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List of symbols and abbreviations 

 

CIE    Commission International d’Eclairage 

CN    coordination number 

CRI    color rendering index 

CT    charge transfer 

CW    continuous-wave 

DSC    differential scanning calorimetry 

DTA    differential thermal analysis 

EDFAs   erbium doped fiber amplifiers 

ESA    excited state absorption 

ESR    electron spin resonance 

ETE    energy transfer efficiency 

ETU    energy transfer up-conversion 

FEDs    field emission displays 

FTIR    Fourier transform infrared spectroscopy 

FWHM   full width at half maximum 

GSA    ground state absorption 

JCPDS    joint committee on powder diffraction standards 

J–O    Judd–Ofelt 

LCDs    liquid crystal displays 

LDs    laser diodes 

Ln2+    divalent lanthanide ion 

Ln3+    trivalent lanthanide ion 

MIR    middle infrared 

NIR    near infrared 

NUV    near-ultraviolet 

PA    photon avalanche 

pc-WLEDs   phosphor-converted W-LEDs 

PDPs    plasma display panels 

PL    photoluminescence 

PLE    photoluminescence excitation 

PMT    photomultiplier tube 

RE    rare earth 

SABBL   SiO2–Al2O3–B2O3–BaO–La2O3 
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SEM    scanning electron microscope 

SLABS   SrO–La2O3–Al2O3–B2O3–SiO2 

SLZAKP   SiO2–Li2O–ZnO–Al2O3–K2O–P2O5 

TBSA    TiO2–BaO–SiO2–Al2O3 

TCSPC   time correlated single photon counting  

TEM    transmission electron microscopy 

Tg    glass transition temperature 

TM    transition metal 

Tp    glass crystallization peak temperature 

UV    ultraviolet 

Vis    visible 

WDM    wavelength division multi-plexing 

W-LEDs   white light-emitting diodes 

XPS    X-ray photoelectron spectroscopy 

XRD    X-ray diffractometry 

ηEQE    external quantum efficiency 

ηIQE    internal quantum efficiency 

λ    wavelength, lambda 

τ    lifetime 
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Hypothesis 

 

Glass phosphors activated by rare earth (RE) and transition metal (TM) ions have been 

well accepted and they have broad applications in many areas, due to their unique 

properties, e.g., easy mass production and easy fabrication into various shapes such as 

fibers and large size plates.1–10 Firstly, they have been widely used as laser materials.4–6 

One good example is erbium doped fiber amplifiers (EDFAs), which have been commonly 

used for telecommunication. Another example is Nd3+ doped phosphate glasses which are 

used as laser medium in extremely high power (terawatt scale) lasers. Secondly, they have 

been widely reported in literature as red, green and blue emitting phosphors in combination 

with near-ultraviolet- (NUV) and blue-light-emitting diodes (LEDs) to create white light 

emission for solid state lightning.7,8 Thirdly, they also have great potential to be used as 

spectral converters to improve the solar energy harvesting by up-, down-conversion, and 

down shifting processes.9,10 

    However, due to inhomogeneous broadening, the absorption and emission cross section 

of the dopant ions in a glass are normally much smaller than in a crystal host.11,12 This 

intrinsic disadvantage of glasses results in low external quantum efficiency (ηEQE) of 

dopant ions and thus greatly limits their large scale applications in aforementioned areas. 

Glass ceramics which combine the advantages of amorphous and crystalline phosphors are 

attractive candidates to break this limit. As a prerequisite to get a practically usable glass 

ceramic phosphor, the crystal phases must be deposited homogeneously in the glass body 

(bulk crystallization), the crystal size must be controlled normally in nm scale, and dopant 

ions must actually enter the crystal phases rather than remaining in the residual glass phase. 

But glass ceramics which meet these conditions are rather limited. Fundamental for this 

thesis is the anticipation, that the precipitated crystalline phases will be specifically 

selected in order to stabilize RE or TM ions, provide a specific coordination environment 

for Tm ions, and offer the possibility of intrinsic reduction of RE ions.13–16 Consequently, 

different types of silicate glass ceramics are developed to realize improved 

photoluminescence (PL) properties of RE and TM ions activated glass ceramic phosphors. 

In this thesis, the advantages and disadvantages of glass and glass ceramic phosphors in 

their practical applications will be discussed in detail. 

Glass ceramics containing Eu3+ and Eu2+ are especially interesting as control of the 

relative Eu2+ and Eu3+ PL intensity may lead to glass ceramics with tunable dual-mode PL 

of from blue (Eu2+) to red (Eu3+). In order to incorporate and stabilize the relatively large 

Eu2+ and Eu3+ ions (i.e., ionic radii of 117.0 and 94.7 pm, respectively, in octahedral 
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sites17) in the crystalline phases, glass ceramics with relatively large lattice sites are 

selected, e.g., BaAl2Si2O8/LaBO3
18 and Li2ZnSiO4

19. For BaAl2Si2O8/LaBO3 glass 

ceramics, Eu3+ species may be incorporated on La3+ sites in LaBO3 crystallites, which may 

lead to enhanced PL intensity of Eu3+. More interestingly, Eu3+ species may also be 

incorporated on Ba2+ sites in BaAl2Si2O8 crystallites. Like in crystalline phosphors, such 

incorporation may reduce Eu3+ to Eu2+, which could be applied in tuning the dual-mode 

PL.16 Correspondingly, for Li2ZnSiO4 glass ceramics, Eu3+ species may be partially 

incorporated on Zn2+ sites in Li2ZnSiO4 crystallites and reduced to Eu2+. Both glass 

ceramic systems may thus offer routes to obtain tunable dual-mode PL. 

Li2ZnSiO4 glass ceramic systems may also be used for the stabilization of TM ions, (e.g., 

Mn2+ and V5+), whose PL properties are sensitive to their local environment.20–24 Normally, 

in a glass host, Mn2+ ions are octahedrally coordinated (IVMn2+) and show a broad PL from 

orange to red.22 During crystallization, Mn2+ ions may be incorporated into the tetrahedral 

Zn2+ sites of the Li2ZnSiO4 crystalline phase, enabling the relatively sharp green emission 

of IVMn2+. Consequently, the ratio of [IVMn2+]/[VIMn2+] and the emission color may be 

tailored by the degree of crystallization in this glass ceramic system. 

The broad green PL (~400–700 nm) as well as broad excitation band (~200–400 nm) of 

V5+ allows its applications in many areas.23,24 Nevertheless, the knowledge on the PL 

properties of V5+ doped glasses and in particular glass ceramics is limited, and the 

luminescence is rarely observed. V5+ may exhibit broad green PL band in glass host at 

room temperature. It is expected, that the incorporation of V5+ in the Li2ZnSiO4 crystalline 

phase may result in an enhanced PL intensity from V5+. 

The PL properties of Ni2+ are strongly dependent on the coordination number (CN) of 

Ni2+.25–27 In general, there are three possible CN for Ni2+ in solid matrices, but only 

octahedrally coordinated VINi2+ gives rise to broadband NIR PL, which permits its 

applications in tunable lasers and optical amplifiers.27 Perovskite-type BaTiO3 based glass 

ceramics, which offers one potential octahedral VITi4+ (60.5 pm) site for VINi2+ (69.0 pm) 

ions, are chosen for the present study.17 Glass ceramic systems of this type may thus offer a 

good way of controlling the CN of Ni2+, which may lead to efficient NIR PL of VINi2+. 

In down-conversion processes, Pr3+ ions are known as good sensitizers for Yb3+ by 

absorbing photons in the range of 415–505 nm and transferring the absorbed energy to 

Yb3+ ions, resulting in an emission at ~1000 nm.28 A borosilicate glass matrix is excellent 

host material for Yb3+ and Pr3+ due to well controlled and homogeneous doping of Yb3+ 

and Pr3+ ions.6 It is expected, that precipitation of a crystalline phase (e.g., LaBO3
29) 

incorporating both Yb3+ and Pr3+ species will improve PL properties. 
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Another potential sensitizer for the Yb3+ ion is Mn2+ due to its broad absorption band in 

the range of 320–550 nm.20–22 Crystalline Zn2GeO4 is chosen as host materials for Mn2+, 

due to its broad absorption band in the range of ~280–400 nm, which can efficiently 

transfer the corresponding energy to Mn2+.30 The absorbed energy of Zn2GeO4:Mn2+ in the 

UV-Vis region (280–550 nm) arising from Zn2GeO4 host lattice and Mn2+ ions is expected 

to be transferred to Yb3+ ions. 
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Abstract 

 

Inorganic materials doped with RE and TM ions have attracted extensive attention over 

recent decades owing to their wide applicability in phosphors, imaging, lasers and 

displays.1–3 In this thesis, silicate glasses and especially the corresponding glass ceramics 

are used as host materials for RE and TM ions due to their easy fabrication, broad 

compositional flexibility, high homogeneity, well-controlled dopant concentration, and 

good optical activity for dopants.13–15 

The motivation of this thesis is given in the introduction, followed by the corresponding 

background. The key conception of PL is then explained. Following this, the origin and 

properties of PL induced by RE and TM ions are summarized. Thereafter, the background 

of white light-emitting diodes (W-LEDs) and solar cells is presented. Finally, the history 

and properties of the glasses and glass ceramics are reviewed. 

The second chapter gives the results and discussions in the form of a list of publications 

in peer reviewed journals. Firstly, tunable dual-mode and enhanced PL of mixed valence 

Eu3+/Eu2+ doped silicate glasses and glass ceramics are investigated. A glass ceramic route 

of reducing Eu3+ to Eu2+ is demonstrated. During the controlled nucleation and 

crystallization processes in a normal atmosphere, Eu3+ ions are partially incorporated into 

the newly deposited crystalline phases, (i.e., BaAl2Si2O8/LaBO3 and Li2ZnSiO4), and 

gradually reduced to Eu2+ due to the charge compensation effect. Furthermore, it is 

investigated how to obtain and control the band-type blue PL of Eu2+ and the line-type red 

PL of Eu3+ in these glass ceramics by tunable ratio of Eu2+/Eu3+. A mechanism for the 

internal reduction of Eu3+ to Eu2+ is proposed. For SiO2–Al2O3–B2O3–BaO–La2O3 

(SABBL) glass and corresponding BaAl2Si2O8/LaBO3 glass ceramics, crystallization at 

elevated temperatures also results in the enhancement of PL intensity and PL lifetime of 

Eu3+:5D0 state. Eu3+ species are mostly incorporated on La3+ sites in LaBO3 crystallites, 

whereas the Eu2+ ions are located on Ba2+ sites in the hexacelsian phase. For SiO2–Li2O–

ZnO–Al2O3–K2O–P2O5 (SLZAKP) Li2ZnSiO4 glass ceramic, tunable dual-mode PL can be 

generated. The resulting PL color, ranging from orange/red to blue, can be tuned by 

adjusting the annealing temperature and the degree of crystallization. 

Secondly, tunable [IVMn2+]/[VIMn2+] PL properties of Li4–2(x+y)ZnxMnySiO4 glass 

ceramics are displayed. The PL color of Mn2+ is sensitive to the local environment. The 

Mn2+ ions are octahedrally coordinated in the SLZAKP precursor glass and show broad 

orange to red emission. During the controlled crystallization process, Mn2+ can be partially 

incorporated into the crystalline phase, which offers tetrahedral sites for Mn2+ species, 
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giving rise to the green emission of IVMn2+. Consequently, the ratio of [IVMn2+]/[VIMn2+] 

and the emission color can be tailored by the degree of crystallization in the glass ceramic. 

It is demonstrated how such tuned dual-mode luminescence can be obtained in Mn2+ doped 

Li2ZnSiO4 glass ceramics. 

Thirdly, the investigations on broadband green PL of V5+ doped lithium zinc silicate 

glasses and corresponding nanocrystalline Li2ZnSiO4 glass ceramics with possible use as 

broadband UV-to-Vis photoconverters are presented. The V5+ ion shows a broad PL band 

from 400 to 700 nm and is a potential green emitting activator center. In the investigated 

glass system, visible PL from [VO4]
3– is centered at 550–590 nm and occurs over a full 

width at half maximum (FWHM) of ~250 nm with a lifetime of ~34 μs, depending on 

dopant concentration and synthesis conditions. The corresponding excitation band covers 

the complete UV-B to UV-A spectral region. After crystallization, a tenfold increase in the 

emission intensity is observed. 

Fourthly, broadband NIR PL of VINi2+ doped nanocrystalline Ba-Al titanate glass 

ceramics from TiO2–BaO–SiO2–Al2O3 (TBSA) glass is investigated. The CN of Ni2+ is 

well controlled by the crystallization process. Ni2+ ions are tetrahedrally coordinated in 

precursor glasses, whereas Ni2+-species are incorporated into the crystalline environment 

in octahedral sites. The broadband NIR PL of VINi2+ spans the spectral range of 1.0–1.6 μm 

with a FWHM greater than 300 nm and a lifetime of ~60 μs. For UV-LED excitation at 

352 nm, an internal quantum efficiency (ηIQE) of 65% is obtained. Decay kinetics as well 

as position and shape of the emission band can be adjusted by dopant concentration and 

synthesis conditions. 

Lastly in this chapter, down-conversion based on Pr3+/Yb3+ and Mn2+/Yb3+ pairs is 

presented in two different systems. In the first system, down-conversion of one blue 

photon to two NIR photons (~10,000 cm–1) is obtained from the Pr3+/Yb3+ co-doped SrO–

La2O3–Al2O3–B2O3–SiO2 (SLABS) glasses and the corresponding LaBO3 glass ceramics. 

Pr3+ ions act as sensitizers by absorbing 415–505 nm photons and transferring the absorbed 

energy to Yb3+ ions in a cooperative down-conversion process resulting in NIR emission at 

~1000 nm. The energy transfer from Pr3+ to Yb3+ is indicated by decreased intensity of all 

Pr3+ PL lines and lifetimes of both Pr3+:3P0 and Pr3+:1D2 levels with increasing Yb3+ doping 

concentration. The optimal doping concentration of Yb2O3 for down-conversion is 

~0.5 mol% and the highest total theoretical quantum efficiency is as high as 183% for 

5 mol% Yb3+ doped glass. After crystallization, both Pr3+ and Yb3+ ions occupy the La3+ 

ion sites in the LaBO3 crystal structure, resulting in improved PL properties. For the 

second system, NIR down-conversion by Mn2+/Yb3+ pair in crystalline Zn1.96–
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xGeO4 + 1/2x:Mn0.04Ybx is presented. In the Zn2GeO4 lattice, intrinsic defect transitions and 

Mn2+ ions act as broadband spectral sensitizers by absorbing UV-Vis (280–500 nm) 

photons. The absorbed energy is transferred to Yb3+ ions in a cooperative down-conversion 

process, resulting in NIR emission at ~1000 nm. The sharp decrease in the excited state 

lifetime and the green PL from tetrahedrally coordinated IVMn2+ with increasing Yb3+ 

concentration reflects the efficient energy transfer from Mn2+ to Yb3+. Maximal energy 

transfer efficiency (ETE) from Mn2+ to Yb3+ and total theoretical quantum efficiency of 

63.8% and 163.8% are estimated, respectively. 

The third chapter summarizes the thesis 
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1. Introduction  

 

1.1. Motivation 

 

Oxide glasses and glass ceramics are well known host materials for RE and TM ions.1–3 In 

1961, one of the first solid state lasers operating at 1.06 μm utilized Nd3+ doped glass.31 

Glass ceramics permit the use of all the advantages of glass processing, such as broad 

compositional flexibility, high homogeneity, well-controlled dopant concentration and easy 

fabrication.13–15 During controlled heat treatment, one or more crystalline phases are 

precipitated in the base glass matrix, preferably by internal nucleation without affecting 

macroscopic geometry of the as-processed body. The properties of glass ceramic are 

mainly determined by the precipitated crystallite species, which can be adjusted by the 

glass composition and the applied annealing procedure. RE and TM ions can be 

incorporated into these crystal phases because of the correlation of their ionic radii and 

valence states to those of the atoms in the lattice sites. Consequently, PL properties can be 

improved by multiple scattering at the glass-crystal interface, the changing of ligand field 

around the dopants, the absorption cross-section of the dopants, and the phonon energy 

(which, if decreased, may reduce the probability of non-radiative processes). These 

changes may lead to increased PL intensity, enhanced ηIQE and longer PL lifetime of 

dopants. As a prerequisite to get a practically usable glass ceramic phosphor, the crystal 

phases must be deposited homogeneously in the glass body (bulk crystallization), and RE 

and TM ions must actually enter the crystal phases rather than remaining in the residual 

glass phase. However, glass ceramics suitable for hosting TM and RE ions can only be 

obtained from a limited number of glass compositions. While some glasses are too stable 

to crystallize; other glasses crystallize uncontrollable, resulting in undesirable 

microstructures. In this thesis, several RE and TM ions activated glasses and glass 

ceramics with controllable crystallization are studied systematically for improved PL 

properties. More specifically, the controlled formation of glass ceramics from specific 

systems with specific dopants will be applied in answers to a row of significant challenges 

for glass ceramic phosphors. 

Zukauskas et al.32 reported that the optimal red light-emitting phosphors for a warm 

white light-emitting diode (W-LED) with a high lumen output and color rendering should 

have a narrow band emission with a FWHM < 30 nm in the spectral region of 615–655 nm. 

The background of W-LEDs is shown in detail in Chapter 1.5. As efficient red light-
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emitting phosphors, Eu3+ doped inorganic materials meet these conditions.33 The PL 

spectrum of Eu3+ is composed of various sharp PL lines in the orange to red spectral region 

arising from the intra-configurational parity-forbidden 4f → 4f electronic transitions.34–39 

Due to this shielding effect by the outer 5s2 and 5p6 shells, the 4f → 4f transitions of Eu3+ 

ions are independent on the host materials. Because a glass lacks a center of symmetry, the 

4f orbitals of Eu3+ can mix with opposite parity orbitals.40 As a result, the red emission line 

at ~610 nm due to the electric-dipole allowed transition of Eu3+:5D0 → 7F2 dominate the PL 

spectra in glass phosphors, therefore, the PL of Eu3+ doped glasses shows excellent red 

CRI.40 

As an efficient light-emitting activator center, Eu2+ shows a broad band-type PL due to 

the spin-allowed inter-configurational transition of 5d → 4f.41–44 The outer 5d electron of 

Eu2+ is not completely shielded by the surrounding ligands, and the position and width of 

the PL excitation (PLE) and PL band is strongly dependent on its local environment. Eu2+ 

and Eu3+ activated oxide glasses and glass ceramics possessing all the advantages of glass 

processing could have potential advantageous application in phosphor-converted W-LEDs 

(pc-WLEDs).45–47 However, europium exists mainly as their most stable trivalent oxidation 

state in nature. Stabilization of Eu2+ in host materials has been a research topic in last 

decade. Four reducing strategies of Eu3+ to Eu2+ have been developed, and they will be 

reviewed in chapter 1.3.3. A glass ceramic route to stabilize Eu2+ is by intrinsic reduction 

investigated in this thesis. The method may greatly improve the PL properties of Eu3+ and 

stabilize Eu2+ in crystalline phases, resulting in tunable PL properties of Eu2+/Eu3+. 

Mn2+ activated inorganic materials show a broad PL band varying from deep green to far 

red due to the parity-forbidden transition of 3d → 3d. The emission color of Mn2+ is 

sensitive to its local environment.20–22 In an octahedral environment, Mn2+ presents a broad 

orange to red PL, whereas Mn2+ shows a relatively narrow green PL in a tetrahedral 

environment. Tunable dual-mode PL of Mn2+ from green to red is expected, when the CN 

of Mn2+ can be controlled in a host material. The Mn2+ ions are octahedrally coordinated in 

the precursor glass, while during the controlled crystallization process, Mn2+ can be 

partially incorporated into the crystalline phase, which may offer tetrahedral sites for Mn2+. 

In this thesis, it is demonstrated how the CN of Mn2+ and tuned dual-mode PL can be 

obtained and controlled in Mn2+ doped Li2ZnSiO4 glass ceramics. 

V5+ ions show a broad green PL band from 400 to 700 nm due to the relaxation of ≡V–

O– to ≡V=O.23,24 The corresponding PLE band from ~200 to 400 nm covers the complete 

UV-B (280–315 nm) to UV-A (315–380 nm) spectral region. The broad green PL band as 

well as broad PLE band of V5+ from UV-A to UV-B allow its applications in many areas, 
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including solar energy harvesting, luminescent lighting, UV-detection and imaging. 

However, the PL properties of V5+ doped glasses and in particular glass ceramics are 

seldom reported. In this thesis, it is demonstrated how dopant concentration and synthesis 

conditions influence on the broad green PL band of V5+ in a V5+ doped zinc silicate model 

glass. Crystallization of the precursor glass is performed to further optimize the optical 

properties of V5+. 

The spectroscopic properties of VINi2+ doped glasses, glass ceramics and single crystals 

have attracted great attention over the last decade due to the broad band-type NIR PL of 
VINi2+.25–27 Efficient NIR PL has been reported on VINi2+ activated single crystals, (e.g., 

LiGa5O8 and MgF2).
26 However, the complex fabrication processes and poor machinability 

into special shapes severely limit their applications. Interestingly, these drawbacks can be 

overcame by the glass ceramic route if the Ni2+ species could precipitate into the 

crystalline phase on octahedral sites rather than remaining in the residual glass phase, in 

which they are fivefold coordinated. In order to ensure optical transparency and a high 

crystallite volume fraction, the crystalline phase must be homogeneously distributed, with 

crystal sizes of not larger than several tens of nanometers. With these objectives, nano-

crystallized MgGa2O4:
VINi2+ and β-Ga2O3:

VINi2+ glass ceramics featuring the efficient NIR 

PL have been reported by Suzuki27 and Zhou48 respectively. However, for these phosphors 

high cost of the raw materials (i.e., Ga2O3) limits their practical applicability. In this thesis, 

a nanocrystalline Ba-Al hollandite (Ba1.24(Al2.48Ti5.52)O16) glass ceramic based on TBSA 

glasses for VINi2+ species has been studied. 

Down-conversion of one UV-Vis photon of high energy to two or more NIR photons of 

high energy is one of the potential routes to overcome the Shockley-Queisser limit of solar 

cells by the modification of the solar spectrum to better match the solar cells.49–54 

Considering the energy level of all Ln3+, Yb3+ has been recognized as the most suitable 

candidate for down-conversion. Yb3+ has only a single excited state 2F5/2, which allows 

Yb3+ to pick up energy packages of ~10,000 cm–1, which falls in the range of the highest 

spectral response of the solar cells. However, the Yb3+ ion itself cannot absorb the high 

energy light in the UV-Vis region. As a consequence, a sensitizer with an energy level 

~20,000 cm–1 and capacity to absorb high energy photons in the spectral region at 280–

550 nm is required to obtain an efficient down-conversion PL of Yb3+. The background of 

the solar cells and down-conversion is presented in detail in chapter 1.6. Various Ln3+ ions 

have been considered as sensitizers for Yb3+, e.g., Pr3+, Er3+, Nd3+, Ho3+, Tm3+and Tb3+.49–

54 Pr3+ is chosen as a donor ion to sensitize Yb3+ for the following reasons. The absorption 

bands of Pr3+ ions cover a broad spectral window from 415 to 505 nm in the blue region 
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due to the successive energy levels of Pr3+:3PJ(J = 0, 1 and 2). More importantly, these 

absorption bands are close to the maximum radiation of the solar spectrum and located at 

approximately twice the absorption energy of Yb3+:2F2/7 → 2F2/5 (~10,000 cm–1). The 

precursor SLABS glass is selected in view of its high compositional flexibility for well-

controlled and homogeneous doping. Interestingly, LaBO3 crystallites could precipitate by 

controlled nucleation and crystallization.29 Due to the equivalent charge and similar ionic 

radii of La3+ (1.16 Å, CN = 9), Pr3+ (1.13 Å, CN = 9) and Yb3+ (0.99 Å, CN = 9), it is 

expected that the dopant species could readily be incorporated into the lattice of crystalline 

LaBO3, which might result in improved PL properties.17 

The Ln3+ ions show a narrow PL and low absorption efficiency due to their 

characteristic parity forbidden 4f → 4f transitions with an oscillator strength of ~10–6. As a 

result, only a small fraction of the sunlight in the UV-Vis region can be absorbed. 

Therefore, it is important to explore new kinds of donors, which show high absorption 

efficiency in the spectral range of 280–550 nm, and then efficiently transfer the absorbed 

energy to Yb3+ ions through down-conversion processes. In this thesis, the 3d TM ion 
IVMn2+ is explored as sensitizer for Yb3+. Its excitation bands cover a broad spectral 

window from 350 to 500 nm.20–22 The position of the first excited state of Mn2+:4T2(
4G) 

(~21,000 cm–1) is approximately twice the absorption energy of Yb3+:2F2/7 → 2F2/5 

(~10,200 cm–1). Willemite-type zinc orthogermanate (Zn2GeO4) is chosen as a host 

material for IVMn2+ to enhance the absorption efficient of Mn2+ in the spectral region of 

300–400 nm.22 In this thesis, energy transfer from Mn2+ to Yb3+ and from Zn2GeO4 to Yb3+ 

via Mn2+, are investigated. 

The background of this thesis is structured as follows. Firstly, the key conception of PL 

is explained. Afterwards, the origin and properties of PL induced by RE and TM ions are 

summarized, followed by an overview of the background of W-LEDs and solar cells. 

Finally, the history and properties of the glasses and glass ceramics are reviewed. 

 

1.2. Photoluminescence 

 

The term of “luminescence” was first introduced by a German scientist Wiedemann in 

1888.53 Luminescence means the emission of light by a material with energy beyond 

equilibrium after absorbing excitation energy.1,2,55,56 The role of the luminescent materials 

is absorbing the energy from the excitation sources and then transferring the absorbed 

energy into light emission in the UV-NIR region. Luminescent inorganic solid state 
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materials are also termed as phosphors. Many kinds of luminescence can be classified 

according to the nature of the excitation sources, such as:  

 photoluminescence (induced by photons), 

 electroluminescence (induced by electrochemical reactions), 

 chemoluminescence ( induced by chemical reactions), 

 bioluminescence (induced by biochemical reactions in a living organism), 

 piezoluminescence (induced by pressure)57, and 

 triboluminescence (induced by mechanical stresses).58 

The photon-induced luminescence, i.e., photo-luminescence (PL) will be discussed in 

detail in this chapter. Normally, X-ray, cathode ray, UV-Vis light and NIR light are used as 

the excitation sources to excite the phosphors. 

According to the luminescence mechanisms, the luminescent materials can be sub-

divided into two groups: metal ion activator based and non-activator based luminescent 

materials.2 Metal ion activator based luminescent materials are host materials doped with 

relatively small amount of impurity centers, typically a few mol% or less. TM (e.g., Mn2+ 

and Ni2+) and RE (e.g., Ce3+, Eu3+ and Yb3+) ions with rich energy levels normally serve as 

activator centers. Most luminescent materials are based on this type. In the second group of 

materials, luminescence is caused by semiconductors or defects. The luminescence of 

semiconductors derives from the band-to-band excitation between defect states within the 

bandgap.1,2,59 The metal ion activator based luminescent materials will be discussed in 

detail in the following. 

In general, the process of PL involves three main steps: energy absorption, energy 

transfer, and emission.1,2 The excitation energy can be absorbed both extrinsically by the 

host materials and intrinsically by the activators. Subsequently, the absorbed energy is 

transferred to the individual excited state of the activators. The relaxation from the excited 

energy level to the lower lying energy level of the activators results in the final emission. 

The energy levels and possible transitions of RE and TM ions will be explained thoroughly 

in chapter 1.3 and 1.4. 

The PL properties of a phosphor are mainly characterized by the absorption spectrum, 

PLE spectrum, PL spectrum, PL decay curve, and quantum efficiency.1–3 A PLE spectrum 

is obtained by monitoring the PL at a constant wavelength and scanning a range of 

excitation wavelengths. Normally, the PLE spectrum of a luminescent material is almost 

identical to its absorption spectrum. The maximum PLE wavelength is used to excite the 
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phosphor to get the corresponding PL spectrum. Thus, a PL spectrum is obtained at a fixed 

excitation wavelength, and recording the PL intensity as a function of wavelength.60,61 

Under the excitation of an UV or a visible photon, the valence electron is excited from 

the ground state to an excited state. The excited electron will stay at the metastable excited 

state for a short time before decaying to a lower lying excited state or returning back to the 

ground state by emission of energy in the form of a photon or by heat. The average time an 

electron stays in its excited state before relaxing back to the ground state is the decay 

lifetime of the excited state.1–3 Lifetime is normally determined by the decay curve, which 

is measured after excitation with a short pulse of the excitation sources and recorded as 

time dependent PL intensity. It typically follows a first exponential function,  

 I = I0exp(–t/τ) (1)

where I(t) is the PL intensity at a given time, I0 is the initial intensity, and τ is the lifetime 

of the active centers.60,61 

According to the duration of the decay lifetime, PL can be divided into two types: 

phosphorescence and fluorescence.55,62 In most PL processes, luminescent materials emit a 

photon immediately after absorbing a photon. Such PL process is fluorescence, a short-

lived luminescence with decay times of lower than 10 ms. Unlike fluorescence, 

phosphorescence stores up the absorbed light and emits it gradually. Thus it results in a 

long-lived luminescence with decay times of more than 100 ms.55,62 

For a normal luminescence process, the emitted photon has a lower energy than the 

absorbed photon, and the energy difference is described as Stokes shift.63 It is mainly 

caused by the vibrational relaxation (non-radiative decay to the lowest vibrational energy 

level of the excited state) and the tendency of the electron to relax from the excited state to 

the highest vibrational level of the ground state. If the emitting photon has a higher energy 

than the absorbed photon, such process is called anti-Stokes shift.63 Up-conversion which 

will be discussed in 1.6.2 is an anti-Stokes shift process. 

The conversion efficiency of phosphors is an important parameter for luminescent 

materials. External quantum efficiency (ηEQE, also known as quantum yield) is defined as 

the ratio of the number of emitted photons to the number of input photons, while internal 

quantum efficiency (ηIQE) is defined as the ratio of the number of emitted photons to the 

number of absorbed photons.64 A good phosphor should absorb the excitation light 

efficiently and transfer the absorbed energy to light-emission as efficiently as possible, i.e., 

the ηEQE should be as large as possible. 

When electrons are excited, they decay from the excited state to the lower lying excited 

state or ground state through competitive radiative and non-radiative decay processes 
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(including vibrational relaxation and collisional quenching). The decay rate of k (units s–1) 

can be written as:2 

 k = kr + knr (2)

Where, kr and knr are the radiative and non-radiative decay rate, respectively. If N is the 

population density of the luminescence activator center in the excited state, the temporal 

evolution of the excited state can be expressed as: 

 dN/dt = –(kr + knr)N (3)

The PL lifetime can be evaluated by: 

 τ = 1/(kr + knr) (4)

It is worth to note that the measured lifetime τ which combines radiative and non-radiative 

processes can be evaluated by the intensity decay curves. The fraction of radiative 

transition that contributes to the total transitions is kr/(kr + knr), thus the ηIQE can be 

calculated by: 

 ηIQE = kr/(kr + knr) = τ/τR (5)

Where, τR = 1/kr is the radiative lifetime in the absence of the non-radiative processes. 

However, the radiative lifetime cannot be experimentally determined. It can be evaluated 

either by the Judd–Ofelt (J–O) theory or by low temperature measurements.2 

By the energy gap law proposed by van Dijk and Schuurmans,65 the non-radiative 

relaxation rate can be estimated from the following equation: 

 knr = βel(–α(ΔE – ħωmax)) (6)

Where, βel and α are constants for a given host lattice, ΔE is the energy gap between the 

considered energy levels, and ħωmax is the maximum phonon energy of the host material. 

For two given energy levels of a luminescent center, non-radiative relaxation will dominate 

the relaxation process when the energy gap ΔE is lower than five times that of the ħωmax of 

the given host. Whereas, if the energy gap ΔE is more than five times that of the ħωmax of 

the given host, the relaxation process will be dominated by radiative relaxation. 

    The maximum phonon energy of several inorganic host materials is summarized as 

follows: iodides (~160 cm–1) < bromides (~175–190 cm–1) < chalcogenides (~200–300 cm–

1) < fluorides (~500–600 cm–1) < tellurites (~600–850 cm–1) < germanates (~800–975 cm–1) 

< silicates (~1000–1100 cm–1) < phosphates (~1100 cm–1) < borates (~1400 cm–1).66 In 

general, the host materials with low maximum phonon energy prefer doping with TM and 

RE ions due to the low probability of the non-radiative multi-phonon relaxation between 
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two closely spaced energy levels, leading to high PL efficiency. For instance, fluorides 

such as LiGdF4:Eu3+ and SrF2:Pr3+/Yb3+ with a maximum phonon energy of ~500 cm–1 and 

400 cm–1 show a high theoretical quantum cutting efficiency of ~190% and ~200%, 

respectively.67,68 However, inorganic materials with low phonon energy, such as iodides, 

bromides, chalcogenides and fluorides, exhibit poor chemical and thermal stability which 

greatly limit their applications.69 The high price of tellurites and germanates also impedes 

their applications to a large scale. For other oxide phosphors with low price and excellent 

chemical stability such as silicates, phosphates and borates, normally at least 8 phonons are 

needed to bridge the energy gap for normal visible and NIR PL. Consequently, oxide 

phosphors are the most promising hosts for RE and TM ions for visible and NIR PL 

applications. 

Besides the phonon energy of the host material, water content can significantly increase 

the non-radiative relaxation rate and thus greatly weaken radiative transitions of RE and 

TM ions.70 For example, only one or two incorporated hydroxyl group (OH–) ions are 

enough to bridge the gap between 4I11/2 and 4I13/2 of Er3+, which is the typical transition for 

~2.7 μm PL of Er3+.71 Thus, residual OH– concentration should be kept to a minimum, 

especially for the NIR and MIR PL. 

Due to the abundant energy levels and thus plentiful possible electronic transitions in a 

broad energetic range, RE and TM ions activated inorganic luminescent materials (such as 

poly-crystals and glasses) to date have drawn more and more attention. They have found 

extraordinary wide applicability in lighting, batteries, magnets, phosphors, catalysts, lasers, 

superconductors, pigments, displays, optical communications, data storages, biological 

imaging and various other fields.1,72 In the following part, the origins and properties of the 

abundant PL colors for RE and TM ions will be reviewed. 

 

1.3. Rare earth ions 

 

RE ions, also known as lanthanides (Ln), are a group of 15 geochemically similar elements 

from lanthanum (La, atomic number 57) to lutetium (Lu, atomic number 71) with an 

electronic configuration of 4fn5s25p6 (n = 0 La to 14 Lu), only differing in the number of 

4f(n) electrons.9,49–52 

RE ions are valuable, but not really rare in the earth’s crust despite their name. For 

instance, the most abundant RE, cerium is the 25th most abundant element in the earth’s 

crust (60 ppm) as common as copper.73 The least abundant RE Tm (0.53 ppm) is ~170 

times more abundant than gold. Unfortunately, RE ions tend to disperse and are not found 
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concentrated in exploitable ores. As a result, they are only available from very limited 

sources and produced in a few countries (over 90% of world’s RE ions production is 

supplied by China at the moment).73 Besides, complex production procedures of milling, 

refining and recycling of RE ions also contribute to their high price. 

The diverse electron arrangements of the partially filled 4f shell result in abundant 

energy levels in the UV to MIR spectral range, and thus unique optical and magnetic 

properties of RE ions.51 There are 14!/[n!(14–n)!] possible configurations (e.g., up to 3432 

for Gd3+) for the gradual filled inner shell of 4f in 14 possible orbitals and all 

configurations have different energies.74 

    In general, there are three types of electronic transitions for RE ions: (I) 4fn ↔ 4fn, (II) 

4fn ↔ 5d4fn–1, and (III) charge transfer (CT) transitions.75 

I). 4fn ↔ 4fn transitions 

The faint intra-configurational 4fn ↔ 4fn electronic transitions are parity forbidden by 

the Laporte selection rule, because there are no changes in the dipole moment inside the 4fn 

configurations. However, 4fn ↔ 4fn transitions of Ln3+ can be observed due to the fact that 

the interaction of the Ln3+ ions with the crystal field or with the lattice vibrations could 

admix different parity states into the 4fn states.76 Consequently, Ln3+ ions show relatively 

weak absorption coefficients by direct excitation within the 4fn levels, in the order of 10–

21 cm2, and slow emission rates leading to their characteristic long lived and sharp line-type 

emission with high purity emission color.1,3 Generally the use of sensitizers is required to 

overcome the problem of weak absorption efficiency of the 4fn ↔ 4fn transitions of Ln3+ 

ions. The sensitizers absorb the excitation light, transfer the absorbed energy to the 

surrounding Ln3+, and then the activated Ln3+ emits light. The energy transfer process from 

sensitizers to Ln3+ is very complex, involving several mechanisms and energy levels, and 

will be discussed in 1.3.1. 

II). 4fn ↔ 5d4fn–1 transitions 

Contrary to the 4fn ↔ 4fn transitions, the 4fn ↔ 5d4fn–1 transitions are allowed by the 

parity rule and are characterized by broadband excitation/emission with relatively high 

absorption efficiency. However, the 4fn–15d configurations of Ln3+ ions (with 

energies > 50,000 cm–1, λ < 200 nm) are isolated and located at higher energy than the 4fn 

configurations of Ln3+ ions, except for Ce3+ (> 32,000 cm–1, λ < 310 nm), Pr3+ and Tb3+ 

(> 40,000 cm–1, λ < 250 nm).77 Whereas, for divalent lanthanide (Ln2+) ions, the 4fn–15d 

configurations are located at a lower position than that of the corresponding Ln3+ (4fn) with 

the same electronic configurations. Thus, the 4fn ↔ 5d4fn–1 transitions are easily observed 

for Ln2+ ions. 
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III). CT transitions 

Both transfers from ligand to metal and from metal to ligand belong to this type. Like 

4fn ↔ 5d4fn–1 transitions, they are allowed by Laporte selection rule and characterized by 

broadband excitation/emission. They present relatively high absorption efficiency 

comparable to the 4fn ↔ 5d4fn–1 transitions. For Ln3+ ions, the transition energy of CT 

transitions is usually higher than 40,000 cm–1 (λ < 250 nm) and only CT bands of Eu3+ and 

Yb3+ are commonly observed. While, for the Ln2+ ions (e.g., Sm2+, Eu2+, Tm2+ and Yb2+), 

it occurs as low as 30,000 cm–1 (λ ≈ 330 nm). 
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Fig. 1. Energy levels diagram for light (a) and heavy (b) RE ions from Ce3+ to Gd3+, and from Tb3+ 

to Yb3+, respectively. 

 

In nature, RE ions exist mainly as their most stable trivalent oxidation state with a 4fn 

configuration, in minor cases divalent (e.g., Eu2+, Sm2+, Tm2+ and Yb2+) and tetravalent 

(e.g., Ce4+) species can be found. Accordingly, there are two distinct types of PL 
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depending on their electronic structure and valence state: (I) line-type PL from the intra-

configurational 4fn → 4fn transitions, and (II) the band-type PL from the inter-

configurational 4fn–15d → 4fn transitions.51 Generally, all Ln3+ ions except Ce3+ belong to 

type I, while Ln2+ ions (e.g., Sm2+, Eu2+, Tm2+ and Yb2+) along with trivalent Ce3+ are 

attributed to type II. 

The partial filled 4f orbitals of Ln3+ are well shielded by the outer filled octet of 

electrons in the 5s2 and 5p6 shells. Due to this shielding effect, the 4fn → 4fn transitions of 

Ln3+ ions are normally independent on the host materials, whereas only the intensities and 

fine structure of these transitions vary for different host materials.49,51Additionally, there is 

a very small Stoke’s shift for the 4fn → 4fn transitions. The electronic states are denoted as 

the Stark levels of 2S+1LJ for 4fn configuration electrons of Ln3+, where, S, 2S+1, L and J 

are the spin angular momentum, the maximum number of different possible states of J for a 

given (L,S) combination, the orbital angular momentum and total angular momentum, 

respectively. S and J represents 0, 1/2, 1, 3/2, etc., while L is equal to 0, 1, 2, 3, 4, 5, 6, etc., 

nominated by S, P, D, F, G, H, etc., respectively.50 Additionally, the energy levels of Ln3+ 

can be split by ligand-field effects into several Stark sub-levels, which can be determined 

by the site symmetry of Ln3+. The energy level diagrams of the Ln3+ ions from Ce3+ (4f1) to 

Yb3+ (4f13), i.e., so-called Dieke diagram, is shown in Fig. 1a and 1b.78 Due to the 

aforementioned shielding effect from the outer 5d26s6 shells, the energy scheme of the Ln3+ 

ions is almost independent on the host crystal. Thus, by applying the Dieke diagram, we 

can predict the PLE and PL spectra of Ln3+ ions. The emitting color of the Ln3+ ions occurs 

over a wide spectral region from UV via visible to NIR, even up to MIR, upon UV to NIR 

light excitation. For instance, Gd3+ shows NUV emission, Tm3+ shows blue emission, Tb3+ 

and Dy3+ show green emission, Sm3+ shows orange emission, Eu3+ and Pr3+ show red 

emission, Yb3+, Er3+, Nd3+, Sm3+, Pr3+, Ho3+ and Tm3+ exhibit emission in the IR region 

from 0.8 to 5 μm (Fig. 1a and 1b).1,2 

The energy separation between 4fn–15d and 4fn configurations of Ln2+ ions is smaller 

than that of Ln3+ ions with the same electronic configurations. Thus, Ln2+ ions containing 

one more f electron (e.g., the Sm2+ ion has identical electronic configuration as the Eu3+ 

ion, the next element in the periodic table) show dipole allowed inter-configurational 

transitions of 4fn–15d → 4fn.71 Differently from the 4fn → 4fn transitions, 4fn–15d → 4fn 

transitions obey the parity selection rules of Δl = 1. Therefore, they are electric-dipole 

allowed and consequently very fast. The PL properties of Ln2+ ions are characterized by 

large absorption and emission cross-sections with short lifetime. Additionally, unlike the 

shielding effect for the 4fn → 4fn transitions of Ln3+ ions, 5d electrons are unshielded by 
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the outer orbitals, and the strong electron-phonon coupling results in broad absorption and 

emission bands, which are sensitive to local enviroment.51 In addition, band-type PL of 4fn–

15d → 4fn transitions show a large Stoke’s shift, differing from the line-type PL of 

4fn → 4fn transitions. Therefore, Ln3+ and Ln2+ ions show different PL properties, which 

will be discussed separately in 1.3.2 and 1.3.3, respectively. 

So far, RE ions are used as dopants in different inorganic materials, such as crystals, 

glasses, ceramics and glass ceramics. They play very important roles in modern lighting 

and displays, finding usage in tube lighting, W-LEDs, plasma display panels (PDPs), 

cathode ray tubes (CRTs), field emission displays (FEDs) and liquid crystal displays 

(LCDs).6,52,56,79 

 

1.3.1. Energy transfer 

 

Absorption can be sub-divided into two types: ground state absorption (GSA) and excited 

state absorption (ESA).60,61 GSA is defined as the process by which an electron jumps from 

the ground state to an excited state after absorbing energy. It is characterized by the 

absorption coefficient α and the GSA cross-section σGSA, which indicates the ability of an 

active ion to absorb a photon in a fixed wavelength. These values can be calculated from 

the absorption spectrum using the Lambert-Beer law. 

 I(λ) = I0(λ)e–α(λ)d = I0(λ)e–nσGSA(λ)d (7)

Where, I(λ) is the intensity transmitted through the samples, I0(λ) is the intensity in front of 

the samples, n is the ion concentration, α(λ) is the absorption coefficient, σGSA is the 

absorption cross-section, and d is the thickness of the samples. The GSA offers 

information about the energy level structure of the active ions and the oscillator strengths 

(defined as the strength of a fixed transition between levels) of the observed transitions.80 

Whereas the ESA occurs when the absorption of excitation energy from an excited state to 

a higher excited state. 

The absorbed energy of an activator ion can migrate between identical ions or transfer 

from one ion species to another, i.e., by energy transfer, which occurs between a sensitizer 

and an activator. For an energy transfer process, a sensitizer absorbs excitation light, and 

then transfers the absorbed energy to an activator that emits the desired light. Generally, 

there are four basic mechanisms for the energy transfer from a sensitizer to an activator 

(Fig. 2).81,82 
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I). Resonant radiative energy transfer, i.e., the emission of the sensitizer is reabsorbed by 

the activator; 

II). Resonant non-radiative energy transfer between sensitizer and activator; 

III). Multi-phonon assisted non-radiative energy transfer process; and 

IV). Cross-relaxation between two identical ions. 

 

(IV)(III)(II)
A

hv

S AS AS AS
(I)

 

Fig. 2. Four basic mechanisms for the energy transfer from a sensitizer to an activator. (I) 

Resonant radiative; (II) resonant non-radiative; (III) multiphonon assisted non-radiative; and (IV) 

cross-relaxation energy transfer. S: Sensitizer and A: Activator. 

 

The ηEQE of the resonant energy transfer (I) depends strongly on how efficiently the 

activator emission is excited by the sensitizer emission. Therefore, a large overlap between 

the PL spectrum of the sensitizer and the PLE spectrum of the activator is required for (I). 

If the radiative energy transfer (I) dominates the energy transfer process, then the PL 

lifetime of the sensitizer does not change with the activator concentration. On the contrary, 

if the non-radiative energy transfer process (II) dominates the energy transfer process, the 

PL lifetime of the sensitizer strongly decreases upon increasing the activator concentration. 

Most Tb3+ doped phosphors used in fluorescent lamps are sensitized by Ce3+ via an energy 

transfer process (II).58 Taking CaSO4:Ce3+,Tb3+ for example, Ce3+ efficiently absorbs the 

UV excitation energy, and then the absorbed energy is transferred to Tb3+ by non-resonant 

energy transfer, resulting in efficient green light-emission of Tb3+.83 

 

1.3.2. Line-type 4fn → 4fn PL 

 

1.3.2.1. 4fn → 4fn line-type PL in the visible region 
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Ln3+ doped phosphors are of great importance for the modern solid state lighting due to 

their efficient and abundant PL lines in the visible range. The main line-type PL bands of 

Ln3+ in the visible region are reviewed as follows: 

Pr3+ (4f2) 

Pr3+ ion with an electronic configuration of 4f2 is an efficient red light-emitting activator. 

The PL lines of Pr3+ in the visible region cover a broad spectral region of 480–800 nm with 

green emission originating from 3P0 excited state, i.e., Pr3+:3P0 → 3H4 (~500 nm) and 

Pr3+:3P0 → 3H5 (~550 nm), and with red emission arising from both 3P0 and 1D2 excited 

state, i.e., Pr3+:3P0 → 3H6 (~628 nm), Pr3+:3P0 → 3F2 (~667 nm), Pr3+:3P0 → 3F3 (~705 nm), 

Pr3+:3P0 → 3F4 (~745 nm), and Pr3+:1D2 → 3H4 (~612 nm) under intrinsic PLE line at 

~440 nm (Pr3+:3H4 → 3P0) (Fig. 1a).28 Normally the red PL line at ~610 nm 

(Pr3+:3P0 → 3H6) dominates the PL spectra of Pr3+, e.g., in CaTiO3:Pr3+ (λmax = 613 nm).28 

Sm3+ (4f5) 

Sm3+ with an electronic configuration of 4f5 exhibits the typical orange to red line-type 

emission with four individual lines centered at ~570, 610, 645 and 725 nm corresponding 

to the intra-configurational parity-forbidden 4f5 → 4f5 electronic transitions from 4G5/2 to 
6H5/2, 

6H7/2, 
6H9/2 and 6H11/2, respectively (Fig. 1a) under the intrinsic excitation line of 

Sm3+ at ~405 nm (Sm3+:6H5/2 → 6P5/2). This has been reported by Jin et al. in 

MMoO4:Sm3+ (M = Ca, Ba, and Sr).84 The red PL line at ~610 nm (Sm3+:4G5/2 → 6H7/2) 

shows the strongest intensity. The quantum efficiency of Sm3+ doped phosphors has been 

rarely reported. 

Eu3+ (4f6) 

Eu3+ with an electronic configuration of 4f6 has been proved to be an efficient red-

emitting activator ion.34–38 One good example is the commercialized Y2O3:Eu3+ phosphor 

that shows efficient red emission under UV light excitation, involving an extrinsic CT from 

O2– to Eu3+.34 The intrinsic excitation bands of Eu3+ are located close to the maximum 

quantum efficiency of NUV- and blue-LEDs, thus representing potential candidates for pc-

WLEDs. The PL spectrum of Eu3+ is characterized by a variety of sharp PL lines in the 

orange to red spectral region due to the intra-configurational parity-forbidden 4f6 → 4f6 

electronic transitions from non-degenerate 5D0 level to 7FJ(J = 0, 1, 2, 3 and 4) levels of Eu3+ (Fig. 

1a).34–38 In principle, the electric-dipole allowed transition of Eu3+:5D0 → 7F2 in the red 

region depends strongly on the symmetric environment around Eu3+ sites, whereas the 

magnetic-dipole allowed transition of Eu3+:5D0 → 7F1 in the orange region is independent 

on the local environment of Eu3+ sites.36,37 If the charge density distribution is symmetric, 

the orange line of Eu3+:5D0 → 7F1 dominates the Eu3+ PL. But if the charge density 
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distribution is asymmetric, the red line of Eu3+:5D0 → 7F2 dominates the Eu3+ PL. Thus, the 

relative PL intensity ratio R (IED/IMD) of electric- and magnetic-dipole allowed transition, 

termed “the asymmetric ratio”, can serve as a site symmetric probe to evaluate the ligand 

symmetry of the Eu3+ sites.38 Low value of R means high ligand symmetry and low bond 

covalence of Eu3+ sites. So far, the commercialized Eu3+-based red phosphors such as 

Y2O2S:Eu3+ are still insufficient for W-LED applications mainly because of their poor 

chemical and thermal stability, as well as their environmental unfriendliness.69 So it is 

urgent to develop new kinds of Eu3+ activated inorganic red phosphors for W-LEDs 

combined with NUV- or blue-LED chips with high quantum efficiency, good color 

rendering and high photo-stability. 

Tb3+ (4f8) 

Tb3+ doped inorganic phosphors are well-known for their intense blue or green light 

emission depending on the doping concentration of Tb3+. The abundant line-type PL of 

Tb3+ arises mainly from the intra-configurational parity-forbidden 4f8 → 4f8 electronic 

transitions of Tb3+:5D3 → 7FJ (J = 2, 3, 4, 5 and 6) in the blue region and Tb3+:5D4 → 7FJ 

(J = 3, 4, 5 and 6) in the green region (Fig. 1b).85,86 For the phosphors doped with low Tb3+ 

concentration (< 1 mol%), the blue light of Tb3+:5D3 → 7FJ (J = 2, 3, 4, 5 and 6) dominates 

the emission spectra. Whereas, for the phosphors doped with high Tb3+ concentration (> 5 

mol%), the cross relaxation of 5D3 → 5D4 occurs with increase of Tb3+ doping 

concentration, due to the interaction between Tb3+ ions, resulting in the dominant green 

emission of Tb3+:5D4 → 7FJ (J = 3, 4, 5 and 6).87–89 For example, depending on the doping 

concentration of Tb3+, both Li(Y,Gd)(PO3)4:Tb3+ and Ca6Ln2−xTbxNa2(PO4)6F2:Tb3+ 

(Ln = Gd,La) phosphors show tunable blue-green emission color.87–89 Among the PL lines 

from the 5D4 state, the magnetic dipole allowed transition (∆J = 1) 5D4 → 7F5 at ~544 nm is 

more intense than the other green PL lines of Tb3+. As mentioned before, Ce3+ ion is 

normally used as sensitizer because of the relatively weak absorption intensity of Tb3+. 

Dy3+ (4f9) 

The tunable line-type PL of Dy3+ in the visible region mainly consists of two parts, the 

Dy3:4F2/9 → 6H13/2 transition in the yellow to orange region (550–600 nm) and the 

Dy3+:4F2/9 → 6H15/2 transition in the blue region (460–500 nm) together with some weak 

lines at longer wavelengths (Fig. 1b).86,90,91 The yellow emission of Dy3:4F2/9 → 6H13/2 

belongs to the hypersensitive transition with ∆J = 2, and is an electric-dipole transition 

strongly influenced by the ligand field environment of Dy3+, whereas the blue emission of 

Dy3+:4F2/9 → 6H15/2 is a magnetic-dipole transition independent on the ligand field 

environment. Consequently, like the aforementioned emission intensity ratio 
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(5D0 → 7F2/
5D0 → 7F1) of Eu3+, the intensity ratio (4F2/9 → 6H13/2/

4F2/9 → 6H15/2) of Dy3+ 

can also be used as environmental probe to detect the local symmetry.90 Interestingly, Dy3+ 

can emit white light with suitable blue to yellow intensity ratio by tuning the Dy3+ doping 

concentration and the ligand field of the host materials.86,90,91 

Tm3+ (4f12) 

The Tm3+ ion with an electronic configuration of 4f12 shows efficient blue light-emission. 

The line-type PL of Tm3+ is located at ~455 nm in the blue region owing to the 1D2 → 3F4 

transition of Tm3+ together with some weak PL lines in the red region (at ~650, 700, and 

775 nm, attributed to the Tm3+:1G4 → 3F4, Tm3+:3F3 → 3H6, and Tm3+:1G4 → 3H5 

transitions, respectively) under the excitation of the intrinsic PLE line at ~360 nm 

(Tm3+:3H6 → 1D2), which matches the NUV-LEDs (Fig. 1b).92 One good example is 

LaOCl:Tm3+.92 The blue emission of Tm3+ with appropriate lifetime and color-rendering 

properties suggests its potential applications in modern lighting and displays. However, the 

quantum efficiency of Tm3+ for the blue emission is normally low due to competing 

infrared emitting decay paths. 

 

1.3.2.2. 4fn → 4fn line-type PL in the NIR region 

 

In modern telecommunication system, information is transmitted by light, which is guided 

by silica optical fibers. The light is attenuated over the distance, and thus amplifiers in 

wavelength division multi-plexing (WDM) network system are required.93 The attenuation 

and dispersion of silica optical fibers strongly depend on the optical wavelength, and is 

caused by a combination of material absorption, Rayleigh scattering, Mie scattering and 

connection losses.94–97 Nowadays, the pressing requirements for high speed data 

transmission of telecommunication networks stimulate the development of amplifiers, 

splitters, couplers and multi-plexers. The six weakest attenuation bands have been 

standardized (so-called transmission windows) as the O-band (1260–1360 nm), E-band 

(1360–1460 nm), S-band (1460–1530 nm), C-band (1530–1565 nm), L-band (1565–

1625 nm) and the U-band (1625–1675 nm). Due to their abundant energy levels, Ln3+ ions 

show many NIR PL bands, which fall in the aforementioned transmission windows, 

endowing their applications in optical amplifiers for telecommunications. For instance, PL 

of Pr3+ (4f2), Nd3+ (4f3) and Dy3+ (4f9) at ~1.3 μm, Tm3+ (4f12) at ~1.47 μm, and Er3+ (4f11) 

at ~1.55 μm allow their applications in O-, S-, and C-band amplifiers, respectively.94–97 

Pr3+ (4f2) 
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In 1962, Yariv et al.95 reported the first Pr3+ laser based on CaWO4 crystalline phosphors, 

operating at 1.0468 μm (Pr3+:1G4 → 3H4). Besides, the Pr3+ ion also shows efficient NIR 

emissions at 0.9 μm (Pr3+:3P0 → 1G4) and 1.35 μm (Pr3+:1G4 → 3H5) (Fig. 1b).98,99 Over the 

last two decades, Pr3+ doped fluoride glasses and fibers have drawn great attentions due to 

the emission at 1.35 μm for possible application in amplifiers. 

Nd3+ (4f3) 

The Nd3+ ion with an electronic configuration of 4f3 has turned out to be the most 

efficient Ln3+ ion for NIR solid state lasers due to its efficient and versatile PL at ~0.9 μm 

(Nd3+:4F3/2 → 4I9/2), 1.06 μm (Nd3+:4F3/2 → 4I11/2) and 1.35 μm (Nd3+:4F3/2 → 4I13/2), as 

shown in (Fig. 1b).94,95,100 Practically, the intense absorption band of Nd3+:4I9/2 → 4F5/2 at 

~800 nm matches the commercial laser diodes (LDs). Furthermore, the Nd3+:4F3/2 → 4I11/2 

emission at ~1.06 μm of Nd3+ doped glasses has been demonstrated for the high peak 

power and high energy laser applications.94 For crystalline materials, Nd3+-YAG is the 

most frequently used solid state laser operating at 1.0641 μm.94 The Nd3+:4F3/2 → 4I13/2 

emission at ~1.3 μm of Nd3+ doped glass fibers has other potential applications in optical 

fiber communication systems.95,100 

Sm3+ (4f5) 

The trivalent Sm3+ presents three weak NIR PL bands at ~1.08, 1.24 and 1.49 μm due to 

the transitions of Sm3+:6FJ(J = 11/2, 9/2 and 7/2) to their lower level.101 

Ho3+ (4f10) 

The Ho3+ ion exhibits three weak NIR PL bands at ~0.97, 1.2, and 1.46 μm due to the 

transition of Ho3+:5F5 → 5I7, Ho3+:5I6 → 5I8, and Ho3+:5F5 → 5I6, respectively.95 

Er3+ (4f11) 

Er3+ doped inorganic materials are of interest for optical telecommunication due to the 

broadband NIR PL of Er3+ at ~1.55 μm, which is located in the range of the optical 

communication window of C-band (Fig. 1b). The NIR emission of Er3+ is attributed to the 

intra-configurational transition from the first excited level 4F2/13 to the ground state 4F2/15 of 

Er3+ with a FWHM > 50 nm and a long lifetime of ~10 ms (the exact value depends on the 

host and co-dopants).95 Er3+ doped silica fiber for telecommunications with emission at 

1.536 μm was first reported by Mears et al. in 1987.102 Erbium doped fiber amplifiers 

(EDFAs) have become the key component towards the WDM system.4 Due to the weak 

absorption and the low pumping efficiency of the Er3+:4I11/2 level at 980 nm, Yb3+ is 

usually used as sensitizer for Er3+. The absorption cross-section of Yb3+ is ~10 times 

stronger than that of Er3+ at 980 nm, and the Yb3+:2F5/2 level and Er3+:4I11/2 are nearly 

resonant in energy.103 
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Yb3+ (4f13) 

Yb3+ with an electronic configuration of 4f13 has the simplest energy level scheme 

among all Ln3+ ions, i.e., it is composed of only two levels, the excited state Yb3+:2F5/2 and 

the ground state Yb3+:2F7/2 (Fig. 1b).78 This simple energy level scheme makes it possible 

to avoid up-conversion and ESA processes. Accordingly, efficient PL at ~1 μm can be 

observed in Yb3+ doped materials. For instance, the Yb3+ doped silicate glass fibers show 

the highest reported value of output power at ~1 μm with an efficiency of ~80%.104 

Additionally, the Yb3+ ion shows high absorption cross-section at 980 nm, nicely matching 

commercial LDs at 980 nm. Accordingly, it is frequently used as sensitizer for the other 

Ln3+ ions. For instance, it frequently finds use as sensitizers for up-conversion phosphors, 

which can be used for applications in transparent displays.82 The up-conversion process 

will be discussed later in 1.6.2. 

 

1.3.2.3. 4fn → 4fn line-type PL in the MIR region 

 

MIR lasers from 2–8 μm have potential environmental and military applications including 

trace gas monitoring, remote sensing, ophthalmology, neurosurgery, soft tissue medicine 

and urology.105–108 The low loss Ln3+ doped silica fiber lasers and silica Raman lasers are 

limited to the 1–2 μm region due to their high intrinsic absorption beyond ~2.4 μm and 

high phonon energy of silica (~1100 cm–1), which strongly quenches the MIR PL of 

Ln3+.106 

    For fiber lasers 2–3.5 μm, fluoride and tellurite glasses might be the best choice for the 

following reasons. Tellurite glasses exhibit the lowest phonon energy among all 

conventional oxide glasses (~650–800 cm–1), have the moderate transmission bandwidth in 

MIR region up to ~5 μm, and show good chemical and thermal stability.108 Besides, high 

doping level of RE ions, up to ~1021 ion/cm3 can be achieved in tellurite glasses without 

clustering. However, the relatively high price of tellurite glasses somehow limits their 

applications. Fluoride glasses have relatively low phonon energy (~500–650 cm–1) and 

moderate IR cutoff wavelength up to ~6 μm. ZBLAN glass with an atomic% composition 

of 56ZrF4–19BaF2–6LaF3–4AlF3–15NaF is the most widely used fluoride glass. However, 

its complex fabrication processes and poor stability limit its applications.109 

Beyond 3.5 μm, chalcogenide glasses composed of S, Se or Te are the most suitable 

candidates due to their high IR transparency up to 12 μm, low phonon energy (~300–

450 cm–1), and relatively good chemical and mechanical stability.106 According to the 

Dieke diagram, Ln3+ ions such as Er3+, Ho3+, Tm3+ and Dy3+ possess numerous 4fn → 4fn 
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transitions in the 2–8 μm region, which is suitable for the MIR fiber lasers and 

amplifiers.78 

Emission at ~2 μm from Tm3+ and Ho3+ ions doped silicate and tellurite glasses and 

fibers has frequently been reported.107–109 For example, Tm3+ doped fibers can be tuned 

over the widest range from 1.65 to 2.1 μm arising from the transition of Tm3+:3F4 → 3H6, 

depending on the host glasses.107,108 Recently, an output power of 1kW operating at 

2.045 μm in Tm3+ doped silica fiber has been demonstrated.107 The emission of Ho3+ with a 

maximum at ~2.1 μm attributed to the transition of Ho3+:5I7 → 5I8 overlaps with an 

important atmospheric transmission window.107 However, the Ho3+ ion is not suitable for 

the commercial LDs pumping according to its absorption spectra. Thus Er3+, Tm3+ and 

Yb3+ ions are used as sensitizers for 2.0 μm emission of Ho3+.107 

For emission of ~2–3.5 μm, Tm3+ (~2.3 μm, Tm3+:3H4 → 3H5), Er3+ (~2.7 μm, 

Er3+:4I11/2 → 4I13/2), Ho3+ (~2.9 μm, Ho3+:5I6 → 5I7), Dy3+ (~2.9 μm, Dy3+:6H11/2 → 6H15/2), 

Ho3+ (~3.3 μm, Ho3+:5S2 → 5F5) and Er3+ (~3.45 μm, Er3+:4F9/2 → 4I11/2) doped tellurite and 

fluoride glasses and fibers have been widely reported.110,111 

    For emission beyond 3.5 μm, Dy3+ (~4.3 μm, Dy3+:6H13/2 → 6H15/2), Tb3+ (~4.8 μm, 

Tb3+:7F4 → 7F6) and Tb3+ (~8 μm, Tb3+:7F4 → 7F5) doped chalcogenide glasses have been 

reported.106,107 One example is the emission of Dy3+ at 4.3 μm which has been firstly 

reported by Heo et al. in Dy3+ doped As2S3 glass.112 Another example is the emission of 

Tb3+ at ~8 μm in Tb3+ (Tb3+:7F4 → 7F5) doped chalcogenide glass, which is the longest 

MIR emission in glasses to date.106 

 

1.3.3. Band-type 4fn–15d → 4fn PL 

 

Phosphors containing Ce3+ and Ln2+ ions such as Sm2+, Eu2+, Tm2+ and Yb2+ activated 

phosphors exhibit tunable broad band-type PL. The 4fn–15d level of Ln2+ is located at lower 

energies than the corresponding Ln3+ (4fn) with the same electronic configuration. Thus 

intense band-type PL from NUV to NIR is expected in Ce3+ and Ln2+ activated 

phosphors.113,114 Unlike the 4f electrons, the outer 5d electron is not completely shielded 

by the surrounding ligands, and the position and width of the PLE and PL band (allowed 

by Laporte parity selection rule) is strongly dependent on the host lattices. For a host with 

strong crystal-field strength and high degree of covalence, the lowest 4fn–15d level is lower 

than the lowest excited state of 4fn, resulting in a band-type PL arising from the transition 

of Ln2+:4fn–15d → 4fn. Whereas, in the case of a host with weak crystal-field strength and 

low degree of covalence, intra-configurational 4fn → 4fn line-type PL of Ln3+ can also be 
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observed.114 

Lanthanide oxides exist as trivalent ions in nature. The reduction of Ln3+ to Ln2+ has 

been a hot research topic over the last two decades. Generally, there are four reported 

routes which describe how to reduce Ln3+ to Ln2+:115 

I) by preparing the material in a strongly reducing atmosphere, such as N2/H2, H2, CO 

gas or carbon; 

II) by extrinsically reducing the polyvalent species in an as-prepared material, e.g., by 

high-energy photoreduction, such as UV light, γ-rays or X-rays, or by thermal treatment in 

a reducing atmosphere, such as N2/H2, H2, CO gas or carbon; 

III) by providing a sufficiently acidic host environment, where the reduced species can 

be obtained even if they are synthesized under air condition, e.g., the reduction of Eu3+ to 

Eu2+ during high temperature melting without any reducing treatment in europium doped 

ZnO–B2O3–P2O5 glasses;116 

IV) by promoting an intrinsic reduction process under air or O2 atmosphere condition at 

high temperature, e.g., by initiating structural rearrangements in a frozen-in system. 

For environmental, technological and cost-related reasons, the latter two methods are the 

most attractive, but they can only be applied to a limited number of chemical systems. 

 

1.3.3.1. Ce3+ (4f1) 

 

Cerium is the most abundant and least expensive among all RE elements. It is widely used 

as polishing agent for glasses. More importantly, it is also an efficient emission activator. 

The ground state of Ce3+ splits into 2F7/2 excited state and 2F5/2 ground state multiplet with 

an energy separation of ~2000 cm–1.78 The band-type emission of Ce3+ covers a wide 

region from NUV to red. It is composed of overlapped asymmetric doublet bands due to 

the electric dipole allowed transitions from 5d1 to two spin-orbit splitting of the 4f1 ground 

state of Ce3+ (Fig. 1a).117 The PLE spectrum of Ce3+ is composed of up to five 

distinguishable PLE bands due to the crystal field splitting of the excited 5d1 state. The 

position of the lowest 5d1 excited band of Ce3+ is sensitive to the crystal field and 

covalence. As a result, Ce3+ doped phosphors show a broad absorption band in the UV to 

Vis spectral region and a broad emission band from 400 to 600 nm with relatively short 

lifetime of ~50–100 ns and FWHM ~100 nm.118,119 Therefore, a lot of Ce3+ activated 

phosphors (e.g., oxides, fluorides, oxyfluorides, nitrides, and oxynitrides) have been 

thoroughly studied in the past decades, including NaSrBO3:Ce3+ (400 nm)120, 

Ca5.45Li3.55(SiO4)3O0.45F1.55 (470 nm)121 for blue light-emission, Sr2.975Ce0.025Al1–
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xSixO4+xF1–x (474–537 nm)122 for blue to green light-emission, YAG:Ce3+ (536–558 nm)123 

for yellow light-emission, and Y2O2S:Ce3+ (660 nm)124 for red light-emission, etc. 

    Additionally, Ce3+ ions are frequently used as sensitizers for the other Ln3+ ions (e.g., 

Eu3+, Yb3+ and Tb3+) and TM ions (e.g., Mn2+) to enhance their absorption and thus 

emission efficiency. Besides, the peak position of Ce3+:5d → 4f PL in a specific matrix is 

helpful to estimate the energy levels for the other RE ions in the same host.125 

 

1.3.3.2. Sm2+ (4f6) 

 

The 4f6 energy scheme of Sm2+ is spectroscopically similar to that of Eu3+. The lowest 

4f55d1 level of Sm2+ is strongly ligand field dependent. For most of the crystals, the lowest 

4f55d1 level is located at higher position than the lowest excited 5DJ level of 4f6 

configuration, even in hosts with relatively strong crystal-field strength.114 As a result, in 

most crystals Sm2+ shows typical line-type PL due to the transition from 5D0 level to the 

multiplet ground state 7FJ. For example, the lowest 4f55d1 level of Sm2+ is higher than 5D0 

level of Sm2+ in SrZnCl4 crystal, thus line-type PL of Sm2+ arising from the transition from 
5D0 to the multiplet ground state 7FJ can be observed.114 However, for hosts with very 

strong crystal-field strength, the lowest 4f55d level is located at lower position than the 

lowest excited 5DJ level of 4f6 configuration. Thus band-type PL of Sm2+ (4f55d → 4f6) can 

be observed in this case. For example, the lowest 4f55d1 level is lower than 5D0 level of 

Sm2+ in CaF2 crystal, thus CaF2:Sm2+ shows band-type PL peaked at ~740 nm due to the 

transition of 4f55d → 4f6 at room temperature.126 

 

1.3.3.3. Eu2+ (4f7) 

 

The 4f7 energy scheme of Eu2+ is spectroscopically similar to that of trivalent Gd3+ (4f7). 

The energy gap between the first excited state 6P7/2 and the ground state 8S7/2 of Eu2+ is 

comparatively large. The 4f65d1 level of Eu2+ is lower than the lowest excited level 6P7/2 in 

a material with strong crystal-field strength and high degree of host lattice covalence. As a 

result, the band-type PL occurs with a typical FWHM of ~50–100 nm and lifetime of ~1 μs, 

due to the spin-allowed inter-configurational transition of Eu2+:4f65d1(T2g) → 4f7(8S7/2).
41 

The position and width of the PLE and PL band of Eu2+ are strongly dependent on the type 

of host lattices. The broad PLE spectra of Eu2+ vary from X-ray to the blue region, and the 

corresponding PL spectra tune largely from NUV to red in different hosts in which Eu2+ 

ions are incorporated. In the same host materials, the PL peak position of Eu2+ red shifts 
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compared to that of Ce3+. Besides, the 5d level of Eu2+ can split into different numbers 

depending on the local symmetry around the Eu2+ ions. For instance, in Oh symmetry the 

5d orbitals of Eu2+ are split into two levels (i.e., T2g and Eg).
42 Normally, Eu2+ ions in large 

crystal field splitting environment and high host lattice covalence show long wavelength 

emissions. For example, in the case of MSi2O2N2:Eu2+ phosphors, the PL peak red shifts 

from ~498 nm for BaSi2O2N2:Eu2+ to ~560 nm for CaSi2O2N2:Eu2+, which can be 

explained by the stronger ligand field splitting of Ca2+ than that of Ba2+.41 Similarly, 

oxynitrides and nitrides, which feature higher covalence metal-nitrogen bond and larger 

crystal field splitting effect of the N3– anion, show absorption and emission of longer 

wavelength in comparison with oxides.43,44 Likewise, sulfide based phosphors show 

emission with longer wavelength as a result of the smaller electronegativity and better 

polarizability of S than that of O, and thus the larger nephelauxetic effect in sulfides based 

phosphors than that in oxide based phosphors.81 Eu2+ activated phosphors with different PL 

colors have been applied in the field of lighting and display backlights.44 For instance, Eu2+ 

activated BaMgAl10O17
127/Ca2PO4Cl128, BaZrSi3O9

129, Na2CaPO4F
130/CaLaGa3S7

131, 

Sr8ZnSc(PO4)7
132 and CaAlSiN3

133/(Ca,Sr,Ba)2Si5N8
134 phosphors show blue, cyan, green, 

yellow and red emissions, respectively. 

    On the other hand, 4f → 4f line-type PL of Eu2+ can be observed due to the transitions 

from Eu2+:6P7/2 → 8S7/2 in materials with weak crystal-field strength and low degree of 

covalence of the host lattice.114 

 

1.3.3.4. Tm2+ (4f13) 

 

The 4f13 energy scheme of Tm2+ is spectroscopically similar to that of Yb3+, leading to a 
2F7/2 ground state and a 2F5/2 excited state. Compared to Yb3+, the 4f electrons of Tm2+ 

show a reduced Coulomb attraction from the nucleus.135 As a result, the 4f → 4f NIR PL 

peak position of Tm2+ red shifts from ~1000 nm in Yb3+ to ~1150 nm in Tm2+. For 

example, the emission peak position of CsCaI3:Tm2+ and RbCaI3:Tm2+ is located at ~1139 

and 1138 nm, respectively.135 Besides, it also shows a visible PL band due to the 

4f125d → 4f13(2F7/2) transition of Tm2+. For instance, Tm2+ activated SrCl2
136 and SrB4O7

137 

show a broad band-type red PL at ~720 and 610 nm respectively, with a FWHM of more 

than 100 nm and a PL lifetime of ~220 μs. 

 

1.3.3.5. Yb2+ (4f14) 
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Yb2+ with an electronic configuration of 4f14 has a completely filled 4f shell. 4f14 

configuration of Yb2+ only has a 1S0 ground state of free ion and no other 4f14 levels exist. 

Band-type PL of Yb2+ from UV to red can be observed when the lowest 4f135d level is 

lower than the conduction band. Like Eu2+ ion, a stronger crystal field splitting strength 

and a higher degree of environmental covalence lead to longer PL wavelength. For 

example, the PL peak of MgF2:Yb2+ is located at relatively longer wavelength at 

~480 nm.138 

 

1.4. Transition metal ions 

 

The 3d TM ions are located in the 4th period of the periodic table, from Sc (element 

number 21) to Zn (element number 30) with electronic configuration of 3dn4s2 (1 ≤n ≤10). 

The electrons in the partially filled 3d orbitals are responsible for their special optical 

properties. Inorganic materials doped with TM ions exhibit PL from visible to the MIR 

region. Accordingly, TM ions are frequently used as activators in phosphors and in tunable 

solid state lasers.1,3,80,139,140 It is highly desirable to explore and develop novel inorganic 

materials doped with TM ions, due to their low fabrication cost and the conservation of RE 

resources. Unlike Ln3+ ions, the 3d orbitals of the TM ions are not shielded by outer shells, 

thereby their spectral properties are strongly influenced by the surrounding ligand field or 

coordination environment. Both band-type (S > 0) and line-type (S ≈ 0) PL can be 

observed in TM ions.80,139,140 

    The energy level schemes of the TM ions are well described by standard Tanabe-Sugano 

diagrams, in which the sequence of energy levels of the TM ions depends on the symmetry 

of ion sites, the crystal-field strength 10 Dq, and the inter-electronic interactions as 

described by the Racah parameters B and C.141,142 The energy level of a 3dn ion in 

octahedral coordination is analogous to that of a 3d10–n ion in tetrahedral coordination. The 

electronic transitions of 3dn ions in octahedral coordination strictly follow Laporte rule, 

whereas for the electronic transitions of 3dn ions in tetrahedral coordination the rule is 

weakened due to the lack of inversion center, which leads to an admixture of levels of 

different parity.140,143 In general, TM ions show a higher transition probability at a non-

centrosymmetric site in comparison with a centrosymmetric site, due to the static 

admixture of odd-parity states. The PL properties of TM ions in octahedral and tetrahedral 

environments are reviewed as follows. 
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1.4.1. Octahedrally coordinated TM ions 

 

1.4.1.1. 3d1 configuration: VITi3+ and VIV4+ 

 

The 3d1 configuration represents the simplest energy level among all 3dn configurations, 

i.e., it consists of two energy levels, 2E and 2T2.
80 2E and 2T2 levels serve as the lower 

energy for octahedral and tetrahedral coordination, respectively. Ti3+, V4+, Cr5+ and Mn6+ 

ions show a 3d1 configuration. But Cr5+ and Mn6+ are only observed in tetrahedral 

coordination. 

    VITi3+ 

Octahedrally coordinated VITi3+ shows a broad deep red to NIR emission from ~670 to 

1100 nm with a FWHM of ~220 nm due to the spin-allowed transition of VITi3+:2T2 → 2E. 

Tunable solid state Ti3+:Al2O3 lasers with a wide tuning range of ~660–1100 nm and with 

large gain cross-section in laser spectroscopy have great potential to replace the dye 

lasers.144,145 
VIV4+ 

Octahedrally coordinated VIV4+ ion shows a broad absorption and PL band in the visible 

spectral region. Compared to VITi3+, the PL band of VIV4+ blue shifts to lower wavelengths, 

due to the higher valence and thus higher crystal field strength of V4+. Meyn et al.146 

investigated the PL properties of VIV4+ doped Al2O3, YAlO3 and Y3Al5O12, which show 

broad PL band peaking at ~650 nm with a HWHM of ~3500 cm–1 and a PL lifetime of ~1–

10 μs arising from the spin-allowed transition of VIV4+:2T2 → 2E.146 

 

1.4.1.2. 3d3 configuration: VIV2+, VICr3+ and VIMn4+ 

 

The position of the first excited state of 3d3 configuration is strongly dependent on the 

crystal field strength, i.e., 4T2 (V
2+ and Cr3+ in a low crystal field) and 2E (Cr3+ in a strong 

crystal field and Mn4+) is the first excited state, respectively.80 As a result, both band-type 

spin-allowed transition of 4T2 → 4A2 (weak field) and line-type spin-forbidden transition of 
2E → 4A2 (strong field) can be observed for 3d3 ions, depending on the ligand field 

strength of the host materials and ion species. 
VIV2+ 

The PL band of octahedrally coordinated VIV2+ covers a broad range of ~1.0–1.75 μm 

with a FWHM > 1000 cm–1 and a lifetime of ~2 μs due to the spin-allowed transition of 
VIV2+:4T2(4F) → 4A2(4F).147,148 Three absorption bands of VIV2+ can be observed arising 
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from the spin allowed transitions from the ground state 4A2(F) to the excited states 4T2(4F), 
4T1(4F) and 4T1(4P). For instance, the emission peak of VIV2+ doped KMgF3 is located at 

~1100 nm with a FWHM of 1350 cm–1, PL lifetime of 1.2 μs, and a quantum efficiency of 

87% at room temperature.148 
VICr3+ 

Octahedrally coordinated VICr3+ has been extensively investigated due to its broadband 

NIR PL from ~700 to 1800 nm with a lifetime of ~100 μs, originating from the spin-

allowed transition from the first excited state to the ground state of 
VICr3+:4T2/

2E → 4A2.
149,150 The band-type NIR PL of VICr3+ is responsible for its tunable 

laser oscillation. The broad PL band of VICr3+ strongly depends on the ligand field strength 

and excitation wavelength. For example, VICr3+ doped Sc2O3 shows a broad PL band from 

750 to 1100 nm (short wavelength emission) pumped by a 670 nm LD, while the PL band 

red shifts to 1050–1800 nm (long wavelength emission) when pumped by an 808 nm 

LD.149 To date, VICr3+ doped crystals (e.g., Al2O3, MgO, Sc2O3 etc.) have been 

commercially used for continuous-wave (CW) lasers in the range of 670–1100 nm. For 

instance, the first working solid state laser was reported on VICr3+ doped α-Al2O3 crystal 

operating at ~694 nm.150 
VIMn4+ 
VIMn4+ ion in octahedral environment offers a strong crystal field due to the high charge 

number. Thus the first quartet 4T2 state is located above the 2E state. As a result, it shows a 

sharp R-line-type emission in the spectral range of 650–730 nm arising from the spin-

forbidden transition of VIMn4+:2E → 4A2 under a blue or NUV light excitation. The PLE 

band of VIMn4+ matches the blue- or NUV LEDs for the future warm W-LEDs 

applications.151–153 Correspondingly, two intense absorption bands peaking at ~460 and 

360 nm are attributed to VIMn4+:4A2 → 4T2 and VIMn4+:4A2 → 4T1 transitions. The spin-

forbidden transition of VIMn4+:2E → 4A2 shows longer PL lifetime in ms range.153 

 

1.4.1.3. 3d4 configuration: VICr2+, VIMn3+ and VIFe4+ 

 

In octahedral environment, the ground state 5D of 3d4 configuration splits into the higher 
5E and the lower 5T2 levels. Based on the Tanabe–Sugano diagram, the positions of ground 

and excited state strongly depend on the ligand field strength of the host materials. For low 

crystal field strength, the 5E serves as the ground state for Dq/B < 2.5. Meanwhile, for 

Dq/B < 1.2, 5T2 is the lowest excited state and emission of 5T2 → 5E is spin 
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allowed.80,139,140 Until now, there is no PL reported until now for octahedrally coordinated 
VICr2+ and VIFe4+. 

VIMn3+ 

The emission band of VIMn3+ covers a broadband of 550–1300 nm due to the spin 

allowed transition of VIMn3+:5T2 → 5E. For instance, Mn3+ doped YAG shows doublet PL 

bands centered at 620 and 758 nm at room temperature.154 Additionally, weak NIR 

emission at ~1150 nm can be also observed due to the transition of Mn3+:1T2 → 3T1.
154 

 

1.4.1.4. 3d5 VIMn2+ 

 

Manganese is the 12th most abundant element in the earth’s crust (950 ppm). As one of the 

most important dopants, Mn2+ activated inorganic materials show a broad PL band varying 

from deep green to far red due to the parity-forbidden 3d → 3d transition from the lowest 

excitation of Mn2+:4T1(
4G) to the ground state Mn2+:6A1(

6S).20–22 The position of the lowest 

excitation state Mn2+:4T1(
4G) is strongly dependent on the crystal field environment of the 

host lattices. In general, octahedrally coordinated Mn2+ (strong crystal field, VIMn2+) shows 

orange to red PL, while tetrahedrally coordinated Mn2+ (weak crystal field, IVMn2+) 

presents green PL.22 This enables tuning of the PL properties through CN of Mn2+ and 

local ligand field. 

    Although the excitation scheme of Mn2+ spans a broad spectral range of ~320 to 550 nm, 

the intrinsic 3d-3d absorption transition of Mn2+ is hard to pump because of its 

characteristic spin- and parity-forbidden electric dipole transitions. Thus a sensitizer is 

necessary to improve the absorption and PL efficiency of Mn2+. For instance, a Zn2SiO4 

host is one of the most efficient sensitizers for IVMn2+. And Zn2SiO4:Mn2+ is the 

commercial green phosphor for PDPs.20 In addition, the long decay time of Mn2+ emission 

(~10 ms) can result in saturation in high flux devices.39 

 

1.4.1.5. 3d7 ions VICo2+ 

 

In octahedral symmetry, the ground state of Co2+:4F splits into three levels, i.e., 4A2, 
4T1, 

and 4T2 with the 4T1 state as the lowest. VICo2+ shows tunable NIR emission from 1.5–

2.5 μm with a FWHM of > 200 nm due to the transition of VICo2+:4T2(
4F) → 4T2(

4F).155,156 

Normally, two intense absorption bands at ~500 and 1200 nm can be observed and 

assigned to the transitions of VICo2+:4T1(
4F) → 4T1(

4P) and VICo2+:4T1(
4F) → 4T2(

4F), 

respectively. For example, the commercially available CW laser MgF2:Co2+ operates at 
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~1.6–2.1 μm.157 The NIR emission from VICo2+:4T2(
4F) → 4T2(

4F) is greatly quenched in 

intensity at room temperature compared to that at low temperature, which greatly limits its 

application. 

 

1.4.1.6. 3d8 configuration: VINi2+, VICu3+ 

 

Both Cu3+ and Ni2+ ions have a 3d8 configuration. Due to its low stability, Cu3+ was 

reported only in a few crystals. Over the last decades, the spectroscopic properties of Ni2+ 

doped glasses, glass ceramics and single crystals have drawn great attention for potential 

applications in tunable lasers and optical amplifiers because of their broad band-type NIR 

PL.26,48 Broadband NIR PL of VINi2+ strongly depends on its CN. In general, there are three 

different coordination states for Ni2+ in nature: tetrahedral (fourfold, IVNi2+), trigonal 

(fivefold, VNi2+) and octahedral (sixfold, VINi2+). Only VINi2+ has been known to provide 

efficient NIR emission from ~1.0 to 1.8 μm with a lifetime of hundreds of μs.26,48 The PL 

position of VINi2+ can be finely tuned by changing the ligand field strength around Ni2+. 

There are three spin-allowed transitions in VINi2+, i.e., 3T1g(
3F) → 3T1g(

3P), 
3T1g(

3F) → 3A2g(
3F) and 3T1g(

3F) → 3T2g(
3F). They are located in the spectral range of 

~900–1100 nm, 600–800 nm and 300–500 nm, respectively. The first tunable CW laser 

was reported in 1963 on VINi2+:MgF2, operating from 1350–2000 nm peaked at ~1.6 μm 

(VINi2+:3T2 → 3A2).
25 

 

1.4.2. Tetrahedrally coordinated TM ions 

 

1.4.2.1. 3d1 configuration: IVV4+, IVCr5+ and IVMn6+ 

 

For tetrahedrally coordinated 3d1 ions, the energy gap between the excited state 2T2 and the 

ground state 2E is smaller than for those with octahedral coordination, due to the stronger 

crystal field strength. Broad PL band occurs in the NIR region. No emission is observed 

for tetrahedrally coordinated IVV4+ even at low temperature due to strong non-radiative 

decay process. 
IVCr5+ 
IVCr5+ can be stabilized in phosphates, vanadates and arsenates, where Cr5+ substitutes 

the lattice position of P5+, V5+ and As5+. The absorption bands of IVCr5+:2E → 2T2 cover a 

broad range from ~520 to 1000 nm. The emission spectra of IVCr5+ consist of two partially 

overlapping bands due to the transition from 2T2 to two crystal split ground state of 2E. For 
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example, in IVCr5+ doped Sr2VO4Cl, two overlapped emission bands are located at 1080 

and 1250 nm.158 However, the NIR PL of IVCr5+ is very weak, with a quantum efficiency 

lower than 1% at room temperature.159 
IVMn6+ 
IVMn6+ shows a broad PL band from 900 to 1600 nm due to the transition of 

IVMn6+:2T2 → 2E. For instance, IVMn6+ doped BaSO4 shows a broad NIR PL from 900 to 

1600 nm with a quantum efficiency of ~60% at room temperature.160 It has potential 

application in tunable and short pulse lasers in the NIR spectral region. 

 

1.4.2.2. 3d2 configuration: IVV3+, IVCr4+, IVMn5+ and IVFe6+ 

 

The absorption spectra of 3d2 ions in tetrahedral environment are dominated by triplet-

triplet transitions, and the lowest excited state of 3d2 ions is strongly dependent on the 

ligand field, i.e., 3T2 for V3+ and Cr4+, and 1E for Mn5+ and Fe6+. Both broad band-type 

emission (3T2 → 3A2) with relatively short lifetime and narrow line-type emission 

(1E → 3A2) with relatively long lifetime can be observed for 3d2 ions in tetrahedral 

environment. 
IVV3+ 

Tetrahedrally coordinated IVV3+ exhibits a relatively weak NIR PL peaking at ~1.6 μm 

from 1.4 to 2.0 μm due to the spin-allowed transition of IVV3+:3T2(F) → 3A2(F).143,161 For 

instance, the emission peaks of IVV3+:GaAs, IVV3+:LiGa2O4, 
IVV3+:LiAl2O4 and IVV3+:ZnS 

are located at 1.6, 1.65, 1.73 and 1.75 μm, respectively.143 
IVCr4+ 

Tetrahedrally coordinated IVCr4+ is interesting because of the broad band-type NIR PL 

from 1.13–1.63 μm due to the spin-allowed transition of IVCr4+:3T2 → 3A2 with a lifetime 

of a few μs.162–164 For instance, IVCr4+ doped YAG shows tuned NIR emission from 1332 

to 1554 nm.162–164 IVCr4+ has three absorption bands at ~460, 740 and 800–1150 nm, which 

can be assigned to the transitions of IVCr4+:3A2 → 3T1b, 
IVCr4+:3A2 → 3T1a and 

IVCr4+:3A2 → 3T2, respectively.164 IVCr4+ doped crystals are suitable for tunable CW laser 

and femtosecond pulse operation in the NIR region between ~1.1–1.7 μm, e.g., 

Cr4+:MgSiO4 (from ~1.1 to 1.7 μm).165 
IVMn5+ 

Mn5+ mainly exists in a tetrahedral environment. Due to the high charge number of Mn5+, 

it presents a high crystal field with 1E as its first excited state. Depending on the ligand 

field, IVMn5+ exhibits narrow line-type emission from 1 to 1.5 μm, arising from the spin-
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forbidden transition of IVMn5+:1E (1D) → 3A2(
3F) with a lifetime of hundreds of μs.166 The 

first laser oscillation of Mn5+ was reported on IVMn5+ doped Ba3(VO4)2 and Sr3(VO4)2 by 

Merkle et al. Under pulsed 592 nm excitation, the output laser operates at 1.181 μm with a 

threshold of 0.3 J/cm2 and a PL lifetime of 0.43 ms at room temperature.166 
IVFe6+ 

Like IVMn5+, the IVFe6+ ion shows line-type PL at ~1600 nm due to the spin-forbidden 

transition of IVFe6+:1E (1D) → 3A2(
3F) with a lifetime of hundreds μs at room temperature. 

For instance, IVMn6+ doped K2CrO4 shows line-type PL with a maximum at 1600 nm and a 

lifetime of 0.6 ms.167 

 

1.4.2.3. 3d4 configuration: IVCr2+ 

 

In tetrahedral environment, the free ion electronic term 5D of IVCr2+ (3d4 configuration) 

splits into 5T2 ground state and 5E first excited state. IVCr2+ ion shows a broadband MIR 

emission in 2–3 μm region due to the spin-allowed transition of IVCr2+:5E → 5T2.
168,169 For 

instance, MIR CW lasers of IVZnSe:Cr2+ and IVZnS:Cr2+ (5E → 5T2) operate in the 2–3 μm 

region upon excitation at 680 nm (IVCr2+:5T2(
5D) → 4A2(

3H)).169 

 

1.4.2.4. 3d6 configuration: IVFe2+ 

 

Tetrahedrally coordinated IVFe2+ doped binary (e.g., such as ZnSe, ZnS and ZnTe) and 

ternary (e.g., CdMnTe, CdZnTe and ZnSSe) chalcogenide crystals show extra broad band-

type emission in the MIR range from ~3.5 to 5.1 μm, with output powers exceeding 10 W 

and an efficiency up to 70% due to the transition of 5E → 5T2.
170 IVFe2+ doped 

chalcogenide crystals are frequently used as MIR tunable lasers over a very broad range of 

3.5–5 μm. 

 

1.4.2.5. 3d8 configuration: IVNi2+ 

 

Tetrahedrally coordinated IVNi shows MIR PL at 2.6 μm at low temperatures due to the 

transition of 3T2(F) → 3T1(F). This MIR PL can only be observed at very low temperature 

because of the strong non-radiative decay, e.g., in IVNi2+:ZnSe.171 

 

1.4.3. Other TM ion: V5+ (3d0) 
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In inorganic oxide matrices, vanadium usually exists in three different oxidation states, i.e., 

V3+ ([Ar] 3d2), V4+ ([Ar] 3d1) and V5+ ([Ar]), whereby the trivalent ion is readily oxidized 

to a higher valence. The PL of V5+ ion covers a broadband ranging from 400 to 700 nm 

due to the relaxation of ≡V–O– to ≡V=O.23,24 The corresponding excitation band lies in the 

UV range (200–400 nm) arising from an energy transfer process from O2– to V5+ that 

occurs intrinsically in the vanadyl group. The PLE bands of V5+ match the NUV LED 

chips.23 However, the knowledge on the optoelectronic properties of vanadium ions is still 

relatively limited. 

 

1.5. White light-emitting diodes 

 

A light emitting diode (LED) is an electronic device based on semiconductors, which 

generate light by injecting electrons from the valence band into the conduction band and 

create a light corresponding to the energy gap. Thanks to the breakthroughs in LED chips 

in the last two decades, the next-generation solid state lighting in the form of W-LEDs are 

attracting attention. They have longer working times (> 100,000 hrs), improved rendering 

index, higher brightness, lower power consumption, smaller size, faster switching and 

environmental friendliness in comparison with the traditional incandescent light sources. 

This is why W-LEDs have a wide application range: from full color displays and 

backlights to devices indicators and automobile headlights.172–176 Consequently, they are 

potential candidates to substitute the widely used conventional incandescent and 

fluorescent light sources for general lighting applications in future.172–176 If all 

conventional white light sources in the world were substituted by energy efficient LED 

light sources, ~1000 TW hrs in electricity could be saved every year. 

    Generally, white light is characterized by: the Commission International d’Eclairage 

(CIE) chromaticity color coordinates, color temperature and CRI. High quality white light-

emission requires a source with CIE color coordinates of (0.333, 0.333), color temperature 

in the range of 2500–6500 K, and CRI above 80%.74 As an inorganic semiconductor light 

source, the LED chips currently available feature in the wavelength range of UV-Vis-NIR 

with high brightness. Especially, gallium nitride (GaN)- and indium gallium nitride 

(InGaN)-based blue-LED chips, and AlGaN-, AlGaInN-based NUV-LED chips show high 

efficiency. 

In principle, there are three different methods to generate white light-emission 

combining LED chips:175,176 

I) RGB-LEDs 
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    The first technique is directly mixing multi-color white LEDs (bi-, tri- and 

tetrachromatic W-LEDs), i.e., combining two, three or four different monochromatic LEDs 

to generate the white light-emission. However, the applications of the multi-color W-LEDs 

are severely limited, mainly due to the fact that different LEDs possess slightly different 

emission patterns, resulting in variations of the color in regard to direction and poor 

temperature stability (i.e., the emission efficiency of multi-color LEDs drops exponentially 

with rising temperature). In addition, it is the most expensive among the three methods.177 

II) Quantum dots converted LEDs 

In the second method, differently sized quantum dots are used to down convert higher 

energy light from NUV- and blue-LEDs to white light. The emitting color of quantum dots 

can be tuned finely from visible to NIR range by controlling their sizes. 

III) pc-WLEDs 

The third method is represented by phosphors converted white LEDs (pc-WLEDs), in 

which one or more visible light emitting phosphors are used to down convert 

monochromatic light from a NUV- or blue- LED to white light. For pc-WLEDs based 

blue-LED chips, pc-WLEDs are designed to leak some blue light from the pump blue LED 

to generate the blue part of the white light. Whereas, for the pc-WLEDs based NUV-LEDs, 

none of the harmful NUV light from the pumped LEDs is allowed to leak. 

In general, the phosphor approach is the most promising, due to high efficiency, long 

lifetime, low cost, physical robustness, mercury-free design and color stability. As a matter 

of fact, pc-LEDs have turned out to be the most efficient approach for white light-

emission.178,179 

Usually, the commercially available pc-WLEDs are a combination of a blue-emitting 

InGaN-based LED chip (450–470 nm) with a complimentary yellow-emitting phosphor, 

such as cerium doped yttrium aluminum garnet (Y3Al5O12:Ce3+).180,181 Although these 

exhibit high luminescence efficiency (> 90%) exceeding that of fluorescent lamps, and 

they are inexpensive, their applications are limited especially in the area of residential and 

medical lighting, due to its poor CRI ≈ 70–80 and a high correlated temperature 

(CCT ≈ 7750 K) from the color deficiency in the red region and blue-yellow color 

separation.180,181 Besides, the high degradation of the luminescent efficiency at relatively 

high temperature (strong thermal quenching) and input power dependent emission color 

also limit their applications. The white light-emission requires improvements in the red 

light region. 

On the other hand, AlGaN- and AlGaInN-based NUV-LED chips have higher 

intrinsically efficiency than InGaN-based blue-LED chips.182 Accordingly, an alternative 
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phosphor approach to get white light is to combine a NUV-LED chip (370–410 nm) with 

red-, green- and blue-emitting phosphors, due to their super color uniformity, excellent 

CRI > 90, high luminous efficiency, tunable color temperature and good light color 

stability. Red-emitting phosphors are still commercially limited to sulfide-based phosphors, 

such as CaS:Eu2+, SrY2S4:Eu2+, Y2O2S:Eu3+ and ZnCdS:Cu,Al.183 But the poor chemical 

and thermal stability (and thus short lifetime), severe moisture sensitivity and 

environmental unfriendliness of these materials limit their applications.69 On the other 

hand, nitrides- and oxynitrides-based phosphors show high chemical stability, but the 

severe synthesis conditions and high patent licensing costs greatly limit their 

applications.44 Therefore, the development of novel oxide phosphors with low costs, good 

chemical stability, environmental friendliness and simple synthesis is urgently required to 

meet the requirements of solid state lighting. 

To date, the powdered phosphors are normally embedded in organic epoxy resins in 

LED devices. But the big difference between of refractive index the phosphors and the 

organic resins causes a high ratio of light scattering and poor heat resistance, leading to a 

degradation of luminous intensity and a change of emission color over time. Additionally, 

the aging of organic epoxy resins under the long-term irradiation of UV light may shorten 

the lifetime of the LEDs.45–47 Glasses and glass ceramics doped with RE and TM ions were 

reported as good alternatives owing to their easy formability into plate-like shapes (which 

ensures direct encasement of the NUV-LED chips), excellent chemical and thermal 

stability, better heat resistance with respect to organic resins, and lower porosity comparing 

with sintered ceramics.37–37 

 

1.6. Solar cells 

 

Sunlight is not only free, but also extremely abundant. It has been reported that the energy 

of sunlight irradiated on the Earth’s surface is ~10,000 times as much as what we consume 

currently.10 Therefore, solar cells which convert sunlight to electricity are prime candidates 

to solve the upcoming energy crisis. Although the solar cell industry has experienced great 

development over the last decades, the conversion efficiency of the commercialized single-

junction crystalline silicon (c-Si) solar cells is still low (~15%), resulting in high cost per 

kilowatt-hour.49–52 Based on the standard AM1.5 spectrum (Fig. 3), the sunlight irradiated 

onto the Earth’s surface spans a wide range from NUV to MIR (280–2500 nm, 0.5–

4.4 eV), but only a small fraction of the sunlight can be effectively used by the solar cells 

(Fig. 3). According to the Shockley-Queisser limit, the theoretical maximum conversion 
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efficiency of the single junction crystalline silicon (c-Si) with a band gap energy (Eg) of 

1.12 eV is ~30%. The other 70% of the energy is lost due to the aforementioned spectral 

mismatch: low energy photons (< band-gap energy, Eg = 1.12 eV) are not absorbed (sub-

band gap transmission loss), while the excess energy of the high energy photons (> Eg) is 

lost as ‘hot’ electron-hole pairs (lattice thermalization loss). 66,184,185 

In general, there are two approaches to break the Shockley-Queisser limit. The first 

method is to develop a novel solar cell, the so called “third generation solar cell”, which 

can utilize the solar spectrum in a better way. The most promising approach is represented 

by multi-junction (“tandem”) solar cells of amorphous silicon or gallium arsenide with a 

smaller band gap. Green et al. estimated that the theoretical efficiency of an “infinity-layer” 

could get to 68% under the radiation of un-concentrated sunlight. However, the large scale 

applications of tandem solar cells are limited by their complex fabrication and high price.9 
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Fig. 3 Standard solar spectrum for air mass 1.5. Raw data was derived from ASTM G173-03 

Reference Spectra. 

 

The second route based on the modification of the solar spectrum to better match the 

solar cells. In general, there are three possible luminescent approaches to adapt the solar 

spectrum, reduce the loss due to spectral mismatch and enhance the quantum efficiency of 

the solar cells, i.e., down-shifting, up-conversion and down-conversion (Fig. 4a–4f). The 

rich energy levels of RE ions make them as ideal ions for aforementioned spectral 

conversion processes.49–52 

 

1.6.1. Down-shifting 
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Down-shifting is a one photon to one photon PL process (Fig. 4a), thus the ηIQE is smaller 

than or equal to unit. Even though it cannot exceed the Shockley-Queisser limit, it can 

raise the conversion efficiency of the solar cells by shifting one high energy photon from 

the UV-green region into a low energy photon in longer wavelength, which can be better 

absorbed by the solar cells.52 Up- and down-conversion can enhance the efficiency of the 

solar cells beyond the Shockley-Queisser limit and they will be discussed in the following 

paragraphs. 

 

1.6.2. Up-conversion 

 

Up-conversion is a non-linear process. Two (or more) sub-bandgap low-energy photons in 

the NIR region (which cannot be absorbed by the solar cells) are combined into one supra-

bandgap high-energy photon in the visible region (which can be utilized by the solar cells). 

Up-conversion is an anti-Stokes process. According to the Richards’ report,54 ~35% of the 

sunlight can be used for up-conversion. Based on the Trupke et al.185 report, the theoretical 

maximum conversion efficiency can be improved up to 40% by combining a single 

junction c-Si solar cell with an ideal up-converter layer under un-concentrated sunlight. 

Since the first report of up-conversion on CaWO4:Yb3+/Er3+ by Auzel et al. in 1966, Ln3+ 

ions and pairs have been frequently reported for up-conversion, including Er3+, Ho3+, 

Yb3+/Tm3+, Yb3+/Er3+, Yb3+/Ho3+ and Yb3+/Eu3+.49,50,82 

In the case of ESA, the excitation photons are successively absorbed by a single active 

center (Fig. 4d). ESA is independent on dopant concentration. ETU is an energy transfer 

process involving two neighboring ions. Both neighboring ions absorb a pump photon that 

populates the metastable state E1. Then one of the two ions transfers the excited energy E1 

to the excited state E1 of the other, which is excited to the upper excited state E2 (Fig. 4e). 

Unlike the ESA process, the ETU up-conversion process is strongly dependent on dopant 

concentration. PA processes are the combination of both ESA and ETU processes. In PA 

processes, the E2 states are populated by successively weak non-resonant GSA and ESA of 

E1. The subsequent cross relaxation (CR) between two neighboring ions leads to the fact 

that both ions possess the intermediate excited state E1. Circularly, these two ions can 

populate back to E2 by ESA, resulting in a strong up-conversion PL (Fig. 4f). The PA up-

conversion is sensitive to the input power, requiring a pump intensity that exceeds a certain 

threshold value.50 
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For up-conversion three mechanisms are possible: excited state absorption (ESA), 

energy transfer up-conversion (ETU) and photon avalanche (PA) (Fig. 4).50 
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Fig. 4 (a) down-shifting, (b) cooperative down-conversion, (c) stepwise down-conversion, (d) 

excited state absorption (ESA), (e) energy transfer up-conversion (ETU), and, (f) photon avalanche 

(PA). 

However, the conversion efficiency of the up-conversion solar cells is extremely low. 

This can be explained by the following reasons. Firstly, up-conversion is a non-linear 

process, thus a high excitation density is required to achieve high conversion efficiency. 

Secondly, the absorption efficiency of the Ln3+ ions is weak in a narrow spectral window, 

resulting in the conversion of only an extremely small fraction of sunlight in the NIR 

region. The highest reported quantum efficiency for up-conversion phosphors are ~4% and 

8% for YF3:Yb3+/Er3+ and KY3F10:Yb3+/Tm3+, respectively.56 

 

1.6.3. Down-conversion 

 

Contrary to the up-conversion process, down-conversion is a quantum cutting process with 

a theoretical quantum efficiency higher than a unit. In this process one incident high-

energy photon (NUV to visible) splits into two or more emitting low-energy photons (NIR), 

which consequently can be absorbed efficiently by the solar cells. Furthermore, it can also 

minimize the energy loss due to the thermalization of the hot charge carriers which are 

generated by the excess of high-energy photons (> Eg). According to the Richards’ 

report,184 ~32% of excess energy of UV-Vis photons, which are initially lost as heat, can 
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be utilized for down-conversion. As reported by Trupke et al.186, the theoretical conversion 

efficiency of the single junction solar cell with a bandgap of 1.1 eV can be enhanced by up 

to ~39% upon applying an ideal layer of down-conversion materials on the top of the solar 

cell. Since the first demonstration of down-conversion in the deep blue region for YF3:Pr3+ 

by Piper in 1963, wide attention has been devoted to the development of new type of high 

efficient down-conversion materials, especially to the development of solar cell 

technology.9,10 

According to the Dieke diagram (Fig. 1b), Yb3+ has only a single excited state 2F5/2 

~10,000 cm–1 above the ground state 2F7/2, which allows Yb3+ to pick up energy packages 

of ~10,000 cm–1 from the other sensitizer ions emitting phonons at a wavelength of 

~1000 nm, which falls in the range of the highest spectral response of the single junction c-

Si solar cells.78 However, the Yb3+ ion itself cannot absorb the high energy light in the UV-

Vis region. As a consequence, a sensitizer with an energy level ~20,000 cm–1 and capacity 

to absorb high energy photons in the spectral region at 280–550 nm is required to obtain an 

efficient down-conversion PL of Yb3+. 

For the NIR down-conversion PL, two different types of sensitizers are available: a first 

order stepwise and a second order cooperative energy transfer from the sensitizer to Yb3+ 

(Fig. 4c and 4b, respectively). The Ln3+ ions with an intermediate energy level of 

~10,000 cm–1 have been reported for the stepwise energy transfer. Among them, Pr3+, Er3+, 

Nd3+, Ho3+ and Dy3+ ions are assigned to a two steps resonant first order energy transfer 

process (Fig. 4c).9,10 For example, a Pr3+/Yb3+ co-doped transparent YF3 glass ceramic 

shows optimum quantum efficiency close to 200% by the first order stepwise energy 

transfer.187 In contrast to the resonant energy transfer, an intermediate energy level of 

~10,000 cm–1 is normally missing in the cooperative energy transfer process (Fig. 4b). Ln3+ 

(e.g., Ce3+, Tm3+, Tb3+ and Pr3+) and Ln2+ ions (e.g., Eu2+ and Yb2+) belong to this type.9,10 

Besides, Bi3+, Mn2+ and host combination (e.g., VO4
3– and ZnO) are also responsible for 

this type.188,189 

 

1.7. Glasses and glass ceramics 

 

1.7.1. Glasses 

 

Glass, which was discovered as early as 3500 BCE in Mesopotamia, has been widely used 

as a major building and optical material for thousands of years.15,190 Unlike crystalline 

materials, it does not have a clear melting temperature, but exhibits a glass transition 
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temperature. Glasses possess only short range order structure and lack any long range 

periodicity.15,190 

The inorganic glasses can be divided into oxide, fluoride, chalcogenide, and 

chalcohalide glasses. Among them, oxide glasses have been thoroughly investigated and 

are widely used. According to the type of glass forming oxide which make up the glass 

structure, they can be further classified into silicate, phosphate, borate, germinate and 

tellurite glasses.190 

Glasses are mainly produced by melting and quenching method. Their properties are 

strongly dependent on the chemical composition. In general, glasses possess high 

transparency, high mechanical strength, gas and liquid impermeability, easy formability 

into various shapes, high chemical durability, easy mass production, compositional variety 

and biocompatibility. Consequently, they are widely used in many areas including building, 

communication, medicine and environment.15,190,191 

 

1.7.2. Glass ceramics 

 

Glass ceramics are two phases containing polycrystalline materials formed by the 

controlled crystallization of glasses. In general, there are three principle routes available to 

produce glass ceramics: (I) glass ceramic route, (II) sintered route, and (III) sol-gel 

route.192 

I). The traditional approach is the glass ceramic route. Here, glass ceramics are prepared 

by the controlled crystallization of the base glass at temperatures above Tg.
192 

Crystallization can be divided into two subsequent stages: nucleation and crystal growth 

stage. The first stage is holding the base glass at a relatively low temperature T1 

(nucleation temperature) to form a high density of nuclei or to promote phase separation. 

The second stage is carried out at a higher heat treatment temperature T2 (crystal growth 

temperature) to induce the growth of the nuclei at a reasonable rate.15 Considering energy 

effectiveness, single heat treatments can also be applied to some glass systems presenting 

an extensive overlap of the nucleation rate and crystal growth rate in a certain temperature 

range. 

II). Glass ceramics prepared by sintered route were proposed by Sack in 1965.193 In this 

case, glass frits are sintered and surface crystallized. This method could utilize surface 

imperfections in quenched frits as nucleation sites. The biggest advantage of this method is 

that glass ceramics can be coated on metals or other ceramics.13 
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III). Glass ceramics can be synthesized by sol-gel route at far lower temperatures than 

those of the conventional melting and quenching method. Sol-gel glasses can avoid many 

processing problems, such as phase separation and uncontrolled crystallization occurring 

during high temperature melting process. Additionally, it is possible to encapsulate organic 

compounds or metal complexes in the sol-gel glass.194 Furthermore, the gels can be formed 

in different shapes. 

The properties of the glass ceramics are mainly determined by the crystalline phases 

precipitated in the base glass, and by their microstructure, which can be tailored by 

crystallizing glasses with appropriate chemical compositions, and controlling the crystal 

nucleation and growth steps. The volume nucleation of crystalline phases in glasses can 

occur from two mechanisms, i.e., homogeneous and heterogeneous nucleation. During 

homogeneous nucleation, the nuclei develop from their own composition, while nuclei 

arise from foreign boundaries in the case of heterogeneous nucleation.195 

Some glass compositions are nucleated homogeneously. But to enhance the internal 

nucleation rate and phase separation process, nucleating agents are commonly added to 

base glass compositions. Oxides (e.g., TiO2, ZrO2, Cr2O3, NiO, WO3, MoO3, P2O5 and 

V2O5), metallic colloids (e.g., Cu, Au, Ag, Ru and Pt) and F– ions are normally used as 

nucleating agents.13 

Based on the Stookey’s fundamental studies, the first commercial glass ceramic was 

produced by Corning Glass Works in 1957.15,196,197 Since then a wide range of glass 

ceramics have been developed and played an important role in our daily life. The 

commercial glass ceramics are generally based on silica-containing glasses, including 

silicates, aluminosilicates, and fluorosilicates. Silicate glass ceramics are mainly comprised 

of alkali and alkaline earth silicate crystals, such as lithum silicate (Li2SiO3 and Li2Si2O5), 

magnesium metasilicate (MgSiO3), calcium-magnesium metasilicate (CaMgSi2O6) and 

calcium metasilicate (CaSiO3). To date, aluminosilicate glass ceramics are the most 

successful developed and commercialized glass ceramics. Li2O–Al2O3–SiO2 (LAS), MgO–

Al2O3–SiO2 (MAS), ZnO–Al2O3–SiO2 (ZAS) are the most studied systems. Accordingly, 

transparent β-quartz-, mullite-, spinel-based oxide glass ceramics have been developed and 

found applications in many areas.197 Fluorosilicate glass ceramics show unique mechanical 

properties due to highly anisotropic crystals. Mica and chain silicates based glass ceramics 

are good examples. Mica glass ceramics present mechanical machinability, while chain 

silicates based glass ceramics display extreme strength and toughness. The sheet and chain 

structures of mica and chain silicates based glass ceramics are both stabilized by the F– 

ion.196 
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Meanwhile, transparent oxyfluoride glass ceramics, first reported by Wang and Ohwaki 

in 1993, were investigated extensively over the last two decades.198–200 They combine the 

advantages of both fluoride crystals (low phonon energy ~500–650 cm–1, high level RE 

ions solubility and large transmission window up to ~6 μm) and glasses (e.g., broad 

compositional flexibility, high homogeneity, and easy fabrication such as fibers and large 

size plates). Up to now, many kinds of oxyfluoride glass ceramics have been developed, 

including BaF2, SrF2, CaF2, MgF2, PbF2, CdF2, NaYF4, LaF3, and YF3.
199,200 

Normally, glass ceramics with crystalline volume fraction of ~50–95 vol% are not fully 

crystallized. One or more crystalline phases may appear during heat treatment. The 

composition of the crystalline phases and of the residual glass can differ from that of the 

precursor glass.201 During the heat treatment process, the RE and TM ions can be 

selectively incorporated into the newly formed crystal phases. If the RE and TM ions can 

be incorporated into the crystalline phases after crystallization of the precursor glass, the 

combination of the excellent optical properties of poly-crystal and manipulation of the 

oxide glass is obtained. 

Glass ceramic is a new material class with some special properties, which have not been 

totally known to date. Unlike the conventional ceramics, glass ceramics have almost no 

pores, because no pressing and sintering are needed for the glass ceramics fabrication. 

Since a glass ceramic consists of both ordered crystalline regions and disordered 

amorphous regions, it combines the advantages of both non-crystalline glasses (e.g., well-

controlled dopant concentration and easy fabrication such as fibers and large size plates) 

and crystalline ceramics (e.g., optical activity, and excellent capability to host dopants).6,13 

These properties allow glass ceramics to be used in a wide range of applications in many 

areas of science and technology.202 
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2. Cumulative summary 

 

 

Most of the data in this thesis have been published in peer reviewed journals. Thus, the 

results and discussion part of the thesis will be presented in the form of a collection of 

publications in the peer reviewed journals. 

 

2.1. Enhanced photoluminescence from mixed-valence Eu-doped 

nanocrystalline silicate glass ceramics 

 

Both Eu3+ and Eu2+ ions can be stabilized in BaAl2Si2O8/LaBO3 glass ceramic. The 

incorporation of Eu3+ ions on La3+ sites in LaBO3 crystalline phase after crystallization 

results in the improved PL properties of Eu3+. Besides, Eu3+ ions can be partially reduced 

to Eu2+ owing to the incorporation of Eu3+ on Ba2+ sites in BaAl2Si2O8 crystalline phase 

after crystallization. The first paper presents these results in detail. 

 

G. Gao, N. Da, S. Reibstein and L. Wondraczek, Opt. Express 2010, 18, A576–A583. -

Reproduced by permission of The Optical Society of America. 

 

http://www.opticsinfobase.org/oe/abstract.cfm?uri=oe-18-S4-A575 
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2.2. Tunable dual-mode photoluminescence from nanocrystalline Eu-

doped Li2ZnSiO4 glass ceramic phosphors 

 

Eu2+ ions can be stabilized in Li2ZnSiO4 glass ceramic. During the controlled nucleation 

and crystallization processes, Eu3+ ions are partially incorporated into Li2ZnSiO4 

crystalline phases, and are gradually reduced to Eu2+. The resulting PL color ranging from 

orange/red to blue can be tuned by adjusting the annealing temperature. 

 

G. Gao, S. Reibstein, M. Peng and L. Wondraczek, J. Mater. Chem. 2011, 21, 3156–3161. 

-Reproduced by permission of The Royal Society of Chemistry. 

 

http://pubs.rsc.org/en/Content/ArticleLanding/2011/JM/c0jm03273e 
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2.3. Enhanced broadband green and red photoluminescence from 

transparent Mn2+-doped nanocrystallized silicate glass ceramics  

 

The CN and thus emission color of Mn2+ can be well tailored in SLZAKP glass and 

corresponding Li4–2(x+y)ZnxMnySiO4 glass ceramic. The Mn2+ ion is octahedrally 

coordinated in the precursor glass and gives rise to the broad orange to red emission. 

During the controlled crystallization process, Mn2+ is partially incorporated into the 

crystalline phase offering tetrahedral sites to Mn2+ species, which leads to the green 

emission of IVMn2+. 

 

G. Gao, S. Reibstein, M. Peng and L. Wondraczek, Phys. Chem. Glass - Euro. J. Glass 

Sci. Tech. Part B 2011, 52, 59–63. -Reproduced by permission of German Society of 

Glass Technology (DGG). 

 

http://www.ingentaconnect.com/content/sgt/pcg/2011/00000052/00000002/art00004 
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2.4. Broadband UV-to-green photoconversion in V-doped lithium zinc 

silicate glasses and glass ceramics 

 

V5+ ions can be stabilized in both SLZAKP glass and corresponding Li2ZnSiO4 glass 

ceramic. The V5+ ions show a broad green PL band from 400 to 700 nm due to the 

relaxation of ≡V–O– to ≡V=O. The corresponding excitation band covers the complete 

UV-B to UV-A spectral region. Crystallization leads to enhanced emission intensity of 

V5+. 

 

G. Gao, R. Meszaros, S. Reibstein and L. Wondraczek, Opt. Express 2011, 19, A312–

A318. -Reproduced by permission of The Optical Society of America. 

 

http://www.opticsinfobase.org/oe/abstract.cfm?uri=oe-19-s3-a312 
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2.5. Broadband NIR photoluminescence from Ni2+-doped nanocrystalline 

Ba–Al titanate glass ceramics 

 

The CN of Ni2+ is well controlled by the crystallization process in nanocrystalline Ba–Al 

titanate glass ceramics. Ni2+ ions are tetrahedrally coordinated in precursor glasses, 

whereas Ni2+-species are incorporated into the crystalline environment in octahedral 

coordination, which gives rise to the broadband NIR PL of VINi2+. Decay kinetics as well 

as position and shape of the emission band are adjusted by dopant concentration and 

synthesis conditions. 

 

G. Gao, S. Reibstein, E. Spiecker, M. Peng and L. Wondraczek, J. Mater. Chem. 2012, 

22, 2582–2588. -Reproduced by permission of The Royal Society of Chemistry. 

 

http://pubs.rsc.org/en/Content/ArticleLanding/2012/JM/c1jm14292e 
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2.6. Temperature dependence and quantum efficiency of ultrabroad NIR 

photoluminescence from Ni2+ centers in nanocrystalline Ba–Al titanate 

glass ceramics 

 

From the former paper, the optimal sample for the broadband NIR PL of VINi2+ is TBSA 

glass doped with 0.1 mol% Ni2+ and crystallized at 850 oC for 32 hrs. The low temperature 

static and dynamic emission properties are performed on the optimal sample. From these 

data, ηIQE, stimulated emission cross-section, σem, and practical figure of merit, σem* τ, are 

calculated. 

 

G. Gao, M. Peng and L. Wondraczek, Opt. Lett. 2012, 37, 1166–1168. -Reproduced by 

permission of The Optical Society of America. 

 

http://www.opticsinfobase.org/ol/abstract.cfm?uri=ol-37-7-1166 
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2.7. Near-infrared downconversion in Pr3+/Yb3+ co-doped boro-

aluminosilicate glasses and LaBO3 glass ceramics 

 

Pr3+ ions act as sensitizers by absorbing 415–505 nm photons and transferring the absorbed 

energy to Yb3+ ions in a cooperative down-conversion process resulting in NIR emission at 

~1000 nm. After crystallization, both Pr3+ and Yb3+ ions occupy the La3+ ion sites in the 

LaBO3 crystal structure resulting in the improved PL properties. 

 

G. Gao and L. Wondraczek, Opt. Mater. Express 2013, 3, 633–644. -Reproduced by 

permission of The Optical Society of America. 

 

http://www.opticsinfobase.org/ome/abstract.cfm?uri=ome-3-5-633 
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2.8. Near-Infrared down-conversion in Mn2+-Yb3+ co-doped Zn2GeO4  

 

The intrinsic defect transitions of Zn2GeO4 lattice and Mn2+ ions act as broadband spectral 

sensitizers by absorbing UV-Vis (280–500 nm) photons. The absorbed energy is 

transferred to Yb3+ ions in a cooperative down-conversion process resulting in NIR 

emission ~1000 nm. 

 

G. Gao and L. Wondraczek, J. Mater. Chem. C 2013, 1, 1952–1958. -Reproduced by 

permission of The Royal Society of Chemistry. 

 

http://pubs.rsc.org/en/Content/ArticleLanding/2013/TC/c3tc00803g#!divCitation 
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2.9. Thermal collapse of SAPO-34 molecular sieve towards a 

perfect glass 

 

Controlled collapse of a silicoaluminophosphate molecular sieve CHA-type SAPO-34 by 

thermal aging was investigated. Structural changes and the mechanism of order–disorder–

order transitions during collapse were followed for varying annealing conditions between 

1000 and 1100 °C. 

 

L. Wondraczek, G. Gao, D. Moencke, T. Selvam, A. Kuhnt, W. Schwieger, D. Palles and 

E. I. Kamitsos, J. Non-cryst. Solids 2013, 360, 36-40.-Reproduced by permission of 

Elsevier B.V., 2013. 

 

http://www.sciencedirect.com/science/article/pii/S0022309312005777 
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3. Summary 

 

A glass ceramic route of reducing Eu3+ to Eu2+ has been demonstrated in two glass ceramic 

systems. During the controlled nucleation and crystallization processes under air, Eu3+ ions 

are partially incorporated into the newly deposited crystalline phases, i.e., 

BaAl2Si2O8/LaBO3 and Li2ZnSiO4, and are gradually reduced to Eu2+. The reduction 

process may be understood by a charge compensation model. The PL properties of Eu3+ 

and Eu2+ are studied in detail. For the SABBL glass system, heat treatments at 

temperatures ≥ 850 oC result in the appearance of hexacelsian BaAl2Si2O8 and monoclinic 

LaBO3. Meanwhile, Eu3+ species are incorporated on La3+ sites in LaBO3, leading to the 

strongly increased PL intensity and the prolonged lifetime of the excited state of Eu3+:5D0. 

No Eu2+ species are observed in the as-melted glass. However, Eu3+ ions are partially 

incorporated on two Ba2+ sites of different coordination in the hexacelsian phase and they 

are reduced to Eu2+ after crystallization. For the SLZAKP glass system, the precipitation of 

crystalline Li2ZnSiO4 phase is controlled simply by thermal annealing of the as-melted 

precursor glass. During this process, a significant amount of Eu3+ ions is incorporated into 

the crystalline phase and subsequently reduced to Eu2+. Dual-mode PL from both Eu-

species is demonstrated upon excitation at 361 nm. Depending on the employed annealing 

temperature and, hence, the degree of crystallization, the resulting color of the PL can be 

finely tuned from orange via red and violet to blue. Energy transfer from Eu2+ to Eu3+ is 

observed. 

    Tunable dual-mode [IVMn2+]/[VIMn2+] PL properties of Mn2+ doped SLZAKP glasses 

and Li4–2(x+y)ZnxMnySiO4 glass ceramics are investigated. Mn2+ is octahedrally coordinated 

in the SLZAKP glassy matrix, giving rise to the orange to red emission of VIMn2+. During 

the controlled crystallization process, Mn2+ ions are partially incorporated into the Li4–

2(x+y)ZnxMny)SiO4 crystal phase on tetrahedral Zn2+ sites, which provides the green 

emission of IVMn2+. The ratio of IVMn2+/VIMn2+ and thus the corresponding green/red PL 

bands respectively can be adjusted simply by controlling the annealing temperature and the 

degree of crystallization in the glass ceramics. The PL band of IVMn2+/VIMn2+ covers a 

very broad range from 480 to 800 nm with a FWHM of more than 110 nm. The overall 

emission intensity of IVMn2+/VIMn2+ increases with the degree of crystallization mainly due 

to the multiple scattering. 

     Broadband whitish green PL of V5+ doped SLZAKP glasses and corresponding 

nanocrystalline Li2ZnSiO4 glass ceramics with possible use as broadband UV-to-Vis 

photoconverters is studied. The V5+ ion presents a broad whitish green PL band from 400 
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to 700 nm centered at 550–590 nm with a FWHM of ~250 nm and with a lifetime of 

~34 μs due to the relaxation of ≡V–O– to ≡V=O. While the position of the PL band 

remains unaffected by dopant concentration (within the considered range), a notable blue-

shift occurs after crystallization. The optimal dopant concentration is found to be at 

~0.5 mol% V2O5. The broad PLE band covers the complete UV-B to UV-A spectral region. 

After crystallization, the emission intensity of V5+ shows a strong increase by a factor of 

~10, which is attributed to the incorporation of V5+ species into the crystal phase. 

    Broadband NIR PL of VINi2+ doped nanocrystalline Ba-Al titanate glass ceramics from 

supercooled TBSA melts is demonstrated. Volume crystallization occurs sequentially in 

BaTiO3 and Ba-Al hollandite-type crystallites. The crystallite size is ~30 nm. The CN of 

Ni2+ is well controlled by the crystallization process. Ni2+ ions are tetrahedrally 

coordinated in the precursor glass and do not show any NIR PL band, whereas after 

crystallization the Ni2+-species are incorporated into the crystalline environment in 

octahedral coordination giving rise to a NIR band. The NIR PL of VINi2+ covers a broad 

spectral range of 1.0–1.6 μm with a FWHM greater than 350 nm and a lifetime of ~60 μs 

due to the spin-allowed relaxation of VINi2+:3T2g(
3F) → 3A2g(

3F). The optimal PL efficiency 

of VINi2+ is found for an absolute NiO concentration of 0.05–0.1 mol% and crystallization 

at 800–850 oC for 1–2 hrs. Interestingly, the NIR emission can be excited with 

conventional NUV light sources. Under excitation at 352 nm, an ηIQE of 65% is obtained 

for the optimized sample. The stimulated emission cross-section σem and figure of merit for 

an optical gain medium σem* τ at room temperature are calculated to be 8.2 × 10–20 cm2 and 

3.1 × 10–24 cm2s, respectively. Decay kinetics as well as position and shape of the emission 

band can be adjusted via dopant concentration and synthesis conditions. 

     NIR down-conversion based on Pr3+/Yb3+ and Mn2+/Yb3+ pairs is investigated. For 

Pr3+/Yb3+ pair, down-conversion of one blue photon to two NIR photons (~10,000 cm–1) is 

obtained from Pr3+/Yb3+ co-doped SLABS glasses and corresponding LaBO3 glass 

ceramics. Pr3+ ions act as sensitizers by absorbing 415–505 nm photons and transferring 

the absorbed energy to Yb3+ ions in a cooperative down-conversion process, resulting in 

NIR emission of Yb3+ at ~1000 nm. The energy transfer occurs through both Pr3+:3P0 and 

Pr3+:1D2 levels to Yb3+, which is evidenced by the decrease of Pr3+ PL in intensity and the 

lifetime of both Pr3+:3P0 and Pr3+:1D2 levels with increasing Yb3+ doping concentration, 

along with the observation of typical Pr3+ PLE bands by monitoring PL of Yb3+ at 976 nm. 

The energy transfer from Pr3+:3P0 level to Yb3+ is a down-conversion process of one visible 

photon into two NIR photons, whereas that from Pr3+:1D2 level to Yb3+ is a down-shifting 

process. The efficiency of the former is higher than that of the latter. The highest total 
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theoretical quantum efficiency is ~183%, if only the down-conversion energy transfer 

process from Pr3+:3P0 to Yb3+ is considered. The optimum doping concentration of Yb2O3 

for down-conversion is ~0.5 mol%. Crystallization of the as-melt SLABS glass sample 

leads to the formation of a main crystal phase LaBO3 and a minor crystal phase SrAl2B2O7. 

Both Pr3+ and Yb3+ ions occupy the La3+ ion sites in the LaBO3 crystal phase after 

crystallization, resulting in improved PL properties. 

NIR down-conversion of Mn2+/Yb3+ pair in crystalline Zn1.96–xGeO4+1/2x:Mn0.04Ybx is 

demonstrated. In the Zn2GeO4 lattice, Mn2+ ions partition on Zn2+ sites in the form of 

tetrahedral MnO4 groups, give rise to the typical green PL band of IVMn2+. The absorption 

of Zn2GeO4 and Mn2+ covers a very broad spectral range of 250–500 nm, which is 

responsible for the broadband sensitization of Yb3+. Energy transfer occurs either from 

defect levels of Zn2GeO4 to two neighboring Yb3+:2F5/2 centers via IVMn2+:6A1(
6S) or 

through intrinsic excitation of IVMn2+:6A1(
6S). The occurrence of this energy transfer 

process is evidenced by reduced green PL intensity from IVMn2+, corresponding reduced 

PL lifetime and reduced ηEQE with increasing Yb3+ concentration, and identical PLE 

spectra when monitoring PL from IVMn2+ and NIR PL from Yb3+. The transfer process 

results in the cooperative down-conversion of one visible photon into two NIR photons. 

The estimated maximum ηIQE and total theoretical quantum efficiency are ~64 and 164%, 

respectively. 
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4. Zusammenfassung 

 

Für zwei Glaskeramiksysteme wird eine Prozessroute zur Reduzierung von Eu3+ zu Eu2+ 

aufgezeigt. Unter kontrollierten Keimbildungs- und Kristallisationsschritten an Luft 

werden Eu3+-Ionen teilweise in die abgeschiedene kristalline Phase, BaAl2Si2O8/LaBO3 

und Li2ZnSiO4, eingebaut und nach und nach auf Grund der Ladungskompensation zu Eu2+ 

reduziert. Die Reduktion kann nach einem Ladungsausgleichsmodell verstanden werden. 

Die Photolumineszenzeigenschaften von Eu3+ und Eu2+ werden im Detail untersucht. 

Wärmebehandlung eines SABBL-Glassystems bei über 850 °C führt zur Bildung von 

BaAl2Si2O8 und monoklinen LaBO3. Gleichzeitig werden Eu3+-Ionen an La3+-Plätzen in 

LaBO3 eingebaut. Dies führt zu einer stark erhöhten Photolumineszenzintensität und 

verlängerter Lebensdauer der angeregten 5D0-Zustände von Eu3+-Ionen. Im Ursprungsglas 

konnten keine Eu2+-Ionen gefunden werden. Eu3+-Ionen werden dagegen teilweise an zwei 

Ba2+-Plätzen unterschiedlicher Koordinierung in der Hexacelsianphase eingebaut und zu 

Eu2+ reduziert. Bei einem SLZKAP-Glassystem wird die Ausscheidung von Li2ZnSiO4 

über thermisches Anlassen des erschmolzenen Ausgangsglases an Luft kontrolliert. Bei 

diesem Vorgang wird eine beträchtliche Menge an Eu3+-Ionen in die kristalline Phase 

eingebaut und anschließend zu Eu2+ reduziert. Dual-mode Photolumineszenz, angeregt bei 

361 nm, wird für beide Redoxzustände nachgewiesen. Die Farbe der Lumineszenz kann 

abhängig von der Anlasstemperatur durch den Grad der Kristallisation in kleinen Schritten 

von orange bis blau über rot und violett eingestellt werden. Energieübergangsprozesse von 

Eu2+ zu Eu3+ werden beobachtet. 

Ferner werden einstellbare dual-mode [IVMn2+]/[VIMn2+] Photolumineszenzeigenschaften 

von Mn2+ dotierten SLZAKP-Gläsern und Li4-2(x+y)ZnxMnySiO4-Glaskeramiken vorgestellt. 

Im SLZAKP-Glas sind die Mn2+-Ionen oktaedrisch angeordnet, was zu einer orangenen bis 

roten Emission von VIMn2+ führt. Mn2+ wird während der kontrollierten Kristallisation 

teilweise in die Li4-2(x+y)ZnxMnySiO4-Kristallphase an Zn2+-Tetraederplätzen eingebaut, die 

eine grüne Emission von IVMn2+ aufweisen. Das Verhältnis von IVMn2+ zu VIMn2+ und 

damit die entsprechenden grünen und roten Photolumineszenzbänder können über die 

Anlasstemperatur und dem Grad der Kristallisation der Glaskeramiken eingestellt werden. 

Das Photolumineszenzband von IVMn2+/VIMn2+ deckt den weiten Bereich von 480 nm 

bis 800 nm ab und besitzt eine Halbwertsbreite von mehr als 110 nm. Die 

Emissionsintensität von IVMn2+/VIMn2+ erhöht sich mit dem Grad der Kristallisation 

hauptsächlich wegen mehrfacher Streuprozesse. 
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Breitbandige, weißlich grüne Photolumineszenz von V5+-dotierten Zink-Silikat-Gläsern 

und den zugehörigen nanokristallinen Li2ZnSiO4-Glaskeramiken wird untersucht. Eine 

mögliche Anwendung sind Breitband UV-zu-Vis-Photokonverter. Das V5+-Ion besitzt eine 

breite, weißlich grüne Photolumineszenz von 400 nm bis 700 nm, mit einem Maximum 

zwischen 550 nm und 590 nm bei einer Halbwertsbreite von rund 250 nm und einer 

Lebensdauer von 34 µs, die durch die Relaxation von ≡V–O– zu ≡V=O bedingt ist. 

Innerhalb des betrachteten Konzentrationsbereichs ist die Position des 

Photolumineszenzbandes unabhängig von der Dotandenkonzentration, eine merkliche 

Blauverschiebung findet jedoch nach der Kristallisation statt. Die optimale 

Dotandenkonzentration wird bei rund 0,5 mol% V2O5 ermittelt. Der breite 

Photolumineszenzanregung deckt den ganzen UV-B bis UV-A Bereich des Spektrums ab. 

Nach der Kristallisation erhöht sich die Emissionsintensität der V5+-Ionen um den Faktor 

zehn, was auf den Einbau von V5+-Ionen in die Kristallphase zurückzuführen ist. 

Für VINi2+ dotierte nanokristalline Ba-Al-Titanat-Glaskeramiken, hergestellt aus 

unterkühlten TBSA-Schmelzen, wird eine Breitband NIR-Photolumineszenz gezeigt. In 

BaTiO3 und Ba-Al-hollanditartigen Kristalliten tritt eine Volumenkristallisation auf. Die 

Kristallitgröße beträgt rund 30 nm. Die Koordinationszahl von Ni2+ wird durch den 

Kristallisationsprozess gut kontrolliert. Im Ausgangsglas sind Ni2+-Ionen tetraedrisch 

koordiniert und zeigen kein NIR-Photolumineszenzband. Dagegen sind Ni2+-Ionen (nach 

der Kristallisation) in kristalliner Umgebung oktaedrisch angeordnet, folglich besitzen 

diese ein NIR-Band. Die NIR-Photolumineszenz von VINi2+ deckt einen breiten spektralen 

Bereich von 1,0 µm bis 1,6 µm ab. Die Halbwertsbreite ist größer als 350 nm. Die 

Lumineszenzlebensdauer beträgt wegen der spin-erlaubten Relaxation von 

VINi2+:3T2g(
3F) zu 3A2g(

3F) rund 60 µs. Die optimale Effizienz der Lumineszenz von VINi2+ 

liegt bei einer absoluten NiO-Konzentration von 0,05–0,1 mol% und einer Kristallisation 

bei 800–850 °C für ein bis zwei Stunden. Erstaunlicherweise kann die NIR-Emission mit 

einer konventionellen NUV-Lichtquelle angeregt werden. Bei einer Anregung von 352 nm 

wird eine interne Quanteneffizienz von 65% für die optimierte Probe erreicht. Der 

angeregte Emissionsquerschnitt σem und die Gütezahl eines optischen Verstärkermediums 

σem*τ bei Raumtemperatur werden zu 8,2 × 10–20 cm2 und 3,1 × 10-24 cm2s berechnet. 

Sowohl die Abklingkinetik als auch die Position und Form des Emissionsbandes können 

über die Dotandenkonzentration und Synthesebedingungen eingestellt werden. 

Es wird des Weiteren über einen NIR-down-conversion Prozess berichtet, die auf 

Pr3+/Yb3+- und Mn2+/Yb3+-Paaren beruht. Für Pr3+/Yb3+-Paare in Pr3+/Yb3+-dotierten 

SLABS-Gläsern und entsprechenden LaBO3-Glaskeramiken erhält man eine down-
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conversion von einem blauen Photon zu zwei NIR-Photonen (rund 10.000 cm–1). Pr3+-

Ionen agieren als „Sensibilisatoren“, da sie Photonen im Bereich 415–505 nm absorbieren 

und die absorbierte Energie Yb3+-Ionen in einem mitwirkenden down-conversion Prozess 

übergeben, der in einer NIR-Emission des Yb3+ bei rund 1000 nm resultiert. Der 

Energieübergang findet zwischen Pr3+:3P0 und Pr3+:1D2-Niveaus zu Yb3+ statt, was durch 

die Abnahme aller Pr3+-Photolumineszenzbänder gezeigt wird. Die Lebensdauer beider 

Pr3+:3P0 und Pr3+:1D2-Niveaus nimmt mit zunehmender Yb3+-Dotandenkonzentration ab, 

was die typischen Pr3+-Bänder zeigen, die durch Photolumineszenz von Yb3+ bei 976 nm 

beobachtet werden. Der Energieübergang von dem Pr3+:3P0-Niveau zu Yb3+ ist ein down-

conversion Prozess eines sichtbaren Photons in zwei NIR-Photonen. Dagegen ist der 

Energieübergang vom Pr3+:1D2 Niveau zum Yb3+ ein down-shifting-Prozess. Der 

Energieübergang des ersten Vorgangs ist effizienter als der letztgenannte. Die höchste 

theoretische Quanteneffizienz wird zu rund 183% berechnet, wenn nur der down-

conversion-Energietransfer von Pr3+:3P0 zu Yb3+ berücksichtigt wird. Die optimale 

Dotandenkonzentration von Yb2O3 für einen down-conversion Prozess liegt bei ca. 

0,5 mol%. Eine Kristallisation der erschmolzenen  SLABS-Glasproben führt vorwiegend 

zur Bildung von LaBO3-Kristallphasen. Daneben bilden sich noch SrAl2B2O7-

Kristallphasen. Sowohl Pr3+-Ionen als auch Yb3+-Ionen nehmen Plätze der La3+-Ionen in 

den LaBO3-Kristallphasen ein, was zu einer Verbesserung der 

Photolumineszenzeigenschaften führt. 

Zum ersten Mal wird eine NIR-down-conversion von Mn2+/Yb3+-Paaren in kristallinem 

Zn1.96–xGeO4+1/2x:Mn0.04Ybx gezeigt. Im Zn2GeO4-Gitter nehmen Mn2+-Ionen Zn2+-Plätze in 

Form von tetraedrischen MnO4-Gruppen ein. Dies führt zu einem typischen grünen 

Photolumineszenzband von IVMn2+. Die Absorption von Zn2GeO4 und Mn2+ deckt einen 

breiten Spektralbereich zwischen 250 und 500 nm ab, was für die Sensibilität von Yb3+ 

verantwortlich ist. Ein Energieübergang kann entweder durch Defektniveaus von Zn2GeO4 

zu zwei benachbarten Yb3+:2F5/2-Zentren über IVMn2+:6A1(
6S) oder durch die intrinsische 

Anregung von IVMn2+:6A1(
6S) vonstattengehen. Das Auftreten dieses Energieübergangs 

wird nachgewiesen durch: 

- Verkürzte Lebensdauer der grünen Photolumineszenz von IVMn2+ 

- reduzierter externer Quanteneffizienz bei zunehmender Yb3+ Konzentration 

- identisches Photolumineszenz-Anregungsspektrum bei der Photolumineszenz von 
IVMn2+ und NIR-Photolumineszenz von Yb3+. 

Der Übergang führt zu dem kooperativen down-conversion Prozess eines sichtbaren 

Photons in zwei NIR-Photonen. Die abgeschätzte maximale Effizienz des 
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Energieübergangs beträgt rund 64%, die gesamte theoretische Quanteneffiezienz etwa 

164%. 
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