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INTRODUCTION 

Nowadays, the majority of optical and optoelectronic devices, including light 

emitting diodes, generators, detectors, transmitters, splitters, etc., have been 

successfully created. Currently, research and development are focused on 

novel applications of these devices and their implementation as structural 

elements in fully integrated systems. Hence, new techniques with novel 

advanced materials need to be developed for the fabrication of such systems 

[1, 2].  

As a matter of fact, compact light sources are required for plenteous fields, 

such as sensing applications, spectroscopy or analytical techniques. Recently, 

solid-state lasers devices have attracted amplified attention, and every day, 

new ones are created. For this reason, the need to improve the characteristics 

and properties of the high-power laser through the downsizing of the active 

material was particularly investigated. Obviously, the optical properties of the 

active medium are the most crucial issues to overcome, but chemical, thermal 

or mechanical parameters should be mentioned as well and can be really 

critical for certain specific applications. Also, the spectroscopic properties of 

the utilized material have to be deeply considered. In this context, rare-earth-

doped materials are one of the most successful classes of active media for 

solid-state optical devices, including advanced lasers and/or light emitting 

diode (LED) devices [1-5]. 

In fact, LEDs are used for applications far beyond lighting. Since the old 

pocket calculators, where LEDs were employed as red dots for digital 

numbers, a long way had been since then traveled. In fact, presently, deep-UV 

LEDs may feed, among others, novel complexes water-quality monitoring 

networks, micro-LEDs open the doors for optogenetics and near UV LEDs 

cure adhesives and inks. The latter class can deliver wide extent output for 

various functions ranging from sensing and adhesive curing to phototherapy 

[6-9]. 

More effective LEDs emitting in the near UV are very much substituting 

lamps for curing various organic inks and/or adhesives. LEDs can operate over 

40,000 hours, compared to 1000 – 8000 hours for conventional lamps 

(mercury based) while dissipating much less electrical energy, decreasing 

thereby the operating costs. Usually, to take advantage of photo-initiators 

initially established for mercury lamps, adhesives are cured by UV LED 

emitting at 365 nm. The deep penetration of the UV wavelength triggers a full-
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depth curing process. The ability of LEDs to concentrate optical signal onto 

tiny regions and small surfaces is also a huge advantage for electronics 

industries. This is due to their faculty to eliminate light wide spreading that 

could damage sensitive products, and hence, improving the production yields 

of particular components, such as touch-screen panels, etc. Moreover, since 

the recent development of special ink, current printers take also an advantage 

of the 395 nm UV light for curing it due to the higher LED powers available 

at that wavelength. In addition, this high power -available usually from 365 to 

395 nm – rends the near UV LEDs at those wavelengths very attractive for 

exciting fluorescence spectroscopy in a wide range of materials. Finally, 

phototherapy based on near-UV LEDs is also very much promising for 

destroying pathogens in blood, used for transfusion [9-12]. 

On the other hand, the concept of a white light emitting diode (wLED) has 

been sound bizarre until the recent successful establishment of blue/ultraviolet 

LEDs (2014’ Nobel Prize of Physics) [13], when the white LED made its 

debut. However, generating white light by means of near-UV LEDs not only 

necessitates the development of new phosphors materials, and also the 

modification of certain existing ones. 

The initial white LED based on phosphors commercially ready for use was 

fabricated by the Japanese company Nichia Co., which was the first to manage 

to make the blue LED [14]. To do so, Nichia first created a blue light emitting 

gallium indium nitride (GaInN) and then coated the chip with yellow 

fluorescent phosphor cerium doped yttrium aluminum garnet (Y3Al5O12:Ce, 

well known now as YAG:Ce). A little bit later, another huge company Osram 

started to use another matrix – cerium(III) doped terbium aluminum garnet 

ions (TAG:Ce) [15]. 

Indeed, YAG is one of the very first synthetic crystalline material of the 

garnet group, being of a huge interest both for fundamental research and 

industrial applications. Due to its good thermal conductivity, single crystal 

garnets are greatly employed in various technological applications, including 

fluorescent screen, scintillators and solid-state lighting [16-22]. 

Later on, another yellow phosphor, namely TAG:Ce was also used with 

GaInN chip for white light manufacturing. YAG and TAG activated with 

trivalent cerium, have been found to be powerful phosphors for transforming 

the blue emission-LED into a very broad yellow radiation [14, 23]. In fact, the 

yellow radiation from YAG:Ce and TAG:Ce are sufficiently intense to 
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balance the residual blue light which outbreaks over the phosphor in order to 

produce white light. 

Some critical characteristics of garnets include radiation detection, 

hardness, thermal conductivity, lasing, and magneto-optical behavior. All 

these unique properties of garnet-based structures will certainly boost the 

demand for new generation of garnet crystals [23-28]. In addition, as the YAG 

has a cubic garnet structure and a stable lattice, it is suitable for being a host 

for phosphors. In fact, during the last two decades, various novel efficient 

phosphors were successfully synthesized. Inorganic phosphors are made of an 

inert host lattice and an activator that is optically excited, for example, 3d 

or/and 4f electron metal ions, such as Ce3+, Cr3+, Eu3+, Tb3+ [17, 28-31]. Co-

doped YAG phosphors are largely employed in optical based technologies, 

phosphors for lasers, luminescent and telecommunication systems based on 

optical fiber for medical treatment [21, 32-35]. 

Among the rare-earth materials, terbium is identified to be one of the most 

significance. It offers a high catalytic behavior and is employed in various 

applications, including light emission treatment for which it has demonstrated 

an unprecedented potential [36]. Such characteristics rend the terbium 

seriously in demand for advanced materials and applications. 
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Thus, the main aim of this doctoral thesis is synthesis and investigation of 

optical properties of terbium and/or chromium (co-)substituted yttrium 

aluminum garnets. In order to achieve these aims the following tasks were set: 

o To synthesize terbium and/or chromium ions (co-)substituted yttrium 

aluminum garnet using sol-gel processing route. 

o  To investigate the effect of the concentration influence of Tb3+ ions of 

YAG:1%Cr3+ on the luminescence properties and kinetics.  

o To find the optimal concentration of Cr3+ with respect to the highest 

emission value. 

o To compare the external quantum efficiency of YAG:x%Tb3+ and 

YAG:1%Cr3+, x%Tb3+. 
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1. OBSERVATION OF LITERATURE 

1.1. Structure and synthesis of garnets 

1.1.1. Structure of garnets 

From an etymological point of view, the word “garnet” originates from the 

fourteenth-century Middle English word “gernet” which means “dark red”. 

The latter is in turns derivatives from the Latin “granatus”, or “granum” 

(meaning literally “grain, seed”). This is likely a source to the words “mela 

granatum” and “pomum granatum” [37]. As a matter of fact, “punica 

granatum”, which is a plant producing fruits those contain ample and intense 

red seed covers (arils), which are similar in size, shape, and color to some 

chemical garnet crystals.  

Moreover, natural garnet is not a single material or mineral, but rather 

refers to a group, containing elements that are closely related in shape. These 

garnet elements form intermediary minerals between each other and could 

even intergrow within the same single crystal. The garnets change only 

somewhat little in their physical characteristics, and often, some of the 

constituting elements could be so similar that they are almost 

indistinguishable from one to another without an accurate XRD analysis.  

A group of silicate minerals employed as gemstones and abrasives tool 

since the Bronze Age [38]. In 1928, the crystal structure of the garnet was 

initially discovered and identified by Menzer [39]. The chemical bonds are 

gathered into primary and secondary bonding according to the bond strength 

level. Primary bonds, such as covalent and/or ionic links, have bond energies 

ranging from 100 to 1000 kJ mol-1 [40]. In the YAG structure, this ionic 

bonding of the oppositely charged ions is occurred by the transfer of electrons 

between Y3+, Al3+, and O2- ions [41], leading thereby to a very stable crystal 

arrangement.  

Yttrium(III) has a similar ionic radius and chemical properties and can be 

easily replaced with lanthanide ions such as Eu3+, Nd3+, Tm3+, Er3+, Ce3+ or 

Tb3+ in its crystal lattice, making it optically active material (phosphor). 

Aluminum(III) has a similar ionic radius and can be replaced with 3d metal 

ions, for example, Sc3+, Ti3+, Cr3+, and etc. [44-47]. 

Garnets have a cubic structure, corresponding to the space group Ia3̅d 

(#230). The crystal structure of yttrium aluminum garnet is sketched in Fig. 1. 



 

13 

 

Fig. 1. The crystal structure of YAG. Large yellow circles illustrate 

aluminum in a tetrahedral site, red circles – aluminum in an octahedral site, 

green circles – yttrium and purple circles – oxygen (adapted from [42]). 

The general garnet compound obeys to the formula 𝐴3𝐵2
′𝐵3

′′𝑂12, where A, 

𝐵′  and 𝐵′′  are metal ions in different symmetry sites. The crystal structure of 

YAG has a bcc structure with 160 atoms in the primitive cell. Each A ion 

(yttrium ion) is holding 24(c) sites and is dodecahedrally coordinated to eight 

oxygen ions. Meanwhile, oxygen atoms are in 96(h) sites and its location is 

dependent on three structural parameters x, y and z and are different for 

different garnet oxides. Aluminum ions 𝐵′  and 𝐵′′   are occupying two 

different sites. 𝐵′  occupies the 16(a) (an octahedral) site, and B`` occupies 

the 24(d) (a tetrahedral) site. The formula unit of garnet can be viewed as two 

octahedrons, three tetrahedrons and three dodecahedrons coordinated with 

shared oxygen atoms at the corners [43]. Obviously, when the size of a cation 

(ionic radius, r) increases and/or decreases, more and/or fewer anions of a 

given size could load and pack around it, respectively. For a particular 

configuration, the restricting ratio of the radius may be accurately estimated 

by calculating the minimum allowed value for the ratio of ionic radius (r+/r-

) for the arrangement to be stable. This value is an important parameter to 

designate the organization of the ions in the various groups of crystals. As a 

matter of fact, a cation is stable in a certain hole (cubic, cuboctahedral, 
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tetrahedral or octahedral site) only and only if it is large enough to prevent the 

anions from inter-touching [43]. In sum, when the cation diminishes in size, 

the lattice tends to stabilize, until anion-anion contact happens. Additional 

reduction of the lattice is hence no longer possible without a decreasing in the 

coordination number. 

 

1.1.2. Synthesis of garnets 

Phase diagram is a graphical representation of the physical states of a 

substance under different conditions of temperature and pressure. Ceramic 

powder treated within the Y2O3-Al2O3 composite has greatly been designed 

for functional and structural applications. Figure 2 displays the typical phase 

diagram of the Y2O3 – Al2O3 system. 

 

Fig. 2. Pseudo-binary phase diagram of Y2O3-Al2O3 system [38]. 

The Y2O3-Al2O3 phase diagram illustrates compounds of the two end 

members, where Y2O3 is cubic and Al2O3 is hexagonal in structure [38]. In 

this scheme, three stable yttrium aluminates stand with various polymorphs, 
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namely garnet Y3A15O12, monoclinic Y4Al2O9, and perovskite-based 

orthorhombic YAlO3 structure [48]. The hexagonal YAlO3 has also been 

recognized as an intermediate metastable phase during the growth of YAG 

[49]. At the grain boundaries, YAG does not show any birefringence effects 

which in turn results in high in-line transparency when doped with rare-earth 

materials. 

In the last decade, different processes for YAG synthesis have been 

successfully achieved and/or patented. All of these methods for preparing a 

powder of refractory non-metallic silicate materials should be classified as a 

function to the milieu into which the principal physicochemical mechanism is 

completed. This is entirely true as the very fine powders, particularly micro 

and nanoparticles react vigorously with their surrounding medium. Even 

though the majority of processes to grow these powders systematically 

involve various stages. The bottom line is to select the method that has a 

particular and controlled impact on the structure of the particle, which is 

obviously not simple to find. Therefore, the selection and choice of the basic 

method for the powder preparation is rather conditional and is habitually 

determined by the author of the process. The main goal of all these mentioned 

above techniques is to produce the materials with the lowest possible synthesis 

temperature, cost and by using the less-hazardous reagents. 

Yttrium aluminum garnet, can be synthesized using several kind of 

processes including: nitrate–citrate, sol-gel, combustion [50, 51], alkoxy 

technology, Pechini method [52], co-precipitation [34], microwave-induced 

combustion [20], heterogeneous precipitation [53], hydroxide sol solutions 

with hydrothermal synthesis in supercritical water [46], non-hydrolytic sol–

gel [17] and others. 

Sol-gel method has many advantages compared to other synthesis 

processes, including its high reactivity, well homogeneity and the possibility 

to obtain a pure phase garnet structure at low temperature value [21]. In the 

sol-gel reaction, the sol which is consisting of nanoparticles is first obtained 

prior to being converted into a gel. In this view, nearly all processes of particle 

synthesis in a water medium could be linked to the sol-gel method, as the 

unreacted nanoparticles in the aqueous solution are mainly a sol and have 

somehow the same particle size. The sol-gel process is presently employed 

mostly for the synthesis of nano-powders [54]. The simplified scheme of the 

sol-gel technique is presented in Figure 3. 
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Fig. 3. Schematic representation of the steps involved in the sol-gel route. 

The variation of the reaction parameters leads easily to the control of the 

nanoparticle size. A gel may be used straight to prepare thin films on 

monolithic objects. However, during the drying process and the firing step, 

the shrinkage could reach up to 70%, occurring thereby considerable 

mechanical stresses leading to the crack formation, and hence limit the method 

towards fabricating objects of considerable size [36, 55]. On the other hand, 
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employing of a gel is very efficient as a technological binder in ceramic-based 

technology, as the gel promotes molding, and reduces the firing temperature. 

A more broad method is that in which the gel is dried and converted into a 

xerogel, and the powder is then used for molding objects, plasma deposition, 

etc. [56]. Presently, the sol-gel process is employed broadly to prepare 

inorganic non-metallic nanoparticles. The process requires many steps which 

rend it somehow complicated, but at the same time, it shows a high degree of 

freedom and an accurate control over the final product and over it structure 

even at the nano-scale level. The hydrolysis of weak bases salts in a non-

aqueous milieu with a solid phase of a low concentration is encouraging way 

as it minimizes the aggregation phenomenon of the nanoparticle and slows 

down considerably their growth rate, permitting thereby a better control over 

their structures [57]. First Yttrium aluminum garnet was synthesized by citric 

acid sol-gel synthesis method developed by P. Vaqueiro and M. A. Lopez-

Quintela, at the University of Santiago de Compostela, Spain, in 1998. 

Yttrium and aluminum nitrates were chosen as starting materials. Finally, at 

the gelation process, the excess of water was evaporated, and the obtained sol 

was placed in the dryer oven at 110 °C. The obtained xerogel was then 

grounded to a fine powder, which was subsequently annealed at 800 °C. This 

temperature was found to be high enough to get pure garnet crystal structure 

materials [58]. 

One variant of the sol-gel process is the preparation of a xerogel by burning 

a gel. In ref. [59], Chinese scientists developed a method for preparing YAG 

with various concentrations of doping element at low temperature by burning 

the gel with citric acid as a fuel and the nitrates as oxidizing agents. This 

variant of a sol-gel process could also be related to the self-propagating high-

temperature synthesis method with the use of a parallel oxidation reaction with 

a “chemical furnace” as a heat source [60]. Single-phase YAG, doped with 

neodymium(III) ions, was successfully grown at 850 °C without any 

intermediate phases, and the average size of the obtained particles was about 

86 nm. This process is not a universal method, as it requires the control of the 

citrate-nitrate ratio which may vary considerably [61]. 

Pechini, an American scientist, developed a very popular method for 

preparing YAG material [52]. The “Pechini” method is also linked to the sol-

gel family, and it is presently employed widely owing to its universality and 

simplicity, especially at laboratory conditions. In order to implement this 

synthesis method, it required the formation of stable chelate complexes with 

metal ions, which necessities multifunctional organic acids. Diatomic alcohols 
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are also needed at the first steps of this “Pechini” synthesis process and are 

used as a solvent, and as a participant in the polyesterification reaction at the 

end. The polyesterification reaction favors the formation of a polymeric 3D- 

network with inclusions of metal ions. In the beginning, the salt of the metal 

ions is dissolved in citric acid to form citrate complexes. Ethylene glycol is 

then added to the solution which is heated up to 100 – 130 °C to form polyester 

between free citric acid and ethylene glycol. After forming a fluid gel, the 

temperature is further increased to remove excess of alcohol molecules. The 

obtained viscous substance is then maintained at 450 – 600 °C for a while to 

remove organic substance oxidation products. The obtained precursor is a 

mixture of uniformly distributed metal oxides and intermediate decomposition 

products. Additional heat treatment helps the synthesis of nano-powder of the 

prescribed composition. A clear advantage of this process is its simplicity, the 

high degree of uniformity of the final product, the low temperature required 

for heat treatment, the fine nanoparticles sizes of less than 100 nm, and the 

possibility to use this method to prepare thin films. 

Based on the “Pechini” method, different promising alternatives have been 

successfully developed. As a matter of fact, Korean scientists [62] synthesized 

YAG by citric acid alone, and the YAG phase was obtained at 800 °C. During 

this method, yttrium and aluminum salts were mixed in the stoichiometric 

composition. The citric acid solution was gently added and heated up under a 

continuous mixing to remove water. The solution was then dried for 24 h in a 

vacuum oven at 80 °C. Gel treatment was performed at a temperature of 600 

°C for 6 h, which was then increased up to 900 °C for another 6 h. In ref. [63], 

Polish scientists proposed a way to synthesize YAG phase using acetic acid. 

Heat treatment at 800 °C of the starting xerogel has led to the formation of a 

unique YAG phase as follows: yttrium oxide was first dissolved into an acetic 

acid solution, heated up 60 °C and mixed for 10 h. The pH of the solution was 

controlled within the limit 4.5 – 5.0. Then the nitrate salt of aluminum was 

gently added to the solution under continuous mixing. In the final stage, 

ethylene glycol was poured into the solution and slowly evaporated to form a 

white and quasi-transparent gel. The gel was dried and converted into brown 

xerogel. Finally, the obtained precursor was heated up again at 800 – 1600 °C 

for 6 h. 

An appropriate alternative to the sol-gel process is the use of metal 

alkoxide hydrolysis. The process is also called alkoxy technology. Alkoxides 

dissolve efficiently in alcohols, and they are rather easily and simply prepared. 

Often, it is also possible to use low purity and inexpensive metals, and 
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subsequently purifying the alkoxides by distillation method. Moreover, during 

the hydrolysis processing, the alcohol could prevent the aggregation 

phenomenon, and the water is then physically removed, providing thereby the 

transition of a sol into a gel. By hydrolysis in an alkoxide blend, the synthesis 

of more complex compounds it also possible [64]. During the process of 

converting hydroxides to oxides, the organic substance impurities are easily 

removed during the powder heat treatment [65]. The hydrolysis of dilute 

alcohol solutions of alkoxides into an excess of water solvent allows preparing 

nanoparticle sols that are well stable. Here again, the non-equilibrium nature 

of this reaction allows the synthesis of particles with nanosizes and very low 

volume concentration, preventing them from aggregation. In accomplishing 

this hydrolysis reaction of dilute alkoxides into an aqueous ethanol solution 

with water. However, adding water-soluble polymers or surfactants during 

hydrolysis reaction is a promising route to form a protective layer to the 

nanoparticles. Whereas a polymer is insoluble in the alcohol, it promotes the 

formation of a protective film at the nanoparticle surface [65]. 

A group from Brazil [66] proposed a new method for preparing YAG 

doped with europium ions through a simple microwave heating. First, 

chlorides of ammonium and yttrium are heated with ethanol in a flask with a 

reflux condenser into an argon atmosphere. Second, the obtained powders, 

which are alkoxides, are dried prior being heat treated into a specific 

microwave furnace suitable for alkoxides. The reaction time with microwaves 

was varied from 30 secs to 4 min, and the temperature reached about 1000 °C. 

According to the X-ray phase analysis, the obtained powder was a single phase 

YAG. This method allows decreasing the processing time for YAG phase 

synthesis and does not require any sophisticated and complicated equipment. 

However, it should be noted, that due to uneven heating particles are formed 

with a different size. 

Aside from the YAG synthesis processes, scientists have also published 

the synthesis of nano-powder with supercritical conditions into an autoclave 

machine through hydrothermal reaction [61]. The starting elements employed 

were an acetic acid salt, aluminum isopropoxide and citric acid. All of these 

components were loaded into an autoclave with 1,4-butanediol. After heating 

up to 300 °C for 2 hours, a colloidal solution was formed, and was then 

centrifuged to obtain the powder. Among the advantages of this method are 

the fast synthesis reaction and the low temperature required, while the 

disadvantages include the need of an autoclave machine and the huge amount 

of the required organic components. 
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The cryochemical synthesis is another way to prepare the fine powders of 

YAG. During this reaction, first, aqueous solutions of the precursor substances 

are quickly frozen, then, ice from a cryogranule is removed by sublimation. In 

order to implement this method, French scientists, in ref. [67], used aluminum 

lactate, yttrium and neodymium acetates that were dissolved into boiling 

water, followed by adding citric acid to maintain a pH value at 4. In the 

opposite case, there would be precipitation of yttrium lactate, followed by the 

atomization of the boiling solution into liquid nitrogen. The obtained powder 

was placed into a vacuum sublimator. The drying process was conducted at –

20 °C during 20 h and the obtained precursor was then heated at 800 – 1200 

°C. The size of the obtained agglomerates varied from 0.2 to 4 µm. One of the 

advantages of this process could be the very fine YAG powder obtained, and 

some of its main disadvantages revolve around the necessity to use organic 

compounds of starting components, which is a requirement for an accurate 

control of the medium pH; the duration time necessary for the ice removal (i.e. 

time–consuming method), considering the amount of liquid nitrogen, and the 

need for specific and costing equipment.  

1.2. The applications of rare-earth ions doped and/or co-doped yttrium 

aluminum garnet 

Stable compounds of transition elements showing a partially filled electron 

shell are the only one required for localized electronic transitions and sharp 

lines. This involves transition metals (3dn, 4dn, or 5dn), rare-earth elements 

(also known as lanthanides) (4fn). 

The partially filled 4fn orbital of rare-earth elements ions gives effective 

lines extend across the wavelength spectrum, ranging from the far–IR to the 

vacuum–UV. Regularly, the rare-earth ions are put separate from other 

transition elements. The unfilled shell of 4fn electrons stays highly covered 

within the closed 5s2 5p6 shells of the rare-earth ion in such a way that the 

optical transitions keep rather an atomic–like aspect even in a solid. This 

powerful shielding of the 4fn electrons is in direct opposition to transition 

metal d electrons. These latter are simply in chemical bonding and are the ones 

which are the most impacted by the host lattice and may manifest a 

considerable delocalization and mixing with electronic states of other ions in 

the lattice. Depending on the temperature, the optical linewidths of rare–earth 

ions vary over a wide range of crystals. Transition line shapes are described 

by an inhomogeneous distribution of transition frequencies having an 
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inhomogeneous width, called Γinh, with each indistinguishable group or 

“packet” of ions having a homogeneous width Γh. This line structure is 

illustrated schematically in Figure 4. 

 

Fig. 4. Illustration of the inhomogeneous linewidth Γinh for a resonant optical 

material and the homogeneous linewidth Γh for individual groups of ions 

[68]. 

When set at room temperature, the lines are homogeneously enlarged by 

phonons showing a typical linewidth Γh = 60 – 1000 GHz (2 – 30 cm-1); which, 

when settled with the wavelength representation λ/Δλ, is in the order of 104. 

As the cooling reduces the homogeneous contribution to the linewidths, they 

then cross over to inhomogeneous broadening which happens when 

temperatures are closed to 77 K. The strain and inhomogeneity of the crystal 

(or glass) become progressively obvious at lower temperatures, with 

inhomogeneous linewidth Γinh of typical values in the 1 – 30 GHz range, or 

even above, which is function – in case of isolated ion – of both the crystal 

strain and the ion concentrations that typically need to be less than 0.1 % 

molar. Note, that Γinh could surpass the 100 GHz when a structural disorder 

happens, and the narrowest homogeneous linewidths take place for the 

transitions occurring from the lowest component of the ground to excited 

multiplets. In the range of 1.5 to 10 K, which are very low temperatures 

obtained by cryo-coolers or by liquid helium, and when favorable cases are 

satisfied, for e.g. when the widths are lifetime-limited or nearly so, for the 
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“lowest-to-lowest” transitions, a very narrow homogeneous linewidth Γh can 

be generated (sometimes in the range of tens of Hz to a few kHz) [68-72]. 

A literature survey shows that there are thousands of configurations of 

doping and co-doping yttrium aluminum garnet. Using the same host material, 

it is possible to get various types of phosphors, which could be widely used in 

optics. Hereinafter will be discussed only a few, main applications of rare-

earth ions doped/co-doped YAG synthesized by a sol-gel route. 

The particular YAG:Ce3+ compound has been widely studied during the 

last few decades. This material is suitable for applications as field emission 

displays, scintillators, cathode-ray tubes, electroluminescent devices, 

afterglow materials, laser crystals and their corresponding applications [73]. 

One of the main property consists of the capability of YAG:Ce3+ to convert 

the blue light emitting diodes radiation into a very broad band yellow emission 

located at λem=~530 nm [74]. 

Multiples important works have indicated the important role of the YAG 

doped europium ions in luminescence. In fact, YAG:Eu3+ is a red phosphor, 

which can be implemented in novel optical devices, such as advanced lasers, 

plasma panels, radiation detectors, etc. Also YAG:Eu3+ like a red light 

phosphor can be used in fluorescent lamps or applied in agricultural lamps, 

which controls the growth of plants. Eu(III) ions doped in YAG matrix has 

few characteristic emission peaks in the range of 590 – 750 nm (from the 

orange tored region); the emission of europium ions corresponding to the 
5D0 – 7Fj (j=1 – 4) electric dipole transitions [75, 76].  

In recent years, many kinds of up-conversion luminescence agents, which 

can transform visible and infrared light to ultraviolet light and can be used in 

photo-catalysis reaction, had been developed. Yttrium aluminum garnet doped 

with Er3+ ions can be a very efficient up-conversion luminescence agent, 

transforming visible to ultraviolet light. Another optoelectronic applications -

where single crystal of YAG:Er3+ can be used is scintillation applications, 

including the detection of high-energy photons and/or particles for medical 

imaging and security purposes (airport checkpoints, etc.). The radiation peaks 

can be observed at ultraviolet light region λem=250 – 400 nm [77-79]. 

Yb3+/Er3+ co-doped YAG phosphors can be used as optical temperature 

sensors. Because of their luminescence properties, these phosphors are used 

as up-conversion materials. Yb3+/Er3+ co-doped YAG has a sharp emission 

band gap, long lifetime, high photostability and low cytotoxicity. Due to all 
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these characteristics, these phosphors can be useful for bio-imaging 

applications, for example, photo-thermal ablation (PTA) therapy and others 

specific biological targets, which need to convert near-infrared optical energy 

to thermal one. Therefore, Yb3+/Er3+ co-doped YAG can be used: in vivo 

imaging, temperature sensing and PTA of cancer cells. YAG:Yb3+, like many 

other doped YAG phosphors, can be used as phosphor materials for solid-state 

lasers, optical data storage, etc. YAG:Yb3+ is an excellent sensitizer for the 

majority of the rare-earth elements and transition metals [80, 81]. 

Nanoparticles of YAG:Nd3+ have been found to have the capability of 

thermal sensing. These luminescent up-converter nanoparticles could be used 

as luminescent nano-thermometers (LNTh), where their thermal property is 

dependent on their particles size. It is a very interesting material for 

micro/nano-electronics and biological applications, where the temperature 

sensing is a crucial parameter. Furthermore, because of the occurring of 

relevant temperature singularities at their initial stages, temperature sensing 

could be used as an anticipated diagnosis tool for multiple diseases, for 

example, cancer and inflammatory processes. The biggest advantage of YAG 

doped neodymium ions is high quantum efficiency and the spectral region 

where the optical transparency of biological tissues is mainly dependent on 

the optical absorption. To conclude, Nd3+ has the faculty of a deep-tissue 

luminescence imaging together with the thermal sensing capability [82, 83]. 

Lasers of thulium doped yttrium aluminum garnet are used for non-muscle 

invasive bladder cancer. Different lasers are used for the treatment of tumors 

even at its early stages, especially, YAG:Ho3+ and YAG:Nd3+ which are 

selected as ideal lasers. YAG:Tm3+ pulsed laser has also proven to be an 

encouraging system to treat not only bladder tumors but also urological 

diseases. Different from other phosphors lasers, the YAG:Tm3+ can generate 

very sharp and well–defined incisions, furthermore its usage is more simple 

[80, 84]. 

1.3. The applications and luminescence of Tb3+ doped YAG 

It is clearly seen that all lanthanides doped YAG practical uses have plenty of 

similarities. However, YAG doped with Tb3+ has an outstanding feature which 

can be used for near UV LEDs (emission from 380 to 480 nm) as a phosphor 

material. The incomplete occupation of the 4f shell is the parameter rending 

YAG:Tb3+ of a particular scientific and technological interest. The emission 

of Tb3+ originates from the main transitions 5D3 and 5D4. There is an emission 
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from the higher level 5D3→7FJ mainly in the blue region (~370 to ~480 nm). 

Transitions from 5D3 level are characteristic to low dopant (Tb3+) 

concentration. Increased dopant concentration causes the cross-relaxation 

process and emission from 5D3 level decreases. The fluorescent lines of 5D4 

level may be observed from ~ 480 to ~ 680 nm, which is mainly located in the 

green to red spectral region [21, 85, 86]. Yttrium aluminum garnet doped with 

terbium ions is a great candidate for practical applications such as cathode-ray 

tubes (CRTs), X-ray phosphors and scintillators. This phosphor is used 

because of its narrow-band emission spectra characteristic. YAG:Tb3+ has 

been investigated widely because of its unique green emission that can be 

thoroughly sensitized by using various sources, cathode-ray, UV and low-

voltage excitations. Terbium ions can be excited to a 4f→5d state and can be 

clearly observed [1, 87, 88]. YAG:Tb3+ phosphor decays by emitting visible 

light upon UV excitation, which is the reason rending it one of the best 

phosphors for CRT’s. YAG doped with Tb3+ could be synthesized using solid 

state reaction, co-precipitation, spray pyrolysis, sol-gel route and others [89-

91]. The physical properties of YAG:Tb3+ depends on its synthesis method. In 

fact, in order to achieve high stability, luminous efficacy and efficiency, the 

phase purity and required particles size are required.  

1.4. The applications and luminescence of Cr3+ doped YAG 

It is known that the Nd doped YAG (YAG:Nd) is the most universally used 

solid-state based laser material. Habitually, approximately, the optical 

conversion of the lamp-pumped YAG:Nd is only about 2 – 3%. Although a 

laser diode (LD) pumping system can improve considerably the efficiency due 

to the fact that the pump light (i.e. from the LD) can be easily absorbed by the 

laser gain medium. However, even today, the lamp is much less expensive 

than the LD, hence, the lamp pumped YAG:Nd lasers are largely employed in 

high-power industrial applications. Therefore, it is worth considering ways of 

improving the efficiency of lamp pumped YAG:Nd lasers. Indeed, to do so, 

in 1964, a laser system based on the cross-pumped Cr3+ and Nd3+ co-doped 

YAG (YAG:Nd,Cr) material – was deeply investigated [92]. The sensitizer 

Cr3+ ions, have large absorption bands in the visible spectrum, in addition, 

their spectra overlap with the emission spectra of a Xe flash lamp. By the 
4T2 → 4A2 transition of Cr3+ ions, the energy is transferred from Cr3+ to Nd3+ 

ions, and consequently, the pumping efficiency is clearly improved. 
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Fig. 5. Energy level diagram of chromium ions (adapted from [93]) 

It is well known that yttrium aluminum garnet (YAG) doped Cr3+ possess a 

broad absorption band (allowed spins) at 450 and 650 nm. These bands 

correspond to 4A2→4T1 and 4A2→4T2 excitation transitions, respectively. 

Emission originates in red spectral region, the 2E→4A2 excitation transition 

originates at around 610 – 800 nm – in a far-red spectral region [44, 94]. 

Schematic energy level diagram of chromium (III) ions is depicted in Figure 5. 

Ideally, the laser system based on this cross pumped phenomenon is 

beneficial for industrial lamp pumped based lasers. On the other hand, because 

the absorption of Cr3+ ions is well matched with the emission of solar light, it 

is also appropriate for solar pumped based lasers. The team of Kvapil reported 

the laser characteristics of a Cr3+ and Nd3+ co-doped YAG single crystal, 

where they demonstrated that the laser property was considerably improved 

by doping a trace amount of Cr3+ ions [95]. For a YAG crystal, many studies 

had been intensely carried out in order to investigate the characteristics of the 

Cr3+ ions luminescence and the energy transfer between Cr3+ and Nd3+ ions 

[96].  

In the 1980s, laser based Cr3+ and Nd3+ co-doped on gadolinium scandium 

gallium garnet crystal was successfully developed [97]. Starting by laser 
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experiments employing a classical flash lamp, an improvement of the laser 

efficiency was clearly obtained as compared with YAG:Nd laser. Despite the 

fact that many theoretical and experimental studies on Cr3+ and Nd3+ co-doped 

lasers had already been achieved for a long time, they have not been 

conclusive. As a matter of fact, for a YAG crystal, it is still arduous to 

synthesized Cr3+ and Nd3+ co-doped YAG single crystal that is offering a high 

optical property. Hence, ceramic based YAG laser materials had recently 

become a serious alternative option to single crystals. Indeed, compared to 

YAG single crystals, YAG ceramics offer many advantages including the 

simple fabrication process, the high Nd3+ concentration, the effortlessness of 

realizing complex composite structure and especially the scalability. 

A phosphor based white light emitting diode (wLED) requires broad 

emission band from blue to red spectral range. In order to improve wLED’s 

luminous efficiency, it’s needed to combine different monochromatic light 

sources, including blue, green and red. That is how wLEDs spectra can be 

broadened and manipulated. Doping yttrium aluminum garnet with the rare-

earth ions (which emits blue and green color (for example terbium ions) and 

chromium ions (that emits red and far-red color)) is easily possible to get 

wLED phosphor materials [17, 18, 20, 53, 98]. 

1.5. Energy levels of Tb3+ and energy transfer 

The electronic configuration of every rare-earth ion determines its 

luminescence properties. Clearly, understand the processes which take place 

in excited rare-earth ion, it is necessary to know the energy levels of the 

trivalent rare-earth ions [99]. In Figure 6 is given the energy levels of trivalent 

rare-earth ions, better known as a Dieke’s diagram. Here will be shortly 

discussed the energy transfer of terbium(III) ions. Its configuration from the 

ground state to excited can be named interconfigural transition 

[Xe]4f8→[Xe]4f75d1.  

Terbium ground state is [Xe]4f8, meanwhile its excited state – [Xe]4f75d1. 

Transitions [Xe]4f8→[Xe]4f75d1 are allowed on both spins (high and low). 

That is the reason why terbium ions doped YAG exhibits quite a broad 

emission and long decay process. 

Terbium ions originate the green emission spectra leaded by 5D4→7Fj (J = 

6, 5, 4, 3, 2, 1, 0) transitions. These transitions of terbium(III) ions are the 

main ones and determine the emitted color. It is also possible to excite the 
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higher-level of terbium(III) ions. 5D3→7Fj emission occurs mainly in the blue 

spectral region. 5d orbitals are more extended than 4f orbitals. The spectral 

position of the 5d band is determined by few factors, including electron cloud 

expansion, crystal field splitting, and Stoke’s shift.  

Electron cloud expansion effect is observed for the metals if the effective 

positive charge has decreased. When the positive charge is reduced by a given 

negative charge on the ligands, then the d-orbitals can increase somewhat. 

Secondly, due to the fact that the resulting molecular orbital is formed from 

two atomic orbitals, the step of overlapping with ligand orbitals and the 

formation of covalent bonds will increase the orbital size [100].  

The crystal field splitting is a static electric field resulting from the negative 

ligand surroundings and the positive lanthanide ions. More negative is the 

ligand or more positive is lanthanide ion – stronger is crystal field. 

Furthermore, the crystal field is depended on the lattice to which lanthanide is 

doped. As the doping sites are larger, the crystal field becomes weaker [101]. 

Stoke’s shift is a phenomenon which is described as a difference in the 

wavelength between two most intensive peaks of emission or excitation 

spectra of the same electron transition. Stoke’s shift is caused by the quick 

decay to the lowest level from which the emission occurs [102]. 
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Fig. 6. Energy levels of the 4fn configurations of the trivalent rare-earth ions 

[99] 
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1.6. Quantum efficiency of phosphors 

 

Fig. 7. Schematic diagram of the fluorescence and phosphorescence 

mechanism. 

Quantum efficiency (QE) represents the ratio between the incident photon and 

the generated electron occurring into a photosensitive device. For example, in 

a charge coupled device (CCD), it translates the percentage % of photons 

hitting the photoreactive CCD surface to generate charge carriers [103]. 

Conventionally, it is measured either in electrons per photon or amps per watt. 

To probe the efficiency of a photosensitive device at each photon energy level 

(which is inversely proportional to its wavelength), QE is then measured over 

a range of different wavelengths. Note that the QE for the photons having 

energy below the band gap is zero. For example, while CCDs can have a QE 

over 90%, the photographic film shows a typical QE below 10% at some 

wavelengths. Indeed, the most impressive characteristics of white 

electroluminescent organic light-emitting devices reported so far have been 

accomplished in all-phosphor-doped devices, which show the potential of an 

IQE up to 100% [104]. The phosphorescent molecules strap the triplet 
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excitons that constitute 3/4 of the electron–hole pairs bound that are generated 

during the charge injection, and which would recombine non-radiatively in 

different circumstances.  

In the case of a photosensitive device like a solar cell, it’s worth noting that 

two types of quantum efficiency exist, namely, the external quantum 

efficiency (EQE) and the internal quantum efficiency (IQE). The EQE is the 

ratio between the number of charge carriers generated by the solar cell (and 

successfully collected) and the number of photons (at certain energy) hitting 

the solar cell surface (i.e. incident photons). The IQE is the ratio between the 

photo charges generated by the solar cell (and successfully collected) and the 

number of photons (hitting the solar cell surface) which are efficiently 

absorbed by the cell. Note that the IQE is always greater than the EQE. A low 

IQE is a clear indication that the solar cell is poorly absorbing the photons (i.e. 

the active layer within the solar cell is inefficiently using the absorbed light). 

To measure properly the IQE, first of all the EQE of the solar device needs to 

be measured, then its transmission and reflection properties, and then 

combining all these data to deduce the IQE. 

Accordingly, the EQE relies on both the absorption capacity of the light 

and the collection capability of the generated charges. Upon the absorption of 

a photon, the electron-hole (e – h) pairs are generated, and these photo charges 

need to be separated prior to their successful collection. The active material of 

good quality should show very low recombination of e – h to minimize the 

drop in the external quantum efficiency. 

In an ideal scenario, the quantum efficiency plot has a perfect square shape, 

where the QE value is quite constant over the whole measured spectrum. 

However, in reality, most of the solar cells QEs are reduced because of many 

factors, including the recombination phenomenon. In addition, all the 

mechanisms that impact the charges collection probability also affect the QE 

value. As a matter of fact, varying the state of the front solar device surface 

can impact the generated carrier close to the surface, and because the blue light 

with higher energy is easily absorbed very close to the surface, the 

recombination at the front surface will more affect the “blue” part of the QE. 

Equivalently, lower energy photon, like green or red light, is easily absorbed 

in the bulk of a solar cell, while a low diffusion length will influence the 

charge collection probability from the solar cell bulk, reducing thereby the QE 

in the green/red portion of the spectrum. Presently, solar cells devices 

available on the market commonly do not generate that much photo-power 
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from both UV and IR light parts (i.e. <400 nm and >1100 nm wavelengths, 

respectively); which are either filtered out or reabsorbed by the cell itself, 

which may heat up the cell (wasted energy), and could even deteriorate it [105, 

106]. 

EQE mapping: while conventional EQE measurement is an indication of 

the solar device efficiency, there is sometimes the need to have a map of the 

EQE over larger area of the device. Indeed, this mapping supplies a powerful 

tool to display the homogeneity and/or the defects of the photosensitive 

device. Researchers from the Institute of Researcher and Development on 

Photovoltaic Energy (IRDEP) have realized that mapping by calculating the 

EQE provided by electroluminescence measurements conjugated to a 

hyperspectral imaging. The goal of hyperspectral imaging is to obtain the 

spectrum for each pixel in the image of a scene, with the purpose of finding 

objects, identifying materials, or detecting processes [107-111]. 
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2. EXPERIMENTAL PART 

2.1. A citric acid sol-gel synthesis method 

All, in this doctoral thesis, investigated phosphors were synthesized by citric 

acid sol-gel method. Yttrium and terbium oxides were dissolved in hot diluted 

nitric acid. The obtained solution was evaporated close to dryness and a small 

amount of distilled water was added subsequently. Such drying procedure was 

repeated three times in order to remove the excess of nitric acid. Then 

aluminum and chromium nitrates were added and magnetically stirred for an 

additional 30 minutes at 70 – 80 °C. Then, the complexing agent (citric acid) 

at the molar ratio of 1:1 to all metal ions was added into the solution. 

The formed sol was stirred for 1 h at the same temperature range. Then it was 

placed in the drying oven at 140 °C and left overnight. The obtained 

yellowish-greenish brown xerogel was ground in a mortar to fine powder. 

Then sample was annealed at 1000 °C for 2 h in air to remove the organic 

components and residual nitrates. Later it was pre-grounded and sintered at 

different temperatures (1200 °C, 1400 °C, 1600 °C) for 4 h in air, or 1500 °C 

temperature for 4 h in a reductive atmosphere (to create reductive atmosphere 

carbon powder was used). 

2.2. Chemicals 

Yttrium oxide (Y2O3, Aldrich, 99.99 %), aluminum nitrate (Al(NO3)3∙9H2O, 

Roth, ≥ 98 %), chromium nitrate (Cr(NO3)3∙9H2O, Aldrich, 99 %), terbium 

oxide (Tb4O7, Alfa Aesar 99.99 %) were used as starting materials. Citric acid 

(C6H8O7∙H2O, Penta, 99.5 %) was used as the complexing agent. Carbon 

powder (Charcoal, Roth, p.a., powder) was used during the annealing at 1500 

ºC to support the reductive atmosphere. 

2.3. Materials characterization 

2.3.1. X-ray diffraction 

Crystalline structures and phase purity based on the elastic scattering of X-

rays from the individual atoms in the YAG powder at ambient temperature 

were determined by X-ray diffraction analysis. Ni-filtered Cu Kα1 radiation 

with a wavelength of 1.5406 Å on Rigaku MiniFlex II and Bruker D8 Advance 

diffractometers were used. 
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Information, such as peak positions, peak intensities, and peak shape 

depends on the sample preparation. The powder samples were finely ground 

and mounted on a sample holder with a flat surface to achieve the required 

uniform distribution of lattice orientations. All the samples were analyzed at 

a step size of 0.01° increment in 2θ with a step scan of 1 s and the XRD 

patterns were recorded from 10° to 70° degree angle of 2θ (scan speed 

10°/min). Purity of all samples were identified with the use of the program 

Match. Tb3+ doped YAG systems was refined by the Rietveld profile method 

with the use of the program Fullprof. Rietveld refinement XRD scan speed 

was 3.5 °/min 

2.3.2. TG analysis 

Thermal analysis of the YAG and doped/co-doped YAG gel were carried out 

in the air flow. The powders were weighed from ~5 mg to ~10 mg and placed 

into a platinum sample holder. Thermogravimetric analysis (TGA) were 

recorded between 30 °C and 950 °C range at a ramp rate of 10 °C/min using 

simultaneous thermal analyzer STA6000 from PerkinElmer. An empty 

platinum holder was used as a reference. The instrument measures the weight 

loss between the sample and the reference.  

2.3.3. SEM analysis 

The morphology of annealed and sintered YAG samples were analyzed using 

FEGSEM (Field Emission Gun Scanning Electron Microscope) Hitachi SU-

70 at different magnifications. The Hitachi SU-70 is scanning electron 

microscope, providing 1 nm resolution, 0.5 to 30 kV accelerating voltage, 

field immersion operation, and energy filtered BSE detector.  

During the analysis powder sample was sprinkled onto a conducting 

carbon film mounted on aluminum stubs. A secondary electron lower detector 

operated at 2 kV accelerating voltage was used to obtain images of the powder. 

Working distance was around 10 mm. 

2.3.4. Luminescence investigations 

Luminescence spectra were recorded on the Edinburgh Instruments FLS980 

spectrometer equipped with double excitation and emission monochromators, 

450 W Xe arc lamp, a cooled (-20 °C) single-photon counting photomultiplier 

(Hamamatsu R928) and a lens optics for powder samples. The 

photoluminescence emission spectra were corrected by a correction file 

obtained from a tungsten incandescent lamp certified by National Physics 
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Laboratory, UK. For recording excitation and emission, slits were set to 

0.5nm. Step size was 0.5 nm and integration time was 0.2 s. The 

photoluminescence decay curves were measured under Xe μ-flash lamp 

μF920 excitation. Excitation wavelengths of 273 and 600 nm were selected 

while emission was monitored at 543 and 688 nm. 

2.3.5. EQE calculations 

External quantum efficiencies were calculated by measuring emission 

spectrum of the BaSO4 sample in a Teflon coated integration sphere. 

Excitation wavelengths were 273, 430, and 600 nm, and emission spectra were 

recorded in the ranges of 250 − 800, 410 − 800, and 580 − 800 nm, 

respectively. The excitation and emission slits were set to 4 nm. Step width 

was 0.5 nm, and integration time was 0.4 s. The same measurements were 

repeated for the phosphor samples. The EQE values were obtained by 

employing the following formula [76]: 

 

%100

,,

,,

4

4


−

−
=

 

 
samplerefBaSOref

BaSOemsampleem

II

II
EQE

  (Eq. 1.) 

 

Here,  sampleem
I

,  and  4, BaSOem
I

 are integrated emission intensities of the 

phosphor sample and BaSO4, respectively.  4, BaSOref
I

 and  sampleref
I

,  are the 

integrated reflectance of the BaSO4 and phosphor sample, respectively. The 

EQE measurements for each sample were repeated five times in order to get 

some statistical data. All measurements were performed at room temperature 

and ambient pressure in air unless specified otherwise [76]. 

2.3.6. CIE color coordinates calculations 

Color coordinates in CIE 1931 color space diagrams were calculated from 

emission spectra employing the Edinburgh Instruments F980 software 

(version 1.3.1).  
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3. RESULTS AND DISCUSSIONS 

3.1. Initial investigation of doping effect of Tb3+ ions on 

Y3Al5O12:Cr3+ phosphor 

3.1.1. Structural properties and morphology 

Termogravimetric (TG) curves of Y-Al-O xerogel are presented in Figure 8. 

TG curve of annealed sample indicates that there are four main steps of the 

mass loss. The first mass loss at 100 °C in the DTG (diferential 

termogravimetric) curve can be related to evaporation of the absorbed water. 

The second mass loss at 201 °C in the DTG curve is due to pyrolysis and 

decomposition of nitrates occurring during the further heating of analyzed Y-

Al-O xerogel. The third (427 °C) and the fourth peaks (618 °C) are weaker 

and broader. These mass losses correspond to decomposition of volatile citric 

acid and nitrates [21, 94, 112-114]. There is no mass changes when the 

temperature is raised above ~800 °C. This indicates that the target phase 

formation is finished. Nevertheless, all samples were synthesized at higher 

temperatures in order to obtain better luminescence properties. The TG curves 

of all doped and co-doped xerogels showed the same behavior, therefore, they 

are not represented in this chapter. 

 

 

Fig. 8. TG curves of Y-Al-O xerogel obtained after the drying process. 
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XRD patterns of YAG powders annealed at different temperatures in the 

air are presented in Figure 9. Each peak matches well the reference pattern of 

yttrium aluminum garnet (PDF2 [00-033-0040]). It is obvious, that 1000 °C 

temperature is high enough to yield single phase cubic garnet structure, 

corresponding to space group Ia3̅d (#230). However, the XRD signals of 

samples annealed at 1000 °C are rather broad. Raising the synthesis 

temperature from 1000 to 1600 °C resulted in much narrower peaks indicating 

that the size of synthesized particles increased. 

 

Fig. 9. XRD patterns of YAG synthesized at different temperatures (1000 

(II) and 1600 °C (I)) in air and reference pattern (III). 

 

Fig. 10. XRD patterns of doped and co-doped YAG sintered at 1600 °C: 

YAG:4.8%Cr3+,5%Tb3+ (I), YAG:4.8%Cr3+ (II), YAG:5%Tb3+ with YAG 

reference pattern (III). 
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The XRD patterns presented in Figure 10 showed that doping and co-

doping by Tb and/or Cr ions does not affect the phase formation. The ions 

were successfully introduced into the garnet lattice since each peak of patterns 

matches well with the reference data of YAG (PDF2 00-033-0040). 

The morphology features of YAG annealed at different temperatures, 

chromium or terbium doped YAG and terbium-chromium co-doped YAG 

samples annealed at 1600 °C were inspected by taking scanning electron 

microscopy (SEM) images. The micrographs are represented in Figure 11 and 

Figure 12. 

 

Fig. 11. SEM images of YAG synthesized at different temperatures: 1000 °C 

(I), 1200 °C (II), 1400 °C (III) and 1600 °C (IV). 
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Fig. 12. SEM images of materials sintered at 1600 °C: YAG (I), 

YAG:5%Tb3+ (II), YAG:4.8%Cr3+ (III) and YAG:4.8%Cr3+,5%Tb3+ (IV). 

All analyzed samples possess well-shaped irregular sphere-like 

morphology. During the annealing process, the partly molten nanosheets 

become cross-linked causing highly agglomerated particles. The presence of 

pores is clearly visible, which could be formed due to the escaping gasses 

during the burning of organic components and residual nitrates. In addition, it 

is obvious that the increase of the synthesis temperature from 1000 to 1600 °C 

results in the growth of particles. This goes hand in hand with the peak 

narrowing observed in the XRD patterns for the materials synthesized at 

elevated temperatures.  

It is also clear that doping does not affect the morphology of samples. 

There are no significant differences in the SEM pictures for the samples with 

the different content of dopant ions as seen in Figure 12. The micro-size 

agglomerates maintain well-shaped irregular sphere-like morphology 

regardless the chemical composition. 
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3.1.3. Optical properties 

The excitation, emission and reflection spectra of YAG:5%Tb3+, 

YAG:4.8%Cr3+, YAG:4.8%Cr3+,5%Tb3+ are depicted in Figure 13, Figure 14 

and Figure 15, respectively. 

  

Fig. 13. Excitation, emission and reflection spectra of YAG:5% Tb3+ 

sintered at 1600 °C. 

  

Fig. 14. Excitation spectra of YAG:4.8%Cr3+,5%Tb3+ (emission at 688.5 and 

543.5 nm) and YAG:4.8%Cr3+ (emission at 688.5 nm) sintered at 1600 °C, 

and reflection spectra of YAG:4.8%Cr3+,5%Tb3+ and YAG:4.8%Cr3+. 
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Fig. 15. Emission spectra of YAG:4.8%Cr3+,5%Tb3+ and 

YAG:4.8%Cr3+annealed at 1600°Cand excited by 273 nm, 430 nm or 600 

nm light, respectively. 

Excitation spectrum of YAG:5% Tb3+ recorded for 543.5 nm emission is 

shown in Figure 13. The bands with the maximum at 273 and 317 nm are 

attributed to the low and high spin transitions [Xe]4f8 → [Xe]4f75d1 of Tb3+, 

respectively [115]. The emission spectrum was recorded for 273 nm 

excitation. There can be clearly observed peaks, which can be associated with 

Tb3+ transitions. The emission spectrum exhibits peaks corresponding to 
5D4 → 7F6 (at 480–510 nm (maximum at 491 nm), blue region), 5D4 → 7F5 (at 

535–565 nm (maximum at 543 nm), green region), 5D4 → 7F4 (at 580–610 nm 

(maximum at 592 nm), orange region), 5D4 → 7F3 (610–635 nm (maximum at 

628 nm), red region) and 5D4 → 7F2,1,0 transitions are not very intensive, but 

they are in red region (667–692 nm range). The most intensive peak is located 

at 543.5 nm. This yields a green-yellowish emission color. Results of 

excitation spectrum correlate well with the reflectance data. The maximum of 

the bands in the excitation spectrum matches the minimum in reflectance 

spectrum.  
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All Tb3+ transitions, mentioned above, are quenched in terbium-chromium 

co-doped YAG excitation spectrum recorded for 543.5 nm emission as 

depicted in Figure 14. Meanwhile, the 4A2 → 4T2, 4A2 → 4T1 (4F) and 
4A2 → 4T2 (4P) transitions of Cr3+ dominate in the excitation spectra of 

YAG:4.8%Cr3+ (λem = 688.5 nm; Fig. 14). The 4A2 → 4T2 (4P) transitions of 

Cr3+ overlapping with [Xe]4f8 → [Xe]4f75d1 low spin transition of Tb3+ turns 

to the most expressed in the YAG:4.8%Cr3+,5%Tb3+ excitation spectrum 

(λem = 688.5 nm). Even the high spin [Xe]4f8 → [Xe] 4f75d1 transition of Tb3+ 

are observed in the YAG:4.8%Cr3+,5%Tb3+ excitation spectrum recorded for 

688.5 nm emission. This clearly indicates that energy transfer occurs from 

Tb3+ to Cr3+ ions. 

In Figure 15 emission spectra of doped and co-doped YAG annealed at 

1600°C and excited 273 nm, 430 nm or 600 nm light, respectively, are 

depicted. YAG:4.8%Cr3+ and YAG:4.8%Cr3+,5%Tb3+ phosphors have a wide 

band in the red and far-red regions (620–800 nm). The maximum of emission 

at 688.5 nm is contributed by the 2E → 4A2 transition of Cr3+ ions in 

YAG:4.8%Cr3+ and YAG:4.8%Cr3+,5%Tb3+. Co-doping YAG:4.8%Cr3+ with 

terbium leads to the slightly higher intensities of Cr3+ emission upon 430 and 

600 nm excitation. Meanwhile, more than the six-fold increase of Cr3+ 

emission intensity is observed upon 273 nm excitation of YAG:4.8%Cr3+ co-

doped with terbium ions when compared to the YAG doped solely with Cr3+ 

ions. Such behavior implies that energy absorbed by Tb3+ ions is transferred 

to Cr3+ ions leading to higher intensities of Cr3+ emission lines/bands. 

Luminescence properties were further investigated by (co-)dopant-

dependent luminescence lifetime measurements of YAG:5%Tb3+, 

YAG:4.8%Cr3+, YAG:4.8%Cr3+,5%Tb3+ (Fig. 16, Fig. 17, and Fig. 18. 

Table.1, Table.2. and Table.3.).  
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Fig. 16. Luminescent decay curves of YAG:5%Tb3+ and 

YAG:4.8%Cr3+,5%Tb3+ recorded at 543.5 nm upon excitation at 273 nm 

  

Fig. 17. Luminescent decay curves of YAG:4.8%Cr3+ and 

YAG:4.8%Cr3+,5%Tb3+ recorded at 688.5 nm upon excitation at 430 nm 
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Table 1. Decay times of YAG:5%Tb3+ and YAG:4.8%Cr3+,5%Tb3+, λex=273 

nm, λem=543.5 nm 

Sample τ1,ms τ1,% τ2,ms τ2,% τaverage
 

1. YAG:5%Tb3+ 3.0 100 0 0 3.0 

2.YAG:4.8%Cr3+,5%Tb3+ 0.07 47 0.25 53 0.17 

 

Table 2. Decay times of YAG:4.8%Cr3+ and YAG:4.8%Cr3+,5%Tb3+, 

λex=430 nm, λem=688.5 nm. 

Sample τ1,ms τ1,% τ2,ms τ2,% τaverage
 

1. YAG:4.8%Cr3+ 0.4 73 0.9 27 0.5 

2. YAG:4.8%Cr3+,5%Tb3+ 0.5 68 0.9 32 0.6 

 

 

Fig. 18. Luminescence decay curves of YAG:4.8%Cr3+,5%Tb3+, recorded at 

688.5 nm upon excitation at 273 nm, 430 nm or 600 nm respectively. 
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Table 3. Decay times of YAG:4.8%Cr3+,5%Tb3+, λex=273 nm, λex=430 nm, 

λex=600 nm, λem=688.5 nm. 

Sample τ1,ms τ1,% τ2,ms τ2,% τaverage
 

1. YAG:4.8%Cr3+,5%Tb3+ 

λex=273nm 

0.5 68 1.0 32 0.7 

2. YAG:4.8%Cr3+,5%Tb3+ 

λex=430nm 

0.5 68 1.0 32 0.7 

3. YAG:4.8%Cr3+,5%Tb3+ 

λex=600nm 

0.5 70 1.0 30 0.6 

 

 

Fig. 19. Proposed mechanism for energy transfer and photoluminescence in 

terbium-chromium co-doped YAG. 

In Figure 16 it can be clearly observed a dramatic decrease of the 

luminescence lifetime. The mono-exponential Tb3+ decay time value of 

approximately 3.0 ms (Table 1.), observed for YAG:5%Tb3+, is in a good 
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accord with literature values [86]. The lifetime of Tb3+ in 

YAG:4.8%Cr3+,5%Tb3+ becomes the bi-exponential parameter and it is 

shortened to 0.17 ms (τaverage) (Table 1.). It could be because of the Cr3+ions 

concentration in the sample. Meanwhile, in Figure 17, the lifetime of the 

samples is rather much alike and there is no such a big difference between 

analyzed samples. But the bi-exponential lifetime of Cr3+ ions in co-doped 

sample becomes slightly longer than in YAG:4.8%Cr3+. The longer decay 

times could be attributed to the increase of the internal efficiency of activator 

(Tb3+) ions. The lifetime value of YAG:4.8%Cr3+ is 0.5 ms and the lifetime 

value of the YAG:4.8%Cr3+,5%Tb3+ is 0.6 ms (Table 2.). [19]. However, the 

lifetime of Cr3+ in YAG:4.8%Cr3+,5%Tb3+ recorded at 688.5 nm upon 

excitation at 273, 430 and 600 nm, respectively (Figure 18.), does not change 

a lot (τaverage from 0.6 to 0.7 ms) (Table 3.). It can be because of the same value 

of the activators Cr3+ ions. 

In order to summarize the results, presented in this chapter, we propose a 

mechanism for energy transfer and luminescence processes for the co-doped 

YAG (Figure 19.). The mechanism consists of (1) absorption of 273 nm light 

and [Xe]4f8 → [Xe]4f75d1 low spin transitions of Tb3+ electrons; (2) non-

radiative cross-relaxation process to 5D4 level of Tb (III) ion; (3) radiative 

energy transfer from the excited 5D4 state to the ground levels of 7FJ; (4) non-

radiative energy transfer from the excited [Xe]4f75d1 state of Tb (III) ion to 
4T1 (4P), 4T1 (4F), 4T2 or/and 2E level of Cr (III) ion; (5) non-radiative cross-

relaxation process to 2E level of Cr (III) ion; (6) radiative energy transfer from 

the excited 2E state to the ground level of 4A2. Note, that non-radiative energy 

transfer from any excited state of Tb (III) ion may occur to other levels of 

excited Cr (III) ion, nevertheless the energy transfer from [Xe]4f75d1 (Tb3+) to 
4T1 (4P) (Cr3+) is very likely, since the energy of excited states of Tb (III) and 

Cr (III) ions is very close (~ 37 000 cm-1 and ~ 36 000 cm-1
, respectively). The 

shortened lifetime, the quenched whole emission of Tb3+ and the enhanced 

emission of Cr3+ upon 273 nm excitation imply that the energy transfer from 

Tb3+ to Cr3+ is the nonradiative process. 
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3.2. An optimal concentration of Cr3+ ions in doped and co-doped 

Y3Al5O12 

3.2.1. Phase formation 

 

Fig. 20. XRD patterns of YAG:0.1%Cr3+ (A-I), YAG:1% Cr3+ (A-II), 

YAG:3% Cr3+ (A-III), and YAG:0.1%Cr3+,5%Tb3+ (B-I), 

YAG:1%Cr3+,5%Tb3+ (B-II), YAG:3%Cr3+,5%Tb3+ (B-III), sintered at 

1500 °C in reducing atmosphere. 

The synthesized samples of doped and co-doped YAG were analyzed by the 

XRD method. XRD patterns of YAG powders sintered at 1500 °C in reducing 
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atmosphere together with standard XRD data (PDF2 [00-033-0040]) are 

presented in Figure 20. Each observed peak matched the standard XRD data. 

That means that all (co-)doped YAG samples are single phase and possess a 

cubic garnet crystal structure, which corresponds to the space group Ia3̅d 

(#230).  

3.2.2. Optical properties 

 

 

Fig. 21. Emission spectra (λex = 600 nm) of YAG:0.1%Cr3+, YAG:1%Cr3+ 

and YAG:3%Cr3+. 
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Fig. 22. Emission spectra (λex = 600 nm) of YAG:0.1%Cr3+,5%Tb3+, 

YAG:1%Cr3+,5%Tb3+, and YAG:3%Cr3+,5%Tb3+. 

 

Fig. 23. Emission spectra (λex = 273 nm) of YAG:0.1%Cr3+,5%Tb3+, 

YAG:1%Cr3+,5%Tb3+, and YAG:3%Cr3+,5%Tb3+. 
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All doped and co-doped phosphors excited by 600 nm (Figure 21. and Figure 

22, respectively) radiation possess a wide emission band at 620-800 nm, 

which is attributed to 4T2→4A2 transition of Cr3+ ions. Doped and co-doped 

phosphors containing 1% Cr3+ ions exhibit the highest emission intensity. It 

means that doping YAG with 1% Cr3+ is optimal dopant concentration in the 

lattice.  

Emission spectra of co-doped YAG:x%Cr3+,5%Tb3+ (x=0.1, 1, 3) samples 

excited at 273 nm are presented in Fig. 23. The transitions originating from 

the 5D3 excited state of terbium ions are visible for all co-doped samples 

(YAG:x%Cr3+,5%Tb3+ (x=0.1, 1, 3)), as well as, transitions from the 5D4 

excited state are characteristic for all samples too. The emission band from 

nearly 400 nm to ~620 nm is habitual to terbium ions emission. In this band, 

the most intensive peaks belong to YAG:0.1%Cr3+,5%Tb3+ sample. 

Investigating only this band, it can be found that increasing chromium ion 

concentration emission decreases. It might happen because the energy is 

transferred to chromium ions. However, a wide emission band at 

620 – 800 nm, which is attributed to 4T2→4A2 transition of Cr3+ ions, the most 

intensive peak belongs to YAG:1%Cr3+,5%Tb3+ sample. Investigating this 

band, it can be found that increasing Cr3+ concentration emission increases 

(max 1% Cr3+). Further increase of the Cr3+ concentration leads to noticeable 

emission quenching (concentration quenching). Nevertheless, from the 

integrated emission intensity it is clearly visible that the largest calculated area 

contains YAG:1%Cr3+,5%Tb3+ sample. It means that YAG co-doped with 1% 

Cr3+ is optimal dopant concentration with the respect to the highest emission 

value.  
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3.3. External quantum efficiency dependence on dopant (Tb3+) 

concentration in Y3Al5O12:1%Cr3+ 

3.3.1. Phase formation  

 

 

Fig. 24. XRD patterns of YAG:0.1%Tb3+ (A-I), YAG:1%Tb3+ (A-II), 

YAG:5%Tb3+ (A-III), YAG:15%Tb3+ (A-IV), YAG:25%Tb3+ (A-V) and 

YAG:1%Cr3+ (B-I), YAG:1%Cr3+,0.1%Tb3+ (B-II), YAG:1%Cr3+,1%Tb3+ 

(B-III), YAG:1%Cr3+,5%Tb3+ (B-IV), YAG:1%Cr3+,15%Tb3+ (B-V), 

YAG:1%Cr3+,25%Tb3+ (B-VI) sintered at 1500 °C in reducing atmosphere. 
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The synthesized samples were analyzed by the XRD method. Each 

observed peak matched the standard XRD data, meaning that all doped and 

co-doped YAG samples are single phases and possess a cubic garnet crystal 

structure, corresponding to the space group Ia3̅d (#230). XRD patterns of 

YAG powders sintered at 1500 °C in reducing atmosphere together with 

standard XRD data (PDF2 [00-033-0040]) are presented in Figure 24. 

 

 

Fig. 25. Rietveld refinement results obtained for YAG:5%Tb3+ (A) and 

YAG:15%Tb3+ (B) samples. 

Table 4. Crystallographic data for YAG:5%Tb3+ and YAG:15%Tb3+. 
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Atoms, 

sites 
x/a y/b z/c Biso/eq, Å2 Occupancy 

YAG:5%Tb3+: a = 12.01378(9) Å; RI = 0.029, RP = 0.050 

Y/Tb, 24c 1/8 0 1/4 1.01(2) 
0.95Y3+ + 

0.05Tb3+ 

Al1, 16a 0 0 0 0.62(4) Al3+ 

Al2, 24d 3/8 0 1/4 1.02(3) Al3+ 

O, 96h -0.0344(1) 0.0486(1) 0.1494(1) 1.16(4) O2- 

YAG:15%Tb3+: a = 12.0190(1) Å; RI = 0.030, RP = 0.068 

Y/Tb, 24c 1/8 0 1/4 0.79(2) 
0.85Y3+ + 

0.15Tb3+ 

Al1, 16a 0 0 0 0.80(5) Al3+ 

Al2, 24d 3/8 0 1/4 0.82(4) Al3+ 

O, 96h -0.0343(1) 0.0489(2) 0.1495(2) 0.90(5) O2- 

 

Moreover, selected samples (YAG:5%Tb3+, YAG:15%Tb3+) were 

analyzed in more detail by Rietveld refinement technique (Figure 25). The 

Rietveld analysis also confirmed that there is no evidence of the secondary 

phases. Figure 26 reveals that the lattice parameters evaluated from XRD long 

scans (full red diamond symbols) fit well with the PDF-2 data for the pure 

YAG and TAG garnets and the mixed (Y2/3Tb1/3)3Al5O12 material (full black 

circles). This also indicates that the dopants were successfully introduced into 

the garnet matrix. 
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Fig. 26. Concentration dependence of the unit cell parameter a in  

(Y1-xTbx)3Al5O12 series. 

 

3.3.2. Optical properties 
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Fig. 27. Excitation spectra of (A) YAG:Tb3+ (λem = 543 nm), (B) 

YAG:1%Cr3+,Tb3+ (λem = 543 nm), and (C) YAG:1%Cr3+,Tb3+ (λem = 

688 nm). 

The excitation spectra of YAG:Tb3+ when monitoring emission at 543 nm 

showed two broad bands from 250 to 300 nm with the maximum at 273 nm, 
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and from 304 to 343 nm with the maximum at 323 nm. These bands are 

attributed to the low and high spin transitions [Xe]4f8→[Xe]4f75d1 of Tb3+ 

ions, respectively (Figure 27A). All these transitions of terbium ions are also 

seen in the data depicted in Figure 27B, where excitation spectra of 

YAG:1%Cr3+,Tb3+ are shown. Furthermore, there are excitation lines in Fig. 

27A, 27B and 27C in the 345 – 385 nm region attributed to electronic 

transitions from the 7F6 ground states to 5L9, 5G5, 5L10, 5G6 and 5D3 states [21]. 

There are some changes in excitation spectra of YAG:1%Cr3+,Tb3+ when 

emission is monitored for Cr3+ emission at 688 nm (Figure 27C) compared to 

543 nm emission of Tb3+ (Figure 27B). The first two additional broad bands 

with the maxima ca. 430 and 600 nm appear in Figure 27C. These bands can 

be assigned to the 4A2→4T1 (4F) and 4A2→4T2 transitions of Cr3+ ions, 

respectively. Another excitation band of Cr3+ is observed around 273 nm and 

is attributed to the 4A2→4T1 (4P) transition of Cr3+. However, this band 

completely overlaps with the low spin [Xe]4f8→[Xe]4f75d1 transition of Tb3+ 

ions. When monitoring Cr3+ emission for YAG:1%Cr3+,Tb3+ samples revealed 

that energy transfer from Tb3+ to Cr3+ ions occurs since bands and lines of Tb3+ 

transitions appear in the excitation spectra of Cr3+ ions (Figure 23C). It was 

also concluded that the opposite energy transfer from Cr3+ to Tb3+ ions does 

not occur as there were no signs of Cr3+ bands in excitation spectra monitored 

for Tb3+ emission (Figure 27B). To conclude, the Tb3+→Cr3+ energy transfer 

makes it possible to significantly expand the excitation range of 

YAG:1%Cr3+,Tb3+ phosphors. 
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Fig. 28. Emission spectra (λex = 273 nm) of YAG:1%Cr3+,15%Tb3+, and 

YAG:Tb3+. 

 

Fig. 29. Emission spectra (λex = 273 nm) of YAG:1%Cr3+ and 

YAG:1%Cr3+,Tb3+. 
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Fig. 30. Emission spectra of YAG:1%Cr3+ and YAG:1%Cr3+,Tb3+ under 

excitation at (A) 430 nm and (B) 600 nm. 

The emission results go hand in hand with the results of excitation spectra. 

The emission spectra of YAG:Tb3+ excited at 273 nm are depicted in 

Figure 28. All terbium doped garnets exhibit peaks corresponding to 5D3→7FJ 

and 5D4→7FJ transitions. Increasing the concentration of Tb3+ leads to 

decreasing and eventually disappearing emission lines from 5D3 excited level. 

This process can be described by an electric dipole-dipole interaction and 
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reduction of efficiency of the multiphonon quenching from the 5D3 state into 

the 5D4 state [126, 127]. The 5D4→7F5 transition belonging to Tb3+ results in 

the most intensive emission peak in YAG:5%Tb3+. However, further 

increasing Tb3+ concentration causes a decrease of the intensity of all 

transitions due to concentration quenching. 

Emission spectra of YAG:1%Cr3+,Tb3+ samples excited at 273 nm are 

presented in Figure 29. The transitions originating from the 5D3 excited state 

of terbium ions are visible for the samples co-doped with 0.1%, 1% and 5% 

of Tb3+ ions, meanwhile, transitions from the 5D4 excited state are 

characteristic for all samples. The emission intensity of the most expressed 

transitions of YAG:1%Cr3+,15%Tb3+ sample is 1.2 times lower than the 

emission intensity of YAG:5%Tb3+. Further increase of the Tb3+ concentration 

leads to noticeable emission quenching. Nevertheless, co-doping with 

chromium and terbium leads to the expansion of the emission region from 400 

nm to more than 800 nm wavelength (additional 200 nm emission range). This 

additional emission caused by the 4T2→4A2 transitions corresponds to Cr3+ 

ions and is observed for each compound. The YAG:1%Cr3+,15%Tb3+ sample 

exhibits the most intensive emission of chromium ions. 

All co-doped phosphors excited by 430 or 600 nm radiation possess a wide 

emission band at 620-800 nm, which is attributed to 4T2→4A2 transition of 

Cr3+ ions (Figure 30A and 30B, respectively). The phosphors containing 0.1% 

or 1% of Tb3+ exhibit the highest emission intensity, thus, co-doping with a 

small amount of terbium strengthens chromium luminescence properties. The 

explanation could be that terbium ion concentration is low, and the intervals 

between terbium ions is too large in the lattice so that the energy migration is 

hampered and concentration quenching is not happening [112].  
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Fig. 31. Photoluminescence decay curves of YAG Tb3+ (λex=273 nm, 

λem=543 nm) (A); and YAG:1%Cr3+,Tb3+ (λex=273 nm, λem=543 nm) (B). 

Inset of section A shows PL decay curves for 5D3→7F6 transition of 

YAG:Tb3+ samples doped with 0.1%, 1% and 5% Tb3+ ions (λex=273 nm, 

λem=384 nm). 
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Table 5. Calculated PL decay times of YAG:xTb3+ and 

YAG:1%Cr3+,xTb3+ phosphors (λex=273 nm, λem=543 nm). 

Sample τ1, ms τ1, % τ2, ms τ2, % τaverage
 

1. YAG:0.1%Tb3+ 2.6 39 3.5 61 3.1 

2. YAG:1%Tb3+ 3.0 90 4.2 10 3.1 

3. YAG:5%Tb3+ 1.1 11 3.0 89 2.8 

4. YAG:15%Tb3+ 1,0 16 2.4 84 2.2 

5. YAG:25%Tb3+ 0.5 13 1.4 87 1.3 

6. YAG:1%Cr3+,0.1%Tb3+ 1.3 60 2.3 40 1.7 

7. YAG:1%Cr3+,1%Tb3+ 0.8 45 1.9 55 1.4 

8. YAG:1%Cr3+,5%Tb3+ 0.4 36 1.5 64 1.1 

9. YAG:1%Cr3+,15%Tb3+ 0.7 17 1.9 83 1.7 

10. YAG:1%Cr3+,25%Tb3+ 0.3 17 0.7 83 0.7 

 

 

Fig. 32. PL decay curves of YAG:1%Cr3+,Tb3+ (λex=273 nm, λem=688 nm). 
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Table 6. Calculated PL decay times of YAG:1%Cr3+,Tb3+ (λex=273 nm, 

λem=688 nm). 

Sample τ1,ms τ1, % τ2,ms τ2, % τaverage
 

1. YAG:1% Cr3+,0.1%Tb3+ 1.7 97 4.8 3 1.8 

2. YAG:1% Cr3+,1%Tb3+ 1.8 93 2.8 7 1.9 

3. YAG:1% Cr3+,5%Tb3+ 1.6 88 2.6 12 1.8 

4. YAG:1% Cr3+,15%Tb3+ 2.2 100 - - 2.2 

5. YAG:1% Cr3+,25%Tb3+ 1.6 100 - - 1.6 

 

Table 7. Calculated PL decay times of YAG:1%Cr3+,Tb3+ (λex=600 nm, 

λem=688 nm). 

Sample τ1,ms τ1, % τ2,ms τ2, % τaverage
 

1. YAG:1% Cr3+ 0.7 13 1.8 87 1.6 

2. YAG:1% Cr3+,0.1%Tb3+ 0.6 11 1.8 89 1.6 

3. YAG:1% Cr3+,1%Tb3+ 0.5 12 1.8 88 1.6 

4. YAG:1% Cr3+,5%Tb3+ 0.6 13 1.7 87 1.5 

5. YAG:1% Cr3+,15%Tb3+ 1.1 19 1.8 81 1.7 

6. YAG:1% Cr3+,25%Tb3+ 0.9 22 1.6 78 1.5 

 

Luminescence properties were further investigated by measuring the 

photoluminescence decay curves of (co-)doped garnets. All YAG compounds 

doped with Tb3+ ions (Figure 31A) exhibit bi-exponential photoluminescence 

decay. Bi-exponential lifetime indicates that there should be two different 

depopulation mechanisms of Tb3+ excited states. The measured PL decay 

curves become steeper with increasing Tb3+ concentration indicating that the 

lifetime of excited state becomes shorter. This is supported by the calculated 

PL lifetime values which are given in Table 5. Besides, it is also interesting to 

note that samples doped with rather low Tb3+ concentrations possess a 

significant rise in decay time. The increased decay time is a phenomenon 

which can be observed in the decay curve if the emission intensity increases 

for a period of time after excitation is stopped. The increment of the emission 
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intensity is related to the increment of the number of the excited activator ions 

over time [137]. In our case, the PL decay curves were measured for the 
5D4→7F5 transition. The observed decay time rise means that the emitting 5D4 

state must be additionally populated after the excitation pulse is cut off. It is 

most likely that this additional population of 5D4 states is caused by non-

radiative relaxation from 5D3 states, from which the strongest emission 

(see Figure 28) at low Tb3+ concentrations (0.1% and 1%) is also observed. 

This assumption is supported by the fact that the PL decay curves of 5D3→7F6 

transition (see inset of Figure 31A) are roughly in the same range as measured 

for the 5D4→7F5 transition. The calculated rise in decay time of 

YAG:0.1%Tb3+ and YAG:1%Tb3+ samples (5D4→7F5 transition) is 0.55 and 

0.34 ms, respectively, whereas the average PL lifetime values of 5D3→7F6 

transition for the same sample are 1.17 and 0.62 ms, respectively, i.e., the 

excited 5D3 state exists long enough to populate the 5D4 states to some extent. 

Furthermore, the PL lifetime of 5D3→7F6 transition in YAG:5%Tb3+ is only 

0.08 ms and, therefore, the decay rise time for 5D4→7F5 transition in this 

sample is no longer observed. The decrease of PL lifetime values over the 

increase of Tb3+ concentration can be associated with the increasing rate of 

cross-relaxation processes, which can be expressed by the following equation 

[116]: 

Tb3+ (5D3) + Tb3+ (7F6) → Tb3+ (5D4) + Tb3+ (7F0)   (Eq. 2.) 

The PL decay curves for 5D4→7F5 transition of YAG:1%Cr3+,Tb3+ samples 

(Figure 31B) are steeper than their YAG:Tb3+ counterparts. This shows that 

the average lifetime value of 5D4 excited state is also shorter as Tb3+ 

concentration increases, i.e., ~1.7 ms, ~1.4 ms, ~1.0 ms, ~1.7 ms and ~0.7 ms 

for YAG:1%Cr3+,Tb3+ samples co-doped with 0.1%, 1%, 5%, 15%, 25% of 

Tb3+ ions, respectively. It should be noted that the lifetime data of ~1.7 ms for 

the Tb3+ co-doped sample with 15% does not obey the simply shortening rule 

and, unfortunately, the explanation for this exception could not be found in 

the literature. The reduction of lifetime values, except the Tb3+ co-doped 

sample with 15%, can be attributed to the occurring Tb3+→Cr3+ energy 

transfer, which opens additional channel for 5D4 state depopulation. 

Figure 32 demonstrates that co-doping YAG:1%Cr3+ with terbium ions 

from 0.1% to 5% caused a slight decrement of the lifetime (τaverage) values of 

the phosphor from ~1.8 ms to ~1.7 ms. It is noteworthy that the decay time 

rise of YAG:1%Cr3+,15%Tb3+ and YAG:1%Cr3+,25%Tb3+ compounds 

increases significantly (see Fig. 32). The shape of the decay lifetime illustrates 
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the ion-ion (Tb-Tb) interactions [117-119]. YAG:1%Cr3+,15%Tb3+, 

YAG:1%Cr3+,25%Tb3+ lifetime (τaverage) value is ~2.2 ms and 1.6 ms, 

respectively. The photoluminescence of the latter two samples follows the 

single-exponential decay. It should be mentioned that the parameter τ1 is 

dominating if the lifetime is measured for the compounds excited by λex=273 

nm and emission recorded for λem=688 nm, caused by the transitions from the 
5D4 excited state, which are dominating [15, 120]. The persistent increase of 

the counts after the excitation source is stopped might illustrate the energy 

transfer from terbium ions to chromium ions. The detailed mechanism is 

discused in reference [121]. The more efficient energy transfer probably 

causes the more delayed saturation. Besides, the lifetime of co-doped YAG 

(λex=600 nm, λem=688 nm) varies inconsistently (Table 7). Highest lifetime 

values attributed to YAG:1%Cr3+,15%Tb3+, however the values of the lifetime 

themselves change only slightly. The average lifetime approximately changes 

from ~1.6 ms to ~1.4 ms, since chromium concentration is constant. In 

addition, the τ1 value is low meaning the process is very quick [122, 123]. 

Nevertheless, the τ2 (Table 7) and τ1 (Table 6) values are comparable caused 

by Cr3+ transitions (λex and λem are characteristic for chromium ions). Table 6 

also provides information about Cr3+ transitions, however, λex value is 273nm 

(characteristic for Tb3+), consequently, (Table 6.) values can be influenced not 

only by Cr3+, but also by Tb3+ transitions. 
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Fig. 33. External quantum efficiencies of (co-)doped YAG phosphors as a 

function of Tb3+ concentration and excitation wavelength. The lines are 

drawn to guide the eye. 

The calculated EQE for co-doped YAG phosphors under three excitation 

wavelengths are depicted in Figure 33. The maximum value of EQE is 98% 

for YAG:1%Cr3+,15% Tb3+ under 273 nm excitation. The better EQE of 

chromium or terbium doped or chromium and terbium co-doped compound 

was not reported in the literature to the best of our knowledge. Further 

increasing of the concentration of terbium ions leads to the decrease of EQE 

of the phosphor. Again, this might be caused by the concentration quenching. 

If a compound is doped only with terbium ions, the maximum of EQE is 70% 

for YAG:1%Tb3+. 
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Fig. 34. CIE 1931 color space diagram combined with the color coordinates 

of terbium ions doped YAG (A) and terbium ions co-doped YAG:1%Cr3+ 

(B). 

Figure 34 shows the color coordinates of doped (Figure 34A) and co-doped 

(Figure 34B) YAG phosphors. YAG:0.1%Tb3+ color coordinates are in the 
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blue region of the CIE 1391 color space diagram, whereas color coordinates 

of YAG:1%Tb3+, YAG:5%Tb3+, YAG:15%Tb3+, and YAG:25%Tb3+ samples 

are in the green region (Figure 34A). This is consistent with the emission 

spectra of YAG:1%-25%Tb3+ samples shown in Figure 28. The color 

coordinate of YAG:1%Cr3+, in turn, lies in the deep red region (Figure 34B). 

Co-doping YAG:1%Cr3+ with 0.1%Tb3+ shifted to red into the blue-purple 

region due to the mixing of red Cr3+ emission band and blue/green emission 

lines of Tb3+ ions. Increasing the concentration of terbium ions to 1% yields a 

color coordinate nearly in the white light region due to admixing of blue, green 

and red emission lines/bands of Tb3+ and Cr3+ ions present in this sample. As 

was discussed above, increasing Tb3+ concentration to and above 5% leads to 

an absence of 5D3→7FJ transition in the violet/blue region thus shifting the 

color coordinates to green/yellow region of CIE 1931 color space diagram. 

The given results indicate that co-doping of YAG:1%Cr3+ with Tb3+ ions 

provides the opportunity to simulate emission colors to some extent. 
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CONCLUSIONS 

 

1. All single phase doped and co-doped yttrium aluminum garnet samples 

were synthesized via citric acid sol-gel route. The thermal analysis of the 

doped and co-doped YAG showed, that there is no mass changes as 

temperature is raised above ~800 °C.  

2. It was demonstrated, that doping and co-doping (YAG:5%Tb3+, 

YAG:4.8%Cr3+, YAG:4.8%Cr3+,5%Tb3+) does not affect the morphology 

of synthesized samples. Powder contain the micro-size agglomerates 

with well-shaped irregular sphere-like particles. 

3. All doped and co-doped YAG samples, excited by 430 or 600 nm 

radiation possess a wide emission band at 620 – 800 nm, which is 

attributed to 2E→4A2 transition of Cr3+ ions. It was found that doping or 

co-doping YAG, the optimal concentration of Cr3+ ions is 1%.  

4. YAG:xTb3+ samples, excited at 273 nm, exhibit peaks corresponding to 
5D3→7FJ and 5D4→7FJ transitions. The transitions originating from the 
5D3 excited state of Tb3+ are visible for the samples with the lower 

concentration of Tb3+ ions x = 0.1% and 1%. Increasing the concentration 

of Tb3+ leads to decreasing and eventually disappearing emission lines 

from 5D3 excited level. The 5D4→7F5 transition belonging to Tb3+ result 

in the most intensive emission peak in YAG:5%Tb3+. Further, increasing 

Tb3+ concentration causes a decrease of the intensity of all transitions due 

to concentration quenching. 

5. Co-doped samples of YAG:1%Cr3+,xTb3+ excited at 273 nm. The 

transitions originating from the 5D3 excited state of terbium ions are 

visible for the samples co-doped when x = 0.1%, 1% and 5% of Tb3+ ions. 

Meanwhile, transitions from the 5D4 excited state are dominating for all 

samples. 

6. All co-substituted phosphors excited by 430 or 600 nm radiation possess 

a wide emission band at 620 – 800 nm, which is attributed to 2E→4A2 

transition of Cr3+ ions. The phosphors containing even small amount of 

terbium strengthens chromium luminescence properties. 

7. The maximum value of calculated external quantum efficiency for doped 

and co-doped YAG phosphors the EQE is 98% for YAG:1%Cr3+,15% 

Tb3+ under 273 nm excitation. When yttrium aluminum garnet is doped 

only by terbium ions, the maximum of EQE is 70% for YAG:1%Tb3+. 
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8. Co-doping YAG:1%Cr3+ with 0.1%Tb3+ shifted to red into the blue-

purple region. Increasing the concentration of terbium ions to 1 % yields 

a color coordinate nearly in the white light region. YAG:1% Cr3+ doped 

from 5 %to 25 % is shifted from green to yellowish-green light region. 

The given results indicate that co-doping of YAG:1%Cr3+ with Tb3+ ions 

provides the opportunity to simulate emission colors to some extent. 

9. The aforementioned optical properties indicates that YAG:Cr3+,Tb3+ can 

be promising potential candidates not only for solid-state lighting but for 

the application in near UV light emitting diodes. 
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