentrations for all three ions, Na⁺ and K⁺ produce significantly 

larger crystallite maxima. These results highlight the dual role of ionic radius and 

codopant concentration in structure progression. By strategically tuning these 

parameters, garnet-based scintillators can be optimised to improve performance in 

structural properties. 

Photoluminescence (PL) studies demonstrated that all samples exhibit intense, broad 

emission bands in the 450–650 nm range, attributed to the 5d₁ → 4f transition of Ce³⁺ in 

the LuAG host. Interestingly, Li⁺ codoping was found to reduce PL intensity compared to 

both Li-free LuAG:Ce powders and single crystals, with the 5 at.% Li⁺ sample displaying 

the highest PL intensity among the codoped samples. Regarding electron-vibrational 

coupling, all LuAG:Ce³⁺ powders, whether Li⁺-free or codoped, exhibit intermediate 

coupling (2 < S < 3) compared to the strong coupling (S = 5.99) in single crystals, with no 

clear trend dependent on Li⁺ content. The spontaneous emission lifetime of Ce³⁺ was 

found to follow the real-cavity model (RC) for low Li⁺ content (0–3 at. %) and the virtual-

cavity model (VC) for higher Li⁺ content (5–15 at. %). 

 



Chapter III                                                    CODOPING EFFECTS ON LuAG:Ce3+ 

111 
 

Radioluminescence (RL) studies revealed that among the tested compositions, the 7% and 

15% Li⁺ codoped samples exhibited the brightest luminescence. These results highlight 

that while Li⁺ co-doping influences the formation of charge traps, it does not necessarily 

degrade the scintillation response. LuAG:Ce³⁺'s ability to maintain good RL output, even 

at higher trap densities, demonstrates its robust energy transfer and reduced non-

radiative losses. These attributes means that LuAG:Ce³⁺ co-doped with Li⁺ can tolerate 

increased trapping without compromising its scintillation properties, which makes it 

attractive for certain applications where charge storage and efficient light emission are 

both required. 

Scintillation decay analysis of LuAG:Ce³⁺,Li⁺ materials provides clear evidence that sol-

gel synthesized powders exhibit faster decay times than single crystals (SC), irrespective 

of Li⁺ concentration. Such improvement is due to the ability of the sol-gel method to 

promote efficient charge transfer and reduce carrier trapping which accelerates light 

emission. In particular, the absence of afterglow components in the decay curves 

supports the purity of energy transfer and the minimal recombination associated with 

powder defects. These findings clearly underline the potential of the sol-gel technique 

for the development of high-performance scintillators with rapid response and 

suppressed afterglow. 

Thermally Stimulated Luminescence (TSL) studies revealed crucial insights into the trap 

dynamics of the co-doped powders. In contrast to conventional scintillator behavior 

where higher TSL signals are often associated with enhanced performance, the 

LuAG:Ce³⁺,Li⁺ powders displayed lower TSL intensities across the 10 K to 320 K range, 

reflecting a reduced density of charge traps. This is particularly significant, as fewer 

charge traps minimize non-radiative pathways, thereby improving scintillation 

efficiency.  

In summary, this study demonstrates that Li⁺, Na+ and K+ codoping in LuAG:Ce allowing 

precise control of structural, morphological and luminescence properties, offering a 

pathway to optimize garnet-based materials for advanced scintillation applications. 
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Chapter IV 
CODOPING EFFECTS ON LuAG:Pr³⁺ 
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Introduction 

             Following the full study of codoping effects in LuAG:Ce³⁺ covered in Chapter III, 

the focus of this chapter is on LuAG:Pr³⁺, with the objective of exploring ways in which 

alkali metal ions (Li⁺, K⁺, and Na⁺) affect its structural, morphological and luminescent 

material properties. Although Ce³⁺-doped LuAG has been widely studied for its 

exceptional scintillation performance, Pr³⁺-doped LuAG provides its own unique 

advantages, in particularly faster emission decay and efficient radiative transitions, 

which are critical for high-resolution timing applications. However, the impact of 

codoping with alkali metals in LuAG:Pr³⁺ is still less explored offering the opportunity to 

address this gap and despite its potential. 

This chapter's main objective is to investigate the effects of Li⁺, K⁺, and Na⁺ codoping on 

LuAG:Pr³⁺ scintillating powders, by concentrating on their impact on structural and 

morphological properties, photoluminescence and radioluminescence. Unlike the 

detailed analysis carried out for Ce³⁺ codoping in Chapter III, this chapter presents a 

simplified but focused review while its aim is to compare the two doping centers Ce³⁺ 

and Pr³⁺ and to show how the different alkaline codopants are modulating the 

scintillation characteristics. 

While the analysis in this chapter is less in-depth than that in Chapter III, it serves as a 

complementary exploration that adds to the understanding of the codoping of alkali 

metals in different luminescent centers. By placing the Pr³⁺ results together with those 

from Ce³⁺, this chapter aims to provide a clearer picture of the ways in which codoping 

strategy can be adjusted to optimize scintillation efficiency and time resolution in LuAG-

based materials. These findings not only further contribute to the basic understanding 

of codoping effects, but also pave the way for future progress in fast-response 

scintillator applications. 
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IV.1 Codoping effects of Li⁺, K⁺, and Na⁺ on LuAG:1%Pr³⁺ scintillating powders 

IV.1.1 structural analysis 

         Figure IV.1 presents the XRD patterns of Lu3Al5O12: 1 at. % Pr3+ with various 

concentrations of alkali metal cation of Lithium LuAG:1 at. % Pr3+, x at. % Li+ (x =1, 3, 5, 7, 

9, 11 and 15 at. %) powders. It is apparent that all the diffraction peaks can be properly 

assigned the cubic phase (JCPDS no. 73–1368), with Ia3d as the space symmetry group. 

Similar to LuAG:Ce3+ in the previous chapter. Table IV.1 presents the structural parameter 

values of the LuAG:1 at. % Pr3+ samples co-doped with various Li+ concentrations. 

 

Figure IV.1 XRD patterns of Lu3Al5O12: 1 at. % Pr +3, co-doped with different content of Li+. 
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LuAG: Pr powder undoped 

(hkl) 2𝜽 (°) FWHM 
   (°) 

     𝜽 (rad) FWHM   
(rad) 

𝐬𝐢𝐧 𝜽


 

𝜷 𝐜𝐨𝐬 𝜽


 

Height 
[cts] 

211 18.207 0.227 0.15888605 0.0039619 0.10244717 0.00253303 1805 

321 27.964 0.243 0.24403194 0.00424115 0.15644821 0.0026648 1772 

420 33.572 0.271 0.29297097 0.00472984 0.18699802 0.0029321 5142 

422 36.860 0.324 0.32166418 0.00565487 0.20470595 0.00347375 1121 

521 41.423    0.301 0.36148387 0.00525344 0.22899824 0.00318179 1210 

532 46.911 0.354 0.4093757 0.00617847 0.25773069 0.00367002 1177 

 

A = 11.9060 Å   ( 01-073 -1368 ) 

The strain  = 0.0074 

Equation y = a + b*x , Intercept = 0.00167 

                        a= 
0.98

𝐷𝑊−𝐻
 = 0.00167  

                        𝐷𝑊−𝐻 = 586 Å 

                          𝐷𝑊−𝐻 = 58.6 nm 

Same steps were followed for the other Li+ content 

Table IV.1 Structural parameters for samples of LuAG: 1%Pr3+ co-doped with different content of 

Li+  

%Li a (Å)  (%) DW-H (nm) DSch (nm) 

0 11.926 0.0074±0.00171 58.6 31 

1 11.920 0.00348 ±0.00115 53.5 37 

3 11.914 0.00247±6.77434E-4 45.1 35 

5 11.921 0.00175±0.0023 42 31 

7 11.918 0.00308±0.00175 33.3 38 

9 11.916 5.90839E-4±6.55171E-4 41.3 36 

11 11.916 6.3763E-4±5.44758E-4 42.9 37 

15 11.915 0.00165±6.16373E-4 50.2 40 
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Chapter IV                                                     CODOPING EFFECTS ON LuAG:Pr3+ 

116 
 

Supported by structural analysis of LuAG:Pr,Li, the present study explores the effects of 

K⁺ and Na+ co-doping on Lu₃Al₅O₁₂:1 at. % Pr³⁺. XRD analysis patterns presented in Figure 

IV.2 (LuAG:1 at. % Pr3+, x at. % K+ (x =1, 3, 5, 7, 9, 11 and 15 at. %) and Figure IV.3 (LuAG:1 

at. % Pr3+, x at. % Na+ (x =1, 3, 5, 7, 9, 11 and 15 at. %) of structural properties was 

investigated for codopant concentrations varying from 1 to 15 at. %, assuming the same 

conditions of synthesis and investigation. Further XRD patterns affirm the garnet's 

conservation of its cubic structure (JCPDS No. 73-1368) along with Ia3d symmetry, 

whatever the type or the codopant concentration. 
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Figure IV.2 XRD patterns of Lu3Al5O12: 1 at. % Pr +3, co-doped with different content of K+. 

Table IV.2 Structural parameters for samples of LuAG: 1%Pr3+ co-doped with different content of 

K+ 

%K a (Å)  (%) DW-H (nm) DSch (nm) 

0 11.926              0.0074 ± 0.00171 58.6 31 
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3 11.915 0.00256 ± 5.38224E-4 106.1 65 

5 11.940 0.00565 ± 4.68822E-4 122 48 

7 11.929 0.00204 ± 5.86811E-4 72 56 

9 11.927 0.00354 ± 6.05629E-4 100.2 55 

11 11.929 0.00345 ± 9.92442E-4 91.5 52 

15 11.929 0.00375 ± 8.08354E-4 98.4 53 
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Figure IV.3 XRD patterns of Lu3Al5O12: 1 at. % Pr +3, co-doped with different content of Na+. 

Table IV.3 Structural parameters for samples of LuAG: 1%Pr3+ co-doped with different content of 

Na+  
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3 11.926           0.00307 ± 6.4625E-4 101.4 59 

5 11.924 0.00337 ± 6.87209E-4 111.9 60 

7 11.924 0.00436 ± 8.25092E-4 97.0 55 
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IV.1.2 Morphological analysis 

           Scanning electron microscopy (SEM) reveals codoping-induced significant 

morphological variations. Undoped LuAG:Pr³⁺ sample shows finer, more uniformly 

distributed sized particles. As it is codoped with Li⁺ (e.g. LuAGPr15Li), particle 

morphology changes to smoother, and the particle size increases as a result of grain 

coalescence induced by the presence of Li⁺. On the other hand, co-doping with either K⁺ 

or Na⁺ (e.g. LuAGPr5K and LuAGPr15Na) gives bigger, more aggregate particles, as 

observed in SEM images. The increase in particle size is coherent with the growth of the 

nanocrystalline domains detected in the XRD analysis.  

Microstructural changes such as these are crucial, since they can influence light 

scattering and the density of surface defects, which in turn impacts the material's optical 

and scintillation performance. 
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Figure IV.4 SEM images of samples, namely LuAG: Pr3+ undoped; LuAG: Pr3+, 15Li; LuAG: Pr3+, 5K; 

LuAG: Pr3+, 15Na. 
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 IV.1.3 Photoluminescence study 

 IV.1.3.1 Photoluminescence steady state 

             Steady-state photoluminescence (PL) spectra of LuAG:Pr³⁺ codoped powders 

show a dependence of emission behavior on alkali ions. PL properties of LuAG:1%Pr³⁺ 

scintillating powders, codoped with alkali ions (Li⁺, K⁺, Na⁺), has been systematically 

studied for understanding the mutual interplay between codopant-induced structural 

modifications and emission efficiency. Below is a structured analysis of the main results 

and study mechanisms: 

The Figures show room temperature emission and excitation spectra of LuAG powders 

doped with 1% Pr³⁺ ions and co-doped with different concentrations (x%) of Li⁺, Na⁺, and 

K⁺ ions, respectively.  One can see that Pr³⁺- doped LuAG shows characteristic emission 

transitions due to its 4f electronic configuration. B. Kahouadji et al. reported the 

observed transitions. In the case of excitation, the following transitions dominate: 

• ³P₀ → ³H₄: ~490 nm (blue emission) 

• ³P₀ → ³H₅: ~530 nm (green emission) 

• ³P₀ → ³F₂: ~610 nm (red emission) 

Moreover, regardless of the temperature, all samples exhibit nearly identical excitation 

features. Specifically, the excitation spectra recorded while monitoring emission at 603 

nm can be divided into two distinct regions: the first, in the UV range, corresponds to 

inter-configurational 4f²5d⁰ → 4f¹5d¹ transitions, while the second involves intra-

configurational 4f² → 4f² transitions. Figure IV.5 presents a schematic energy diagram 

of Pr3+ + ion with indication of the photoluminescence (PL) excitation and emission 

transitions of these ions in the LuAG host. For photoluminescence emission spectra of 

our samples, all the spectra were measured at room temperature with 240 nm excitation 

wavelength, the emission bands observed at around 24000-36000 cm-¹ correspond to 

the transitions from the 5d excited state to the ³HJ ground-state levels of Pr³⁺ ions. Their 

spectral profiles show structured emission bands, which are characteristic of 5d → 4f 

transitions, indicated on the figures. 
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Figure IV.5 Schematic energy diagram of Pr3+ ion with indication of the absorption and emission 

transitions of these ions in the LuAG host. 

In each series: 

• Li⁺ codoping (Figure IV.6): Emission intensity initially increases with low Li⁺ 

concentration (particularly at 1-5%), indicating an enhancement effect, possibly due to 

load compensation or network distortion improving energy transfer efficiency. However, 

at higher Li⁺ concentrations (above 5%), a gradual decrease in intensity is observed, 

probably due to concentration quenching. 

• Na⁺ codoping (Figure IV.7): A more significant increase in luminescence intensity is 

observed with increasing Na⁺ content, with maximum emission observed at 1 and 11%. 

This suggests that Na⁺ coding is effective in enhancing the emission efficiency of Pr³⁺ 

ions. At very high concentrations (15%), a slight decrease suggests the appearance of 

quenching effects. 

• K⁺ codoping (Figure IV.8): The emission intensity increases up to an optimum 

concentration of 5%, then decreases with the addition of K⁺. The larger ionic radius of K⁺ 

compared to Li⁺ and Na⁺ can lead to greater distortion of the LuAG lattice, which can 

impact the local Pr³⁺ environment and have an impact on its radiative efficiency. 
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Overall, the results demonstrate that codoping with alkali ions significantly affects the 

photoluminescence performance of LuAG:Pr³⁺. An optimum doping concentration is 

observed for each ion (as illustrated in Figure IV.8), above which quenching effects reduce 

emission efficiency. Codopages at 1% Li⁺, 5% K⁺ and 1% Na⁺ show the highest emission 

intensities. However, these results need further interpretation and detailed exploration 

to understand the mechanisms involved. More detailed analysis would be useful to 

determine the impact of ionic interactions and structural modifications induced by 

codoping, allowing further optimization of the scintillating properties of this material.  
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LuAG : 1%Pr3+, x% Li+ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

Figure IV.6 Room temperature emission and excitation spectra of Lu3Al5O12: 1 at. %Pr +3 Co-doped 

by different content of Li+ powders. 
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LuAG : 1%Pr3+, x% Na+ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.7 Room temperature emission and excitation spectra of Lu3Al5O12: 1 at. %Pr +3 Co-doped 

by different content of Na+ powders. 
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LuAG : 1%Pr3+, x% K+ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.8 Room temperature emission and excitation spectra of Lu3Al5O12: 1 at. %Pr +3 Co-doped 

by different content of K+ powders. 
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LuAG : 1%Pr3+, (0%, 1%Li+, 1%Na+, 5%K+) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.9 Room temperature emission and excitation spectra of Lu3Al5O12: 1 at. %Pr +3 Co-doped 

by (undoped, 1%Li+, 1%Na+, 5%K+) powders. 
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0 11.926 0.0074 ±0.00171 58.6 31 

1Li+ 11.920 0.00348 ±0.00115 53.5 37 

1Na+ 11.925 0.00255 ± 7.43083E-4 102.2 61 

5K+ 11.940 0.00565 ± 4.68822E-4 122 48 
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IV.1.4 Radioluminescence  

IV.1.4.1 Radioluminescence steady state 

          The room temperature radioluminescence spectra of Lu₃Al₅O₁₂ doped with 1% Pr³⁺ 

and co-doped with different Li⁺ concentrations are displayed in Figure IV.9. The visible 

spectral range's 4f-5d and 4f → 4f transitions are mainly responsible for the distinctive 

emission peaks of Pr³⁺ seen in the spectra.  

Emission intensity is strongly affected by the concentration of Li⁺ ions codoping. RL 

spectra show multiple emission bands, with the most prominent peaks appearing in the 

visible region. The intensity of these peaks varies systematically with Li⁺ concentration 

with steady-state emission 1.5 times higher than undoped samples, indicating a clear 

connection between codoping content and radiative emission efficiency. Notably, the 

spectrum associated with the highest Li⁺ content (1%Li) exhibits the highest emission, 

suggesting increased scintillation efficiency under X-ray excitation. 

Concerning the variation of integrated RL amplitude for two distinct regions (Region 1 

Energy from 1.18-2.75 eV and Region 2 from 2.75-4.50 eV) as a function of Li⁺ 

concentration in Lu₃Al₅O₁₂:Pr³⁺ powders. The graph shows that the integrated amplitude 

whose reaches its maximum values at 7 at. % and 15 at. % Li⁺ comparing to the LuAG: Pr 

undoped sample. Nevertheless, a deeper analysis based on the literature and the results 

of our experiments is needed in order to completely understand as well as clarify the 

basic processes controlling these enhancements. A deeper understanding of the 

optimum codoping for enhanced scintillation performance will result from this further 

work, and this will clarify the specific role of Li⁺ in influencing the structural and 

luminescent properties in the LuAG:Pr³⁺ matrix. In Figure IV.5, the radioluminescence 

(RL) emission transitions are also illustrated with different traps.   
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Figure IV.10 Radioluminescence spectra of Lu3Al5O12: 1 at. %Pr +3 codoped by different content of 

Li+ powders and Variation of RL integrated amplitude. 
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IV.1.4.2 Time resolved Radioluminescence 

           Shown here is the radioluminescence (RL) decay of Lu₃Al₅O₁₂:Pr³⁺ powders 

codoped with various Li⁺ concentrations (0-15 at. %), plotted on a semi-logarithmic scale. 

Across all samples there is an initial fast decay, characteristic of Pr³⁺ prompt 5d → 4f 

transitions, which is followed by a slower component indicating multi-exponential 

kinetics. Raising the Li⁺ concentration causes decrease in decay time to accelerate 

systematically.  

The further development of fast and cost-effective scintillators, as achieved in this study, 

offers considerable promise for applications requiring high time resolution in radiation 

detection technologies. Optimized decay rates and low cost of materials production 

make them very competitive for scintillator technologies of the next generation. 

 

Figure IV.11 Radioluminescence decay time under pulsed X-ray excitation of Lu3Al5O12: 1 at. % 

Pr+3, x at. % Li+ powders. 
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Conclusion 

This chapter investigated how the structural, morphological, photoluminescence, and 

radioluminescence characteristics of LuAG:Pr³⁺ scintillating powders are affected by 

alkali metal ion codoping (Li⁺, K⁺, and Na⁺). The findings showed that Li⁺ codoping 

significantly increases photoluminescence and radioluminescence intensities, decreases 

structural strain, and improves crystallographic coherence, especially at the ideal 

concentrations of 1% for steady-state PL and 7–15% for RL. Li⁺ is a suitable codopant for 

fast scintillation applications. In contrast, the effects of K⁺ and Na⁺ codoping on emission 

intensity and decay characteristics differed due to the introduction of greater crystallite 

sizes and particle aggregation. 

These results highlight the significance of choosing the right codopant for enhancing 

LuAG:Pr³⁺ scintillation performance and offer important new information on how alkali 

metal ions affect lattice stability, emission efficiency, and scintillation speed. To better 

understand the precise processes underlying these improvements, more interpretation 

based on experimental and literary studies would be helpful, especially for Li which 

shows exceptional promise for applications using low cost and efficient scintillators.  
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General Conclusion 

        The present PhD research has resulted in an extensive study of the synthesis, 

structural, morphological and optical properties of Lu₃Al₅O₁₂ garnet (LuAG) materials 

doped with Ce³⁺ and Pr³⁺, and co-doped with alkali metal ions (Li⁺, Na⁺, and K⁺). Through 

a systematic experimental approach combined with theoretical simulations, the work 

successfully proved the potential of these co-doped scintillating materials for enhancing 

luminescence performance and structural tunability. This study was motivated by the 

need for low-defect, high-performance scintillating materials, taking into account the 

limitations of traditional crystal growth methods, which are often costly and difficult to 

scale up. The sol-gel synthesis method adopted in this research provided an economical 

and versatile route to produce homogeneous LuAG-based powders with precise control 

of co-doping concentrations.  

The thesis aimed to explore how codoping with Li⁺, Na⁺, and K⁺ can significantly improve 

the structural and scintillation properties of LuAG:Ce³⁺ and LuAG:Pr³⁺. While the effects 

of Ce³⁺ and Pr³⁺ doping in LuAG are well documented, the role of alkaline codopants 

remains relatively unexplored. This work has contributed to narrow this gap, providing 

new information on how Li⁺, Na⁺ and K⁺ codoping affects structural, morphological, 

luminescent and scintillation properties. 

The first chapter introduces an extensive overview of scintillating materials, their 

mechanisms and applications, focusing on garnet-based scintillators such as LuAG. The 

importance of rare-earth doping, particularly with Ce³⁺ and Pr³⁺, has been established as 

a key route to improving scintillation efficiency. In addition, codoping with alkali metal 

ions has been identified as a promising strategy for optimizing luminescence properties, 

enhancing energy transfer and reducing non-radiative losses. The second chapter 

detailed the synthesis of LuAG:Ce³⁺ and LuAG:Pr³⁺ codoped with varying concentrations 

of Li⁺, Na⁺, and K⁺ using the sol-gel method. This cost-effective, scalable process enabled 

precise control of dopant concentrations and facilitated the formation of fine, 

homogeneous powders. Structural and morphological characterizations by XRD, SEM and 

EDS revealed well-defined crystal structures, while DFT simulations provided a better 

understanding of dopant site preferences, lattice modifications and co-doping-induced 

defect interactions. Optical characterization using PL, RL and TSL measurements showed 

the effects of codoping on scintillation performance, supporting the choice of alkali ions 
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as codopants to improve material properties. Chapter 3 focused on LuAG:Ce³⁺ codoped 

with Li⁺, Na⁺ and K⁺. Among these, Li⁺ proved to be the most effective codopant, 

significantly affecting structural, luminescence and scintillation properties. Li⁺ codoping 

was found to reduce crystallite size and increase photoluminescence intensity, 

particularly at optimum concentrations. Radioluminescence studies revealed that all Li⁺-

codoped LuAG powders exhibit faster scintillation than single crystals without afterglow, 

while TSL analysis revealed reduced trap densities, further contributing to enhanced 

charge transport and high RL efficiency, making these materials promising for 

applications requiring fast response and minimal light output losses. The fourth chapter 

has extended the study to LuAG:Pr³⁺ codoped with the same alkali metal ions, revealing 

that Li⁺ also has a positive impact on PL and RL intensities while stabilizing the crystal 

structure. Optimum concentrations of Li⁺ improved emission efficiency and decay rate, 

demonstrating its suitability for fast scintillation applications. In contrast, Na⁺ and K⁺ 

had variable impacts on luminescence properties, mainly through lattice expansions and 

larger crystallite sizes, which are linked to their larger ionic radii. 

The results of this research highlight the importance of defect control and codoping 

strategies in advancing scintillator technology. Reduced defect density, improved RL 

properties and controlled crystallite growth suggest that these materials could be 

promising candidates for the fabrication of transparent scintillating ceramics. Although 

beyond the scope of the present study, this aspect opens up new paths for future work 

focusing on the processing of low-defect ceramics, taking advantage of LuAG's cubic 

symmetry and resistance to charge trapping. 

In conclusion, this work has demonstrated that codoping with alkali metals, in particular 

Li⁺, significantly improves the structural stability, luminescence efficiency and decay 

dynamics of LuAG-based scintillators. This is an important step towards the 

development of low-cost, high-performance scintillator materials for advanced 

applications in radiation detection, medical imaging and high-energy physics. Further 

exploration of transparent ceramics, along with the scalability of sol-gel synthesis for 

industrial applications, could boost the application of these materials in advanced 

optical technologies, opening up a promising future for next-generation scintillators.
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Abstract 

This PhD research investigates the synthesis and the structural, morphological, and optical properties of 
Lu₃Al₅O₁₂ (LuAG) garnet-based scintillators, doped with Ce³⁺ or Pr³⁺, and co-doped with alkali metal ions 
(Li⁺, Na⁺, and K⁺) using the sol-gel method. Through experimental studies and theoretical simulations, the 
effects of alkali codoping on luminescence efficiency, crystallite size, and defect density were systematically 
analyzed. Li⁺ co-doping was particularly effective in reducing crystallite size, enhancing photoluminescence 
(PL) and radioluminescence (RL), and minimizing trap densities, thereby improving scintillation efficiency 
and charge transport. Moreover, RL studies revealed faster scintillation compared to single crystals, with 
no afterglow observed. For LuAG:Pr³⁺, Li⁺ also enhanced emission intensity and decay characteristics, 
reinforcing its potential for fast scintillation applications. These findings emphasize the importance of 
defect control and codoping strategies in optimizing garnet-based scintillators, positioning them as 
promising candidates for advanced radiation detection and optical technologies. 
Keywords : Scintillators, LuAG:Ce³⁺, LuAG:Pr³⁺, co-doping, sol-gel, XRD, VASP, photoluminescence, 
radioluminescence, thermally stimulated luminescence (TSL). 

Résumé 

Cette recherche doctorale porte sur la synthèse ainsi que sur les propriétés structurales, morphologiques 
et optiques des scintillateurs à base de grenat Lu₃Al₅O₁₂ (LuAG), dopés avec Ce³⁺ ou Pr³⁺, et co-dopés avec 
des ions alcalins (Li⁺, Na⁺ et K⁺), en utilisant la méthode sol-gel. À travers des études expérimentales et des 
simulations théoriques, l’effet de la co-dopage alcaline sur l’efficacité de la luminescence, la taille des 
cristallites et la densité des défauts a été analysé de manière systématique. La co-dopage avec Li⁺ s’est 
révélée particulièrement efficace pour réduire la taille des cristallites, améliorer la photoluminescence (PL) 
et la radioluminescence (RL), et minimiser la densité de pièges, ce qui a permis d’améliorer l’efficacité de 
scintillation et le transport de charge. De plus, les études de RL ont montré une scintillation plus rapide 
que celle des monocristaux, sans post-luminescence observée. Pour LuAG:Pr³⁺, le Li⁺ a également renforcé 
l’intensité de l’émission et les caractéristiques de décroissance, confirmant son potentiel pour des 
applications de scintillation rapide. Ces résultats soulignent l’importance du contrôle des défauts et des 
stratégies de co-dopage pour optimiser les scintillateurs à base de grenat, les positionnant comme des 
candidats prometteurs pour la détection avancée des radiations et les technologies optiques. 

Mots-clés : Scintillateurs, LuAG:Ce³⁺, LuAG:Pr³⁺, co-dopage, sol-gel, XRD, VASP, photoluminescence, 
radioluminescence, luminescence stimulée thermiquement (TSL). 

 الملخص 

الإشعاع ستخدم كواشف 
ُ
الوميضية ت المرئية   (scintillators) أو  غير  الإشعاعات  عن  للكشف  وعلمية  وصناعية  طبية  مجالات  ي 

ف 
ي هذا العمل،  

. ف  صنع على شكل بلورات مفردة باهظة التكلفة وصعبة التحضير
ُ
ة. معظم الكواشف عالية الأداء المتوفرة حاليًا ت والخطير

إنتاجًا، با  ي جديد على شكل مسحوق نانوي أرخص وأسهل 
اللوتيتيومسعيت إلى تطوير كاشف وميض   ستخدام مادة غارنيت الألمنيوم 

(LuAG)يوم اسيوديميوم (⁺Ce³) المطعّمة بأيونات السير ي بأيونات خفيفة مثل الليثيوم(⁺Pr³) أو الير
 ، الصوديوم(⁺Li) ، مع تشويب إضاف 

(Na⁺)والبوتاسيوم ، .(K⁺) بالسولتم تحضير هذ عرف 
ُ
ت بتقنية كيميائية بسيطة  المساحيق  كيبية  -ه  الير جيل، وتمت دراسة خصائصها 

ي 
ي ذلك التلألؤ الضوئ 

  أظهرت  (TSL) .، والانبعاث المحفز حراريًا (RL) ، التلألؤ الإشعاعي (PL) والمورفولوجية والبصرية بالتفصيل، بما ف 
، وتسري    ع الاستجابة، وتقليل العيوب   ي

 بالليثيوم، ساعد بشكل كبير على تحسير  شدة الانبعاث الضوئ 
ً
النتائج أن التشويب المزدوج، وخاصة

ي  ⁺Li البنيوية، ما أدى إلى تحسير  الأداء الكلىي للكاشف. كما ساهم التشويب ب 
ي تحسير  شدة الإشارة وسرعة الانطفاء، ما   ⁺LuAG:Pr³ ف 

ف 
ي التطبيقات السريعة 

ا للبلورات التقليدية،  تؤكد هذه الن. يعزز قابليته للاستخدام ف 
ً
 واعد

ً
تائج أن المساحيق النانوية المطوّرة تمثل بديلا

الطاقة، والأبحاث   النووي،  الطب  لمجالات  مناسبة  التكلفة،  فعالة ومنخفضة  إشعاعية  لتطوير كواشف  ا جديدة 
ً
آفاق أن تفتح  ويمكن 

 .العلمية

جيل، التلألؤ، العيوب البنيوية، المواد -، التشويب المزدوج، السول⁺LuAG:Ce³⁺, LuAG:Pr³ كواشف الوميض،  : الكلمات المفتاحية
 .النانوية


